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« Je sais qu'au point oit en est arrivée aujourd’hui la microbiologie, tout nouveau grand
pas en avant sera une affaire des plus pénibles et que l'on aura beaucoup de mécomptes
et de déceptions. »

— Alexandre YERSIN, 28 aott 1891.






Résumé

Les infections humaines dues aux virus du genre Flavivirus constituent depuis
longtemps un probléeme de santé publique majeur a travers le monde, en particulier
dans les zones a climat tropical. Ces virus a ARN sont des arbovirus qui infectent
alternativement un hote vertébré et un arthropode « vecteur », dont majoritairement
des moustiques de la sous-famille des Culicinae. D’autres flavivirus, en revanche, sont
incapables d’'infecter les cellules de vertébrés et sont qualifiés de flavivirus spécifiques
d’insectes (FSI). Linteraction entre les vecteurs et les flavivirus est centrale dans leur
biologie, par 'influence qu’elle a sur leur diversité génétique, leur évolution et leur
transmission. Cependant, apres plus d'un siecle de recherches scientifiques, certains
points de ces aspects fondamentaux restent méconnus, malgré une abondance accrue
de données. Les approches basées sur les « mégadonnées » (big data) ont été au coeur
du travail de cette thése, qu’elles aient été générées par des technologies modernes
ou par compilation de travaux plus anciens.

Dans une premiere partie, nous avons exploré des génomes de moustiques ano-
pheles disponibles dans les bases de données publiques, a la recherche de traces
d’éléments viraux endogenes (EVEs) d’origine flavivirale. Nous avons réussi a identi-
fier in silico, puis a confirmer in vivo, la présence d’EVEs proches des FSI exogenes,
chez les espéces Anopheles sinensis et An. minimus. Ces résultats suggerent |'existence
de FSI chez les anophéles, habituellement non associés aux, et mettent en lumiere la
diversité du genre Flavivirus, loin d’étre restreinte aux seuls arbovirus.

Dans une deuxieme partie, nous avons généré et analysé un jeu de données com-
plexe basé sur le séquencage haut-débit d'un flavivirus a I'intérieur de son vecteur.
Cette étude nous a permis d’explorer la fine interaction entre le génotype du mous-

tique Aedes aegypti et la diversité virale intra-hote du virus de la dengue-1. En effet,



Résumé

comme tous les virus a ARN, les flavivirus existent sous la forme d'une population de
variants génétiques apparentés, considérée comme critique pour leur fitness et leur
potentiel adaptatif. Nos résultats ont mis en évidence : (i) un fort effet de la dérive
génétique liée a un goulot d’étranglement démographique lors de I'infection initiale
du tube digestif, diminuant I'importance relative de la sélection naturelle, et (ii) une
modulation de la diversité génétique intra-hote du virus par le génotype du mous-
tique, indiquant que la diversité génétique du virus, et donc sa fitness et son évolution,
est inextricablement liée a la variation génétique de I’hote.

Enfin, nous avons compilé de maniére systématique la riche littérature disponible
sur la transmission verticale des arbovirus chez le vecteur moustique, c’est-a-dire de
la femelle infectée a sa descendance, afin d’identifier des facteurs techniques, environ-
nementaux, taxonomiques et physiologiques sous-jacents. Nos résultats, étayés par
une analyse statistique robuste, éclairent d'un jour nouveau ce mode de transmission
complémentaire a la transmission horizontale, entre le vecteur et ’'hote vertébré. Ils
permettent d’affiner notre compréhension des stratégies employées par les arbovirus
pour persister dans leur environnement, tout en fournissant des hypotheses testables
sur les processus biologiques impliqués.

Collectivement, nos résultats ont mis en évidence de nouveaux aspects de la com-
plexité des relations entre flavivirus et moustiques. Au-dela, ils soulignent I'intérét
d’étudier les « mégadonnées » générées au cours de plus d'un siecle de recherche,
qu’elles soient issues de I’accumulation historique d’études descriptives ou produites
par les technologies récentes de séquencage haut-débit. Ces analyses inscrivent réso-

lument I’étude du systeme flavivirus-moustique dans I'ére du big data.



Abstract

Human infections caused by members of the Flavivirus genus have long been a
major public health burden worldwide, especially in tropical climates. These RNA vi-
ruses are arboviruses that infect alternatively vertebrate hosts and arthropod ‘vectors),
mainly mosquitoes in the Culicinae subfamily. Other flaviviruses, however, are unable
to infect vertebrate cells and are accordingly called insect-specific flaviviruses (ISFs).
The interaction between vectors and flaviviruses is key to understanding their biology,
because it influences their genetic diversity, evolution and transmission. Despite more
than a century of scientific research and an ever-increasing amount of data, some
fundamental aspects are still poorly understood. Strategies based on ‘big data’ have
been at the heart of the work presented in this dissertation, both by taking advantage
of modern technologies and by compiling older literature.

In the first part, we explored publicly available Anopheles mosquito genomes to
discover putative endogenous viral elements (EVEs) of flaviviral origin. We identified
in silico and confirmed in vivo one EVE in the genome of Anopheles minimus and
another in the genome of Anopheles sinensis. Both EVEs were related to exogenous
ISFs. These results support the existence of ISFs in Anopheles mosquitoes, which are
not usually associated with flaviviruses, and highlight the diversity of the Flavivirus
genus, far from being restricted to arboviruses.

In the second part, we generated and analyzed a complex dataset based on deep
sequencing of a flavivirus within its vector. This study allowed us to investigate the
fine-tuned interaction between genotypes of the mosquito Aedes aegypti and the
intra-host diversity of dengue virus 1. Like other RNA viruses, flaviviruses consist of

a population of related genetic variants, which is considered critical for their fitness

vii



Abstract

and adaptive potential. Our results showed : (i) a strong effect of genetic drift due to
a population bottleneck during initial infection of the digestive tract, reducing the
relative importance of natural selection, and (ii) a modulation of the intra-host viral
genetic diversity by the mosquito genotype, indicating that viral genetic diversity, and
therefore virus fitness and evolution, is inextricably linked to host genetic variation.

In the last part, we conducted a systematic review of the abundant literature on
arbovirus vertical transmission in the mosquito vector, i.e. from an infected female
to her offspring, in order to identify technical, environmental, taxonomic and phy-
siological predictors. Our results, based on a robust statistical framework, shed new
light on this transmission mode, complementary to horizontal transmission between
the vector and the vertebrate host. They contribute to refining our understanding of
strategies employed by arboviruses to persist in their environment, while providing
testable hypotheses about the underlying biological processes.

Collectively, our results highlight new aspects of the complex relationships bet-
ween flaviviruses and mosquitoes. Moreover, they underline the new insights brought
by the ‘big data’ compiled during more than one century of research, either extracted
from historical, descriptive studies or generated by modern, high-throughput se-
quencing technologies. Such analyses clearly include the study of flavivirus-mosquito

systems in the era of ‘big data’.
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1. Introduction générale

1 Introduction générale

E terme « arbovirus » (pour arthropod-borne virus) décrit un groupe de virus
d’animaux dont I’épidémiologie implique une transmission par un arthropode
hématophage, appelé « vecteur ». Les moustiques sont de loin les principaux vecteurs
d’arbovirus mais d’autres arthropodes hématophages peuvent les transmettre, comme
les tiques, les phlébotomes ou les culicoides [Gubler, 2001].

Les arbovirus regroupent aujourd’hui plus de 530 virus décrits a travers le monde
[Centers for Disease Control and Prevention, 2010] appartenant a plusieurs genres
de virus a ARN'. Les plus importants en santé humaine sont les Alphavirus (famille
des Togaviridae, incluant par exemple le virus chikungunya), les Orthobunyavirus
et Phlebovirus (famille des Bunyaviridae, incluant respectivement le virus de I'en-
céphalite de Californie et le virus de la fievre de la vallée du Rift) et les Flavivirus
(famille des Flaviviridae). Ce dernier genre regroupe les principaux arbovirus posant
un véritable probleme de santé publique au niveau mondial, a I'exception du virus du
chikungunya. Ils sont transmis majoritairement par des moustiques de la sous-famille
des Culicinae (principalement des genres Culex et Aedes). Ainsi, on estime que chaque
année les virus de la dengue infectent plus de 390 millions de personnes, causant 96
millions de cas symptomatiques [Bhatt et al., 2013]. Le virus de la fievre jaune cause
chaque année 84 000 a 170 000 cas symptomatiques [Barrett et Higgs, 2007] et le virus
de I'encéphalite japonaise, quant a lui, affecte annuellement 68 000 personnes [World
Health Organization, 2015].

AT’heure ol nous écrivons ces lignes, la plus importante épidémie de fievre jaune
depuis presque 30 ans touche I’Angola [Butler, 2016] et une épidémie de fievre Zika
bat son plein en Amérique du Sud, présentant des symptomes jusqu’alors inconnus
et inquiétants pour la population résidant en zone d’épidémie. Ce virus a été décou-
vert il y a presque 70 ans en Afrique [Dick et al., 1952]. Longtemps marginale, son
importance épidémiologique s’est largement accrue lors de la derniere décennie :
épidémie en Micronésie en 2007 [Duffy et al., 2009], dans plusieurs iles du Pacifique
entre 2013 et 2015 [Musso et al., 2015], puis le continent américain depuis 2015 [Fauci
et Morens, 2016]. Au point qu’aujourd’hui, I'Organisation mondiale de la santé en a

fait une « urgence de santé publique de portée internationale » [World Health Organi-

1A I'exception des Asfarviridae (un seul virus identifié : African swine fever virus) qui sont des virus a
ADN.



zation, 2016]. Cette émergence spectaculaire n’est pas sans rappeler celles d’autres
arbovirus comme le virus chikungunya dans 'océan Indien en 2005 [Pialoux et al.,
2007], ou, avant, celle d'un autre flavivirus, le virus du Nil occidental (West Nile virus)
en Amérique du Nord en 1999 [Kilpatrick, 2011].

Ces évenements récents ne doivent pas faire oublier que les arbovirus, et en par-
ticulier les flavivirus, font peser un fardeau depuis longtemps sur les populations
humaines. Certains auteurs ont vu dans la description par Plutarque de la mort
d’Alexandre le Grand en 323 avant J.-C. des indices laissant supposer une fievre du Nil
occidental [Marr et Calisher, 2003] ; ou encore dans une liste de symptomes dressée
dans une encyclopédie médicale chinoise de la dynastie Jin (265-420 apres J.-C.) la
premiere description de la dengue [Gubler, 1998]. C’est a partir de I’age des grandes
découvertes (XV¢ — XVII¢ siecle) puis pendant I’ere coloniale (XVII¢ - XIX¢ siecle) que
les flavivirus deviennent un probleme de santé publique. Les premieres épidémies
de fievre jaune et de dengue sont décrites dans les principales cités portuaires du
Nouveau Monde [Nogueira, 2009]. Ces pathogeénes ont profité de la présence d'une
population susceptible d’origine européenne et de I'extension géographique de leur
vecteur en zone urbaine, le moustique Aedes aegypti, grace a la traite négriére et
au commerce reliant directement les zones tropicales d’Afrique a celles des Amé-
riques [Brown et al., 2014]. La cause et le mode de transmission de ces maladies
étaient alors inconnus, faisant planer un certain mystere. Ce n’est qu’a la toute fin
du XIX® et au début du XX® siecle que la transmission vectorielle, c’est-a-dire par un
vecteur arthropode, est suggérée [Finlay, 1881] puis prouvée pour la fievre jaune [Reed
etal., 1901].

Malgré cette longue histoire commune, il n’y a, a I'heure actuelle, aucun traite-
ment thérapeutique étiologique pour les cas symptomatiques. Des vaccins ont été
développés, parfois de longue date contre les virus de la fievre jaune (en France, Sta-
maril®), de '’encéphalite japonaise (en France, Ixiaro®) et trées récemment contre
les virus de la dengue (Dengvaxia®, autorisé au Mexique, aux Philippines, au Brésil
et au Salvador) [Sanofi Pasteur, 2016]. Lefficacité de ces vaccins est variable, allant
de pres de 85% de protection pour le vaccin contre la fievre jaune [Staples et al.,
2010] a 45-66% en fonction de la tranche d’age pour le vaccin contre les virus de la
dengue [Hadinegoro et al., 2015].

En I'absence de traitement efficace et face a une prévention vaccinale limitée a



1. Introduction générale

quelques virus, et qui plus est d’efficacité variable, la lutte anti-vectorielle reste le
moyen de prévention le plus efficace pour contrer les infections humaines a flavivirus.
Diverses méthodes peuvent étre utilisées, seules ou simultanément : gestion de 'envi-
ronnement afin d’éliminer/réduire les sites larvaires ou éliminer/limiter le contact
avec les vecteurs adultes (approche indirecte), utilisation d’agents chimiques larvi-
cides ou adulticides et enfin utilisation d’agents biologiques (approche directe) [World
Health Organization, 2009]. Malgré quelques succes, I'efficacité de ces méthodes sur
le long terme est régulierement remise en question [Bowman et al., 2016]. Contrai-
rement a 'approche vaccinale cependant, les méthodes de lutte anti-vectorielle ont
I’avantage d’étre relativement simples et rapides a mettre en ceuvre et ont un impact
sur tous les pathogenes pouvant étre transmis par les moustiques visés, en particu-
lier Aedes aegypti et Aedes albopictus dont I’écologie est similaire. Cependant, elles
requiérent, pour maximiser leur efficacité, une bonne connaissance de 1'écologie, du
comportement de |'espece visée et des interactions entre le pathogeéne et son vecteur,

en plus des contextes culturel, économique et politique local.

Depuis plus d’'un siecle maintenant, la recherche scientifique a tenté de com-
prendre les interactions extrémement complexes entre les flavivirus arboviraux, leurs
hotes vertébrés, leurs vecteurs arthropodes, le microbiote bactérien, viral et fongique,
ainsi que I'environnement dans lequel tous évoluent. La complexité du systeme im-
plique des approches multidisciplinaires variées allant de la biologie moléculaire a
la modélisation mathématique des épidémies, en passant entre autres par I’analyse
d’imagerie satellite, la génomique, I’écologie ou I'immunologie. Tirant profit des avan-
cées technologiques et conceptuelles dans les méthodes de détection et d’analyse, la
quantité de données générées va croissant. En réponse, ces deux dernieres décennies
ont vu ’émergence, comme dans d’autres domaines des sciences de la vie, d'une ere
des « mégadonnées » (big data).

Les études que j'ai menées dans le cadre de ce travail de these s’inscrivent clai-
rement dans cette démarche, incontournable aujourd’hui. En utilisant des outils et
approches classiquement attribués aux analyses de big data, nous avons tenté d’ap-
porter des éléments de réponse a divers points non éclaircis de I'interaction entre
flavivirus et moustiques. Entre 'analyse de données générées par les technologies ré-
centes de séquencage haut-débit ou 'accumulation historique d’études descriptives,

les résultats ce de travail ont permis d’apporter des éléments de réponse originaux et
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convaincants aussi bien a des questions d’actualité qu’a de « vieilles marottes » qui
taraudent la communauté scientifique s’intéressant aux flavivirus et aux arbovirus en

général.

La synthese qui suit ces lignes présente, dans leur contexte bibliographique, les
études issues de cette these, elle-méme divisée en trois parties principales. Dans une
premiere partie, nous nous sommes intéressés a la diversité des flavivirus. Regroupés
sous cette dénomination, on retrouve de nombreux virus infectant un large éventail
d’hotes vertébrés et invertébrés, en particulier des moustiques. Alors que les mous-
tiques des genres Aedes et Culex figurent en bonne place comme hotes et vecteurs
de flavivirus, les moustiques du genre Anopheles ne leur sont qu’anecdotiquement
associés. En analysant les génomes publiés de plusieurs especes d’anopheles, nous
avons réussi a mettre en évidence 'existence d’éléments viraux endogenes (EVEs)
d’origine flavivirale, dont nous avons confirmé I’existence in vivo. Ces EVEs, proches
mais divergents des flavivirus spécifiques d’insectes (FSI) exogenes, suggerent I'exis-
tence d'un clade de FSI associé aux anophéles et mettent en lumiére la diversité du
genre, loin d’étre restreinte aux seuls arbovirus.

Dans une deuxieme partie, nous avons continué a nous intéresser a la diversité
des flavivirus, mais cette fois plus spécifiquement a I’échelle intra-hote. En générant
puis en analysant un jeu de données complexe basé sur le séquencage haut-débit
du génome complet du virus de la dengue-1, nous avons exploré la fine interaction
entre le génotype du moustique Aedes aegypti et la diversité génétique virale. Nos
résultats ont confirmé les forts effets de la dérive génétique et de la sélection purifiante
déja suspectés par d’autres études. Au-dela, nous avons pu mettre en évidence une
modulation de la diversité génétique intra-hote du virus par le génotype du moustique.
Ce résultat indique clairement que la diversité génétique du virus et donc sa fitness et
son évolution sont inextricablement liées a la variation génétique de ’hote.

Finalement, dans une troisieme partie, nous nous sommes penchés sur un concept
qui date du tout début du XX¢ siecle : 1a transmission verticale (TV) des arbovirus chez
les moustiques. En effet, contrairement aux deux précédentes questions, la TV est un
sujet soulevé de longue date dont 'importance épidémiologique est abondamment
discutée dans la littérature. Les conclusions des différentes études, inconstantes voire
parfois contradictoires, n’ont pas permis a leur échelle de trancher sur 'importance

réelle ou les caractéristiques de la TV. Nous avons donc pris le parti de synthétiser
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2. Diversité des flavivirus

la littérature au sein de bases de données et d’analyser aussi bien les tendances his-
toriques que les facteurs techniques et biologiques influant sur la TV. Les résultats
permettent d’affiner notre compréhension des stratégies employées par les arbovirus
pour persister dans leur environnement, tout en fournissant des hypotheses testables

sur les processus biologiques sous-jacents.

2 Diversité des flavivirus

2.1 Structure et organisation génomique

Les flavivirus sont des virus enveloppés a ARN simple brin de polarité positive
d’environ 11 kb. Les virions matures sont sphériques, d'un diametre compris entre 40
et 70 nm [Lindenbach et al., 2013]. Le génome ne présente qu’'un seul cadre ouvert
de lecture codant pour une polyprotéine. Cette derniére est clivée pendant ou apres
la traduction par des protéases virales (protéine non-structurale 3) ou cellulaires
en 3 protéines structurales et 5 (ou 7 en comptant les subdivisions) protéines non-

structurales (Figure 1).
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NS1' Serogroupe de I'encéphalite japonaise
fifo Flavivirus specifiques d'insectes

FIGURE 1 - Organisation génomique des flavivirus. C : protéine de capside; E : gly-
coprotéine d’enveloppe; M : glycoprotéine de membrane ; NS1 : glycoprotéine non-
structurale 1; NS2A : protéine non-structurale 2A ; NS2B : protéine non-structurale 2B;
NS3 : protéine non-structurale 3 (protéase/hélicase) ; NS4A : protéine non-structurale
4A; NS4B : protéine non-structurale 4B; NS5 : protéine non-structurale 5 (RdRP,
RNA-dependent-RNA polymerase) ; sSfRNA : ARN subgénomique flaviviral (subgenomic
flavivirus RNA) (figure d’apres [Lindenbach et al., 2013]).

La protéine de capside (C) protege et empaquéte 'ARN viral dans une capside a
symétrie icosaédrique. Le précurseur de la glycoprotéine de membrane (prM) protege
la protéine d’enveloppe d'une fusion prématurée pendant le transit du virus dans les
voies de sécrétions de la cellule. C’est I'’exposition au pH acide du trans-Golgi qui, en
dévoilant un site de clivage, permet la maturation du virion lorsque prM est clivé en M

et pr, ce dernier étant libéré dans1’espace extracellulaire. La glycoprotéine d’enveloppe



(E) est une protéine de fusion de classe II, impliquée dans la reconnaissance du ou
des récepteur(s) et la fusion membranaire [Lindenbach et al., 2013].

La glycoprotéine non-structurale 1 (NS1) est impliquée dans la réplication de
I’ARN et la production des particules infectieuses, en interaction avec NS4A. Un dé-
calage du cadre de lecture -1 au cours de la traduction permet la production d'une
protéine NS1 allongée, NS1’, chez les virus du sérogroupe de I'’encéphalite japonaise.
NS1’ a été impliquée dans I'invasion du tissu nerveux par les virus de ce groupe [Me-
lian et al., 2010]. La protéine non-structurale 2 est clivée en NS2A et NS2B par la
protéase virale NS3. La protéine NS2A a été impliquée dans I'inhibition de l'interféron
chez les vertébrés mais aussi dans 'assemblage du virion. NS2B, quant a elle, est un
cofacteur de la protéine NS3 avec qui elle forme un complexe stable, permettant de
I’ancrer a la membrane cellulaire [Lindenbach et al., 2013]. La aussi, un décalage du
cadre de lecture -1 au cours de la traduction permet la production d'une protéine
NS2A/B alternative appelée fifo (fairly interesting flavivirus ORF) chez les FSI, dont
le role est actuellement inconnu [Firth et al, 2010]. La protéine non-structurale 3
(NS3) est une protéine multifonction : a 'extrémité N-terminale, une protéase a sérine
permet le clivage de NS2A/B, NS2B/NS3, NS3/NS4A et NS4B/NS5; a 'extrémité C-
terminale, une ARN hélicase-nucléoside triphosphatase (NTPase) permet de dérouler
le génome, étape essentielle pour la réplication. Elle posseéde également une activité
ARN triphosphatase (RTPase) permettant de déphosphoryler I'extrémité 5’ du génome
avant I'addition d'une coiffe. La protéine non-structurale 4 est clivée en NS4A et NS4B
par une protéase cellulaire. NS4A est impliquée dans la réplication de 'ARN grace a
son interaction avec NS1. NS4B semble également impliquée dans la réplication et a
été associée a un blocage de I'interféron de type I chez certains virus. La protéine non-
structurale 5 (NS5) est elle aussi une protéine multifonction : a I’extrémité N-terminale
la formation de la coiffe de ’ARN (RNA capping) ; en a 'extrémité C-terminale l'ac-
tivité ARN-polymérase-ARN-dépendante (RNA-dependant-RNA-polymerase; RARP)
permettant la copie de ’ARN génomique [Lindenbach et al.,, 2013].

Le cadre ouvert de lecture des flavivirus est flanqué de deux séquences non co-
dantes. A I'extrémité 5’, la séquence d’environ 100 nucléotides est impliquée dans la
traduction et la réplication du génome et possede des structures secondaires com-
munes entre flavivirus [Gritsun et Gould, 2007]. A I'extrémité 3’, la séquence est de

taille variable, entre 400 et 700 nucléotides. Sa séquence et son organisation different
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entre FSI, flavivirus transmis par les tiques ou les moustiques ou flavivirus spécifiques
de vertébrés [Villordo et al., 2015]. Une boucle finale 3’SL est cependant systémati-
quement retrouvée et impliquée dans la traduction et I'interaction avec NS2A, NS3
et NS5 [Lindenbach et al.,, 2013]. En amont, la présence de pseudo-nceuds confeére
une résistance a I'action d'une exoribonucléase cellulaire (XRN-1) impliquée dans la
dégradation des ARN messagers, ce qui induit la production de plusieurs ARN subgé-
nomiques appelés stRNA (subgenomic flavivirus RNA) [Chapman et al., 2014]. Le role
des sfRNA dans I’échappement aux systemes immunitaires des hotes vertébrés [Ma-
nokaran et al., 2015] et invertébrés [Moon et al., 2015] est actuellement activement
exploré [Roby et al., 2014, Kieft et al., 2015, Clarke et al., 2015].

2.2 Cycle de réplication

Le cycle de réplication des flavivirus présente les mémes caractéristiques, qu’il
prenne place dans une cellule de vertébré ou d’arthropode. Plusieurs protéines can-
didates au role de récepteurs ou corécepteurs, variant selon le type cellulaire ou
I'hote, ont été identifiées [Mukhopadhyay et al., 2005]. Apres sa fixation, le virus est
internalisé par endocytose. Le pH acide de la voie endosomale entraine des change-
ments dans la structure du virion qui déclenchent la fusion de 'enveloppe virale a la
membrane de '’endosome, permettant la libération de la capside. CARN génomique,
une fois libéré suite a la décapsidation, remplit trois roles : (i) ARN messager pour la
traduction de la polyprotéine virale, (ii) matrice pour la réplication et (iii) matériel
génomique encapsidé pour la formation de nouvelles particules virales (Figure 2) [Mu-
khopadhyay et al., 2005, Lindenbach et al., 2013].

La réplication du génome viral a lieu dans des structures vésiculaires liées aux
membranes du réticulum endoplasmique, reliées au cytoplasme par des pores de
taille réduite [Welsch et al., 2009], ou se retrouvent entre autres les protéines non-
structurales du virus, en particulier NS5, la RARP. La réplication débute par la synthese
du brin complémentaire ARN de polarité négative (ARN-) de longueur génomique
sans coiffe, servant de matrice a la production de nouveaux ARN génomiques (ARN+).
Un large exces (environ 10 fois plus) de ces derniers est observé vis-a-vis des brins
d’ARN- dans les cellules infectées [Lindenbach et al., 2013] ; plusieurs brins d’ARN+

étant synthétisés simultanément sur le méme brin matriciel ARN- [Selisko et al., 2014].

Finalement, I'assemblage du virus a lieu a la surface du réticulum endoplasmique,
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FIGURE 2 - Cycle de réplication des flavivirus. (1) Fixation du virion a son récepteur.
(2) Endocytose puis (3) fusion et libération de la capside dans le cytoplasme. (4) Dé-
capsidation. (5) Traduction du précurseur polyprotéique qui est (6) clivé en protéines
structurales et non structurales. (7) Synthese du brin complémentaire de polarité (-)
servant de matrice (8) a la synthése de nouveaux brins (+). (9) Assemblage du virion
puis (10) libération. (figure d’apres [Lindenbach et al., 2013]).

lors d'un bourgeonnement dans le lumen. Les particules immatures, non infectieuses,
transitent alors par les voies de sécrétions de I'appareil de Golgi, dont le pH graduel-
lement acide permet la maturation de la particule par clivage de la glycoprotéine
d’enveloppe. Les virions matures sont alors libérés par exocytose dans le comparti-

ment extracellulaire [Mukhopadhyay et al., 2005, Lindenbach et al., 2013].

2.3 Diversité phylogénétique

Les flavivirus font partie de la famille des Flaviviridae dont ils partagent les ca-
racteres généraux, que ce soit au niveau de leur morphologie, de la taille du génome
(entre 9,5 et 12,5 kb) et de I'organisation génomique, ou de leur stratégie de réplication.
Quatre genres viraux ont été décrits et sont actuellement reconnus : les Flavivirus, les

Hepacivirus (ex : virus de I'hépatite C), les Pestivirus et les Pegivirus [Lindenbach et al.,
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Flavivirus-arbovirus associés
aux moustiques du genre Culex

Flavivirus-arbovirus associés
aux moustiques du genre Aedes

Flavivirus spécifiques d'insectes

Flavivirus-arbovirus associés
aux moustiques du genre Aedes

Flavivirus spécifiques de vertébrés

Flavivirus-arbovirus associés
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Flavivirus spécifiques de vertébrés
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FIGURE 3 — Arbre phylogénétique bayésien de la polyprotéine des flavivirus (figure
adaptée de [Moureau et al., 2015]).

2013]. De nombreux nouveaux virus classés parmi les Flaviviridae ont été découverts
récemment grace aux technologies de séquencage haut-débit appliquées a des orga-
nismes non-modeles. Si certains étoffent les rameaux déja connus de la phylogénie
de cette famille (comme pour les flavivirus), d’autres en ajoutent de nouveaux qui
contestent les caracteres d’identification des Flaviviridae ou qui apportent de surpre-
nantes considérations sur I’évolution des virus en général. Ainsi, 'éventail de taille
des génomes s’est vu considérablement allongé, avec la découverte de virus de 16 a 24

kb dans des hotes aussi variés que des plantes, des nématodes, des arthropodes ou
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des vertébrés [Kobayashi et al., 2013, Bekal et al., 2014, Shi et al., 2015, Teixeira et al.,
2016]. Plus surprenante encore a été la découverte de virus segmentés chez des tiques
dont deux segments sont similaires aux genes codant pour NS3 (protéase/hélicase) et
NS5 (RARP) des Flaviviridae, les deux autres codant pour des protéines structurelles

jusqu’alors inconnues [Qin et al., 2014, Shi et al., 2015].

Le genre Flavivirus lui-méme n’est pas épargné par la découverte de nombreux
nouveaux virus, en particulier dans certains clades, comme les FSI [Calzolari et al.,
2015, Blitvich et Firth, 2015]. Il inclut a I'heure actuelle plus de 50 virus taxonomique-
ment reconnus [Moureau et al., 2015] mais on estime qu’il contiendrait plus de 2 000
taxons [Pybus et al.,, 2002]. Les analyses phylogénétiques distinguent a I'heure actuelle
4 grands groupes de flavivirus, en lien avec leur spectre d’hote : les flavivirus-arbovirus
associés aux moustiques (FAM), les flavivirus-arbovirus associés aux tiques (FAT),
les flavivirus sans vecteur connus ou spécifiques de vertébrés (FSV) et les flavivirus
spécifiques d’insectes (FSI) (Figure 3) [Moureau et al., 2015].

