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Introduction

I. Préambule

La classification du vivant ainsi que la compréhension des relations entre les organismes ont
fait I'objet de nombreux travaux, dont les premiers datent de I'Antiquité avec des philosophes
comme Platon ou Aristote (dans son ceuvre ‘Histoire des animaux’). Faisant suite a un intérét
croissant pour les sciences observé a la fin du Moyen Age et & la Renaissance, une rupture
importante dans cette longue lignée de recherches peut étre attribuée a René Descartes, qui pose
les bases d’une approche plus rationnelle des sciences fondamentales au 17°™ siécle (Descartes
1637). Au cours des 17, 18 et 19°™ siécles, la classification du vivant de Carl von Linné avec
’attribution d’un nom binomial a chaque espéce, la découverte et 1’étude approfondie de reste
fossiles et les théories de I’évolution qui ont émergées (i.e. les théories catastrophistes de Cuvier
ou transformiste de Lamarck ...), soutenues par nombre d’observations du vivant, ont permis
d’asseoir progressivement les fondements de la biologie de I’évolution. La théorie de
I’évolution de Charles Darwin, proposée pendant cette période (Darwin 1859), s’avére toujours
étre le paradigme central de la biologie de I’évolution aujourd’hui. Les travaux de Mendel sur
les lois de I’hérédité (Mendel 1866) redécouverts au début du 20°™ siécle ont largement enrichi
et amélioré la compréhension du fonctionnement de la vie. Par la suite, la découverte du support
de I’information génétique par Watson et Crick au milieu du siécle dernier est venue renforcer
et étayer les travaux précédemment cités et a fait évoluer la vision que 1’on avait du monde
vivant (Watson et Crick 1953). C’est ainsi qu’on a réalisé que I’information génétique des étres
vivants était portée par I’ADN, qui constitue le génome des organismes, ¢’est-a-dire 1’ensemble
des génes, codant les différentes fonctions vitales au bon fonctionnement d’un organisme. Forte
de toutes ces avancées, la théorie synthétique de I’évolution considérant a la fois 1’évolution
darwinienne des espéces ainsi que les découvertes liées a la genétique des populations et
I’hérédité a pu voir le jour au milieu du 20°™ siécle. Depuis, de nombreuses études ont été
réalisées, ce qui a permis d’étoffer cette théorie et de préciser davantage les lois régissant le
vivant et son évolution (comme la théorie de I’évolution moléculaire neutre de Motoo Kimura)

(Kimura 1983).
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Il. Transferts horizontaux chez les procaryotes

Entre autres découvertes faites en biologie au 20°™ siécle, certains scientifiques, par I’étude des
bactéries, ont envisagé la possibilité d’un transfert d’information entre organismes, par des
voies non canoniques, ¢’est-a-dire autrement que par le transfert vertical des génes. Ce transfert
vertical est le moyen le plus connu de transmission de I’information génétique. Deux individus
d’une méme espéce ou d'especes non isolées reproductivement, capables de se reproduire, vont
engendrer une descendance qui portera une partie des génes de chacun des deux parents. C’est
la base de notre compréhension de 1I’hérédité des caractéres : la transmission verticale de
I’ADN. Or, en mettant en contact deux bactéries appartenant a des espéces différentes, et en
observant la transmission d’une caractéristique de 'une a 1’autre bactérie (donc sans
reproduction), la question de la transmission de cette information se posait. C’est a la suite de
ce type d’expérience réalisée par Griffith en 1928 ou par Akiba et al. (1960) que la question du
transfert horizontal d’ADN s’est posée. Le transfert horizontal pourrait ainsi se définir comme
étant la transmission de matériel génétique entre deux individus appartenant ou non a la méme
espéce, sans reproduction.

Aujourd’hui, notamment grace a 1’avancée des technologies de séquengage, ces transferts
horizontaux (TH) sont de plus en plus étudiés et leur place dans 1’évolution du vivant apparait
comme étant prépondérante. Les TH chez les bactéries semblent étre la norme (de la Cruz et
Davies 2000; Wiedenbeck et Cohan 2011), avec de nombreux cas détectés. De méme les
mécanismes régissant ces TH ont été mis en lumiére (chez les procaryotes). Ces mécanismes,
illustrés en Figure 0.1, sont la conjugaison (transmission d’ADN entre bactéries via des pili), la
transformation (acquisition d’ADN nu depuis I’environnement extérieur) ou bien la
transduction (acquisition de matériel génétique médié par les phages) (Thomas et Nielsen 2005;
Sun 2018). Il est a noter que les phages impliqués dans la transduction chez les bactéries sont
des virus infectant ces bactéries.

De méme que chez les bactéries, de nombreux TH ont été décrits chez les archées. De nombreux
genes acquis horizontalement sont impliques dans le métabolisme et la biogenése de
I’enveloppe cellulaire (Wagner et al. 2017). De ce fait, les TH auraient également joué un role
important dans 1’adaptation des archées a leur environnement. Les mécanismes d’échange
d’ ADN bactériens ont aussi été mis en évidence chez les archées. De plus, d’autres mécanismes
liés aux vésicules extracellulaires ou encore un systéme d’échange d’ADN spécifique aux

archees ont été découverts (Wagner et al. 2017).
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TRANSFORMATION TRANSDUCTION CONJUGAISON

VY

J

Bactérie
receveuse

La transformation implique La transduction implique le transfert d’ADN La conjugaison implique le transfert

la capture de courts fragments a partir d’'une bactérie vers une autre via d’ADN par un pilus sexuel et nécessite
d’ADN nu par une bactérie. des bactériophages. un contact de cellule a cellule.

Figure 0.1: Mécanismes permettant les transferts horizontaux d’ADN chez les bactéries.
Figure modifiée a partir du site internet : https://amrls.cvm.msu.edu/microbiology/molecular-
basis-for-antimicrobial-resistance/acquired-resistance/acquisition-of-antimicrobial-resistance-
via-horizontal-gene-transfer.

I11.  Transferts horizontaux chez les eucaryotes unicellulaires

Sans faire un état des lieux exhaustif des TH découverts chez I’ensemble des eucaryotes
unicellulaires jusqu’a aujourd’hui, quelques exemples typiques de TH chez cette catégorie
d’eucaryotes méritent d’€tre exposés.

Dans I’exemple suivant, Nosenko et Bhattacharya (2007) ont identifi¢, par analyse
phylogénomique de données d’expression, 16 génes ayant subi des TH chez les
chromalvéolates, un groupe d’algues unicellulaires. Ils ont montré que ces geénes avaient subi
de vieux TH précédant la divergence entre les genres Karena et Karlodinium. Ces genes acquis
horizontalement a partir de procaryotes et d’autres eucaryotes ont probablement fortement
contribu¢ a 1’évolution de ces protistes puisqu’ils sont impliqués dans la biogenése de la
membrane plasmique, ainsi que dans diverses fonctions liées au métabolisme énergétique. Bien
que la possibilité d’acquisition verticale de ces genes il y a fort longtemps et leur perte éparpillée
dans I’arbre des chromalvéolates ne peut étre exclue complétement, les auteurs avancent que
I’hypotheése la plus parcimonieuse implique différents événements de TH.

Autre exemple, une étude phylogenomique suggére que les TH de procaryotes a eucaryotes

unicellulaires du genre Blastocystis ont contribué grandement a 1’adaptation de son
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métabolisme (Eme et al. 2017). Blastocystis est un genre de parasite unicellulaire appartenant
aux straménopiles. On le retrouve dans I’intestin humain, au milieu de nombreux autres
eucaryotes unicellulaires et procaryotes. Cet écosystéme, de par son importante diversité, serait
favorable aux TH entre organismes (Langille, Meehan, Beiko, 2012). Dans cette étude (Eme et
al. 2017), les auteurs ont identifié des TH de génes provenant de procaryotes et d’eucaryotes
intestinaux vers le protiste Blastocystis. Jusqu’a 2.5% du génome de Blastocystis proviendrait
de ces TH. Ces genes sont impliqués dans diverses voies métaboliques, particulierement dans

I’adaptation a I’environnement intestinal (Figure 0.2).

Lumiére intestinale

Blastocystis Transfert
T horizontal
, _ degenes

’_ y Adaptation a

-
{
\\ 'environnement intestinal

\qu Métabolisme des glucides J

> Pathogénicité
Métabolisme anaérobique

Métabolisme de I'azote \

Cibles thérapeutiques

Figure 0.2: Schéma récapitulatif des TH de génes acquis par Blastocystis, un protiste
présent dans intestin humain. Jusqu’a 2.5% de son génome correspond a du matériel
génétique acquis par TH provenant de donneurs eucaryotes et procaryotes intestinaux. Figure
modifiée issue de Eme et al. (2017).

Une étude récente s’est attachée a détecter les TH de génes chez les diatomées, un
embranchement de microalgues unicellulaires photosynthétiques appartenant au groupe des
straménopiles, comme Blastocystis (Vancaester et al. 2020). Les auteurs ont recherché a quel
point les genes acquis horizontalement ont contribué au succés écologique des diatomées. lls
ont ainsi recherche des TH de genes bactériens dans neuf génomes de diatomées disponibles a
ce jour. 1l ressort de cette analyse que 3 a 5% des génes des diatomees ont été acquis
horizontalement. Fait marquant, plus de 90% de ces genes sont exprimés et sont impliqués dans
I’interaction avec I’environnement et différentes voies métaboliques. Ils ont également montré
que la production de vitamine B12 chez les diatomées provient d’un geéne acquis via TH. Ce

gene, produit par des bactéries et acquis par les diatomées, leur aurait conféré un avantage
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sélectif important dans un environnement dépourvu en vitamine B12. Cette étude systématique,
la seule ayant été réalisée chez les straménopiles a ce jour, a permis de mettre en avant I’impact
majeur joué par les TH sur leur évolution et leur adaptation au milieu.

S’il est aisé de penser que les TH ont pu jouer un réle important dans I’évolution d’organismes

unicellulaires, il n’en est pas de méme chez les organismes pluricellulaires.

IV. Transferts horizontaux chez les eucaryotes multicellulaires

La démocratisation des nouvelles technologies de séquencage depuis ces dix derniéres années
s'est accompagnée d'un vif regain d'intérét pour les TH. Malgré une différenciation entre lignée
somatique et lignée germinale, rendant I'occurrence des TH d’ADN moins probable, de plus en
plus de TH sont détectés en analysant les génomes d’eucaryotes multicellulaires. A mesure que
les exemples spectaculaires fleurissent dans la littérature, les TH sont davantage reconnus
comme un processus évolutif important non seulement chez les organismes unicellulaires, mais
également chez les eucaryotes pluricellulaires, plantes et métazoaires compris.

L’un des cas les plus emblématiques et les mieux connus de TH transrégnes concerne la
transformation génétique de plante médiée par les bactéries du genre Agrobacterium.
Agrobacterium est une bactérie pathogene de plantes pouvant engendrer une croissance
néoplastique, ¢’est-a-dire une division cellulaire incontrélée chez les plantes hétes, créant ainsi
des galles ou bien des racines poussant sans arrét. Ces pathologies sont causées par le transfert
de segments d’ADN d’Agrobacterium dans le génome de la cellule infectée (Quispe-
Huamangquispe, Gheysen, et Kreuze 2017). La plupart des géenes bactériens nécessaires au
transfert d'ADN se trouvent dans un grand plasmide induisant une tumeur ou une racine
(plasmide Ti/ Ri) qui contient également la partie du plasmide qui est transférée (ADN transféré
ou ADN-T). Au cours de I’infection par la bactérie, les composés phénoliques d'origine végétale
déclenchent I'expression des génes de virulence de la bactérie, et les protéines codées assurent
la médiation du transfert d'/ADN-T vers la cellule végétale hote. Le destin final de 'ADN-T
dans la cellule hote dépend de diverses interactions entre Agrobacterium et les protéines
végétales. Plusieurs voies cellulaires hbtes sont utilisées pour garantir que 'ADN-T est importé
dans le noyau et intégré dans le génome hote (Lacroix et Citovsky 2016). L'expression des
genes d'ADN-T dans la plante peut modifier la physiologie pour stimuler la division cellulaire
et la croissance des racines. Les genes iaaM et iaaH codent des enzymes pour la biosynthese de

l'auxine qui est essentielle pour le développement de la galle de la couronne (Y. Zhang et al.
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2015). Plusieurs genes rol (loci racinaires) sont impliqués dans la formation des racines tandis
que la fonction de plusieurs génes d'’ADN-T tels que C-prot est encore inconnue (Otten et al.
1999). Les opines sont également codées sur les ADN-T, elles sont utilisées comme sources de
carbone et d'azote par les bactéries envahissantes et leur présence peut altérer I'environnement
racinaire biologique, en particulier les populations bactériennes associées aux racines (Oger et
al. 1997).

La capacité d'Agrobacterium a transformer les plantes a été exploitée pendant des décennies
comme moyen d'introduire des génes étrangers d'intérét dans les plantes cultivées (Tzfira et
Citovsky 2006; Gelvin 2009). Cependant, le TH de gene meédié par Agrobacterium n'est pas
limité a la production de cultures génétiquement modifiées. Des preuves du transfert naturel
des génes d'’ADN-T d'Agrobacterium dans les génomes des plantes et de leur maintien ultérieur
dans la lignée germinale ont été documentées chez Nicotiana, Linaria et plus récemment chez
des especes d'lpomoea (White et al. 1983; Intrieri et Buiatti 2001; Matveeva et al. 2012;
Pavlova, Matveeva, et Lutova 2014; Kyndt et al. 2015). Dans ces exemples, les génes transférés
sont fixés et sont exprimés dans la lignée de la plante hote, suggérant qu’ils pourraient avoir un
role fonctionnel. Cet exemple de TH est emblématique de I’importance des transferts chez les
eucaryotes pluricellulaires.

Toujours concernant les plantes, une étude plus récente a mis en évidence le TH de 23 fragments
génomiques impliquant 57 genes ayant subi un transfert entre la graminée Alloteropsis
semialata et les 146 autres génomes de graminées disponibles a ce jour (Dunning et al. 2019),
augmentant le nombre de TH détectés impliquant cette espece. Contrairement a I’exemple
d’Agrobacterium, ces TH ont eu lieu de plante a plante, méme si un intermédiaire inconnu (un
vecteur) peut avoir été impliqué dans ces TH.

Les TH de matériel génétique ont également été étudié chez les nématodes, dont le mode de vie
parasitaire de certaines lignées est en partie dd a I’acquisition de génes par TH provenant de
bactéries et autres eucaryotes. Il a par exemple été mis en evidence que le parasitisme de plantes
par des nématodes impliquait I’acquisition d’un geéne par TH codant pour une enzyme
responsable de la dégradation de la paroi pectocellulosique des plantes (Haegeman, Jones, et
Danchin 2011). D’autres cas de TH chez les nématodes ont ¢galement été révélés, comme chez
le ver nématode a galle Meloidogyne incognita, dont 3,34% des génes auraient été acquis par
TH a partir de bactéries et différents groupes d’eucaryotes, suivis de divers réarrangements
chromosomiques (Paganini et al. 2012); ou encore chez un autre nématode parasite de plantes
Globodera rostochiensis, dont 3,5% des genes auraient été acquis horizontalement (Eves-van
den Akker et al. 2016). La majorité de ces TH impliquent des génes liés au mode de vie
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parasitaire de ces nématodes. L’origine de ces derniers pourrait ainsi reposer sur leur capacité
d’acquisition de ce type de génes par TH (Haegeman, Jones, et Danchin 2011).

Concernant les TH chez les eucaryotes, les relations hotes-parasites semblent revétir une
importance particuliere (i.e. les exemples chez les nématodes parasites de plantes cites
précédemment). Dans ce contexte, il convient d’évoquer le cas de I’alphaprotéobactérie
Wolbachia pipientis, I’endosymbiote le plus répandu chez les métazoaires. Wolbachia infecte
principalement des invertébrés, en particulier des insectes, dont environ 65% des especes
peuvent étre porteuses de cette bactérie (Hilgenboecker et al. 2008). Bien que Wolbachia soit
une bactérie a transmission verticale, sa présence au sein de cellules hotes et son tropisme pour
les gametes femelles font que tout TH de matériel génétique de Wolbachia a 1’hote pourrait
avoir un impact évolutif. C’est ainsi que naturellement des chercheurs se sont intéressés aux
TH de génes de cette bactérie dans les génomes hotes, et de tels TH ont été trouvés. On peut
citer comme exemple I’étude de Kondo et al. (2002) dans laquelle les auteurs ont mis en
évidence le TH de séquence d’ADN de Wolbachia chez la bruche chinoise (Callosobruchus
chinensis). En 2007, Dunning-Hotopp et al. (2007) ont révélé que la quasi-totalité du génome
d'une souche de Wolbachia (> 1 Mb) était intégrée dans un chromosome du diptere Drosophila
ananassae. On trouve également des Wolbachia chez certaines espéces de cloportes, comme
I’armadille vulgaire (Armadillidium vulgare). 1l a été montré chez cette espéce un TH de géne
de la bactérie Wolbachia au génome de I’héte ayant un impact phénotypique avéré. Ce fragment
serait responsable, malgré 1’absence de Wolbachia, de la féminisation des males génétiques en
femelles phénotypiques (Legrand et Juchault 1984; Leclercq et al. 2016; Cordaux et Gilbert
2017). Ce cas représente a ce jour le seul cas d’insert fonctionnel avéré du génome de
Wolbachia dans un génome hote.

Un autre exemple frappant de I’importance des TH chez les eucaryotes concerne les fragments
d’ADN de mitochondrie (un organite cellulaire ayant son propre génome et dérivant d’une
bactérie ancestrale) acquis par le génome nucléaire. Ces copies d’ADN mitochondriales dans
le génome nucléaire sont appelées NUMTSs. On retrouve ce type de transfert chez de nombreux
eucaryotes. Des auteurs ont d’ailleurs montré chez ’humain que ce processus était toujours a
I’ceuvre aujourd’hui, puisque des loci polymorphiques concernant des NUMTs ont pu étre
détectés (Hazkani-Covo, Zeller, et Martin 2010). De plus, la présence de cing NUMTS a pu étre
corrélée avec des maladies génetiques. La quantité de NUMTSs dans les génomes eucaryotes
semble corrélée a la taille du génome, ce qui laisse penser que 1’intégration de ces fragments
d’ADN mitochondrial dans le génome nucléaire se ferait par assemblage d’extrémités non-

homologues lors de cassures double-brin. Or, le taux d’insertion de ces NUMTS serait limité
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par la fréquence des cassures double-brin de I’ADN, dépendante de la taille du génome

nucléaire (Hazkani-Covo, Zeller, et Martin 2010).

V. Virus endogenes dans les génomes de métazoaires

Un autre cas de TH concerne la présence de virus endogenes intégrés dans les génomes de leurs
hotes. Ces virus provenant d’hotes donneurs ont pu s’intégrer dans le génome d’hotes receveurs,
ce qui constitue en cela un TH. Dans les années 1960 déja, des cas d’intégration de génomes
rétroviraux avaient été mis en évidence dans des genomes de vertébrés (Temin 1964 ; Sambrook
et al. 1968). Aujourd’hui, I’analyse des génomes eucaryotes, avec le nombre croissant de
génomes séquencés, permet de détecter la présence de séquences virales, voire de génomes
viraux entiers intégrés au génome hote. D’un point de vue évolutif, si ces éléments viraux
endogeénes (EVE) ne sont pas (trop) déléteres pour 1’hote, leur intégration dans la lignée
germinale pourrait étre transmise a une descendance viable et ainsi perdurer, voire se fixer au
sein de I’espece. Cette considération peut étre élargie a tout matériel génétique (viral ou non
viral) transféré horizontalement. Si les rétrovirus endogénes ont représenté la majeure partie
des séquences provirales détectées dans les génomes, dues a leurs capacités d’intégration, tous
les types de virus ont aujourd’hui été détectés dans les génomes eucaryotes. Il y a par exemple
I’étude publiée par Flynn et Moreau qui a révélé la présence d’EVE correspondant a des virus
a ARN simple brin, ADN simple brin, ADN double brin ou a des rétrovirus dans les génomes
de fourmis (Flynn et Moreau 2019). Les auteurs proposent que la présence en majorité d’EVE
de virus @ ARN simple brin serait lié au fait que ce type de virus est connu pour étre le groupe
viral principal infectant les fourmis.

On peut également citer différents rétrovirus endogénes détectés dans les génomes de
drosophiles comme ZAM chez D. melanogaster (Leblanc et al. 2000) ou tirant chez D.
simulans (Akkouche et al. 2012). Les cycles de réplication de ces rétrovirus ont été décortiques.
Ces séquences endogenes ne sont pas toujours fixées dans les populations et pourraient, comme
chez les vertébrés, avoir été cooptées par I'h6te, remplissant aujourd'hui des fonctions
cellulaires (Fablet et al. 2019).

En effet, des études ont montré, en particulier chez les mammiferes, que certains EVE avaient
été cooptés dans le génome hoéte (Frank et Feschotte 2017). On peut citer 1’exemple du
spermophile rayé (Ictidomys tridecemlineatus) chez qui la présence d’un EVE de bornavirus
(virus & ARN simple brin) protége les individus porteurs contre des bornavirus exogenes (virus

libres, non intégrés au génome hote et se propageant horizontalement en infectant les individus)
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(Fujino et al. 2014). Un autre exemple démontrant I’impact fonctionnel de virus insérés dans
les génomes animaux est celui des syncytines, protéines jouant un réle essentiel au moment de
la formation du placenta lors d’une grossesse chez les mammiféres, qui sont en réalité des

glycoprotéines d’enveloppe d’origine virale (Dupressoir et al. 2009).

V1. Transferts horizontaux de génes entre une guépe parasitoide utilisant
un virus domestiqué et son hote

Il est intéressant de s’arréter un moment sur une catégorie de virus dits « domestiqués » présents
au sein du génome de guépes parasitoides, les polydnavirus. Ces virus constituent un exemple
unique. En effet, des guépes ont maintenu la machinerie virale complexe de ces virus au sein
de leur génome, cette derniere étant alors impliquée dans des fonctions essentielles pour le
succes reproducteur de ces guépes. Les polydnavirus sont présents dans le génome de milliers
de guépes parasitoides, qui pondent leurs ceufs a I’intérieur de larves de lépidopteres
(Gundersen-Rindal et al. 2013). La guépe utilise ces virus pour parasiter avec succes la larve
hote en déjouant son systéme immunitaire (c’est pourquoi on parle dans ce cas de virus
« domestiqueés » ; Strand et Burke 2013). Les polydnavirus, comprenant deux catégories de
virus, les bracovirus et les ichnovirus, sont respectivement associés aux guépes braconides et
ichneumonides. Chez les unes ou les autres guépes, ces virus sont utilisés pour délivrer des
génes de virulence dans les hotes parasités (Herniou et al. 2013). Ils ont évolué par convergence,
a travers au moins deux événements d’intégration d’ADN viral dans le génome de guépes
(Drezen et al. 2017; Gauthier, Drezen, et Herniou 2018). On sait aujourd’hui que les bracovirus
proviennent d’une intégration d’un nudivirus dans le génome d’une ancienne espece de guépe,
cela ayant eu lieu il y a environ 100 millions d’années (Bézier et al. 2009; Theze et al. 2011).
Chez les guépes associees au bracovirus, presque toutes les fonctions principales du virus ont
été conservées (Bézier et al. 2009; Burke et al. 2013; Wetterwald et al. 2010). Le cycle de vie
du bracovirus comporte ainsi les différentes étapes retrouvées classiqguement dans le cycle de
réplication d’un virus. En effet, le virus infecte des cellules cibles et se réplique, formant de
nouvelles particules virales. En revanche, ces étapes ne dépendent pas que du virus, mais sont
partagées entre la guépe et 1’hote parasité (Drezen et al. 2017). Ainsi, les bracovirus ont leur
génome éparpillé en plusieurs cercles viraux codant des facteurs de virulence le long du génome
de la guépe.

Récemment, les recherches de transfert d’ADN médi¢ par les bracovirus ont mis en évidence

la présence de séquences de bracovirus dans divers génomes de lépidoptéres comme le
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monarque (Danaus plexippus), les noctuelles du mais et de la betterave (Spodoptera frugiperda
et Spodoptera exigua, respectivement), ou le bombyx du mdrier (Bombyx mori). Ces résultats
apparaissent a premiere vue surprenants dans la mesure ou les guépes parasitoides tuent 1’hote
parasité, empéchant donc tout impact évolutif. Ces fragments d’ADN viraux détectés dans les
génomes de Iépidopteres présentent jusqu’a 90% similarité (nucléotidique) avec I’ADN de
bracovirus, cela sur plusieurs kilobases. De tels niveaux de similarité sur une telle longueur
correspondent & un niveau de conservation de séquence inattendu entre un virus et un
Iépidoptére. La plus grande des insertions détectées (6,5 kb) correspond a plus de la moitié de
la séquence d’un cercle de bracovirus. Les autres inserts sont généralement limités a un géne
avec quelques séquences régulatrices autour (Gasmi et al. 2015). Dans un cas, une séquence
régulatrice (impliquée dans la production d’un cercle de bracovirus) est présente dans la
séquence transférée chez un Iépidoptére, ceci nous renseignant sur le sens du transfert, a savoir
du bracovirus vers le 1épidoptére (Gasmi et al. 2015). Dans cette étude, 1’intégration d’ADN de
bracovirus dans les génomes d’insectes a été vérifiée en séquencant les jonctions entre I’ADN
du Iépidoptere concerné et I’insert viral, cela sur plusieurs individus provenant de différentes
collections. Ces pratiques robustes apportent du poids quant a la présence veéritable de fragments
d’ADN de bracovirus dans les génomes de lépidopteres. Cela nous permet de penser que ces
intégrations sont fixées dans les populations des Iépidopteres concernés. De plus, beaucoup de
courtes séquences originaires de bracovirus (quelques centaines de paires de bases de long) ont
également été détectées dans les génomes du monarque et du bombyx du mdrier, par des
méthodes bio-informatiques (Schneider et Thomas 2014). Des analyses fonctionnelles
suggerent que ces genes de bracovirus dans les génomes de Iépidopteres pourraient jouer un
role dans la défense contre un baculovirus (Gasmi et al. 2015). Ainsi se dessine une course a
I’armement dans laquelle des 1épidoptéres utiliseraient des génes d’un virus pour lutter contre
un autre virus, cela entrainant potentiellement des TH de matériel génétique au passage (Figure
0.3).
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Figure 0.3 : Transfert d’ADN par l'intermédiaire d'un bracovirus. (a) Les bracovirus
endogenes associés aux guépes parasitoides produisent des particules virales et les cercles
d’ADN empaquetés dans ces particules s’integrent dans I’ADN des cellules hotes parasitées.
(b) La présence de séquences de bracovirus fixées dans les génomes de plusieurs lignées de
Iépidopteres suggere que quelquefois les cercles bracoviraux peuvent aussi s’intégrer dans le
génome de cellules germinales. Ces insertions conféreraient un avantage sélectif aux individus
produisant certains produits de genes bracoviraux comme la protection contre d’autres virus.
Les rectangles de couleur représentent les genes transférés, les lignes de couleur représentent
I’ADN génomique des especes représentées, le cercle correspond a un cercle de bracovirus
empaqueté dans une particule. Crédits Image : A. Bézier, J. Gaillard & J. Herbiniére. Figure
modifiée a partir de Drezen et al. 2017.

Dans une étude récente, Chevignon et al. (2018) ont détecté des fragments d”’ADN de bracovirus
intégrés au sein des hémocytes de 1’hdte parasité, le sphinx du tabac (Manduca sexta). Une
approche par PCR réalisée sur un échantillon des cercles indiquait qu’ils ont persisté dans les
hémocytes de M. sexta sous forme linéaire et ont été potentiellement intégrés au génome de ces
cellules. De plus, les auteurs ont mis en évidence que huit cercles de bracovirus étaient intégrés
dans le génome des hémocytes dans des régions spécifiques reconnues par le motif d’insertion
de I’héte (ou « host insertion motif », HIM). Ainsi, un mécanisme d’insertion spécifique médié
par ces HIM est a I’ceuvre dans ces intégrations. De plus, des régions de génome de [’hote M.
sexta apparaissent étre enrichies en sites d’insertion des cercles viraux. L’identification d’un
mécanisme d’intégration efficace et spécifique partagé par plusieurs especes de bracovirus pose

la question du réle de ce mécanisme dans le succes de parasitisme des guépes braconides. Les
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résultats obtenus par Chevignon et al. montrent I’intégration d’ADN de bracovirus dans des
cellules immunitaires & chaque événement de parasitisme. Etant donné que les bracovirus ne se
répliquent pas dans les cellules qu’ils infectent, 1’intégration de séquences virales dans I’ADN
hote pourrait permettre la production de protéines de virulence au sein des cellules hotes en
division. De plus, ce processus d’intégration pourrait servir de base pour comprendre comment
les polydnavirus servent de vecteurs d’ADN entre les guépes parasitoides et leurs hotes
Iépidopteres. Bien que ces TH concernent des cellules somatiques, ils soulévent la possibilité
que des TH se produisent aussi dans la lignée germinale, ce qui est d’autant plus intéressant que
toutes les chenilles ne meurent pas a la suite d’un événement de parasitisme, ce qui permettrait

un possible héritage vertical du matériel génétique acquis lors de ces TH.

VII. Les transferts horizontaux chez les métazoaires impliquent surtout
les éeléements transposables

a. Qu’est-ce qu’un élément transposable ?

La grande majorité des TH de matériel génétique identifiés jusqu’a présent entre métazoaires
impliquent des éléments transposables (ET) (Gilbert et Feschotte 2018). Plusieurs milliers de
ces TH d’ET ont été identifiés (référencés dans la base de données HTT-DB, Dotto et al. 2018),
alors que seulement un exemple de TH d’un géne non-ET entre animaux (une proteine antigel
partagée entre diverses especes de poissons) a été décrit a ce jour (Graham et al. 2008). Les ET
sont des élements génétiques mobiles égoistes, capables de se déplacer et se dupliquer au sein
des génomes. On les classe généralement en deux catégories: les ET de classe | ou
rétrotransposons qui transposent par un mécanisme de copier/coller via un intermédiaire ARN ;
et les ET de classe Il ou transposons a ADN qui transposent par un méecanisme de couper/coller,
via un intermédiaire ADN (Wicker et al. 2007). De par les nombreuses séquences répétées d’ET
dans les génomes, leur étude s’est révélée et s’aveére toujours compliquée car ils entravent
I’assemblage de génomes de bonne qualité. Si leur nombre de copies au sein des génomes de
métazoaires est variable, on considére que virtuellement tous les eucaryotes portent des ET dans
leur génome. On peut citer en exemple le génome humain dont on estime qu’environ 50%
correspondent a des ET (Lander et al. 2001), ou encore le génome du mais composé a plus de
85% d’ET (Schnable et al. 2009). Les ET sont ainsi une part de I’ADN répété non génique des
génomes et ont longtemps été percus comme inutiles. De plus, les vagues de transposition des

ET dans les génomes entrainent souvent des mutations déléteres, impactant négativement la
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valeur sélective de 1’hote. Aujourd’hui, cette vision tend a étre nuancée au fur et a mesure des
études montrant que ces séquences peuvent fagonner les génomes hotes et influencer I’évolution
des organismes, en étant une source de mutations, de polymorphisme génétique, de
réarrangements chromosomiques et en participant a la régulation de réseaux de genes (Biémont
et Vieira 2006; Feschotte et Pritham 2007; Cordaux et Batzer 2009; Chénais et al. 2012;
Chuong, Elde, et Feschotte 2017; Bourque et al. 2018).

b. Les transferts horizontaux entre organismes comme moyen de persistance
des éléments transposables

La question de savoir comment les ET réussissent a perdurer dans les génomes sans procurer
de bénefices directs a leurs hétes a suscité beaucoup de travaux (Le Rouzic et al. 2007;
Brookfield et al. 1997). Etant donné leur impact principalement délétére sur la valeur sélective
de I’hote, des mécanismes d’extinction des séquences actives d’ET sont apparus, comme la
compaction de la chromatine rendant la région génomique peu accessible a la transcription, ou
par la voie des petits ARN interagissant avec les protéines de la famille PIWI, appelés piARN
(Slotkin et Martienssen 2007). Une fois I’activité des séquences d’ET limitée, elles vont évoluer
de facon neutre et ainsi accumuler des mutations par dérive génétique, les rendant non
fonctionnelles (Szitenberg et al. 2016; Arkhipova 2018). En I’absence d’autres mécanismes,
ces ET seraient ainsi voués a disparaitre. Pour expliquer le fait que I’on trouve toujours
aujourd’hui des ET dans les génomes, deux hypotheses, qui ne s’excluent pas, peuvent étre
émises : soit les ET apparaissent de novo au sein des génomes eux-mémes, soit les ET ont un
moyen d’échapper a leur sort funeste au sein d’un génome.

La premiére hypothese ne peut étre simplement rejetée puisque les ET sont bien apparus un
jour et qu’on leur trouve des similarités d’une part avec des virus, et d’autre part avec d’autres
séquences dans les génomes comme des ARN de transfert ou des ARN codant des sous-unités
ribosomiques, qui sont similaires a certaines séquences d’ET non autonomes (Krupovic et
Koonin 2015; Ohshima et Okada 2005).

Mais bon nombre d’ET similaires sont détectés entre especes différentes, suggérant fortement
qu’un des moyens de leur persistance soit lié a leur transfert horizontal, qui serait facilité par
I’activité de transposition de copies actives d’un génome hote a un génome naif, ces copies ne
pouvant alors étre réprimées chez ce dernier. Il est techniquement possible d’inférer un TH
d’ET en comparant en autres les sequences nucléotidiques de ces éléments presents chez

différentes espéces. Si la similarité entre ces séquences est trop élevee et incompatible avec
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I’hypothése de leur présence par transmission verticale étant donné le temps de divergence entre
ces especes, I’hypothése d’un TH de ces ET est alors privilégiée (Peccoud, Cordaux, et Gilbert
2018).

Dans une étude de 2017, nous avions recherché de maniére systématique les TH d’ET chez les
insectes, et mis en évidence 2 248 de ces TH ayant eu lieu au cours des dix derniers millions
d’années, a partir de 1’analyse de 195 génomes (Peccoud et al. 2017). La majorité de ces TH
impliquent des ET de classe Il. La plus forte proportion de TH de transposons a ADN que de
TH de rétrotransposons pourrait étre due au fait que I’intermédiaire de transposition sous forme
ADN est plus stable que celui sous forme d’ARN. Le complexe transposase/ADN pourrait
mieux supporter les conditions de TH, impliquant certainement une étape extracellulaire, que
le complexe transcriptase-inverse/ARN. De plus, il est possible que les rétrotransposons
nécessitent plus d’interactions avec des facteurs cellulaires hotes pour une rétrotransposition
réussie, contrairement aux transposons a ADN. Le nombre de facteurs cellulaires impliqués
dans un événement de transposition pourrait ainsi étre également limitant dans le cadre d’un

TH, les facteurs cellulaires différant d’une espéce a 1’autre.

VIII.  Mécanismes responsables des transferts horizontaux d’éléments
transposables chez les métazoaires

Il est intéressant de découvrir toujours plus de TH d’ET chez les métazoaires et de mettre en
évidence leur impact dans 1’évolution de I’espéce receveuse. Mais ces TH soulévent la question
des mécanismes sous-jacents. Il parait difficile d’imaginer que ces mécanismes soient les
mémes que ceux ayant lieu chez les procaryotes, spécialement a cause de la séparation entre les
lignées germinale et somatique, et le nombre relativement faible de ces cellules germinales. De
plus, aucun mécanisme spécifiqguement dédié au TH entre eucaryotes n'est connu. Néanmoins
ces TH ont lieu, et des mécanismes impliquant des conditions écologiques particulieres doivent

avoir lieu, permettant ainsi aux TH de se produire.

a. Les vésicules extracellulaires

L’un des candidats potentiels qui pourraient permettre le passage d’ADN d’un donneur a un
receveur sont les vésicules extracellulaires (VE). Les VE sont de petites vésicules
membranaires, telles que les exosomes et les vésicules excréetées, qui peuvent étre libérees de

presque tous les types cellulaires, et dont la formation peut étre spontanée ou induite par divers
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stimuli. Les exosomes sont de petits véhicules extracellulaires dont la taille varie entre 50 nm
et 100 nm de diamétre, avec une densité de 1,10-1,21 g/ml. lIs sont libérés par exocytose des
corps multivésiculaires, déclenchée par des molécules clés comme le céramide sphingolipide
et la protéine X interagissant avec I'ALG-2 (ALIX). Les vésicules excrétées ont une plus grande
taille, entre 100 nm et 1 um de diametre (Cai et al. 2016). Elles sont relarguéees des cellules
maternelles par bourgeonnement d'une membrane plasmique suivie d'une fission de leur tige
membranaire (Cocucci, Racchetti, et Meldolesi 2009; Cai et al. 2016; Figure 0.4). Les VE
peuvent varier dans leur formation, leur taille, leur abondance et leur composition, mais elles
contiennent souvent d'abondantes protéines transmembranaires et cytosoliques, ARNm,
miARN et ADN (Trajkovic et al. 2008; Cai et al. 2015; L. Zhang et al. 2015; Zomer et al. 2015).
Les VE permettent le TH de molécules transportées d'une cellule a une autre. Ces vésicules
peuvent étre excrétées de presque tous les types cellulaires a la fois en conditions
physiologiques et pathologiques (Théry, Ostrowski, et Segura 2009; Arita et al. 2008; Cocucci,
Racchetti, et Meldolesi 2009; Trajkovic et al. 2008). De plus, les composants transférés dans
les VE sont fonctionnels et peuvent réguler les fonctions biologiques des cellules réceptrices.
Jusqu'a présent, on pensait que la plupart des cellules libéraient une abondance de VE contenant
un ensemble sélectionné de protéines et d'’ARN (Skog et al. 2008; Valadi et al. 2007). En outre,
de nombreuses études se sont concentrées sur les microARN (miARN) dans les VE qui sont
connus pour contréler I'expression des genes en régulant le renouvellement de I'ARNm dans les
cellules réceptrices, et également pour leur implication dans les cancers (Moldovan et al. 2013;
Pfeifer, Werner, et Jansen 2015; Ramshani et al. 2019; Yoshikawa et al. 2019; Battaglia et al.
2019; Groot et Lee 2020). Cependant, de récentes études ont montré que ces VE pouvaient
contenir de I’ADN qui serait transporté¢ entre cellules du méme organisme, provenant
généralement de cellules cancéreuses (Cai et al. 2016; Kalluri et LeBleu 2016; Klump et al.
2018; VVagner et al. 2018; Jabalee, Towle, et Garnis 2018; Lazaro-Ibafiez et al. 2014; 2019). Cet
ADN pourrait influencer la fonction des cellules réceptrices en augmentant les niveaux de
protéines et d’ARNmM (Cai et al. 2013; 2014). Un certain nombre de génes transférés d’une
cellule & ’autre par la voie des vésicules extracellulaires et impliqués dans des maladies

humaines ont également été mis en évidence (Cai et al. 2016, Tableau 0.1).