Les FAM regroupent la grande majorité des flavivirus les plus étudiés; ils comptent
en effet parmi eux les arbovirus ayant le plus fort impact en santé publique. Deux
grands clades sont décrits, liés au genre de moustiques les transmettant : ceux transmis
par des Culex (dont les virus du Nil occidental, de I'encéphalite japonaise ou de
I’encéphalite de Saint Louis) et ceux transmis par des Aedes (incluant les virus Zika,
de la dengue et de la fievre jaune). Plusieurs virus en leur sein, décrits récemment,
sont considérés a I'’heure actuelle comme spécifiques d’insectes. Ces virus ont été
isolés chez des moustiques, principalement des Aedes ou genres proches, et ont été
incapables d’infecter des cellules de vertébrés [Moureau et al., 2015].

Les FAT forment un clade homogene dont la principale caractéristique est de
regrouper des arbovirus transmis par des tiques. La aussi, deux clades sont classique-
ment décrits, liés cette fois a leur hote vertébré : les virus infectant les mammiferes
(dont les virus de ’encéphalite a tique et de 'encéphalomyélite de Powassan) et les
virus infectant les oiseaux marins (incluant les virus Tyuleniy ou Meaban) [Grard et al.,
2007].

Les FSV sont des virus spécifiques de vertébrés incapables d’infecter des cellules
d’arthropodes. Ce groupe est mal connu et peu décrit, et regroupe plusieurs virus
isolés chez des rongeurs (virus Modoc) ou des chauves-souris (virus de la leucoencé-

phalite des myotis du Montana) [Moureau et al., 2015]. Un autre clade, proche des
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FAM, a été associé aux FSV. Ce dernier inclut des virus de chauve-souris (virus de
chauve-souris d’Entebbe, ou virus Yokose par exemple) qui contrairement au groupe
précédent peuvent se répliquer dans des cellules de moustique [Varelas-Wesley et
Calisher, 1982].

Les FSI au sens strict quant a eux forment un clade lui aussi plutdét homogeéne et
divergent au sein du genre Flavivirus. Ces virus sont incapables d’infecter des cellules
vertébrées. Le premier FSI ayant été identifié, le cell fusing agent virus (CFAV), a été
découvert dans les années 1970, grace a l’effet cytopathogene qu’'un surnageant de
culture de cellules d’Aedes aegypti a eu sur une lignée cellulaire originaire d’Aedes
albopictus [Stollar et Thomas, 1975]. Longtemps resté orphelin, il a été rejoint en
2003 par le Kamiti River virus (KRV) [Sang et al., 2003], puis par de nombreux autres
virus [Calzolari et al., 2015, Blitvich et Firth, 2015]. On distingue a I'heure actuelle
deux grands clades de FSI : les virus associés aux moustiques du genre Aedes et ceux
associés aux moustiques du genre Culex. Un troisieme clade, associé aux moustiques
de la tribu des Mansoniini est parfois suggéré suite a la découverte de FSI dans des

moustiques des genres Mansonia et Coquillettidia [Moureau et al., 2015].

Lorigine évolutive des flavivirus reste encore incertaine. Ils ont d’abord été sus-
pectés d’étre ancestralement des virus de vertébrés, a cause de leur lien phylogé-
nétique avec les autres Flaviviridae, tous, a I’époque, trouvés chez des vertébrés et
I'existence des FSV [Gould et al., 2003]. La découverte de nombreux FSI, d’autres
Flaviviridae chez des arthropodes [Conway, 2015, Teixeira et al., 2016, Shi et al., 2015]
ainsi que de potentiels flavivirus chez les drosophiles [Webster et al., 2015] ou des
chironomes [Cook et al., 2013], insectes non piqueurs et donc moins ou pas exposés
aux virus de vertébrés, semblent au contraire suggérer qu’ils sont originellement des

virus d’arthropodes [Gubler, 2014].

2.4 Lapportdes éléments endogenes d’origine flavivirale dans

les génomes de moustiques

Les éléments viraux endogenes (EVE) sont des insertions permanentes de tout ou
partie du matériel génétique d’un virus dans le génome de son hote. Linsertion (tran-
sitoire) fait partie du cycle viral des rétrovirus et par conséquent de nombreux EVEs
identifiés sont d’origine rétrovirale. Plusieurs EVEs non-rétroviraux ont été identifiés

dans les génomes de nombreuses especes d’hotes, dont des vertébrés et des arthro-
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podes [Feschotte et Gilbert, 2012]. Le mode d’endogénisation n’est pour I'instant
pas élucidé, méme si une interaction avec des rétro-éléments du génome de ’hote
semble étre privilégiée [Holmes, 2011]. La conservation d'une transcription en ARN
de certains EVEs suggere que leur présence pourrait procurer un avantage sélectif a
I'hote. Ainsi, des EVEs exprimés pourraient étre a I'origine d'une protection ou d'une
tolérance face a des virus exogenes génétiquement proches [Flegel, 2009, Holmes,
2011, Bell-Sakyi et Attoui, 2013, Fujino et al., 2014]. Des EVEs d’origine flavivirale, par-
fois toujours exprimés, ont ainsi été identifiés dans les génomes des moustiques Aedes
aegypti [Crochu et al., 2004, Katzourakis et Gifford, 2010] et Aedes albopictus [Roiz
etal., 2009, Chen et al., 2015].

Quel que soit le mécanisme d’intégration ou le role que peuvent jouer les EVEs
dans leur hote, ce sont des témoins précieux dans I’étude de I'histoire évolutive des
virus et leur possible spectre d’hote. En effet, les EVEs sont trés probablement le
produit d'une interaction ancienne et intime entre le virus et son hote. Ils nécessitent
au moins deux événements considérés comme rares : (i) une rétrotranscription et (ii)
une intégration dans le génome des lignées germinales [Holmes, 2011, Aiewsakun et
Katzourakis, 2015], ce qui explique la faible abondance d’EVEs non-rétroviraux dans

les génomes eucaryotes.

Comme nous 'avons précédemment évoqué, parmi les plus de 3 500 especes de
moustiques (famille des Culicidae) [White, 2008], ceux de la sous-famille des Culicinae
(principalement les genres Aedes et Culex) sont les principaux vecteurs d’arbovirus
d’'importance en santé publique. L'autre sous-famille des Anophelinae (principale-
ment le genre Anopheles) est quant a elle généralement associée a la transmission des
parasites du paludisme mais tres rarement suspectée d’étre impliquée dans la trans-
mission de flavivirus, et d’arbovirus en général a I'exception du virus O’'nyong nyong
(Alphavirus) [Brault et al., 2004]. Ces derniers ont cependant été détectés chez des ano-
pheles sur le terrain, que ce soient des arbovirus pathogenes pour 'Homme [Bernard
etal., 2001, Kulasekera et al., 2001, Feng et al., 2012, Liu et al., 2013, Kemenesi et al.,
2014, Calzolari et al., 2010, Calzolari et al., 2013] ou des FSI précédemment décrits,
infectant habituellement des moustiques du genre Culex [Aranda et al., 2009, Zuo
et al., 2014, Liang et al., 2015]. Ces études ne permettent cependant pas de savoir
si ces anopheles sont bien des hotes de ces virus, c’est-a-dire avec une réplication

active, ou s’ils n'ont été que transitoirement contaminés par un repas sanguin sur
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hote virémique, sans établissement d'une infection, ou sujets a une contamination
expérimentale. La détection d’EVE d’origine flavivirale permettrait ainsi d’apporter de

nouvelles preuves de possibles infections flavivirales naturelles chez les anopheles.

An. sin.
NS3

c M E NS1 NS2A NS2B

NS4A | NS4B NS5

Génome de flavivirus

08 04

FIGURE 4 - Structure (A) et phylogénie par maximum de vraisemblance (B) des EVEs
dérivés de flavivirus chez Anopheles minimus et Anopheles sinensis. Les couleurs dans
les phylogénies représentent la spécificité d’hote : en vert les FSI, en violet les FAT, en
noir les FVS, en bleu les FAM et en rouge, les EVEs. L'échelle indique le nombre de
substitutions par site acide-aminé et les valeurs de nceud le SH-like branch support
(figure adaptée de I’Annexe A).

Nous avons donc recherché, grace a des approches bioinformatiques, la présence
de séquences proches des flavivirus dans les génomes de 21 especes d’anopheles
(Annexe A). Cette étude nous a permis de détecter la présence d’EVEs d’origine flavivi-
rale dans les génomes de deux espéces asiatiques, Anopheles minimus et Anopheles
sinensis. LEVE détecté chez An. minimus correspond aux protéines non-structurales
NS4A, NS4B et NS5 et a une longueur de 1881 nucléotides (Figure 4-A). Celui détecté

chez An. sinensis correspond a la protéine non-structurale NS3 et a une longueur de
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792 nucléotides (Figure 4-A). Nous avons ensuite confirmé leur existence in vivo par
PCR sur ADN génomique de moustique et nous avons été capables de montrer leur
transcription par RT-PCR. Cette derniere a été confirmée par les analyses de jeux de
données de séquencage massif d’ARN messager précédemment publiés. L'analyse
phylogénétique des EVEs que nous avons découverts montre la proximité des deux
éléments avec les FSI (Figure 4-B), ce qui pourrait suggérer I'existence d'un clade de
FSI associés aux anopheles, comparable aux FSI associés aux moustiques du genre
Culex ou aux FSI associés au genre Aedes. La transmission verticale des FSI favorise en
effet la co-divergence avec leur hote [Jackson et Charleston, 2004] et la présence d'un
clade associé aux anopheles a la racine des FSI serait cohérente avec I'histoire évolu-
tive des moustiques; les anopheles ayant divergé antérieurement a la différenciation
entre Culex et Aedes [Reidenbach et al., 2009]. Ces résultats soulignent a nouveau la

diversité du genre, loin d’étre restreinte aux seuls arbovirus.

3 Le moustique comme siege de microévolution des

flavivirus-arbovirus

3.1 Plasticité génétique des arbovirus

Nous avons vu dans la partie précédente que les flavivirus, bien que partageant
des caractéres communs en terme de structure ou de cycle de réplication, constituent
un genre viral tres diversifié, infectant un important éventail d’hotes vertébrés et
arthropodes, parfois méme alternant entre les deux dans le cas des arbovirus. On
associe classiquement cette capacité de se répliquer dans deux hotes tres différents a
la flexibilité génomique et au fort taux de mutation des virus a ARN [Weaver, 2006].

En effet, comme pour d’autres virus a ARN, la RARP virale est caractérisée par une
fidélité médiocre due a I’absence d’activité exonucléase permettant la correction des
erreurs de réplication, entrainant un taux de mutation d’environ 10-¢ a 10- substitu-
tion par nucléotide et par cycle de réplication [Sanjuén et al., 2010]. Une étude en
culture cellulaire de la souche vaccinale du virus de la fievre jaune a estimé un taux
d’erreur entre 1,9x107 et 2,3x10°7 par nucléotide copié [Pugachev et al., 2004]. Pour
le virus de la dengue-2, une étude in vitro a estimé un taux d’erreur de la RARP entre

2,94x107° et 7,41 x10°% par nucléotide copié [Jin et al., 2011]. Une récente publication a
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par ailleurs montré que ce taux de mutation pouvait étre variable pour un méme isolat
viral en fonction de I'environnement cellulaire, lui-méme influencé par I'hote [Combe
et Sanjudn, 2014]. Quelle que soit de la valeur exacte du taux d’erreur de la RdRP, ce
dernier, couplé a une réplication rapide et une population de grande taille, a donné
naissance au concept de « quasi-espece » virale. Ce terme définit la population de
virus génétiquement apparentés (« nuage de mutants ») et distribués autour d'une
séquence dite « consensus », moyenne pour chaque position du nucléotide le plus
fréquent dans la population [Lauring et al., 2013].

Cette structure en quasi-espece s’est montrée critique pour plusieurs aspects
fondamentaux de la fitness générale des virus a ARN ou leur pathogénése [Domingo
etal, 2012]. Pour les virus, la fitness est souvent définie comme étant la capacité de
produire de nouvelles particules infectieuses dans un environnement donné [Do-
mingo et Holland, 1997]. Cette définition, centrée sur le succes réplicatif (replicative
fitness), n'intégre pas totalement la définition usuelle du terme telle qu’elle est com-
prise en biologie évolutive : la fitness est la quantité de matériel génétique passée
ala génération suivante [Wargo et Kurath, 2012]. Ainsi, a cause de leur parasitisme
strict, la fitness des virus repose également sur le succes de leur transmission (trans-
mission fitness). La structure en quasi-espece des virus a ARN s’est ainsi montrée
importante pour ’adaptation a de nouveaux environnements cellulaires, pressions
de sélection ou hotes, caractéristiques de la transmission [Domingo et al., 2012]. Par
ailleurs, réplication et transmission s’integrent, au niveau supérieur, dans la capacité
d'un virus (quelque soit le niveau considéré : sérotype, génotype, clade, isolat ou
variant) a étre plus prévalent sur le terrain qu'un autre virus. On parle alors de fitness
épidémiologique [Wargo et Kurath, 2012].

Contrairement a la majorité des virus a ARN qui n’'infectent qu'une ou plusieurs es-
peces d’hotes biologiquement proches, les flavivirus-arbovirus doivent étre capables
de se répliquer dans deux types d’hotes trés différents. Ladaptation a 'un pouvant
nuire a la fitness dans I'autre hote, les arbovirus se doivent de maintenir un « com-
promis » (trade-off) [Ciota et Kramer, 2010] qui expliquerait leur évolution plus lente
comparée aux virus a ARN a transmission directe [Jenkins ef al., 2002]. Un nuage de
mutants assez large, en explorant |'« espace génétique » permet ainsi de maintenir
au sein d'une méme population des variants génétiques plus ou moins adaptés aux

différents types d’hotes. Le maintien d'une diversité génétique est donc crucial pour
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la transmission des arbovirus sur le long terme. Les forces évolutives qui modulent
la diversité génétique virale au sein des différents hotes ne sont pas bien connues.
On s’attend a ce que de maniere générale la sélection naturelle et la dérive génétique
s'opposent a la production de mutations de novo et tendent a réduire la diversité
génétique virale. Ces forces évolutives peuvent par ailleurs trés bien s’appliquer de
maniere opposée ou du moins différemment entre les types d’hote. Le trade-off peut
alors étre concu comme une adaptation alternée entre vertébré et arthropode, en
« zig-zag », maintenant ’arbovirus, au long terme, sur une voie centrale. On comprend
deés lors I'importance de I'étude des forces évolutives s’appliquant sur les populations
d’arbovirus, aussi bien chez I’hote vertébré que chez le vecteur arthropode, afin de
mieux appréhender leur biologie, leur potentiel adaptatif et épidémique, ainsi que

leur évolution en général [Coffey et al., 2013].

La dynamique du nuage de mutants, c’est a dire I'évolution intra-hote, a été parti-
culierement étudiée dans le cas du virus du Nil occidental et plus récemment de la
dengue chez les moustiques des genres Culex et Aedes, respectivement. Ces études
ont montré que la diversité génétique du virus du Nil occidental était bien associée a
un gain de fitness chez le moustique in vitro [Ciota et al., 2007, Ciota et al., 2012] ou
in vivo [Fitzpatrick et al., 2010] et que le nuage de mutants était sous influence de la
sélection purifiante [Jerzak et al., 2005, Jerzak et al., 2007] malgré la persistance de
mutations déléteres [Grubaugh et al., 2016]. Elles ont également mis en évidence que
la diversité génétique du virus était globalement maintenue lors de son passage chez
le moustique [Brackney et al., 2011] ou légerement diminuée suite a la présence de
goulots d’étranglement démographiques [Ciota et al., 2012]. L'existence d'un goulot
d’étranglement changeant la composition du nuage de mutants a également été dé-
tectée dans le cas du virus de la dengue-2 [Sim et al., 2015]. Les goulots d’étranglement
démographiques (population bottleneck en anglais) sont d’'importantes réductions
transitoires de la taille de la population, pouvant étre dues a (i) un événement tirant
aléatoirement quelques variants du nuage ou (ii) un important épisode de sélection
naturelle. Dans les deux cas, la stochasticité introduite, par principe dans le premier
cas ou sur d’autres marqueurs génétiques que celui sous sélection dans le deuxiéme,
peut conduire a une réduction de la fitness par accumulation de mutations délé-
teres et par la diminution de la variabilité génétique de la population [Duarte et al.,

1992, Gutiérrez et al., 2012]. Les barrieres anatomiques rencontrées par le virus lors
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3. Le moustique comme siége de microévolution des
flavivirus-arbovirus

de I'infection du moustique sont suspectées d’étre a I'origine d’'importants goulots

d’étranglement démographiques de nature aléatoire [Forrester et al., 2014].

3.2 Infection arbovirale du moustique

La femelle moustique s’infecte lors d'un repas sanguin sur un hote vertébré vi-
rémique. L'arbovirus entre alors dans le systeme digestif du moustique avec le sang
(Figure 5) et gagne le mésentéron, ou intestin moyen (midgut en anglais). Afin d’établir
une infection dans les cellules épithéliales du mésentéron, I’arbovirus doit avoir été
ingéré en quantité suffisante. Il entreprend alors une phase intensive de réplication.
Les virions néoformés sont libérés dans la cavité générale de I'insecte, ou hémoccele,
et se disséminent dans divers organes internes ou il peuvent éventuellement se répli-
quer : systeme nerveux central, cordon nerveux ventral, corps gras, tractus génital et
glandes salivaires [Salazar et al., 2007]. Linfection des organes secondaires permet a
I'arbovirus d’étre ensuite transmis, soit horizontalement via les glandes salivaires lors
d'un nouveau repas sanguin, soit verticalement, via le tractus génital (voir section 3).
Le moustique reste infecté toute sa vie. Linfection ne semble avoir qu'un impact trés
légerement délétere sur la survie du moustique vecteur [Lambrechts et Scott, 2009] et
parfois la fécondité [Styer et al., 2007, Ciota et al., 2013].

Tous les moustiques ne sont pas égaux face a I'infection arbovirale. Leur aptitude
intrinseque (génétique) a s’infecter, permettre la réplication puis transmettre un arbo-
virus a un nouvel hote est désignée sous le nom de « compétence vectorielle » [Hardy
et al., 1983]. Les barriéres anatomiques rencontrées lors de 'infection font, entre
autres, partie des facteurs influencant la compétence vectorielle. Quatre grandes bar-
rieres ont été décrites : la barriere d’infection du mésentéron (midgut infection barrier
ou MIB), la barriere d’échappement du mésentéron (midgut escape barrier ou MEB),
la barriere d’infection des glandes salivaires (salivary gland infection barrier ou SGIB),
et la barriere d’échappement des glandes salivaires (salivary gland escape barrier ou
SGEB) [Franz et al., 2015]. Le succes de l'infection dépend donc de la capacité de

I'arbovirus a surmonter ces barriéres.

3.3 Interactions flavivirus-moustiques

La compétence vectorielle, étant déterminée génétiquement, varie entre les es-

peces de moustiques mais également entre populations au sein de la méme espéece.
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FIGURE 5 — Cycle de la transmission horizontale d'un arbovirus par le moustique
vecteur. (1) Repas sanguin infectieux. (2) Infection du mésentéron. (3) Dissémination
du virus dans 'hémoccele d’ou il infecte d’autres organes dont les glandes salivaires.
(4) Inoculation du virus via la salive infectée lors d'un nouveau repas sanguin (figure
d’apres les données de [Salazar et al., 2007]).

Ainsi, différentes populations du moustique Aedes aegypti, génétiquement distinctes,
different dans leur compétence vectorielle pour les mémes isolats de virus de la
dengue (DENV) [Anderson et Rico-Hesse, 2006, Armstrong et Rico-Hesse, 2003, Ben-
nett et al., 2002, Gubler et al., 1979, Rosen et al., 1985, Tardieux et al., 1990, Vazeille-
Falcoz et al., 1999]. Plus qu’'une simple variation du c6té du moustique, plusieurs
études ont montré que la compétence vectorielle est en fait le produit d'une inter-
action spécifique entre des génotypes d’'Ae. aegypti et des variants génétiques de
DENV [Lambrechts et al., 2009, Lambrechts, 2011, Lambrechts et al., 2013, Fansiri
etal., 2013, Dickson et al., 2014].

Limpact de la diversité génétique du vecteur sur celle des flavivirus au cours de
I'infection commence seulement a étre exploré. Une récente étude a montré que dif-
férentes especes de moustiques du genre Culex présentaient des niveaux de diversité
génétique intra-hote du virus du Nil Occidental différents au cours de I'infection [Gru-
baugh et al., 2016]. Aucun travail cependant ne s’est intéressé a I'impact de la diversité

génétique au sein d'une méme espece sur les niveaux de diversité virale.
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4. Transmission inter-héte des flavivirus et d’autres arbovirus par les moustiques

Afin d’apporter des éléments de réponse a cette question, nous avons utilisé
une technologie de séquencage a haut-débit pour suivre la diversité intra-hote du
virus de la dengue-1 lors de I'infection de plusieurs fonds génétiques de moustique
Ae. aegyptisous la forme de lignées isofemelles (Annexe B). Ces lignées isofemelles,
initiées par un male et une femelle uniques, maintenues par croisements consanguins
pour plusieurs générations consécutives ont une variation génétique réduite; les
individus de la lignées sont plus proches entre eux que d’autres individus extérieurs a
celle-ci.

Nos résultats ont confirmé les forts effets de la sélection purifiante et de la dérive
génétique, déja évoqués par les études menées sur le virus du Nil occidental [Jerzak
etal., 2005, Jerzak et al., 2007, Ciota et al., 2012, Grubaugh et al., 2016]. Nous avons
en effet détecté un goulot d’étranglement démographique au moment de I'infection
initiale du mésentéron, avec une taille effective de population estimée a quelques
dizaines de génomes viraux (Figure 6-A). Au-dela, nous avons également pu mettre en
évidence une modulation de la diversité génétique intra-hote du virus par le génotype
du moustique. L'une des lignées isofemelles montre en effet un niveau de diversité
génétique accru dans le mésentéron comparé aux deux autres (Figure 6-B et C), sans
que cela soit lié a un différentiel dans le niveau de la sélection purifiante ou de la taille
du goulot d’étranglement a I'infection. Notre étude n’ayant pas pu mesurer conve-
nablement la diversité génétique dans les glandes salivaires des différentes lignées
isofemelles, nous ne pouvons pas a I'heure actuelle lier directement cette observation
a la compétence vectorielle. Ces résultats indiquent cependant clairement que la
diversité génétique du virus, donc sa fitness et son évolution, sont inextricablement

liées a la variation génétique de ’hote, au moins dans le mésentéron.

4 Transmission inter-hote des flavivirus et d’autres ar-

bovirus par les moustiques

4.1 Transmission des arbovirus

Comme nous 'avons évoqué dans I'introduction, de nombreux genres viraux sont
regroupés sous le qualificatif d’arbovirus. Ces genres, malgré une biologie différente,

partagent la caractéristique d’étre transmis entre hotes vertébrés par des arthropodes
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FIGURE 6 — Estimation de la taille du goulot d’étranglement démographique lors de
I'infection initiale du mésentéron et niveau de diversité intra-hote du virus de la
dengue-1. (A) Estimation du nombre de génomes établissant I'infection (V) pour 3
marqueurs nucléotidiques identifiés par leur position sur le génome du virus de la
dengue (1556, 9950, 10145) a partir d’échantillons collectés 4 jours apres infection.
Les marqueurs sont des variants nucléotidiques dont on admet leur neutralité ou
quasi-neutralité. Les barres horizontales indiquent les intervalles de confiance de I'es-
timation de N par bootstrapping. (B) Diversité virale intra-hote estimée par 'entropie
de Shannon (S;,) par site et par échantillon. (C) Diversité virale intra-hote estimée par
la diversité nucléotidique () par site et par échantillon (figure adaptée de I’Annexe B).
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hématophages, souvent des moustiques.

Les arbovirus sont généralement zoonotiques et sont par conséquent maintenus
dans la nature par des cycles impliquant divers hotes vertébrés et arthropodes. Plus
qu'une simple alternance entre un seul hote vertébré et un seul arthropode vecteur,
la transmission arbovirale s’inscrit le plus souvent dans un réseau de transmissions
complexe, impliquant de nombreux hotes et vecteurs (Figure 7) [Diaz et al., 2012].
Certains hotes ou vecteurs de ce réseau peuvent par ailleurs étre impliqués dans la
maintenance des arbovirus lors des périodes inter-épidémiques. Certains auteurs ont
par exemple suggéré le cas de I'écureuil fauve pouvant participer a la maintenance du
virus du Nil occidental dans un contexte péri-urbain en Amérique du Nord [Root et al.,
2006, Root et al., 2007]. Les étres humains ne sont pas forcément centraux dans ces
réseaux de transmission et ne sont méme parfois que des hotes accidentels, soit en cas
d’une transmission tangentielle a 'Homme (virus du Nil occidental), ou lorsque des
sujets susceptibles entrent dans un foyer de transmission enzoonotique selvatique
(virus de la fievre jaune ou de I'encéphalite équine vénézuélienne) [Weaver et Barrett,
2004]. Pour les virus de la dengue, deux cycles distincts mais reliés dans I’histoire
évolutive coexistent : un cycle selvatique, ancestral, enzoonotique impliquant des
primates non-humains et des moustiques zoophiles et un cycle urbain endémique
ou épidémique impliquant 'Homme comme seul hote vertébré et des moustiques
anthropophiles comme vecteurs (comme Aedes aegypti ou Ae. albopictus) [Holmes et
Twiddy, 2003, Vasilakis et al., 2011].

Le role épidémiologique de chaque espéce vectrice potentielle au sein de ces
réseaux ou cycles de transmission peut étre décrite par la notion de capacité vecto-
rielle, englobant de nombreux facteurs génétiques, environnementaux ou comporte-
mentaux. En effet, malgré leur souplesse génétique et leur diversité que nous avons
évoquées dans les chapitres précédents en prenant I’exemple des flavivirus, les arbo-
virus ne sont généralement transmis que par quelques especes vectrices principales.
La capacité vectorielle peut étre nulle si I'arthropode est réfractaire a I'infection ou
incapable de transmettre le virus, que ce soit dii a une composante génétique (du
virus ou du vecteur, c’est-a-dire la compétence vectorielle), environnementale (la tem-
pérature, par exemple) ou comportementale (un arthropode hématophage ne piquant
pas I'hote vertébré du virus). La capacité vectorielle peut également varier significati-

vement au sein d'une espece vectrice. La capacité vectorielle (C) est classiquement

23



Tourterelle triste
J Moineau domestigue
q‘:} Merle d'Ameérique
4.- Corneille d'Ameérigue
i W Culex pipiens
Culex tarsalis

Ecurauil fauve

Ixodes sp.

FIGURE 7 — Réseau de transmission hypothétique du virus du Nil occidental aux
Etats-Unis. Les fleches représentent le lien de transmission entre vecteurs et hotes
impliqués dans le réseau et leur épaisseur 'importance de cette liaison (en termes
de préférence trophique du vecteur, de la densité de population, de la compétence
vectorielle, etc.). Leur couleur représente la saison de la transmission figurée (vert :
printemps; rouge : été; orange : automne). Les lignes pointillées sont des voies de
transmission alternatives (transmission verticale chez le vecteur par exemple) ou des
hotes ou vecteurs secondaires (tiques ou vertébrés) (figure adaptée de [Diaz et al.,
2012].

modélisée mathématiquement par I’équation de Ross-MacDonald, initialement dé-
veloppée pour le paludisme mais également applicable en arbovirologie [Kramer et
Ebel, 2003] :

B m x a2 xp" xb
B —In(p)

ol m représente la densité du vecteur relative a celle de I'hote ; a la probabilité
que le vecteur pique I’hdte en un jour, élevée au carré car deux piqiires sont néces-
saires (une pour I'infection du vecteur, I'autre pour la transmission au vertébré) ; p
la probabilité de survie quotidienne du vecteur; n la durée de la période d’incuba-
tion extrinseque, c’est-a-dire le temps (en jours) séparant I'infection du vecteur du
moment ol ce dernier est capable de transmettre le virus a un nouvel hote vertébré;

f@ la survie du vecteur en jours au-dela de la durée de la période d’incubation
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extrinseque; et finalement b, la compétence vectorielle. Les facteurs élevés au carré
(a) ou en exponentiel (p et n) sont ceux qui influencent le plus C [Kramer et Ebel,

2003, Ebel et Kramer, 2009].

Cette équation ne peut estimer I'importance d'un vecteur d’arbovirus que dans
le cadre d’'une transmission « classique », horizontale, entre vecteur et hote verté-
bré. D’autres modes de transmission ont été décrits, qu’ils soient considérés comme
« mécaniques » ou « biologiques », c’est-a-dire impliquant I'infection active du vec-
teur par le virus, comme la transmission horizontale. Au contraire, la transmission
mécanique n'implique pas I'infection du vecteur. Ce sont alors les pieces buccales
souillées lors d'un repas sanguin sur hote virémique qui infectent un nouvel hote,
dans le court laps de temps avant que le virus ne soit inactivé [Higgs et Beaty, 2005].
Ce mode de transmission, commun pour les virus de plantes transmis par des insectes
comme les pucerons [Blanc et al., 2014], est considéré comme plus rare pour les virus
animaux, méme s'il a été décrit pour le virus de '’encéphalite équine de 1'Ouest, le
virus Ross River ou le virus de la fievre de la vallée du Rift [Turell, 1988]. Lefficacité de
la transmission mécanique augmente avec la densité de vertébrés infectés mélés a
une population de vertébrés naifs et la fréquence de piqtire du ou des arthropodes
hématophages. Ce mode de transmission, en effet, sans infection du vecteur n'im-
plique donc pas de notion de compétence vectorielle (paramétre b dans I’équation
de Ross-MacDonald), et en théorie un grand nombre d’arthropodes hématophages
peuvent étre impliqués. Certains auteurs ont suggéré que la transmission mécanique
s’est trouvée impliquée dans certaines grandes épidémies de fievre de la vallée du
rift en Afrique ou d’encéphalite équine vénézuélienne en Colombie [Kuno et Chang,
2005].