Tableau 0.1: Réle des ADN impliqués dans diverses pathologies transférés par des
vésicules lors de communication extracellulaire. Tableau modifié a partir de Cai et al. (2016).

Geénes transférés Cellules maternelles Cellules réceptrices Maladies associées
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cellules HEK293/

gene AT cellules musculaires lisses vasculaires cellules musculaires hypertension/athérosclérose
lisses

ADN hybride cellules de la leucémie myéloide chronique cellules HEK293/ leucémie

BCR/ABL neutrophiles

gene c-Myc cellules de médulloblastome - tumeur

genes MLH1, PTEN, .

P53 cellules cancéreuses de prostate - tumeur

genes KRAS, p53 cellules cancéreuses pancréatiques - tumeur

gene résistant aux érythrocytes infectées par Plasmodium érythrocytes infectées

médicaments
ADN extracellulaire

falciparum
cellules apoptotiques

par P. falciparum
cellules de I'immunité

infection parasitaire

Lupus

ADN mitochondrial astrocytes astrocytes maladie d'Alzheimer
ADN mitochondrial myoblastes myoblastes malad|e§ des muscles
squelettiques
X leucocytes/ cellules , )
gene SRY leucocytes endothéliales athérosclérose
gene chromosomal 333 cardiomyocytes fibroblastes cardiomyopathies

ADN chromosomal cellules épithéliales prostatiques spermatozoides -

ADN H-ras cellules épithéliales transformées par H-ras cellules épithéliales -

Au fur et a mesure que les VE sont étudiées, on découvre qu’elles peuvent contenir des
protéines, différents types d’ARN et méme de I’ADN génomique comme des oncogenes. Mais
ces VE pourraient-elles également contenir des ET (sous forme d’ARN et/ou d’ADN) et ainsi
étre un vecteur possible d’ET entre cellules ? Dans une étude de Balaj et al. (2011), les auteurs
ont mis en évidence la présence d’ADN et d’ARN dans des microvésicules issues de cellules
tumorales en infectant des cellules saines. Cet ADN correspondait a des oncogénes comme c-
Myc. De grandes quantités de transcrits ARN ont aussi été détectées, correspondant & des
rétrotransposons humains, i.e., des éléments LINE-1 (éléments autonomes) et Alu (éléments
non autonomes). De plus, des événements d’insertion de LINE-1 dans des cellules saines
apportées par des VE ont été mis en évidence expérimentalement (Kawamura et al. 2019). Un
TH d’ADN incorporé dans des VE a aussi été mis en évidence en utilisant des cellules de la
plante Arabidopsis thaliana (Fischer et al. 2016). Ces études mettent en avant le réle de vecteurs
des VE dans la communication intercellulaire au sein d’un organisme. Cependant, pour qu’un
TH ait un impact évolutif, il est nécessaire que ce dernier se produise entre organismes. Or, les
VE n’ont, jusqu’a présent, pas démontré leur capacité de vecteur entre organismes différents.
Néanmoins, les VE pourraient étre impliqués dans des TH entre animaux dans le cadre des
relations hotes-parasites. En effet, il a é&té montré que les VE sont impliquées dans I’interaction
hote-parasite et dans la communication entre parasites (i.e. parasite des genres Trypanosoma
ou Leishmania), induisant un dysfonctionnement des réponses immunitaires ou manipulant la
physiologie et le métabolisme de I’hote (Wu et al. 2019; Dong, Filho, et Olivier 2019; Coakley,

Maizels, et Buck 2015; Sampaio, Cheng, et Eriksson 2017). C’est pourquoi certains auteurs ont
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évoque la possibilité que les VE puissent agir comme vecteurs de matériel génétique entre
espéces, par exemple dans le cadre des relations hotes-parasites et spécifiquement dans le cas
de la malaria (infection humaine par le parasite Plasmodium falciparum, Correa et al. 2020) qui
a été étudié en détail. On peut également mentionner 1I’exemple d’un ver parasite de I’intestin
chez la souris Trichuris muris dont le contenu des VE a été analysé. De nombreuses protéines
interagissant avec des cellules de souris ont été détectées, ainsi que des ARNm qui
correspondraient a des ET (Eichenberger et al. 2018). Cela permet de penser que ces ET du ver
parasite pourraient interagir avec des cellules, voire le génome cellulaire de la souris. Bien que
les cellules de souris ne soient pas des cellules de la lignée germinale, ces résultats sont

prometteurs pour souligner le possible role des VE comme vectrices d’ET entre animaux.
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Figure 0.4: Schéma de la libération et des composés potentiels des vésicules
extracellulaires. Les VE sont libérées par exocytose des cellules (exosomes) et par
bourgeonnement a partir de la membrane plasmique (vésicules excrétées). ALIX : ALG-2
interagissant avec la protéine X. Protéine, ARNm, miARN, et ADN sont sélectivement
empaquetés dans les VE, puis sécrétés de la cellule. Figure modifiée issue de Cai et al. 2016.

b. Proximité phylogénétique et géographique

Il est possible que d’autres facteurs puissent expliquer les TH et que les relations hotes-parasites

n’expliquent pas a elles seules le spectre des TH d’ET chez les métazoaires. Dans notre étude
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de 2017 (Peccoud et al. 2017), nous avons cherché a détecter de facon systématique les TH
d’ET dans tous les génomes d’insectes disponibles au moment de 1’étude (195 génomes).
L’analyse de ces TH a mis en évidence davantage de TH de transposons a ADN que de
rétrotransposons, et a surtout mis en exergue deux facteurs majeurs semblant influencer les TH
d’ET (au moins chez les insectes), a savoir la proximité phylogénétique des especes donneuse
et receveuse, et leur proximité géographique. Le fait que des espéces ont d’autant plus de
chances d’échanger de I’ADN via TH qu’elles sont proches géographiquement ou
physiquement peut paraitre intuitif. Néanmoins cela n’avait jamais été¢ formellement montré
chez les métazoaires. De plus, la proximité phylogénétique comme facteur facilitant les TH
d’ET entre insectes soutient 1’hypothése selon laquelle les ET interagissent avec des facteurs
cellulaires (i.e. des protéines). Plus les espéces impliquées dans un transfert sont proches, moins
leurs facteurs cellulaires sont divergents et I’ET arrivant dans cette nouvelle espece aura plus

de chances de pouvoir interagir avec ces facteurs cellulaires.

c. Les relations hétes-parasites

Bien qu’il n’y ait a ce jour aucun cas formellement avéré de TH d’ET entre un hote et son
parasite par l'intermédiaire de VE (malgré des avancées conséquentes ces dernieres années),
I’importance des relations hotes-parasites dans les TH a déja été mise en lumiere. Une étude de
Kuraku et al. (2012) a mis en évidence des TH d’ET entre des poissons-téléostéens et des
lamproies, parasites de ces poissons. La relation héte-parasite est avancée pour expliquer ces
TH. Un autre exemple frappant a été révélé dans une étude de 2010, dans laquelle les auteurs
ont mis en évidence des TH d’ET entre des vertébrés et un insecte, ayant possiblement pu servir
de vecteur aux ET pour infecter ensuite diverses espéces (Gilbert et al. 2010). En effet,
Rhodnius prolixus, une punaise triatomine se nourrissant du sang de différents tétrapodes et
vecteur de la maladie de Chagas chez I'hnomme, porte dans son génome quatre familles de
transposons distinctes qui ont également envahi les génomes d'un ensemble de tétrapodes. Les
ET d'insectes sont identiques a environ 98% et se regroupent phylogenétiquement avec ceux de
I'opossum et du singe-écureuil, deux de ses hotes mammiferes préférés en Amérique du Sud.
Les auteurs ont également identifié I'une de ces familles de transposons chez la limnée Lymnaea
stagnatilis, un vecteur cosmopolite de trématodes pouvant infecter plusieurs vertébreés, dont la
séquence ancestrale est presque identique et se regroupe avec celles trouvées chez les
mammiféeres de I'’Ancien Monde. Ensemble, ces données soutiennent, sans toutefois le

démontrer, le rdle supposé des interactions hotes-parasites dans la facilitation de TH d’ET chez
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les animaux. De plus, la grande quantité d'ADN générée par I'amplification des ET transférés
horizontalement soutient I'idée que I'échange de matériel génétique entre les hotes et les
parasites influence leur évolution génomique. Enfin, une étude récente de Reiss et al. (2019) a
révelé, parmi divers ordres d’insectes, un exceés de TH d’ET chez les 1épidopteres. Les auteurs
de I’étude mettent en avant, outre les mécanismes déja évoqués plus haut, I’importance de la
biologie de I’hote dans ces TH. Justement, ils mettent en perspective I’importance des TH d’ET
chez les papillons avec la circulation de baculovirus, virus ayant un large tropisme chez les
1épidopteres. Il a d’ailleurs été montré a travers diverses €tudes, des années 1980 a aujourd’hui,
que ce virus est capable de porter des ET de Iépidoptéres dans son génome et pourrait ainsi étre
un vecteur potentiel d’ET entre animaux (Miller et Miller 1982; Fraser, Smith, et Summers
1983; Gilbert et al. 2014; 2016; Loiseau et al. 2020).

d. Lesvirus : vecteurs modeles d’éléments transposables entre animaux ?

Certains virus étant capables d’infecter plusieurs espéces ont naturellement été proposés comme
potentiels vecteurs d’ADN entre ces espéces (Loreto, Carareto, et Capy 2008). Parmi la grande
diversité de virus existants, les virus a grands génomes a ADN double-brin sont
particulierement intéressants puisque le support de leur information génétique est identique a
celui de leurs hotes et, par extension, a celui des ET. Encore faut-il que de I’ADN étranger
s’insére dans les génomes viraux, c’est-a-dire que ces virus sont aptes a porter de ’ADN
étranger dans leur génome, que cet ADN n'est pas perdu ou modifié dans les génomes viraux
de maniére que les virus puissent ensuite le transposer dans le génome d’une espece receveuse
lors d’une future infection. Cette idée a été encouragée par la découverte d’ET intégrés au sein
de génomes de virus a ADN double-brin comme les poxvirus ou les iridovirus (Piskurek et
Okada 2007; Piégu et al. 2013). Il convient de noter que des ARN d’ET ont également été
identifiés dans les capsides de certains virus a ARN, ce qui étend potentiellement la capacité

cargo a tous les types de virus (Routh, Domitrovic, et Johnson 2012).

i. Virus, vecteur d’ADN in vitro...

Pour qu’un TH d’ET médié par un virus puisse réussir, il faut que I’ET saute du génome d’un
premier hote a celui du virus puis du virus au génome d’un second hoéte. Justement, la capacité
des ET a sauter dans certains génomes viraux est connue depuis le début des annéees 80. Le
premier ET découvert dans un virus est TED, un rétrotransposon intégré dans le génome du

baculovirus Autographa californica multiple polyhedrosis virus (AcCMNPV) (Miller and Miller
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1982). Par la suite, d’autres ET comme IFP2 (aujourd’hui appelé piggyBac), TFP3 (aujourd’hui
appelé tagalong, appartenant aussi a la superfamille piggyBac) et Hitchicker (de la superfamille
PIF/Harbinger) ont également été trouvés intégrés au génome d’ AcMNPYV apreés infection d’une
lignée cellulaire de la fausse arpenteuse du chou (Trichoplusia ni, Noctuidae, Lepidoptera), les
cellules TN-368 (Bauser, Elick, et Fraser 1996; Fraser, Smith, et Summers 1983; Wang et
Fraser 1993). Ces travaux montrent que 1’intégration d’un ET de I’h6te dans un génome viral

est possible en conditions in vitro.

ii. ...Mais aussi in vivo

Quelques années plus tard, le méme constat a pu étre fait aprés 1’infection de chenilles de
papillons par un autre baculovirus, Cydia pomonella Granulosis Virus (CpGV) (Jehle et al.
1995 ; 1997). Ce sont cette fois-ci des ET de la superfamille Tc1/Mariner qui ont été identifiés
au sein de génomes de CpGV (Jehle et al. 1995 ; 1997).

Plus récemment, grace a une approche de génomique des populations, Gilbert et al. (2014) ont
pu arriver au méme résultat en utilisant les nouvelles technologies de séquencage. Ils ont
séquencé une population d’AcMNPV, aprés infection de chenilles de T. ni. La profondeur du
séquengage leur a permis d’identifier deux ET de la fausse arpenteuse du chou appartenant a
deux familles différentes (piggyBac et mariner) insérés a différents loci dans les génomes
séquencés d’AcMNPV. Ils ont aussi pu montrer que ces deux transposons avaient été transférés
horizontalement entre la fausse arpenteuse du chou et d’autres especes de papillons tres
éloignées et connues pour étre également susceptibles au virus ACMNPV, le sphinx du tabac
(Manduca sexta) et la noctuelle du chou (Helicoverpa armigera). La trés forte identité entre les
ET des différentes especes suggere que les transferts sont extrémement récents (Figure 0.5).
Ces données ont aussi permis de calculer pour la premiére fois une fréquence d’insertion d’ET
de papillons dans les populations d’AcMNPV, équivalente & au moins un transposon dans une

population de 8 500 génomes de baculovirus.
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Figure 0.5: Phylogénie de I’élément MAR1 (Tcl/Mariner), qui a été trouvé intégré dans
le génome d’AcMNPV. L’arbre est un arbre de copies de MARI1. La barre d’échelle pour la
longueur des branches est de 0,01 substitution par site. Les valeurs de bootstrap > 70% sont
indiquées. Le nombre de copies utilisées pour les analyses phylogénétiques est indiqué entre
parenthéses pour chaque espéce. L’ET d’AcMNPV correspond au consensus de toutes les
copies trouvées intégrées dans le génome du virus. La photo du virus a été prise en microscopie
électronique a balayage. Barre d’échelle blanche = 1 pm. Figure modifiée a partir de Gilbert et
al. (2014).

Cette approche qui consistait a chercher des ET de 1’héte a basse fréquence dans des populations
de génomes viraux s’est avérée pertinente et a permis de confirmer et de détecter la présence
d’ET hétes insérés dans les génomes viraux a basse fréquence. De plus, cette étude était la
premiére & montrer que des transposons s’intégrant in vivo dans un génome viral avaient
récemment ¢été transférés horizontalement entre espeéces d’insectes susceptibles au virus.
Cependant, ces recherches étaient limitées par le faible nombre de séquences hétes disponibles,
notamment ’absence d’un génome disponible de T. ni. Les auteurs ont conclu que la diversité
des ET sautant dans les génomes viraux ainsi que la fréquence d’un transposon dans 8 500

génomes viraux étaient probablement trés sous-estimees.

e. Flux continu d’éléments transposables dans des populations de
baculovirus
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Le transcriptome de T. ni ayant été publié entre temps (Chen et al. 2014), les auteurs ont réitéré
les analyses précédentes en utilisant ce transcriptome comme séquence cible pour la recherche
d’ET et autres séquences intégrées dans les populations du méme baculovirus (Gilbert et al.
2016). Dans cette seconde étude, ils ont donc réanalysé la population déja étudiée dans Gilbert
et al. (2014) et ont inclus 20 autres populations d’AcMNPV dont 10 issues de séries de 10
cycles successifs d’infections de chenilles de T. ni et 10 issues de séries de 10 cycles successifs
d’infections de chenilles de la légionnaire de la betterave (Spodoptera exigua, Noctuidae,
Lepidoptera). Les populations issues de S. exigua ont éte analysees en utilisant le transcriptome
de cette espece, déja disponible (Pascual et al. 2012) comme séquence cible. Au total, 86
séquences différentes ont été détectées, responsables de 27 504 insertions dans ce qui équivaut
a environ 500 000 génomes viraux. La majorité de ces 86 séquences sont des ET (n = 69)
appartenant a 10 superfamilles de transposons a ADN et a 3 superfamilles de rétrotransposons,
qui se sont insérés plusieurs fois a plusieurs positions le long du génome viral. Ce jeu de
données plus complet a permis de préciser I’estimation de la fréquence de génomes d’AcMNPV
portant au moins un ET hote a au moins 4,8% en moyenne (de 1,1 a 14,3%, selon les
populations). Cette fréquence est tres intéressante au niveau biologique, car pendant I’infection
d’une chenille par ingestion de particules virales, plusieurs dizaines voire plusieurs centaines
de milliers de génomes d’AcMNPV sont ingérés par la chenille, donc plusieurs dizaines d’ET
d’un hoéte précédent aussi sont ingérés. Ceci implique que chaque infection qui ne serait pas
létale pour une chenille représente une opportunité de TH entre chenilles pour les ET insérés
dans les génomes viraux. Les auteurs ont d’ailleurs pu montrer que 21 ET intégrés dans les
génomes d’AcMNPYV avaient été transférés horizontalement chez les insectes, dont 5 especes
de Iépidopteres connues pour étre susceptibles aux baculovirus. Enfin, si toutes les populations
de virus analysées portent des séquences hotes, aucune des insertions d’ET trouvées dans la
population initiale d’AcMNPYV n’a été retrouvée dans les populations 10 cycles d’infection plus
tard. Ce résultat suggere un flux continu d’ET dans les populations virales, couplé a une

élimination rapide de ces séquences, potentiellement due a leur caractere généralement délétere.

Ainsi, il semble que les virus soient des agents pouvant effectivement porter au sein de leur
génome des ET de I’héte pendant I’infection. En infectant un second hote, ces ET pourraient
potentiellement a nouveau transposer dans le génome de ce nouvel hote, et ainsi étre vecteur
d’un TH d’ET entre animaux. Pour peu que ces insertions aient lieu dans une cellule germinale,

ce TH d’ET pourrait potentiellement avoir une importance évolutive impactant de fait le
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génome de ’espéce receveuse ainsi que la dynamique évolutive de I’ET ayant subi ce TH

(Figure 0.6).
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Figure 0.6: Schéma d’un TH d’ET entre deux espéces différentes de papillons par
I'intermédiaire d'une population virale. La premiére phase correspond a I’infection d’un
papillon par une population virale naive. Au cours de I’infection, certains ET de I’hote A
transposent du génome de 1’hote aux génomes viraux. Ainsi, la population virale post-infection
possede certains génomes viraux avec des ET de I’hote A. Ce virus peut ensuite infecter un
autre hote et ainsi les ET de 1’hote A pourraient transposer des génomes viraux au génome des
cellules infectées de 1°‘hote B. Si jamais 1’hote survit a I’infection et si les cellules infectées
appartiennent a la lignée germinale et sont impliquées dans la reproduction de cet hote, alors
des descendants de I’hote B pourront porter au sein de leur genome des ET de 1’hote A. Ainsi,
la population virale aura été vectrice d’ET entre les deux espéces animales.

f. Quelques informations concernant le virus ACMNPV

Ce virus a été évoqué précédemment puisque différentes études ont mis en évidence des ET
insérés dans des génomes d’AcMNPV. De plus, il a également été utilisé dans plusieurs études
au cours de cette thése. Il apparait donc nécessaire d’apporter quelques précisions quant a sa
biologie.

Ce virus appartient a la famille des baculoviridae, qui sont de grands virus a ADN double brin
circulaire infectant des invertébrés, en particulier les larves d’insectes. Les virus de cette famille
partagent des caractéristiques communes comme une nucléocapside enveloppée en dorme de
tige de 30-60nm de diametre et 25-300 nm de long. La taille du génome varie de 80 a 180 kb
(celui d’AcMNPV fait 134 kb environ) et possédent deux phénotypes différents de virions. La
taxonomie des baculoviridae a été décrite pour la premiere fois en 1976 et comprend quatre

genres, déterminés selon des caractéristiques phylogénétiques, biologiques et morphologiques.
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Le premier genre est appelé Alphabaculovirus et inclut tous les nucléopolyhédrovirus
spécifiques aux Iépidopteres. L’espéce type de ce genre est ACMNPYV. Le second genre, les
Betabaculovirus, incluent les granulovirus dont I’espéce type est Cydia pomonella granulovirus
(CpGV). Les Gammabaculovirus regroupent les baculovirus infectant les hyménoptéres alors
que les Deltabaculovirus correspondent aux baculovirus infectant les dipteres. La plupart des
baculoviridae infectent une seule ou quelques especes apparentées, mais ACMNPV est connu
pour avoir une gamme d’hotes lépidoptéres relativement importante (Rohrmann 2019).

Au cours d’une infection a ACMNPV, deux formes morphologiquement différentes de virions
sont produites, chacun ayant des propriétés et une action spécifique dans le cycle de ces virus.
Tout d’abord, les larves d’insectes sont infectées lors de ’ingestion de corps d’occlusion, qui
sont des corps composés d’une matrice protéique (la polyhédrine) contenant des virus dérivés
de I’occlusion (ou ODV pour occlusion-derived virus), virions enveloppés présents dans cette
matrice protéique. Au cours de 1’ingestion, les corps d’occlusion vont parvenir dans I’intestin
des larves. Le pH basique s’y trouvant va entrainer la dissolution de ces corps d’occlusion,
libérant ainsi les ODV qui vont infecter les cellules épithéliales intestinales. Les cellules
infectées vont ensuite produire le second type de virions, des virus bourgeonnant (ou BV pour
budded virus). Ces BV vont répandre ’infection virale de cellule en cellule au sein de la larve
infectée. Chez les Betabaculovirus (par exemple CpGV), la matrice protéique est composée
non pas de polyhédrine mais de granuline, et chaque ODV ne contient qu’un seul génome viral
(Rohrmann 2019).
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IX. Objectifs de la these

Au cours de cette thése, I’objectif était donc de disséquer le processus permettant aux virus
d’agir comme vecteurs d’ADN entre différents hotes. Pour cela, nous nous sommes posé
différentes questions afférant a chaque étape d’un TH d’ ADN médié par une population virale
(figure 0.6).

La premiere d’entre elles concernait la premiére étape du TH, a savoir I’infection d’un hote par
un virus. Comment et pourquoi des ET pourraient-ils transposer dans des génomes viraux ?
Plus précisément, nous nous sommes demandé si le stress provoqué par une infection virale
pouvait induire 1’activation des ET de I’hote infecté, et ainsi leur possible transposition dans les
génomes viraux. Aussi, nous avons cherché a savoir si les ET intégrés dans des genomes viraux
pouvaient étre transcrits, condition indispensable pour que ces ET puissent ensuite transposer
des génomes viraux au génome d'un autre héte. Une étude menée sur ce sujet par analyse de
données transcriptomiques tente d’apporter des réponses a ces questions et constitue le premier

chapitre de cette these.

Un autre point important d’un TH d’ET par l'intermédiaire d'un virus et pour lequel les données
dans la littérature sont assez peu fournies concerne la diversité et la quantité des ET que 1’on
peut trouver intégrés dans des génomes viraux. En effet, mis a part les quelques systemes
papillon-baculovirus décrits précédemment, aucun autre systeme héte-virus n’a a ce jour été
étudié par séquencage haut débit du point de vue de I’insertion d’ET dans les génomes viraux.
Nous avons ainsi cherché a étendre le spectre des connaissances en étudiant une diversité de
systemes hotes-virus pour mieux cerner cette dynamique. Ci-apres sont énoncées quelques-unes
des questions que nous nous sommes posées : observe-t-on un biais en termes de type d’ET
inséré dans les populations virales ? La fréquence d’insertion est-elle la méme d’un systéme a
I’autre ? Si ce n’est pas le cas, a quoi cela est-il d0 ? Les ET peuvent-ils transposer de génomes
viraux a génomes viraux ? Les ET portés par des génomes viraux peuvent-ils persister pendant
plus d'un cycle d'infection au sein d'une population virale ? Ces différentes questions font 1’objet

du deuxiéme chapitre de la these.

Bien que I’insertion d’ET dans des génomes viraux ait precédemment été montrée comme nous
I’avons vu en introduction, la détection de ces insertions a été le plus souvent basée sur 1’analyse
de lectures courtes de séquencage (Illumina). Ce faisant, 1’état et la structure de la plupart des

ET intégrés dans les génomes viraux restent a étre précisés. Ce point est important, car, pour
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qu'un ET subisse un TH d’un animal a un autre, il est important que sa séquence soit insérée
completement dans le génome viral pour pouvoir ensuite étre capable de coder des protéines
fonctionnelles, et transposer a nouveau lors de I’infection d’un nouvel hote par le virus. Nous
avons de ce fait cherché a combler ce vide par 1’analyse de longues lectures, générées grace a
la technologie PacBio, capables de couvrir ’insertion d’un ET sur toute la longueur de sa
séquence, et pas seulement ses extrémités. La richesse des données générées dans cette étude
nous a amenés & nous intéresser non pas seulement aux insertions d’ET dans les génomes
virauxX, mais a ’ensemble des variations structurales présentes au sein des génomes d’une
population virale, apportant a nouveau des résultats jamais mis au jour jusqu’a présent chez des
virus. Ces données représentaient une opportunité unique de mesurer la variabilité de ces
variants génomiques structuraux présente au sein de populations virales. Ceci est traité dans le

troisieme chapitre.

Enfin, bien que dépassant a proprement parler le propos du sujet de cette these, nous nous
sommes intéressés au TH d’un rétrovirus murin dans une lignée cellulaire humaine. Cette étude
s’est présentée par l’opportunit¢ d’analyser plusieurs jeux de données (génomiques et
transcriptomiques) afin de mettre en avant de nouveaux pathogenes affectant des cultures
cellulaires humaines, dans le cadre d’une collaboration avec le laboratoire de virologie du
Centre Hospitalier Universitaire de la ville de Poitiers. Au cours de cette étude, aucun nouveau
pathogeéne n’a pu étre détecté, mais un TH de rétrovirus murin dans la lignée cellulaire Hep2
clone 2B a été révélé et caractérisé en détail. Le sujet de la thése s’inscrivant plus largement
dans la thématique des TH chez les animaux, cette étude nous a semblé pertinente et constituera
ainsi le quatrieme et dernier chapitre de cette thése.
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Chapitre 1 : Expression des eléments
transposables chez la fausse-arpenteuse du
chou Trichoplusia ni lors d’une infection a

AcMNPV

L’¢tude de I'influence du stress sur I’activité des éléments transposables (ET), ¢léments
génétiques mobiles égoistes présents dans les génomes, nous a semblé pertinente dans le cadre
de la thématique des transferts horizontaux (TH) d’ADN entre métazoaires, effectués par
I’intermédiaire d’un virus. La premicre étape de ce TH consiste en I’infection d’un hote par un
virus. Si le stress provoqué par I’infection virale entraine une augmentation de 1’activité des
ET, alors ces derniers auraient une probabilité plus importante de s’intégrer au sein des génomes

viraux, renforcant ainsi I’hypothése des virus comme vecteurs d’ADN entre animaux.

Pour tester cette hypothése, nous avons utilisé les données transcriptomiques d’un virus (le
baculovirus Autographa californica multiple nucleopolyhedro virus ou AcCMNPV) et de son
hote la fausse-arpenteuse du chou (Trichoplusia ni) produites par Chen et al. (2013) et Shrestha
et al. (2018). La premiere étude visait a analyser I'expression des genes d'AcMNPV lors de
I'infection d'une lignée cellulaire de T. ni (Tnms42). L’autre visait a étudier 1'expression des
genes de ce méme virus dans I'épithélium intestinal de larves de T. ni infectées par ACMNPV.
L'étude de I'expression des ET dans ces deux ensembles de jeux de données nous a permis de
montrer que la plupart des familles d’ET n’étaient pas exprimées tout au long de I'infection
virale. Seules quelques familles d’ET apparaissent surexprimées (13 familles d’ET dans
I'intestin moyen des larves et 30 dans les cellules Tnms42), principalement I’ET non autonome
TFP3, appartenant a la superfamille piggybac. Il a été trouvé surexprimé en la lignée cellulaire.
De plus, nous avons trouvé 11 TE insérés dans les genomes ACMNPYV qui ont été cotranscrits
avec des genes viraux apres leur insertion, TFP3 étant le plus cotranscrit. Cette étude met en
évidence une surexpression spécifique a certains ET au cours d'une infection virale, mais pas
de dérépression globale des ET, et elle montre que les ET hotes insérés dans les génomes viraux
peuvent étre transcrits, ce qui soutient I’hypothese selon laquelle les virus pourraient jouer le

role de vecteurs de transfert horizontal d'éléments transposables entre insectes. De facon plus
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génerale, elle vient compléter une littérature encore peu fournie concernant I’influence des

stress biotiques sur I’activité des ET chez les animaux.

Cette étude a donné lieu a un article dont je suis le premier auteur et qui est destiné a étre soumis

pour publication dans PeerJ.
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Summary

Transposable elements (TEs) are selfish genetic elements able to move in host genomes. They
account for a large part of eukaryotic genomes. Due to their deleterious effect during
transposition, most of them are repressed. Stress can lead to TE de-repression due to epigenetic
modifications or transcription factor activation. However, the relation between TE expression
and stress is not so direct, some stresses leading to up- or downregulation. Here we analyzed
the cabbage looper larvae (Trichoplusia ni) migduts and Tnms42 cells (a T. ni cell line) TE
expression facing a viral infection by Autographa californica multiple nucleopolyhedrovirus
(ACMNPV). We found most TE families were repressed all along the viral infection. Only
specific TE families were upregulated (13 TE families in midgut larvae and 30 in Tnms42 cells),
mainly the TFP3 non-autonomous TE, belonging to the piggybac superfamily. It was found
upregulated in cell line. Moreover, we found 11 TEs inserted into ACMNPV genomes that were
transcribed after their insertion, TFP3 being the most transcribed, at the level of some ACMNPV
genes. Finally, we investigated if there are some links between TE expression during a viral
infection in living animals and the TE landscape of the host genome. We found no correlation
between TE copy number, TE copy divergence to consensus or TE distance to gene and TE
expression, likely due to the very low expression level of most TE families. This study
highlights specific TE upregulation during a viral infection but no global unleashing of TEs,
and it shows that host TEs inserted in viral genomes can be transcribed, which further supports

viruses as potential vectors of horizontal transfer of transposable element between insects.
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Introduction

Transposable elements (TEs) are selfish genetic elements able to move in the genome of their
hosts. They were first discovered in maize (McClintock 1950). They account for a large fraction
of eukaryotic genomes (Schnable et al. 2009; Sotero-Caio et al. 2017). Based on their ability to
transpose, TEs are classified into two categories: TEs that move through an RNA intermediate
are class | TEs, and those moving through a DNA intermediate are class Il TEs (Wicker et al.
2007). The raw genetic material deposited by each new transposition event has sometimes been
recycled during evolution, fueling genomic novelty and adaptation (I. R. Arkhipova 2018;
Bourque et al. 2018). While domestication of many TE-coding sequences has been reported
(Volff 2006), most co-option events involve TE regulatory sequences, which have sometimes
led to profound changes into expression landscapes (Chuong, Elde, and Feschotte 2017).
However, like many other mutation types, most transposition events are neutral or harmful and
are thought to negatively impact the host fitness (Barrén et al. 2014; Mita and Boeke 2016;
Brookfield and Badge 1997). In response to the deleterious effects of TEs, several TE-
repressing mechanisms have evolved in host genomes, such as DNA methylation, histone
modifications or post-transcriptional repression through the PIWI-interacting RNA pathway
(Slotkin and Martienssen 2007; Deniz, Frost, and Branco 2019). Thus, host-TE interactions are
best described as an evolutionary arms race, which often lead to complete extinction of TE
families and degradation of TE copies that are purged from the genome with time, mainly due
to neutral evolution of most TE sequences (Le Rouzic, Boutin, and Capy 2007; Blumenstiel
2019).

Typically, few TE families are active in a genome, most of them being repressed and thus not
expressed (Yoder et al. 1997; Zilberman et al. 2007). However, a perturbation of genomic
stability like environmental changes or infections leading to a stress can modify the expression
state of TEs (Miousse et al. 2015). Several examples of TE de-repression due to environmental
stress have been reported in plants, and this phenomenon appears to also occur in other
eukaryotes such as yeasts, human and other mammals, insects and nematodes (Menees and
Sandmeyer 1996, Van Meter et al. 2014; Voronova et al. 2014; Romero-Soriano and Garcia
Guerreiro 2016; Ryan, Brownlie, and Whyard 2017; Zovoilis et al. 2016; Huang et al. 2017;
Hummel et al. 2017, Dubin, Mittelsten Scheid, and Becker 2018). Such de-repression is thought
to often be caused by epigenetic modifications or activation of transcription factors (Capy et al.
2000; Horvath, Merenciano, and Gonzélez 2017). Interestingly, some TES even bear a stress

response element, i.e., a regulatory sequence activated in response to a stress, enabling TES to
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be upregulated in stressful conditions (Bucher, Reinders, and Mirouze 2012; Casacuberta and
Gonzélez 2013). However, the impact of stress on TE expression appears hardly predictable.
For instance, studies of stress-induced TE-expression in Drosophila have shown that depending
on cases, TEs can be upregulated, downregulated or transiently upregulated before being
downregulated in response to a stress (Horvath, Merenciano, and Gonzalez 2017). The
complexity of the interplay between stress and TE expression is likely due to several factors.
First, the impact of stress on transcription varies along the genome, being seemingly higher in
facultative heterochromatin, which is generally gene-rich and poorer in TEs than constitutive
heterochromatin, which is generally associated with gene-poor, TE-rich regions (Trojer and
Reinberg 2007; Saksouk, Simboeck, and Déjardin 2015). Consistently, the distribution of a TE
family along the genome is often highly correlated to chromatin state (Lanciano and Mirouze
2018). Moreover, stress-induced TE activation can generate new copies in the genome via
transposition. These new copies can bear cis-regulatory elements that can contribute to rewire
the stress response network, in turn modulating the interaction between stress and TE
expression during a stress (Cowley and Oakey 2013; Galindo-Gonzélez et al. 2017). Finally,
the epigenetic landscape influencing TE repression is variable between closely related species
and even between populations of a same species (Barah et al. 2013; Niederhuth et al. 2016;
Fouche et al. 2020).

In the study of eukaryotic TE response to stress, most of the effort focused on stress in plants.
To our knowledge, few studies have investigated the impact of a biotic stress like a viral
infection on the TE expression in animals. A recent study reanalyzed transcriptomic data of
several human and mouse cell lines infected by various viruses and found a genome-wide TE
upregulation in host cells (Macchietto, Langlois, and Shen 2020). This pattern was observed
particularly near antiviral gene responses and was common to analyzed datasets, whatever the
kind of virus, the host or the cell type studied. The authors concluded that TE upregulation
during a viral infection could be a common phenomenon in human and mouse. A second study
analyzed the impact of Sindbis virus (SINV), a single-stranded RNA virus, on Drosophila
simulans and D. melanogaster flies (Roy et al. 2020). They found viral infection can modulate
the piRNA and siRNA repertoires, pathways known to be involved in the TE expression control.
For instance, a global decrease of TE transcript amounts was observed in D. simulans and D.
melanogaster flies during the exponential phase of SINV replication. On the contrary, no

difference in TE transcript amounts was observed in D. simulans ovaries. TE activity was
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sensitive to SINV infection that may affect TE mobilization rates. Overall, these studies suggest

that viral infection impacts TE activity in animals.

Interestingly, several other studies reporting host TEs integrated in baculovirus genomes
provide direct evidence that some TEs are active during infection (Fraser et al. 1985; Jehle et
al. 1998; Gilbert et al. 2014; 2016; Loiseau et al. 2020). For example, Gilbert et al. (2016) found
thousands of TE copies belonging to 13 TE superfamilies integrated in the genome of the
ACMNPV baculovirus after infection of noctuid moth larvae. They estimated that in these viral
populations, 4.8% of ACMNPYV genomes, on average, carried at least one host TE. Furthermore,
long read sequencing revealed that many of the TE copies were integrated in ACMNPV
genomes as full-length copies, bearing all the components necessary to transpose (Loiseau et
al. 2020). These studies clearly revealed that many Class | and Class 2 TEs are expressed and
capable of actively transposing during infection by the ACMNPYV baculovirus. They also raised
several questions regarding the possible interaction between ACMNPV and host TEs. First, host
TE expression has never been measured during infection by large dsDNA viruses. Thus, it is
unknown whether the TEs found in viral genomes are expressed in the host genome in normal,
non-infected conditions, or whether they are normally repressed but become activated or
overexpressed in infected hosts. Whether TEs found in viral genomes during an infection are
also those that are the most highly expressed in the host genome is also unknown. Furthermore,
the influence of factors such as TE age, TE copy number and location in the host genome on
the level of host TE expression remains unclear. Finally, whether TE copies integrated into viral

genome are expressed during infection has never been measured.

We addressed these questions by reanalyzing RNA-seq datasets produced by Chen et al. (2013)
and Shrestha et al. (2018), in which the expression of host genes was measured in Tnms42 cells
(a Trichoplusia ni cell line) and Trichoplusia ni fifth instar larvae infected by ACMNPV,
respectively. Viral infections were monitored from 0 hours post infection (hpi) to 48 hpi and 72
hpi, respectively. In both datasets, we found few differentially expressed (DE) TEs. None of
the T. ni TEs previously found inserted in ACMNPYV genomes were particularly overexpressed
during the infection in these experiments. Finally, we found no correlation between TE copy
number, TE copy divergence to consensus or TE distance to gene with TE expression, mostly
due to the very low expression level of most TE families. Interestingly, however, we were able
to measure the expression of some TEs inserted in ACMNPV genomes in the Tnms42 cells
RNA-seq dataset. The most highly expressed TE (TFP3, piggybac) was expressed at levels
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similar to those of many ACMNPV genes. This TE was also one of the most upregulated TEs
during infection, due to inserted copies into ACMNPV genomes. This study highlights specific
TE upregulation during a viral infection but no global unleashing of TEs, and it shows that TEs
inserted in viral genomes can be transcribed, which further supports viruses as vectors of

horizontal transfer of transposable element between insects.

Materials & Methods

RNA-seq data of Tnms42 cells infected by ACMNPV

RNA-seq data were retrieved from Chen et al. (2013) (Sequence Read Archive [SRA] accession
number SRA057390). Briefly, T. ni cells from the Tnms42 cell line, which derives from
HighFive cells, were infected with the wild-type ACMNPV strain E2 (Chen et al. 2013). For
infections, 3x10® Tnms42 were infected at a multiplicity of infection (MOI) of 10 in a T25
flask. After a 1-hour incubation, the inoculum was removed and the cells were rinsed with
Grace’s medium and cultured in TNM-FH medium supplemented with 10% FBS at 28°C. The
time at which the inoculum was removed was designated 0 hpi. Total RNA was isolated from
AcMNPV-infected cells, as well as from a set of parallel control cells (uninfected or mock
infected), at 0, 6, 12, 18, 24, 36 and 48 hpi using a Qiagen RNeasy minikit. Polyadenylated
RNA isolated from 20g total RNA using Dynabeads oligo(dT)2s (Invitrogen) was used for
sequencing. The sequencing library was constructed with the TruSeq protocol and sequencing
was performed on an Illumina HiSeq2000 platform. Single-end reads of 101-bp long were
produced. Further information can be found in Chen et al. (2013). Please note that reads
corresponding to negative control at 24 hpi cannot be retrieved from the SRA.

RNA-seq data of midgut T. ni larvae infected by ACMNPV

RNA-seq data were also retrieved from Shrestha et al. (2018) (SRA accession number
PRINA484772). In this study, T. ni fourth-instar larvae (Cornell strain) that were ready to molt
were held for 0 to 5 h without diet, and newly molted 5th-instar larvae (0 to 5 h old) were used
for oral infections. Larvae were orally inoculated with 5 pl of a 10% sucrose solution containing
a total of 7x10* occlusion bodies of wild type AcCMNPV strain E2 (as in Chen et al. 2013).
Mock-infected control larvae were fed a similar sucrose solution containing no virus. Midgut
tissue was dissected at eight time points post infection: 0, 6, 12, 18, 24, 36, 48, and 72 hpi. For
each time point sampled post infection, a parallel mock-infected control midgut sample was
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dissected, to mitigate possible artifacts resulting from developmental changes that may occur
over the course of the experiment. For each time point and treatment (infected or control), three
replicate samples were prepared, with midgut samples from six larvae pooled for each replicate.
Total RNA extraction was performed on pooled midgut samples with the TRIzol reagent
(Ambion). Poly(A) mRNAs isolated from 3g of total RNA using oligo(dT)2s Dynabeads
(Invitrogen) were used for sequencing. The library was constructed with the TruSeq protocol.
Sequencing was performed on an Illumina HiSeq4000 platform. Single-end reads of 51-bp were

generated. Further information is provided in Shrestha et al. (2018).

T.ni genomes used in TE differential expression analyses

Two T. ni genome assemblies were retrieved from GenBank: (i) one derived from a single male
T. ni larva (accession number PPHH01000000; Chen et al., 2019), and (ii) one derived from the
T. ni Hi5 germ cell line (accession number NKQNO00000000; Fu et al. 2018). The first genome
was used to map the in vivo RNA-seq reads. As the cell line infected with ACMNPV (Tnms42)
is derived from the Hi5 cell line (Chen et al., 2013), we mapped the cell line RNA-seq reads on

the second genome.

TE identification and database
The TE library that we used to annotate TEs in T. ni genomes was compiled as follows. First,

RepeatModeler version 1.0.11 (http://www.repeatmasker.org) was run with default options on the

in vivo T. ni genome, which allowed us to identify 567 TE consensus sequences. In addition,
458 TE consensus sequences of the T. ni Hi5 genome were retrieved on
https://cabbagelooper.org/. We also added to our TE library 94 T. ni TEs previously found inserted

in viral genomes (Wang and Fraser 1993; Fraser et al. 1995; Gilbert et al. 2016). Finally, we
annotated TEs that we could identify in the RNA-seq data. The 48 datasets produced by
Shrestha et al. (2018) were assembled with Trinity version 2.1.1 (Grabherr et al. 2011). The
resulting 45,094 contigs were then mapped onto the ACMNPV strain E2 genome (GenBank
accession number KM667940.1), which led us to remove 45 viral contigs. RepeatModeler
version 1.0.11 was then run on the remaining contigs, which yielded 183 TE families. We also
aligned the 45,049 non-viral contigs on a library of TE proteins ("RepeatPeps™) provided in the
RepeatModeler package using diamond (Buchfink et al. 2015, options: ‘diamond blastx -more-
sensitive’). We retained 151 contigs which aligned over at least half of a TE protein. The same
approach was applied to the RNA-seq datasets from Chen et al. (2013). After Trinity assembly,
we found 103,650 non-viral out of 103,790. Among them, 472 TE families were identified by
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RepeatModeler and 612 by alignment on the RepeatPeps library. A total of 2,535 TE sequences
were retrieved. Clustering of these sequences using Vsearch (options used: ‘--target_cov 80.0 -
-query_cov 80.0 —id 0.95”) (Rognes et al. 2016) revealed that they were all unique. Finally, to
remove TE sequences for which a robust annotation could not be achieved, we aligned the 2,535
TE sequences on the RepeatPeps library and kept only TEs being >300 bp in length and aligning
on at least half of a TE protein. All sequences identified as ‘SINE’,’tRNA’,’rRNA’ or
‘Unknown’ were discarded. Our final TE library containing 849 TE families was used to
annotate TE copies in the two T. ni genomes using RepeatMasker version 4.0.7

(http://www.repeatmasker.org). Only TE copies >300 bp in length and aligning on at least >80%

of the length of a TE consensus were retained for downstream analyses. This filter led us to
consider 410 and 461 TE families for the larvae midgut and cultured cells data, respectively.

TE mapping with the TEtools pipeline

The RNA-seq data were trimmed using Trimmomatic version 0.38 (Bolger, Lohse, and Usadel
2014) to remove adaptors and low-quality bases. After trimming, reads <40 bp in length were
discarded (command line used: java -jar trimmomatic-0.38.jar SE -threads 30 -phred33
reads_R1.fastg reads R1 TRIMMED.fastg ILLUMINACLIP:TruSeq2-3-SE.fa:2:30:10
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:40).

Given the relatively short length of RNA-seq reads (51 or 101 bp), it seemed difficult to study
the TE expression at the copy level. We thus chose to study TE expression at the family level,
by mapping reads on TE consensus sequences. Due to the ‘very-sensitive’ option used for the
mapping with TEtools, some mismatches between reads and consensus sequences did not
prevent the alignment. Given the option used for mapping, reads could align on the consensus
sequences, especially for TE copies being highly similar to their consensus sequence. These
copies are the most relevant ones, as they are more likely to be active, contrary to more
divergent copies, likely non-functional. The minimum criteria for a read to align on a TE
sequence with the ‘very-sensitive’ option is at least an alignment of 20 bp substring without
any mismatch, with a six bp interval. It corresponds to six and 14 20 bp-substrings for a read of
51 or 101 bp, respectively. These substrings have to align at least once on a TE sequence of at
least 300 bp, which seems sensitive, even for divergent TE copies to consensus sequence.

The RNA-seq data were mapped to the TE library with the TEtools pipeline version 1.0.0 (Lerat
et al. 2016). Reads were aligned to our TE library using Bowtie2 v2.2.4 (Langmead and
Salzberg 2012), with the most sensitive option and keeping a single alignment for reads
mapping to multiple positions (—very-sensitive for Bowtie2). Read counts were then computed
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per TE family (410 and 461 TE families in the larvae midgut and cultured cells data,

respectively).

Differential expression analysis with DESeq2

We performed the DE analyses for all TE families using the R Bioconductor package DESeq?2
(Love, Huber, and Anders 2014) on the raw read counts, using the Benjamini—Hochberg multi
ple test correction (FDR level of 0.05, Benjamini and Hochberg, 1995). A TE family was cons
idered differentially expressed between samples when the adjusted p-value was <0.05. TE fam
ilies with at least 2-fold expression differences between conditions were considered. All analy

ses were performed using R version 3.6.2 (R Core Team 2019, https://www.R-project.org/).

RPKM computation

Based on read count outputs of TEtools, TE family expression derived from different samples
was estimated and normalized to RPKM (reads per kilobase of exon model per million mapped
reads, Mortazavi et al. 2008) to generate an expression unit enabling the comparison with gene

expression computed in by Chen et al. (2013) and Shresta et al. (2018).

Detection of TE/virus junctions in transcriptomic data

In addition to the DE analysis, we measured the expression of TEs integrated into viral
genomes. For this, we identified RNA-seq reads carrying a junction between a moth TE
sequence and the ACMNPYV genome. Such chimeric reads correspond to portions of transcripts
that start into a viral gene and continue in a TE sequence integrated in the viral genome. This
approach allowed us to make sure host transcripts had been excluded. To identify chimeric
reads, all reads were aligned to the AcCMNPV WP10 genome (GenBank accession number
KM609482) and to a TE library including TEs available in RepBase as of March 2018, TEs
identified by Gilbert et al. (2016) and Walsh et al. (2013). Analyses used to identify chimeric
reads was performed on R (R Core team, 2019). This pipeline was developed by Gilbert et al.
(2016). Briefly, reads are aligned separately on host sequences and the viral genome using
blastn (-task megablast). Chimeric reads for which a portion aligns on a host sequence only and
the other portion aligns on the viral genome only are then identified based on alignment
coordinates. This approach was also used in Loiseau et al. (2020) to identify TEsS from
Spodoptera exigua integrated in genomes of another ACMNPV population purified from S.
exigua larvae, as well as by Peccoud et al. (2018) to characterize artificial chimeras generated
during the construction of sequencing libraries.
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Identification of target site duplications

To confirm host TE insertions in viral genomes, we searched for target site duplications (TSD),
that are a signature of canonical transposition. We separated chimeric reads in 5° of a TE
sequence from those in 3°. To be sure reads in 5’ and 3’ corresponded to the same insertion, we
used different criteria. The viral insertion coordinate had to be equal to more or less 5 bp
between the 5’ and 3’ chimeric reads. The same TE had to be detected at this insertion point.
The 5 and 3’ chimeric reads had to have a concordant orientation (if the left part of some reads
corresponded to the viral sequence, the right part of the other reads had to correspond to the
viral sequence). Ten nucleotide sequences upstream or downstream the TE insertion point were

considered for each read and TSD were identified by building sequence logos (Wagih 2017).

Results and discussion

Genome-wide TE differential expression during ACMNPYV infection of Tnms42 cells
Reads produced by Chen et al. (2013) were mapped on our TE library containing 461 TE
consensus sequences, including 245 DNAs, 120 LINEs, 90 LTRs and 6 Helitrons. Among these,
283 were considered as never expressed (RPKM <1 at 0 and 48 hpi, without consideration of
expression at intermediate time points) and 46 as always expressed (RPKM >1 at 0 and 48 hpi,
without consideration of expression at intermediate time points). A total of 66 TE families were
found to exhibit DE during the course of the ACMNPYV infection in T. ni cells (Figure 1.1).
Among them, 36 were upregulated, including 33 that were activated (RPKM<1 at 0 hpi), and
30 were downregulated, including 22 that were silenced (RPKM<1 at 48 hpi). We found that
half of the Helitron families present in the T. ni genome (3 out of 6) are DE, compared to only
11%, 19%, and 14% of DNA, LINE and LTR TEs (Table 1.1). Although no TE class seemed
to be strikingly either up- or downregulated, at the superfamily level, 4/4 DE Maverick families
are upregulated, 6/7 TcMar-m4 families and 4/5 piggyBac families are downregulated. We also
detected 10 DE L2 families, with five down- and five upregulated (Table 1.1). These results
suggested that some TE superfamilies may be more prone to be overexpressed and others to be

underexpressed during a viral infection.

The most upregulated TEs were an RTE and an L2 non-LTR retrotransposons, as well as a
TFP3 DNA TE, with a log2FoldChange >8 at 48 hpi (i.e. 28= 256-fold more expressed
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compared to the uninfected condition). However, among those three, only TFP3 reached a high
expression level (684 RPKM at 48 hpi, Figure 1.1). This TE is a 831 bp-long non-autonomous
TE belonging to the piggyBac superfamily. It was first discovered inserted in ACMNPV
genomes purified from T. ni (TN-368) cells (Fraser et al 1983; Wang and Fraser 1993). TFP3
was strongly overexpressed in infected Tnms42 cells, whatever the time point. It is relevant that
TFP3 is the only upregulated TE reaching an expression level > 10 RPKM at 48 hpi (Figure
1.1). Thus, TEs upregulated in the infected condition are generally weakly expressed and their
relative overexpression (corresponding to the log2FoldChange value) is due to a small absolute

increase in expression (revealed by the RPKM level).

The most downregulated TEs were a piggyBac DNA TE and a Gypsy LTR-retrotransposon,
with a log2FoldChange <-4 at 48 hpi (i.e. 2*=16 times less expressed compared to normal
condition, Figure 1.1). None of the underexpressed TEs have RPKM levels >10 at 48 hpi. One
interesting TE is the downregulated TE piggyBac_1 family that shows the highest expression
level at 0 hpi (58 RPKM) among underexpressed TEs and drops to 5 RPKM at 48 hpi, which
is the strongest decrease. This TE is the only DE TE with TFP3 (that is upregulated contrary to
this piggyBac TE) to have been found integrated into ACMNPYV genomes (Gilbert et al. 2016;
Fraser et al. 1983).

Thirty T. ni TEs previously found integrated in ACMNPYV genomes were found in the T. ni Hi5
genome, including the two DE piggyBac described above. Among the 28 other TEs, 23 TEs
were not (or nearly so) expressed (expression level <1 RPKM at 0 and 48 hpi). The five other
T. ni TEs previously found inserted in ACMNPV genomes showed a decrease of their
expression level between 0 and 48 hpi, although such decreases were not significant compared

to the control data.
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Figure 1.1: 66 differentially expressed TE families in the cell line data. Heatmaps represent the log2 fold change (A) of the TE expression and
the absolute expression expressed in RPKM (B) during the infection. The differential expression was computed by comparison between virus-
infected and mock-infected data. A correspondence of TE names between those on the heatmaps and those in the fasta file is available in Table

S1.1.
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Table 1.1: Information about the 66 DE TEs in cell line data.

TE expression state during
infection by ACMNPV

Number of TE families by
TE class

Number of TE families by TE
superfamily

Upregulated

12 DNA

1 piggyBac

1 MuLE-MuDR

1 CMC-Transib

1 TcMar-m4

1 TcMar-fotl

3 TcMar-Tcl

4 Maverick

3RC

3 Helitron

13 LINE

1R1

1 RTE-RTE

1 Proto2

1CREII

1CR1

1 Jockey

21

5L2

8LTR

1 Copia

2 Pao

5> Gypsy

Downregulated

15 DNA

1 Sola

1 Academ

1 hAT

2 PIF-ISL2EU

4 piggyBac

6 TcMar-m4

10 LINE

1 Dong-r4

11

1 RTE-BovB

2 Proto2

5L2

SLTR

2 Gypsy

3 Copia

Among the 461 TE families annotated in the T. ni Hi5 genome, 326 (71%) were not expressed
(RPKM<1) and 106 (23%) were weakly expressed (1<RPKM<10) at O hpi. At 48 hpi, 404
(88%) TE families were not expressed and 50 (11%) were weakly expressed. Thus, the infection
of T. ni cells by ACMNPV tended to be associated with an overall decrease in TE expression.
This result does not support a scenario whereby the integration of host TEs in ACMNPV
genomes during the course of an infection (Fraser et al. 1983; Jehle et al. 1998; Gilbert et al.

2014; 2016; Loiseau et al. 2020) would be due to a general unleashing of TE expression.

Genome-wide TE differential expression during AcCMNPV infection of T. ni larvae

midguts
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The reads produced by Shrestha et al. (2018) were mapped on our TE library containing 410
TE consensus sequences, including 215 DNAs, 104 LINEs, 85 LTRs and 4 Helitrons. Among
these, 250 were considered as never expressed (RPKM <1 at 0 and 72 hpi, without consideration
of expression at intermediate time points) and 89 as always expressed (RPKM >1 at 0 and 72
hpi, without consideration of expression at intermediate time points). A total of 27 TE families
were found to be DE during the course of the ACMNPV infection in T. ni larvae (Figure 1.2).
Among them, 13 were upregulated, including six that were activated (RPKM<1 at 0 hpi), and
14 were downregulated, including seven that were silenced (RPKM<1 at 72 hpi). DE TE
families comprised 10 DNAs, 11 LINEs and 6 LTR retrotransposons. The 13 TE families being
upregulated were four DNAs (one Academ, one PIF-Harbinger and two piggyBac), four LINES
(one Proto2, one CR1, one L2 and one 1) and five LTR retrotransposons (one Copia, two Pao
and two Gypsy). The 14 downregulated TEs were six DNAs (one PIF-Harbinger, one TcMar-
Tcl and four piggyBac), seven LINEs (one CR1 and six L2) and one LTR retrotransposon (one
Pao). Although 14% of TE families identified into T. ni Hi5 genome were found to be DE in
cell line data (66/461 TE families), only 6.6% (27/410 TE families) detected in the T.ni in vivo
genome were DE in the midgut larvae. This result is consistent with what is known about cell
lines, as they have fewer constraints and generally undergo many chromatin remodeling and
chromosomal rearrangements, as is known for the T.ni Hi5 cell line (Fu et al. 2018). Such
modifications could lead to higher TE activity in cell lines, in particular during stress conditions,
as protection pathways like the immune system are less efficient, in part due to the presence of
aunique cell type (ovarian germ cells, in the case of T. ni Hi5 cells; Granados et 1986; Granados
et al. 1994).

It is noteworthy that about half of DE TEs were upregulated and half were downregulated.
However, LTRs were the major TE class being upregulated, with a single family (out of 6 DE
LTRs) being downregulated. At the TE superfamily level, one L2 was upregulated while six L2
were downregulated. These results show different patterns of expression during an infection
among different TE groups. LTRs are seemingly more prone to overexpression. On the
contrary, TEs of the L2 superfamily are seemingly more prone to underexpression. A notable
difference between the cell line and the in vivo data is a majority of L2 families (6/7) being
downregulated in vivo, whereas half of L2 families (5/10) are up- or downregulated in the cell
line. However, the number of DE TE families is too small to perform meaningful statistical

tests, precluding any robust conclusion to be drawn.
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The most upregulated TE family was the Proto2_1 family (Figure 1.2) with a log2FoldChange
of 7.8 at 72 hpi (or 278=222-fold increase in expression). Significant log2FoldChanges were
identified for this TE at 24, 36, 48 and 72 hpi. Although it remained expressed at <0.2 RPKM
in the uninfected condition, it goes from 0.1 RPKM at 0 hpi to 48 RPKM at 72 hpi in the infected
condition (Figure 1.2). The TcMar-Tcl_1 family had a significant expression at 72 hpi with a
log2FoldChange of -4.2 (-24?= 18 times less expressed than in control condition). However,
the absolute expression level was very low in both cases (0.7 RPKM in control condition versus
0.04 RPKM in the infected condition at 72 hpi). We noticed that some TE families reached a
peak in their expression variation (either up- or downregulated) during the infection at 12/18
hpi, such as Gypsy_1, Gypsy_2 or PIF-Harbinger_2 families (Figure 1.2). This is reminiscent
of what was also observed in the cell line analysis (e.g. Gypsy_4, Gypsy_5, TcMar-Tcl_2 or
TcMar-m4_5 at 12/18 hpi in Figure 1.1). It is tempting to interpret these results in regard of
host or viral gene expression variation during infection (Chen et al. 2013; 2014; Shrestha et al.
2018; 2019). However, one drawback of our study is our inability to infer TE expression at the
copy level. As TE families are made of multiple copies dispersed throughout the genome which
may each contribute very differently to the overall expression of their family, it was not relevant

to test for correlation between variation in gene and TE expression.
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Figure 1.2: 27 differentially expressed TE families in the in vivo data. Heatmaps represent the log2 fold change (A) of the TE expression and
the absolute expression expressed in RPKM (B) during the infection. The differential expression was computed by comparison between virus-
infected and mock-infected data. A correspondence of TE names between those on the heatmaps and those in the fasta file is available in Table
S1.1.
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Six TE families (LINE/L2_4, LTR/Copia_1, LTR/Gypsy 1 and LTR/Gypsy_ 2,
DNA/piggyBac_1 and DNA/piggyBac_4) were DE both in the cell line and in the in vivo
experiment. The piggyBac_4 TE was downregulated in both cases. The Gypsy_1 and Gypsy_2
TEs were both upregulated with a peak at 18 hpi in both cases. The Copia_1 TE was upregulated
in both cases with a peak at 48/72 hpi. The L2_4 TE was downregulated in both cases. Finally,
the piggyBac_1 TE was upregulated in infected larvae but downregulated in the infected cell
line. Contrary to the other shared DE TE families, piggyBac_1 seems to undergo different
forces acting on the genomes of the Hi5 cell line and in midgut larvae, possibly due to
differences in the regulatory landscapes of the two cell types. Another explanation can be the
expression of different copies located in different genomic regions. Whatever the factors
causing the opposite variation of expression in infected versus non-infected contexts between
larvae and cell line, this TE appears much less expressed, overall, in larvae (1.4 and 2.8 RPKM
at 0 and 48 hpi, respectively) than in the cell line (58 and 5.34 RPKM at 0 and 48 hpi,
respectively).

Twenty-four T. ni TEs found inserted in ACMNPV genomes in previous studies were detected
in the T. ni larva genome, including the DE piggyBac_1 described above. Among the 23 other
TEs, 17 had an expression level <1 RPKM at 0 and 72 hpi. All six other TEs showed an increase
of their expression level between 0 and 72 hpi, although not significantly compared to the
control data. Among them was the TFP3 TE, expressed at 24 RPKM at 0 hpi and 27 RPKM at
72 hpi, with a peak of 42 RPKM at 12 hpi. It is interesting that most TEs found inserted in viral
genomes were not DE, except TFP3 (in cell line) and piggyBac_1, which had an opposite

expression variation depending on whether it was expressed in cell line or in vivo.

Among the 410 TE families detected in the T. ni larva genome, 303 (74% of TE families) were
not expressed (RPKM<1) and 86 (21%) were weakly expressed (1<RPKM<10) at 0 hpi. This
is consistent with the fact that few TE families are expected to be expressed in normal
conditions because of the various mechanisms that have evolved to silence them (Slotkin and
Martienssen 2007). The number of silenced TEs decreased at 72 hpi, with 264 (64%) TE
families being not expressed and 113 (28%) being weakly expressed. This suggests a global
trend towards activation or overexpression during viral infection. However, the magnitude of
the variation in expression is weak. This weak trend somewhat contrasts with what we observed
in the cell line, whereby infection by ACMNPV tended to be associated with a general decrease

in TE expression. This suggests the nature and/or the strength of the interactions between host
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cells, TEs and the virus differ between the cell line and a living organ, at least in T. ni. In
addition to the piRNA pathway that actively represses TEs in lepidopterans, epigenetic marks,
such as 5-methylcytosine (5mC), are involved in TE regulation (Deniz et al. 2019). Thus,
differences in the strength of the piRNA response and/or in epigenetic landscape may explain

the variation of TE expression observed between the larvae and cell line.

Contrary to Macchietto et al. (2020) who found a global upregulation of TE expression after
viral infections of various cell lines, our results show there are as many upregulated TE families
(13 and 36 in vivo and in cell line, respectively) as there are downregulated ones (14 and 30 in
vivo and in cell line, respectively). The majority of DE TEs are weakly expressed. The T.ni TEs
previously found to be inserted in ACMNPV genomes are not more represented in upregulated
TEs. Only few TEs (as TFP3 in the cell line) show a strong increase in their expression during
infection. Overall, the magnitude of the variation in TE expression during infection by
ACMNPV is relatively weak in both larvae and the cell line. In both cases, our analyses reveal
that variation in TE expression in the infected condition is specific to some TEs, with no sign
of global up- or downregulation. These results are in agreement with what is known about the
impact of stress on TE expression in eukaryotes, where no consensus clearly emerges (Horvath
etal., 2017).

TE landscape in the T. ni in vivo genome.

We then assessed whether the expression level of TE families in T. ni larvae could be associated
with factors such as TE copy number, TE age or TE proximity with genes. To do so, we first
characterized the TE landscape of the T. ni larva genome, which had not been done in the
original publication (Chen et al., 2019). We annotated 15,879 copies >300 bp in length in the
T.ni larva genome, corresponding to 34 RepeatModeler TE superfamilies and 410 TE families.
DNA TEs were the most abundant with 9,157 copies, followed by LINEs (3,693 copies), LTRs
(2,982 copies) and rolling circle TEs (47 copies). The most abundant superfamilies were the
class Il DNA/piggyBac (2,175 copies), the class | LINE/L2 (1,660 copies) and the class |
LTR/Gypsy (1,469 copies), which collectively accounted for about one third of all TE copies
(Figure 1.3A). On the contrary, some superfamilies had few copies, like Mariner (234 copies),

Proto2 (173 copies) or Transib (170 copies).

The overall copy divergence to consensus ranged from 0 to 36.6% (median 4.5% and mode
2.8%) (Figure 1.3B). Almost 200 copies were identical to their consensus (0% divergence).
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Among the 410 TE families, 184 showed a peak of copy divergence to consensus <5%, with
seven TE families peaking at 0%. At the superfamily level, 10 out of 34 superfamilies showed
a peak of copy to consensus divergence <5%, 7 of which peaking at 0% (TcMar-m4, Harbinger,
L2, IS, Mariner, RTE-RTE and Loa). Together, these results indicate that a relatively large
fraction of TE copies transposed very recently in the T. ni larva genome, which in turn suggests

that several TE families are still likely active.

Analysis of TE expression in T. ni somatic tissues

Based on the T. ni larva TE landscape, we found no correlation between the level of expression
of TE families at 0 or 72 hpi and their copy number (>300 bp) or their age (approximated by
the distribution mode of copy-to-consensus divergence) (Figure 1.4). Similarly, TE family
expression level at 0 or 72 hpi was not correlated with average distance of TE copies to nearest
genes. Considering only the expression level of DE TE families did not reveal any further
correlation with these variables. We did not perform the analysis only considering TE families
with high expression values (>10 RPKM) because of the low number of such families. One TE
family (LINE/L2) had a very high expression compared to others (1,499 RPKM at 0 hpi and
323 RPKM at 72 hpi, Figure 1.4) but it was not DE. It has 28 copies in the genome that are
2.6% divergent to the consensus sequence on average and are located at 2,960 bp of nearest
gene on average. Lack of correlation between the level of TE expression and the three TE family
features we tested is in part likely due to the overall low level of TE expression observed in T.
ni midgut larvae. To further illustrate this, we compared TE expression to expression of T. ni
genes as reported in Chen et al. (2014) (Figure 1.5). This analysis showed that TES are expressed
at low levels (median <0.5 RPKM) in all control and infected conditions and that their overall
level of expression is not affected by the viral infection. By contrast, genes were expressed at
higher levels (median >1.5 RPKM) in all conditions, with marked variation between infected
and non-infected conditions, including a strong increase to 4 RPKM at 72 hpi in the infected
condition. Together, these results further show that contrary to the expression of genes which
is markedly impacted by the ACMNPV infection (as shown by Chen et al. 2014), that of TEs is

not affected in the midgut of T. ni larvae.

Based on the results of our analysis of TE expression in infected and non-infected T. ni larvae,
we conclude that the ability of some T. ni TEs to transpose in viral genomes upon infection is
not linked to stress-mediated overexpression of these TEs in midgut cells. In turn, we propose
that the low level of expression of these TEs in midgut cells may be sufficient for them to
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transpose in ACMNPYV genomes. Alternatively, transposition into viral genomes may occur in
tissues other than those constituting the midgut, in which TE expression might be higher than
in the midgut. In this regard, it is noteworthy that the tissue tropism of ACMNPV includes most
cell types of lepidopteran larvae (Barrett et al. 1998; Engelhard et al. 1994; Rahman and
Gopinathan 2004). It would thus be interesting to repeat this analysis on several other tissues

and/or on whole larvae.
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Figure 1.3: Description of TE landscape in T. ni in vivo genome. A: All the different TE
superfamilies detected into the genome with their respective copy number. B: TE copy
divergence histogram for all TE families.
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Expression of ACMNPV-borne TE copies

Our search for TE-virus chimeric reads revealed no such read in the RNA-seq dataset from T.
ni larvae infected by ACMNPV (Shrestha et al. 2018). This absence may be due to the fact that
the ACMNPV genomes used to infect T. ni larvae bore no TE and that no TE transposed de
novo into ACMNPYV during the experiment. Another possibility is that TEs carried by ACMNPV
genomes used for these experiments were not expressed. However, we previously found that
while a substantial proportion of AcCMNPV genomes carry moth TEs, the vast majority of
individual TE insertions segregate at extremely low frequency (Gilbert et al. 2016). For
example, 99% of the 1,983 different TE insertions found in the AcCMNPV-infecting T. ni GO
dataset (the most deeply sequenced dataset) were at a frequency lower than 0.1% and the highest

insertion frequency in this dataset was 1.4% (Gilbert et al. 2016; Loiseau et al. in prep.).
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Furthermore, the likelihood that these TE insertions may be co-transcribed with their
neighboring gene may be low. Thus, the absence of TE-virus chimeras in these data might not
necessarily reflect absence of TE-borne TEs but rather indicate that the expression level of such
TEs might generally be too low to be detected with our approach. In this context, the short read
length (51 bp) might have further hampered our ability to detect TE-virus chimeras, as the blastn
command we used does not allow finding alignments shorter than 28 bp. In addition, the
average sequencing depth did not exceed 2,550 X in this study. Though sufficient to detect TE
insertions in principle, deeper sequencing would have undoubtedly increased the likelihood to

detect expressed TES.

By contrast, we were able to detect a large number of TE-virus chimeras in the RNA-seq dataset
from the AcCMNPV-infected T. ni cell line (Chen et al., 2014). Considering the seven time points
and the three biological replicates at each time step, 11,914 chimeric reads were identified.
Among the eleven TEs involved in these chimeras, three Class Il piggybac and one Harbinger
TEs were found in different replicates at different time steps. The eight other TEs (seven Class
Il and one Class 1) were found in a single or a just a few replicates or time steps (Table 1.2).
Importantly, a single TE (TFP3) accounted for the vast majority of the chimeric reads (11,533
out of 11,914), with 5,580 and 5,953 reads aligning at its 5° and 3’ extremity, respectively.
Among the other chimeras, 64 aligned at the 5° end of piggybac 2105, 22 reads aligned at the
3’end of piggybac 22360 and insertions of Harbinger Hichhiker TE were supported by 16 reads
(7 at the 5° extremity and 9 at the 3” extremity). Among all 11,914 TE-virus chimeras, only
1.93% did not align at the TE tips but on their internal part, indicating that the vast majority of
chimeras correspond to expression of TEs that were generated by bona fide transposition.
Further supporting the biological nature of the chimeras detected in this analysis, we found
target site duplications (TSDs) for TFP3 and Harbinger TEs. For example, for Harbinger, two
chimeric reads were found to align on the viral genome 3 bp apart from each other, separated
by a TTA motif, known to be typically duplicated during Harbinger transposition (Sinzelle et
al. 2008). For TFP3, 19,491 reads were identified supporting TSDs: 4,940 reads at 12 hpi, 3,984
at 18 hpi, 2,784 at 24 hpi, 2,826 at 36 hpi and 4,958 at 48hpi. These reads indicated the
expression of 202 different TFP3 insertions among which 44 were expressed at 12 hpi, 38 at 18
hpi, 24 hpi and 36 hpi, and 45 at 48 hpi. The two TSD motifs flanking these insertions (TTAA
and ATAA) corresponded to those typically generated upon transposition of piggybac elements
(Figure 1.6; Bouallégue et al. 2017).
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Regarding the dynamics of virus-borne TEs during infection, we observed a sharp increase in
the number of chimeric reads from 12 hpi followed by relatively steady counts afterwards.
Three chimeric reads were detected at 0 hpi, 107 at 6 hpi, 2,458 at 12 hpi, 2,077 at 18 hpi, 2,093
a 24hpi, 2,078 at 36 hpi and 2,868 at 48 hpi (Table 1.2). The peak of TE-virus chimeras detected
at 12 hpi was in agreement with the results of Chen et al. (2014), who showed that expression

of AcCMNPV genes reaches its highest levels at this time of the infection.
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We then mapped the distribution of TE-virus chimeras along the viral genome for each time
point pooling all replicates, only focusing on TFP3, which is by far the most expressed virus-
borne TE. Figure 1.7 further illustrates the sharp increase followed by steady expression of
virus-borne TFP3 insertions at 12 hpi. It also reveals the presence of three highly expressed
TFP3 copies, integrated at positions 4,856, 48,732 and 59,176 of the ACMNPV genome, in
three different viral genes: PH (polyhedrin), FP (few polyhedra) and Ac-Orf78. The three genes
are known to be involved in the formation of occlusion bodies (OBs). Inactivation of FP or PH
leads to a drop of the ACMNPV OB formation (Fraser et al., 1983; Hink & Vail, 1973) and Ac-
Orf78 is associated with a structural protein that is essential for infectious OB formation (Tao
et al. 2013). Interestingly, OBs are not necessary for the virus to replicate in cell lines and
viruses unable to make OBs have a replication advantage over OB-forming viruses (Wood
1980). This may explain why most TEs found integrated in ACMNPV genomes in early studies
were located in the FP or PH genes (Fraser et al. 1983; Bauser et al. 1996). Therefore, the TFP3
insertions in FP, PH and Ac-Orf78 increased in frequency during passage of the virus in the T.
ni cell line because their fitness cost may be much lower in these genes than elsewhere in the
AcCMNPYV genome, or because they may provide a replication advantage to the genomes bearing
them. However, the presence of TFP3 copies integrated in these genes did not impede their
expression, which generated many TE-virus transcripts, increasing our ability to detect TE-
virus chimeras in this dataset. Importantly, the longer read length (101 bp) produced by Chen
et al. (2014) probably contributed to more efficiently detect TE-virus chimeras than in the
Shrestha et al. (2018) dataset (read length 51 bp).

To obtain further insight into the expression level of TFP3 copies inserted in FP, PH and Ac-
Orf78, we compared their expression in RPKM to the overall expression of the three genes as
reported by Chen et al. (2014). For each gene, the average expression was computed over the
three replicates for each time step (Table 1.3). After 12 hpi, the expression level of TFP3 is
always 10 to >600 times lower than that of the three genes in which they are inserted. This
suggests that either the frequency of viral genomes bearing TFP3 is not that high, or that the
presence of a TPF3 copy in a gene somewhat lowers its expression. However, it is noteworthy
that the absolute expression level of virus-borne TFP3 copies is higher than 35% of AcCMNPV
genes after 12 hpi. These results are in agreement with the high upregulation of TFP3 during
the course of the infection we observed above in our analysis of DE TEs. Indeed, this TE was
found to be the second most upregulated and the first one in terms of expression level found in
the cell line data (Figure 1.1). Interestingly, our results also suggest that the upregulation of
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TFP3 upon viral infection may be in large part due to expression of viral-borne TFP3 copies

rather than to enhanced expression of TFP3 copies located in the T. ni genome.

Together, our results show that at least 11 TEs from a T. ni cell line can be inserted in and
transcribed from AcMNPV genomes. Canonical insertion and transcription are supported by
the presence of expected TSD motifs. Importantly, our approach only allows the detection of
TEs that are co-transcribed with the upstream or downstream viral gene. Although the
expression level of virus-borne TFP3 copies is equivalent to that of some ACMNPV genes, it is
possible that expression of these virus-borne TFP3s is here highly underestimated because we
only measured expression of TFP3 at junctions with the virus. Yet, some TESs carry their own
promoter. In piggyBac TEs, the promoter is located in the repeated sequence at the 5° end
(Cadifianos and Bradley 2007). Thus, transcripts of virus-borne TFP3 copies initiated in the
promoter region and terminated before the next viral gene upstream the 3' TE-virus junction
were not taken into account here. Moreover, potential TE transcripts co-encapsidated into
virions but not inserted into the viral genome, as found in several RNA viruses (e.g. Routh et
al., 2012), were not considered here. In this regard, it will be interesting to assess the capacity
of large dsDNA viruses to encapsidate TEs not integrated in their genomes. Our study also
suggests that analyses of DE TEs during a viral infection must be interpreted with caution as an
increase in TE expression level could be in part caused by expression of viral-borne TE copies

rather than overexpression of host-borne TE copies.