La transmission verticale (TV) est 'une des alternatives biologiques dans laquelle
la femelle arthropode infectée transmet le virus a sa descendance, sans passage par
un hote vertébré. La TV a été décrite dans la littérature pour de nombreux virus de
différentes familles et genres. Nous avons vu précédemment que la dissémination du
virus dans son vecteur lui permet d’infecter les glandes salivaires, ce qui rend possible
une transmission a un nouvel hote vertébré via la salive. D’autres organes peuvent
également étre infectés, comme le tractus génital de la femelle ouvrant dans ce cas
la possibilité d'une TV. Deux mécanismes différents de TV ont été décrits : une voie

trans-ovarienne et une voie trans-ceuf.
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La TV par voie trans-ovarienne implique I'infection par le virus des follicules
ovariens de la femelle et la traversée de I'épithélium folliculaire pour gagner I’acces aux
oocytes en développement [Leake, 1984, Turell, 1988]. La voie trans-ceuf se caractérise
quant a elle par I'infection de I'ceuf via le micropyle lors de sa fécondation dans
I'oviducte. Cette TV trans-/oeuf peut étre d’origine maternelle, si le tractus génital
de la femelle est infecté, ou paternelle, via le fluide séminal, avec ou sans réplication
dans le tractus génital de la femelle [Higgs, 2004]. Dans ce dernier cas, il est a noter
que le méle, ne prenant pas de repas sanguin et n'étant donc pas exposé aux arbovirus
par voie horizontale « classique », ne peut avoir été infecté que verticalement ou par
contact sexuel, un autre mode de transmission horizontale biologique qualifié de

«vénérien » [Higgs, 2004].

4.2 Maintien des arbovirus par transmission verticale chez le

moustique

On comprend des lors I'importance potentielle de la TV pour le maintien des
arbovirus, d’autant plus qu'une femelle infectée verticalement est potentiellement
infectieuse pour un nouvel hote vertébré en I’absence d'un repas sanguin sur hote
virémique ou de période d’incubation extrinseque pour transmettre le virus [Higgs
et Beaty, 2005]. En effet, les conditions nécessaires a la transmission horizontale
ne sont pas toujours réunies, comme cela peut étre le cas lors d'une saison seéche
en zone tropicale ou froide en zone tempérée, ou encore, pendant une campagne
de lutte antivectorielle réduisant ou diminuant la densité de moustiques adultes.
De plus, les infections arbovirales chez les vertébrés sont généralement de courte
durée, suivies d'une immunité protectrice. Au décours d'une épidémie, la densité
de vertébrés susceptibles décroit donc et peut entrainer la fin d’'une épidémie grace
a une immunité dite de groupe. Au sujet des mécanismes par lesquels ces virus
peuvent se maintenir lors de conditions défavorables en zone d’endémie ou suite a
une épidémie, trois hypothéses sont classiquement proposées et considérées comme

les plus probables [Reeves, 2004] :

e persistance du virus dans des femelles arthropodes adultes en diapause (forme
de vie ralentie, génétiquement déterminée, avec diminution des activités méta-
boliques et arrét du développement) infectées durant 'automne. En survivant

pendant I'hiver, elles peuvent ainsi ré-initier un cycle de transmission horizon-
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tale au printemps;

e réintroduction annuelle du virus par la migration des vertébrés ou des vecteurs
depuis une zone endémique ou le cycle de transmission horizontale est continu

ou les saisons inversées;

e persistance du virus dans les formes immatures du moustique (ceuf ou larves)
grace a la TV. Les descendants infectés gardent I'infection pendant tous les
stades de développement et ré-initient le cycle de transmission horizontale une

fois les conditions environnementales favorables réunies.

Cependant, les taux de TV observés sont généralement trop bas pour pouvoir,
selon des modeles mathématiques, expliquer le maintien au long terme des arbovirus.
Dans le cas des virus de la dengue par exemple, un taux de transmission verticale aux
alentours de 1% de descendants est observé expérimentalement pour une femelle
infectée. Selon un modele mathématique, ce taux devrait étre 5 a 30 fois plus élevé
pour que la TV ait un réel impact sur la persistance au long terme du virus [Adams et
Boots, 2010]. En revanche, certains auteurs ont proposé I'existence d'une infection
« stabilisée ». Celle-ci serait favorisée dans le cadre d’'une transmission transovarienne,
en particulier observée chez les Bunyaviridae, et I'existence d'une sous-population
dont les lignées germinales seraient infectées de maniere permanente [Turell et al.,
1982], méme si la prévalence totale dans la population est faible [Tesh, 1984].

SiI’existence en tant que telle de la TV, quel que soit le mécanisme impliqué, n’est
pas sujette a débat, I'importance qu’elle peut revétir d'un point de vue épidémiolo-
gique est toujours tres discutée. De méme, les facteurs biologiques ou environnemen-
taux favorisant ou défavorisant ce mode de transmission sont peu caractérisés. De
nombreuses recherches ont été menées depuis la premiere évocation de la TV a la fin
du XIXe siecle jusqu’a nos jours. Ces études aux résultats inconstants, voire parfois
contradictoires, ne permettent pas de résoudre ces questions.

C’est dans ce contexte que nous avons mené notre propre revue systématique
sur la TV des arbovirus chez les moustiques; la derniere synthese descriptive de la
littérature sur la question ayant été menée il y a 28 ans [Turell, 1988]. Plus qu’'une
synthese descriptive, nous avons extrait des différentes publications des informations
méthodologiques, expérimentales et environnementales afin de s’appuyer sur une

analyse statistique robuste pour apporter un regard neuf, sans parti pris, et a jour sur
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la question. Limportant jeu de données que nous avons compilé au cours de ce travail
nous a permis d’explorer différents aspects liés a la TV. Les résultats de cette étude ont
été publiés dans deux articles, disponibles en annexes C et D.

Nous nous sommes intéressés dans un premier temps a la dimension historique
de la recherche sur la TV (Annexe C). Nous avons ainsi constaté que des évenements
épidémiologiques majeurs, comme I'épidémie de dengue a fievre hémorragique a
Cuba en 1981 ou I'émergence du virus du Nil occidental en Amérique du Nord en
1999, avaient fortement stimulé la recherche sur la TV. Notre analyse révele aussi une
association entre |’évolution des méthodes de détection de virus et la détection de la
transmission verticale (Figure 8), que nous avons pu attribuer a I’évidente augmen-
tation de la sensibilité mais également a 'augmentation de la taille des échantillons,
plus simples a traiter avec les méthodes de détection récentes. Ces résultats soulignent
ainsi que l'interprétation d’études ayant trait a la TV doit étre faite avec précaution,
car elles sont dépendantes du contexte et de la méthodologie.

Ces résultats ont été pris en compte dans la deuxiéme série d’analyses que nous
avons menées, portant plus spécifiquement sur I'identification de déterminants ou
facteurs favorisant la TV (Annexe C). Ainsi, nos analyses statistiques ont systémati-
quement pris en compte la méthode de détection comme co-variable. Nous avons pu
mettre en évidence I'influence de nombreux facteurs déja fortement suspectés, ou
non, d’avoir un impact sur la TV, tels que des facteurs taxonomiques, que ce soit du
cOté du virus (famille virale, sérotype pour les virus de la dengue) ou du moustique
(genre de moustique ou espéce dans le cas de la dengue). Des facteurs biologiques,
comme le cycle gonotrophique (développement des ceufs apres un repas sanguin) ont
également été impliqués. En effet, 'oogenese démarrant rapidement apres un repas
sanguin, la probabilité que la TV ait lieu lors du premier cycle gonotrophique est plus
faible que lors du second (suivant un deuxieme repas sanguin), le virus n’ayant pas eu
le temps de disséminer et infecter le tractus génital [Leake, 1984, Turell, 1988]. L'en-
semble des résultats de ces deux études permet ainsi d’affiner notre compréhension
des stratégies employées par les arbovirus pour se maintenir dans leur environne-
ment lors des périodes défavorables a la transmission horizontale. Par ailleurs, ils
mettent en lumiere des facteurs, dont le role doit étre expérimentalement élucidé,
influant sur la TV et devant étre pris en compte lors de ’estimation de I'importance

épidémiologique qu’elle revét.
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FIGURE 8 — Evolution des techniques de détection (A) et de la mise en évidence de
la transmission verticale des arbovirus chez les moustiques en fonction du temps
dans les études expérimentales. (A) Evolution des techniques de détection. Les aires
colorées représentent la proportion relative de chaque catégorie de méthode de
détection en fonction du temps. La proportion annuelle est pondérée par le nombre
total de moustiques testés pour la transmission verticale. (B) Evolution de la détection
de la transmission verticale. La courbe représentent la probabilité relative de détection
de transmission verticale en fonction du temps (figure adaptée de I’Annexe C).

5 Conclusions

Au fil des pages de ce manuscrit s’est dessinée une recherche tournée vers le
monde des « mégadonnées » ou big data, que ce soit au travers de la littérature
ou des études que j’ai moi-méme menées (voir Annexes A-D). Les technologies de
séquencage haut-débit, par exemple, ont révolutionné non seulement I’étude des
interactions flavivirus-moustique mais plus largement ’ensemble de la recherche en

biologie. Transcriptomics, (meta)-genomics, epigenomics, autant de mots en « omics »
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qui fleurissent sur les publications récentes. Et la tendance n’est probablement pas
préte a s’arréter : entre 2010 et 2015, la capacité de séquencage annuelle au niveau
mondial a doublé tous les 7 mois, atteignant mi-2015 prés de 35 peta-bases? [Stephens
etal., 2015]. Une projection pour les dix années a venir fait de la génomique le plus
gros consommateur de capacité de stockage (estimé entre 2 et 40 exa-bytes (EB)
par an, contre 1 EB/an pour I'astronomie ou 1 a 2 EB/an pour la plateforme de
partage de vidéos YouTube) [Stephens et al., 2015]. Loin de ne toucher que la biologie,
évidemment, c’est 'ensemble des données produites et accumulées par '’humanité
qui croit : on estime ainsi qu’entre I'invention de I'écriture et 2006, 180 EB de données
ont été générées; un total qui croit a 1 600 EB entre 2006 et 2011, et dont on estime
qu’il quadruple tous les 3 ans [Floridi, 2012].

L'abondance des données est une caractéristique fondamentale du monde du big
data mais elle n'est pas la seule : elle en cotoie d’autres comme la vitesse de calcul
nécessaire a I’analyse, la variabilité ainsi que la véracité des sources de ces données.
Ainsi, loin de se limiter aux seuls aspects techniques ayant lien a la gestion du stockage
ou du traitement de ces données, I'ére du big data oblige les scientifiques a gérer une
information complexe de sources hétérogenes [Li et Chen, 2014]. Plus encore, elle les
invite a repenser la méthode scientifique a la lumiére de ’abondance des données,
autrefois si difficiles et cotiteuses a obtenir et aujourd’hui de plus en plus simples et

bon marché.

On peut distinguer deux approches principales de I'usage du big data. L'une est
intégrée dans la démarche scientifique classique : I'approche hypothético-déductive. A
partir d'une théorie générale, une hypothese est formulée puis testée par une méthode
expérimentale. En fonction du résultat, ’hypothese peut se retrouver confirmée, ce
qui soutient un peu plus la théorie, ou infirmée, ce qui peut amener a affiner la
théorie ou la remettre en question. Dans les deux premieres études présentées dans
ce manuscrit de these, l'utilisation de la bioinformatique et du séquencage haut-débit
permettait de répondre a une question précise (Y a-t-il trace d’'une ancienne infection
a flavivirus chez des anopheles ? La diversité virale intra-hote du virus de la dengue-1
est-elle influencée par le génotype du vecteur ?). Dans cette optique donc, le big data
n'est qu'une maniere de caractériser I'abondance des données a exploiter et les défis

techniques qui y sont liés, sans la dimension polémique qui y est parfois associée. La

2Le suffixe peta- représente 10'° et le suffixe exa- 10'8.
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démarche reste hypothético-déductive mais se trouve « dopée » par 'abondance de

données et a la puissance de calcul [Frické, 2014].

La dimension polémique du big data est généralement associée a une approche
purement inductive que I'on retrouve dans I'exploration des données ou data mining.
Certains auteurs, généralement extérieurs au monde des sciences expérimentales,
ont clamé qu’avec une importante quantité de données, 'approche hypothético-
déductive tombait dans I'archaisme. Ainsi, avec des jeux de données assez grands,
couplés au travail d’algorithmes statistiques, la détection de corrélations entre variable
explicative et variable expliquée, de « motifs », est suffisante pour faire avancer la
science, ou du moins pour de nombreuses applications pratiques de cette découverte;
le big data représenterait la « fin de la théorie » [Anderson, 2008, Graham, 2012].

L'approche inductive part du principe que le big data, en capturant toutes ou
la grande majorité des données disponibles, permet de s’affranchir d’hypotheses
ou de modeles pour les analyser, permettant ainsi d’exclure tout biais venant de
I'analyste [Kitchin, 2014]. Une partie des études sur la TV que j'ai menées dans le cadre
de cette thése s’approche de cette conception polémique du big data; paradoxalement,
car contrairement aux études précédentes analysant plusieurs centaines de GB de
données, I'ensemble des données de cette étude ne représente qu’'un peu plus de
200 kB. Lors de ces travaux, j'ai compilé les variables de trés nombreuses études,
de sources variées et j'ai cherché a analyser les motifs et tendances des variables
associées a la TV des arbovirus.

Siles prémices posées par les approches inductives basées sur le big data semblent
par certains aspects séduisantes, elles n’en sont pas moins fausses : les données sont
générées suites a un raisonnement scientifique et ne sont donc pas exemptes de théo-
rie sous-jacente [Frické, 2014, Mazzocchi, 2015]. Ainsi, dans le cas de la TV, les données
compilées par les auteurs des différentes études sont celles dont I'effet pouvait étre
suspecté, du moins ayant une importance dans la biologie des moustiques ou des vi-
rus. Le « biais » théorique est donc présent avant méme I'analyse des données [Kitchin,
2014]. De plus, I'analyse, elle aussi, est souvent biaisée par 'analyste : dans le cas de la
TV par exemple, lors de la construction des modéeles statistiques, n’ont été incluses
que les variables que je suspectais pouvoir avoir un réel effet. D’autres, pourtant
compilées directement ou indirectement dans le jeu de données (par exemple le sexe

du premier auteur), ont été écartées car considérées comme non pertinentes dans le
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contexte de I’étude. Ainsi, I'idée méme d’'une « expérimentation » sans idée précongue
révée par les défenseurs du big data inductiviste serait sans fondement, comme le

souligne Henri Poincaré dans La science et I'hypothése :

« On dit souvent qu’il faut expérimenter sans idée précongue. Cela n’est
pas possible ; non seulement ce serait rendre toute expérience stérile, mais
on le voudrait qu’on ne le pourrait pas. Chacun porte en soi sa conception
du monde dont il ne peut se défaire si aisément. Il faut bien, par exemple,
que nous nous servions du langage, et notre langage n’est pétri que d’'idées
préconcues et ne peut I’étre d’autre chose. Seulement ce sont des idées

préconcues inconscientes, mille fois plus dangereuses que les autres. »

Ainsi cette approche purement inductive s’est rapidement vue opposée une fin
de non-recevoir. Par ailleurs, les corrélations détectées entre les données, fer de
lance des résultats de data mining, n'impliquent pas causalité et la compréhension
du mécanisme unissant variable explicative et variable expliquée est au cceur de
I’avancée scientifique [Pigliucci, 2009]. Si cette compréhension n’est pas nécessaire
pour certaines applications d'une découverte scientifique, elle n’en reste pas moins
fondamentale pour appréhender 'ensemble des applications® et implications pos-
sibles [Mazzocchi, 2015]. La théorie n’est donc pas morte ni archaique mais I’ére du

big datalui offre de nouvelles opportunités [Mazzocchi, 2015].

Plutot qu'une approche purement inductive, le big data a donné naissance a
une approche qualifiée par certains auteurs comme « conduite par les données »
(data-driven) [Leonelli, 2012]. Quasi-similaire a 'approche hypothético-déductive,
elle y insuffle de I'induction, permettant ainsi de générer des hypothéses non pas
de la théorie mais des données elles-mémes (on parle alors d’abduction) [Kelling
et al., 2009]. Uinduction n’est donc pas ici une finalité mais est contextualisée dans
un domaine théorique : ainsi, une corrélation statistique entre variable expliquée et
une variable explicative peut étre rapidement écartée si considérée comme absurde,
alors qu'une autre peut étre mise en exergue [Kitchin, 2014]. Méme les approches les
plus descriptives, parfois critiquées pour leur c6té purement naturaliste plus proche

du catalogage que de |'’entreprise scientifique, visent a répondre a une question (par

3Ceci sil’'on considere la recherche scientifique comme une entreprise finaliste ; dans le cas contraire
d’une recherche inscrite dans la quéte d'une meilleure compréhension du monde, I'argument des
enthousiastes du big data précédemment évoqué est sans objet.
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exemple, quelle est la diversité du vivant dans les océans ? Quels sont les virus infectant
des insectes dans leur milieu naturel ?). Elles fourniront par la suite aux chercheurs
matiere a penser et a construire de nouvelles théories et hypothéses [Pigliucci, 2009].

Cette approche n’est évidemment pas sans risques de biais, en particulier statis-
tique, augmentant le risque de détection de faux positifs dans la masse de données.
Ces risques sont parfois percus comme bien trop grands pour défendre pleinement
I’approche data-driven, au point qu’'un épistémologiste suggere que la « science a
besoin de plus de théorie et moins de données » [Frické, 2014]. D’autres, que per-
sonnellement je rejoins, voient dans 'approche data-driven un nouveau paradigme
de la méthode scientifique [Kitchin, 2014]. La traditionnelle méthode hypothético-
déductive était particulierement bien adaptée aux conditions précédant |’ére du big
data : peu de données et peu de puissance de calcul. Lapproche data-driven, quant a
elle, permet d’extraire de nouveaux concepts et idées, tout en permettant d’accéder a
des modeles plus complets et interdisciplinaires [Kelling et al., 2009, Kitchin, 2014].

Pour citer les mots de I'épistémologiste Fulvio Mazzocchi [Mazzocchi, 2015] :

« Framing the issue of Big Data in
terms of oppositions, that is, deduction
versus induction, hypothesis-driven ver-
sus data-driven or human versus ma-
chine, misses the point that both strate-
gies are necessary and can complement
each other. As others have argued, the in-
ductive and deductive phases should be
seen as an iterative cycle of knowledge ac-

quisition. »

« Formuler le probleme du big data
en terme d’oppositions, c’est-a-dire dé-
duction contre induction, conduite par
I’hypothése ou conduite par les données,
humain contre machine, passe a coté
du fait que ces deux stratégies sont né-
cessaires et peuvent se complémenter.
Comme d’autres I'ont soutenu, les phases
inductive et déductive doivent étre vues
comme un cycle itératif d’acquisition de

la connaissance. » (ma traduction)

Les études menées sur la TV des arbovirus chez les moustiques présentées dans

cette these s’inscrivent ainsi résolument dans ce cadre. L'analyse a été nourrie de
certaines hypothéses que nous avions, comme par exemple certaines variables dont
I'effet était suspecté, inscrites dans une théorie générale de la TV. Mais elle a permis de
faire émerger d’autres concepts et de nouvelles hypothéses plus inattendues, comme

par exemple des différences entre sérotypes des virus de la dengue. L'approche véri-
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tablement originale de ce travail est finalement plus I'utilisation de données parfois
anciennes que la méthode d’analyse.

Larbovirologie au sens large a une longue histoire : plus d'un siéecle sépare les
travaux de Walter Reed des notres. Mais contrairement a d’autres sciences, et souvent
a nos idées préconcues, certaines des observations et opinions sont toujours intri-
gantes et loin d’étre dépassées. S’il est indéniable que la technologie a évolué, que nos
démonstrations peuvent étre plus étayées, plus solides, il y a, je pense, énormément
de données, d’hypothéses et de théories a tirer des travaux anciens. A titre d’exemple,
certaines de nos conclusions concernant la TV ne sont pas fondamentalement diffé-
rentes de celles de Marchoux et Simond [Marchoux et Simond, 1906] 110 ans plus tot,
meéme si, évidemment, elles reposent sur bien plus de données et sont plus solides
que le sentiment profond des deux scientifiques francais. Au-dela, notre analyse, grace
aux outils proches de la philosophie du big data, nous a permis de tirer des données
contenues dans ces publications plus ou moins anciennes de nouvelles hypotheses,
sans que les auteurs originaux ne les aient, ne serait-ce qu’en partie, conceptualisées
lors de I'acquisition de ces données.

D’autres études ont également pris le parti d’analyser ou de ré-analyser ces don-
nées anciennes, que ce soit au détour d’'une synthese descriptive de la littérature [Kuno
et Chang, 2005, Kuno, 2009], d'une nouvelle analyse de la littérature publiée [Nishiura
et Halstead, 2007] ou méme non publiées a I'époque [Snow et al., 2014], apportant
elles aussi des connaissances et hypothéses nouvelles. L'un des principaux freins a
l'utilisation des travaux anciens reste évidemment la difficulté de trouver une copie
des publications, dormant sur les étageres des bibliotheques universitaires et n’étant,
bien souvent, pas référencées dans les bases de données bibliographiques. On peut
espérer que les campagnes de numérisation menées par exemple par Google puissent
un jour y remédier, de méme que les logiciels de reconnaissance de caracteres de plus
en plus sophistiqués puissent a terme optimiser la recherche d’information dans ces

articles.

Nous vivons une ere tout a fait intéressante pour la recherche scientifique. Sil'on
peut se lamenter a juste titre du peu de considération politique, du moins dans les pays
occidentaux, pour la recherche, des financements en baisse, de la précarité croissante
des emplois de chercheur, en particulier chez les jeunes dipl6més, on ne peut en

revanche qu’étre inspiré par les perspectives futures en termes de connaissances et
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5. Conclusions

d’applications. Les systemes de plus en plus complexes comme, entre bien d’autres,
les interactions flavivirus-moustiques, livrent peu a peu leurs secrets. Le big data, en
synergie avec d’autres approches, a et aura son role a jouer. La route est encore longue,
de plus en plus escarpée et nécessite des outils technologiques et conceptuels de plus

en plus avancés. Mais n’est-ce pas quelque part enthousiasmant ?

Je me demande ce qu’en dirait Alexandre Yersin.
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Discovery of flavivirus-derived en-
dogenous viral elements in two
Anopheles mosquito genomes sup-
ports the existence of Anopheles-
associated insect-specific flaviviruses

€671 Sebastian Lequime & Louis Lambrechts. Discovery of flavivirus-derived en-

dogenous viral elements in two Anopheles mosquito genomes supports the

existence of Anopheles-associated insect-specific flaviviruses. In prep, 2016

Abstract

The Flavivirus genus encompasses several arboviruses of public health significance
such as dengue, yellow fever, and Zika viruses. It also includes insect-specific fla-
viviruses (ISFs) that are only capable of infecting insect hosts. The vast majority
of mosquito-infecting flaviviruses have been associated with mosquito species of
the Aedes and Culex genera in the Culicinae subfamily, which also includes most
arbovirus vectors. Mosquitoes of the Anophelinae subfamily are not considered sig-
nificant arbovirus vectors, however flaviviruses have occasionally been detected in
field-caught Anopheles specimens. Whether such observations reflect occasional
spillover or laboratory contamination or whether Anopheles mosquitoes are natural
hosts of flaviviruses is unknown. Here, we provide in silico and in vivo evidence of

transcriptionally active, flavivirus-derived endogenous viral elements (EVEs) in the
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genome of Anopheles minimus and Anopheles sinensis. Such non-retroviral endog-
enization of RNA viruses is consistent with a shared evolutionary history between
flaviviruses and Anopheles mosquitoes. Phylogenetic analyses of these two newly

described EVEs support the existence of a distinct Anopheles-associated clade of ISFs.

1 Introduction

Flaviviruses are positive single stranded RNA viruses that infect a broad range of hosts
including vertebrates (e.g., birds, primates) and arthropods (e.g., ticks, mosquitoes).
In addition to major arboviruses of public health significance such as dengue, Zika,
West Nile and yellow fever viruses, the Flavivirus genus also includes vertebrate-
specific (not known vector; NKV) and insect-specific (ISF; insect-specific flavivirus)
members [Moureau et al., 2015]. The majority of mosquito-infecting flaviviruses
have been associated with members of the Culicinae subfamily, mainly from the
Culex and Aedes genera. Anopheles mosquitoes in the Anophelinae subfamily are well
known for their role in the transmission of human malaria parasites, but they are not
considered important vectors of arboviruses in general, and of flaviviruses in particular.
Nevertheless, several studies have detected flaviviruses in field-caught Anopheles
mosquitoes from different parts of the world. In North America, West Nile virus
(WNV) was detected in Anopheles punctipennis [Bernard et al., 2001, Kulasekera et al.,
2001]. In Asia, Japanese encephalitis virus was detected in Anopheles sinensis [Feng
etal., 2012, Liu et al., 2013]. In Europe, Anopheles maculipennis was found positive
for WNV [Filipe, 1972, Kemenesi et al., 2014], Usutu virus [Calzolari et al., 2013] and
Batai virus [Calzolari et al., 2010]. Interestingly, some ISFs were also detected in
An. sinensis [Zuo et al., 2014, Liang et al., 2015] and Anopheles atroparvus [Aranda
et al., 2009]. It is unknown whether these detections reflect from occasional spillover
or laboratory contamination, or whether Anopheles mosquitoes are in fact natural
hosts of flaviviruses.

Endogenous viral elements (EVEs) are chromosomal integrations of partial or full
viral genetic material into the genome of a host species. Not only retroviruses, whose
replication cycle includes incorporation of a DNA form of the RNA viral genome into
the host cell genome, but virtually all types of eukaryotic viruses can become en-
dogenous [Feschotte and Gilbert, 2012].Non-retroviral EVEs have been documented

in the genome of a wide variety of host species, including vertebrates and arthro-
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pods [Feschotte and Gilbert, 2012]. Unlike detection of exogenous viruses, subject
to possible laboratory or environmental contamination, EVEs are likely to reflect a
long-lasting evolutionary relationship between an RNA virus and its natural host.
This is because endogenization, for a single-stranded RNA virus, requires (1) reverse
transcription, (2) integration of the virus-derived DNA into the genome of germinal
host cells and (3) fixation of the integrated sequence in the host population [Holmes,
2011, Aiewsakun and Katzourakis, 2015]. The low probability of this combination
of events makes endogenization exceedingly unlikely to occur unless the viral infec-
tion is common in the host population over long evolutionary times. For example,
flavivirus-derived EVEs have been reported in the genome of Aedes aegypti [Crochu
et al., 2004, Katzourakis and Gifford, 2010] and Aedes albopictus [Roiz et al., 2009, Chen
et al., 2015]. These EVEs are phylogenetically related to the clade of Aedes-associated
ISFs [Crochu et al., 2004, Katzourakis and Gifford, 2010, Roiz et al., 2009], which is
consistent with the ancient evolutionary relationship between Aedes mosquitoes and
ISFs.

Here, we report the discovery of two flavivirus-derived EVEs in the genomes
of An. minimus and An. sinensis mosquitoes. We screened 21 publicly available
Anopheles genomes [Holt et al., 2002, Neafsey et al., 2015] for flaviviral sequences,
and validated in silico hits both at the DNA and RNA levels in vivo. The two newly
described flavivirus-derived EVEs are phylogenetically related to ISFs, and support

the existence of a previously unsuspected Anopheles-associated clade of ISFs.

2 Material and Methods

2.1 Inmsilico survey

Genome screen

Twenty-one Anopheles genomes (full list and accession numbers are provided in
Table 1) were screened by tBLASTn (BLAST+ 2.2.28) [Camacho et al., 2009] for the
presence of flavivirus-derived EVEs using a collection of 50 full flavivirus polyproteins
queries (full list and accession numbers are provided in Table S1) representing the
currently known diversity of the Flavivirus genus. The sequences of hits whose E-value

was > E4 were extracted using an in-house bash shell script. In order to reconstruct
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putative flavivirus-derived EVEs, BLAST hits were clustered using CD-HIT v.4.6.1 [Li
and Godzik, 2006] and aligned using MAFFT v7.017 [Katoh et al., 2002]. Putative EVEs
were extracted and used as query for a reciprocal tBLASTn (BLAST+ 2.2.30) against the
National Center for Biotechnology Information (NCBI) nucleotide database (E-value >

Eup-4). Genetic features of identified EVE were analyzed using the NCBI Conserved

Domain Database [Marchler-Bauer et al., 2015].