In conclusion, we characterized the T. ni TE expression midgut larvae and in Tnms42 cells
facing a biotic stress in the form of an ACMNPV infection. We found 27 DE TEs in midgut
larvae, 13 and 14 of which were up- and downregulated, respectively. Another 66 DE TES were
identified in Tnms42 cells, 30 and 36 of which were up- and downregulated, respectively. Six
TEs were DE in both datasets (2 piggyBac, 2 Gypsy, 1 L2 and 1 Copia TE families). Among
all DE TEs, only two were previously found inserted in ACMNPV genomes: TFP3 and
piggyBac_1 (Fraser et al. 1983; Wang and Fraser 1993; Gilbert et al. 2016). PiggyBac_1 did
not have a consistent expression pattern between midguts and cultured cells. TFP3 was
upregulated in the cell line and it was one of the most expressed DE TEs, similar to canonical
host gene expression. These results confirm that most TE families are repressed in somatic host
genomes in normal conditions, and they show that a viral infection can provoke upregulation
of specific TEs, rather than a global de-repression. No correlation was found between TE
expression and TE copy number, divergence to consensus or distance to genes. We finally
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provided evidence of TE expression after insertion into viral genomes, a step necessary in the
horizontal transfer process of TEs if viruses are to act as vectors. Thus, altogether, these results
contribute to support viruses as potential vectors of TEs between animals.
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Table 1.2: Number of transcribed biological chimeric reads of inserted TES. The term “Others” refers to the less frequent TEs found inserted
into viral genomes.

Oh 6h 12h 18h 24h 36h 48h
5 3 5 3 5 3 5 3 5 3 5 3 5 3
TFP3 0 1 13 8 230 218 | 287 284 | 369 388 | 309 293 | 336 @ 379
PiggyBac (2105_S. frugiperda) 2 3 0 9 3 0 5
Replicate 1 | PiggyBac (22360_S. mediterranea) 0 0 0 0 1 0 0
Harbinger (HITCHHIKER) 0 0 0 0
Others 1 1 2 5 0
TFP3 0 2 16 8 440 @ 519 | 241 229 | 347 390 | 394 423 | 379 @ 373
PiggyBac (2105_S. frugiperda) 4 1 3 4
Replicate 2 | PiggyBac (22360_S. mediterranea) 0 0 0 0 0 0
Harbinger (HITCHHIKER) 0 0 0
Others 0 0 3 0 2 2 4 2
TFP3 32 30 467 | 553 | 474 541 | 282 289 | 332 303 | 632 @ 722
PiggyBac (2105_S. frugiperda) 5 0 7 0 1 0 1 0 10 0
Replicate 3 | PiggyBac (22360_S. mediterranea) 0 0 0 5 0 1 0 1 0 1 0 3
Harbinger (HITCHHIKER) 1 1 0 2 1 0 1 0 2 2
Others 7 0 0 0 2 0 2 0 4 1
_— o | 3 61| 46| 1158| 1300 1017| 1060| 1017| 1076| 1055| 1023 1380| 1488
3 107 2458 2077 2093 2078 2868
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Figure 1.7: Distribution of TE insertions for each time point. The Y-axis corresponds to the
read number. Insertions are binned into 50-bp windows. The three major insertion hotspots,
shown by orange asterisks on the last distribution, correspond (from left to right) to polyhedrin,
FP and Orf78 genes, respectively.
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Table 1.3: Average transcriptomic expression of TFP3 and three viral genes (PH, FP and
Orf78) of the three replicates for each time point.

: , TFP3 expression Gene expression
Genes Time points (RPKM) (Chen et al.

(RPKM) s

Oh 0 19

6h 34 11

12h 152 1124
PH 18h 104 20444
24h 221 156323
36h 303 253928
48h 479 326276

Oh 376 7

6h 7 4

12h 691 2605

FP 18h 727 5414
24h 387 4907

36h 409 4678

48h 501 6050

Oh 116 44

6h 16 198

12h 92 7666

Orf78 18h 88 9985
24h 116 6391

36h 114 5688

48h 187 4765
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Supplementary data
The supplementary file containing fasta sequences will be provided in the article. The Table S1

will also be provided in the article, it is only useful to understand names in the fasta file.
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Chapitre 2 : Diversité des systemes dans
lesquels les eléments transposables
d’insectes s’integrent dans les génomes
viraux

Apres avoir étudié I’activité des €léments transposables (ET) de 1’hote suite au stress provoqué
par une infection virale, le présent chapitre est consacré a explorer la diversité des systémes
hote-virus pour lesquels les ET de I’hote transposent dans les génomes viraux au cours de
I’infection. Cette étape d’acquisition d’ADN hote par les génomes viraux est essentielle pour
mettre en lumiére le role des virus comme vecteur d’ADN entre différents hotes. Tous les
couples hote-virus présentés ici impliquent de grands virus a ADN double-brin (baculovirus,
granulovirus et iridovirus, dont la taille est supérieure a 123 kb) et des hotes invertébrés

(insectes lépidoptéres, diptéres, et crustacés isopodes terrestres).

Chaqgue jeu de données de séquencage de génomes viraux a été produit apres infection d'un ou
plusieurs individus hétes suivie d'une purification du virus et d'une extraction ADN. L’analyse
des lectures générées permet de détecter les insertions d’ET dans les génomes de virus. L’étude
de 35 jeux de données de séquencage correspondant a 11 systemes héte-virus différents a
permis de mettre en avant 37 familles d’ET intégrés dans les génomes viraux dans 14 jeux de
données différents, soit neuf systemes hote-virus différents. Les données analysées nous ont
permis de calculer une fréquence d’insertion d’ET dans les génomes viraux. Cette fréquence
varie de 0,01% a 26,33% de génomes viraux porteurs d’une insertion d’ET en moyenne. Cette
étude a permis de découvrir trois nouveaux virus capables de porter des ET dans leur génome,
a savoir Agrotis segetum Granulovirus, Agrotis segetum Nucleopolyhedrovirus et Invertebrate
Iridescent virus 6. De méme, cing nouveaux hotes sont désormais connus pour avoir des ET
capables de transposer dans des génomes viraux, la noctuelle baignée Agrotis ipsilon, la
noctuelle des moissons Agrotis segetum, le foreur ponctué de graminées Chilo partellus, la

noctuelle du mais Sesamia nonagrioides et la drosophile Drosophila melanogaster.

Ces différents systemes hote-virus ont révélé différentes dynamiques d’insertion d’ET dans les

génomes viraux. Cette dynamique semble dépendre du virus et aussi de 1’hote, certains
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systéemes semblant particulierement favorables a la transposition dans les genomes viraux (e.g.
systeme AcCMNPV-S. nonagrioides). De plus, ces analyses ont permis de montrer que les ET
portés par les génomes viraux étaient capables de transposer d'un génome viral vers un ou
d'autres génomes viraux, ce qui n'avait jamais observé jusqu’a présent. Cette transposition de
virus a virus soutient non seulement I’hypothése des virus comme vecteurs d’ET entre différents
hotes, mais elle apporte aussi un éclairage nouveau sur la persistance possible d’ET dans des
populations virales. Les populations virales pourraient ainsi constituer un véritable écosysteme

génomique pour certains ET et ne pas jouer le simple role d’intermédiaire entre deux hotes.
Les expériences réalisées dans cette étude ont mené a de nombreuses collaborations qui ont

contribu¢ a I’enrichir. L’article scientifique qui en résulte et dont je suis le premier auteur sera

soumis pour publication dans Genome Biology and Evolution.
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Abstract

Mechanisms leading to horizontal transfers (HTs) in animals are still poorly known. The role
of viruses as vectors of DNA between hosts was proposed as one possibility to explain HT
between animals. Previous studies have revealed the presence of host transposable elements
(TEs) inserted into baculovirus genomes after infection of some lepidopteran hosts. To expand
the narrow spectrum of host-virus systems studied so far to detect host-to-virus HTs, we
analyzed 35 datasets encompassing 11 different host-virus systems with ten different hosts
among which five lepidopterans, two crustaceans and three dipterans, and six different double-
stranded DNA viruses among which two nucleopolyhedroviruses (NPVs), two granuloviruses
(GVs) and two iridoviruses. A total of 37 TE families were found inserted into 14 viral datasets
corresponding to nine different host-virus systems. TE insertion frequencies ranged from 0.01%
to 26.33% of viral genomes, each being affected by one TE insertion on average. Our results
expand the range of viruses able to carry host TEs to Agrotis segetum GV, A. segetum NPV and
Invertebrate Iridovirus 6 (I11'V6) and the range of hosts having TEs inserted into viruses to the
black cutworm (Agrotis ipsilon) cells, turnip moth (A. segetum) larvae, spotted stalk borer
(Chilo partellus) larvae, corn borer (Sesamia nonagrioides) larvae and fruit flies (Drosophila
melanogaster). The infection of spotted stalk borer larvae, corn borer larvae and two fly species
(D. melanogaster and D. hydei) with the same IIV6 parental strain that infected D.
melanogaster S2 cells allowed us to point out different host TE dynamics. In all hosts infected
with the parental 11V6 population, D. melanogaster TEs coming from this population were
detected inserted. The difficulty was how to disentangle between subsampling biases during
viral DNA sequencing or selection or genetic drift acting on host or remaining D. melanogaster
TEs inserted into 11V6 genomes. However, it seems inter-viral TE transposition can occur
during infection. Strikingly, a corn borer piggybac element was found to be inserted into >26%
of Autographa californica multiple NPV (AcMNPV) genomes. Such a high frequency has
never been described before; it raises the question of the role of TEs to delay or prevent host
death during a viral infection. All these results highlight the complexity of host TE dynamics
carried by viruses and reinforce the role of viruses as potential vectors of DNA between

animals.
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Introduction

Much like any other component of genomes, transposable elements (TEs) are vertically
transmitted from one generation to the next through reproduction. TEs can also cross species
boundaries through a process not involving reproduction, called horizontal transfer (HT). The
inference of HT of TEs (HTT) derives from the observation that in many instances, the low
genetic distance measured between TE sequences extracted from different host organisms is
largely incompatible with the divergence time of the hosts (Peccoud et al., 2018). Since the
report of the P element transfer between Drosophila willistoni and D. melanogaster (Daniels et
al., 1990), dozens of studies have characterized HTTs involving many branches of the eukaryote
tree (Dotto et al., 2018; Schaack et al., 2010). Large-scale surveys of HTTs in plants, insects
and vertebrates revealed that these transfers occurred recurrently, seeding a large fraction of the
TE copies found today in these taxa (Bartolomé et al., 2009; Ivancevic et al., 2018; Reiss et al.,
2019; Zhang et al., 2020). Given the strong impact TEs have on genome structure and dynamics
(Bourque et al., 2018; Cordaux and Batzer, 2009), HTT can be seen as an important process

shaping eukaryote genomes (Gilbert and Feschotte, 2018).

Several important questions about HTT remain to be answered, perhaps first and foremost that
of the factors facilitating these transfers. Large-scale studies have shown that HTT are more
likely to occur between species that are closely related and living in the same biogeographical
realm than between more distantly related species living in different realms (Bartolomé et al.,
2009; Peccoud et al., 2017). Interestingly, some host taxa such as teleost fish among vertebrates
and moths and butterflies among arthropods seem to be more prone to HTT than others, a trend
that remains to be explained (Reiss et al., 2019; Zhang et al., 2020). Furthermore, a number of
HTT events have been reported that involve parasites and their hosts, suggesting host-parasite
relationships may facilitate these transfers (Gilbert et al., 2010; Guo et al., 2014; Kuraku et al.,
2012; Suh et al., 2016; Walsh et al., 2013). However, the molecular processes underlying HTT

remain largely unknown.

Several scenarios have been proposed to explain how a TE can escape from a donor organism
and enter the germline of a recipient one (Loreto et al., 2008; Schaack et al., 2010; Silva et al.,
2004; Wallau et al., 2012). Two possible HTT routes are currently supported by some
experimental observations. The first posits that extracellular vesicles (EVs) could act as vectors
of HTT between animals. These 50-500 nm membrane-derived vesicles are secreted by most
cell types, they may carry proteins, lipids or genetic material, and they are naturally present in
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biological fluids (van Niel et al., 2018). It was recently shown that EVs can shuttle
retrotransposons and mediate their horizontal transfer in laboratory conditions between
different human cell lines or between cell culture media and mouse cell lines or embryos
(Kawamura et al., 2019; Ono et al., 2019). The extent to which EVs may also shuttle TEs

between species in natural conditions remains to be evaluated.

The second route of transfer receiving some experimental support involves viruses (Gilbert and
Cordaux, 2017). Early studies using low-throughput targeted approaches identified TEs
integrated in the genomes of several large double-stranded DNA viruses belonging to the
Baculoviridae family that were passaged in moth cell cultures (Fraser et al., 1995, 1985; Miller
and Miller, 1982) or whole larvae (Jehle et al., 1998, 1995). These pioneering works
demonstrated that during the course of an infection, TEs can jump from the host genome to the
virus genome, and that baculoviruses can receive and potentially carry a foreign genetic load
from host to host. More recent works using high throughput sequencing showed that in addition
to viral genomes, multiple host RNAs including TEs could be packaged in capsids of RNA
viruses (Eckwahl et al., 2016; Ghoshal et al., 2015; Routh et al., 2012; Telesnitsky and Wolin,
2016). These results further emphasized the potential role of some viruses as vectors of HTT
and suggested that TEs do not necessarily have to be integrated into viral genomes to be shuttled
by viruses. Using an ultra-deep sequencing approach, we revisited early works on baculoviruses
and characterized the whole spectrum and frequency of host TEs integrated in genomes of the
Autographa californica multiple nucleo-polyhedrosis virus (AcMNPV) purified from infected
moth larvae (Gilbert et al., 2016, 2014). Our results revealed that a large diversity of TEs are
able to jJump from the moth genome to that of the virus at each infection cycle, with an average
of 4.8% of sequenced AcCMNPYV genomes carrying at least one host TE.

Studies of TEs segregating in baculovirus populations raised a number of outstanding questions.
First, only a limited number of virus-host systems have been surveyed, such that it is still
unclear whether the capacity of viral populations to carry host TEs is widespread among many
viruses. Second, we showed that each individual TE insertion segregates at low frequency in
AcMNPV and is purged out of the viral population over less than ten replication cycles. Indeed,
we were unable to detect any shared TE insertion between an initial ACMNPV population
(called GO) replicated on the cabbage looper moth (Trichoplusia ni) and populations purified
after ten successive infection cycles of the GO on ten lines of the beet armyworm (Spodoptera
exigua). Thus, the extent to which virus-borne TEs can persist in viral populations remains
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unclear. Third, the genome of T. ni and S. exigua were not available at the time we characterized
TEs integrated in ACMNPV genomes purified from these two species. Thus, we could not
exclude that some of the ACMNPV-borne TEs originated from hosts other than T. ni or S. exigua
on which the virus replicated before we conducted our study. Finally, resequencing an
ACMNPV population using the PacBio technology unveiled many full length TE copies
integrated into viral genomes, suggesting that such copies have the capacity to encode the entire
machinery necessary to transpose from the virus to the genome of another host (Loiseau et al.,

2020). Yet, direct evidence supporting transposition of virus-borne TEs is still lacking.

Here, we monitored the presence, nature and frequency of TEs in 35 deep-sequenced viral
genomes obtained from 11 virus-host systems involving two iridovirus and four baculovirus
species. The finding of moth TEs in non-AcMNPV baculoviruses and in the iridescent virus 6
suggests that the capacity to carry host TEs may be widespread among large double-stranded
DNA viruses. Importantly, our results also demonstrate that virus-borne TEs originating from
a given species (e.g. Drosophila melanogaster) can be retrieved in the same virus after infection
of another species (e.g. another fly species or a noctuid moth). Finally, we show that virus-

borne TEs are able to transpose into other viral genomes during the course of an infection cycle.
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Materials & Methods

General approach

To identify TEs integrated into viral genomes, a total of 35 Illumina sequencing datasets were
analyzed in this study. Six datasets were produced by sequencing genomes of the invertebrate
iridescent virus 31 (11'V31) from two pillbug species (Armadillidium vulgare and Porcellio
dilatatus) (Figure 2.1B). Another dataset was produced by sequencing genomes of the
invertebrate iridescent virus 6 (11V6) purified from Drosophila melanogaster S2 cells. 11V6
particles purified from S2 cells were also used to infect whole D. melanogaster flies, as well as
D. hydei flies and two species of moths, the spotted stalk borer (Chilo partellus) and the maize
corn borer (Sesamia nonagrioides). This analysis allowed us to monitor TE gain and loss in
viral populations after one replication of the same parental 11V6 population in several hosts
(Figure 2.1A). In addition, we monitored the dynamics of gain and loss in a population of the
ACMNPV baculovirus initially replicated on T. ni (Chateigner et al., 2015) and here used to
infect the maize corn borer (Figure 2.2A). Finally, we surveyed the presence of TEs in 22
baculovirus sequencing datasets produced as part of other studies (Alletti et al., 2017; Fan et
al., 2019, 2019; Gueli Alletti et al., 2018, 2017). These included one dataset of the Agrotis
segetum granulovirus (AgseGV) purified from the turnip moth (Agrotis segetum), 6 datasets of
the Agrotis segetum nucleopolyhedrovirus (AgseNPV) purified from a cell line of the black
cutworm (A. ipsilon), and 15 datasets of the Cydia pomonella granulovirus (CpGV) purified
from the codling moth (Cydia pomonella) (Figure 2.2B). Details of the infection protocols and

search for TEs integrated into viral genomes are given below.
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Figure 2.1. Origin of the iridovirus sequencing datasET. A. An I1V6 isolate was first replicated onto
Drosophila melanogaster S2 cells and the resulting viral population was used to infect whole flies and
moths. B. An I1\V31 isolate was used to infect two pillbug species. The mode of infection, the number
of transposable elements (TEs) found integrated into viral genomes, the number of chimeric reads and
the percent of viral genomes carrying a TE are given for each experiment. M.O.l: multiplicity of

infection.
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Figure 2.2. Origin of the baculovirus sequencing datasET. A. An AcMNPV isolate called "G0"
purified from Trichoplusia ni larvae (Gilbert et al. 2016) was used to infect Sesamia nonagrioides larvae.
The AcCMNPV population purified from these larvae was called "G1". B. Illumina reads produced as
part of other studies for three other baculoviruses were surveyed for the presence of transposable
elements (TEs) integrated into viral genomes (Alletti et al., 2017; Fan et al., 2019, 2019; Gueli Alletti
et al., 2018, 2017). The mode of infection (when appropriate), the number of transposable elements
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(TEs) found integrated into viral genomes, the number of chimeric reads and the percent of viral
genomes carrying a TE are given for each experiment. M.O.l: multiplicity of infection.

Infection of Drosophila melanogaster S2 cells with invertebrate iridescent virus 6 (11V6)
The 11V6 viral strain used to infect D. melanogaster S2 cells is the one originally described in
Fukaya and Nasu (1966). S2 cells were collected from two confluent T75 flasks and transferred
into 50 mL tubes. The cells were counted and 2x108 cells were transferred to a fresh 50 mL
tube. The cells were pelleted at 500 g for 10 min at room temperature. Then, 5mL of an 11V6
solution were added to the cell pellet at a multiplicity of infection of 0.01. Cells were kept under
the hood for one hour with gentle inversions every 10 min so that the cells stay in suspension.
After 1 hour, 1.25 mL (i.e, 0.5 x 108 cells) was added into each of the 4 T75 flasks containing
13.5 mL of complete medium. The cells were incubated at 25°C for 5 days. Cells were detached
by pipetting up and down with a 10 mL pipet and transferred into a 50 mL tube. The cells were
broken down by three cycles of freezing at —20°C and thawing at 37°C. Cell debris were
pelleted by centrifugation at 5,000 g for 30 min at 4°C. Supernatant was poured into an
ULTRACLEAR tube (Beckman #361706) and underlaid with 1.5 mL of 30% (wt/wt) sucrose
in 50 mM HEPES, pH 7, 0.1% BSA. Viral particles were pelleted at 35,000 g for 90 min at
4°C. The resulting virus pellet, showing the characteristic blue opalescence of insect
iridoviruses, was resuspended in 300-400 uL 10 mM Tris pH 7.2, transferred to an Eppendorf
tube and debris were pelleted by centrifugation for 5 min at 3,800 g at 4 °C. The supernatant
was aliquoted, the viral titer determined (4.42 x 10'° PFUs/mL) and this stock solution was
stored at —80 °C. Viral DNA was then extracted from an aliquot of this solution using the
QlAamp DNA Mini kit (Qiagen).

Infection of Drosophila flies with 11V6

D. melanogaster and D. hydei flies were infected by intrathoracic injection of 20 nL of a 1/40
dilution of the 11'V6 stock solution purified from Drosophila S2 cells (see above). Injections
were performed with a nanoject Il nano injector. The flies were monitored for two weeks. The
abdomen of flies in which the virus successfully replicated typically turned iridescent blue 10
to 15 days post infection (Figure S2.1). Infected flies were frozen in 1.5 mL Eppendorf tubes.
For each fly species, viral particles were purified from a pool of 80 infected individuals. The
80 individuals were first grinded with a plastic pestle in a Tris solution and two 5-min
centrifugation steps at 500 g were performed to eliminate most of host cells and tissues. Then,

an ultra-centrifugation step on sucrose cushion was performed at 35,000 g for 90 min at 4°C as
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described above. The pellet was resuspended in 100 pL of Tris and viral DNA was extracted
using the QIAamp DNA Mini kit (Qiagen).

Infections of Chilo partellus with 116

Ten fourth instar larvae of C. partellus were infected with the 116 stock solution purified from
Drosophila S2 cells (see above). Larvae were pricked using a thin needle soaked in the viral
solution. Fourteen days later, the larvae presented a purple iridescence and they finally died
about four weeks after infection. Upon host death, viral particles were filtered through
cheesecloth and two centrifugation steps were performed to eliminate most of host cells and
tissues. Purification of the virus and DNA extraction were performed as above for 11V6
Drosophila flies.

Infections of Armadillidium vulgare and Porcellio dilatatus with invertebrate iridescent
virus 31 (11V31)

The 1131 virus used to infect A. vulgare and P. dilatatus pillbugs was obtained through
grinding a piece of cuticle from a naturally infected A. vulgare individual collected on the
campus of the University of California Riverside (the same virus as in Loiseau et al. 2020).
Three P. dilatatus and two A. vulgare individuals were pricked with a thin needle soaked in the
viral solution. Four weeks post infection, bluish dead pillbugs were individually placed and
crushed in a 1.5 ml tube in a Tris solution. Purification of the virus and DNA extraction were

performed as above for 11\VV6 in Drosophila flies

Infection of Sesamia nonagrioides with ACMNPV

The AcCMNPV-WP10 isolate (Chateigner et al., 2015) was used to infect 10 fourth instar larvae
of S. nonagrioides using the diet plug method (Sparks et al., 2008). Each moth larva was fed =
100,000 occlusion bodies (OBs) per 5 mm?® diet plug. Upon host death, which occurred 2-5
days post-infection, OBs were first filtered through cheesecloth, purified twice by
centrifugation (10 min at 7,000 rpm) with 0.1% sodium dodecyl sulfate, then distilled water,
and finally resuspended in water. Approximately 1.5x10'° OBs were treated as described in
Gilbert et al. (2014) to provide about 5 pg of high-quality dsDNA.

Infection of Cydia pomonella larvae with Cydia pomonella granulovirus (CpGV)
To access the diversity of TEs within a wide range of worldwide collected isolates CpGV, 15

sequenced isolates from the CpGV collection of the Institute for Biological Control, Julius
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Kihn-Institut, Federal Research Centre for Cultivated Plants, Germany, were included in this
study. The datasets included field isolates from Mexico (CpGV-M) and Canada (CpGV-S)
(Wennmann et al., 2020), England (CpGV-E2) and Iran (CpGV-112 and -10X) (Fan et al., in
prep.), as well as from China (CpGV-ALE, -JQ, -KS1, -KS2, -WW, -ZY and -ZY?2) (Fan et al.,
2020, 2019). The isolates CpGV-0006 and CpGV-V15 were derived from commercial products
MadexMAX and MadexTOP (both Andermatt Biocontrol, Stahlermatten, Switzerland),
respectively (Alletti et al., 2017; Zingg et al., 2011). Isolate CpGV-R5 originated from product
Carpovirusine EVO2 (Arysta Lifescience, Nogueres, France) (Alletti et al., 2017; Graillot et
al., 2014). Stocks of CpGV OBs were obtained either from propagation in third instar codling
moth larvae for CpGV-M, -S, -E2, -112 and -10X or from deceased and field collected larvae
for all Chinese isolates (Fan et al., 2019).

Infection of Agrotis segetum larvae with Agrotis segetum granulovirus (AgseGV-DA)

For this study, the Agrotis segetum granulovirus DA (AgseGV-DA) was also included, which
had previously been propagated in Agrotis segetum larvae (Gueli Alletti et al., 2017). In brief,
third to fourth instar larvae were starved overnight individually in and were fed the subsequent
day with small cube of artificial diet that contained 106 OBs of AgseGV-DA (Gueli Alletti et
al., 2017). Larvae that consumed the entire piece within 12 h were transferred to virus free diet
and were checked daily for symptoms of viral infection. Larvae deceased by viral infection
were collected and stored at -20 °C until virus purification. The purification of OBs of AgseGV-

DA and DNA extraction were performed as described previously (Gueli Alletti et al., 2017).

Serial infections of the Agrotis segetum nucleopolyhedrovirus B (AgseNPV-B) in Agrotis
ipsilon cell line

To investigate TE occurrence in the AgseNPV-B virus serially passaged in A. ipsilon AIE1611T
cell culture (Harrison and Lynn, 2008), six passages of the virus (Gueli Alletti et al., 2018) were
performed. The isolate AgseNPV-B PP2 was generated as a plaque purified (PP2) clone from
an A. segetum larvae in vivo propagated AgseNPV-B stock (Gueli Alletti et al., 2018). For each
serial infection, 4 x 10* cell/cm? were infected with a multiplicity of infection (MOI) of 1 pfu
per cell starting with AgseNPV-B PP2 as the initial passage (PP2 #0). The virus treated cells
were incubated for one week at 26 °C. After the initial passage, the virus was used for another
ten subsequent infections (PP2 #1 to #10). After each serial infection, the tissue culture infective

dose (TCIDso) was determined as described in (O’Reilly et al., 1992). Viruses from passages
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#1, #3, #5, #7 and #10 OBs were harvested, purified and had their DNA extracted (Gueli Alletti
et al., unpublished data).

Sequencing of viral genomes

The genomes of the viruses were sequenced in three batches. The first batch included six 1131
samples purified from three P. dilatatus and three A. vulgare individuals and the 11\VV6 samples
purified from Drosophila S2 cells. One pg of human DNA was added to the 2 pg of 11V6 DNA
before sequencing to characterize artificial chimeras involving human TEs and the 11VV6 genome
(see below). These samples were sequenced by Génome Québec. A library was constructed for
each sample with the NEB ultra Il kit (average insert size was 260 bp), which was sequenced
on a HiSegX machine in 2 x 150 bp paired-end mode. The second batch included the two 11VV6
samples purified from Drosophila flies and from C. partellus as well as the AcCMNPV sample
purified from S. nonagrioides. These samples were sequenced by Novogen. A library was
constructed for each sample with the NEBnext kit (average size was 350 bp), which was
sequenced on a HiSegX machine in 2 x 150 bp mode. The third batch included the 15 isolates
of CpGV, AgseGV-DA, AgseNPV-B PP2 (= #0) and its 5 serial infections (#1, #3, #5, #7 and
#10). Sequencing was performed on 50 to 100 ng purified viral DNA. Libraries were generated
using a NexteraXT library preparation kit and sequencing was conducted with an Illumina
NextSeq500 system (StarSEQ Ltd., Mainz, Germany) generating 0.3 to 10.9 million paired-end
reads of 150 nt in length (Alletti et al., 2017; Fan et al., 2020; Wennmann et al., 2020).

Detection of transposable elements integrated in viral genomes
The aim of this study was to characterize as comprehensively as possible the diversity of TEs

that can become integrated into viral genomes during the course of an infection. To this end,
we searched for TE-virus junctions in sequencing reads using the approach developed by
Gilbert et al. (2016) to identify TEs integrated into the ACMNPV genome after replication of
this virus into larvae of Trichoplusia ni and Spodoptera exigua. Reads were aligned separately
on TE sequences and the viral genome using blastn (-task megablast). Chimeric reads for which
a portion aligned on a TE only and the other portion aligned on the viral genome only were then
identified based on alignment coordinates. This approach was previously used by Loiseau et al.
(2020) to identify TEs from Spodoptera exigua integrated in genomes of another ACMNPV
population purified from S. exigua larvae, as well as by Peccoud et al. (2018) to characterize
artificial chimeras generated during the construction of sequencing libraries. Though artificial
chimeras are certainly present in the various datasets analyzed here, several lines of evidence
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indicate that chimeras retained for counting and calculating the frequencies of TEs integrated
into viral genomes are not artificial and result from bona fide integration that took place during
replication of the virus. First, we considered that a TE was integrated into a viral genome only
if we found at least three chimeric reads between a given TE and the virus (they were not
required to map to the same position along the viral genome). Second, canonical transposition
of a TE into a viral genome is expected to generate junction mapping in most cases at the very
extremities of the TE sequences, i.e., not anywhere along the TE sequence (Craig et al., 2015).
Thus, if transposition into viral genomes occurred, chimeras covering the very extremities of
the TE sequences should outnumber chimeras mapping internally to the TE sequences. This
prediction was verified for all TEs (Figure 2.1, Figure S2.2, Table S2.1). Third, the addition of
human DNA to the 11V6 DNA extracted from S2 cells as a control to estimate the presence of
artificial chimeras allowed us to validate our approach by showing that contrary to Drosophila
TEs, chimeras involving human TEs mapped almost exclusively internally to human TE
sequences (see below). Fourth, many TEs are known to duplicate a small target sequence motif
upon integration called target site duplication (TSD). As in our earlier study (Gilbert et al.,
2016), we were able to identify TSD motifs for several TEs found integrated into viral genomes
(Figure 2.1). Viral and TE sequences on which sequencing reads were aligned derive from a

number of whole genome sequences (WGS) and TE libraries that we fully describe below.

Viral genomes used for the blast searches
The genome of four out of six viruses used in this study were retrieved from NCBI under

accession number KR584663 (AgseGV-DA), KM102981 (AgseNPV-B), KM217575 (CpGV-
M), KM667940.1 (ACMNPV strain E2). For 1131, we used the genome sequenced in Loiseau
et al. (2020) after replication of the virus in an Armadillidium vulgare pillbug. The sequence of
the 11\V31 is provided in the supplementary data of Loiseau et al. (2020). The I1V6 genome
sequence available in NCBI was sequenced after replication on CF-124 cells of the Chilo
fumiferana moth (Fukaya and Nasu, 1966). Since moths are distantly related to Drosophila
flies, we reasoned that adaptation of 11VV6 to S2 cells may have resulted in substantial changes
in its genome. We thus assembled the 1IV6 de novo with the tadpole program
(https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/tadpole-guide/,  version  of
December 2018, options used: ‘k=17; ‘k=31’; ‘k=60’; k=90 with ‘mincov=100"). The
different assemblies obtained with 17, 31, 60 and 90 mers with 500X and 1,500X depth

coverage were then fused with Geneious version 11.0.2 (https://www.geneious.com, options:

de novo assembly, Geneious assembler, high sensitivity). The final assembly was annotated
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based on the available 11V6 (NC_003038.1) genome with the General Annotation Transfer
Utility program (Tcherepanov et al., 2006).

Library of transposable elements

Our TE library included all TE consensus sequences downloaded from Repbase in October
2017 (Bao et al., 2015), all those identified in 195 insect genomes by Peccoud et al. (2017) as
well as all TEs identified integrated in the ACMNPYV genome after replication of the virus onto
T. ni and S. exigua moths (Gilbert et al., 2016). The library also included all D. melanogaster
TE sequences downloaded from Flybase and all A. vulgare TE consensus sequences
characterized in (Chebbi et al., 2019). In addition, our library was completed with the consensus
sequence of TEs constructed using RepeatModeler2 (Flynn et al., 2020) from the WGS of A.
ipsilon (NCBI accession number: PNFC00000000.1), Chilo suppressalis (PNFC00000000.1),
C. pomonella (QFTL00000000.2), D. hydei (QMEQ00000000.2) and our local assembly of S.
nonagrioides. No WGS was available for A. segetum, C. partellus moths and for the P. dilatatus
pillbug. To increase our chances to identify TEs in viral genomes, the sequencing reads obtained
from A. segetum and C. partellus infections were also aligned on all WGS of lepidopterans
available in LepBase (as of May 17th, 2018) as well as on all Noctuidae WGS and
transcriptomes available in NCBI (as of October 15th, 2017). In addition for A. segetum, C.
partellus and P. dilatatus, we aligned reads on contigs that we de novo assembled using all
sequencing reads not mapping on viral genomes, i.e. reads resulting from sequencing residual
host and non-viral/non-host DNA that remained in the viral solution after purification. Non-
viral contig assembly was done with the Tadpole assembler from the BBMap tools. Residual
viral chunks were filtered out from the resulting contigs. All 113,862 TEs included in our library
or characterized in partial assemblies of A. segetum, C. partellus and P. dilatatus are provided
in Dataset S1.

Inferring horizontal transfer of TEs between insects

To assess whether moth TEs found integrated into viral genomes underwent HT at some stage,
we used them as queries to perform blastn searches (option megablast) on all insect WGS
available in GenBank as of March 2020. Blastn hits showing >90% nucleotide identity to the
TE over >200 bp and >80% of its length were considered further. To assess whether such high
levels of TE identity were due to vertical or horizontal transmission, we compared TE
synonymous distances (dS) to the distribution of dS expected to occur under vertical
transmission between each species pair of interest. The dS between TEs were calculated over
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the longest open reading frame (ORF) found in the two copies involved in the best alignment
for each species pair of interest. The distribution of dS expected under vertical transmission
was generated for each species pair of interest by calculating dS between all single-copy and
complete genes extracted from the WGS of each species using the BUSCO program version
4.0.2 (Simdo et al., 2015; Waterhouse et al., 2018). All genes showing homology to the Insecta
set of genes (i.e., from 259 to 1,029 genes depending on the species pair) were used. The
MAFFT alignment program version 7.310 (Katoh and Standley, 2013) was used to align
nucleotide sequences of genes that are shared (orthologous) between species. Gene and TE
alignments were analyzed in R version 3.6.1 (R Core Team., 2019) with the ‘seqinr’ package
(Charif et al., 2005) to compute dS values.

Frequency of TEs in viral populations and expected number of shared insertions between
two sequencing datasets

The frequency of genomes carrying TE insertions was computed following the method
described in Gilbert et al. (2016). Briefly, we considered insertion frequencies to be the ratio of
the number of all chimeric reads (including PCR duplicates) over the number of all viral reads
(also including PCR duplicates). The ratios were normalized by the probability to detect a
chimera in the data, taking into account the length of the viral genome over the read length
adjusted by alignment criteria (minimum overlap needed by blast to output an alignment) and
the overlap sequence length chosen in the analysis for the junction to be slightly closer to the
read end. Finally, ratios had to be divided by two because we considered that one insertion
event involved two junctions. We assumed the number of inserted TEs into viral genomes

follows a Poisson distribution.
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Results

Moth transposable elements in baculoviruses other than ACMNPV

We began by searching TEs integrated in genomes of six strains of a nucleopolyhedrovirus
other than AcCMNPV, i.e. AgseNPV replicated in cells of A. ipsilon and sequenced at depths
varying from 839 to 2,930 X. We found TEs integrated in genomes of one strain only
(AgseNPV-pp7), with a total of 90 TE-virus chimeras covering 13 different positions in the
viral genome and corresponding to a frequency of 3.4% of viral genomes carrying an insertion
(Table 2.1). The three TEs involved in TE-virus chimeras were class 2 DNA transposons from
the piggybac and Sola superfamilies, the third one being an unclassified non-autonomous
element (Table S2.1). Terminal inverted repeats (TIRs) were identified for all three TEs (Table
S2.2) and all chimeric reads mapped to their extremities (Table S2.1, Figure 2.3, Figure S2.2).

Table 2.1: Virus coverage, TE insertion frequency and number of chimeric reads for the 35 host-
virus systems. TE insertion frequency was computed considering the host TE insertion into viral
genomes follows a Poisson distribution.

Frequency of Number of Number of
Average Average . L L
_ read depth | read depth viral chlmer!c chlmgrlc Number
Host Virus overvirus | over host ger_10mes reads with reads without _ of_
genome genome carryinga TE PC_:R PC':R |nse_rt|on
(%) duplicates duplicates points

Agrotis segetum larvae AgseGV-DA 7,997 0.0002 0.3 33 33 28
AgseNPV-pp0 839 0.15 0 0 0 0
AgseNPV-ppl 1,939 0.0052 0 0 0 0
L AgseNPV-pp3 2,348 0.043 0 0 0 0
Agrotis ipsilon cells AgseNPV-pp5 956 012 0 0 0

AgseNPV-pp7 2,930 0.0002 3.4 90 58 13
AgseNPV-pp10 1,245 0.018 0 0 0 0
CpGV-006 1,857 0.0002 0 0 0 0
CpGV-ALE 1,253 0.00005 0 0 0 0
CpGV-E2 3,790 0.007 0.01 6 6 6
CpGV-I07 3,342 0.016 0 0 0 0
CpGV-112 3,441 0.003 0.009 5 5 5
CpGV-JQ 1,092 0.00007 0 0 0 0
CpGV-KS1 1,446 0.00008 0 0 0 0
Cydia pomonella larvae CpGV-KS2 942 0.00009 0.2 3 3 2

CpGV-M 3,809 0.001 0.02 13 12 10
CpGV-R5 784 0.035 0 0 0 0
CpGV-S 3,192 0.01 0.56 30 30 5
CpGV-V15 2,380 0.001 0 0 0 0
CpGV-WW 523 0.0001 0 0 0 0
CpGV-ZY 744 0.00004 0 0 0 0
CpGV-2Y2 1,152 0.00009 0 0 0 0
Adult Armadillidium V31 (1) 133,086 0.19 0 0 0 0
S 1131 (2) 163,802 0.002 0 0 0 0

vulgare individuals

1131 (3) 188,230 0.002 0 0 0 0
V31 (1) 112,750 NA 0 0 0 0
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Adult Porcellio dilatatus | 11V31 (2) 220,537 NA 0 0 0 0
individuals V31 3) 184610 | NA 0 0 0 0
Drosophila melanogaster | |\ /- 123574 | 345 3.56 6572 5169 2761
S2 cells

Adult Drosophila V6 (1) 170859 | 6.46 6.01 16117 12054 4088
melanogaster individuals | 11V6 (2) 211,039 12.41 4.77 15709 11233 4018
Adult Drosophila hydei |\ /- 52,031 0.46 264 2048 1515 431
individuals

Chilo partellus larvae 1vé 325,206 0.24 0.31 1558 599 29
Sesamia nonagrioides V6 245899 | 26.77 0.15 555 437 55
larvae

Sesamia nonagrioides AcMNPV 82,103 0.06 26.33 37952 2282 613

larvae

The three TEs are absent from the WGS of A. ipsilon. Instead, the piggybac and Sola TEs were
identified in our assembly of non-viral reads obtained from the AgseGV/A. segetum larvae
system. The absence of these TEs from the WGS of the host on which the virus was replicated
suggests they may originate from integration events that occurred during an earlier replication
cycle of the virus in its original host (A. segetum, for which WGS are not available) or another
host. Regarding the non-autonomous element, it was identified by (Han et al., 2016) in the
plutellid moth Plutella xylostella, which diverged 156 myrs ago from Agrotis moths.
Furthermore, one copy of an element 98% identical to the piggybac over 91% of its length
(2,166 bp) was found in the WGS of another noctuid moth (Mamestra configurata) and six
copies of an element 95% identical to the Sola over 100% of its length (4,466 bp) were found
in the WGS of yet another noctuid moth (S. exigua). M. configurata and S. exigua diverged 42
and 56 myrs ago from Agrotis moths, respectively (Kumar et al., 2017). Synonymous distances
calculated between the piggybac and Sola copies identified in the AgseGV/A. segetum non-
viral reads and those found in M. configurata or S. exigua fall below the 0.5% quantile of the
gene dS distribution calculated between Agrotis and M. configurata or S. exigua (Figure 2.4).
Thus, the two TEs have been and/or are currently circulating between moths through HT. The
fact that these TEs can be carried by an NPV, coupled with the known susceptibility of
Mamestra and Spodoptera moths to NPVs (Goulson, 2003), further suggests that these viruses
might be involved as vectors in these transfers, as previously proposed for ACMNPV (Fraser et
al., 1995; Gilbert et al., 2016; Miller and Miller, 1982).
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Figure 2.3. Sequencing depth of some of the transposable elements (TEs) found integrated into
viral genomes. Sequencing depth by reads mapping entirely on the TEs is shown in grey. Sequencing
depth by chimeric reads is shown in red on the 5' end of the TEs and in green for the 3' end of the TEs.

104



Black rectangles represent TE genes annotated in autonomous TE sequences. Target site duplications
(TSDs) are shown on each side of the elements using sequence logos for all TEs for which conserved
TSDs were observed (sequencing depth of the other TEs uncovered in this study is shown in Figure
S2.2).
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Figure 2.4. Comparison of gene synonymous distance (Ks values) and transposable element (TE)
Ks between six pairs of species. The distribution of gene Ks is shown in grey and the TE Ks is shown
by the red bar.

We then searched for TEs integrated in genomes of the AgseGV granulovirus replicated in A.

segetum larvae and sequenced at 7,997 X. A total of 33 TE-virus chimeras were detected in the
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virus genome, covering 28 different positions and corresponding to a frequency of 0.3% of viral
genomes carrying an insertion (Table 2.1). All chimeras mapped to the Sola TE described
above, which was found integrated into the AgseNPV (Table S2.1).

We also detected TE-virus chimeras in five of the 15 CpGV granulovirus strains replicated in
C. pomonella larvae and sequenced at depths varying from 523 to 3,809 X. The number of
chimeras varied from three (two different positions along the viral genome) to 30 (ten different
positions) and the frequency of viral genomes carrying a TE varied from 0.009% to 0.56%
(Table 2.1). In three of the five CpGV strains (CpGV-E2, CpGV-112, CpGV-M), a single
piggybac DNA TE, different from that detected into AgseNPV genomes, was integrated into
viral genomes (Table S2.1). This piggybac was also found, together with a SHALINE-like
element (non-LTR retrotransposon) in the CpGV-S dataset (Table S2.1). Finally, a Tc1l/mariner
DNA TE was found integrated in the CpGV-KS2 genome. All three TEs are present in the C.
pomonella WGS. TIRs were identified in chimeric reads for the piggybac and Tcl/mariner
elements (Table S2.2) and all chimeric reads mapped only to the extremities of the three
elements found integrated into CpGVs (Figure 2.3, Figure S2.2, Table S2.1).

TEs closely related (>90% identical) to the SHALINE-like and Tc1/mariner element were not
found in non-Cydia lepidopterans. The SHALINE-like is a partial, 419-bp long element,
containing a truncated reverse transcriptase domain. There are more than 100 such copies in the
C. pomonella WGS, which likely result from truncations during non-canonical reverse-
transcription, as is common for non-LTR retrotransposons (Szak et al., 2002). Twenty-one of
these copies are 99-100% identical to each other, consistent with this element being currently
active. Regarding the Tcl/mariner, there are 10 copies of this element that are 92.5 to 94.4%
identical to each other over their entire length (1,653 bp) in the C. pomonella WGS. Four copies
of the piggybac element that are >99% identical to each other were found in the C. pomonella
WGS, and we identified another four copies that are 90% identical to the C. pomonella piggybac
over 88% of its length (1,734 bp) in the meadow brown (Maniola jurtina; Nymphalidae). This
butterfly diverged 156 myrs ago from C. pomonella. The TE dS again falls below the 0.5%
quantile distribution of the gene dS calculated between C. pomonella and M. jurtina suggesting
that the piggybac has been horizontally transferred between the two species (Figure 2.4). It is
unclear however, whether nymphalid butterflies are susceptible to granuloviruses and whether

such viruses could have been involved as vectors in this HT event.
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D. melanogaster LTR retrotransposons in iridoviruses

To assess the potential of large double-stranded DNA viruses other than baculoviruses to shuttle
TEs between arthropods, we searched for TEs integrated in genomes of the 1131 iridovirus
purified from three P. dilatatus and two A. vulgare individuals and in genomes of the 11\V6
iridovirus after a passage on D. melanogaster S2 cells. Sequencing depths varied from 112,750
to 220,537 X for these datasets (Table 2.1). A third 11V31/A. vulgare dataset was previously
analyzed in an earlier study and it was found to be devoid of TE-virus chimeras (Loiseau et al.,
2020). The two other 11\V31/A. vulgare as well as the three 11V31/P. dilatatus datasets were also

found here to be entirely devoid of TE-virus chimeras (Table 2.1).

By contrast, we found 6,572 TE-virus chimeras in [1V6 genomes purified from D. melanogaster
S2 cells, corresponding to 2,761 different positions along the viral genome (Figure 2.5) and we
calculated that 3.56% of sequenced 11\VV6 genomes carried at least one TE (Table 2.1). TE-virus
junctions involved 14 different D. melanogaster LTR retrotransposons including 6
(MDG1 _LTR,DM297_LTR, DM176, IDEFIX_LTR, TRANSPAC_LTR, BLOOD_LTR) that
account for 414 or more (up to 2,917) chimeras (Table S2.1). Given that this is the first report
of TEs segregating in 11V6 genome populations, we set out to validate the biological nature of
TE-virus chimeras by comparing these chimeras with those involving human DNA added to
the 11'V6 DNA sample prior to constructing the sequencing library. We focused on the structure
of chimeras occurring between human TEs and the 11VV6 genome. These can only be technical
as 116 has not been in contact with human cells. Given such chimeras are not generated by
transposition, they are not expected to preferentially involve the extremities of TEs. In
agreement with this, chimeras involving human TEs almost all (554 out of 560) map internally
to TE sequences (Table S2.3). By contrast, the vast majority of chimeras involving D.
melanogaster TEs (5,627 out of 5,833) map at the extremities of the elements (Figure 2.3,
Figure S2.2, Table S2.1). This is true for all TEs found integrated in viral genomes uncovered
in this study (Figure 2.3, Figure S2.2, Table S2.1). In addition to the fact that we were able to
identify TSDs for some TEs (some examples are given in Figure 2.3), these results confirm the
biological nature of the TE-virus chimeras we have identified. Transposition of D.
melanogaster LTR retrotransposons into 11V6 genomes is consistent with population genetics
studies showing that most of these elements are of recent origin and currently actively
transposing in natural fly populations (Kofler et al., 2015). Further supporting the recent origin
and current activity of these D. melanogaster LTR retrotransposons, 8 of the 14 TEs we found
integrated into 11V6 genomes have undergone HT between D. melanogaster and its sister
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species D. simulans, which diverged less than 5 million years (myr) ago (Table S2.4,
(Bartolomé et al., 2009)).
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Figure 2.5. Number of different insertions of transposable elements (TEs) in along the 11V6
genome. The central diagram illustrates TE integrations in the parental 11V6 purified from D.
melanogaster S2 cells. The other diagrams illustrate TE integrations in the daughter 116 purified from
whole flies and moths. Black bars correspond to TE insertion points shared by the different 11V6, i.e.
insertions of the same TE at the exact same position than in the parental 11\V6 population. Green bars
correspond to the TE insertion points not shared with the parental 11\VV6 population, i.e. which only
transposed into 11V6 during infection of Drosophila whole flies or moth larvae. Red arrow along the
116 genome sequenced from Chilo partellus indicates the position of C. partellus TEs. Numbers of
insertions are given in Table S2.1 for each TE.

To assess whether TEs can also transpose from whole insects into 11V6 genomes, we infected
two batches of 80 D. melanogaster adult flies with the 11\V6 population purified from S2 cells
and sequenced 116 viral genomes purified from these infections at 170,859 and 211,039 X
(Figure 2.1). We found more TE-virus chimeras in the two 11VV6/adult flies batches (12,201 and
11,463 in batches 1 and 2, respectively) than in the parental 11V6/S2 cells dataset (5,669) and a

higher frequency of viral genomes carrying at least one TE (6.01% and 4.77% in batches 1 and
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2, respectively than in the parental 11VV6/S2 cells population (3.56%) (Table 2.1, Table S2.1).
All TEs except LTRMDG3_DM among the 14 present in the parental 116 purified from S2
cells were recovered integrated at 1,660 and 1,719 different positions in 16 from whole flies
(batches 1 and 2, respectively) (Figure 2.5; Figure 2.6; Table S2.4). In principle, these shared
TE insertions could have two sources. First, they could correspond to insertions that were
present in the parental 11V6 purified from S2 cells and that persisted in the viral population
during replication in whole flies, implying that 11\V6 genomes bearing TE insertions were
encapsidated again in whole flies. Alternatively, the TE insertions could result from
transposition of TE copies located in the genomes of whole flies. Given that the TE content of
D. melanogaster S2 cells and whole flies genomes is likely very similar, it is difficult to assess
whether and what portion of insertions of the shared TEs come from the parental 11V6
population or from de novo transposition from whole flies. Interestingly however, it turns out
that the majority of TE-virus chimeras found in 11V6 purified from whole flies involved
GYPSY6, an LTR retrotransposon not present in the parental 116 purified from S2 cells
(Figure 2.3, Figure 2.6, Table S2.1, Table S2.4). Another 8 and 6 TEs not present in 11V6
purified from S2 cells were found in batches 1 and 2, respectively, including one (GYPSY1)
involved in more than 100 TE-virus chimeras in the two whole flies batches (Figure 2.6, Table
S2.1, Table S2.4). Given their absence in the parental 11V6/S2 cell dataset, de novo integration
of these TEs in 116 genomes can only be explained by transposition of TE copies located in

the genomes of whole flies.
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Figure 2.6. Frequency of 11V6 genomes carrying each Drosophila melanogaster transposable
elements in 116 populations purified from flies and moths. More details can be found in Table S2.1.

Transposable elements from other hosts in 11V6
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To assess whether TEs from hosts other than D. melanogaster can transpose into 11V6 genomes,
we again used 11V6 particles purified from S2 cells to infect whole flies from another
Drosophila species (D. hydei) as well as larvae from the C. partellus moth (Figure 2.1). We
also reanalyzed with a higher precision level another 116 sequencing dataset from Loiseau et
al. (2020) which we generated by infecting larvae from the S. nonagrioides moth with the 116
particles purified from S2 cells. Sequencing depths varied from 52,931 to 325,206 X for these
datasets (Table 2.1). We found no integration of D. hydei TE into 11V6 genomes, nor did we
find any integration of S. nonagrioides TE (Loiseau et al. 2020). The only non-D. melanogaster
TE we found integrated in 116 is a piggybac element involved in 6 TE-virus chimeras in the
C. partellus dataset (Table S2.1). This element was identified in assembly of non-viral reads
present in this dataset. There is one copy 100% identical to this element over 100% of its length
in the Chilo suppressalis WGS and we validated its presence in the C. partellus genome by
PCR/Sanger sequencing (not shown). Thus, we conclude that this element transposed from C.
partellus to 11\V6 during replication of the virus in the moth larvae. Finally, we found TEs highly
similar to this piggybac in six other lepidopteran species (Megathymus ursus, Hesperidae;
Lymantria dispar, Erebidae; Hyles vespertilio, Sphingidae; Eumeta japonica, Psychidae;
Galleria mellonella, Pyralidae and Melitea cinxia, Nymphalidae) and one trichopteran species
(Stenopsyche tienmushanensis, Stenopsychidae). The best hit for each species genome was 92%
to 95% identical the the C. partellus element over between 1,341 bp for the trichopteran species
S. tienmushanensis (53% of the piggybac length) and 2,477 bp for the lepidopteran species M.
ursus (100% of the TE length). These species diverged from C. partellus between 90 Mya
(Pyralidae; Kawahara et al., 2019) and 232 Mya (Stenopsychidae trichopteran family). TE dS
between C. partellus and all species all fall below the 0.5% quantile of the distribution of gene
dS (Figure 2.4, Figure S2.3), strongly suggesting the presence of this element in the various
species is due to HT. 11\V6 was originally obtained from a Chilo fumerana moth and is known
to be able to infect several other moth species (Fukaya and Nasu, 1966), in agreement with the
possibility that this virus could serve as vector of HTT.

Persistence of fly TEs during 11V6 replication

Contrasting with the absence of D. hydei and S. nonagrioides TEs and the very low number of
C. partellus TEs integrated into 11\VV6 genomes, we found 1,611, 598 and 433 TE-virus chimeras
involving D. melanogaster TEs in I11\V6 genomes purified from the three hosts, respectively. All
D. melanogaster TEs recovered in these I1V6 populations were present in the parental 11V6
purified from S2 cells and the 6 most frequent TEs were also the most frequent ones in the
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parental 116 population (Figure 2.6; Table S2.4). We verified using blastn that none of these
D. melanogaster TEs are present in the genome of D. hydei, S. nonagrioides or C. partellus.
Thus, we conclude that D. melanogaster TEs integrated into 11V6 genomes purified from these
three hosts come from the parental 11VV6 population purified from S2 cells. The various chimeric
reads involving D. melanogaster TEs found in 11V6 purified from D. hydei, S. nonagrioides
and C. partellus correspond to 344, ten and four different positions along the 11V6 genome,
respectively (Figure 2.5). Consistent with persistence of D. melanogaster TEs in 11V6 purified
from the three other hosts, 126, nine and three of these different insertion positions were shared
with the parental 11VV6 population purified from S2 cells, respectively. This implies that many
TE-bearing 11VV6 genomes persisted through one replication cycle and were again encapsidated
in three different hosts. By contrast, 218, one, and one insertions found in 11\V6 purified from
D. hydei, S. nonagrioides and C. partellus were not found in the parental 116 purified from S2
cells. A majority (94% in D. hydei) of these insertions are supported by one or less than ten
reads in 11VV6 purified from D. hydei, S. nonagrioides and C. partellus. Thus, insertions not
shared with the parental 11VV6 population purified from S2 cells may in fact have been present

at very low frequency in this population but not sequenced.

Persistence of TEs integrated in ACMNPYV genomes

Finally, we sought to assess whether as observed for 11VV6, TEs integrated into ACMNPV
genomes can be recovered after one replication cycle. For this, we infected larvae of the
mediterranean corn borer (S. nonagrioides) with a viral population called "GO0" purified from
T. ni larvae (Chateigner et al., 2015) and known to contain thousands of TE copies belonging
to at least 30 families and 13 superfamilies (Gilbert et al., 2016). Our search for TEs integrated
into the ACMNPV population purified from S. nonagrioides (here called "G1") unveiled two
TEs that were present in the GO population, called Tni_contig 27 (piggybac) and
Tni_contig_21 (mariner) in Gilbert et al. (2016) (Table S2.1). A blast search of these two TES
onto the S. nonagrioides genome did not reveal any significant hit and a PCR screening using
three primer sets designed to amplify three regions of these elements supported their absence
from S. nonagrioides. Thus, the presence of Tni_contig_27 and Tni_contig_21 in ACMNPV
genomes purified from S. nonagrioides cannot be due to transposition of these TEs from the S.
nonagrioides genome. We conclude that the two TEs were carried over from the GO population,
confirming that as observed for 11V6, some TEs integrated into ACMNPYV genomes can persist
over at least one replication cycle. Interestingly, aside from the shared presence of
Tni_contig_27 and Tni_contig_21, the TE landscape of the AcCMNPV G1 population markedly
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differed from that of the GO. Indeed, none of the 18 other TEs present in the GO population
were recovered after replication on S. nonagrioides (Figure 2.7). This is in stark contrast with
I1V6, whereby TE contents and frequencies were relatively similar between the populations

purified from D. melanogaster S2 cells and D. hydei.
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Figure 2.7. Frequency of TE insertion points in the GO and G1 populations. Frequency is expressed
in logarithm. Only two TEs, Tni_Contig_27 and Tni_Contig_21 have shared insertion points between
both populations. Exact frequency in the G1 population corresponding at shared insertion points are
shown near dots on the plot.

ACMNPV-to-AcMNPV transposition in moths

A striking feature of the ACMNPV G1 population purified from S. nonagrioides is that 26.33%
of its genomes carried at least one TE insertion. This high frequency was mainly explained by
Tni_contig_27, as the frequency of ACMNPV genomes bearing other TEs is only 0.04%. Thus,
starting from 0.38% in the GO population purified from T. ni larvae, the frequency of genomes
carrying a Tni_contig_27 insertion underwent a 69-fold increase during replication in S.
nonagrioides. Similarly, the number of Tni_contig_27 insertions was much higher in the G1 (n
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=417) than in the parental GO (n = 17) AcMNPV population (Figure 2.8). One could argue that
all Tni_contig_27 insertions detected in G1 were in fact present at low frequency but were not
sequenced in the GO population. Fluctuations in insertion frequencies driven by genetic drift
could then be invoked to explain the higher content in Tni_contig_27 insertion in the G1 versus
GO population. However, the GO population was sequenced at a higher depth (124,221 X) than
the G1 population (82,103 X), which does not support the hypothesis according to which many
Tni_contig_27 insertions would have been missed in the GO AcCMNPV population.
Furthermore, we tested whether the change in Tni_contig_27 content between the two
ACMNPV populations could be explained by genetic drift. Under such a scenario the frequency
of an insertion would be expected to have increased or decreased with the same probability
(0.5) during replication in S. nonagrioides larvae. Using a binomial test, we found that the
overall fluctuation in frequency of Tni_contig_27 insertions between the GO and G1 population
cannot be explained by drift (p-value = 2.2 x 107'7). In other words, assuming that all
Tni_contig_27 insertions found in the G1 population were in fact present in the GO population
would imply a much higher probability for their frequency to augment than to decrease, in the
G1 population. Though inconsistent with drift alone, such a global increase could in principle
be observed if all or most Tni_contig_27 insertions were beneficial to the virus, leading to an
increase in their frequency during replication in S. nonagrioides through positive selection.
Such a scenario, whereby several hundreds of Tni_contig_27 insertions would be beneficial to
the virus irrespective of their location along the ACMNPV genome, is highly unlikely. In fact,
current evidence strongly suggests that the vast majority of TE insertions are deleterious to
viruses as they very rarely reach high frequencies during viral replication in natural hosts
(Gilbert et al., 2016; Gilbert and Cordaux, 2017). This is best illustrated by the rare occurrence
of TEs in consensus viral genomes (Filée, 2018; Gilbert and Cordaux, 2017; Sun et al., 2015).
Thus, the nearly 25-fold increase in the number of Tni_contig_27 insertions observed in the G1
is unlikely to be explained by fluctuation in insertion frequency. Instead, the Tni_contig_27
most likely transposed from ACMNPV genomes to other ACMNPV genomes during replication

in S. nonagrioides larvae.
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Figure 2.8. Insertion map of Tni_contig_27 in GO and G1 populations along the ACMNPYV genome.
Green stars represent the thirteen shared insertion points between both ACMNPV populations. Grey
rectangles represent genes along the viral genome. The orange rectangle represents the Ac-GTA gene.
Most of Tni_Contig_27 insertions fall into the Ac-GTA gene for both AcCMNPV populations although
insertion points are scattered all along the viral genome.

High frequency of a Tni_contig_27 insertion in the ACMNPV GTA gene

While virus-to-virus transposition likely explains the increase in number of Tni_contig 27
insertions in the AcCMNPV G1 population, it does not account for the overall increase in
ACMNPV genomes bearing a Tni_contig_27 insertion. This frequency increased from 0.38%
in the GO to 26.29% in the G1 population. In fact, the vast majority of TE-virus chimeras
involving Tni_contig_27 in the G1 population map to a single insertion site, located at position
30918 of the WP10 ACMNPV genome, in the global transactivator (Ac-GTA) gene (Figure 2.8).
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This insertion, together with 12 other Tni_contig_27 insertions, is present in the parental GO
population but at a much lower frequency (0.38%; Figure 2.7). The frequency increase of this
insertion during replication in S. nonagrioides larvae may be due to repeated integration of
Tni_contig_27 at the exact same site and/or to preferential replication and/or preferential
encapsidation of viral genomes bearing this insertion. Our earlier analysis of 10 ACMNPV
populations obtained after infection of T.ni larvae with the GO population did not reveal any
frequency increase of this insertion (Gilbert et al. 2016). Repeated integration of Tni_contig_27
at position 30918 of the ACMNPYV genome may have occurred but it is unlikely to solely explain
the sharp increase in frequency of this insertion during replication in S. nonagrioides larvae.
Instead, the frequency of this insertion may have mainly increased through replication of the
viral genomes bearing it. It is noteworthy that Ac-GTA is known to be involved in regulation of
transcription, DNA recombination and repair, chromatin unwinding and other functions
(Rohrmann, 2019). Deletion of this gene from the Bombyx mori NPV only led to mild effects
on the infection outcome (i.e. delayed killing time), suggesting that it may not be essential for
viral replication in some contexts (Katsuma et al., 2008). We reasoned that the increase in
frequency of the Tni_contig_27 insertion in this gene may be due to low functional constraints
inducing relaxation of purifying selection. If true, other mutations inactivating this gene may
also be expected to have increased in frequency during replication in S. nonagrioides. However,
we found no evidence of other high frequency TE insertions or high frequency indels in Ac-
GTA (Figure 2.8, Figure S2.4). Thus, the strong increase in frequency of the Tni_contig_27
insertion in Ac-GTA is unlikely to be due to the absence of functional constraints acting on this
gene in our experiment. The possibility that this insertion increased in frequency because of its
positive effect on viral replication cannot be excluded at this stage. Another possibility worth
testing in future experiments is that genomes bearing this insertion may have a higher

propensity to be encapsidated compared to other genomes.

Origin and horizontal transfer of transposable elements found in ACMNPV

Though our earlier study identified Tni_conti_27 and Tni_contig_21 into ACMNPV genomes
purified from T. ni larvae, we were, at the time, unable to trace the origin of these TEs because
no WGS was available for T. ni (Gilbert et al. 2016). A blastn search for these TEs against the
two available T. ni genomes (Chen et al., 2019; Talsania et al., 2019) revealed no hit. This result
suggested the presence of Tni_contig_27 and Tni_contig_21 in the GO AcMNPV population

purified from T. ni larvae did not result from transposition of TE copies located in the T. ni
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genome. Instead, the two TEs must originate from an earlier replication cycle of ACMNPV on

another host.

In addition to Tni_contig_27 and Tni_contig_21, we found three S. nonagrioides DNA TEs
(one piggybac and 2 sola) involved in 5, 6 and 5 TE-virus chimeras mapping at 4, 6 and 5
different positions along the ACMNPV genome, respectively (Table S2.1). Thus, TEs became
integrated into ACMNPV genomes not only through virus-to-virus transposition but also via
transposition of copies located in the S. nonagrioides genome. In turn, this shows that TEs from
yet another host can transpose into ACMNPYV genomes during the course of an infection, though

at lower rates than previously reported in T. ni or S. exigua.

Finally, as for other TEs found integrated into viral genomes, we found evidence that at least
some of the TEs integrated into ACMNPV genomes were involved in HT. For example, we
found one TE copy 95.5% identical to the S. nonagrioides piggybac (Scf7180002741278) over
99% of its length in the WGS of C. croceus (Pieridae), which diverged 114 myrs ago from S.
nonagrioides. There are also two copies 95% identical to this element in the WGS of the noctuid
S. frugiperda, which diverged from S. nonagrioides 49 myrs ago. Furthermore, TEs >98%
identical to Tni_contig_27 over >97% of its length were found in S. exigua and in M.
configurata. Analyses of TE versus gene synonymous distances between these species again
clearly indicate that these high levels of similarity are incompatible with vertical inheritance
and that these TEs underwent one or more events of HT in lepidopterans (Figure 2.4 and Figure
S2.3).
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Discussion

The diversity and frequency of TEs integrated in baculovirus genomes had so far been assessed
using ultra-deep sequencing in 11 AcMNPV populations purified from T. ni larvae in Gilbert
et al. (2016) as well as in 10 and 1 AcMNPV populations purified from S. exigua larvae in
Gilbert et al. (2016) and Loiseau et al. (2020), respectively. In these earlier studies, 29 and 40
different TEs were found integrated in ACMNPV replicated on T. ni and S. exigua respectively,
with frequencies ranging from 1.1 to 14.3% of viral genomes carrying at least one host sequence
depending on the dataset. Here, we show that TEs from another host (S. nonagrioides) can
transpose into ACMNPV, though at lower rates than in T. ni and S. exigua. We further report
measurable frequencies of viral genomes carrying TEs in another NPV (AgseNPV) replicated
in A. ipsilon cells as well as in two granuloviruses (AgseGV and CpGV) replicated in A.
segetum and C. pomonella larvae, respectively. We also show that large numbers of D.
melanogaster TEs, as well as a few C. partellus TEs, can integrate in genomes of the 11V6
iridovirus during replication in D. melanogaster cells or in whole flies and moths. Interestingly,
earlier works (Bartolomé et al., 2009) and our own inferences of HTT based on comparisons of
synonymous distances between TEs and host genes show that many TEs we found integrated
in viral genomes have been transmitted through HT between insect species. Altogether, these
results extend our knowledge of host-virus systems for which TEs are able to jump into viral
genomes. They are in line with previous works supporting a role for large dSDNA viruses as
possible vectors of HTT between eukaryotes (Carstens, 1987; Fraser et al., 1995; Gilbert and
Cordaux, 2017; Jehle et al., 1998; Miller and Miller, 1982; Sun et al., 2015).

While this study demonstrates the capacity of some viruses to receive and carry TEs, it also
reveals important variation in occurrence and frequency of TE integration into viral genomes
across host-virus systems. No TE integration was detected in I1VV31 iridoviruses purified from
two pillbug species (A. vulgare and P. dilatatus), confirming an earlier report in A. vulgare
(Loiseau et al. 2020). While we retrieved many D. melanogaster TEs and a few from C.
partellus in 11VV6, no TE from D. hydei or S. nonagrioides transposed into genomes of this virus.
We found moth TEs integrated in AgseNPVs and CpGVs purified from only one out of six and
four out of 15 viral strains, respectively. Thus, while baculoviruses and iridoviruses have the
capacity to encapsidate and shuttle TE-bearing viral genomes, transposition into viral genomes
does not systematically occur during infection. It may not even occur at all in some host-virus
systems. We cannot exclude that some TE insertions may have been missed, especially in some
relatively low sequencing-depth datasets (e.g., lower than 1,000 X for six baculoviruses), or
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because our TE library could not include all host TEs due to unavailable WGS (e.g., for C.
partellus). Yet, we found no correlation between sequencing depth and frequency of viral
genomes carrying a TE (Pearson correlation test, p-value=0.82). Also, we found no TE insertion
in several viral genomes ultra-deeply sequenced that were purified from hosts with available
WGS (i.e., A. vulgare, S. nonagrioides, D. hydei; Table 2.1). This strongly suggests the absence
of TEs in these datasets has biological underpinnings.

It is likely that multiple host and virus factors are involved in shaping the numbers of host TEs
found integrated in viral genomes. On the host side, the level of TE activity may be involved.
For example, the absence of A. vulgare, S. nonagrioides and D. hydei TEs in 1131, ACMNPV
and 11VV6 genomes, respectively, could be due to the absence of currently active TEs in the
genome of the three species. However, the TE landscape of A. vulgare and D. hydei (and TE
expression patterns for A. vulgare) does not support this hypothesis, as a relatively large fraction
of TE copies are nearly identical to their cognate family consensus sequence, which is highly
suggestive of current activity (Becking et al., 2020); Figure S2.5). In addition, the finding of
three S. nonagrioides TEs integrated into ACMNPV genomes provides direct evidence that
some TEs are indeed active in this moth. On the virus side, we are not aware of any major
difference between baculovirus and iridovirus replication that could explain varying
propensities of these viruses to receive and carry hosts TEs. In particular, replication involves
transportation of viral DNA into the nucleus for both types of viruses (Rohrmann, 2019;
Williams et al., 2005). However, among baculoviruses, the frequency of viral genomes carrying
a TE is significantly lower for GVs than for NPVs (Wilcoxon test, W=0; p-value=3.4*10%).
Complementation between genomes may be more likely to occur in NPVs, which viral particles
contain many capsids (and thus genomes), than in GVs which encapsidate only one genome per
viral particle (Rohrmann, 2019). Thus, defective TE-bearing NPV genomes may be more likely
to be replicated than defective GVs, which may explain the trend we observe. In fact, NPVs are
the only known viruses to be transmitted as multi-capsid particles, while all other large dsSDNA
viruses, including iridoviruses, are transmitted as mono-capsid particles. This may in part
explain why no A. vulgare and P. dilatatus TEs and only few C. partellus TEs were found in
iridovirus genomes. If true, NPVs would stand out as being more efficient HTT vectors than
other viruses. In turn, given that NPVs mainly infect lepidopterans (Goulson, 2003), their high
propensity to shuttle TEs may explain why lepidopterans are seemingly more prone to HTT
than other insects, as proposed by Reiss et al. (2019). Yet, the frequency of viral genomes
carrying a TE is as high as or even higher in 11\V6 purified from Drosophila S2 cells or whole

118



flies (from 3.6 to 6%) than in NPVs, which contradicts the view that the mono-capsid nature of
iridoviruses would dampen their ability to carry TEs. In this context, it is noteworthy that 116,
which was originally sampled from the moth C. fumerana (Fukaya and Nasu, 1966) is not
known to naturally infect flies. Thus, this artificial host-virus system involving a passage in cell
culture and infection of whole flies by injection may have created conditions favorable to
transposition and persistence of fly TEs in I1\V6. In any case, our results call for future studies
specifically dedicated to decipher the relative contribution of host and virus factors involved in
shaping transposition of host TEs into viral genomes, as well as TE persistence in viral

populations over multiple replication rounds.

Another important finding of this study is that it provides direct evidence that TEs from a given
insect species integrated into genomes of a viral population can be recovered after subsequent
purification of the same virus from another species. Our previous study showed that the number
and frequency of TEs could be similar in a parental (GO) AcCMNPV population replicated in
one host (T. ni) and its daugther populations (G10) separated from the GO by ten successive
infection cycles on another host (S. exigua). However, no TE was shared between the two
populations (Gilbert et al. 2016). This result revealed a continuous dynamics of gain (via
transposition) and loss (via purifying selection) of TEs in ACMNPV populations, and showed
that the persistence of a given TE community in AcCMNPV populations was less than 10
infection cycles. Here, we found D. melanogaster TEs integrated in 116 genomes purified
from two moths (C. partellus and S. nonagrioides) and another fly (D. hydei). We also
recovered TEs present in the ACMNPV GO dataset (and absent from the S. nonagrioides
genome) in ACMNPV genomes purified from S. nonagrioides larvae. This provides direct
evidence that TE-bearing viral genomes can be encapsidated and shuttled between different
host species and that TEs can persist in viral populations for longer than one infection cycle. In
this context, it is noteworthy that while the frequency of TE-bearing genomes in the 11V6
population purified from D. hydei (2.64%) is close to that of the parental 11\VV6 population
purified from S2 cells (3.56%), it dropped down to 0.31% and 0.15% in 116 purified from C.
partellus and S. nonagrioides, respectively. Furthermore, while many TEs originating from the
genome of S2 cells were recovered in 1IV6 purified from D. hydei, C. partellus and S.
nonagrioides, only two out of 31 TEs initially found in ACMNPV purified from T. ni persisted
during replication of this virus in S. nonagrioides. Such differences in TE diversity and number
of viral genomes bearing TE insertions observed after one replication cycle of the same starting
viral population in different hosts may be due to host-virus interactions other than host-to-virus
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transposition. It will be interesting to further evaluate the role played by the host in shaping TE

content and frequency in viral population in more controlled viral replication assays.

Another interesting result of this study is that the mere fraction of TE copies present in
AcCMNPV genomes purified from S. nonagrioides were generated by virus-to-virus
transposition. This is remarkable because it shows that virus-borne TEs can transpose in a new
host, even if this new host is distantly related to the host from which the TEs originated (S.
nonagrioides and T. ni diverged 60 Myrs ago). It confirms and extends earlier findings based
on long read sequencing showing that TEs were integrated as full-length copies into ACMNPV
genomes and were thus likely to be able to transpose from the virus genome to another DNA
molecule (Loiseau et al. 2020). Our results further indicate that only some of the TEs found in
a given viral population may undergo virus-to-virus transposition during subsequent infection
cycles. Indeed, strong evidence of virus-to-virus transposition in AcCMNPYV purified from S.
nonagrioides was found for only one TE (Tni_contig_27) out of the 31 present in the ACMNPV
GO population purified from T. ni. It is noteworthy that this TE is the second most frequent
autonomous TE in the AcMNPV GO population, being present in 0.38% of the AcCMNPV
genomes (Gilbert et al. 2016). This suggests that the likelihood for a TE to undergo virus-to-
virus transposition may in part depend on its frequency in the infecting viral population. Perhaps
more importantly, Tni_contig_27 is the only TE present in the GO population for which a single
insertion underwent a sharp increase in frequency during replication in S. nonagrioides larvae.
We speculate that the increase of the Tni_contig_27 insertion located in the Ac-GTA gene may
be independent of transposition. Instead, the frequency of this insertion likely increased through
viral replication that may be driven by positive selection, or by a higher propensity of viral
genomes bearing this insertion to be encapsidated. These two hypotheses are not mutually
exclusive. In turn, the large number of Tni_contig_27 copies present in the viral population
have allowed this TE to reach a rate of virus-to-virus transposition high enough to be detected
by our approach. In other words, while many TEs may have transposed from viral genomes to
other viral genomes at low rates in our experiments, we might have only detected virus-to-virus
transposition for Tni_contig_27 because of the sharp increase in frequency of one of its
insertions. In any case, many TEs, host and virus factors are likely to shape the likelihood of a
TE to undergo virus-to-virus transposition. It will be interesting to design new experiments to

unveil these factors and the ways they interact.
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To conclude, our study extends our knowledge of animal host-virus systems in which TEs can
transpose from host to viral genomes. It also directly shows that the genome of viruses carrying
animal TEs can indeed be encapsidated into viral particles and be transported into another host
where transposition of virus-borne TESs can occur. Another important observation we made is
that of a single TE undergoing a dramatic (69-fold) frequency increase in a viral population
(from 0.38 to >25% of viral genomes) in a short timeframe (a single infection cycle). Perhaps
even more remarkably, our study provides direct evidence for virus-to-virus transposition of
animal TEs in a baculovirus. This suggests that viruses may not only serve as launching
platforms for these genomic symbionts to colonize naive cellular genomes (a hypothesis that
still needs to be formally tested), but that they may also be viewed as an alternative niche in
which TEs can persist through time and evolve under different constraints than in cellular hosts.
This is reminiscent of the molecular symbiosis hypothesis proposed by Filée (2018) to
characterize the intricate interactions occurring between various types of mobile genetic

elements and giant viruses infecting single-cell eukaryotes.
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Supplementary data

Table S2.1. Characteristics of transposable elements found integrated into viral genomes. *numbers in brackets correspond to replicates. **non-LTR: non-
LTR retrotransposons; LTR: LTR retrotransposons. ***Most LTR TEs appear as two separate sequences in RepBase, one corresponding to the LTR region of
the element and the other correspond to the internal region of the element. In such case, we report only the length of the sequence that has gathered the higher
number of chimeric reads, which is always the LTR sequence, hence the many TEs with lengths lower than 1000 bp. ****For LTR retrotransposons appearing
as two separate sequences in RepBase, the number of chimeric reads mapping internally to each TE was assessed using both the LTR and the internal portion

of the elements.