Species GenBank WGS Project | Assembly | GenBank Assembly ID
Anopheles albimanus APCKO1 AalbS1 GCA_000349125.1
Anopheles arabiensis APCNO1 AaraD1 GCA_000349185.1
Anopheles atroparvus AXCPO1 AatrEl GCA_000473505.1
Anopheles christyi APCMO1 AchrAl GCA_000349165.1
Anopheles coluzzii ABKPO02 AcolM1 GCA_000150765.1
Anopheles culicifacies A AXCMO1 AculAl GCA_000473375.1
Anopheles darlingi ADMHO02 AdarC3 GCA_000211455.3
Anopheles dirus A APCLO1 Adirw1 GCA_000349145.1
Anopheles epiroticus APCJ01 AepiEl GCA_000349105.1
Anopheles farauti AXCNO1 AfarF1 GCA_000473445.1
Anopheles funestus APCIO1 AfunF1 GCA_000349085.1
Anopheles gambiae AAABO1 AgamP4 GCA_000005575.2
Anopheles maculatus B AXCLO1 AmacM1 | GCA_000473185.1
Anopheles melas ACXO001 AmelCl GCA_000473525.1
Anopheles merus AXCQO1 AmerM1 GCA_000473845.1
Anopheles minimus A APHLO1 AminM1 GCA_000349025.1
Anopheles nili ATLZ01 Anilil GCA_000439205.1
Anopheles quadriannulatus A | APCHO1 AquaSl1 GCA_000349065.1
Anopheles sinensis AXCKO1 AsinS1 GCA_000472065.1
Anopheles stephensi: Indian ALPR002 Astel2 GCA_000300775.2
Anopheles stephensi: SDA-500 | APCGO1 AsteS1 GCA_000349045.1

Table 1 — Anopheles genomes screened in this study.

Phylogenetic analyses

Translated EVE sequences were aligned to the corresponding sections of several fla-
viviral polyproteins (Table S1) with MAFFT v7.017 and phylogenetically uninformative
positions were trimmed using TrimAI v.1.3 [Capella-Gutiérrez et al., 2009] accessed
through the webserver Phylemon 2 [Sdnchez et al., 2011]. The trimmed alignments
were used to construct phylogenetic trees with PhyML Best AIC Tree [Sdnchez et al.,
2011]. Best substitution models were Blosum62+1+G+F for An. minimus and Blo-

sum62+I1+G for An. sinensis.
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Transcriptome screen

Published RNA-sequencing (RNA-seq) data were retrieved from NCBI Sequence Read
Archive [Leinonen et al., 2011] and explored for the presence of previously identi-
fied EVE sequences. Only one An. minimus transcriptome sequence read archive
was found under accession number SRX265162. Six An. sinensis transcriptome se-
quence read archives were found under accession numbers SRX448985, SRX449003,
SRX449006 and SRX277584 for experiments using Illumina sequencing technology,
and SRX218691 and SRX218721 for experiments using Roche 454 sequencing tech-
nology. RNA-seq reads were mapped to the EVE nucleotide sequence using Bowtie2
v2.1.0 [Langmead and Salzberg, 2012]. The alignment file was converted, sorted and
indexed with Samtools v0.1.19 [Li et al., 2009]. Coverage was assessed using bedtools
v2.17.0 [Quinlan and Hall, 2010].

2.2 Invivovalidation

Mosquitoes

Anopheles minimus andAn. sinensis mosquitoes were obtained through BEI Resources
(www.beiresources.org), NIAID, NIH (An. minimus MINIMUS1, MRA-729; An. sinensis
SINENSIS, MRA-1154). Anopheles minimus and An. sinensis mosquitoes were from
the 13274 and 65" generations, respectively. Eggs were hatched in filtered tap water,
reared in 24x34x9 cm plastic trays and fed with fish food (TetraMin, Tetra, Melle,
Germany). Adults were maintained in 30x30x30 cm screened cages under controlled
insectary conditions (28+1°C, 75+5% relative humidity, 12:12 hour light-dark cycle).
They were provided with cotton soaked in a 10% (m/v) sucrose solution ad libitum.
Anopheles stephensi nucleic acids, used as a reaction control, were provided by the

Genetics and Genomics of Insect Vectors unit, Institut Pasteur, Paris.
EVE genomic integration

Mosquitoes were homogenized in pools of 10 separated by sex in 300 uL of Dulbecco’s
phosphate-buffered saline (DPBS) during two rounds of 30 sec at 5,000 rpm in a mixer
mill (Precellys 24, Bertin Technologies, Montigny le Bretonneux, France). DNA was
extracted using All Prep DNA/RNA Mini Kit (Qiagen, Hilden, Germany) following the

manufacturer’s instructions. EVE presence in genomic DNA was assessed by 35 cycles
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of PCR using Taq Polymerase (Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA) (Table S2). PCR primers were designed to generate an amplicon spanning part
of the EVE sequence and the flanking host sequence. Identity of the EVE sequence

was confirmed by Sanger sequencing of the PCR product.
EVE transcription level

Mosquitoes were homogenized in pools of 5 separated by sex or development stage
in 300 uL of DPBS during two rounds of 30 sec at 5,000 rpm in a mixer mill (Precellys
24). RNA was extracted from mosquito homogenates separated by sex using TRIzol
Reagent (Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA) following
the manufacturer’s instructions. Samples were treated by Turbo DNA-free kit (Life
Technologies) and reverse transcribed using random hexamers (M-MLYV, Invitrogen).
Complementary DNA was amplified with 35 cycles of PCR for An. minimus and 40
cycles of PCR for An. sinensis, respectively, using DreamTaq polymerase (Thermo
Fisher Scientific) and primers located within the EVE sequence (Table S2). To verify
that RNA samples were free of DNA contamination, two sets of primers spanning exon
3 and 4 of the RPS7 gene of both Anopheles species (under VectorBase annotation
number AMIN008193 and ASIC017918 for An. minimus and An. sinensis, respectively)
were designed (Table S2). Because the corresponding DNA sequence includes intron
3, DNA contamination is expected to result in a larger PCR product. The length of

intron 3 is 252 base pairs (bp) for An. minimus and 295 bp for An. sinensis.

3 Results

The in silico screen of 21 Anopheles genomes identified two flavivirus-derived EVEs,
one in the genome of An. minimus and one in the genome of An. sinensis (Table 2).
The An. minimus EVE is 1,881 bp long (627 amino acid residues) with Nienokoue
virus as the closest BLAST hit (44% amino acid identity). The integrated sequence
spans non-structural protein 4A (NS4A), NS4B and NS5 (Figure 1). Conserved domain
search identified the NS5-methyltransferase domain involved in RNA capping and
part of the RNA-directed RNA-polymerase domain. The An. sinensis EVE is 792 bp
long (264 amino acid residues) and the closest BLAST hit is Culex flavivirus (45%
amino acid identity). The integrated sequence corresponds to the middle part of NS3

(Figure 1). Conserved domain search identified the presence of a P-loop containing
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the nucleoside triphosphate hydrolase domain found in the NS3 protein of exogenous

flaviviruses. Phylogenetically, both EVEs are sister to the ISF clade (Figure 2).

GenBank . . Coordinates
. Protein Supercontig . .
Element accession Supercontig | Viral genome*
no. homology no. Start | End | Start | End
An. minimus EVE Pending NS4-NS5 supercontl.455 107 1,987 | 6,567 | 8,432
An. sinensis EVE Pending NS3 contl.25450 822 1,613 | 5,214 5,822

Table 2 — Newly described flavivirus-derived EVEs in An. minimus and An. sinensis
genomes. * Viral genomes coordinates are based on the closest tBLASTn hits: Nienok-
oue virus (GenBank accession no. JQ957875) for the An. minimus EVE and Culex
flavivirus (GenBank accession no. JQ308188) for the An. sinensis EVE.

The presence of both EVEs was verified in vivo by PCR on genomic DNA (Figure 3),
followed by sequencing to confirm identity. EVEs were found in both male and
female genomic DNA. The An. minimus EVE was transcriptionally expressed for
all combinations of sex and development stages tested (Figure 4-A). Evidence for
transcriptional activity of the An. minimus EVE was confirmed in published RNA-
seq data (Figure S1-A). The An. sinensis EVE was also transcriptionally expressed,
although less abundantly, for all combinations of sex and development stages tested,
especially in L4 larvae (Figure 4-B). Low expression observed for the An. sinensis EVE
is consistent with barely detectable transcriptional activity in published RNA-seq data
(Figure S1-B).

4 Discussion

ISFs have attracted substantial interest in recent years after some of them were shown
to enhance or suppress the replication of medically important flaviviruses in co-
infected mosquito cells [Blitvich and Firth, 2015]. Over a dozen ISFs have been iden-
tified to date, mainly in Aedes and Culex genera of the Culicinae subfamily [Blitvich
and Firth, 2015]. ISFs were also reported in Anopheles mosquitoes of the Anophelinae
subfamily [Aranda et al., 2009, Zuo et al., 2014, Liang et al., 2015]. However, these
Anopheles-associated ISFs are thought to infect a broad range of hosts including sev-
eral mosquito species, mainly in the Culex genus, and are phylogenetically related to
Culex-associated ISFs. Therefore, it is unclear whether Anopheles mosquitoes are true
natural hosts of flaviviruses. Detection of ISFs in field-caught mosquitoes could result

from incidental infection, or from a laboratory artifact. In this study, we discovered
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An. sin. q
An. min. EVE

c M E NS1 NS2A NS2B NS3 NS4A |+ NS4B NS5 g

Flavivirus genome

Figure 1 - Location of An. minimus and An. sinensis flavivirus-derived EVEs in a generic
Flavivirus genome. Positioning is based on the sequence of Nienokoue virus (GenBank
accession no. JQ957875) for the An. minimus EVE and of Culex flavivirus (GenBank
accession no. JQ308188) for the An. sinensis EVE, as they were the closest tBLASTn hits.
C=capsid protein, E=envelope glycoprotein, M=membrane glycoprotein, NS1=non-
structural glycoprotein 1; NS2A=non-structural protein 2A; NS2B= non-structural
protein 2B; NS3=non-structural protein 3 (protease/helicase); NS4A=non-structural
protein 4A; NS4B=non-structural glycoprotein 4B; NS5=non-structural protein 5 (RNA-
dependent-RNA polymerase).

08

Figure 2 - Phylogenetic relationships of (A) An. minimus and (B) An. sinensis flavivirus-
derived EVEs with exogenous flaviviruses. Maximum likelihood trees were constructed
based on the translated EVE sequences. Clades are color-coded according to known
host specificity: green, ISFs; purple, tick-borne arboviruses; black, ‘not known vector’
(vertebrate specific); blue, mosquito-borne arboviruses; red: EVEs. Scale bar indicates
the number of substitutions per amino-acid site. Node values represent Shimodaira-
Hasegawa (SH)-like branch support.
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Figure 3 — Detection of An. minimus (top) and An. sinensis (bottom) flavivirus-derived
EVEs in genomic DNA. Lane 1: size marker; lane 2: amplified genomic DNA from
a pool of 10 An. minimus adult females; lane 3: amplified genomic DNA from a
pool of 10 An. minimus adult males; lane 4: amplified genomic DNA from a pool
of 10 An. sinensis adult females; lane 5: amplified genomic DNA from a pool of 10
An. sinensis adult males; lane 6: amplified DNA from a pool of 10 An. stephensi females;
lane 7: no template control (NTC).
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Figure 4 — Detection of (A) An. minimus and (B) An. sinensis flavivirus-derived EVEs
RNA. Lane 1: size marker; lanes 2 and 3: amplified cDNA from pools of 5 adult females;
lanes 4 and 5: amplified cDNA from pools of 5 adult males; lanes 6 and 7: amplified
cDNA from pools of 5 L4 larvae; lane 8: amplified DNA from a pool of 10 females; lane
9: amplified cDNA from a pool of 5 An. stephensi females; lane 10: DNA contamination
control (no reverse transcription) using the same pool of 5 adult females as lane 2;
lane 11: no template control (NTC). First row: EVE; second row: RPS7 (control gene).
The RPS7 target DNA sequence includes an intron, so that DNA contamination is
expected to result in a larger PCR product.
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flavivirus-derived EVEs in the genomes of two Anopheles species. Phylogenetic analy-
ses indicated that both EVEs are related to ISFs but belong to a clade that is distinct
from Aedes-associated and Culex-associated ISFs.

Presence of flavivirus-derived EVEs in Anopheles genomes supports the hypoth-
esis that Anopheles mosquitoes are natural hosts of flaviviruses. Endogenization of
non-retroviral RNA viruses is unlikely to occur in the absence of recurrent host-virus
interactions over a long evolutionary time scale. Endogenization requires reverse tran-
scription, germ line integration and fixation in the host population, three steps whose
combined frequency is exceedingly rare [Holmes, 2011, Aiewsakun and Katzourakis,
2015]. Thus, our discovery of flavivirus-derived EVEs in Anopheles genomes is consis-
tent with a long=lasting host-virus interaction between flaviviruses and mosquitoes
of the Anophelinae subfamily.

ISFs are thought to be mainly maintained through vertical transmission from
an infected female to its offspring [Blitvich and Firth, 2015]. Vertical transmission is
likely to favor co-divergence of pathogens and hosts [Jackson and Charleston, 2004],
as illustrated by the existence of Aedes-associated and Culex-associated clades of
ISFs [Moureau et al., 2015]. Although extrapolation is limited by the scarcity of data
on ISF host range and diversity, phylogenetic position of Anopheles-associated ISFs
as sister to all other ISFs is consistent with the co-divergence hypothesis. During the
evolutionary history of mosquitoes, the Anophelinae diverged from the Culicinae
prior to the separation of Culex and Aedes genera [Reidenbach et al., 2009]. Further
investigations will be necessary to determine whether an Anopheles-associated clade
of exogenous ISFs exists, or existed.

Finally, our observation that both EVEs exhibited transcriptional activity may
reflect a selective advantage for the host [Holmes, 2011]. Transcriptionally active
EVEs have been suggested to confer protection or tolerance against related exogenous
viruses [Flegel, 2009, Holmes, 2011, Bell-Sakyi and Attoui, 2013, Fujino et al., 2014].
Despite the lack of empirical evidence so far, flavivirus-derived EVEs could contribute

to antiviral immunity and arbovirus vector competence in mosquitoes.
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CCC55433 Culex theileri flavivirus RP-2011 AGI03959 New Mapoon virus
NP_041726 Yellow fever virus AHW82954 Nhumirim virus
NP_043135 Tick-borne encephalitis virus YP_009041466 Nienokoue virus
NP_051124 Murray Valley encephalitis virus ACN73462 Nounane virus
NP_619758 Modoc virus YP_006846328 Ntaya virus
NP_620099 Powassan virus AGG76014 Palm Creek virus
NP_620108 Langat virus NP_620099 Powassan virus
NP_658908 Tamana bat virus ACQ55297 Quang Binh virus
NP_722551 Alkhumra hemorrhagic fever virus AAV34158 Rocio virus
NP_872627 Yokose virus AFP95929 Sitiawan virus
NP_891560 Kamiti River virus ABC87765 St. Louis encephalitis virus
YP_950477 Entebbe bat virus AlJ19432 Stratford virus
YP_001040007 Kokobera virus NP_658908 Tamana bat virus
YP_002790881 Zika virus NP_043135 Tick-borne encephalitis virus
YP_002790883 Bagaza virus YP_009001464 Tyuleniy virus
YP_002922020 Wesselsbron virus AIN76232 Usutu virus
YP_005352889 Donggang virus YP_002922020 Wesselsbron virus
YP_006846328 Ntaya virus AIQ82561 West Nile virus
YP_009001464 Tyuleniy virus NP_041726 Yellow fever virus
YP_009041466 Nienokoue virus NP_872627 Yokose virus
YP_009056848 Lammi virus YP_002790881 Zika virus

(a) Screening (b) Phylogeny

Table S1 — Name and accession number of flavivirus polyprotein sequences used
as query for the screen in Anopheles genomes and for phylogenetic analysis of EVE

sequences.
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Name Sequence Annealing temp. | Amplicon size
An. min. EVE-in (R) | GTATGCGTGATTTTAAGATC 56°C 423 bp

An. min. EVE-out (F) | TGTATACTTCAGCTGTTG

An. sin. EVE-in (R) TGATCTAGACAAGAACTATG 56°C 945 bp

An. sin. EVE-out (F) | GATTCTCTGTTATTCTGTTG

(a) Primers and reaction conditions used to amplify EVE targets from DNA samples.

Name Sequence Annealing temp. | Amplicon size
An. min. EVE-in (R) | GTATGCGTGATTTTAAGATC 550C 272 bp

An. min. EVE-in (F) | CTCAACTAGAAGTTACATC

An. min. S7 (R) CCTCTTATTTTACAGGTAG 55°C 351 bp (RNA)
An. min. S7 (F) GAATTGGAGAAGAAGTTC 603 bp (DNA)
An. sin. EVE-in (R) | TGATCTAGACAAGAACTATG 55°C 111 bp

An. sin. EVE-in (F) | CACGATAGAATAGAATCTG

An. sin. S7 (R) CTCAAAGATTTACAGGTAG 55°C 321 bp (RNA)
An. sin. S7 (F) GTAGTGTTCATTGGTGAG 616 bp (DNA)

(b) Primers and reaction conditions used to amplify EVE and RPS7 targets from cDNA samples.

Table S2 - Primers and reaction conditions used to amplify EVE and RPS7 targets from

DNA or cDNA samples.
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genotype shape dengue virus intra-host genetic diversity in mosquitoes. PLoS

Genetics, in press 2016

Abstract

Due to their error-prone replication, RNA viruses typically exist as a diverse popu-
lation of closely related genomes, which is considered critical for their fitness and
adaptive potential. Intra-host demographic fluctuations that stochastically reduce
the effective size of viral populations are a challenge to maintaining genetic diversity
during systemic host infection. Arthropod-borne viruses (arboviruses) traverse several
anatomical barriers during infection of their arthropod vectors that are believed to
impose population bottlenecks. These anatomical barriers have been associated with
both maintenance of arboviral genetic diversity and alteration of the variant repertoire.
Whether these patterns result from stochastic sampling (genetic drift) rather than
natural selection, and/or from the influence of vector genetic heterogeneity has not
been elucidated. Here, we used deep sequencing of full-length viral genomes to mon-
itor the intra-host evolution of a wild-type dengue virus isolate during infection of

several mosquito genetic backgrounds. We estimated a bottleneck size ranging from
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5 to 42 founding viral genomes at initial midgut infection, irrespective of mosquito
genotype, resulting in stochastic reshuffling of the variant repertoire. The observed
level of genetic diversity increased following initial midgut infection but significantly
differed between mosquito genetic backgrounds despite a similar initial bottleneck
size. Natural selection was predominantly negative (purifying) during viral population
expansion. Taken together, our results indicate that dengue virus intra-host genetic
diversity in the mosquito vector is shaped by genetic drift and purifying selection,
and point to a novel role for vector genetic factors in the genetic breadth of virus
populations during infection. Identifying the evolutionary forces acting on arbovi-
ral populations within their arthropod vector provides novel insights into arbovirus

evolution.

1 Introduction

Due to the low fidelity of their RNA-dependent RNA polymerase, rapid replication
kinetics and large population size, RNA viruses consist of a heterogeneous intra-host
population of related mutants, sometimes referred to as a quasispecies [Lauring and
Andino, 2010]. This mutant swarm as a whole defines the properties of the viral
population, and is considered to be critical for the fitness and adaptive potential of
RNA viruses [Lauring and Andino, 2010]. For example, high fidelity poliovirus mutants
are attenuated in mice in vivo, demonstrating the functional importance of intra-host
genetic diversity for pathogenesis [Vignuzzi et al., 2006].

Arthropod-borne viruses (arboviruses) are maintained by transmission between
vertebrate hosts and blood-feeding arthropods such as mosquitoes that serve as
vectors. Although arboviruses span a wide range of viral taxa in the Togaviridae,
Flaviviridae, Bunyaviridae, Rhabdoviridae and Orthomyxoviridae families, the vast
majority are RNA viruses, with the single known exception of a DNA arbovirus (African
swine fever virus). The genetic plasticity of an RNA genome may confer arboviruses
the remarkable ability to alternate between two fundamentally different hosts, and to
quickly adapt to novel hosts [Coffey et al., 2013]. Like other RNA viruses, high levels of
intra-host genetic diversity are critical for arboviral fitness, as demonstrated in both
host types for chikungunya virus [Coffey et al., 2011, Rozen-Gagnon et al., 2014] and
West Nile virus [Ciota et al., 2007, Ciota et al., 2012b, Jerzak et al., 2007].

Arboviruses usually rely on horizontal transmission between vertebrate hosts and
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arthropod vectors, although vertical transmission from an infected female arthropod
to her offspring may occur [Lequime and Lambrechts, 2014, Lequime et al., 2016]. Af-
ter being ingested in a blood meal taken from a viremic vertebrate, arboviruses initially
establish infection in the midgut epithelial cells of the arthropod vector. Transmission
to another vertebrate host occurs after an extrinsic incubation period during which
the arthropod develops a systemic infection that results in the release of viral particles
in saliva. During infection of the arthropod vector, arboviruses are confronted with
several anatomical barriers that are believed to impose severe population bottlenecks
on viral populations [Forrester et al., 2014]. Bottlenecks are dramatic reductions in
population size, resulting in stochastic sampling of a small number of viral genomes
from the mutant swarm. Population bottlenecks can significantly reduce the fitness of
RNA viruses through accumulation of deleterious mutations that cannot be efficiently
removed by purifying selection [Duarte et al., 1992]. Initial infection and traversal
of midgut cells, followed by virus dissemination and invasion of the salivary glands
are expected to result in strong population drops that represents a challenge to main-
taining arboviral genetic diversity during systemic vector infection [Forrester et al.,
2012].

Despite such population bottlenecks, arboviruses typically maintain high levels of
genetic diversity during transmission by their arthropod vectors [Forrester et al., 2014].
For example, analyses of West Nile virus populations in the midgut, hemolymph and
saliva of Culex mosquitoes failed to document reductions in genetic diversity [Brack-
ney et al., 2011]. However, the authors of this study did not determine whether a large
effective population size was maintained, or if viral genetic diversity was quickly re-
plenished by mutation and demographic expansion following population bottlenecks.
In a recent study of dengue virus (DENV), genetic diversity was maintained during
human to mosquito transmission but the variant repertoire changed substantially be-
tween venous blood and different organs of Aedes mosquitoes that became infected by
feeding on the person [Sim et al., 2015]. Over 90% of DENV genetic variants were lost
upon transition from venous blood to mosquito abdomen, as well as from abdomen to
salivary glands, which led the authors to estimate that about a hundred viral genomes
initially established a productive midgut infection [Sim et al., 2015]. However, this
number could have been underestimated because the calculation assumed that the

observed change in variant frequency was due to chance alone (i.e., it did not account
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for the effect of natural selection). Genetic drift and purifying selection, for example,
can result in a similar loss of genetic diversity.

The relative strength of natural selection and genetic drift is informed by the
effective population size (N,), defined as the size of an idealized population that
would drift at the same rate as the observed population [Wright, 1931]. Ne indicates
whether the evolution of a population is better described as a deterministic (selection)
or stochastic (drift) process. When N, is large, competition between variants occurs
with little interference of random processes. When N, is small, stochastic sampling
of variants counteracts selection and hinders adaptation. For example, genetic drift
plays a limited role during systemic infection of the plant host by Cauliflower mosaic
virus, as viral populations maintain an effective size of several hundreds of viral
genomes [Monsion et al., 2008]. Understanding the relative role of genetic drift and
natural selection is critical to evaluate the risk of arboviral emergence through adaptive
processes [Coffey et al., 2013]. For example, limited epidemic potential of an Asian
lineage of chikungunya virus was associated with fixation of a deleterious deletion
likely due to a founder effect [Chen et al., 2013].

In the present study, we investigated the intra-host evolution of DENV in the main
mosquito vector Aedes aegyptiby deep sequencing the full genome of viral populations
at different time points of infection. Importantly, we accounted for the potential role
of mosquito genetic variation on DENV intra-host genetic diversity. DENV intra-host
genetic diversity has attracted considerable interest since the confirmation of its
quasispecies nature [Wang et al., 2002]. Until now, however, most of this research
has focused on viral genetic diversity in humans [Chao et al., 2005, Descloux et al.,
2009, Parameswaran et al., 2012, Thai et al., 2012]. A few studies examined DENV intra-
host genetic diversity in the mosquito vector [Lin et al., 2004, Sessions et al., 2015, Sim
et al.,, 2015], but these studies did not account for vector genetic heterogeneity. There
is substantial evidence for genetic variation in Ae. aegypti vector competence for
DENV [Anderson and Rico-Hesse, 2006, Armstrong and Rico-Hesse, 2003, Bennett
et al., 2002, Gubler et al., 1979, Rosen et al., 1985, Tardieux et al., 1990, Vazeille-
Falcoz et al., 1999], as well as specific interactions between Ae. aegypti genotypes and
DENV genetic variants [Lambrechts et al., 2009, Lambrechts, 2011, Lambrechts et al.,
2013, Fansiri et al., 2013, Dickson et al., 2014].

Our objectives were three-fold: (i) measure the bottleneck size during initial
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midgut infection of Ae. aegypti mosquitoes by DENV; (ii) monitor DENV intra-host
genetic diversity during population expansion ans systemic infection; and (iii) deter-
mine the influence of the vector genotype on bottleneck size and intra-host DENV

genetic diversity.

2 Material and methods

2.1 Ethics statement

The Institut Pasteur animal facility has received accreditation from the French Ministry
of Agriculture to perform experiments on live animals in compliance with the French
and European regulations on care and protection of laboratory animals. This study

was approved by the Institutional Animal Care and Use Committee at Institut Pasteur.

2.2 Virus and mosquitoes

This study used a wild-type DENV-1 isolate (KDH0026A) that was originally recovered
from the serum of a clinically ill dengue patient attending Kamphaeng Phet Provincial
Hospital, Thailand as previously described [Fansiri et al., 2013]. Informed consent
of the patient was not necessary because the virus was isolated in laboratory cell
culture for diagnostic purposes (unrelated to this study) and, therefore, was no longer
a human sample. The isolate was passaged three times in Aedes albopictus C6/36 cells
prior to its use in this study. The full-length consensus genome sequence of the isolate
is available from GenBank under accession number HG316481.

Aedes aegyptifemales used in this study belonged to the 16" generation of four
isofemales lines (referred to as A, B, C, and D thereafter) derived from wild Ae. aegypti
specimens collected in Kamphaeng Phet Province, Thailand. The lines were initiated
by single mating pairs of field-caught males and females as previously described [Fan-
siri et al., 2013]. One male and one female from different collection sites (subdistricts)
of the Muang district, Kamphaeng Phet Province, were randomly paired. The mothers
of lines A and B, and the father of line C were collected in Thep Na Korn. The fathers
of lines A, B and D were collected in Mae Na Ree. The mothers of lines C and D
were collected in Nhong Ping Kai. They were maintained in the laboratory by mass
sib-mating and collective oviposition at each subsequent generation. Quantification

of genetic variation within and between the four isofemale lines was conducted as
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part of this study (see below).

To initiate the experiment, eggs were hatched in filtered tap water. Larvae were
reared in 24 x34 x9 cm plastic trays at a density of about 200 larvae per tray. Adults were
maintained in 30x30x30 cm screened cages under controlled insectary conditions
(28+1°C, 75+5% relative humidity, 12:12 hour light-dark cycle). They were provided
with cotton soaked in a 10% (m/v) sucrose solution ad libitum and allowed to mate

for 6-7 days before the experimental infection.

2.3 Restriction-site Associated DNA (RAD) sequencing of

mosquitoes

Genetic characterization of the Ae. aegypti isofemale lines used single nucleotide
polymorphism (SNP) markers identified and genotyped by Restriction-site Associated
DNA (RAD) sequencing [Miller et al., 2007]. Ten females from the 16" generation of
each isofemale line (i.e., from the same generation that was used in the experimental
infection) and 10 females from the 15t generation of an outbred population collected
in 2013 in Thep Na Korn, Kamphaeng Phet Province, Thailand (i.e., the region where
the isofemale lines originated) were genotyped using RAD sequencing.

Mosquito genomic DNA was purified using the procedure developed by Pat Ro-
man’s laboratory at the University of Toronto [Black and DuTeau, 1997]. DNA con-
centration was measured with Qubit fluorometer and Quant-iT dsDNA Assay kit
(Life Technologies, Paisley, UK). A modified version of the original double-digest
Restriction-site Associated DNA (ddRAD) sequencing protocol [Peterson et al., 2012]
was used as previously described [Rasi¢ et al., 2014] with minor additional modifica-
tions. Briefly, 350 ng of genomic DNA from each mosquito was digested in a 50-ul
reaction containing 50 units each of Nlalll and MluCI restriction enzymes (New Eng-
land Biolabs, Herts, UK), 1X CutSmart Buffer and water for 3 hours at 37°C, without
a heat-kill step. Digestion products were cleaned with 1.5X volume of Ampure XP
paramagnetic beads (Beckman Coulter, Brea, CA, USA) and ligated to the modified
[Nlumina P1 and P2 adapters with overhangs complementary to Nlalll and MIuCI
cutting sites, respectively. Each mosquito was uniquely labeled with a combination of
P1 and P2 barcodes of variable lengths to increase library diversity at 5’ and 3’ ends
(File S1). Ligation reactions were set up in a 45-ul volume with 2 ul of 4 uM P1 and
12 uM P2 adapters, 1,000 units of T4 ligase and 1X T4 buffer (New England Biolabs)
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and were incubated at 16°C overnight. Ligations were heat-inactivated at 65°C for
10 minutes and cooled down to room temperature (20-25°C) in a thermocycler at a
rate of 1.5°C per 2 minutes. Adapter-ligated DNA fragments from all individuals were
pooled and cleaned with 1.5X bead solution. Fragments from 350 to 440 base pairs
(bp) were selected using a Pippin-Prep 2% gel cassette (Sage Sciences, Beverly, MA,
USA). Finally, 1 ul of the size-selected DNA was used as a template in a 10-ul PCR
reaction with 5 ul of Phusion High Fidelity 2X Master mix (New England Biolabs) and
1 ul of 50 uM P1 and P2 primers (File S1). To reduce bias due to PCR duplicates, 8 PCR
reactions were run in parallel, pooled, and cleaned with a 0.8X bead solution to make
the final library. At this step, final libraries were quantified by quantitative PCR using
the QPCR NGS Library Quantification Kit (Agilent Technologies, Palo Alto, CA, USA).