Number of
. . Number of
Number of chimeric . . Overall
. . chimeric reads | Frequency of
chimeric reads at the | . . frequency of | Number of
. TE length " internal to the | viral genomes . . .
Host Virus* TE name Type of TE** «ny | readsatthe | extremities . > viral insertion
(bp) - TEs without | carrying each .
extremities of TEs genomes points
. PCR type of TE .
of TEs without PCR . carrying a TE
. duplicates****
duplicates
Agrotis
segetum
larvae AgseGV-DA Agrotis_segetum_Sola Autonomous DNA | 4466 33 33 1 0.30 0.30 28
AgseNPV-pp0 |/ / / / / / / /
AgseNPV-ppl |/ / / / / / / /
AgseNPV-pp3 / / / / / / / /
L AgseNPV-pp5 / / / / / / / /
Agrotis ipsilon - -
cells Agrotis_segetum_PiggyBac Autonomous DNA | 2468 81 49 0 3.07 5
AgseNPV-pp7 Agrotis_segetum_Sola Autonomous DNA | 4466 6 6 0 0.23 3.40 6
Non-autonomous
Plutella_xylostella_MITE DNA 336 3 3 0 0.12 2
AgseNPV-pp10 |/ / / / / / / /
CpGV-006 / / / / / / / /
CpGV-ALE / / / / / / / /
Cydia CpGV-E2 Cydia_pomonella_PiggyBac Autonomous DNA | 4025 6 6 0 0.01 0.01 6
pomonella CpGV-107 / / / / / / / /
larvae CpGV-112 Cydia_pomonella_PiggyBac Autonomous DNA | 4025 5 5 0 0.009 0.009 5
CpGV-IQ / / / / / / / /
CpGV-KS1 / / / / / / / /
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Cydia_pomonella_rnd-5_ 0.20
CpGV-KS2 family-1654#DNA/TcMar-Tcl | Autonomous DNA | 1653 3 3 0 0.20 2
CpGV-M Cydia_pomonella_PiggyBac Autonomous DNA | 4025 13 12 0 0.02 0.02 10
CpGV-R5 / / / / / / / /
Cydia_pomonella_PiggyBac Autonomous DNA | 4025 5 0 0.09 3
CpGV-S Non-autonomous 0.56
Cydia_pomonella_SHALINE non-LTR 419 25 25 0 0.47 2
CpGV-V15 / / / 0 0 / / / /
CpGV-WW / / / 0 0 / / / /
CpGV-zY / / / 0 0 / / / /
CpGV-2Y2 / / / 0 0 / / / /
Armadillidium V31 (1) / / / 0 0 / / / /
wulgare V31 (2) / / / 0 0 / / / /
V31 (3) / / / 0 0 / / / /
Porcellio V31 (1) / / / 0 0 / / / /
dilatatus V31 (2) / / / 0 0 / / / /
1v31(3) / / / 0 0 / / / /
MDG1 Autonomous LTR 442 2917 2296 75 1.49 1397
DM297 Autonomous LTR 414 1499 1237 22 0.77 334
DM176 Autonomous LTR 7439 760 659 42 0.40 234
IDEFIX Autonomous LTR 594 786 484 12 0.40 71
TRANSPAC Autonomous LTR | 330 496 451 8 0.26 336
BLOOD Autonomous LTR | 399 414 378 15 0.21 301
Drosophila MICROPIA Autonomous LTR | 476 31 30 4 0.02 25
melanogaster | IV6 3.56
2 cells BEL Autonomous LTR 361 17 21 4 0.009 14
STALKER2 Autonomous LTR 424 22 21 1 0.01 16
DMRT1B Autonomous LTR 428 12 10 6 0.006 9
ROO Autonomous LTR 276 10 18 9 0.005 10
COPIA_DM Autonomous LTR 267 3 11 8 0.001 4
LTRMDG3_DM Autonomous LTR 398 5 4 0 0.003 4
GYPSY3 Autonomous LTR 408 10 7 0 0.005 6
GYPSY6 Autonomous LTR 407 8299 6687 92 3.17 1739
Drosophila MDG1 Autonomous LTR | 442 3040 2080 26 1.16 1042
melanogaster | 1IV6 (1) DM297 Autonomous LTR | 414 1584 1096 10 0.61 6.01 268
flies IDEFIX Autonomous LTR | 594 1062 503 2 0.41 49
DM176 Autonomous LTR 7439 607 486 8 0.24 152
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TRANSPAC Autonomous LTR 330 557 484 2 0.21 289
BLOOD Autonomous LTR 399 548 457 4 0.21 271
Gypsyl-LTR_DM Autonomous LTR 408 142 124 7 0.05 94
DMRT1B Autonomous LTR 5183 55 50 27 0.02 40
GYPSY3 Autonomous LTR 398 50 41 0 0.02 39
MICROPIA Autonomous LTR 476 40 40 3 0.02 17
DMLTR5 Autonomous LTR | 266 29 27 0 0.01 22
STALKER2 Autonomous LTR | 424 19 22 3 0.007 12
GYPSY Autonomous LTR | 482 18 17 2 0.007 14
BEL Autonomous LTR | 361 14 17 7 0.005 8
ROO Autonomous LTR | 428 10 20 12 0.004 8
COPIA_DM Autonomous LTR 276 7 9 4 0.003 5
BLASTOPIA Autonomous LTR | 275 6 10 6 0.002 4
Gypsy-7_Dsim Autonomous LTR 398 6 6 1 0.002 5
STALKER4 Autonomous LTR | 402 5 8 4 0.002 3
BURDOCK Autonomous LTR | 275 4 4 0 0.002 3
DM412 Autonomous LTR 481 4 5 1 0.002 4
GYPSY6 Autonomous LTR | 407 7486 5651 132 2.32 1578
MDG1 Autonomous LTR | 420 3271 2370 41 1.01 1153
DM297 Autonomous LTR | 414 1669 1139 15 0.52 288
IDEFIX Autonomous LTR | 594 1210 590 7 0.38 61
DM176 Autonomous LTR | 7439 670 511 9 0.21 166
TRANSPAC Autonomous LTR | 330 593 480 6 0.18 302
BLOOD Autonomous LTR | 399 399 331 6 0.12 232
Gypsyl-LTR_DM Autonomous LTR 408 115 104 12 0.04 77
Drosophila GYPSY3 Autonomous LTR | 398 57 45 3 0.02 32
melanogaster | IV6 (2) DMRT1B Autonomous LTR | 5183 42 38 24 0.01 4.77 34
flies DMLTR5 Autonomous LTR 266 38 28 0.01 18
MICROPIA Autonomous LTR | 476 30 26 0.009 11
GYPSY Autonomous LTR | 482 28 25 0.009 20
STALKER2 Autonomous LTR 361 24 21 0.007 14
BEL Autonomous LTR 424 24 34 13 0.007 12
ROVER_DM Autonomous LTR 7318 14 11 4 0.004 4
ROO Autonomous LTR 276 8 26 19 0.002 6
COPIA_DM Autonomous LTR 428 8 9 2 0.002 3
Gypsy-7_Dsim Autonomous LTR 398 6 5 0 0.002 5
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DM1731 Autonomous LTR 336 4 10 6 0.001 2
MDG1 Autonomous LTR 442 1079 778 3 1.33 194
IDEFIX Autonomous LTR 594 382 267 0 0.47 24
DM297 Autonomous LTR 414 296 237 0 0.37 60
. DM176 Autonomous LTR 7439 160 133 0 0.20 54
a;‘z;:‘;ngs V6 BLOOD Autonomous LTR | 399 139 112 1 0.17 2.64 50
TRANSPAC Autonomous LTR 330 85 68 2 0.11 42
MICROPIA Autonomous LTR 476 12 10 0 0.015 3
STALKER2 Autonomous LTR 424 4 3 0 0.005 2
BEL Autonomous LTR 361 3 3 0 0.004 2
DM297 Autonomous LTR 414 742 258 0 0.15 6
. MDG1 Autonomous LTR 442 578 210 5 0.12 15
Chilo BLOOD Autonomous LTR | 399 207 108 1 0.04 2
partellus IIve 0.31
larvae DM176 Autonomous LTR 7439 19 16 0 0.004 2
TRANSPAC Autonomous LTR 330 7 6 0 0.001 2
C.partellus_piggyBac Autonomous DNA | 2477 6 6 0 0.001
MDG1 Autonomous LTR 442 215 168 3 0.06 27
. DM297 Autonomous LTR 414 206 152 0 0.05 12
noizsgar?;'izes V6 BLOOD Autonomous LTR | 399 4 3 0 0.001 015 1
larvae DM176 Autonomous LTR 7439 70 57 0 0.02 6
TRANSPAC Autonomous LTR | 330 43 40 0 0.01 6
IDEFIX Autonomous LTR | 594 13 13 0 0.003 3
Tni_Contig_27(piggyBac) Autonomous DNA | 2,773 37,897 2245 21 26.29 594
Tni_contig_21(Mariner) Autonomous DNA | 3,66 38 31 0 0.03 4
Sesamia Scf7180002741278_$n0na
nonagrioides | AcMNPV _PiggyBac (1IV6/Snona data) Autonomous DNA | 1,763 5 5 0 0.004 26.33 4
larvae Snona_rnd-5_family-1050
#DNA/Sola Autonomous DNA | 1,278 716 0 0.005 6
Snona_rnd-5_family-1246
#DNA/Sola Autonomous DNA | 2,093 6(5 0 0.004 5
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Table S2.2. Characterization of Terminal Inverted Repeats (TIRs) for all inserted DNA TEs in
AgseGV, AgseNPV, CpGV, 11V6 and AcCMNPV datasET. TIRs were identified for eight inserted TES
over ten, their size ranging from 12 to 62 bp.

TE 5 TIR | 3’ TIR | TIR length | TE length
coordinates | coordinates | (bp) (bp)
Agrotis_segetum_Sola 1-45 4422-4465 | 45 4466
Agrotis_segetum_PiggyBac 1-18 2451-2468 | 18 2468
Plutella_xylostella_ MITE 1-57 280-336 57 336
Cydia_pomonella_PiggyBac 1-12 4013-4024 | 12 4025
Cydia_pomonella_rnd- 3-64 1591-1653 | 62 1653
5 family-1654#DNA/TcMar-
Tcl
piggyBac_Chilo_partellus 1-20 2458-2477 | 20 2477
Tni_Contig_27 (piggybac) 5-22 2759-2777 | 18 2773
Tni_contig_21 (Mariner) 1-21 3635-3655 | 21 3660
Snona_PiggyBac_I1V6_dataset | ? ? ? 1763
Snona_rnd-5_family- ? ? ? 1278
1050#DNA/Sola

Table S2.3. Number of TE-11V6 chimeras involving human TEs found in the 11VV6/D. melanogaster
dataset. Almost all chimeras map internally to human TEs, in agreement with their artificial nature.

5'| Internal 3
Human TE | reads reads | reads
L1HS 0 183 0
L1 0 170 0
L1PREC1 0 91 0
AluSz 3 36 2
L1PA3 0 38 1
L1PB2c 0 36 0
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Table S2.4. Frequency and number of chimeric reads without PCR duplicates between D. melanogaster transposable elements and 116 genomes purified
from various host species. D. mel: Drosophila melanogaster; D. hydei: Drosophila hydei; C. partellus: Chilo partellus; S. nonagrioides: Sesamia nonagrioides.
HT indicates TEs that have been horizontally transferred between D. melanogaster and D. simulans according to Bartolomé et al. (2009).

D. mel. S2 cells | D. mel. Whole flies (1) D. mel. Whole flies (2) | D. hydei C. partellus | S. nonagrioides
Nb. Nb. Nb. Nb. Nb. Nb.

D. mel. TE name chim. Freq. |chim. |Freq. chim. | Freq. chim. |Freq. |chim.|Freq. |chim.|Freq.
MDG1 (HT) 2296 1.49 2080 1.16 2370 |1.01 778 [1.33 210 |0.12 168 |0.06
DM297 (HT) 1237 0.77 1096 0.61 1139 |0.52 237 0.37 258 10.15 152 |0.05
DM176 701 0.41 |494 0.24 520 |0.21 133 |0.20 16 0.004 |57 0.02
IDEFIX 484 0.40 |503 0.41 590 |0.38 267 |0.47 0 0 13 0.003
TRANSPAC (HT) 451 0.26 |484 0.21 480 |0.18 68 0.11 6 0.001 |40 0.01
BLOOD (HT) 378 0.21 |457 0.21 331 |0.12 112 |0.17 108 |0.04 |3 0.001
MICROPIA (HT) 30 0.02 |40 0.02 26 0.009 10 0.015 |0 0 0 0

BEL 21 0.009 |17 0.005 34 0.007 3 0.004 |0 0 0 0
STALKER2 (HT) 21 0.01 22 0.007 21 0.007 3 0.005 |0 0 0 0
DMRT1B 10 0.006 |50 0.02 38 0.01 0 0 0 0 0 0
ROO 18 0.005 |20 0.004 26 0.002 0 0 0 0 0 0
COPIA_DM (HT) 11 0.001 |9 0.003 9 0.002 0 0 0 0 0 0
GYPSY3 7 0.005 |41 0.02 45 0.02 0 0 0 0 0 0
LTRMDG3_DM (HT) |4 0.003 |0 0 0 0 0 0 0 0 0 0
GYPSY6 0 0 6687 3.17 5651 |2.32 0 0 0 0 0 0
Gypsyl-LTR_DM 0 0 124 0.05 104 |0.04 0 0 0 0 0 0
DMLTR5 0 0 27 0.01 28 0.01 0 0 0 0 0 0
GYPSY 0 0 17 0.007 25 0.009 0 0 0 0 0 0
Gypsy-7_Dsim 0 0 6 0.002 5 0.002 0 0 0 0 0 0
STALKER4 (HT) 0 0 8 0.002 0 0 0 0 0 0 0 0
BURDOCK (HT) 0 0 4 0.002 0 0 0 0 0 0 0 0
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DM412 (HT) 0 0 5 0.002 0 0 0 0 0 0 0 0
BLASTOPIA 0 0 10 0.002 0 0 0 0 0 0 0 0
ROVER_DM 0 0 0 0 11 0.004 0 0 0 0 0 0
DM1731 (HT) 0 0 0 0 10 0.001 0 0 0 0 0 0
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Figure S2.1. Photographs of infected versus non-infected Drosophila melanogaster flies. The
abdomen of infected flies (photographs on the right) is iridescent blue due to the arrangement of viral
particles in the cuticle of infected flies.

All the following coverage graphs are part of the figure S2.2.
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Figure S2.2. Graphs illustrating read depth along all transposable elements (TEs) found
integrated into viral genomes. Depth of non-chimeric reads (reads mapping entirely on the TE) is
shown in gray. Depth of chimeric reads (reads for which a portion maps on the viral genome only while
the other portion maps on the TE only) is shown in red for reads mapping on the 5' extremity of TEs and
in green for reads mapping on the 3' extremity of the TE. The figure shows that the vast majority of
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Figure S2.3. Graphs illustrating synonymous distances (Ks values) distribution for eight species
pair comparisons. The distances were computed on the complete unique copy of Insecta genes shared
by the two species of a pair. Vertical red line represents the Ks value of the piggyBac gene.
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Figure S2.4. Indel frequency along the AcCMNPV genome (including position of the Ac-GTA gene).

145



« DNA
- Helitron
& = LINE
« LTR
« SINE
o
o —
Tp]
(7]
o 8 -
8 ¥
(&)
©
O] o
£ 87
=
pd
o
O —
N
o
9 —
O —

0 2 46 8 11 14 17 20 23 26 29 32 35 38

Divergence (%)
Figure S2.5. TE landscape of D. hydei. All TE copies >300 bp were considered. One bar corresponds
to 1% of divergence. Mainly DNA and LTR TEs are represented, but LINES have the greatest number
of 0% divergent copies to the consensus sequence. The distribution mode reaches a peak at 0%, meaning
some copies are functional. A second peak is reached at 23% of divergence corresponding to an ancient
TE amplification, these copies being likely non-functional.
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Chapitre 3 : Analyse de longues lectures de
séquencage pour ’identification
d’insertions completes d’ET et d'autres
variants structuraux dans les génomes
viraux

Le premier chapitre a permis de révéler I’impact d’une infection virale sur 1’activité des ET de
I’hoéte, certains étant surexprimés. De plus, certains ET insérés dans les génomes viraux sont
transcrits, ce qui constitue une étape importante afin de pouvoir transposer a nouveau,
potentiellement lors de I’infection d’un nouvel hote. Le deuxiéme chapitre a étendu le spectre
des systemes héte-virus connus pour lesquels des ET de I'héte peuvent transposer dans les
génomes viraux. Il a également apporté des précisions concernant la fréquence d’insertion des
ET dans les génomes viraux et leur transposition au sein d’une population virale. Néanmoins,
toutes ces analyses ont été effectuées a partir de courtes lectures de séquencage qui permettent
de détecter les points d’intégration des ET mais ne permettent pas de caractériser I’intégralité
de I’insertion. L’utilisation de longues lectures, malgré leur taux d’erreur nucléotidique élevé
(environ 13%) et la présence d’insertions et de délétions artéfactuelles entravant la qualité de
I’analyse, a permis de confirmer que les insertions d’ET pouvaient étre complétes dans des
génomes d’AcMNPV. Aussi il est possible que ces séquences complétes soient actives et
puissent transposer, en accord avec la découverte de transposition virus-vers-virus dans le
chapitre précédant. Au total, 524 séquences completes d’ET provenant de la noctuelle exigué
Spodoptera exigua ont été détectees dans les génomes viraux. En accord avec ce qui avait déja
été montré (Gilbert et al., 2014, 2016), une majorité d’ET appartenant aux superfamilles
piggybac, mariner et harbinger ont des séquences complétes insérées dans les génomes
d’AcMNPV.

De plus, le sequencage a forte profondeur (>195000 X) de courtes et longues lectures, réalisé
sur I’ADN viral offrait I’opportunité d’utiliser ces jeux de données différents afin de caractériser
les variants structuraux (VS) génomiques autres que les ET présents dans les populations
virales. Cela nous a conduits a la détection de 1141 VS, dont 464 délétions, 443 inversions, 160

duplications et 74 insertions. L’ensemble de ces VS affectait 39,9% des génomes d’AcMNPV,
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ce qui a permis de mettre en lumiere la présence importante des VS au sein des populations
virales. Afin d’avoir une meilleure idée des VS affectant différentes populations virales, cette
méme analyse a été poursuivie sur trois autres jeux de données a forte profondeur de séquencage
en lectures courtes correspondant a trois virus a ADN doubles-brin différents, le

cytomégalovirus humain (HCMV) et les iridovirus 11V6 et 11V31.
Ces travaux ont fait I’objet d’une publication dont je suis premier auteur parue en janvier 2020

dans le journal Virus Evolution. L’article est présenté ci-dessous tel que disponible dans ce

journal.
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Abstract

Our knowledge of the diversity and frequency of genomic structural variation segregating in populations of large double-stranded (ds)
DNA viruses is limited. Here, we sequenced the genome of a baculovirus (Autographa californica multiple nucle-opolyhedrovirus
[AcMNPV]) purified from beet armyworm (Spodoptera exigua) larvae at depths >195,000 using both short-(Illumina) and long-read
(PacBio) technologies. Using a pipeline relying on hierarchical clustering of structural variants (SVs) detected in individual short- and
long-reads by six variant callers, we identified a total of 1,141 SVs in AcMNPV, including 464 deletions, 443 inversions, 160
duplications, and 74 insertions. These variants are considered robust and unlikely to result from technical artifacts because they were
independently detected in at least three long reads as well as at least three short reads. SVs are distributed along the entire ACMNPV
genome and may involve large genomic regions (30,496 bp on aver-age). We show that no less than 39.9 per cent of genomes carry at
least one SV in AcCMNPV populations, that the vast majority of SVs (75%) segregate at very low frequency (<0.01%) and that very
few SVs persist after ten replication cycles, consistent with a negative impact of most SVs on AcCMNPV fitness. Using short-read
sequencing datasets, we then show that populations of two iridoviruses and one herpesvirus are also full of SVs, as they contain
between 426 and 1,102 SVs carried by 52.4-80.1 per cent of genomes. Finally, ACMNPV long reads allowed us to identify 1,757
transposable elements (TEs) inser-tions, 895 of which are truncated and occur at one extremity of the reads. This further supports the
role of baculoviruses as possible vectors of horizontal transfer of TEs. Altogether, we found that SVs, which evolve mostly under rapid
dynamics of gain and loss in viral populations, represent an important feature in the biology of large dsSDNA viruses.

Ve The Author(s) 2020. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.
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1. Introduction

Estimating the evolutionary potential of viral populations is key to our
understanding of how and how fast viruses may evolve in response to new
environmental constraints. Such potential is directly linked to the genetic
diversity of viral populations, which has been well characterized in only
a handful of viruses. RNA viruses display high mutation rates, large
population sizes, and fast replication dynamics, which all together
generate clouds of genetically linked single nucle-otide variants that
functionally cooperate and collectively contribute to the fitness of the
viral population (Lauring and Andino 2010; Acevedo, Brodsky, and
Andino 2014). Such extremely high levels of polymorphism allow RNA
vi-ruses to rapidly adapt to the various host and cellular environments they
may be exposed to (Lauring, Frydman, and Andino 2013; Sanjuan and
Domingo-Calap 2016). It also makes the outcome of infection difficult to
predict, and thus poses major challenges to the prevention and treatment
of viral diseases.

In contrast to most RNA viruses, which do not encode error-correcting
polymerases, large double-stranded DNA (dsDNA) viruses use high-
fidelity, proofreading polymerases (Duffy, Shackelton, and Holmes 2008;
Sanjuan and Domingo-Calap 2016). As a consequence, the mutation rate
of large dsDNA viruses is two to four orders of magnitude lower than that
of RNA viruses. Despite these lower mutation rates, populations of large
dsDNA viruses exhibit very high nucleotide diversity. For example, high-
throughput sequencing approaches have revealed several thousands of
single nucleotide polymorphisms (SNPs) segregating in populations of
the human cytomegalovirus (HCMV) (Renzette et al. 2013, 2015, 2017),
the Autographa californica multiple nucleopolyhedrovirus (AcMNPV)
(Chateigner et al. 2015), and human herpesvirus 2 (Akhtar et al. 2019).
Although the majority of these SNPs are at low frequency and likely
neutral, a fraction was shown to be under positive selection and involved
in rapid adaptation during intra-host evolution (Renzette et al. 2013).

In addition to SNPs, another source of genetic diversity found in viral
populations is structural variation, which may be defined as deletions,
insertions, inversions, duplications and translocations (Alkan, Coe, and
Eichler 2011). Some forms of structural variants (SVs), leading to
defective viral genomes (DVGs), have been the subject of extensive
experimentation because of the negative impact they have on viral
replication (Marriott and Dimmock 2010). DVGs were first discovered in
populations of the Influenza A virus and have since been extensively
studied in RNA viruses (Manzoni and Lopez 2018). Their presence in
RNA viral populations is pivotal to the intra-host dynamics of viral
infections, to the point that abnormal depletion in DVG can lead to severe
disease outcomes (Vasilijevic et al. 2017). Such DVGs, provided they
contain all the signals necessary for packaging, can outcompete complete
viral genomes and rapidly cause important drops in overall virus titers (Li
et al. 2011). RNA virus DVGs are also known to play a role in the
induction of the interferon-mediated antiviral response (Lopez 2014) as
well as in the Dicer-dependent viral DNA-mediated antiviral RNAI
response in insects (Poirier et al. 2018).

Historically, DVGs have been less studied in large dsDNA viruses.
With the development of protein expression vectors, most experiments
focused on baculoviruses (De Gooijer et al. 1992). Experimental assays
coupled to population genetics modeling characterized interactions
between complete and DVGs (Bull, Godfray, and O’Reilly 2003; Zwart,
Tromas, and Elena 2013) to assess what proportion of DVGs may be
optimal to limit the persistence of complete viruses used as biopesticides
(Kool et al. 1991; Godfray, Reilly, and Briggs 1997). These approaches
mostly revealed a negative impact of DVGs on virus replication and
production. Yet, in natural viral populations beneficial interactions may
exist between defective and complete viral genomes, as mixtures are more
pathogenic than clonal wild type populations (Simon et al. 2006). Besides
baculoviruses, a high proportion of non-canonical viral genomes have
also been detected in populations of human herpesviruses us-ing
molecular combing or Sanger sequencing (Mahiet et al. 2012).

Despite the impact of SVs on viral population dynamics and infection
outcome, our knowledge on their full spectrum and frequency remains
limited. Next generation sequencing (NGS) offers potent tools to probe
the extent of SV diversity in large viral populations (Acevedo and Andino
2014). However, most studies of viral SVs using NGS have so far focused
on major variants through assembling and comparing consensus genomes
from different viral strains (Szpara et al. 2014; Karamitros et al. 2016,
2018). Surveys of intra-host viral SVs, as detected in individual
sequencing reads, remain scarce, and often limited to specific, targeted
rearrangements (Elde et al. 2012; Sasani et al. 2018). One of the most
comprehensive NGS-based analysis of SVs diversity has been conducted
on the flock house virus (FHV; Alphanodaviridae) after replication in
Drosophila melanogaster S2 cells (Routh et al. 2015; Jaworski and Routh
2017). These studies led to the characterization of hundreds of different
recombination events along the FHV RNA1 and FHV RNA2 genome
segments and unveiled the precise dynamics and mechanisms underlying
the emergence of DVVGs during serial passaging of the virus in cell culture
over a 1-month period.

One limitation of NGS to study SVs is the well-known propensity of
both long- and short-read sequencing technologies, to generate artificial
chimeras, which are difficult to distinguish from biological recombination
events, during library construction (Tsai et al. 2014; Griffith et al. 2018;
Peccoud et al. 2018). In addition, the quantity of viral particles that are
directly recovered from natural hosts is often relatively small, which
makes it difficult to purify enough viral DNA to prepare sequencing
libraries. All NGS studies of SVs in viral populations have thus so far
been done using viruses passaged in cell lines. Here, we sought to estimate
the diversity of SVs that segregate in large dsDNA virus populations
following natural host infections. First, we sequenced a large population
of AcCMNPYV genomes purified from Spodoptera exigua larvae using both
short-read Illumina and long-read PacBio sequencing technologies in
parallel. Using a novel pipeline involving hierarchical clustering of SVs
detected by six variant callers, we counted SVs present in both sequencing
datasets. As PacBio and Illumina technologies are subject to different
biases, we reasoned that SVs retrieved
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from both datasets are unlikely to derive from technical artifacts and can
be considered robust. Based on the results obtained for ACMNPV, we then
estimated SVs in populations of two other invertebrate large dsDNA
viruses, the invertebrate iridescent virus 31 (11\vV31) and 6 (11VV6) extracted
from adults of the pillbug Armadillidium vulgare and from larvae of the
moth Sesamia nonagrioides, respectively, and in a population of the
HCMV purified from MRC5 cells.

2. Materials and methods
2.1 Infection of S. exigua larvae with ACMNPV

The AcMNPV-WP10 isolate (Chateigner et al. 2015) was used to infect
150 fourth instar larvae of the beet armyworm (S. exigua) using the diet
plug method (Sparks, Li, and Bonning 2008). Each moth larva was fed
100,000 occlusion bodies (OBs) per 5 mm? diet plug. Upon host death,
which occurred 2-5 days post-infection, OBs were first filtered through
cheesecloth, purified twice by centrifugation (10 min at 7,000 rpm) with
0.1 per cent sodium dodecyl sulfate, then distilled water, and finally
resuspended in water. Approximately 1.5 10 OBs were treated as
described in Gilbert et al. (2014) to provide about 50 mg of high-quality
dsDNA (about 5.82 10 genomes assuming 100 genomes per OB;
Ackermann and Smirnoff, 1983; Slack and Arif, 2006; Rohrmann, 2014).
Briefly, OBs were purified by a percoll gradient at pH 7.5, sucrose 0.25
M (9 V of percoll/sucrose solution were added to 1 V of virus solution)
with a centrifugation step (30 min at 15,000 g, 4 C). OBs were dissolved
using Na,CO; to release nucleocapsids (O’Reilly, Miller, and Luckow
1992). Viral DNA was then extracted using the QlAamp DNA Mini kit

(Qiagen).

2.2 Infection of A. vulgare with 1131

A solution containing 1131 viral particles was obtained through grinding
a piece of cuticle from a naturally infected A. vulgare individual collected
on the campus of the University of California Riverside. One A. vulgare
individual was pricked with a thin needle soaked in the viral solution.
Fourteen days after the infection, the pillbug became bluish and died about
4 weeks after infection, as described in Lupetti et al. (2013). Upon death,
the pillbug was crushed with a pestle and put in a 1.5 ml Eppendorf tube
in a Tris solution. An ultra-centrifugation step on sucrose cushion was
then performed at 35,000 g for 90 min at 4 C. The pellet was resuspended
in 100 ml of Tris solution. Viral DNA was then extracted using the
QIlAamp DNA Mini kit (Qiagen).

2.3 Infection of S. nonagrioides larvae with 116

Ten fourth instar larvae of the Mediterranean corn borer S. nonagrioides
were infected with the 11\V6 viral strain originally described in Fukaya and
Nasu (1966 ). Larvae were pricked using a thin needle soaked in the viral
solution. Fourteen days later, the larvae presented a purple iridescence and
they finally died about four weeks after infection. Upon host death, viral
particles were filtered through cheesecloth and two centrifugation steps
were performed to eliminate most of host cells and tissues. Then, an
ultracentrifugation step was performed as described above for I1V31.
Viral DNA was then extracted using the QlAamp DNA Mini kit (Qiagen).
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2.4 Infection of MRC5 cells with HCMV

MRC5 human fibroblasts were cultured in Dulbecco’s modified Eagle
medium (Invitrogen) supplemented with 10 per cent fetal bovine serum,
4.5 g/l glucose, and 1 per cent penicillin-streptomycin (Pen-Strep; Life
Technologies) at 37°C in a 5 per cent (vol/vol) CO, atmosphere. Before
HCMV infection, MRC5 cells were grown to confluence, resulting in 3.0
10* cells per cm?2. Once confluent, the medium was removed, and serum-
free medium was added. Cells were maintained in serum-free medium for
24 h before infection at which point, they were infected at a multiplicity
of infection of 10 pfu/cell with a clinical strain of HCMV isolated from a
patient in 2015. After a 2 h adsorption period, the inoculum was aspirated,
and fresh serum-free medium was added. Cells were harvested 8 days
after infection through trypsinization followed by washing in Earle’s
balanced salt solution and centrifugation at 1,100 g. Pelleted cells were
then transferred into a 15 ml Falcon tube and cell lysis was performed by
several steps of freeze/thaw cycles in dry ice and water bath at 37°C. The
solution was centrifuged at 5,000 g for 30 min at 4 C and the supernatant
containing viral particles was collected. Purification of viral particles and
viral DNA extraction was performed as described above for iridoviruses.

2.5 Sequencing

For each virus, an aliquot containing 2 mg of DNA was used to construct
a paired-end library (insert size 260 bp), which was sequenced on a
lllumina HiSeq™ 2500 machine (Illumina, San Diego, CA, USA),
generating 298, 298, 582, and 308 million 151-bp paired reads for
AcMNPV, HCMV, IIV6, and 1IV31, respectively. For PacBio
sequencing, about 15 mg of AcMNPV DNA was used to construct one
library. This library was sequenced at the McGill University and Genome
Quebec Innovation Center on eight SMRT cells using the PacBio Sequel
instrument, which generated 3 million reads (31 Gb).

2.6 Assembly and annotation of the consensus viral genomes

A consensus viral genome was assembled for all four viruses sequenced
in this study. For AcMNPV, the viral assembly was based on the long
reads that altogether reached a 203,467 depth of the ACMNPV genome.
All PacBio reads longer than 30 kb (68,173 out of 3,012,899 reads,
corresponding to 21 coverage depth on the viral genome) were assembled
with Canu v1.5 (Koren et al. 2017; main options: -d AsmCanu -auto -
genomeSize = 134k -pacbio-raw). The raw assembly was then polished
with Pilon v1.22 (Walker et al. 2014; default options) using the short reads
that altogether reached a 196,093 depth of the ACMNPV genome. The
polished assembly was then circularized with ToAmos v3.1.0 (Treangen
etal. 2011) and minimus2 (Sommer et al. 2007) with default options. The
assembly was then annotated based on the AcCMNPV-E2 strain genome
(accession number KM667940.1) with the General Annotation Transfer
Utility program (Tcherepanov, Ehlers, and Upton 2006). The HCMV,
116, and 1131 genomes were assembled as follows. For each virus, read
subsamples corresponding to 500 and 1,500 depth coverage were
assembled with tadpole (https:/jgi.doe.gov/data-and-tools/bbtools/bb-
tools-user-guide/tadpole-guide/, version of December 2018, options used:
k=17";k =31”; *k = 60’; ‘k = 90’ with ‘mincov = 100). The different
assemblies obtained with 17, 31, 60, and 90 mers with 500 and 1,500
depth coverage were then assembled with Geneious version 11.0.2
(https://www.geneious.com, options: de novo assembly, Geneious
assembler, high sensitivity).
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The final assemblies were annotated based on the available HCMV
(NC_006273.2), 11V6 (NC_003038.1), or 11\V31 (NC_024451.1) genomes
with the General Annotation Transfer Utility program (Tcherepanov,
Ehlers, and Upton 2006).

2.7 SV detection

Illumina reads were aligned on the viral genomes assembled in this study
using BWA (Li and Durbin 2009, options: -R ‘@RG\ID: id\tSM:
sample\tLB: lib’) and blastn (options: -outfmt 6 -max_-target_seqs 2 -
max_hsps 2). SVs were called with four different pipelines: Pindel (Ye et
al. 2009), Lumpy (Layer et al. 2014), Fermikit (Li, 2015) and a custom
Python script. Pindel and Lumpy were run on bam files produced by BWA
(options: -R ‘@RG\ID: id\tSM: sample\tLB: lib’). Fermikit is an SV
caller based on local read assembly, which uses raw reads as input. The
custom python script is derived from that used in Chateigner et al. (2015)
to find large deletions using short-read pairs. The script runs on tabular
blastn output files and identifies deletions by comparing the observed
distance separating both reads of a pair with the distance expected
according to the mean library insert size. To account for experimental
variation in insert size not due to structural variation, we only considered
inter-read dis-tances longer than 700 bp as reflecting true SVs
(Supplementary Fig. S3.1). Deletions of smaller genome fragments
cannot be confidently identified with this script. All read pairs involved
in a deletion event of approximately the same start position, end position
(maximum length between start positions or end positions was 7 bp) and
length were clustered in SV events each characterized by an average start
and end position, as well as an average length and a number of read pairs
supporting the deletion event. As we had no expectation regarding the
final number of clusters, we followed previous studies (Mdnchgesang et
al. 2016; Parikh et al. 2016; Zhang et al. 2018) and used a hierarchical
clustering method rather than the K-means method, which is based on a
known number of clusters. Briefly, Euclidean distances of start and end
positions were computed between all SVs to generate a distance matrix.
Then the linkage step between SVs was performed according to the Ward
method (Ward 1963). The threshold value was automatically defined us-
ing the inconsistency method (Jain and Dubes 1988). Clustering was
performed with the Python package
(https://docs.scipy.org/doc/scipy/reference/cluster.hierar chy.html).

PacBio reads were aligned on the AcCMNPV genome using BWA and
SVs were called on the bam file with sniffles (Sedlazeck et al. 2018). SVs
were also called with PbHoney (English, Salerno, and Reid 2014), which
takes raw long reads as input. Both SV callers were run using default
parameters. All SV caller output files were treated as Variant Call Format
files in downstream analyses.

‘scipy.cluster.hierarchy’

2.8 SV analyses

To remove redundancy in SVs (a given SV may be detected by more than
one SV caller), all SVs supported by three reads or more were clustered
using a hierarchical clustering approach implemented in the ‘fastcluster’
R package (Mullner 2013), the R version of the Python package used for
the custom SV Python SV caller. To take into account the relative
imprecision in the coordinates of some clusters, we did not define clusters
based on the inconsistency method, instead we performed multiple

rounds of clustering (fourteen rounds, see below), each time using a
different threshold value (Fig. 3.1A). The use of different thresholds
allowed us to take into account the fact that high threshold values can
induce erroneous clustering of different SV events which coordinates are
very close to each other. Importantly however, clusters containing
different types of SVs (e.g. a deletion and an inversion which have the
same coordinates) are removed from the analyses. On the other hand,
small threshold values can miss clustering of identical SVs detected by
different programs due to slight differences in coordinate precision
between programs, as more particularly noted in the case of the ACMNPV
long-read dataset. The error-prone long reads can be mapped
approximately due to artefactual SNPs and insertions/deletions (indels)
present in the reads. Such approximations can lead to different start and
end coordinates for a same SV between the different sequencing
technologies and the different alignment programs. Due to these slight
differences in coordinates for the same SV, a low threshold value will not
cluster these different coordinates sets into one cluster but will give many
clusters each with one pair of coordinates. With only one threshold value,
downstream filters would often erroneously remove some clusters (i.e.
some SVs) because all clusters supported by only one SV caller are not
considered robust and discarded in our approach. For example, if a
deletion was detected with a long-read SV caller at coordinates 5-50 and
with a short-read SV caller at coordinates 6-54, a too low threshold value
would not cluster both coordinate sets in one cluster (one SV) supported
by the two SV callers but it would cluster them in two different clusters
each supported by one SV caller. Then, a filter in downstream analyses
would remove all clusters not supported by at least one long-read and one
short-read SV callers. Thus, the two SVs detected would be erroneously
removed whereas they in fact correspond to the same biological SV but
with slightly different mapping coordinates. With a higher threshold,
these two SVs detected would be clustered together and kept as one SV.
That is why we used different threshold values.