Libraries containing multiplexed DNA fragments from 50 mosquitoes were se-
quenced on an Illumina NextSeq platform using a NextSeq 500 High Output 300 cycles
v2 kit (Illumina, San Diego, CA, USA) to obtain 150-bp paired-end reads. An optimized
final library concentration of 1.1 pM, spiked with 15% PhiX, was loaded onto the flow

cell.

2.4 RAD markers for mosquito genotyping

A previously developed bash script [RaSi€ et al., 2014] was used to process raw se-
quencing reads with minor modifications. Briefly, the DDemux program was used
for demultiplexing fastq files according to the P1 and P2 barcodes combinations. Se-
quence quality scores were automatically converted into Sanger format. Sequences
were filtered with FASTX-Toolkit. The first 5 bp (i.e., the restriction enzyme cutting
site) and last 11 bp of P1 and P2 reads were trimmed. All reads with Phred scores <25
were discarded. P1 and P2 reads were then matched and unpaired reads were sorted
as orphans.

Paired reads were aligned to the reference Ae. aegypti genome (AaeglL3, February
2016) [Nene et al., 2007] using Bowtie version 0.12.7 [Langmead et al., 2009]. Parame-
ters for the ungapped alignment included a maximum of three mismatches allowed
in the seed, suppression of alignments if more than one reportable alignment existed,
and a "try-hard" option to find valid alignments. Orphans were combined with all
unaligned paired reads and single-end alignment was attempted. All aligned Bowtie

output files were merged per individual and were imported into the Stacks pipeline. A
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catalog of RAD loci used for SNP discovery was created using the ref map.pl pipeline
in Stacks version 1.37 [Catchen et al., 2011, Catchen et al., 2013]. First, sequences
aligned to the same genomic location were stacked together and merged to form loci
using Pstacks. Only loci with a sequencing depth =3 reads per individual were re-
tained. Cstacks was used to create a catalog of consensus loci, merging alleles together
and Sstacks was used to match all identified loci. The Stacks pipeline identified a
total of 899,892 RAD loci. The "populations" module was used to export markers with
a sequencing depth =10X that were present in =98% of samples. The phylogenetic
analysis was performed with the resulting subset of 2,321 SNPs belonging to 1,319
RAD loci (0.15%).

2.5 Phylogenetic analysis of mosquitoes

Phylogenetic trees were constructed using a Bayesian Markov Chain Monte Carlo
(MCMC) algorithm, implemented in the BEAST 1.8.3 package [Drummond and Ram-
baut, 2007]. Inferences were produced under the coalescent model (constant size), and
under the GTR+G (global time reversible with gamma distribution and no invariable
sites) and the HKY+G (Hasegawa-Kishino-Yano) substitution models. Heterozygote
positions were considered in calculations by enabling the use of IUPAC code and
associated degeneracy within the substitution model. The length of MCMC was set at

3x107 states to obtain Effective Sampling Size (ESS) values >200.

2.6 Experimental mosquito infection

Six- to seven-day-old Ae. aegypti females were deprived of water and sucrose for 24h
prior to the infectious blood meal. The virus stock was diluted in cell culture medium
(Leibovitz’s L-15 medium + 10% heat-inactivated fetal calf serum + non-essential
amino-acids + 0.1% penicillin/streptomycin + 1% sodium bicarbonate) to reach an
expected infectious titer of 3x10° focus-forming units (FFU) per mL. One volume of
virus suspension was mixed with two volumes of freshly drawn rabbit erythrocytes
washed in distilled phosphate buffer saline (DPBS). After gentle mixing, 2.5 mL of
the infectious blood meal was placed in each of several Hemotek membrane feeders
(Hemotek Ltd, Blackburn, UK) maintained at 37°C and covered with a piece of desalted
porcine intestine as a membrane. Sixty uL of 0.5 M ATP were added to each feeder as

a phagostimulant. Each isofemale line was allowed to feed during two rounds of 15
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min on different feeders to ensure randomization of a potential feeder effect. Actual
virus titer in the blood meal was measured by standard focus-forming assay in C6/36
cells [Lambrechts et al., 2009]. After feeding, mosquitoes were cold anesthetized on
ice and fully engorged females were transferred to 1-pint cardboard cups. They were
incubated under controlled conditions (28+1°C, 75+5% relative humidity, 12:12 hour
light-dark cycle) in a climatic chamber.

At 4, 7 and 14 days post exposure (dpe), the midgut of 8-12 individuals from each
isofemale line (i.e., biological replicates) were dissected. Midguts were homogenized
individually in 140 uL of DPBS + 560 uL of QIAamp Viral RNA Mini Kit lysis buffer
(Qiagen, Hilden, Germany) during two rounds of 30 sec at 5,000 rpm in a mixer mill
(Precellys 24, Bertin Technologies, Montigny le Bretonneux, France). At 7 and 14
dpe, the legs of midgut-dissected mosquitoes were removed and homogenized as
described above. At 14 dpe, the salivary glands of the midgut- and leg-less individuals

were harvested and processed as above.

2.7 Virus deep sequencing

Total RNA was extracted from mosquito homogenates using QIAamp Viral RNA Mini
Kit (Qiagen) and reverse transcribed using Transcriptor High Fidelity cDNA Synthesis
Kit (Roche Applied Science, Penzberg, Germany) and a specific reverse primer located
at the 3’ end of the viral genome (Table S1). Presence and amount of viral cDNA
was assessed by quantitative PCR using the LightCycler DNA Master SyberGreen I kit
(Roche Applied Science) and custom primer pairs (Table S1). Absolute quantification
used a standard curve generated with serial dilutions of PCR amplicons of known
concentration. Selected samples were amplified by 40 cycles of PCR in 10 overlapping
amplicons with Q5 High Fidelity DNA polymerase (New England Biolabs) and custom
primer pairs (File S2).

PCR products were purified with Agencourt AMPure XP magnetic beads (Beckman
Coulter) and their concentration was measured by Quant-iT PicoGreen dsDNA fluoro-
metric quantification (Invitrogen). Equal amounts of each amplicon were pooled by
sample and brought to a final concentration of 0.2 ng/uL. Multiplexed libraries were
prepared using Nextera XT DNA Library Preparation Kit (Illumina) and single-end
sequenced on an [llumina NextSeq 500 platform using a high-output 75 cycles v1 kit

(Illumina). Sequencing reads were demultiplexed using bcl2fastq v2.15.0 (Illumina).
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Raw sequences were deposited in the NCBI Short Read Archive (accession numbers
pending).

After demultiplexing, reads were trimmed to remove Illumina adaptor sequences
using Trimmomatic v0.33 [Bolger et al., 2014] and amplification primers if match-
ing sequences were found on either the 5’ or 3’ end of the reads using Cutadapt
v.1.8.3 [Martin, 2011]. Reads shorter than 32 bases were discarded and remaining
reads were then mapped to the reference DENV genome sequence using Bowtie2
v2.1.0 [Langmead and Salzberg, 2012]. The alignment file was converted, sorted and
indexed using Samtools v0.1.19 [Li et al., 2009]. Coverage and sequencing depth were
assessed using bedtools v2.17.0 [Quinlan and Hall, 2010]. Single nucleotide variants
(SNVs) and their proportion among all reads were called using LoFreq* v2.1.1 [Wilm
et al., 2012] and their effect at the amino-acid level assessed by SNPdat v.1.0.5 [Doran
and Creevey, 2013].

2.8 Viral genetic diversity analyses

Two sets of SNV markers were used for analyses of genetic diversity and natural
selection. The ‘full’ marker set excluded all nucleotide positions in a given sample
that had (i) a sequencing depth <500X or (ii) where potential sequencing or library
preparation artifacts [Costello et al., 2013] were detected. The ‘conservative’ marker
set excluded all nucleotide positions in all samples that had (i) a sequencing depth
<500X or (ii) where potential sequencing or library preparation artifacts were detected
in aleast one sample. The conservative marker set minimized the potential bias owing
to the unique mutational profile of each nucleotide position. However, because some
of the overlapping fragments covering the viral genome could not be successfully
amplified in a few samples (S1 Fig), the conservative marker set failed to cover large
fractions of the viral genome (S2 Fig A). The full marker set, conversely, minimized the
potential bias owing to distinct evolutionary properties of the different regions of the
viral genome.

Genetic complexity of the viral population was estimated using normalized Shan-

non entropy (Sn) for each nucleotide site [Gregori et al., 2014]:

_ —pln(p)+ (1 - p) xIn(1 - p)
- In(4)

Sn
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where p is the SNV minor allele frequency at the considered position, and In(4)
corresponds to maximum complexity (i.e., four possible nucleotides at each posi-
tion). For individual SNVs, S, values range from 0 to 1. For diallelic SNVs, S;, values
range from 0 (no diversity) to 0.5 (maximum complexity, when the two alternative
nucleotides are present at equal frequency). For each sample S,, was averaged over all
nucleotide sites included in either the full or the conservative set of SNV markers (i.e.,
total genome length minus number of excluded positions).

Genetic diversity of the viral population was also estimated using nucleotide

diversity at each nucleotide site [Cornman et al., 2013]:

x(1-(p*+(p-1)?

D1

where D is the sequencing depth at the considered position and p is the SNV
minor allele frequency. Like for S,, m values for a diallelic SNV range from 0 (no
polymorphism) to 0.5 (when the two alternative nucleotides are present at equal
frequency). For each sample, 7 was averaged over all nucleotide sites included in
either the full or the conservative set of markers. This index of genetic diversity is less
sensitive to low-frequency variants than S,;, due to the lack of log-transformation of

the frequencies.

2.9 Natural selection assessment

The magnitude and direction of natural selection were assessed using the dy/dg ratio,
which is the ratio between the number of non-synonymous substitutions per non-
synonymous site (dy) over the number of synonymous substitutions per synonymous
site (ds) of a coding sequence, assuming synonymous substitutions are selectively

neutral:

Ng
4x =
-3 x ln(TNs)
_ dn =
4 N 4

where S, is the number of synonymous substitutions in the sequence, S; is the

number of synonymous sites, N, is the number of non-synonymous substitutions
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in the sequence and N; is the number of non-synonymous sites [Nei and Gojobori,
1986]. A dpy/ds ratio >1 means that there is an excess of normalized number of
non-synonymous substitutions relative to the normalized number of synonymous
substitutions and is interpreted as evidence for positive selection (i.e., driving change).
A dy/dg ratio <1 means that there is an excess of normalized number of synonymous
substitutions relative to the normalized number of non-synonymous substitutions
and is interpreted as evidence for negative selection (i.e., acting against change). A
dy/ds ratio equal to 1 is interpreted as evidence for the absence of natural selection
(i.e, neutral evolution).

The dy/dg ratio was computed using the Nei-Gojobori method [Nei and Gojobori,
1986] with suggested modifications for high-throughput sequencing data [Grubaugh
et al., 2015]. Briefly, N; and S; were calculated for each sample as the sum of SNV
frequencies. Mean N; and S; were computed for each isofemale line at each time
point and used for dy and dg calculation, respectively. Numbers of synonymous
and non-synonymous sites from the initial population consensus sequence were
estimated using MEGA v.7.0.16 [Kumar et al., 2016] by computing the number of
0-, 2-, 3- and 4-fold degenerate sites following the Nei-Gojobori method [Nei and
Gojobori, 1986]. The full SNV marker set had a variable number of synonymous
and non-synonymous sites depending of the number of nucleotide sites retained or
excluded for each sample. The conservative marker set had 328.67 synonymous and

1,481.33 non-synonymous sites for all samples.

2.10 Statistical testing

Statistical analyses were performed in the statistical environment R, version 3.2.0 (http:
/ lwww.r-project.org/) using the packages car [Fox and Weisberg, 2011], plyr [Wickham,
2011], ggplot2 [Wickham, 2009], stringr [Wickham, 2015], reshape2 [Wickham, 2007],
gridExtra [Auguie, 2015], fitdistrplus [Delignette-Muller et al., 2015] and boot [Canty
and Ripley, 2015]. In all the analysis, the individual mosquito sample was considered
a biological unit of replication.

Infection prevalence and cDNA copy numbers were compared among isofemale
lines at each time point by pairwise Pearson y? tests and pairwise Wilcoxon signed-
rank tests, respectively, followed by a Holm correction of p-values for multiple testing.

The proportion of SNVs per position, mean S,, and mean 7 estimates were com-

80


http://www.r-project.org/
http://www.r-project.org/

2. Material and methods

pared between the input and later time points using pairwise Wilcoxon signed-rank
tests and a Holm p-value adjustment. The proportion of SNVs per position, S;, 7 and
dy/dgs estimates in midgut samples were analyzed between 4 and 7 dpe as a function
of the combined effects of time point and mosquito genotype using a linear model
with an identity link function and a normal error distribution. Model validity was veri-
fied with quantile-quantile (Q-Q) plots of residuals and by computing Cook’s distance
to assess influence of observations. Statistically significant effects (p<0.05) of time
point, mosquito genotype and their interactions were determined using type-II analy-
sis of variance. Statistically insignificant interactions were removed from the model,
subsequently repeating model validation. Statistical testing of pairwise differences
between isofemale lines used the linear regression coefficients. Estimated regression
coefficients were extracted and their 95% confidence intervals and p-values were
calculated based on their standard errors compared to a reference level. Isofemale

line A was arbitrarily chosen as the reference level.

2.11 Bottleneck size estimation

Following a published method [Monsion et al., 2008], bottleneck size at initial midgut
infection was estimated by analyzing the change in frequency distribution of neutral
markers between blood meal (initial) and midgut (final) samples. Under the assump-
tion of neutrality (i.e., absence of natural selection), the idealized number of founding

genomes (V) initiating the midgut infection can be computed as:

_ px(-p)
B Var(p')—Var(p)

where p is the marker allele frequency in the initial population and p’ is the
marker allele frequency in the final population [Monsion et al., 2008]. This method
considers that changes in the genetic variance between sequential samples result
exclusively from genetic drift and therefore requires neutral or quasi-neutral markers.

SNVs that were presumably neutral were selected based on the following set of
criteria: (i) synonymous change at the third codon position, (ii) no significant change
in mean frequency between sampling time points, (iii) SNV detected in =80% of
the five viral input replicates (viral stock and blood meal samples), and (iv) mean

frequency >0.02 in the input population. Confidence intervals of N estimates were

81



Appendix B. Genetic drift, purifying selection and vector genotype shape...

computed using a bootstrapping procedure as described in [Monsion et al., 2008].
Briefly, for each bootstrap all individuals were sampled with replacement to calculate
N. This was repeated 1,000 times to generate a distribution of N values and derive 95%

confidence intervals corresponding to the 2.5 and 97.5 percentiles of the distribution.

2.12 Bottleneck simulation

The effect of the initial midgut infection bottleneck on viral diversity indices was sim-
ulated in R based on 100 sampling events from an initial viral population containing
100 independent SNVs (Code S1). SNV minor allele frequency was randomly drawn
from an exponential distribution (1=100). Initial viral population size (equivalent to
the infectious dose ingested in the blood meal) was drawn from a normal distribution
(mean=2,000; standard deviation=200). Bottleneck size was drawn from a normal
distribution (mean=28; standard deviation=>5). Mean S, and mean 7 were computed
for all samples in the presence or the absence of a detection threshold arbitrarily set

at an SNV minor allele frequency of 0.01.

3 Results

3.1 Mosquito genetic variation

A genome-wide set of 2,321 SNPs generated by RAD sequencing was used to geneti-
cally characterize the four Ae. aegyptiisofemale lines (A, B, C and D). These markers
had a sequencing depth =10X per sample and were missing in <2% of samples. An
outbred Ae. aegypti population from the same geographic location where the lines
were created was also genotyped to provide a phylogenetic background. Phylogenetic
relationships among individuals from the four isofemale lines and the outbred popu-
lation were determined with a Bayesian method (Figure 1). As expected, the outbred
mosquito population was paraphyletic, reflecting its genetic diversity. Mosquitoes
from isofemale lines A and B clustered independently with strong statistical support,
confirming their distinct genetic identity. Unexpectedly, mosquitoes from isofemale
line C grouped with mosquitoes from isofemale line D within the same clade. This
could be the result of relatedness between the parents randomly chosen to initiate the
lines, as the mothers oflines C and D came from the same collection site and may have

been siblings. Two different substitution models for the phylogenetic reconstruction
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gave similar clustering patterns. Similar results were also obtained when testing a
variable number of markers (allowing from 0% to 30% of missing genotypes) with the
same method. Because isofemale lines C and D were not unambiguously assigned to
different monophyletic groups, they could not be considered as distinct genotypes
and were thus combined in all subsequent analyses. They are jointly referred to as
line CD hereafter.

3.2 Infection time course and sample selection

Mosquitoes from the three different genotypes (A, B, and CD) were exposed to DENV
through an artificial blood meal at a final titer of 1.52 x 108 focus-forming units (FFU)/mL.
Assuming a blood meal size of approximately 2 uL, the infectious dose ingested by each
mosquito was about 3,000 infectious viral particles. The proportion of mosquitoes that
acquired a midgut infection ranged from 75 to 100% and did not differ significantly be-
tween time points or isofemale lines (Figure 2-A). The proportion of mosquitoes with
a DENV infection that disseminated to their legs increased from 10-40% at 7 days post
exposure (dpe) to 60-100% at 14 dpe, but the rate of virus dissemination to the legs did
not differ significantly between isofemale lines (Figure 2-A). However, the proportion
of mosquitoes with a disseminated infection in the salivary glands was significantly
higher for line CD (87.5%) than for line A (37.5%) and line B (41.7%) at 14 dpe (line A vs.
line CD, p=0.037; line B vs. line CD, p=0.037). Among infected mosquitoes, viral load
ranged from 8.9x10? to 2.8 x10® DENV genome copies per sample with no significant
difference between isofemale lines at any of the time points, with the exception of
lines B and CD that had significantly different viral loads (p=0.037) in their salivary
glands at 14 dpe (Figure 2-B).

Deep sequencing of viral genomes was performed for a subset of 78 infected sam-
ples at selected time points (Figure 2-B) that were processed individually and treated
as biological replicates. Some samples were excluded because their low concentration
of viral RNA resulted in unsuccessful RT-PCR amplification. A total of 4, 7 and 13
infected midguts at 4 dpe and 7, 11 and 21 infected midguts at 7 dpe were analyzed for
lines A, B, and CD, respectively. Ten infected salivary glands at 14 dpe were analyzed
in line CD. In addition, DENV genomes were deep sequenced in the initial viral stock
and in four replicates of the artificial infectious blood meal. On average, 3,615,466

sequencing reads per sample aligned to the reference DENV genome. Mean DENV
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0.03

Figure 1 — Phylogenetic relationships between Aedes aegypti isofemale lines. Bayesian
phylogenetic tree representing the genetic diversity across individuals from the four
isofemale lines (A, B, C and D) and from a field-derived outbred population (Pop) from
the same geographic location where the lines were created. The phylogenetic analysis
was based on a (GTR+G) substitution model of 2,321 SNPs. Putative populations are
depicted in different colors. The scale bar indicates the number of substitutions and
posterior probabilities are displayed at relevant nodes.
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Figure 2 — Time-course of DENV prevalence and viral load. (A) Bar graphs show the
percentage of DENV-infected samples stratified by time point, tissue and isofemd#s
line. Relative numbers of positive samples are indicated above the bars. (B) Box plots
show the number of DENV genome copies per infected sample stratified by time point,
tissue and isofemale line. Solid dots represent individual samples selected for deep
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genome coverage with a sequencing depth >500X was 10,594 nucleotides per sample,
which represents 98.8% of the 10,718 nucleotides of the total genome length. Mean

sequencing depth was >24,212X per nucleotide position per sample (Figure S1).

3.3 Patterns of viral genetic diversity

The full set of SNV markers retained for population genetic analyses included an aver-
age of 5,843 nucleotide sites across the DENV genome whereas a more conservative
set (see Materials and Methods) was restricted to 1,810 nucleotides (Figure S2-B). The
SNVs of the full marker set were randomly distributed across the genome without
obvious mutation hot or cold spot (Figure 3). A new variant reached consensus level
(frequency>0.5) in one midgut sample at 4 dpe and one midgut sample at 7 dpe, but
the SNV was different in each case. In salivary glands collected at 14 dpe, new variants
reached consensus level at 11 positions, none of which was shared among individuals
within or between isofemale lines (Figure 3). In the more restricted conservative set of
markers, no variant reached consensus level at any time point (Figure S2-B).

To determine the effect of initial midgut infection on DENV genetic diversity, a
first series of analyses compared viral genetic diversity observed in the input samples
with genetic diversity observed at any of the later time points. In the full marker set,
initial infection of the midgut was associated with an increase in viral genetic diversity
relative to the input (Figure 4) both when measured with normalized Shannon entropy
S, (0 dpe vs. 4 dpe, p=0.0001; 0 dpe vs. 7 dpe, p=0.002; 0 dpe vs. 14 dpe, p=0.003)
(Figure 4-A) and when measured with nucleotide diversity 7 (0 dpe vs. 4 dpe, p=0.0001;
0 dpe vs. 7 dpe, p=0.0004; 0 dpe vs. 14 dpe, p=0.003) (Figure 4-B). Viral diversity
was also significantly higher in the salivary glands at 14 dpe than in the midgut
at 7 dpe (S,: p=0.012; m: p=0.012). The proportion of variable sites detected also
increased following initial midgut infection (Figure S3) although differences were only
statistically significant between 0 dpe and 4 dpe (p=0.0029) and between 0 dpe and 14
dpe (p=0.0067). Similarly, in the conservative set of markers, mosquito infection was
associated with a relative increase in viral genetic diversity following initial midgut
infection, albeit more modestly due to the smaller number of markers, both when
measured with normalized Shannon entropy S, (0 dpe vs. 4 dpe, p=0.046; 0 dpe vs. 14
dpe, p=0.008) (Figure S4-B) and when measured with nucleotide diversity 7 (0 dpe
vs. 14 dpe, p=0.008) (Figure S4-C). The proportion of variable sites detected, however,
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Figure 3 — Distribution of SNV positions and their mean detected frequencies in the full
marker set. Each dot represents the minor allele frequency of a single SNV along the
DENV reference genome indicated on the x-axis, averaged over all samples in which
the SNV was detected. Dot size corresponds to the proportion of samples from the
same time point in which the SNV was detected. The horizontal red dashed line repre-
sents a frequency of 0.5 over which a new variant becomes the consensus sequence.
SNV distributions are stratified by time point. C=capsid protein, E=zenvelope glyco-
protein, M=membrane glycoprotein, NS1=non-structural glycoprotein 1; NS2A=non-
structural protein 2A; NS2B= non-structural protein 2B; NS3=non-structural protein 3
(protease/helicase); NS4A=non-structural protein 4A; NS4B=non-structural protein
4B; NS5=non-structural protein 5 (RNA-dependent-RNA polymerase).
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did not differ statistically between time points (Figure S4-A).

To evaluate the dynamics of DENV genetic diversity during viral population ex-
pansion in the midgut, a second series of analyses compared viral genetic diversity
between 4 and 7 dpe, accounting for potential differences between mosquito geno-
types. In the full set of markers, both the time point (proportion of variable sites:
p=0.03; S;: p=0.04; m: p=0.04) and the isofemale line (proportion of variable sites:
p=0.0035; S;;: p=0.0002; m: p=0.0005) significantly influenced viral genetic diversity.
Overall, DENV genetic diversity slightly decreased between 4 dpe and 7 dpe. Isofemale
line A displayed significantly higher viral genetic diversity than lines B and CD, for
all three indices: proportion of variable sites (p=0.012 and p=0.0008, respectively),
Sn (p=0.006 and p=0.0005 respectively) and 7 (p=0.017 and p=0.0001, respectively).
Similar results were obtained with the conservative set of markers. Both the time
point (proportion of variable sites: p=0.01; S,,: p=0.013; : p=0.015) and the isofemale
line (proportion of variable sites: p=0.0011; S,: p=0.0006; 7: p=0.0029) significantly
influenced viral genetic diversity. Overall, DENV genetic diversity slightly decreased
between 4 dpe and 7 dpe. Isofemale line A displayed significantly higher viral genetic
diversity than lines B and CD, for all three indices: proportion of variable sites (p=0.017
and p=0.0002, respectively), S, (p=0.0047 and p=0.0001, respectively) and 7 (p=0.012
and p=0.0007, respectively).

3.4 Natural selection

Based on the full set of SNV markers, dy/ds ratios were predominantly negative indi-
cating strong purifying selection (Figure S4-C). There was no statistically significant
difference in dy/ds ratios between time points or mosquito isofemale lines. Comput-
ing dy/ds ratios was not possible with the conservative set of markers because the
smaller number of SNVs resulted in a large proportion of samples with ds=0. Analysis
of dn/ds ratios calculated per isofemale line, however, provided results consistent
with predominantly purifying selection using the conservative set of markers. Average
dn/ds ratios were remarkably similar among lines and time points around 0.2218
(Table S1).
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Figure 4 — Observed levels of DENV intra-host genetic diversity and natural selection
assessment. (A) Averaged Shannon entropy (S;) per site over all positions per sample.
(B) Averaged nucleotide diversity () over all positions per sample. (C) dy/dg ratios
over all coding positions per sample. The horizontal, dashed red line represents a
dy/dsg ratio of 1, which is interpreted as evidence for neutral evolution (i.e., absence
of natural selection). A dy/ds ratio >1 is interpreted as evidence for positive selection;
a dy/dg ratio <1 it is interpreted as evidence for negative (purifying) selection. Letters
above the graph indicate statistically significant pairwise differences between time
points. For midgut samples, stars above the bars indicate statistically significant
pairwise differences between isofemale lines, with line A as the reference level.
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3.5 Bottleneck size estimates

Three SNVs that complied with criteria of quasi-neutral evolution were selected to
estimate the idealized number of founding viral genomes (V) initiating the midgut in-
fection based on changes in the variance of their frequency between input and midgut
samples (Table 1). Based on the three markers, initial midgut infection was founded
by 23-34 genomes when estimated at 4 dpe (Figure 5-A) and 5-42 genomes when
estimated at 7 dpe (Figure 5-B). Collectively, 95% confidence intervals ranged from 2
to 161 founding genomes. N estimates and their confidence intervals were consistent
across time points, especially for marker at position 1556. For this marker, 4 dpe and
7 dpe data were pooled to compute isofemale line-specific N estimates. There were
no statistically significant differences among lines in the estimated bottleneck size
(Figure 5-C), ranging from 83 (95% confidence interval: 52-396) founding genomes
for line A, to 23 (9-220) for line B and 33 (16-108) for line CD.

SNV Mutation | Position | Amino | Viral Initial Final frequency | Final frequency

position in acid gene frequency (4 dpe) (7 dpe)
codon Mean | sd Mean | sd Mean | sd

1556 A—-C 3rd L E 0.021 | 0.004 | 0.026 | 0.028 0.031 | 0.023

9950 C—A 3rd T NS5 | 0.117 | 0.022 | 0.108 | 0.059 0.095 | 0.054

10145 C-T 3rd T NS5 0.051 | 0.011 | 0.021 | 0.047 0.043 | 0.097

Table 1 — SNV markers used for bottleneck size estimation. dpe=days post exposure;
sd=standard deviation.

3.6 Bottleneck simulations

Simulations were performed to model the effect of population bottlenecks on DENV
intra-host genetic diversity. The simulation randomly assigned SNV minor allele fre-
quency, initial viral population size and bottleneck size to explore whether a minimum
threshold for SNV detection would alter the observed genetic diversity following a
population bottleneck compared to the true genetic diversity. When 100 SNVs were
present in the input viral population and no minimum detection threshold was set,
mean S, and 7 estimated in 100 replicate samples decreased following the bottle-
neck (Figure 6-A). However, when only SNVs with a minor allele frequency >1% were

detected, mean S, and 7 estimates increased after the bottleneck (Figure 6-B).
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Figure 5 — Estimates of bottleneck size at initial midgut infection. The estimated
number of founding genomes (V) that contribute to initial midgut infection is shown
for three markers identified by their position on the DENV genome (1556, 9950, 10145).
The markers are SNVs that are assumed to evolve neutrally or quasi-neutrally. Horizon-
tal bars indicate confidence intervals of N estimates computed by bootstrapping. (A)
N estimates based on samples collected at 4 dpe. (B) N estimates based on samples
collected at 7 dpe. (C) N estimates for each isofemale line obtained for marker 1556
using combined 4 dpe and 7 dpe samples.
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Figure 6 — Simulated effects of a population bottleneck and SNV detection threshold
on observed levels of genetic diversity. The simulation considered 100 SNVs present in
the input population, which were sampled 100 times (infection events) with randomly
assigned SNV frequency, initial viral population size and bottleneck size. In the
population sampled following the bottleneck, mean 7 (A, C) and S,, (B, D) are shown
when no frequency detection threshold was set (A, B), and when a 1% frequency
detection threshold was set (C, D).
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4 Discussion

We investigated the evolutionary forces acting on DENV populations within their
arthropod vector. Specifically, we evaluated the relative effects of natural selection and
genetic drift on DENV intra-host evolution in the midgut of Ae. aegypfi. In addition,
we assessed the influence of vector genetic heterogeneity on intra-host viral genetic
diversity. Our results show that DENV intra-host genetic diversity in Ae. aegypti
is shaped by the combined effects of genetic drift, purifying selection and vector
genotype. Reshuffling of the variant repertoire during initial infection of the midgut
was associated with a bottleneck size ranging from 5 to 42 founding viral genomes,
irrespective of the mosquito genotype. DENV genetic diversity increased significantly
following initial infection, but was restricted by strong purifying selection during
DENV population expansion in the midgut. Observed levels of DENV genetic diversity
in the midgut differed significantly between mosquito isofemale lines despite a similar
bottleneck size at initial infection.

Arboviruses typically maintain high levels of genetic diversity during transmis-
sion by their arthropod vectors despite anatomical barriers that often result in severe
population drops [Forrester et al., 2014]. Such population bottlenecks have been doc-
umented for several arboviruses in their vectors using artificial mutant swarms [Ciota
et al., 2012a], marked viral clones [Forrester et al., 2012], viral replicons [Gutiérrez
et al., 2015] or stochastic simulations based on observed changes in variant frequen-
cies [Sim et al., 2015]. Although the overall level of arboviral genetic diversity is usually
maintained during vector infection [Brackney et al., 2011], the viral variant repertoire
can be significantly altered [Ciota et al., 2012a, Stapleford et al., 2014, Sim et al., 2015].
Presumably, viral genetic diversity is quickly replenished by mutation and demo-
graphic expansion following population bottlenecks [Forrester et al., 2014]. However,
whether changes in the viral variant repertoire are due to stochastic sampling (i.e.,
genetic drift), purifying selection (i.e., removal of variants with lower fitness), or vector
genetic heterogeneity combined with specific interactions between vector and virus
genotypes [Lambrechts et al., 2009, Lambrechts, 2011, Lambrechts et al., 2013, Fansiri
etal., 2013, Dickson et al., 2014] has remained largely unresolved. Our analysis used
neutral or quasi-neutral genetic markers to estimate the effective DENV population

size during initial infection of the Ae. aegypti midgut. This approach rules out natural
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selection and only measures the effect of genetic drift due to random sampling. It is
worth noting, however, that true neutral mutation may not exist because even syn-
onymous mutations can have a fitness effect, especially in RNA viruses [Cuevas et al.,
2012]. Deviation from our assumption of neutrality or quasi-neutrality of the chosen
markers may have overestimated the bottleneck size. Indeed, both positive selection
and negative selection are expected to decrease the variance of marker frequency and
therefore result in a larger estimate of N, with our method. Therefore, our conclusion
that DENV populations undergo a strong population bottleneck during initial midgut
infection should be robust to any undetected departure from neutrality. Moreover, we
chose markers whose average frequency was similar before and after the bottleneck,
supporting the assumption that they were not under directional selection. Our esti-
mation that initial midgut infection is founded by only a few tens of DENV genomes is
consistent with previous estimations for DENV based on stochastic simulations using
empirical data [Sim et al., 2015]. We went one step further by demonstrating that
genetic drift, rather than natural selection, is the main evolutionary force underlying
this population bottleneck.

Although our estimated bottleneck size is larger than for other RNA viruses dur-
ing host-to-host transmission [Gutiérrez et al., 2012], it is expected to substantially
reduce the genetic breadth of the viral quasispecies [Escarmis et al., 2006]. This
finding has important implications for DENV evolution in general. A small effec-
tive population size means that natural selection will be relatively inefficient during
human-to-mosquito transmission. It will prevent adaptive evolution especially if ben-
eficial SNVs are present at low frequencies in the mutant swarm transmitted from the
human host [Novella et al., 1999]. On the other hand, the population bottleneck asso-
ciated with initial midgut infection may not be small enough to prevent the long-term
maintenance of defective viral genomes through complementation by co-infection of
host cells with functional viruses. Such a phenomenon was previously documented
in the case of a stop-codon mutation that became widespread in DENV populations
sampled in Myanmar in 2001 [Aaskov et al., 2006]. The frequency of the stop-codon
mutation was likely high enough to overcome the effect of population bottlenecks
during multiple host-to-host transmission events.

During DENV population expansion following initial midgut infection, natural

selection was predominantly negative (i.e., acting against change). Accordingly, the
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consensus sequence remained unchanged in most of the midgut samples. Only in
the salivary glands did several SNVs reach consensus level (frequency >0.5), but with
no evidence of evolutionary convergence. As was observed for West Nile virus [Ciota
etal., 2012a], DENV intra-host genetic diversity in midguts slightly decreased between
4 and 7 dpe. Importantly, we found that overall levels of DENV intra-host genetic di-
versity differed significantly between distinct mosquito genetic backgrounds. Both the
initial bottleneck size and the census size of the viral population did not significantly
vary among mosquito genotypes, and thus are unlikely to explain this difference.
The mechanistic basis of this difference remains to be determined, but we specu-
late that viral populations may undergo different selective constraints in different
mosquito genotypes. Mosquito genotypes could vary in the intensity of purifying
selection (i.e., variation in the efficiency of mechanisms that remove deleterious de
novo mutations), but this was not supported by our data. Likewise, the overall lack of
positive selection that we observed indicates that it is unlikely to be the underlying
mechanism. Alternatively, mosquito genotypes may differ in the level of balancing
selection (i.e., mechanisms that act to promote genetic diversity such as negative
frequency-dependent selection). The antiviral RNA interference (RNAi) pathway of
mosquitoes was suggested to play a role in viral genetic ‘diversification’ [Brackney
et al., 2009, Brackney et al., 2015], by promoting escape to complementary base-
pairing required for RNAi-mediated cleavage. Variation in host factors could also
result in differences in viral intra-host genetic diversity through subtle changes in
viral RNA-dependent RNA polymerase fidelity [Combe and Sanjuén, 2014]. Mutation
rates of RNA viruses are not only determined by virus-encoded factors, by also by
host-dependent processes. Replicase fidelity of a plant RNA virus was found to differ
according to the host type [Pita et al., 2007]. Replication fidelity in retroviruses can
be affected by intracellular ANTP imbalance [Bebenek et al., 1992, Julias and Pathak,
1998]. Viral mutation rate can also be influenced by the expression of host genes, such
as cellular deaminases that promote hypermutation in RNA viruses [Hajjar and Linial,
1995, Cattaneo et al., 1988, O’Hara et al., 1984].

Interestingly, the isofemale line that displayed the lowest level of DENV genetic
diversity in the midgut (i.e., line CD) was also associated with the highest prevalence
and highest viral load in salivary glands. Because we did not examine viral populations

in saliva samples, whether this translates in differences of virus transmission potential
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is unknown. It is tempting to speculate that the vector competence phenotype relates
to the level of viral genetic diversity. Unfortunately, we could not compare DENV
intra-host diversity in salivary glands between mosquito isofemale lines because
DENV amplification was unsuccessful in two out of three lines due to low template
concentration. A recent study found differences in the intra-host genetic diversity
of West Nile virus among different species of Culex mosquitoes [Grubaugh et al.,
2016]. Here, we provided evidence that such differences exist at the intra-specific
level. The potential relationship between viral intra-host genetic diversity and vector
competence variation among mosquito genotypes deserves further investigation. It
will be intereseing to determine in future experiments whether the effect of the vector
genotype varies according to the mosquito generation, the virus strain, and/or the
specific combinations of mosquito lines and virus strains.

Finally, we introduced a non-exclusinve, alternative scenario to the ‘diversifi-
cation’ hypothesis that may contribute to explain why the level levels of arboviral
genetic diversity increases despite a population bottleneck. Our proposed scenario is
based on the counter-intuitive idea that a strong initial population bottleneck may
actually result in a higher observed level of genetic diversity if low-frequency SNVs
go undetected for methodological reasons. We used a model based on stochastic
simulations to illustrate the effect of a minimum detection threshold of low-frequency
SNVs on observed genetic diversity. When all SNVs present were detected regardless
of their frequency (i.e., no detection threshold), mean viral genetic diversity indices
decreased following a simulated population bottleneck. Conversely, mean genetic
diversity indices increased when only SNVs present at a frequency >1% were success-
fully detected. In our empirical data, it was not possible to ascertain whether SNVs
newly detected after the initial population bottleneck resulted from de novo mutations
or were already present prior to the bottleneck at frequencies lower than the detection
threshold. However, our model indicated that a change in the SNV frequency spectrum
following the population bottleneck combined with a minimum detection threshold
is a potential explanation to the observed increased genetic diversity following the
initial bottleneck.

Taken together, our results show that DENV intra-host genetic diversity in the
mosquito vector is shaped by stochastic events during initial midgut infection due to

a sharp reduction in population size, followed by predominantly purifying selection
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4. Discussion

during population expansion and diversification in the midgut. Differential diversifi-
cation between mosquito isofemale lines indicates a genetic foundation, but the lack
of convergent SNVs does not support the existence of mosquito genotype-specific
directional selection. We conclude that the evolution of DENV intra-host genetic
diversity in mosquitoes is not only driven by genetic drift and purifying selection, but
is also modulated by vector genetic factors. Characterizing the evolutionary forces
that govern arboviral genetic diversity contributes to understanding their unique

biology and adaptive potential.
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Supporting information

Day post-exposure | Sample | dy dg dyldg

0 Input 5.503035x10°6 | 2.480305x10- | 0.2218693
LineA | 2.151092x10* | 9.700066x10* | 0.2217606

4 Line B 1.033578x10* | 4.659567x10* | 0.2218186
Line CD | 7.363042x10 | 3.319168x10* | 0.2218340
Line A 1.086174x10* | 4.896736x10* | 0.2218158

7 Line B 4.520744x10° | 2.037760x10* | 0.2218487
Line CD | 1.538954x10° | 6.936470x10° | 0.2218642

14 Line CD | 1.174938x10* | 5.297019x10* | 0.2218112
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Code S1 - R script used for bottleneck simulations.

#PREAMBULE####
library (ggplot2)

s| library (plyr)

#Create data

set.seed (1)

SNV_frequency=rexp (100, rate=100)

plot (SNV_frequency)

Viral_pop=round (rnorm (100, mean=2000, sd=200))

Bottleneck = round (rnorm(100, mean=28, sd=5))

2| sample = 1:100

#Run simulation

;| results2 <— data.frame ()

s for (i in sample) {

variants = length (SNV_frequency)

result.variant <— data.frame ()

for(j in 1l:variants) {
nA = rep("A",Viral_pop[i]*SNV_frequency[j])
nB = rep("B",Viral_pop[i]*(1-SNV_frequencyl[j]))
pop = as.factor(c(nA, nB))

ini=data.frame(Variant=j, Sample=i, Frequency=SNV_frequency[j], Statut =

Before")

sampling = sample(pop, size=Bottleneck[i], replace=FALSE)

New. frequency = length (sampling[sampling=="A"]) / Bottleneck[i]

"

result.b <— data.frame(Variant=j, Sample=i, Frequency=New.frequency, Statut

="After")
result.variant <— rbind. fill (result.variant,result.b,ini)

}

results2 = rbind. fill (results2, result.variant)

results2$Statut <— factor (results2$Statut, levels = c("Before","After"))

#Parse results
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results2.2 = subset(results2, Frequency > 0.01)

data.Sn <— ddply(results2.2, .(Statut, Sample), mutate, Sn.site = —(Frequency+
log (Frequency) +(1-Frequency) *log(1-Frequency) ) /log (4))
data.Sn[is.na(data.Sn)] <— 0

»|data.Sn2 <— ddply(data.Sn, .(Statut, Sample), summarize, mean.Sn=sum(Sn. site)/

11000)

data.pi <— ddply(results2.2, .(Statut, Sample), mutate, Pi.site = (1—((
Frequency/2) + ((Frequency—-1)72))))

s| data.pi[is.na(data.pi)] <— 0

data.pi2 <— ddply(data.pi, .(Statut, Sample), summarize, mean.pi=sum(Pi.site)/

11000)

s| data.Sn.omni <— ddply(results2, .(Statut, Sample), mutate, Sn.site = —(

Frequency+*log (Frequency)+(1-Frequency) *log(1-Frequency) ) /log (4))
data.Sn.omni[is .na(data.Sn.omni)] <— 0
data.Sn2.omni <— ddply(data.Sn.omni, .(Statut, Sample), summarize, mean.Sn=sum (
Sn.site)/11000)

data.pi.omni <— ddply(results2, .(Statut, Sample), mutate, Pi.site = (1—((
Frequency”2) + ((Frequency—-1)72))))

3| data.pi.omni <— na.omit(data.pi.omni)

data.pi2.omni <— ddply(data.pi.omni, .(Statut, Sample), summarize, mean. pi=sum/(
Pi.site)/11000, N=length (Pi.site))

#Display results

data.Sn2 <— data.Sn2[100:200,]
pl <— ggplot(data=data.Sn2, aes(x=as.factor(Statut), y=mean.Sn))
pl <— pl + geom_boxplot(outlier.shape=NA, width=0.5, position=position_dodge

(0.5)) + geom_point(position=position_jitter ())

2| pl <— pl + theme_bw() + ylab(expression(atop("Averaged Sn per site over", paste

("all positions per sample")))) + xlab(label="bottleneck") + theme(text =

element_text(size=15))

3| print (pl)

5| data.pi2 <— data.pi2[100:200,]
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7|p2 <— ggplot(data=data.pi2, aes(x=as.factor(Statut), y=mean.pi))
;| p2 <— p2 + geom_boxplot(outlier.shape=NA, width=0.5, position=position_dodge

(0.5)) + geom_point(position=position_jitter ())

p2 <— p2 + theme_bw() + ylab (expression (atop(paste("Averaged ",pi," over all
positions"), paste("per sample")))) + xlab(label="bottleneck") + theme(text =
element_text(size=15))

print (p2)

data.Sn2.omni <— data.Sn2.omni[100:200,]

p3 <— ggplot(data=data.Sn2.omni, aes(x=as.factor(Statut), y=mean.Sn))

5| p3 <— p3 + geom_boxplot(outlier.shape=NA, width=0.5, position=position_dodge

(0.5)) + geom_point(position=position_jitter ())

p3 <— p3 + theme bw() + ylab (expression (atop("Averaged Sn per site over", paste
("all positions per sample")))) + xlab(label="bottleneck") + theme(text =
element_text(size=15))

print (p3)
data.pi2.omni <— data.pi2.omni[100:200,]
p4 <— ggplot(data=data.pi2.omni, aes(x=as.factor(Statut), y=mean.pi))

p4 <— p4 + geom_boxplot(outlier.shape=NA, width=0.5, position=position_dodge

(0.5)) + geom_point(position=position_jitter ())

3| p4 <— p4 + theme bw() + ylab(expression (atop(paste("Averaged ",pi," over all

positions"), paste("per sample")))) + xlab(label="bottleneck") + theme(text =
element_text (size=15))

print (p4)

#Statistical tests

7| wilcox . test (data.pi2.omni[2:101,3], mu=data.pi2.omni[1,3])

8| wilcox . test (data.Sn2.omni[2:101,3], mu=data.Sn2.omni[1,3])

wilcox. test(data.pi2[2:101,3], mu=data.pi2[1,3])
wilcox. test(data.Sn2[2:101,3], mu=data.Sn2[1,3])
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Figure S2 — Distribution of SNV positions and their mean detected frequencies in
the conservative marker set. (A) Bars represent the density of markers retained in
the conservative marker set for diversity and natural selection analyses along the
DENYV reference genome indicated on the x-axis. (B) Each dot represents the minor
allele frequency of a single SNV along the DENV reference genome indicated on the
x-axis, averaged over all samples from the same time point in which the SNV was
detected. Dot size corresponds to the proportion of samples from the same time
point in which the SNV was detected. The horizontal red dashed line represents a
frequency of 0.5 over which a new variant becomes the consensus sequence. SNV
distributions are stratified by time point. C=capsid protein, E=envelope glycopro-
tein, M=membrane glycoprotein, NS1=non-structural glycoprotein 1; NS2A=non-
structural protein 2A; NS2B= non-structural protein 2B; NS3=non-structural protein 3
(protease/helicase); NS4A=non-structural protein 4A; NS4B=non-structural protein
4B; NS5=non-structural protein 5 (RNA-dependent-RNA polymerase).
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Figure S3 — Proportion of variable sites detected in the full marker set. Letters indicate
statistically significant pairwise differences between time points.
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Abstract

Arthropod-borne viruses (arboviruses) are mainly transmitted horizontally among
vertebrate hosts by blood-feeding invertebrate vectors, but can also be transmitted ver-
tically in the vector from an infected female to its offspring. Vertical transmission (VT)
is considered a possible mechanism for the persistence of arboviruses during periods
unfavorable for horizontal transmission, but the extent and epidemiological signifi-
cance of this phenomenon have remained controversial. To help resolve this question,
we reviewed over a century of published literature on VT to analyze historical trends of
scientific investigations on experimental and natural occurrence of VT in mosquitoes.
Our synthesis highlights the influence of major events of public health significance
in arbovirology on the number of VT publications. Epidemiological landmarks such
as emergence events have significantly stimulated VT research. Our analysis also
reveals the association between the evolution of virological assays and the probability
of VT detection. Increased sensitivity and higher-throughput of modern laboratory
assays resulted in enhanced VT detection. In general, VT contribution to arbovirus

persistence is likely modest because vertically infected mosquitoes are rarely observed
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in nature. Taken together, however, our results call for caution when interpreting VT

studies because their conclusions are context- and method-dependent.

1 Introduction

According to the United States Center for Disease Control and Prevention (CDC)
Arbovirus Catalog [Centers for Disease Control and Prevention, 2010], there are cur-
rently at least 530 identified arthropod-borne viruses (arboviruses), of which about
a hundred cause human disease. Among them, four major viral genera account for
the majority of arboviral diseases: Flavivirus (e.g., dengue, West Nile, Japanese en-
cephalitis, and yellow fever viruses), Alphavirus (e.g., chikungunya, Eastern equine en-
cephalomyelitis, Western equine encephalomyelitis and Venezuelan equine encephali-
tis viruses), Orthobunyavirus (e.g., California encephalitis and LaCrosse viruses) and
Phlebovirus (e.g., Rift Valley fever and sandfly fever viruses).

During the past few decades, several arboviruses have emerged globally and are
now considered among the most important public health concerns for the 215t cen-
tury [Gubler, 2002]. Dengue, for example, has become the most prevalent arthropod-
borne viral disease of humans over the last few decadesMessina:2014jo; it has recently
been estimated that there are 390 million human dengue infections each year [Bhatt
et al., 2013]. With only a few licensed vaccines and virtually no therapeutics available,
antivectorial measures are often the only way to prevent arboviral diseases. Histor-
ically, however, the implementation of vector control measures has generally been
difficult to sustain.

Arboviruses are naturally maintained in a transmission cycle between vertebrate
and arthropod hosts [Gubler, 2001]. The majority of arthropod hosts, generally re-
ferred to as vectors, are blood-feeding mosquitoes. Rather than a simple alternation
within a single host-vector pair, arbovirus transmission often occurs through highly
complex transmission networks that include various hosts and vectors [Diaz et al.,
2012]. Humans in particular, are not necessarily at the center of the transmission
network and may only be incidental hosts (e.g., West Nile virus). Whereas some
host or vector species are central to epidemic arbovirus transmission, others can be
part of alternative transmission pathways, participating in the maintenance of the
virus in nature during inter-epidemic periods. As an example, for some authors, fox

squirrels may contribute to alternative transmission of West Nile virus in suburban
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communities [Root et al., 2006, Root et al., 2007]. In many regions of the world, cli-
matic conditions do not allow mosquito reproductive activity all year long. During
the dry season in tropical areas or the cold season in temperate regions, the absence
or low density of adult mosquitoes is unlikely to support continuous host-to-vector
(horizontal) transmission [Leake, 1984]. Survival of mosquitoes during dry and cold
seasons involves different physiological and/or behavioral mechanisms that may
impact virus transmission differently. Besides, arboviral infections in vertebrate hosts
typically produce a short-lived viremic period that eventually results in immunization
of the host. A high level of herd immunity in the host community may thus prevent
transmission above the minimum level required for sustained horizontal transmis-
sion. The existence of reservoir host species, alternative transmission mechanism or
virus re-introduction, have been proposed to explain the maintenance of arboviruses
during unfavorable periods or when herd immunity is high (for review, see [Reeves,
2004]).

One popular hypothesis to explain the persistence of arboviruses during unfavor-
able periods is the occurrence of vertical transmission (VT) in the arthropod vector. In
this article, we define VT as the transmission of an arbovirus from an infected female
mosquito to its offspring, regardless of the underlying mechanism. VT may occur
through two main mechanisms. Transovarial transmission (TOT) occurs when the
virus infects the germinal tissues of the female mosquito, whereas trans-egg VT takes
place during oviposition in the fully formed egg [Rosen, 1988]. TOT typically achieves
a higher efficiency of VT than trans-egg mechanisms especially when the germ cells
are permanently infected so that most of the offspring are infected in the following
generation [Tesh, 1984].

Under the VT scenario, the arbovirus present in the mosquito eggs, larvae or
adults, including nulliparous females entering diapause, may survive throughout
the unfavorable period without the need for a vertebrate host. Such a mixed-mode
transmission (i.e., both horizontal and VT) is widespread among symbionts across
taxa [Ebert, 2013]. Here symbiosis is defined as any type of persistent biological inter-
action, which includes mutualistic, commensalistic and antagonistic relationships.
Although the infection cost is often modest to the vector, arboviruses are considered
parasites of mosquitoes [Lambrechts and Scott, 2009]. Combining horizontal with VT

enlarges considerably the range of ecological conditions in which a symbiont can per-
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sist. In host species with diapause or discrete generations, VI may allow the symbiont
to endure periods when horizontal transmission is not possible. Trade-offs between
the two modes of transmission have been documented but are not universal [Ebert,
2013]. In addition to ecological factors that may favor horizontal over VT (e.g., climate),
theory suggests that VT should be reduced in arboviruses with complex transmission
networks because horizontal transmission among genetically disparate hosts hinders
co-adaptation between vertically transmitted viruses and their hosts.

Both the very existence and the epidemiological significance of arbovirus VT have
remained controversial since it was first suggested in the scientific literature over a
century ago, at the onset of arbovirology. Carlos Finlay, who first introduced the idea of
vectorial transmission of yellow fever virus by mosquitoes in 1881, extended his theory
in 1899, suggesting that the yellow fever agent could be transmitted by an infected
mosquito to its progeny [Finlay, 1899]. During their investigations in Cuba, the Yellow
Fever U.S. Army Commission proved Carlos Finlay’s original theory right in 1901 and
experimentally tested, albeit unsuccessfully, the possibility of yellow fever virus VT
in mosquitoes [Reed, 1901]. The same year, the Cuban physician Juan Guiteras also
failed to succeed in demonstrating yellow fever virus VT [Guiteras, 1901].

Between 1901 and 1905, a group of French scientists from the Pasteur Institute
carried out studies on yellow fever in Rio de Janeiro, Brazil. Among them, Paul-Louis
Simond and Emile Marchoux finally demonstrated the VT hypothesis. They stated,
however, that in their opinion the phenomenon was certainly infrequent [Marchoux
and Simond, 1905, Marchoux and Simond, 1906]. Following this discovery, many have
tried to replicate the experiment, but none have succeeded [Rosenau and Goldberger,
1906, Davis and Shannon, 1930, Hindle, 1930, Frobisher Jr et al., 1931].

The possibility of VT of other arboviruses was also investigated during the first
half of the 20th century. Whereas early studies on dengue virus failed to provide
evidence of VT [Siler et al., 1926, Simmons et al., 1931], a Japanese team demonstrated
VT of Japanese encephalitis virus [Mitamura et al., 1939], but their work, published
in German in a Japanese journal on the eve of World War II, went unnoticed by the
scientific community. Studies on VT resumed in the 1950s and 1960s with a team from
the Communicable Disease Center (ancestor of CDC) that was investigating viruses
responsible for encephalitis (alphaviruses, such as Eastern equine encephalomyeli-

tis, Western equine encephalomyelitis or Venezuelan equine encephalitis viruses;
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flaviviruses, such as St. Louis encephalitis virus). Their conclusions, however, were in-
consistent with both positive [Kissling et al., 1956, Chamberlain et al., 1956b, Kissling
et al., 1957] and negative results [Chamberlain et al., 1956a, Chamberlain and Sudia,
1957, Chamberlain et al., 1959]. The outcome of these studies did not seem to depend
on the virus under consideration.

In 1972, Robert B. Tesh and colleagues provided a clear demonstration of vesicular
stomatitis virus VT in Lutzomyia sandflies [Tesh et al., 1972]. The next year, another
team led by Douglas M. Watts, published evidence of VT for LaCrosse virus (Orthobun-
yavirus) in experimentally infected Aedes triseriatus mosquitoes [Watts et al., 1973].
Research on arbovirus VT by mosquito vectors has been vigorous ever since (Fig. 1),
although a closer look reveals considerable heterogeneity associated with historical
events and the evolution of laboratory assays used to detect VT experimentally or in a

natural setting.
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Figure 1 — Evolution of the yearly number of publications on arbovirus VT by
mosquitoes. Bars show the yearly number of publications in each of five broad
categories represented by different colors. The dashed vertical line indicates the
publication of an influential Science article on LaCrosse virus VT by [Watts et al.,
1973].

In the present study, we conducted a systematic review of over a century of pub-
lished literature on arbovirus VT to analyze quantitatively historical trends of research

on experimental and natural occurrence of VT in mosquitoes.
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2 Material and methods

2.1 Literature search

Between 22 June 2011 and 25 September 2013, a systematic literature search was
conducted in NCBI PubMed, ISI Web of Science, Armed Forces Pest Management
Board Literature Retrieval System and Pasteur Institute Media Library. Citations in
the identified articles were also examined individually in order to recover additional
references. When the article was not found using the databases mentioned above,
the corresponding authors and/or journal were contacted to obtain a copy of the
publication. Older publications were found through Internet Archive (http://www.
archive.org/).

Publications were searched regardless of their language, including English, French,
German, Japanese and Chinese. Japanese and Chinese publications without a full
abstract in English were excluded for practical reasons.

The review focused on arboviruses transmitted by mosquitoes and therefore arti-
cles dealing with VT in ticks or other arthropods were excluded. Likewise, publications
about insect-specific viruses were excluded. Within mosquito-borne arboviruses, the
review was restricted to VT in three main arboviral families: Bunyaviridae, Flaviviridae

and Togaviridae.

2.2 Databases

Three databases were created in MySQL using the Sequel Pro® software. Contents

of the three databases are described below.
Historical trends

To analyze historical trends in VT research, a first database (database # 1) was
built that contains all publications related to VT according to the inclusion criteria
indicated above. For each individual publication contained in this database, basic
bibliographical data, virus taxonomy and study type were recorded. Study type con-
sisted of five categories: 'Experimental’ studies looked for evidence of VT based on
laboratory experiments under controlled environments; 'Natural studies attempted

to demonstrate VT in nature, by collecting immature, male or overwintering female
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mosquitoes; 'Both’ are studies that conducted both experimental and natural investi-
gations; 'Modeling’ studies used mathematical models to evaluate the potential role
of VT in arbovirus epidemiology; 'Reviews & Opinion’ articles synthesized earlier work

and/or commented the possibility of VT.
Evolution of virological assays

In order to examine how the evolution of laboratory assays in virology influenced
the outcome of VT studies, two additional databases were assembled. Database # 2
consists of 'experimental’ studies and database # 3 consists of 'natural’ studies. Both
were derived from database # 1, but were restricted to the ’experimental’, 'natural’,
and 'both’ types of studies. Additionally, inclusion criteria were more stringent for
databases # 2 and # 3 than for database # 1. Databases # 2 and # 3 only included publi-
cations that specified mosquito and virus species tested, sample size and detection
technique (the full list of studies included in these databases is provided in Supple-
mentary Table S1). A total of 32 and 16 factors were included in databases # 2 and # 3,
respectively, and each unique combination of factors was considered a different entry
(the full list of factors recorded is provided in Supplementary Table ?2). Laboratory as-
says used for virus detection were divided into four broad categories. ’Animal’ assays
refer to the detection of pathological effects (including death) in laboratory animals,
usually suckling mice, following inoculation with mosquito extracts; 'Cellular’ assays
refer to the detection of cytopathological effects in cell culture in vitro, following
inoculation with mosquito extracts; 'Immunological’ assays rely on the detection
of viral antigens by antibodies (e.g., immunofluorescence assays) with or without
previous amplification in cell culture or animal tissues; 'Molecular’ assays refer to
detection of viral nucleic acids, generally by reverse transcription (RT)-PCR. Whereas
animal/cellular assays detect infectious virus and molecular assays detect viral nu-
cleic acids (non-infectious), immunological assays include both detection of viral
antigens in primary samples (non-infectious) and detection of viral antigens following
amplification in vivo (e.g., intra-thoracic inoculation of Toxorhynchites mosquitoes)
or in cell culture (infectious). Whether the use of infectious or non-infectious assays

influenced the outcome of VT studies was also evaluated.
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2.3 Statistical analyses

All statistical analyses were performed in the statistical environment R, version

3.0.2 (http://www.r-project.org/).
Historical trends

To normalize the overall scientific production about VT of dengue, West Nile and
chikungunya viruses, the yearly number of publications between 1950 and 2013 was
obtained through queries to the ISI Web of Science version 15.13.1 database, using
the keywords 'dengue’, "West Nile virus’ and ’'chikungunya’, respectively. For each
virus, the normalized yearly number of publication was calculated as the ratio of the
yearly number of publications about VT of this virus over the total yearly number
of publications about the virus. The normalized yearly number of publications was

analyzed using non-parametric Wilcoxon tests.
Evolution of virological assays

The evolution of laboratory assays used for VT detection in databases # 2 and # 3
was visualized by plotting the yearly proportion of each assay category (i.e., animal,
cellular, immunological and molecular) over time. To weight each category according
to the sample size, the yearly proportion of each assay category was calculated relative
to the total number of individual mosquitoes tested for VT (i.e., the relative likeli-
hood of each category over time). Smoothed curves were obtained by kernel density
estimation using a Gaussian kernel and the bandwidth selection method proposed
by [Sheather and Jones, 1991].