To avoid redundancy in SV detection due to the use of many threshold
values, duplicated SVs were removed. For each data-set, we performed a
total of fourteen different clustering steps each with a different threshold
value (5; 10; 30; 50; 100; 200; 300; 400; 500; 600; 700; 800; 900; and
1,000). To further improve the delineation between different SVs that may
involve close genome breakpoint coordinates; we included read coverage
in our analysis, reasoning that different SVs may often be supported by a
different number of reads (Fig. 3.1B). Thus we repeated the above-
described round of clustering (involving all different four-teen clustering
threshold values) twenty-two times using twenty-two different thresholds
for the minimal number of reads supporting each SV (4; 5; 6; 7; 8; 9; 10;
20; 30; 40; 50; 100; 200; 300; 400; 500; 600; 700; 800; 900; 1,000; and
1,500). The number of merged SVs differed depending on these different
threshold values. Some SVs could be removed by downstream filters
when too many discordant SVs were merged (more likely when the
minimum read number threshold was low) whereas the same SVs had a
lower chance to be removed by downstream filters when higher numbers
of reads were used, inducing a less aggressive clustering. All SVs
obtained through these clustering steps were retrieved and a final list of
SVs was established after removing redundancy that is, all identical SVs
found under different thresholds were counted only once.

For the ACMNPV virus, the clustering procedure was performed
jointly on the Illumina and PacBio datasets. Also, to avoid
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Figure 3.1. lllustration of two important steps of the hierarchical clustering of SVs. (A) Influence of the clustering threshold value. The top panel illustrates three reads (one
long PacBio read and two short Illumina reads) mapped onto overlapping regions of the viral genome. Red asterisks correspond to sequencing errors that prevent accurate
mapping of long reads. ‘start” and ‘end” correspond to start and end coordinates of the SV detected by SV callers (a deletion in the case of Reads 1 and 2 and a duplication for
Read 3. The bottom panel shows how using multiple clustering thresholds prevents discarding well-supported SVs. With a low threshold, all clusters contain a single SV
because none of the SVs have the exact same coordinates. Because a downstream filter of our pipeline requires that SVs must be detected either by both long and short reads
(in the case of the AcCMNPV population sequenced using both Illumina and PacBio technologies) or by two programs (in the case of the three other large dsDNA viruses
sequenced only with Illumina) to be retained, none of the SVs are retained with this low clustering threshold. With a high clustering thresh-old, all SVs (two deletions and one
duplication) end up in the same cluster because they are defined by coordinates that are close to each other. Because a downstream filter of our pipeline requires that all SVs
within a cluster must be of the same nature for a cluster to be retained, the cluster is here not considered further. With a medium threshold, the deletions detected by Reads 1
and 2 are lumped into the same cluster because their coordinates are close enough and the duplication detected by Read 3 forms another cluster because its coordinates are too
far from those of the deletion. After running the downstream filters of our pipeline, Cluster 2 is retained and one deletion is counted because it has been detected independently
by long and short reads. The cluster containing the duplication is not considered further because it contains only one SV detected by short reads only. Note that although SVs
supported by only one read are represented here for the sake of simplicity but our approach only retained SVs supported by a minimum of three reads. (B) Influence of the
minimum number of reads supporting a SV. On the left panel, using three reads as the minimum number of reads required to retain SVs, ten SVs of different nature and/or
supported by different numbers of reads have been detected by SV callers. Under a given clustering threshold value, these ten SVs form five clusters, only two of which are
retained (A-B and 1-J) by downstream filters because they contain several SVs which are all of the same nature. On the right panel, only six of the ten SVs detected on the
left panel are detected by SV callers using eight reads as the minimum number of reads required to retain SVs. With the same given clustering threshold value as in the left
panel, SVs form four clusters, two of which (A, B and C, D) are retained by downstream filters because they contain several SVs which are all of the same nature. Using
multiple minimum numbers of reads supporting SVs ensure that well-supported SVs (here the inversion in C and D) are not eliminated by downstream filters.

false SV discovery due to a detection error caused by the circular nature 2.9 SV frequencies in viral populations

of the ACMNPV genome, additional filters were added for this virus. Our calculation of the SV frequency was based on the approach
Some long reads involved in the SVs were retrieved and aligned on the commonly used to calculate SNP frequency that is, SNP cover-age/(SNP
ACMNPV genome with Geneious  version 1102 coverage b reference coverage) at the SNP position. Thus, we calculated

(https://lwww.geneious.com). Some of them corresponded to the start and SVs frequency as follows: SV coverage/(SV coverage b reference
end coordinates of the ACMNPV consensus genome, thus did not capture coverage) at the SV position, using a per-base coverage file of all
an SV event and overestimated the number of reads supporting an V. 3jignments obtained with bedtools genomecov (Quinlan and Hall 2010;

Empirically, we found that false SVs were mainly supported by a few option: -d) for the four SV callers relying on the use of a bam mapping
number of reads (ten to twenty reads). SVs with a length >67 kb (half the file.

size of the ACMNPV genome) and supported by <20 long reads or by <3
SV callers were discarded from the analysis. After obtaining a final list of

SVs for each virus, average start position, end position and length were
calculated for each SV. Finally, viral genes corresponding to the average Ve simulated a mock dataset of short reads from the AcCMNPV genome

start and end SV positions were identified based on the viral genome with 200,000 depth, equivalent to our real dataset. The mock reads were
general feature format file. generated with the Grinder program (Angly et al. 2012) with point

mutations and chimeras, to mimic
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a real Illumina dataset (options: ‘-coverage_fold 200,000 - read_dist 150
uniform 0 -insert_dist 230 normal 50 -mate_orientation FR -chimera_perc
5 -chimera_dist 1 -chimera_kmer 0 -mutation_dist uniform 0.3 -
mutation_ratio 99.7 0.3”). The simulation yielded 89,322,000 150-bp
reads, on which we ran our SV detection pipeline.

2.11 Characterization of SVs in twenty-one ACMNPV datasets

A published experimental evolution dataset of AcCMNPV, whereby a
population of this virus purified after several rounds of infection on the
cabbage looper moth (Trichoplusia ni) was Illumina-sequenced at
187,536 average depth and was independently passaged in ten lines of T.
ni larvae and ten lines of S. exigua larvae, each line consisting of ten
successive infection cycles (Gilbert et al. 2016). AcMNPV OB’s
recovered from the last infection cycle of each of twenty evolved
AcMNPV populations were sequenced at between 9,211 and 33,783
average depth for the ten T. ni lines (total depth = 145,386 X) and between
3,497 and 35,434 average depth for the ten S. exigua lines (total depth
=163,610 X). To detect SVs in each of the twenty-one AcCMNPV Illumina
datasets, we applied the method described above for the ACMNPV
Illumina dataset, involving hierarchical clustering of the outputs of four
SV callers. As long reads were not available for any of these twenty-one
datasets, we restricted our analysis of SV frequency to the 4.98 per cent
most robust SVs detected in each dataset by selecting SVs supported by
two variants callers (in line with the 4.98 per cent SVs jointly detected in
both short and long reads among all SVs in the first analysis above). When
the number of SVs supported by two variant callers was <4.98 per cent of
all SVs, we selected all SVs detected by two variant callers plus another
set corresponding to the most frequent SVs to reach 4.98 per cent.

2.12 Transposable element insertions

Our search for host sequences integrated into viral genomes involved
aligning viral reads on various databases of publicly available sequences
from the very host species used in this study or from species related to
these hosts. For S. nonagrioides, our database included all nuclear and
mitochondrial genomic and transcriptomic data of all lepidopterans
available in GenBank as of 20 January 2018 (Benson et al. 2005) and the
databases of all beet armyworm and cabbage looper contigs used in
Gilbert et al. (2016). To increase our chances to detect host transposable
element (TE) insertions, we used all TE sequences available in Repbase
as of 15 October 2017 (Bao, Kojima, and Kohany 2015) and those
identified with RepeatModeler (http://www. repeatmasker.org) in 196
insect genomes in Peccoud et al. (2017). For human, we used the
GRCh38.p12 version of the human genome (GenBank assembly
accession: GCA_000001405.27). For the pillbug, we used the A. vulgare
genome (Chebbi et al. 2019). For the different host/virus systems studied,
we also retrieved non-viral reads and assembled them with the SPAdes
assembler (Bankevich et al. 2012). Then we aligned the resulting contigs
on the GenBank nr database. We also aligned these contigs against
themselves to search for terminal inverted repeats or long terminal repeats
that are specific sequences found at the end of full-length TE sequences
(Craig, 2002). Contigs corresponding to full-length TE sequences were
added to previous databases to refine the search for TEs integrated in viral
genomes.

Junctions between viral and host sequences were searched in Illumina
short reads following Gilbert et al. (2016). Briefly, the

raw lllumina reads were trimmed to remove adapters. Then they were
aligned separately to host genomic and transcriptomic databases and to
the viral genome using blastn (option ‘megablast’). Only reads aligning
over at least 16 bp on the viral genome only and over at least 16 bp on a
host sequence only were retained. Reads had to align on at least 130 bp
(out of a total length of 151 bp) of their length. The overlap between
alignment on the virus and on the host sequences was set to involve at
most 20 bp and at least 5 bp (see Supplementary Fig. S6 in Gilbert et al.
2016).

Host sequences integrated into AcMNPV genomes were further
searched by mapping long PacBio reads on the host databases with
BLASR (Chaisson and Tesler 2012). BLASR tabular outputs obtained for
each host database were merged, overlapping hits were identified and
among them only the best-score hit was retained. Regions not mapping on
host sequences were aligned to the viral genome with BLASR program to
validate the host/virus chimeric nature of the reads.

The observed proportion of TE sequences at read ends was calculated
by counting the number of TE sequences that were at a read end among
all the TE sequences. The expected proportion of TE sequences at read
ends was calculated by dividing the total TE sequences length by the total
read length. A binomial test was performed to compare the observed and
expected pro-portions of TE sequences at read ends. Statistical analyses
were performed in R version 3.4.4 (R Core Team 2018).

3. Results

3.1 AcMNPV consensus genome

Our hybrid assembly of the AcMNPV genome yielded a 133,981-bp
consensus genome which is 99.92 per cent identical to and 15 pb longer
than the AcMNPV-E2 strain (Maghodia, Jarvis, and Geisler 2014). Both
genomes diverge by sixty-three SNPs and sixteen short (<10 bp each)
indels. All sixteen indels are supported by >80 per cent of Illumina reads
covering these variants. These indels affect eight genes and disrupt the
open reading frame in five of them (Ac-bro, Ac-odv-e18, Ac-gp64,
AcOrf-91, and Ac-lef4). The sixty-three SNPs involve fourteen genes
(AcOrf-34, AcOrf-18, Ac-lE-1, Ac-49K, Ac-IE-0, Ac-ME53, Ac-
chitinase, AcOrf-114, Ac-helicase, AcOrf-74, Ac-lef3, A-lef8, Ac-pcna,
and Ac-odv-e66). Only two of these sixty-three SNPs are fixed in the
population, whereas the remaining sixty-one coexist at high frequencies
(65.0-98.5%) with the alternative variant of the ACMNPV-E2 genome.

3.2 Nature, number and frequency of SVs in the
ACMNPV population

Our search for SVs in the AcCMNPV short-read Illumina data using our
clustering pipeline applied to the results of four SV callers (Lumpy,
fermikit, pindel, and custom Python script) yielded 22,892 variants,
among which 1,141 (4.98%) were considered robust as they overlapped
with the 9,421 SVs detected in the PacBio long-read data. The 1,141 SVs
comprised 464 deletions, 443 inversions, 160 duplications, and 74
insertions (Fig. 3.2A, Table 3.1 and Supplementary Table S3.1).
Examples of read alignments supporting twelve ACMNPV SVs are shown
in Supplementary Figs S3.2-S3.14. SV size ranged from 50 bp (the
minimum size cutoff that we used) for an insertion to 66,787 bp for an
inversion (close to the maximum size cutoff), with an average of 30,496
bp (Fig. 3.2B). SVs were detected all along the
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AcMNPV genome, with no apparent hotspot (Fig. 3.3 and Supplementary
Fig. $3.15).

Most AcMNPV SV variants occurred at low to very low frequencies,
with 92.4 and 75.4 per cent of SVs having a frequency <0.1 and 0.01 per
cent, respectively (Fig. 3.4). Yet, taking all 1,141 SVs into account and
assuming that the number of SVs per viral genome follows a Poisson
distribution, we calculated that no less than 39.9 per cent of AcCMNPV
genomes are affected by a variant (Supplementary Table S3.1). It is
noteworthy that in spite of being less numerous than other SVs in the
AcMNPV population, insertions were generally segregating at higher
frequency, with an overall estimate of 26.1 per cent of ACMNPV
genomes being affected by an insertion (Fig. 3.2C and Supplementary
Table S3.1). The most frequent SV in this viral population was an
insertion of 70 bp that increased the length of the hr4b homologous region
in 6.0 per cent of AcCMNPV genomes. Interestingly, the five most frequent
SVs in this population involve intergenic regions, non-essential or
uncharacterized genes (Supplementary Table S3.2), which may reflect the
lower effect of these SVs on viral fitness. We also found that the total
frequency of all SVs involving genes, hr, or intergenic regions was fairly
homogeneous and mostly comprised between 1.9 and 6.2 per cent
(Supplementary Fig. S3.16). The only exception to this pattern is the hr4b
region mentioned above, which is involved in 535 SV affecting 10.8 per
cent of viral genomes. Next, we counted the number of SVs involving
each of the 151 AcMNPV genes and classified SVs as either inactivating
(SVs inducing gene truncations) or non-inactivating (i.e. the coding
capacity of the gene remains intact). We found that 148 out of the 151
genes were more affected by non-inactivating than by inactivating SVs.
For these 148 genes, there was on average 55 inactivating and 100 non-
inactivating SVs. Notably, the three remaining genes are located at the
extremities of the linear ACMNPV genome as we have used it for the
analyses. Thus the higher number of inactivating SVs in these genes is
due to a technical effect. We also looked at the cumulative frequency of
inactivating and non-inactivating SVs affecting genes. The results were
consistent with the raw numbers of SVs, with the vast majority of genes
(N = 149) more frequently affected by non-inactivating SVs than by
inactivating SVs.

We then used the long-read dataset to assess the extent to which a
given viral genome can be affected by multiple SVs. This analysis was
based on the set of SV-carrying long reads detected by Sniffles only, as
only this program provides read names in the output SV list. All 15,044
reads supporting the

1,648 SVs detected by Sniffles were retrieved. The vast majority of these
reads (N = 14,783) carried a single SV, and the remain-ing 261 reads
(1.74%) carried more than one SVs. Among these, only 13 and 1 reads,
respectively carried three and four SVs. For 161 of the 261 reads carrying
more than 1 SV, SV coordinates overlapped, indicating nested SVs.

3.3 Comparison of simulated and observed SVs

To assess the extent to which technical chimeras produced during the
construction of the Illumina sequencing library may have introduced
biases in SV count and frequency calculation, we generated a mock short-
read dataset in which a proportion of chimeric reads were introduced (see
Section 2.10). To compare the numbers, nature and frequency of SVs
detected with this simulated dataset to the 1,141 robust SVs detected with
the real dataset, we selected 4.98 per cent of all detected SVs using the
simulated datasets (i.e. the proportion of SVs detected by both sequencing
technologies among all SVs detected using short reads only, see above).
The 4.98 per cent most frequent SVs supported by at least 2 SV callers
were selected, which yielded 802 SVs, corresponding to 737 deletions and
65 duplications (Supplementary Table S3.3). Taking all these SVs into
account, we calculated that 1.47 per cent of ACMNPV genomes carry one
SV detected with the simulated dataset (assuming the number of SVs by
viral genome follows a Poisson distribution). These results show that
technical chimeras can induce a substantial number of false positives
using our SV detection pipeline. However, the SV profile and frequency
of viral genomes calculated to carry these variants widely differ between
the simulated (737 deletions and 65 duplications; 1.47%) and real dataset
(464 deletions, 443 inversions, 160 duplications, 74 insertions; 39.9%),
strongly suggesting that the vast majority of SVs detected by both
sequencing technologies in the real data-set are indeed biological. Note
that the number of SVs due to technical chimeras that we detect in the
mock dataset is likely overestimated because we chose to simulate reads
with 5 per cent of chimeras, which corresponds to some of the highest
technical chimera rates observed in previous studies (Gorzer et al. 2010;
Peccoud et al. 2018).

The construction of PacBio sequencing libraries, which involves a
blunt-end ligation step, can also induce the formation of a substantial
number of artefactual chimeras (Tallon et al. 2014; Griffith et al. 2018).
However, the conditions and rates at which such chimeras are generated
have been less
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Table 3.1. Numbers, frequencies and lengths of SVs detected in ACMNPV, HCMV, 11V6, and 1131 populations.

SV type Number of SVs Frequency (%) Minimum length (bp) Average length (bp) Maximum length (bp)
AcMNPV
DEL 464 11.91 52 29,318 66,712
DUP 160 2.05 290 38,898 66,488
INS 74 26.11 50 159 2,723
INV 443 5.70 55 33,762 66,787
Total 1,141 39.87 50 30,496 66,787
HCMV
DEL 48 12.43 54 16,211 78,246
DUP 80 9.69 156 7,386 132,989
INS 0 0 0 0 0
INV 556 42.30 55 10,825 205, 218
Total 684 54.37 54 10,800 205, 218
11v6
DEL 346 47.16 52 10,060 207,988
DUP 113 8.90 171 21,386 180,808
INS 0 0 0 0 0
INV 643 114 105 61,168 206,392
Total 1,102 52.41 52 41,042 207,988
11\V31
DEL 97 76.58 55 15,004 209,948
DUP 12 0.11 212 36,295 139,680
INS 7 6.72 58 63 66
INV 310 8.60 100 58,550 203,305
Total 426 80.06 55 47,046 209,948

The frequency refers to the percentage of viral genomes affected by the SV type, assuming that it follows a Poisson distribution. DEL, deletions; DUP, duplications; INS,
insertions; INV, inversions. The frequencies were computed assuming the number of SVs per viral genome follows a Poisson distribution. Details about each SV detected in

the four viral genomes are provided in Supplementary Tables S3.1, S3.4-S3.6.

studied than those produced during the construction of Illumina libraries.
Currently available simulators of long PacBio reads do not offer the
possibility to generate chimeras (Ono, Asai, and Hamada 2013; Stocker,
Kaoster, and Rahmann 2016; Wei and Zhang 2018; Zhang, Jia, and Wei
2019). Thus, we did not estimate the number of SVs possibly due to
artificial long-read chimeras that we can detect with our pipeline.

3.4 Characterization of SVs in twenty-one ACMNPV datasets

The finding of a large number of SVs in AcCMNPV populations raised the
question of their persistence over several rounds of infection. To
investigate SV dynamics during viral evolution, we used a published
experimental evolution dataset of ACMNPV, whereby a population of this
virus purified after several rounds of infection on the cabbage looper moth
(T. ni) was Illumina-sequenced at 187,536 average depth and was
independently passaged in ten lines of T. ni larvae and ten lines of S.
exigua larvae, each line consisting of ten successive infection cycles (see
Gilbert et al. 2016 and Section 2). Overall, this analysis revealed that the
number of SVs shared by the parental T. ni population and any of the
twenty evolved populations was always low (from 1 [0.07%] to 46 [3.9%)]
out of the 1,158 SVs detected in the parental T. ni population; Fig. 3.5A
and B), and that the vast majority of SVs were only present in one
population (Fig. 3.5D). Of note, one SV present in the GO population was
found in eight T. ni datasets and in six S. exigua datasets. It is a duplication
of 62,654 bp involving the hr2 and hr4b regions in very low frequency in
the parental population (0.008%) that increased in frequency in some
evolved populations (>4%, represented in red in Fig. 3.5C).

3.5 Analyses of SVs supported by short reads in
populations of HCMV, 11V6, and 11V31

To assess the extent to which SVs may affect viruses other than
AcMNPV, we generated short-read datasets for two invertebrate
iridoviruses, 116, and 11V31, respectively passaged on caterpillars of the
Mediterranean corn borer (S. nonagrioides) and the pillbug A. vulgare,
and for human CMV passaged on MRC5 cells. The 11V6 genome we
assembled was 210,812 bp in length, 99.51 per cent identical to and 1,670
bp shorter than the closest reference genome available in NCBI, that of
the Chilo iridescent virus 116 (accession number AF303741.1). Over the
468 genes annotated in the reference 11V6 genome, 435 were recovered in
our 11\V6 assembly and used for downstream analyses. Among these four
hundred and thirty-five genes, twenty-two have a weak protein similarity
(<60%) with those in the reference genome. The differences between our
assembly and the reference genome were due to seventy-one insertions
and fifty-four deletions, including twenty-one insertions and fifteen
deletions located within genes without changing the open reading frame.
Our assembly of the 11V31 genome was 219,807 bp in length, 99.90 per
cent identical to and 415 bp shorter than the A. vulgare iridescent virus
reference genome (accession number HF920637.1). A total of 193 out of
203 genes from the reference genome were retrieved in the assembly. The
difference in length with the reference genome was due to thirty-seven
insertions and forty-six deletions, among which eight insertions and
eleven deletions were localized in open reading frames (without
disruption). Finally, the HCMV genome we assembled was 234,915 bp in
length, 97.69 per cent identical to and 731 bp shorter than its closest
reference genome available in NCBI, that of the Merlin strain (accession
number KP745639.1). A total of 151 genes out of 154 annotated in the
Merlin strain were recovered in our assembly. The difference in length
was due to ninety-two insertions and eighty-three deletions among which
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detected in one evolved population (seventy-four in S. exigua and forty-six in T. ni).

among which thirty-four insertions and twenty-two deletions affected
open reading frames (without disruption).

The four variant callers used to identify ACMNPV SVs in short reads
were run on the three additional viruses. As previously, we conservatively
estimated the number of robust SVs as 4.98 per cent of the total number
of SVs identified with the four variant callers. Following this approach,
we counted a total of 684,426 and 1,102 SVs in HCMV, 1131, and 11V6
datasets, respectively (Table 3.1 and Supplementary Tables S3.4-S3.6).
We estimated that overall 54.4, 80.1, and 52.4 per cent of the HCMV,
11\V31, and 1IV6 viral genomes, respectively, were affected by SVs,
assuming the number of SVs in viral genomes follows a Poisson
distribution (Fig. 3.2). The two most abundant SV types affecting 1131
and 11V6 genomes were deletions and inversions, while duplications and
inversions were the main events occurring in the HCMV genomes (Fig.
3.2A). It is noteworthy that about 76.6 and 47.2 per cent of 11V31 and
11V6 genomes were affected by deletions, respectively. Furthermore, >42
per cent of HCMV

genomes carried an inversion (Fig. 3.2C). SV sizes were very
heterogeneous, ranging from 52 bp for a deletion in 1IV6 genomes to
209,948 bp for a deletion in 11V31 genomes. The average mean size of
SVs was 10,800, 47,046, and 41,042 bp in HCMV, 1IV31, and IIV6,
respectively (Fig. 3.2B). For all three viruses, SVs were detected all along
the genome, suggesting no region was devoid of SVs (Supplementary Fig.
S3.15). The five most frequent SVs in 11V6, 1131, and HCMV
populations mainly involve intergenic regions, non-essential or
uncharacterized genes (Supplementary Table S3.2). Strikingly, the five
most frequent SVs in the 116 population involve the 444 gene (unknown
function) and account for >25 per cent of the SV frequency in the viral
population.

3.6 TE insertions in viral genomes

The seventy-four insertions detected in the AcMNPV population isolated
from S. exigua and sequenced using both short- and long-read
technologies all corresponded to insertions of ACMNPV sequences. These
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Table 3.2. Characteristics of TE insertions detected in AcCMNPYV short-
read data.

TE Number of Number of Insertion
superfamily unique chimeric chimeric reads frequency (%)

reads including PCR

duplicates

Sola 2,347 2,956 0.7
Harbinger 1,154 1,305 0.3
Gypsy 495 562 0.13
Mariner 361 1,078 0.24
piggyBac 349 398 0.09
Copia 180 319 0.07
Transib 51 57 0.01
MuLE 33 35 0.007
Helitron 22 22 0.005
hAT 1 10 0.002
Total 4,993 6,742 1.554

insertions could be considered duplications, but they were not classified
as such by SV callers, presumably because duplicated sequences were not
in tandem or located sufficiently close to each other along the ACMNPV
genome. SV callers did not identify any insertion of non-AcMNPV DNA,
which is somewhat surprising because our earlier works, based on twenty-
one AcMNPV populations reanalyzed here, have shown that a large
number of host TEs systematically integrate into ACMNPV genomes
during infection (Gilbert et al. 2016). Using the same method as in Gilbert
et al. (2016), we searched for host TEs in the short reads of the new
AcMNPV population sequenced in this study. We identified 4,993 virus—
host TE junctions involving one and nine superfamilies of Classes 1 and
2 TEs, respectively, and yielding an estimate of 1.5 per cent viral genomes
harboring a host TE in this population (Table 3.2). Using the long-read
dataset, we were further able to retrieve a total of 524 full-length TE
copies from three Class 1 and six Class 2 TE superfamilies (Fig. 3.6).
Another 1,233 TEs were identified in long reads as truncated copies. In
contrast, no TE insertion was found using the Gilbert et al. (2016) pipeline
in the HCMV, 11V6, and 1131 genome populations.

4. Discussion

Although SVs have been implicated as an important source of viral
evolution in several large dSDNA viruses (Lopez-Ferber et al. 2003; Elde
et al. 2012; Mahiet et al. 2012; Chateigner et al. 2015; Filée, 2015;
Karamitros et al. 2018; Sasani et al. 2018), the full spectrum and overall
frequency of SVs carried by populations of these viruses has never been
probed using high-throughput sequencing. Here, we begin tackling this
issue by focusing on three invertebrate viruses for which obtaining large
quantities of DNA from in vivo infections was possible (AcMNPV, 11V6,
and 11\V31) as well as on one human virus replicated in cell lines (HCMV).
The rationale followed in this study to robustly estimate a minimum
number of SVs segregating in populations of these large dSDNA viruses
is that given that short- and long-read sequencing technologies are not
affected by the same biases inducing the formation of technical chimeras
(Tallon et al. 2014; Tsai et al., 2014; Griffith et al. 2018; Peccoud et al.
2018), SVs detected by both types of data can be considered biological.
Although likely conservative, this approach revealed that populations of
AcCMNPV can carry more than one thousand SVs together affecting
almost 40 per cent of genomes. Based on the proportion of ACMNPV SVs
detected by both sequencing technologies among all SVs detected by
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Illumina sequencing only (4.98%) we have estimated that much like in
AcMNPV, several hundreds to more than 1,000 SVs can be found in
populations of three other large dsDNA viruses (HCMV, IIV6, and
11\V31). The number of SVs found in these dsDNA viruses is thus similar
to those circulating in RNA virus populations (Jaworski and Routh 2017).
Our results are in agreement with earlier molecular biology studies
(Mahiet et al. 2012) and further contribute to unveil SVs as an important
facet of the biology of large dSDNA viruses.

The large number of programs that have been developed to detect SVs
in short- and long-sequencing reads all rely on different approaches
involving different algorithms and/or are based on different mapping
strategies. Integrating the results of these various programs to detect as
many robust SVs as possible was a challenge. While some meta-callers
pooling the results of several SV callers exist (Wong et al. 2010;
Mohiyuddin et al. 2015; Zarate et al. 2018), they were all geared to SVs
detection in gigabase-sized genomes sequenced at <100 X, conditions that
vastly differ from our study of kilobase-sized genomes sequenced at depth
ranging from >3,000 to >200,000 X. We thus developed our own meta-
calling approach based on hierarchical clustering of SVs detected by only
some of the programs that are available. Our choice of programs was
guided by limitations of some of these programs to effectively analyze our
data. For example, Manta (Chen et al. 2016), Delly (Rausch et al. 2012),
and Wham (Kronenberg et al. 2015) were unable to detect more than thirty
SVs in the AcMNPV Illumina datasets, likely because they were
benchmarked on data corresponding to <50 X sequencing depth or they
automated the exclusion of deeply covered regions (Kronenberg et al.
2015; Chen et al. 2016). On a related methodological note, we further
monitored the
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influence sequencing depth has on the detection of SVs by subsampling
our >200,000 X AcMNPV Illumina dataset at depths ranging from 50 X
to 50,000 X and running our SV detection pipeline on these subsamples.
We found that sequencing depth had a strong impact on the number of
detected SVs, with <150 SVs detected at depths 50,000 X compared with
the 1,141 SVs detected at >200,000 X (Supplementary Fig. S3.17). Thus,
a large fraction of low frequency variants segregating in viral populations
cannot be detected with our approach unless extremely high-sequencing
depths are generated.

SVs have never been characterized in 11V6 and 1131 so we cannot
compare the nature of the SVs detected in this study to previous studies.
In regard to HCMV, Karamitros et al. (2018) performed long-read
sequencing of the TB40/E strain, which enabled precise characterization
of a 1,348-bp deletion located be-tween genes UL144 and UL145. This
SV was not identified in our HCMV short-read data; instead we found a
deletion of a 350-bp intergenic region located between these same two
genes with a frequency of 0.09 per cent. The two SVs are different, but
they show that this genomic region is susceptible to deletions in both
strains. Regarding AcCMNPV, Chateigner et al. (2015) characterized short
deletions in a population of this virus using short-read sequencing. The
majority of deletions were found to involve hrl, hr2, hr3, and hr4b, which
are homologous regions scattered around the AcCMNPV genome thought
to serve as origin of replication (Pearson et al. 1992; Kool et al. 1995).
Here, we found 114 AcMNPV SVs involving hr regions in the population
sequenced by both Illumina and PacBio technologies. We calculated that
seven per cent of ACMNPV genomes harbor one SV involving an hr.
These SVs correspond to 103 deletions, six inversions, three duplications,
and two insertions. The hr regions most frequently involved in SVs are
hr2, hr3, hrdb, and hr5, which is concordant with Chateigner et al. (2015)
and further highlights the role of AcCMNPV hr regions in producing SVs.

The fact that the majority of SVs are present at low to very low
frequencies in all viral populations indicates they are likely deleterious
and thus unlikely to persist over many rounds of replication. Accordingly,
we found a higher frequency of non-inactivating versus inactivating SVs
in most AcCMNPV genes and very few SVs were shared between the
parental T. ni AcMNPV population and the twenty populations of this
virus that underwent ten infection cycles on T. ni or S. exigua. These
findings echo the low number of TE insertions we found to be shared
between the parental T. ni and the twenty evolved AcMNPV populations
in our earlier study (Gilbert et al. 2016) and indicate that much like TE
insertions, other SVs are continuously gained and lost at high rates during
viral replication. This rapid SV turnover likely involve recombination
(Crouch and Passarelli 2002; Kamita, Maeda, and Hammock 2003;
Sijmons et al., 2015; Cudini et al. 2019) as well as errors in viral genome
replication (Kilpatrick and Huang 1977; van Oers and Vlak 2007) and
DNA repair (Kulkarni and Fortunato 2011; Xiaofei and Kowalik 2014;
Renzette et al. 2015). It would be interesting to assess the relative
importance of each of these mechanisms in generating structural diversity
in the future.

It has been proposed that large SVs, including gene captures, gene
duplications, and deletions play a crucial role in the adaptation of large
dsDNA viruses to new hosts (Elde et al. 2012; Filée 2013; Thézé et al.
2015; Sasani et al. 2018). Our study was not designed to assess the
adaptive role of SVs but it is noteworthy that the experiment producing
the twenty-one ACMNPV short-read datasets involved a host switch from
T. ni to S. exigua larvae. In this context, an independent increase in the
frequency of a given SV in several ACMNPV lines replicated on S. exigua

(coupled to no increase of the same SV in ACMNPV lines replicated on
T. ni) would have provided an indication that this SV might have been
involved in adaptation. Our analysis did not reveal any evidence of such
a situation, nor did it reveal any case of polymorphic insertion involving
a host gene. One reason for the absence of detectable adaptive ACMNPV
SV after switching the virus from T. ni to S. exigua might be that in spite
of diverging by more than 60 Myrs (Toussaint et al. 2012) the two
noctuids used to generate those lines are too closely related to expect any
major viral adaptation during a switch from one host to the other. Another
possibility is that large SVs such as those on which we focused in this
study are in fact rarely involved in viral adaptation because their effects
on viral replication are too large. Interestingly, close inspection and
comparison of the newly assembled consensus genome of the four viruses
with the closest genomes available in GenBank revealed a number of
differences involving small (<50 bp) variants. Since the GenBank viruses
most closely related to ACMNPV, HCMV, and 11\V6 were sequenced from
different hosts (Sf9 cells for ACMNPV, E1SM fibroblasts for HCMV, and
CF-124 cells for 11V6) compared with this study, it is possible that the
change in frequency of these small variants are due to their effect on the
viral fitness in the different hosts. Interestingly, small variants are also
found between our 11V31 genome and its closest relative in GenBank even
though both viruses were isolated from A. vulgare (Piegu et al. 2014).
These differences could be due to virus adaptation to different genetic
backgrounds in pillbug populations or neutral genomic changes. Small
variants may be more often involved in adaptation to host switches than
larger ones because of their smaller effect on viral replication. Yet, it is
also possible that several of these variants have no effect on viral fitness
and became fixed through drift.

The short-read sequencing of a new AcMNPYV population purified
from S. exigua confirms our earlier observation of thousands of host TEs
integrated in AcMNPV genomes (Gilbert et al. 2016). One limitation of
short reads to analyze host TEs integrated into viral genomes is that it is
impossible to assess whether reads mapping entirely on TEs originate
from TE copies integrated into the virus genome or from copies integrated
into contaminating fragments of the host genome. Thus, the completeness
of TE copies integrated into ACMNPV genomes cannot be assessed using
short reads. In agreement with previous low-throughput approaches
(Fraser et al., 1995; Jehle et al. 1995, 1997), our long-read sequencing
data shows that within an AcMNPV population, hundreds of TEs are
integrated into ACMNPV genomes as full length copies. Although the
high error rate of PacBio sequencing does not allow assessment of
whether these TE copies are free from non-sense mutations, such high
numbers of full length copies suggest that many of these TE are functional
and potentially able to further jump from the viral genome into another
genome, which may be that of another host infected by ACMNPV. Thus,
our results further support the role of ACMNPV as potential vector of
horizontal transfer of TEs between insects (Miller and Miller, 1982;
Gilbert et al. 2014, 2016; Gilbert and Cordaux 2017).

The finding of many TEs integrated into ACMNPV genomes contrasts
with the absence of TEs in all consensus baculovirus genomes sequenced
so far, which suggests that TE insertions never reach high frequencies in
viral populations (Gilbert et al. 2016). Thus, though the rate of TE transfer
from host to virus is relatively high, the probability of TEs to have either
a positive or no impacts on the virus fitness, and thus to increase in
frequency in a viral population, is extremely low. The absence of
polymorphic host gene insertions in ACMNPV populations
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surprisingly contrasts with the relatively large number of host genes that
have been captured by baculoviruses during their evolution (Hughes and
Friedman 2003; Thézé et al. 2015). Thus, contrary to TEs, while host
genes may rarely end up integrated into baculovirus genomes, their
chances to improve viral fitness may be much higher than that of TEs.

The finding of many truncated TE copies in AcMNPV long reads is
also interesting considering that the majority (895 out of 1,233) of these
truncated copies begin or terminate the read in which they were found that
is, they are flanked by viral sequences only at one of their ends. The high
number of truncated TEs at the extremities of long reads does not
correspond to what would be expected if truncated TEs were randomly
dis-tributed in long reads (exact binomial test, P-value < 2.2%10°18,
Section 2). It is thus possible that at least a subset of truncated TE copies
at read extremities correspond to the very extremity of linear ACMNPV
genome molecules. In turn, such linear AcCMNPV genomes could result
from aborted transposition that led to the formation of truncated TE
copies. Interestingly, linearized AcCMNPV genomes are known to be 15-
to 150-fold less infectious than circular forms (Kitts, Ayres, and Possee
1990). Thus, linearization of AcMNPV genomes mediated by aborted
transposition could be viewed as beneficial by-product of transposition,
which may impede or slow down AcMNPV replication. Here, the number
of potentially linear ACMNPV genomes containing truncated TE copies
is relatively low compared with TE-free genomes in the population we
sequenced. Thus, the potential impact transposition-induced linearization
may have on ACMNPV replication is unlikely to be significant in S.
exigua. Yet, the possible antiviral protection conferred by aborted
transposition of host TEs may be viewed as a form of cooperation between
TEs and their hosts (Cosby, Chang, and Feschotte 2019) and worthy of
further investigation in other host/baculovirus systems.

Finally, the absence of TE copies integrated in HCMV, 11V6, and
11V31 contrasts with their widespread occurrence in ACMNPV. It may be
explained either by a low TE activity in human MRC5 cells, S.
nonagrioides and A. vulgare, and/or by a weak capacity for the virus to
carry supplementary genomic loads like TEs. This observation also
contributes to make ACMNPV a better carrier of host TEs than other large
dsDNA viruses, which, combined with its specificity for lepidopterans,
may in part explain the higher number of horizontal transfer of TEs
recently inferred in these compared with other arthropods (Reiss et al.
2019).

see
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Figure S3.1: Distribution of inner distance of all Illumina read pairs aligning on the AcCMNPV genome. Most of the pairs have an inner
distance <700bp, the threshold used to consider the distance as the result of a large deletion. The inner distance can be negative when both reads
of a pair overlap.
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resolution. Regarding the fifth read with a larger deletion in the alignment, our clustering step
can gather reads with a deletion of different sizes, likely two different deletion events. That is
why our approach is conservative in the number of detected SVs, likely greater than the ones
we detected.
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Figure S3.5: Inversion detected in short reads from the AcCMNPV data. Short reads can
also detect inversion with a high precision. This inversion is supported by nine reads and
occurred into a viral gene.