The association between assay category and VT detection probability was further
explored with a subset of databases # 2 and # 3. The subset consisted of the Aedes-
Flavivirus pair, which is the most frequent vector-virus association in the databases
(49.7% and 31.8% of entries in databases # 2 and # 3, respectively). Analysis of the
relationship between assay category and VT detection probability was restricted to
the Aedes- Flavivirus pair to rule out the potential confounding effect of a differential
VT probability among arbovirus families. Indeed, some arbovirus families may be ver-
tically transmitted more efficiently than others [Turell, 1988]. If VT of arboviruses with

higher VT efficiency were predominantly examined using one particular virological
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assay, then a spurious association would be detected between this assay and higher
VT detection probability. In experimental studies, only three assay categories were
compared for the Aedes- Flavivirus pair because the molecular assay category was not
represented in database # 2. VT occurrence was defined as the proportion of database
entries that found evidence of VT. Evolution of VT detection over time for the Aedes-
Flavivirus pair was represented as the relative likelihood of yearly VT occurrence. The
relative likelihood function was estimated by kernel density estimation as described
above.

To disentangle the respective effects of assay and sample size, VT occurrence
was analyzed with a generalized linear model that included the log;(-transformed
sample size, the assay category and their interaction. As VI occurrence is a binary
variable (0=VT undetected, 1=VT detected), the model was fitted with a binomial
error distribution and a logit link function. Statistical significance of the effects was
assessed by analysis of deviance [Hastie and Pregibon, 1991]. The same model was
used to evaluate the influence of infectious compared to non-infectious assays.

To compare sample sizes between assay categories, distributions of log;o-transfor-
med sample sizes for each assay category were compared with non-parametric Kruskall-
Wallis tests. When significant, pairwise Wilcoxon tests were subsequently performed

with a Bonferroni correction of the p-values.

3 Results and discussion

3.1 Summary description of databases

The primary database (database # 1) includes 257 articles related to arbovirus
VT published between 1899 and 2013 (the full list of publications is provided in
Supplementary Table 1). Two additional databases were derived from database #
1 that were restricted to 'experimental’ and 'natural’ types of studies (database # 2
and # 3, respectively) and had more stringent inclusion criteria (see material and
methods).

Database # 2 includes a total of 1,119 entries from 94 distinct publications that
examined VT in an experimental setting. Overall, VT occurrence was 60.2% in database
# 2 (i.e., evidence of VT was found in 60.2% of entries). Virological assays consisted

of 58.5% immunological, 23.6% cellular, 16.8% animal and 1.1% molecular assays.
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The most frequent vector-virus pairs in database # 2 were Aedes- Flavivirus, Culex-
Flavivirus, Aedes-Orthobunyavirus and Aedes-Alphavirus that are represented by
49.7%, 22.6% 18.9% and 5.1% of entries, respectively. The remaining 3.7% consist
of 11 less studied vector-virus pairs. The median VT prevalence, estimated as the
number of positive pools over the total number of mosquitoes tested, was 0.15%, 0.0%,
13.5% and 0.0% in Aedes- Flavivirus, Culex- Flavivirus, Aedes-Orthobunyavirus and
Aedes-Alphavirus pairs, respectively.

Database # 3 includes a total of 368 entries from 97 distinct publications that ex-
amined VT in a natural setting. Overall, VT occurrence was 37.5% in database # 3 (i.e.,
evidence of VT was found in 37.5% of the entries). Virological assays consisted of 29.6%
animal, 28.5% immunological, 25.3% cellular and 16.3% molecular assays. Aedes-
Flavivirus, Culex- Flavivirus, Aedes- Orthobunyavirus and Aedes-Alphavirus pairs are
represented by 31.8%, 21.2% 16.8% and 2.7% of database # 3 entries, repectively.
The remaining 27.5% consist of 19 less studied vector-virus pairs. The median VT
prevalence was 0.03%, 0.0%, 0.0% and 0.06% in Aedes-Flavivirus, Culex-Flavivirus,
Aedes- Orthobunyavirus and Aedes-Alphavirus pairs, respectively. The 10- to 1000-fold
lower estimates of VT prevalence observed in natural studies likely reflect two dif-
ferent processes. First, the infection prevalence in the previous adult generation is
generally close to 100% in experimental studies because mothers are experimentally
exposed to the arbovirus before VT is assayed in the their progeny. The prevalence
of arbovirus infection in wild mosquito populations, by contrast, is typically low and
the prevalence of VT infection observed in a given generation actually measures the
product of adult population prevalence and VT efficiency. For example, only 0.1%
of field-caught Ae. aegypti were found to be infected by dengue virus in an endemic
region of Thailand [Yoon et al., 2012]. Second, experimental VT studies possibly overes-
timate VT efficiencies because they tend to focus on naturally efficient combinations
of vector-virus strains. VT efficiency may be further enhanced in experimental studies
due to the unnatural mode of infection commonly used in the parental generation
(i.e., intrathoracic inoculation). Moreover, VT efficiency can be quickly selected in
the laboratory. For example, dengue virus VT efficiency increased more than 4-fold
within two Ae. aegypti generations [Joshi et al., 2002]. ’Stabilized’ infections have also
been described for arboviruses of the California serogroup (Bunyaviridae: Orthobun-

yavirus), such as California encephalitis virus in Ae. dorsalis [Turell et al., 1982] and
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San Angelo virus in Ae. albopictus [Tesh and Shroyer, 1980]. Whereas TOT occurred
in 10-20% of the progeny of horizontally infected females, transovarially infected
daughters in the following generations consistently transmitted virus to over 90% of
their progeny. The proposed mechanism is that following a systemic infection by
horizontal transmission, only a small fraction of the developing oocytes of a female
become infected transovarially. However, if the germinal cells of a female become
infected, then nearly 100% of her progeny are infected. It has been argued that most
experimental studies of TOT have in fact underestimated VT efficiency because they
considered 'non-stabilized’ infections [Tesh, 1984]. An additional complicating factor
is that TOT may not occur during the first gonotrophic cycles of orally infected females
because the ovaries only become infected during the subsequent gonotrophic cycles.
Only considering the first batch of eggs, usually free of virus, would also underestimate
VT efficiency in this case [Tesh, 1984].

3.2 Historical trends

We first examined whether epidemiological landmarks, such as emergence events,
large outbreaks or a significant change in geographic distribution of an arbovirus,
influenced VT research. We considered three major epidemiological events in the
recent history of arbovirology: the 1981 dengue hemorrhagic fever (DHF) epidemic
in the Americas, the 1999 West Nile virus emergence in North America, and the 2005
chikungunya epidemic in the Indian Ocean region. Whereas dengue was already a
growing problem in the tropics in the early 1980s [Messina et al., 2014], the emergence
of West Nile virus in 1999 and that of chikungunya in 2005 were sudden and largely

unexpected.
DHF in the Americas

Dengue viruses (Flaviviridae: Flavivirus) consist of four serotypes (DENV-1 to
-4) that are currently estimated to collectively cause about 96 million symptomatic
cases of dengue fever each year, including the severe form DHF [Bhatt et al., 2013].
Dengue viruses are primarily transmitted by the mosquito Ae. aegypti, which was
largely eliminated from Central and South America during the 1950s and 1960s by the
eradication program of the Rockefeller Foundation. Approximately ten years after the

end of the eradication program, however, dengue epidemics started to occur in the
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Americas, quickly followed by hyperendemicity and the emergence of DHF [Bennett
et al.,, 2010]. The first cases of DHF were reported in Cuba during a DENV-2 epidemic
in 1981 [Guzman et al., 1999].

This epidemiological event did not appear to have an obvious impact on dengue
research overall, as shown by a query with the keyword 'dengue’ to the ISI Web of Sci-
ence database (Fig. 2). By contrast, research on dengue virus VI markedly increased
after 1981 (Fig. 2). The normalized yearly number of VT publications was significantly
larger during the period 1982-2013 than during the period 1950-1981 (Wilcoxon test,
p = 2.0 x 1078). We cannot exclude the existence of a concomitant factor, however,
because this effect was no longer significant when considering a period spanning 5
years before and 5 years after the event (Wilcoxon test, p = 1.2 x 10~ 1). The burst of VT
research after the early 1980s may have been driven by studies investigating the possi-
bility of dengue virus maintenance in areas where Ae. aegyptire-established, following
rediscovery’ of arbovirus VT in the previous decade (i.e., a delayed consequence of the
[Watts et al., 1973] publication). Despite a lack of evidence in the early studies [Siler
et al., 1926, Simmons et al., 1931], the VT hypothesis has been particularly popular
in the case of dengue. Although a sylvatic transmission cycle exists whereby sylvatic
dengue strains circulate between arboreal mosquitoes and non-human primates,
there is no identified animal reservoir of dengue virus strains responsible for human
epidemics [Vasilakis and Weaver, 2008]. This probably explains why VT has often been

suggested to explain dengue virus maintenance during inter-epidemic periods.
West Nile virus emergence in North America

West Nile virus (Flaviviridae: Flavivirus) is primarily transmitted between birds
and ornithophilic mosquitoes but can occasionally infect humans and horses, which
are dead-ends for the virus [World Health Organization, 2011]. Following its introduc-
tion in North America, it is estimated that between 1999 and 2010, West Nile virus
infected 1.8 million people, resulting in 1,308 deaths [Kilpatrick, 2011]. Research
on this virus clearly increased after the North-American emergence (Fig. 3) but the
normalized yearly number of studies on West Nile virus VT also increased significantly
(Fig. 3; Wilcoxon test, p = 6.1 x 1079). The effect was also significant when consid-
ering a period spanning 5 years before and 5 years after the event (Wilcoxon test,

p = 3.7 x 1073). More frequent studies on West Nile virus VT in Culex mosquitoes
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Figure 2 — Evolution of the yearly number of publications on dengue virus VT. Bars
represent the normalized number of yearly publications on dengue virus VT. The red
curve shows the overall number of dengue publications used for normalization. The
vertical dashed line indicates the start of the 1981 DHF epidemic in the Americas.

after the 1999 epidemic have probably been stimulated by the search for a possible
arthropod reservoir. Adult female mosquitoes are not active all year long in temperate
regions of North America, yet overwintering persistence of West Nile virus transmis-
sion has been observed for over a decade [Reisen, 2013]. The role of diapausing female
Culex mosquitoes as a West Nile virus reservoir is one of the hypotheses to explain
West Nile virus overwintering in North America [Reisen, 2013]. Indeed, infected dia-
pausing females have been reported in nature [Fechter-Leggett et al., 2012]. VT is a
prerequisite for this mechanism to operate, because Culex females do not blood feed
prior to diapause [Mitchell and Briegel, 1989, Nelms et al., 2013]. In warmer regions of
North America, however, female Culex mosquitoes do not necessarily enter diapause
and may instead become quiescent, sometimes after taking a blood meal [Eldridge,
1966, Nelms et al., 2013].

Chikungunya emergence in the Indian Ocean region

Chikungunya virus (Togaviridae: Alphavirus) is an arbovirus originating in Africa
that primarily circulates between non-human primates and arboreal mosquitoes. In
2004, it emerged in the human population on the coast of Kenya and was subsequently
responsible for a vigorous epidemic in the Indian Ocean region between 2005 and
2007. On La Réunion Island, 34.4% of the population was infected overall, while 1.4

million cases were reported in 2006 in India [Pialoux et al., 2007]. The global emer-
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Figure 3 — Evolution of the yearly number of publications on West Nile virus VT. Bars
represent the normalized number of yearly publications on West Nile virus VT. The red
curve shows the overall number of West Nile virus publications used for normalization.
The vertical dashed line indicates the start of the 1999 West Nile virus emergence in
North America.

gence of chikungunya that followed the 2005 outbreak triggered a renewed scientific
interest for chikungunya virus, as shown by a query with the keyword 'chikungunya’
to the ISI Web of Science database (Fig. 4). Although the normalized yearly number of
publications on chikungunya virus VT after 2005 remains relatively low (due to the
dramatic increase in the total number of chikungunya publications used for normal-
ization), the frequency of VT publications significantly increased (Fig. 4; Wilcoxon test,
p =2.9x 1073). The effect was also significant when considering a period spanning
5 years before and 5 years after the event (Wilcoxon test, p = 3.6 x 1072). Increase of
VT research after the 2005 epidemic was, however, less dramatic than in the cases of
the 1981 DHF epidemic in the Americas and the 1999 emergence of West Nile virus in
North America. This may be a consequence of earlier studies, which concluded that
Alphavirus VT rarely occurs and is unlikely to be epidemiologically significant when
it does [Turell, 1988]. Thus, the modest increase of research on chikungunya virus
VT after 2005 may reflect a general lack of interest and/or a significant proportion of
negative results, a well known bias in systematic reviews [Littell et al., 2008]. The risk
of chikungunya virus emergence in Europe, as illustrated by the Italian outbreak in
2007 [Rezza et al., 2007] and the current emergence in the Americas [Leparc-Goffart

et al., 2014] may stimulate additional research on chikungunya virus VT.
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3.3 Evolution of virological assays

For some authors [Bocquet and Molero, 1996], the expansion of arbovirus VT
research in the 1970s may be related to the development of new investigation methods,
notably with the introduction of immunological reactions in laboratory assays. Overall,
virological assays used for VT detection changed dramatically over the last century
(Fig. 5). In the 1970s, traditional animal models were replaced by immunological
methods that became progressively more common through the 1990s. Immunological
assays were then replaced by cellular and molecular assays in the 2000s. Although
the use of animal, cellular and immunological assays followed a relatively similar
evolution in both natural and experimental studies of arbovirus VT, molecular assays
have seldom been used in experimental studies to date (Fig. 5-A).

The advent of novel virological methods such as PCR-based molecular assays
may have facilitated VT detection due to improved sensitivity and higher-throughput
capacity. It is worth noting that molecular assays only detect viral RNA and therefore
do not provide evidence of infectious virus unless they are confirmed by virus isolation.
This is also true for immunological assays that detect viral antigens without direct
evidence for infectivity. VT being a relatively rare event [Bocquet and Molero, 1996],

one might expect that the likelihood of VT detection would have increased with the
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Figure 5 — Evolution of virological assays used for arbovirus VT detection in (A) exper-
imental and (B) natural studies. In each panel, colored areas represent the relative
likelihood of each assay category at a given time-point on the x-axis. The yearly propor-
tion of each assay is calculated relative to the total number of individual mosquitoes
tested for VT.

evolution of assay performance. We tested this hypothesis in the subset of studies
that examined Flavivirus VT in Aedes mosquitoes. The Aedes- Flavivirus association
is the most widely represented in the published literature and has been investigated
with a variety of laboratory assays. The probability of VT detection in Aedes- Flavivirus
studies significantly increased over time, both in experimental (Fig. 6-A) and natural
studies (Fig. 6-B). Although a causal relationship cannot be conclusively inferred,
these increasing trends coincide with the advent of cellular and immunological assays
in experimental studies (Fig. 5-A) and of cellular and molecular assays in natural
studies (Fig. 5-B). Thus, our analyses support the hypothesis that the probability of VT

detection has been influenced by the evolution of virological assays.
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The probability of VT detection could have been influenced by the sensitivity of
the assay and/or the ability to process a larger number of samples by modern assays.
More recent detection methods such as cellular or immunological assays used in
experimental studies are indeed associated with larger sample sizes (Fig. 7-A; Kruskal-
Wallis test, p = 5.2 x 107>; pairwise Wilcoxon tests: p = 6.4 x 1073 and p = 3.7 x 107 for
animal vs. cellular and animal vs. immunological assays, respectively, p = 6.3 x 1071
for cellular vs. immunological assays). Similarly, in natural studies, significantly larger
sample sizes are found in studies based on molecular assays (Fig. 7-B; Kruskal-Wallis
test, p = 2.9 x 1072; pairwise Wilcoxon tests: p = 2.6 x 102 for animal vs. molecular
assays, p = 9.5 x 107! for animal vs. cellular assays, p = 2.3 x 107! for animal vs.

immunological assays, p = 1.0 for immunological vs. cellular assays, p = 2.5 x 1071
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for molecular vs. cellular assays, and p = 9.6 x 10~! for molecular vs. immunological
assays). To determine the respective contributions of sample size and detection assay
to changes in VT detection probability, VT occurrence in the databases was analyzed
with a model that incorporated both factors and their interaction. In experimental
studies, we found that VT occurrence was statistically significantly influenced by
both the log;o-transformed sample size (p = 2.5 x 10~7) and the detection assay (p =
3.7 x 1072), but not by their interaction (p = 4.7x107!). Therefore, the increase in
VT detection probability did not simply result from a higher-throughput capacity of
assays but also from improved assay sensitivity. In natural studies, VT occurrence was
significantly influenced by the log;,-transformed sample size (p = 3.9 x 10™%), but not
by the detection assay (p = 2.2 x 101 or their interaction (p=7.2x 1072). In this case,
the observed increase in VT detection probability primarily resulted from a significant
increase in the number of samples tested.

We also evaluated whether the use of infectious or non-infectious assays influ-
enced the probability of VT detection. Both animal and cellular assays detect in-
fectious virus, whereas molecular assays detect viral nucleic acids (non-infectious).
Immunological assays include both detection of viral antigens in primary samples
(non-infectious) and detection of viral antigens following amplification in vivo or in
cell culture (infectious). We did not find a statistically significant effect of whether the
assay was infectious or non-infectious, both in experimental studies (p = 1.8 x 107})
and in natural studies (p = 1.8 x 1071, neither did we find an interaction with the

log;o-transformed sample size (p = 1.5 x 107! and p = 8.6 x 1072, respectively).

4 Conclusions

Arbovirus VT in mosquitoes has rarely taken center stage in arbovirology, but has
remained a debated topic since it was initially discovered more than a century ago.
In the present study, fortunately, controversy about the extent and epidemiological
importance of VT for arbovirus epidemiology has likely alleviated publication bias,
a well-known pitfall of meta-analytical studies due to the under reporting of nega-
tive results. Despite their intrinsic value, negative results often remain unpublished
because they are abandoned by authors and/or rejected by editors. Controversial
topics like arbovirus VT do not entirely escape publication bias, but are thought to

minimize it because negative results are more frequently published (e.g., [Vazeille
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et al., 2009, Watts et al., 1985]. By nature, however, publication bias is difficult to
quantify. Therefore caution must be used to interpret the results, keeping in mind
that under reporting of negative results leads to overestimating VT.

Although the existence of VT is unequivocal for several mosquito-arbovirus pairs
of public health significance, our databases showed that VT is collectively rare. Stud-
ies that estimated VT prevalence in a natural situation typically found that <0.1% of
mosquitoes are vertically infected, regardless of the virus family or mosquito species.
VT efficiency per se, however, cannot be inferred in field studies because infection
prevalence in the adult population is unknown. VT prevalence in experimental stud-

ies is 10 to 1000-fold higher, which reflects more closely VT efficiency because the
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parental generation is usually 100% infected. Even when it is relatively efficient, VT
is unlikely to explain the persistence of arboviruses in the prolonged absence of hor-
izontal transmission. A recent mathematical model on dengue concluded that VT
efficiency would have to be 5- to 30-fold higher than the experimentally measured VT
efficiency to support long-term persistence of the virus [Adams and Boots, 2010]. It
has been argued that TOT alone could maintain the virus indefinitely in a mosquito
subpopulation whose germinal tissues are permanently infected in 'stabilized’ infec-
tions [Turell et al., 1982] even if the prevalence in the overall population is low [Tesh,
1984]. Unless VT efficiency is 100%, however, occasional horizontal amplification is
predicted to be necessary for the long-term maintenance of arboviruses [Fine, 1975].

Our historical perspective highlighted two important aspects of VT research in
arbovirology. First, scientific production on arbovirus VT in mosquitoes has been
extremely uneven over time. In particular, epidemiological landmarks such as emer-
gence events have significantly stimulated VT research. Second, the evolution of
virological assays used in VT studies has profoundly influenced the ability to detect
it. Increased sensitivity and higher-throughput of more recent laboratory assays
are associated with higher estimates of VT rates. Taken together, our results call for
caution when interpreting VT studies because their conclusions are context- and

method-dependent.
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Determinants of arbovirus vertical

transmission in mosquitoes

Sebastian Lequime, Richard E. Paul & Louis Lambrechts. Determinants of ar-
bovirus vertical transmission in mosquitoes. PLoS Pathogens, 12(5): e1005548,

May 2016. doi:10.1371/journal.ppat.1005548 In press.

Abstract

Vertical transmission (VT) and horizontal transmission (HT) of pathogens refer to
parental and non-parental chains of host-to-host transmission. Combining HT with
VT enlarges considerably the range of ecological conditions in which a pathogen can
persist, but the factors governing the relative frequency of each transmission mode are
poorly understood for pathogens with mixed-mode transmission. Elucidating these
factors is particularly important for understanding the epidemiology of arthropod-
borne viruses (arboviruses) of public health significance. Arboviruses are primarily
maintained by HT between arthropod vectors and vertebrate hosts in nature, but are
occasionally transmitted vertically in the vector population from an infected female to
her offspring, which is a proposed maintenance mechanism during adverse conditions
for HT. Here, we review over a century of published primary literature on natural and
experimental VT, which we previously assembled into large databases, to identify
biological factors associated with the efficiency of arbovirus VT in mosquito vectors.
Using a robust statistical framework, we highlight a suite of environmental, taxonomic,
and physiological predictors of arbovirus VT. These novel insights contribute to refine

our understanding of strategies employed by arboviruses to persist in the environment
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and cause substantial public health concern. They also provide hypotheses on the
biological processes underlying the relative VT frequency for pathogens with mixed-

mode transmission that can be tested empirically.

1 Introduction

Host-to-host transmission of pathogens is usually categorized as either vertical or
horizontal, irrespective of the physical route of transmission [Fine, 1975]. Vertical
transmission (VT), also called hereditary transmission, refers to transmission of a
pathogen from parent to offspring. Horizontal transmission (HT) encompasses all
other modes of non-parental transmission, including sexual and vector-borne trans-
mission. VT and HT are not mutually exclusive and a combination of both, known
as mixed-mode transmission, is common across taxa of hosts and pathogens, in-
cluding eukaryotes, bacteria, and viruses [Ebert, 2013]. Combining both modes of
transmission allows pathogens to persist under conditions that would otherwise lead
to extinction. Indeed, demographic and epidemiological changes of host populations
lead to different opportunities for transmission by one mode or the other. When
the density of susceptible hosts is low, for example, VT becomes an essential link
in the transmission chain [Lipsitch et al., 1996]. Elucidating the biological factors
governing the relative frequency of HT and VT is essential to understanding the ecol-
ogy and evolution of pathogens with mixed-mode transmission [Ebert, 2013]. This
is particularly critical for infectious agents of public health relevance because their
epidemiology and control will largely depend on their mode of transmission. Rare VT
can be important for persistence of pathogens that would otherwise go extinct during
the winter [Mink, 1993]. Such knowledge can be used to prevent VT and consequently
reduce the likelihood of future epidemics.

Arthropod-borne viruses (arboviruses) that are pathogenic for humans mainly
belong to four distinct genera of RNA viruses: Alphavirus (e.g., chikungunya and
Eastern equine encephalomyelitis viruses), Flavivirus (e.g., Zika, yellow fever, dengue,
and West Nile viruses), Orthobunyavirus (e.g., California encephalitis virus) and Phle-
bovirus (e.g., Rift Valley fever virus). There are more than 530 described arboviruses,
of which about a hundred are pathogenic to humans [Centers for Disease Control
and Prevention, 2010]. Epidemiological cycles of arboviruses often consist of complex

transmission networks that involve a variety of vertebrate hosts and hematophagous
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arthropods, usually referred to as vectors, such as mosquitoes or ticks [Diaz et al.,
2012]. Humans are not necessarily at the centre of the transmission network and may
only be incidental hosts (e.g., West Nile virus).

Arboviruses are primarily maintained by cross-species transmission between
arthropod vectors and vertebrate hosts. Vectors become infected during blood feeding
on a viremic vertebrate and, after a period of development within the vector, the
virus can infect a new vertebrate host during a subsequent blood meal. This mode of
transmission qualifies as HT because it involves unrelated hosts [Fine, 1975]. Although
HT largely determines arbovirus epidemiology, some epidemiological features remain
unexplained. In particular, the maintenance of arboviruses in endemic areas during
adverse conditions for vector activity has long puzzled researchers. Dry seasons in
tropical areas, cold seasons in temperate regions, or insecticide spraying campaigns
can drastically reduce vector density and thus opportunities for HT [Leake, 1984]. In
addition, arbovirus infections in vertebrates usually result in long-lasting protective
immunity so that high levels of herd immunity will prevent HT following epidemics.
Several hypotheses have been suggested to explain the maintenance of arboviruses
during inter-epidemic periods, such as virus re-introduction, circulation in unknown
host species (i.e., reservoir), and alternative transmission mechanisms [Reeves, 2004].
Phylogeographic studies of dengue virus genomic sequences from isolates collected
prior to, during, and post epidemics found that despite a degree of mutation, the
virus was the same within each site over time, but different between sites [Dupont-
Rouzeyrol et al., 2014, Cao-Lormeau et al., 2011]. This would suggest that the virus
was thus maintained locally despite the lack of conditions permissive to HT.

Arbovirus VT in the arthropod vector population is a proposed maintenance
mechanism during adverse conditions for HT. VT is well documented in mosquitoes
for several arboviruses across the four aforementioned major viral genera [Lequime
and Lambrechts, 2014]. Arbovirus VT in mosquitoes is generally maternal and occurs
through two main mechanisms: transovarial transmission (TOT), whereby the virus
infects the germinal tissues of the female mosquitoes, and trans-egg transmission,
whereby the virus infects the egg during oviposition [Rosen, 1988]. Arboviruses may
persist during unfavourable periods through the infection of eggs, larvae, or adults
(including diapausing individuals) without the need of HT. The epidemiological sig-

nificance of arbovirus VT, however, has remained controversial for several arboviruses
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of public health concern [Lequime and Lambrechts, 2014]. Controversy primarily
stems from the inability of estimated rates of VT to explain long-term arbovirus main-
tenance, combined with discrepancies between field observations and laboratory
studies, as well as inconsistencies among virological techniques [Adams and Boots,
2010, Lequime and Lambrechts, 2014, Grunnill and Boots, 2015]. Here, we used the
largest contemporary databases on natural and experimental VT occurrence records
to provide a comprehensive list of positive and negative predictors of arbovirus VT in
mosquitoes.

Following Clements [Clements, 2012], we defined VT rate as the proportion of
vertically infected offspring from a population of infected females. Infection status
of mothers is typically unknown in natural settings and rarely assessed in published
laboratory experiments. Clements introduced the effective vertical transmission (eVT)
rate to describe the proportion of vertically infected offspring, irrespective of the
infection status of their mothers [Clements, 2012]. Therefore, eVT is the product of VT
rate and infection prevalence in the population of females under consideration. Only
when 100% of mothers are infected, such as in most laboratory experiments, does eVT
rate equal VT rate. It is worth noting that VT and eVT definitions do not make any

assumption about the underlying mechanism (i.e., TOT or trans-egg VT).

2 Overview of the Primary Literature

Literature search and database assembly are described elsewhere [Lequime and Lam-
brechts, 2014]. Briefly, we previously conducted a systematic review of the literature
published prior to 25 September 2013 from various online and physical sources (the
full list of publication is provided in Table S1). We subsequently conducted a “re-
silience” test to evaluate the impact of publications that may have been missed during
the literature search (see below). Literature search was restricted to the three main
arboviral families (i.e., Bunyaviridae, Flaviviridae, and Togaviridae). We compiled two
databases. Database # 1 includes “experimental” VT studies typically conducted in a
laboratory setting. Database # 2 includes “natural” studies that investigated arbovirus
VT in nature by collecting and testing wild, immature male or nulliparous female
mosquitoes. Both databases only included publications that specified at least the
mosquito and virus species tested, sample size, and detection technique. The full list

of variables in databases # 1 and # 2 can be found in Table S2.
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In natural VT studies, mosquitoes were collected from the field and brought back
to the laboratory. Field collections usually consisted of adult males or immature stages
(eggs, larvae, or pupae) that were reared in the laboratory to later developmental stages.
These were then processed in pools to detect the presence of virus. In experimental
VT studies, female mosquitoes from a parental generation were artificially infected
(orally, by intra-thoracic [IT] inoculation, or vertically) and subsequently allowed to
lay eggs. Eggs were hatched and the offspring sampled at various developmental
stages to determine the presence of virus, usually in pools of individuals.

Virological detection techniques belonged to four main categories [Lequime
and Lambrechts, 2014]: animal, cellular, immunological, and molecular assays. In
“animal” assays, mosquito extracts were inoculated in vivo into susceptible laboratory
animals that were subsequently checked for pathological effects. In “cellular” assays,
cytopathological effects were monitored following inoculation of mosquito extracts
onto cell cultures in vitro. In “immunological” assays, viral antigens were detected
by antibodies with or without previous amplification in cell culture or animal tissues.
In “molecular” assays, viral RNA was detected by reverse transcription (RT)-PCR.
Although a few studies tested the progeny individually, individual mosquitoes were
most often tested in pools. Therefore, the proportion of infected individuals was
usually estimated as the minimum infection rate based on the assumption that only
one individual was infected in the pool. This assumption is generally reasonable
because observed eVT rates are low for arboviruses (see below), but will underestimate
VT rate when it is efficient.

In both databases, the Aedes—Flavivirus pair was the most represented vector—virus
combination (56.7% and 24.6% of all mosquitoes tested in databases # 1 and # 2, re-
spectively), followed by Culex—Flavivirus (34.1% and 43.7% of all mosquitoes tested,
respectively). Within the Aedes—Flavivirus pair in database # 1, dengue viruses (DENV1,
DENV2, DENV3, and DENV4) were the most represented viruses (41% of all Aedes
mosquitoes tested for flavivirus infection and 23% of all mosquitoes tested). Other
vector-virus pairs included Aedes—Orthobunyavirus (19.5% and 6.1% of all mosquitoes
in databases # 1 and # 2, respectively) and Aedes-Alphavirus (4.6% and 1.4% of all

mosquitoes tested, respectively).
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3 Rates of Effective Vertical Transmission (eVT)

In experimental studies, estimates of eVT rates were significantly higher for the or-
thobunyaviruses California encephalitis virus (CEV) and LaCrosse virus (LACV) than
for flaviviruses or alphaviruses (Figure 1-A). CEV and LACV had weighted mean eVT
rates of 16% and 28%, respectively, whereas weighted mean eVT rates were 1%o for
yellow fever virus (YFV), 4%o for Japanese encephalitis virus (JEV), 1%o for West Nile
virus (WNV), 2%—6%o for DENV1-4, and 1%o for chikungunya virus (CHIKV). eVT
rate estimates were up to several orders of magnitude smaller in natural studies than
in experimental studies (Figure 1-B). Weighted mean eVT rates in natural studies
were 0.1%o for CEV, 5%o0 for LACV, 8%o0 for YFV, 0.02%o for JEV, 0.4%o0 for WNV, 2%o. for
DENV1-4, and 0.8%o for CHIKV.

Mosquito and virus taxonomic groups were strong predictors of the observed
level of VT in experimental studies (Figure 2). Mosquitoes in the Culex genus were
associated with significantly lower eVT rates than mosquitoes in the Aedes genus
(odds ratio [OR] = 0.32, p < 0.001, 95% CI [0.28-0.36]). Using flaviviruses as the
reference, viruses of the Orthobunyavirus genus had significantly higher eVT rates
(OR =45.71, p<0.001, 95% CI [38.34-54.49]), whereas members of the Alphavirus
genus had significantly lower eVT rates (OR = 0.08, p<0.01, 95% CI [0.14-0.45]). The
method used to infect mothers significantly influenced eVT rate estimates (Figure 2).
Both IT inoculated and vertically infected mothers resulted in higher eVT rates (OR
=1.80, p < 0.001, 95% CI [1.63-2.00] and OR = 4.71, p < 0.001, 95% CI [3.94-5.64],
respectively) compared to orally infected mothers. eVT rate estimates also depended
on virological assays (Figure 2). Using cellular assays as the methodological reference,
only immunological assays were associated with higher eVT rates (OR =3.27, p<0.001,
95% CI [2.70-3.98]). Offspring produced during the second or later gonotrophic cycles
displayed higher eVT rates than offspring produced during the first gonotrophic cycle
(OR =1.66, p<0.001, 95% CI [1.55-1.77]). Lower eVT rates were found when the virus
was detected at the adult stage as opposed to immature stages of the progeny (OR =
0.60, p<0.001, 95% CI [0.54-0.67]).

The Aedes genus is divided into several subgenera [Wilkerson et al., 2015], among
which Stegomyia (including, for example, Aedes aegypti and Aedes albopictus) and

Ochlerotatus (including, for example, Aedes dorsalis) are the most represented in the
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Figure 1 - Distributions of eVT estimates for the most represented arboviruses in (A) ex-
perimental and (B) natural studies. Each data point represents the log10-transformed
eVT rate obtained from a single database entry. Dot size is proportional to logl0-
transformed sample size. A horizontal coloured line shows the weighted mean eVT for
each virus (blue: orthobunyaviruses; red: flaviviruses; green: alphaviruses). CEV: Cali-
fornia encephalitis virus; LACV: LaCrosse virus; YFV: yellow fever virus; JEV: Japanese
encephalitis virus; WNV: West Nile virus; DENV1-4: dengue viruses; CHIKV: chikun-
gunya virus.

VT literature. Because Stegomyia mosquitoes are typically associated with flaviviruses,
whereas Ochlerotatus mosquitoes are typically associated with orthobunyaviruses,
the strong effect of the viral genus observed (Figure 2) might be confounded by the
mosquito subgenera within the Aedes genus. A separate analysis focused on the two
Aedes subgenera and the two viral genera, Orthobunyavirus and Flavivirus, showed
that their interaction did not significantly influence eVT rates (p = 0.09), confirming
that orthobunyaviruses had higher eVT rates independently of the mosquito subgen-

era.
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Figure 2 - Significant predictors of arbovirus eVT rates in experimental studies. Odds
ratios (ORs) and their 95% confidence intervals are shown on a log10 scale for statisti-
cally significant factors. ORs were calculated from a marginal logistic regression based
on a generalized linear mixed model that included the random effect of the study
and fixed effects of other covariates. Reference level is shown in grey, positive effects
are shown in blue, and negative effects are shown in red. Stars represent statistical
significance levels: * p < 0.05; ** p< 0.01; *** p< 0.001.

Because the systematic review process to assemble our databases may have

missed some publications, we conducted a “resilience” test to evaluate the impact of

missing primary data on the outcome of the analyses. We examined the effect of in-
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Figure 3 — Odds ratios (ORs) and their 95% confidence intervals are shown on a log10
scale for statistically significant factors. ORs were calculated from a marginal logistic
regression based on a generalized linear mixed model that included the random
effect of the study and fixed effects of other covariates. Reference level is shown in
grey, positive effects are shown in blue, and negative effects are shown in red. Stars
represent statistical significance levels: * p < 0.05; ** p< 0.01; *** p< 0.001.

cluding four publications that we subsequently identified as missing from the original
databases [Kramer et al., 1992, Kramer et al., 1993a, Kramer et al., 1993b, Kramer et al.,
1998]. Running the same statistical analyses with the four additional publications did
not significantly alter the ORs, their Cls, or associated p-values (Table S3). Likewise,
it did not change the conclusions from the separate analysis that focused on the
two Aedes subgenera and the two viral genera, Orthobunyavirus and Flavivirus (p =
0.25). According to this resilience test, a few additional publications do not lead to

meaningful differences in our conclusions, owing to the large size of the databases.

4 Vertical Transmission of Dengue Viruses

DENV1-4 were the most represented viruses in database # 1, which allowed more
in-depth analyses of the two main DENV vectors worldwide, Ae. aegypti and Ae. al-

bopictus. DENV isolates amplified in vertebrate cells (in vivo or in vitro) resulted in
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lower eVT rates than virus isolates amplified in invertebrate cells (OR = 0.21, p < 0.001,
95% CI [0.11-0.38]) (Figure 3). Significantly higher eVT rates were observed in Ae. al-
bopictus compared to Ae. aegypti mosquitoes (OR =5.65, p<0.001, 95% CI [3.57-8.93]).
DENV2, DENV3, and DENV4 had significantly lower eVT rates than DENV1 (OR = 0.28,
p<0.001, 95% CI [0.20-0.40]; OR = 0.18, p< 0.001, 95% CI [0.11-0.31]; and OR = 0.55, p
<0.001, 95% CI [0.42-0.73], respectively). DENV4 had significantly higher eVT rates
than DENV2 and DENV3 (OR =0.51, p<0.01, 95% CI [0.34-0.79]; OR = 0.33, p< 0.001,
95% CI [0.18-0.58]).

5 Climate and Vertical Transmission

Climatic information (main climate, precipitation, and temperature) about each study
site was obtained from published data [Rubel and Kottek, 2010] using the Képpen-
Geiger climate classification. Study sites from database # 2 were geo-localized with
Google Earth [Google, 2009] and layered with climatic data for the 1976-2000 pe-
riod (available online http://koeppen-geiger.vu-wien.ac.at/shifts.htm), which corre-
sponded to the majority of publications.

Most of the natural studies were conducted in Asia, North America, and South
America, whereas only a few studies were conducted in Europe and Africa. Figure 4
shows the geographical distribution of VT studies in natural populations overlaid
with the main climatic regions defined according to the Képpen-Geiger classifica-
tion. Overall, statistical power to detect differences was low in database # 2 due to
exceedingly small eVT rates. Moreover, data structure was highly clustered because
of multicollinearity between climate classification and several other variables. For
instance, viruses in the Orthobunyavirus genus were exclusively associated with warm
temperate and continental climate types. Therefore, statistical analyses were per-
formed on selected subsets of data to minimize confounding effects. A subset of the
database focusing on arbovirus VT in Culex mosquitoes did not reveal any significant
predictor. Another subset focusing on arbovirus VT in Aedes mosquitoes showed
higher eVT rates in mosquito—virus pairs found under arid climate (OR = 28.40, p <
0.001, 95% CI [5.52-146.25]) and lower eVT rates under warm temperate climate (OR
=0.13, p<0.01, 95% CI [0.03—0.58]) with equatorial climate as the reference (Figure 5).
Note that statistically significant associations between climate type and eVT rates

represent overall trends and many counterexamples exist. A final subset focusing
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on Flavivirus VT found a significantly lower eVT rate in adults compared to when
immature stages were tested (OR = 0.60, p < 0.05, 95% CI [0.40-0.91]).

6 Discussion

We reviewed the abundant published literature on arbovirus VT in mosquitoes to
identify determinants of VT rates in a case study of pathogens with mixed-mode trans-
mission. We used the largest contemporary databases of natural and experimental VT
occurrence records to identify several biological factors associated with arbovirus VT
in mosquitoes. Our previous study, in which we assembled the databases, focused
on historical and technological aspects of arbovirus VT research [Lequime and Lam-
brechts, 2014]. In particular, we found that the probability of VT detection changed
with the evolution of virological assays, with enhanced eVT detection associated with
increased assay sensitivity and larger sample sizes [Lequime and Lambrechts, 2014].
In the present review, we used the databases to examine a broader array of biolog-
ical factors associated with arbovirus VT in mosquitoes. Our analyses provide new
insights into the biology of arboviruses and, more generally, into the epidemiology of
pathogens with mixed-mode transmission.

Our analysis found striking differences in eVT rates across virus and mosquito
taxa. Overall, Aedes mosquitoes displayed higher eVT rates than Culex mosquitoes.
Aedes eggs are generally more resistant to desiccation than Culex eggs [Clements,
2000], which may confer a selective advantage to vertically transmitted viruses. In
addition, Aedes mosquitoes had higher eVT rates in nature under arid climatic condi-
tions compared to equatorial or warm temperate climatic conditions. This supports
the hypothesis that VT could be a maintenance mechanism during the adverse sea-
son. In agreement with earlier observations [Tesh, 1984, Leake, 1984, Turell, 1988],
orthobunyaviruses such as LACV and CEV were vertically transmitted better than
flaviviruses and alphaviruses. Orthobunyaviruses are assumed to achieve higher VT
rates because they are vertically transmitted by TOT, a more efficient VT mechanism
than trans-egg VT of flaviviruses [Rosen, 1988]. It is noteworthy that the Flavivirus
genus includes several insect-specific flaviviruses that are primarily maintained by
VT in nature [Blitvich and Firth, 2015]. Unlike dual-host flaviviruses [Rosen, 1988],
insect-specific flaviviruses display high rates of VT that are assumed to result from

TOT [Saiyasombat et al., 2011], suggesting that different VI mechanisms may have
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Figure 4 — Geographical distribution of main climate types and study sites for natural
studies of arbovirus VT in mosquitoes. Climatic data were obtained from Rubel and
Kottek (2010) for the 1975-2000 period. Dots represent geographic location of study
sites. Dot size is proportional to the log10-transformed number of mosquitoes tested
in the corresponding study.
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Figure 5 - Significant predictors of arbovirus eVT rates in Aedes mosquitoes in natural
studies. Odds ratios (ORs) and their 95% confidence intervals are shown on a log10
scale for statistically significant factors. ORs were calculated from a marginal logistic
regression based on a generalized linear mixed model that included the random
effect of the study and fixed effects of other covariates. Reference level is shown in
grey, positive effects are shown in blue, and negative effects are shown in red. Stars
represent statistical significance levels: * p < 0.05; ** p< 0.01; *** p< 0.001.
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evolved in the same viral genus. TOT relies on viral infection of developing oocytes,
which results in close to 100% infection in the subsequent generations [Tesh, 1984].
Such “stabilized” infections have been described for several members of the Orthobun-
yavirus genus such as CEV in Ae. dorsalis [Turell et al., 1982] and San Angelo virus
in Ae. albopictus [Tesh and Shroyer, 1980]. Note that even when TOT rates are close
to 100%, prevalence in the vector population is expected to remain low unless the
virus confers an evolutionary advantage to the infected subpopulation. TOT may not
be required for trans-generational persistence of arboviral infection in the vector, as
patterns consistent with stabilized infections were also reported for the flaviviruses
DENV1 in Ae. albopictus [Shroyer, 1990] and DENV3 in Ae. aegypti [Joshi et al., 2002]. A
fourfold increase in DENV3 eVT rate indicated that selection could be involved [Joshi
et al., 2002]. Interestingly, we found that prior DENV amplification in invertebrate
host cells enhanced subsequent eVT, supporting the idea that stabilized infections re-
quire adaptation. Because systemic dissemination of the virus acquired by HT during
blood feeding is a prerequisite for VT, stabilized infections are also more likely to be
established during later gonotrophic cycles. VT efficiency could be underestimated
in studies that focus on the first gonotrophic cycle and therefore do not account for
stabilized infections [Tesh, 1984]. When a stabilized infection is established, however,
VT is expected to occur as soon as the first gonotrophic cycle.

Our analyses support the idea that arbovirus VT efficiency largely depends on the
interplay between gonotrophic cycle and viral infection dynamics. Offspring produced
during the second or later gonotrophic cycles displayed higher eVT rates than offspring
produced during the first gonotrophic cycle following the infectious blood meal. This
can be attributed to the lack of virus dissemination to the ovaries before the first batch
of eggs is produced and laid, and/or increased permeability to virus of the ovaries
during oogenesis [Agarwal et al., 2014]. In addition, the experimental method to infect
females was a significant predictor of eVT rates in their progeny. IT inoculations,
which bypass the natural infection route through the gut, resulted in higher eVT rates
than oral infections. This is presumably because IT-inoculated mothers more quickly
develop a systemic viral infection and reach higher viral titers than orally infected
females [Smith et al., 2007]. Vertically infected mothers also had higher eVT rates,
which could be a consequence of a stabilized infection of the germ line [Tesh, 1984].

Surprisingly, eVT rates measured in immature developmental stages were higher than
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in the corresponding adults, although the underlying mechanism is unclear. Aedes
aegypti vertically infected with YFV [Beaty et al., 1980], Kunjin virus, and JEV [Tesh,
1980] have delayed development and vertically infected larvae may also suffer lower
survival, hence leading to lower infection prevalence in adults.

Some of our findings have important implications for arbovirus—-mosquito pairs
of public health significance. For instance, DENV had significantly higher eVT rates
in Ae. albopictus than in Ae. aegypti mosquitoes. Although this has been previously
suggested in the literature [Bosio et al., 1992, Rosen et al., 1983], reports have been
conflicting [Lee et al., 1997]. This finding raises important concerns for potential
maintenance of arboviruses in areas where Ae. albopictus has recently expanded
geographically, including temperate zones where VT would enable the virus to over-
winter [Kraemer et al., 2015]. There is currently a critical lack of field and laboratory
studies that have examined DENV VT in European Ae. albopictus populations. Our
analysis also revealed that eVT rates in Aedes mosquitoes varied considerably among
DENV serotypes, as was recently hypothesized [Grunnill and Boots, 2015]. Specifically,
DENV1 was significantly better transmitted vertically than the other DENV serotypes.
Although there is no obvious explanation for this phenomenon, accounting for such a
serotype-specific feature could improve dengue epidemiological models. Such genetic
variation could fuel adaptive evolution of VT under a scenario where vectors move
into more seasonally hostile areas.

Evolution and maintenance of VT as part of a mixed-mode transmission strategy
is expected to be under strongest selective pressure when the horizontal route is
limiting. For arboviruses, this will occur when there is periodicity in host (arthropod
or vertebrate) abundance, whether due to seasonal climate forcing, herd immunity, or
boom-bust cycles of population densities. Imposed seasonality in vector population
densities will inevitably select for VT irrespective of the number of competent vector
species and thus VT would be expected to be under increasing selection along a
latitudinal gradient. Depending on the extent of population genetic structure of
vector species and the distribution of the virus, an intra-specific latitudinal cline of VT
frequency might occur, and thus VT would not necessarily be a fixed characteristic of a
virus-vector couple. Likewise, the lack of sufficient susceptible hosts may be alleviated
when viruses have multiple vertebrate host species. Thus, VT might be expected less

likely to occur in generalists than specialists. Finally, the selective advantage of a mixed
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mode of transmission will be limited by the duration of infection and life expectancy
of the vertebrates and vectors. Maintaining a reservoir of infection in one or the
other is the key, and thus evolution towards persistent infection in the vertebrate host
would offer a viable alternative to the risky VT route where egg mortality due to abiotic
factors will likely be high. The complete gamut of possibilities may not be available
for all pathogens because of the specific physiologies of their hosts; thus, identifying
the ecological factors selecting for VI may be best approached within a phylogenetic
framework. VT is expected to favour co-divergence of hosts and pathogens [Jackson
and Charleston, 2004]. Co-phylogenetic relationships have been suggested between
Aedes mosquitoes of the Ochlerotatus subgenus and orthobunyaviruses in North
America [Eldridge, 1990]. However, this was not supported by our analyses, which
failed to find a statistically significant effect of the Orthobunyavirus—Ochlerotatus
pairings on experimental eVT rates.

In conclusion, our review uncovered a variety of environmental (e.g., climate),
taxonomic (e.g., viral genus), and physiological (e.g., gonotrophic cycle) predictors of
arbovirus eVT rate. The influence of experimental factors such as the infection route
or the mosquito developmental stage tested calls for caution in interpreting results
generated from different experimental designs. Our results emphasize the fact that ar-
bovirus VT efficiency is a dynamic process that may vary within and between mosquito
generations. Further studies are needed to determine whether permanent germ line
infection in so-called stabilized infections could contribute to long-term arbovirus
maintenance in a vector subpopulation [Tesh, 1984, Turell et al., 1982]. Ultimately,
this knowledge could help to prevent VT and reduce the risk of arbovirus transmission.
More generally, our study provides empirically testable hypotheses to investigate the
biological processes underlying the relative frequency of each transmission mode for

pathogens with mixed-mode transmission.

7 Methods

Databases # 1 and # 2 are provided as available upon request (in supplementary
tables S4 and S5 in original manuscript). All quantitative analyses were performed
in the statistical environment R, version 3.2.0 (http://www.r-project.org/), using the
following packages: plyr [Wickham, 2011], ggplot2 [Wickham, 2009], stringr [Wickham,
2015], gridExtra [Auguie, 2015], car [46], Ime4 [47], multcomp [Hothorn et al., 2008],
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sjPlot [Liidecke, 2015], and arm [Gelman and Su, 2015].

We computed the mean eVT rate for the most represented arboviruses in each
database based on eVT rate estimates for each entry in the database weighted by its
sample size. Prevalence is usually close to 100% in experimental studies and, therefore,
eVT rate is a reasonable proxy for VT rate. Variation in eVT rate estimates was analysed
using generalized linear mixed models (GLMMs). Publication was included as random-
effect variable in the GLMMs to account for the collective effect of several potentially
confounding variables (experimenter, laboratory conditions, etc.). All other variables
were considered as fixed-effect variables. For each entry in the database, the numbers
of vertically infected and uninfected individuals were calculated from the eVT rate
estimate and the sample size. These numbers were analysed as a contingency table by
fitting a model with a binomial error distribution, a logit link function, and a bobyqa
optimizer with a maximum of 100,000 function evaluations.

Multicollinearity between model variables was evaluated using the variance in-
flation factor (VIF) and the condition number (CN). A VIF < 4 and a CN < 30 were
interpreted as a low level of multicollinearity [O’Brien, 2007, Dormann et al., 2013].
Validity of the models was checked using quantile-quantile (Q-Q) plots of random
effects and binned residuals average against expected values plots. The Q% measure
of explained variation for mixed-effects models [Xu, 2003] was calculated as a simple
goodness-of-fit metric. Following model validation, statistically significant effects (p
< 0.05) were determined by analysis of deviance and type Il Wald y? statistics. Sta-
tistically insignificant variables were removed from the model in a stepwise fashion,
repeating model validation at each step. The minimum adequate model (MAM) was
obtained when all variables had a statistically significant effect (p < 0.05) according to
the type I1 Wald y2 test. Odds ratios (ORs) were calculated based on estimated regres-
sion coefficients of the MAM. OR confidence intervals and p-values were computed

using estimated regression coefficients and their standard errors.
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Table S1 - Full list of publications included in databases # 1 and # 2. Bold font indicates
studies that tested mosquitoes individually for VT.

First author and Title Journal or book Study type
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Ahmad 1997 Detection of dengue virus from field Aedes aegypti and Aedes al- Southeast Asian ] Trop Natural
bopictus adults and larvae Med Pub Health
Aitken 1979 Transovarial transmission of yellow fever virus by mosquitoes Am ] Trop Med Hyg Experimental
(Aedes aegypti)
Akbar 2008 PCR detection of dengue transovarial transmissibility in Aedes ae- Proc ASEAN Congr Trop Natural
gypti in Bandung, Indonesia. Med Parasitol
Anderson 2006a West Nile virus from female and male mosquitoes (Diptera: Culici- J Med Entomol Natural
dae) in subterranean, ground, and canopy habitats in Connecticut
Anderson 2006b Importance of vertical and horizontal transmission of west nile J Infect Dis Natural
virus by culex pipiens in the Northeastern United States
Anderson 2008 Extrinsic incubation periods for horinzontal and vertical transmis- J Med Entomol Experimental
sion of West Nile Virus by Culex pipiens pipiens (Diptera: Culicidae)
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Factor category

Factors

Publication ID
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Virus specie

Virus strain
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Mosquito
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Mosquito genus
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Mosquito specie

Mosquito strain

Mosquito-Virus pair

Passage history

of the virus

Vertebrate cell passages

Number of vertebrate cell passages

Arthropod cell passages

Number of arthropod cell passages

Alternate passage

VT history

Host type of the last passage

Complete passage history

Infection method of the parental mosquitoes

Was the mosquito infected
by a parasite?

Parasite (Yes or No)

Parasite specie

Rearing conditions

Temperature

Humidity

Generation of tested offspring

Ovarian cycle of tested offspring

Egg laying day after infection for tested offspring

Detection and

identification of VT

Mosquito development stage when test for VT

Previous cell culture before detection

Detection assay

Identification assay

VT (Yes or No)

Sample size

Minimum Infection Rate

(a) Database # 2

Factor category

Factors

Publication ID

Virus identification

Virus specie

Mosquito

Mosquito genus
Mosquito sub-genus

identification - -
Mosquito specie
Mosquito-Virus pair

Geographic and Study site

epidemiological contexte

Epidemiological contexte

Mosquito capture development stage

Detection and

identification of VT

Mosquito development stage when test for VT
Previous cell culture before detection
Detection assay

Identification assay

VT (Yes or No)

Sample size

Minimum Infection Rate

(b) Database # 3

Table S2 — Full list of factors for databases # 2 and # 3.
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LEQUIME SEBASTIAN

Interactions flavivirus-moustiques : diversité et transmission

Les infections humaines dues aux virus du genre Flavivirus constituent depuis longtemps un
probléeme de santé publique majeur a travers le monde, en particulier dans les zones a climat
tropical. Ces virus a ARN sont des arbovirus qui infectent alternativement un hote vertébré et un
arthropode « vecteur », dont majoritairement des moustiques de la sous-famille des Culicinae.
D'autres flavivirus, en revanche, sont incapables d'infecter les cellules de vertébrés et sont qualifiés
de flavivirus spécifiques d'insectes (FSI). L'interaction entre les vecteurs et les flavivirus est centrale
dans leur biologie, par l'influence qu'elle a sur leur diversité génétique, leur évolution et leur
transmission. Cependant, apres plus d'un siécle de recherches scientifiques, certains points de ces
aspects fondamentaux restent méconnus, malgré une abondance accrue de données. Les approches
basées sur les « mégadonnées » (big data) ont été au coeur du travail de cette these, qu'elles aient été
générées par des technologies modernes ou par compilation de travaux plus anciens.

Dans une premieére partie, nous avons exploré des génomes de moustiques anopheles
disponibles dans les bases de données publiques, a la recherche de traces d'éléments viraux
endogenes (EVEs) d'origine flavivirale. Nous avons réussi a identifier in silico, puis a confirmer in
vivo, la présence d'EVEs proches des FSI exogenes, chez les espéces Anopheles sinensis et An.
minimus. Ces résultats suggerent 1'existence de FSI chez les anopheles, habituellement non associés
aux flavivirus, et mettent en lumiére la diversité du genre Flavivirus, loin d'étre restreinte aux seuls
arbovirus.

Dans une deuxieme partie, nous avons généré et analysé un jeu de données complexe basé sur
le séquencgage haut-débit d'un flavivirus a 1l'intérieur de son vecteur. Cette étude nous a permis
d'explorer la fine interaction entre le génotype du moustique Aedes aegypti et la diversité virale
intra-hote du virus de la dengue-1. En effet, comme tous les virus a ARN, les flavivirus existent sous
la forme d'une population de variants génétiques apparentés, considérée comme critique pour leur
fitness et leur potentiel adaptatif. Nos résultats ont mis en évidence : (i) un fort effet de la dérive
génétique liée a un goulot d'étranglement démographique lors de l'infection initiale du tube
digestif, diminuant l'importance relative de la sélection naturelle, et (ii) une modulation de la
diversité génétique intra-hote du virus par le génotype du moustique, indiquant que la diversité
génétique du virus, et donc sa fitness et son évolution, est inextricablement liée a la variation
génétique de I'hote.

Enfin, nous avons compilé de maniere systématique la riche littérature disponible sur la
transmission verticale des arbovirus chez le vecteur moustique, c'est-a-dire de la femelle infectée a
sa descendance, afin d'identifier des facteurs techniques, environnementaux, taxonomiques et
physiologiques sous-jacents. Nos résultats, étayés par une analyse statistique robuste, éclairent d'un
jour nouveau ce mode de transmission complémentaire a la transmission horizontale, entre le
vecteur et I'hote vertébré. Ils permettent d'affiner notre compréhension des stratégies employées
par les arbovirus pour persister dans leur environnement, tout en fournissant des hypotheses
testables sur les processus biologiques impliqués.

Collectivement, nos résultats ont mis en évidence de nouveaux aspects de la complexité des
relations entre flavivirus et moustiques. Au-dela, ils soulignent 1'intérét d'étudier les « mégadonnées
» générées au cours de plus d'un siecle de recherche, qu'elles soient issues de 1'accumulation
historique d'études descriptives ou produites par les technologies récentes de séquencage haut-
débit. Ces analyses inscrivent résolument 1'étude du systéme flavivirus-moustique dans 1'ére du big
data.

MOTS-CLES : arbovirus, Aedes, Anopheles, Flavivirus spécifique d’insectes,
évolution intra-hote, transmission verticale




	Résumé
	Abstract
	Remerciements
	Liste des figures
	I Synthèse
	II Annexes
	Discovery of flavivirus-derived endogenous viral elements in two Anopheles mosquito genomes supports the existence of Anopheles-associated insect-specific flaviviruses
	Genetic drift, purifying selection and vector genotype shape dengue virus intra-host genetic diversity in mosquitoes
	Vertical transmission of arboviruses in mosquitoes: a historical perspective
	Determinants of arbovirus vertical transmission in mosquitoes