Figure S3.6: Deletion detected in short reads from the AcCMNPV data. This deletion is
supported by ten reads and occurred into a viral gene.
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Figure S3.11: Insertion detected in long reads from the ACMNPV data. Long reads can also
detect insertion. This insertion is supported by many reads and occurred into the hr4b region.
The read alignment is visualized with IGV. Insertions are represented as purple rectangles

indicating the number of inserted base pairs. The inserted length corresponds to about 70 bp.
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Figure $3.12: Deletion detected in long reads from the AcCMNPV data. This deletion occurs
between an intergenic region and the PNK|PNL gene. The read alignment is visualized with

IGV. The numbers indicate the deletion length, about 1,347 bp.

Figure S3.13: Deletion detected in long reads from the ACMNPV data. This deletion occurs

in the Ac-IAP1 gene. The read alignment is visualized with IGV. The numbers indicate the

deletion length, about 108 bp.
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Figure S3.14: Deletion detected in long reads from the AcCMNPYV data. This deletion begins
into the Ac-PNK|PNL gene and encompasses the AcOrf-85 gene.The read alignment is
visualized with IGV. The numbers indicate the deletion length, about 425 bp.
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Figure S3.15: SV breakpoint positions along the viral genomes. Breakpoints are found all
along the viral genomes. A: Breakpoint positions of detected SVs along the ACMNPV genome.
B: Breakpoint positions of detected SVs along the HCMV genome. C: Breakpoint positions of
detected SVs along the 11VV6 genome. D: Breakpoint positions of detected SVs along the 1131
genome.
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Figure S3.16: Cumulative frequency of SVs affecting each locus of the ACMNPV genome.
The frequency was computed assuming the number of SVs per viral genome follow a Poisson
distribution. Most of loci have an SV frequency ranging from 1.9% to 6.2%.
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Figure S3.17: Number and frequency of detected SVs according to the coverage depth. A: SV
number detected for each coverage depth. B: Cumulative mean frequency computed for each coverage
depth. Frequencies were computed assuming the number of SVs per viral genome follows a Poisson
distribution. On the two graphs, the SV number and frequency computed with the full data (200,000X)
were added for comparison. The subsampling of AcMNPV long-read and short-read datasets was
performed to get a number of reads corresponding to 50X, 100X, 500X, 1,000X, 5,000X, 10,000X and
50,000X coverage on the ACMNPV genome with ten replicates for each coverage depth. The SV
detection was performed just as for the entire data (200,000X). Paired Wilcoxon tests showed SV
numbers were always statistically different (excepted between 50X and 100X) between 100X and 500X;
500X and 1,000X; 1,000X and 5,000X; 5,000X and 10,000X and 10,000X and 50,000X (Wilcoxon
tests, W=63, p-value=0.2113; W=1.5, p-value=0.0001218; W=23, p-value=0.03849; W=0, p-
value=0.0001697; W=0, p-value=0.0001786; W=100, p-value=0.00001083; Kruskall-Wallis
X2=66.207, df=6, p-value=2.444*107?). Wilcoxon tests with SV frequency gave the same general
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pattern , excepted SV frequency between 50X and 100X; 500X and 1,000X, 1,000X and 5,000X and
5,000X and 10,000X were not significantly different (Wilcoxon tests, W=67, p-value=0.1012; W=1, p-
value=0.0001212; W=33, p-value=0.2176; W=34, p-value=0.2475; W=34, p-value=0.2475; W=2, p-
value=0.0000433; Kruskall-Wallis X2=55.53, df=6, p-value=3.622*10"°). These results suggest the
global number and frequency of SVs depend on coverage depth, due to a high number of SVs supported
by only few reads, concordant with the very low SV frequency in the viral population. A coverage depth
below 5,000X does not allow an accurate detection in terms of number and frequency of SVs, due to a
too small set of viral genomic data. We confirmed there was a high homogeneity in SV number and
frequency among replicates (SV number: Kruskall-Wallis X2=0.39001, df=9, p-value=1; SV frequency:
Kruskall-Wallis X2=1.675, df=9, p-value=0.9956). It is worthy to note the detection of an insertion of
~70bp located in the hr2 region that was present in ~10% of viral genomes, depending the dataset. This
was the most frequent SV detected in most of the datasets and in all the 10,000X and 50,000X datasET.
This insertion was detected at all the coverage depth tested here. Strangely, it was not detected in our
SV dataset with all the reads. To be sure the problem did not come from our clustering step, we searched
for the presence of this insertion in the VCF output files from the SV callers that detected it, Pindel and
Sniffles programs. We found the insertion was present in the Pindel output from the subsampled data
and from the entire data (200,000X). However, the insertion was present in the Sniffles output from the
subsampled data but not from the entire data. The large amount of data with all long or short reads could

hamper the optimal use of SV callers and lead in some case to a lack of detection of some SVs.

Supplementary Tables S3.1, S3.4, S3.5 and S3.6 represent large tables of each ACMNPV,
HCMV, 11V6 and 11VV31 SV characteristics and are thus not shown here.
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Table S3.2: Viral regions affected by the five most frequent SVs in the ACMNPV, HCMV, 11V6 and 1131 populations. As expected, the
majority of most frequent SV breakpoints involve intergenic regions, non-essential or uncharacterized genes, these regions encoding no essential
proteins for the viral life cycles. The two genes encompassing most frequent SV breakpoints in 11VV6 have not known functions, in part because
this virus is less studied than the two others. The frequencies are computed considering the SV number per viral genome follows a Poisson
distribution.
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SVs

AcMNPV
Insertion
Deletion

Deletion

Insertion

Duplication

HCMV
Inversion
Deletion
Deletion
Deletion

Duplication
1IV6
Deletion
Deletion
Deletion
Deletion
Deletion
11v31
Deletion
Deletion
Deletion
Deletion
Insertion

regions

/
hrdb
NA-NA
NA-
PNK | PNL

AcOrf-145

AcOrf-145-

AcOrf-145
/
NA-NA
RL1-RL1
NA-NA
NA-NA
NA-NA
/
444-444
444-444
444-444
444-444
444-444
/
34R-NA
NA-122R
120R-120R
NA-077R
NA-NA

Frequency
(%)
39.9
6.03
3.65

1.65

0.95

0.94

54.4
5.62
3.26
3.11
2.56
2.51
52.4
13.9
12.4
11.9
3.9
3.1
80.1
37.3
32.8
24.8
23.8
6.6

Location of the SV start coordinate Location of the SV end coordinate

/

Homologous repeated region /
intergenic region intergenic region
intergenic region Uncharacterized

Chitin binding /
Chitin binding Chitin binding
/

intergenic region intergenic region

Non-essential gene for viral growth Non-essential gene for viral growth

intergenic region intergenic region

intergenic region
intergenic region

Uncharacterized
Uncharacterized
Uncharacterized
Uncharacterized
Uncharacterized

intergenic region
intergenic region

Uncharacterized
Uncharacterized
Uncharacterized
Uncharacterized
Uncharacterized

Hypothetical protein intergenic region

intergenic region Hypothetical protein
DNA-directed RNA polymerase subunit DNA-directed RNA polymerase subunit
intergenic region Bro-like protein, GIY-YIG domain

intergenic region intergenic region
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Table S3.3: Numbers and frequencies of ACMNPV SVs detected in real and simulated short-reads. The frequencies were computed
considering the number of SVs per viral genome follows a Poisson distribution.

Real data Simulated
data
AcMNPV AcMNPV
SV number 1263 802
Total
frequency 20.61 1.47
(%)
Deletion 308 737
number
Duplication 149 65
number
| .
nsertion 0 0
number
Inversion 306 0
number
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Chapitre 4 : transfert horizontal d’un
retrovirus murin dans la lignée cellulaire
humaine Hep2-clone 2B 85011412-1VL

Les études présentées dans les chapitres précedents se sont attachées a décortiquer les premiéres
étapes du transfert horizontal (TH) hote-virus, apportant des évidences d’intégration d’ET hétes
dans les génomes viraux. La présente étude se démarque quelque peu des précédentes et se
focalise sur le TH virus-hote en caractérisant 1’intégration d’un virus xénotrope de la leucémie
murine (ou XMLV) proche du XMLV Bxv1, dans la lignée cellulaire humaine Hep2-clone 2B.
Cette intégration a été identifiée par I’analyse de données génomiques et transcriptomiques de
cette lignée cellulaire. Le génome entier du virus est intégré dans le géne codant la
pseudouridylate synthase 1 (PUS1) et est exprimé. Un événement d’épissage favorisant
I’expression du géne viral d’enveloppe (env) a été identifié. Cette étude s’inscrit dans la
thématique des éléments viraux endogeénes qui sont de plus en plus décrits au fur et a mesure

de I’étude des génomes.

Cette étude a été initiée en collaboration avec le laboratoire de virologie du centre hospitalier
universitaire de Poitiers. Si au début le projet était destiné a détecter de potentiels nouveaux
virus impliqués dans un phénotype de lyse cellulaire, il a rapidement été question de
contamination cellulaire. L’analyse des données génomiques laissait penser a des cellules HeLa
et non pas Hep2-clone 2B. Or, cette derniére est connue pour étre contaminée par des cellules
HeLa. Cela paraissait censé puisque la présence d’un fragment de génome du papillomavirus
humain 18 inséré dans le génome de la lignée cellulaire a été détectée et ce fragment est connu
pour étre intégré au génome d’HeLa. Ensuite, I'intégration du génome complet de Bxvl a

permis d’étoffer I’analyse présentée ci-dessous.

Cette étude fait I’objet d’un article dont je suis premier auteur qui a été accepté pour publication

dans la revue Scientific Reports.
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Abstract

The use of misidentified cell lines contaminated by other cell lines and/or microorganisms has
generated much confusion in the scientific literature. Detailed characterization of such
contaminations is therefore crucial to avoid misinterpretation and ensure robustness and
reproducibility of research in molecular and cell biology. Here we use DNA-seq data produced
in our lab to first confirm that the Hep2 (clone 2B) cell line (Sigma-Aldrich catalog number:
85011412-1VL) is indistinguishable from the HelLa cell line by mapping integrations of the
human papillomavirus 18 (HPV18) at their expected loci on chromosome 8 of the HelLa
genome. We then show that the cell line is also contaminated by a xenotropic murine leukemia
virus (XMLV) that is nearly identical to the mouse Bxv1 provirus and we characterize one Bxv1l
provirus, located in the second intron of the pseudouridylate synthase 1 (PUS1) gene. Using an
RNA-seq dataset, we confirm the high expression of the E6 and E7 HPV18 oncogenes, show
that the entire Bxvl genome is moderately expressed, and retrieve a Bxvl splicing event
favouring expression of the env gene, as previously found in the Bxv1-contaminated human JY
B-cell line. Hep2 (clone 2B) is the fourth human cell line so far known to be contaminated by
the Bxvl XMLV. We believe that contamination by this virus happened through contact with
a contaminated cell line or reagent as Hep2 (clone 2B) was not generated through passage in
immunodeficient mice. This contamination has to be taken into account when using the cell line

in future experiments.
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Introduction

Continuous cell lines are a cornerstone of cellular and molecular biology as well as of
biomedical research. A long-known problem faced by researchers using such cell lines is
contamination, whereby foreign cells or microorganisms are inadvertently introduced and
remain unnoticed over multiple passages 2. Characterizing cell culture contamination is of
prime importance as contaminants may generate flawed experimental results and considerable
confusion in the scientific literature 3*. The catalog of cell lines misidentified or cross-
contaminated with another cell line contains 529 entries as of October 2019 °. Among the 143
different contaminants listed, the most common is HelLa (118 entries), the first continuous
human cell line ever established. HeLa derives from a cervical adenocarcinoma biopsy sampled
in 1951 from Henrietta Lacks. Sequencing of the HeLa genome resolved a highly rearranged
region on chromosome 8 containing multiple integrated partial genomes of the human
papillomavirus 18 (HPV18), thought to have induced tumorigenesis °. In addition to standard
short tandem repeat (STR) typing, known virus-HeLa cell junctions of HPV18 integrations have
been used to unveil cases of cancer cell lines contamination by HelLa ’.

Multiple microorganisms such as bacteria, fungi, viruses or yeasts have also been identified as
persistent contaminants of widely-used cell lines 8-1°, Viral contaminations may be particularly
problematic because viruses may present a risk for the persons handling cell cultures and unlike
other organisms, viruses cannot be easily detected under light microscopy °. Screenings of
hundreds of human cell lines have so far revealed only a relatively small proportion of them as
contaminated with human viruses 3, Most cases involve contamination by the Epstein Barr
herpesvirus (EBV), either because primary cell cultures were established from infected patients
or because EBV was intentionally used to generate transformed lymphoblastoid cell lines.
Non-human viruses have also been found in human cell lines, with murine leukemia viruses
(MLV) being responsible for most cases of contaminations 1+13-1°. MLV are gammaretroviruses
found under both exogenous and endogenous (proviral) forms in wild and laboratory mouse
(Mus musculus) strains, which are associated with neoplasias of hematopoietic origin 2°. They
are classified in several groups according to their host tropism, which is determined by
interactions between their envelope-encoded receptor binding domain and host receptors 2.
While ecotropic MLV interact with the mCAT-1 receptor and can only infect mouse, polytropic
MLYV interact with the XPR1 receptor and can infect both mouse and other mammalian species.
The xenotropic MLV (XMLYV) also interact with the XPR1 receptor but they can only infect

non-mouse species. Mouse strains are immunized against XMLV thanks to the presence of
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several Xprl variants that restrict interaction with these viruses 22. Most cases of human cell
contaminations by MLV involve XMLV and it has been shown that contamination by XMLV
often leads to important changes in cellular behavior, which can severely affect the conclusions
of studies using such infected cell lines °,

Contamination by XMLV is known to occur either when a human tumor is xenografted in
immunodeficient mice to establish or replicate human tumor cell lines, or through unintentional
contact between contaminated and non-contaminated cell lines 22°. One of the best
characterized cases of XMLV contamination is that of the so-called xenotropic murine leukemia
virus-related virus (XMRV), which was originally thought to be a possible cause of prostate
cancer and chronic fatigue syndrome 26, XMRYV was later shown to result from recombination
between two distinct XMLV sequences integrated in the mouse genome (proviruses) and its
presence in human cell lines was traced back to a contamination that occurred around 1993,
when a prostate cancer cell line (CWR22Rv1) was xenotransplanted into immunocompromised
mice 2’. Other well-characterized cases of XMLV contamination involve a virus originating
from expression of a mouse chromosome 1 proviral locus called the B10 xenotropic virus 1
(Bxv1) %8, This provirus is present in many severe combined immunodeficient (SCID) and nude
mice strains 2° and Bxv1 infection of human cell lines passaged onto these mice strains has been
experimentally demonstrated 4. So far, Bxv1 contamination has been detected in two prostate
cancer cell lines, one B-cell line and two pancreatic 3 cell lines, in which it was shown to
produce infectious viral particles 16:172°,

Here, we report a new case of a human cell line (Hep2[clone2B], Sigma-Aldrich catalog
number: 85011412-1VL) contaminated by Bxv1 using high-throughput RNA- and DNA-seq.
As part of a study aiming to characterize the potential presence of infectious agents in the cell
lines of our laboratory, we set out to sequence total RNA and DNA extracted from Hep2 (clone
2B) cells. We characterized sequences from two viruses, the HPV18 papillomavirus and the
Bxvl XMLYV. The presence of the former is consistent with the known contamination status of
Hep2 (clone 2B) cell line by HelL.a and the presence of the latter most likely results from mixing

with a cell line or reagents contaminated with this virus.

190



Materials and methods

Cell cultures and DNA- and RNA-seq

Hep2 (clone 2B) cells were purchased from Sigma-Aldrich (catalog number: 85011412-1VL)
on June 19, 2013 and cultured in Dulbecco's modified Eagle medium (DMEM; Invitrogen)
supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin (Pen-Strep; Life
Technologies) at 37°C in a 5% (vol/vol) CO2 atmosphere. Upon confluence, cells contained in
a T75 flask were harvested in a 15ml Falcon tube after trypsinization, washed in Earle's
balanced salt solution (EBSS) and centrifuged at 1,100 g for 5 min. Total RNA and DNA were
then extracted using the AllPrep DNA/RNA Mini Kit (Qiagen). A paired-end DNA library
(mean insert size 191 bp) was constructed with the DNA sample and a stranded RNA library
was constructed with the RNA sample after rRNA depletion. Both libraries were tagged and
sequenced on an Illumina HiSeq2500 platform in a 2 x 125 bp configuration in High Output
mode (V4 chemistry). Raw DNA- and RNA-seq fastq reads generated for this study have been
deposited in dbGaP under accession number phs001944.v1.pl. All reads mapping onto the
Bxv1 (JFO908815) genome are provided in Supplementary Data 1 and 2.

Bioinformatics analyses

Demultiplexing was performed by the sequencing company (Genewiz), yielding 140,313,660
reads with a mean quality score of 35.15 for the DNA sample and 57,593,594 reads with a mean
quality score of 35.82 for the RNA sample. Remaining adapter sequences were removed and
reads were trimmed with Trimmomatic using default parameters (“-phred33,
[Mluminaclip:adapter_file.fasta:2:30:10, minlen:126”, Bolger et al. 2014). To identify infectious
agents potentially present in the cells, we mapped paired reads onto the human genome (UCSC
genome data, human genome version hgl9) using Bowtie2 in “sensitive-local” mode
(Langmead and Salzberg 2012). Reads that did not map onto the human genome were
assembled for each dataset. DNA-seq and RNA-seq reads were assembled with Masurca *° and
Trinity 3%, respectively, using default settings. The resulting contigs were used as queries to
perform blastn and blastx searches on the non-redundant (NR) database of GenBank. To assess
sequencing depth of the two viruses identified in this study (Bxvl XMLV and HPV18), the
reads were mapped onto the genome of these viruses (accessions number: JF908815 for Bxv1l
and GQ180792 for HPV18) with Bowtie2 in “sensitive-local” mode. To identify recombination

breakpoints within each of the two genomes and between the two genomes and the Hep2 (clone
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2B) genome we used all reads as queries to perform separate blastn searches (megablast option)
on the human genome and on the Bxvl and HPV18 genomes. Virus-virus and cell-virus
junctions were then searched within reads using the pipeline described in *2. Briefly, only reads
aligning over at least sixteen bp on a genome region only and over at least sixteen bp on another
genome region only were retained. Reads had to align on at least 100 bp of their length. The
overlap between alignment on the virus and on the host sequences was set to involve at most
20 bp and at least -5 bp (see figure S6 in Gilbert et al. 2016).

Checking for contamination by rodent DNA

To assess the presence of rodent DNA or RNA in our samples, reads were mapped using
Bowtie2 in “end-to-end” mode on the latest version of Mus musculus (GRCm38/mm10) and
Rattus norvegicus (GRSC 6.0/rn6). Using the SAMtools depth program, the mean rodent
genome coverage as well as the percentage of the genome covered by the reads were
determined. The nature of regions covered by more than 8000 reads was checked in the UCSC

genome browser.

PCR verifications

To rule out the possibility that the Bxv1 contamination occurred in our laboratory, we purchased
a second batch of Hep2 (clone 2B) cells from Sigma-Aldrich in May 2018 and searched by
PCR for the presence of Bxv1l in this new batch and in the Hep2 (clone 2B) cells we used for
the sequencing (batch ordered at Sigma-Aldrich in 2014). Amplification reactions were
performed from 5 ng of DNA extracted from Hep2 (clone 2B) cells by using 10 umol.L* of
each primer (Bxvl_1-F: AAGAGAAAGAGAGGGACCGCG,; Bxvl_1-R:
TTTCCTCCAGTAGCCCCTTG), 3 mM MgCI2, 0.2 mM dNTP and 0.75 unit of DreamTaq
DNA polymerase (Thermo Fischer Scientific) under a 35-cycle PCR program (95°C for 4 min;
35 cycles of 95°C for 30 sec, 56°C for 30 sec, 72°C for 15 sec, and 72°C for 10 min). Then a
migration of the PCR products was performed on a 1.5% agarose gel at 100V during 25 minutes
and bands were visualized with a Bio-Rad Transilluminator Universal Hood Il under UV light.
To check whether regions of the Bxvl genome not covered by our DNA-seq dataset were in
fact present in Hep2 (clone 2B) cells, we PCR-amplified and Sanger-sequenced three such
regions as well as another region covered by our DNA-seq dataset using the following primer
pairs: Bxvl _2-F: CCCCAGAAGAGAGAGAAGAACG,; Bxvl 2-R:
CATTGGTCCTTATCGAGTTGG; Bxvl _3-F: TGCCTTTGAGTGGAGAGATC; Bxvl_3-R:
CTAGGGTTTGTAGAAGGGCC; Bxvl 4-F. CCTTCTCAACAACCTGGGAC; Bxvl 4-R:
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ACAGGGTCAGCTTGTGTTG; Bxvl_5-F: CAGGCAAGCTAACTATGGGA; Bxvl_5-R:
CCCAGATTACCTCGGTTTCA.

Results and discussion

Confirmation of Hep2 (clone 2B) contamination by HelLa based on HelLa-HPV18
characteristics

As mentioned on the Sigma Aldrich website, the Hep2 (clone 2B) cell line (catalog number:
85011412-1VL) was originally derived “from tumours produced in irradiated-cortisonised
weanling rats after injecting with epidermoid carcinoma tissue from the larynx of a 56-year-old
male, but it was later found to be indistinguishable from HeLa by STR PCR DNA profiling.”
It is a typical case of non-existent cell line that may cause important problems in cancer research
3, Consistent with HeLa contamination, assembling of RNA- and DNA-seq reads obtained
from sequencing this cell line and not mapping on the hg19 human genome yielded various
contigs that were almost identical to the HPV18 (GenBank accession number: NC_001357.1).
As previously reported 7 for HPV18 sequences integrated into the HeL.a genome, mapping of
both RNA- and DNA-seq reads onto the HPV18 genome shows that a portion of the E2 and L1
genes as well as the entire E4, E5 and L2 genes are missing (Figure 4.1). Moreover, the mapped
regions displayed the same 23 SNPs between the reads and the HPV18 genome than those
identified between HeLa-HPV18 and HPV18 (Cantalupo et al. 2015) (Supplementary Table
4.1). Mean DNA-seq depth varies from 1.3X for the partial E2 gene up to 26.4X for the L1
gene (Figure 4.1A), reflecting the complex and partially duplicated structure of the integrants
6. Mean RNA-seq depth varies from 137X for the partial E2 gene up to 4078 and 8093X for the
E6 and E7 genes, respectively. This is in agreement with the known high expression of the latter
two genes, which are involved in oncogenesis through neutralization of tumour suppressors
63435 Finally, our search for integration loci in DNA-seq reads revealed four virus-cell
junctions supported by one or more reads and also supported by RNA-seq reads (Table 4.1;
Supplementary Table 4.2). All four junctions fall within the chromosome 8 region where
HPV18 is known to be integrated in HeLa cells (8924.21; between positions 128,228,000 and
128,243,000) %’. Much like in Cantalupo et al. (2015), we also identified a number of other
junctions in RNA-seq reads, among which all those supported by more than one reads fall
within the 8g24.21 region (Table 4.1; Supplementary Table 4.2). As noticed by Cantalupo et
al. (2015), many of the virus-cell RNA junctions involve the 929 5’ splice site in E1 of HPV 18,

likely indicating that after read-through transcription, splicing events fused the 929 5 donor to
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a downstream acceptor site located in the human genome "3, Altogether, these results confirm
that Hep2 (clone 2B) was contaminated by HelL a at some point during its propagation and they
show that HPV18 sequences integrated in this subclone of HelLa have the same characteristics

6,7,34

as in other subclones in terms of position in the genome and expression pattern

13

g3

Figure 4.1: HPV18 sequencing depth by DNA-seq (A) and RNA-seq (B) reads. The
coverage patterns indicate that a portion of the E2 and L1 genes as well as the entire E4, E5 and
L2 genes are missing and that the E6 and E7 oncogenes are highly expressed.

Hep2 (clone 2B) (HeLa) cells are contaminated by Bxvl XMLV sequences

In addition to HPV18 integrants, our assembly of non-human reads also yielded contigs 100%
identical to Bxvl, an XMLV proviral locus known to generate infectious particles able to infect
human cells and so far identified as a contaminant in four human cell lines 2°2°_ As several
studies have shown that the presence of XMLV in human cell lines could be due to
contamination by mouse DNA 37 we checked for such contamination by mapping both DNA-
seq and RNA-seq reads onto the mouse genome. Given that the original Hep2 cells were
obtained by passaging larynx carcinoma cells onto immune-compromised laboratory rats 382,
we also monitored the possible presence of rat DNA by mapping all reads onto the rat genome.
Only =4% of the reads mapped onto the rodent genomes, with only =1% of the genome covered
and a mean sequencing depth of 0.26X for the two species. Importantly, mapped regions
corresponded exclusively to RNA genes (7SK, 7SL, U1, U2) that are known to be highly similar
between mammalian species and no read was found to map onto intracisternal-A particle
elements, which are rodent-specific transposable elements typically used as markers of

contamination 1°37. Thus, the presence of Bxv1 is not due to contamination by rodent DNA but
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rather results from mixing with a contaminated cell line or reagent. To further verify that
contamination did not occur in our laboratory subsequent to reception of Hep2 (clone 2B) cells
on June 19 2013 we purchased a second batch from Sigma-Aldrich on May 11, 2018 and
validated the presence of Bxvl sequences by PCR (Supplementary Figure 4.1). We conclude
that Hep2 (clone 2B) cells from Sigma-Aldrich (catalog number: 85011412-1VL) are not only
undistinguishable from HelLa but they are also contaminated by Bxvl XMLV sequences.

Characterization and expression of a Bxv1l provirus

To further validate the presence of Bxvl in the HeLa-contaminated Hep2 (clone 2B) cell line,
we searched for evidence of integration of the retrovirus. We identified two virus-cell junctions
covered by more than one DNA-seq read and/or also supported by an RNA-seq read
(Supplementary Data 3). Interestingly, the two junctions involve the very first and very last
position of the long terminal repeat of Bxvl and the same position in the human genome,
suggesting that they correspond to the 5’ and 3’ extremities of one same proviral locus.
Alignment of the junctions with the corresponding region of the human genome revealed that
Bxv1 generated a 5-bp target site duplication (AAACC) upon integration (Supplementary Data
3). Much like Bxv1 proviruses from two prostate cancer cell lines (LAPC4 and VCaP) which
all integrated into introns 17, the Bxv1 provirus characterized here lies within the second intron
of the pseudouridylate synthase 1 (PUS1) gene. Furthermore, in agreement with the known
propensity of MLV to preferentially target transcription start sites (TSS) and CpG islands >4,
the Hep2 (clone 2B) Bxv1 lies only 946 bp downstream of the nearest PUS1 TSS, well within
a 1463-bp long CpG island. Altogether, these results indicate that the Bxvl integration
identified in Hep2 (clone 2B) cells is a bona fide proviral locus, confirming contamination by

this virus of the Hep2 (clone 2B) cell line.

To assess how many proviral loci may segregate in the cell line, we mapped all reads on the
Bxv1 genome (accession number: JFO08815). While several short segments amounting to 15%
of the Bxv1 genome are not covered by DNA-seq reads (Figure 4.2A), we believe this is due to
stochastic under-representation rather than true absence of some regions because Bxv1 is fully
covered by RNA-seq reads (Figure 4.2B). In agreement with this, we were able to PCR-amplify
and Sanger-sequence three regions not covered by DNA-seq reads (Figure 4.2A,
Supplementary Data 4). Thus we believe that Hep2 (clone 2B) cells contain at least one full-
length Bxvl provirus. Mean DNA-seq depth of Bxvl is 2.2X, which is lower than that
calculated over the entire human genome (6.4X). It is thus possible that the copy that we were
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able to map is the only one segregating in the cell line. However, we cannot exclude that
multiple proviruses are present, which altogether amount to one or less than one provirus per
cell (i.e. some cells may be free of integrated Bxv1). The low number of Bxv1 proviruses may
be due to the low capacity of the virus to replicate in these cells. Yet, the entire Bxv1l genome
is expressed in Hep2 (clone 2B) cells, including the long terminal repeats which are necessary
for the virus to replicate and integrate into the host genome, with mean RNA-seq depths varying
from 365X for the gag-pro-pol open reading frame (ORF) to 1955X for the env ORF (Figure
4.2B). However, the level of Bxv1 expression is relatively low, with only 26,985 (or 0.1% of)
RNA-seq reads mapping to the virus, which only ranks 21,906th when listing all human
transcripts by decreasing number of mapped RNA-seq reads (Supplementary Table 4.3). This
is much lower than the level of expression of Bxvl measured in the JY B cell line, in which
proviral transcripts ranked first in terms of number of aligned reads, being mapped by almost
1,000,000 reads representing 2.6% of all RNA-seq reads *°.

Depth (X) Bxv1 DNA-seq Depth (X) Bxv1 RNA-seq
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Figure 4.2: Bxv1 sequencing depth by DNA-seq (A) and RNA-seq (B) reads. The coverage
patterns indicate that the entire Bxv1l genome is present in Hep2 (clone 2B) cells and that the
env ORF is more expressed than the gag-pro-pol ORF. The green lines in Figure 4.2 A show
the position of viral regions that were Sanger-sequenced. Numbers below the green lines
correspond to those used to name Sanger-sequencing reads in Supplementary Data 4. The red

line in Figure 4.2 B represents the spliced region between positions 587 and 5887.

In the Lin et al. (2012) study, 768 RNA-seq reads were found to contain a junction between

positions 587 and 5887 of Bxv1 (accession number: JF908815), which corresponds to a splicing
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event leading to the expression of the env ORF. Our search for virus-virus junctions unveiled a
nearly identical splicing event, with 757 reads (145 reads when potential PCR duplicates are
removed), supporting a junction between positions 587 and 5884 (Figure 4.2). The position of
the splice donor site matches exactly between our study, that of Lin et al. (2012) and the
annotation of the N417 MLV (accession number: HQ246218) which is 99.98% identical to
Bxv1 JF908815. However, the position of the splice acceptor site differs (5884 in Lin et al.;
5887 here; 5219 in HQ246218 corresponding to 5601 in JF908815), which may be due to
context-dependent variations in splicing. To assess whether the presence of Bxvl in Hep2
(clone 2B) cells could result from mixing with the JY B cell line, we checked for the presence
of RNA-seq and/or DNA-seq reads mapping onto the EBV genome, which is known to be
present in JY B cells ‘°. We did not find any read mapping on the EBV genome. While this
suggests that the Bxv1 contamination is not due to a mix with JY B cells, we cannot exclude
that a transient mix occurred between Hep2 (clone 2B) and JY B cells at some point but that JY
B cells are no longer detectable. Interestingly, the RNA-seq coverage of the region
corresponding to the alternative env transcript is three to five times higher than that of the rest
of the Bxv1 sequence (Figure 4.2B) showing that for some reason, the splicing generating this
transcript is markedly favoured in Hep2 (clone 2B) cells. Rather than alternative splicing, the
junction we found in RNA-seq reads between positions 587 and 5887 of Bxv1 could be due to
transcription of a deleted Bxv1 copy, that would segregate in some cells in addition to a full
length copy. To check for the presence of a deleted Bxv1l copy we designed PCR primers on
both sides of the deletion. All PCRs performed using those primers were negative, suggesting
that the truncated transcripts unlikely result from transcription of a deleted Bxv1 proviral copy.
We have not tested whether the higher expression of the env ORF translates into an
accumulation of the ENV protein, which has been linked to the generation of cytopathic effects
in some MLV #2. That said, we have not observed any cytopathic effect, in agreement with the

fact that most MLV do not generate such effects 4.

In their study of the JY B cell line contaminated by Bxv1, Lin et al. (2012) also found evidence
of G-to-A editing likely resulting from the activity of the APOBEC3G restriction factor, which
induces deamination of cytidine to uridine in single stranded DNA viral intermediates 4.
Specifically, Lin et al. (2012) found that 44 out of the 45 SNPs identified in their RNA-seq
reads were G-to-A changes, indicating that they likely resulted from transcription of
APOBEC3G-edited viral genomes. In agreement with the known absence of APOBEC3G in
HeLa cells %, the APOBEC3G transcript ranks only 37,052th in the list of human transcripts
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ordered by the number of mapped reads (Supplementary Table 4.3). The number of SNPs
supported by more than 10 reads and having a frequency >2% in our RNA-seq data is anyway
too low to draw any conclusion on the possible activity of APOBEC3G in Hep2 (clone 2B)
cells, but it is worth noting that four of the five SNPs we identified using those criteria in our

RNA-seq data are G-to-A changes.

Conclusion

In this study, we have confirmed that the Hep2 (clone 2B) cell line (Sigma-Aldrich catalog
number: 85011412-1VL) is contaminated by HelLa cells based on the characterization of
HPV18 integrants and expression patterns. We have further demonstrated that the cell line is
also contaminated by a virus nearly identical to the Bxvl XMLV provirus, the presence of
which is likely due to direct contact between the cell line and another contaminated cell line or
reagent. Based on sequencing depth, we show that the cell line might contain only one Bxvl
provirus, which we were able to map to the second intron of the PUS1 gene. While our study
does not demonstrate that Bxv1 is able to replicate in Hep2 (clone 2B) cells, it shows that it is
expressed at a moderately high level, which may impact various cellular pathways. Thus, the
presence of this virus in otherwise HelLa-contaminated Hep2 (clone 2B) cells will have to be
taken into consideration in future studies using this cell line to avoid erroneous interpretations
of experimental results. Furthermore, this study should also encourage others using this cell line
and related ones, such as the (code A) 86030501-1VL, or 85020207-1VL Hep-2C (HelLa
derivative) Human Negroid cervix carcinoma (code C), to check for the presence of Bxv1 using
the PCR primers we provide in the materials and methods section.
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Table 4.1: Characteristics of HeLa — HPV18 junctions supported by both DNA- and RNA-
seq reads. * Several steps involved in the construction of an lllumina library (including cDNA
library synthesis and illumina PCR) may generate artificial chimeras*®*’. Thus, relying only on
one read to identify a breakpoint is not good practice. However, this Table only reports HPV18-
HelLa breakpoints that are supported by reads generated in two independent sequencing
experiments (RNA-seq and DNA-seq), including one in which they are supported by multiple
reads (here more than 15). For example, the first lane of the Table describes a breakpoint
between position 929 of the HPV18 genome and position 128 241 377 of human chromosome
8 that is retrieved in 1 DNA-seq read and in 272 RNA-seq reads independently. The position
of all breakpoints reported here is consistent with those reported in earlier studies (see text for
details).

Number  of
Number of ) -

RNA-seq Viral ) Position of
DNA-seq reads ) Viral ) ~ Human

) reads breakpoint breakpoint in

supporting the ) o gene chr. Band
) ) supporting  position human genome
junction ) )

the junction
1* 272 929 El 128241377 8924.21
25 97 5735 L1 128230628 8024.21
1 57 2497 El 128241551 8g24.21
1 15 930 El 128231213 8924.21
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Supplementary data

Only the supplementary Figure 4.1 and the supplementary Tables 4.1 and 4.2 are provided.
1 2 3 4

1000 bp
800 bp
600 bp

400 bp

200 bp

Supplementary Figure 4.1: Bxvl PCR products visualized on an agarose gel. Lane 1:
ladder; Lane 2: a band of the expected size (400 bp) obtained on the 2018 Hep2 (clone 2B)
batch; Lane 3: a band of the expected size (400 bp) obtained on the 2013 Hep2 (clone 2B) batch
400-bp band A band is visualised on a 1.5% agarose gel after PCR on Hep2 DNA; Lane 4:
H20.

Supplementary Table 4.1: 23 SNPs between Hela-specific HPV18 and the HPV18
genome. The SNVs exactly match to the HelLa-specific HPV18 genome identified by
Cantalupo and colleagues (2015).

Gene Position SNV
E6 104 T>C
287 C>G

485 T>C
549 C2>A
E7 751 C>T
806 G2>A
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El

L1

LCR

1012
1194
1353
1807
1843
2269

5875
6401
6460
6625
6842
7258
7486

7529
7567
7592
7670

A>T
C2>A
T>A
T->C
T>G
C>T

C2>A
A->G
C->6G
C->G
C->6G
T2>A
C>T

C>A
A->C
T->C
A>T
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Supplementary Table 4.2: Junctions between both viruses and human genomes. Junctions were mainly detected in RNA data. Most of
junctions involve the E1 HPV18 gene and 8g24.21 human chromosome band.

. Chimeric reads Viral Involved Human
Samples with the . . . . Human chr.  Involved human Involved human
. covering the breakpoint viral breakpoint
detected breakpoint . ; Band genes TEs
junction pos. genes pos.
HPV18-human junctions
273 (272+1,
RNA & DNA . 929 El 128241377 8g24.21 BC106081-exon MIR3
respectively)
RNA & DNA 122 (37+25, 5735 L1 128230628  8q24.21 CCAT1-intron /
respectively)
RNA 68 22 / 128231054 8g24.21 CCAT1-intron MIR
RNA & DNA 58 (57+1, 2497 E1l 128241551  8q24.21 / /
respectively)
RNA 52 929 El 128241370 8024.21 BC106081-exon MIR3
RNA & DNA 16 (15+1, 930 E1l 128231213  8q24.21 CCATL-exon /
respectively)
RNA 10 929 El 128240876 8024.21 BC106081-exon /
RNA 8 929 El 128239788 8024.21 / /
RNA 5 929 El 128221964 8024.21 CCAT1-intron /
RNA 5 942 El 128241377 8g24.21 BC106081-exon MIR3
RNA 4 1357 El 128241379 8g24.21 BC106081-exon MIR3
RNA 4 21 / 128231059 8024.21 CCAT1-intron MIR
RNA 4 929 El 128235913 8024.21 / /
RNA 3 414 E6 128231052 8g24.21 CCAT1-intron MIR
RNA 3 929 El 128241374 8g24.21 BC106081-exon MIR3
RNA 3 931 El 128241507 8g24.21 / /
RNA 2 1890 El 128239463 8024.21 / /
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RNA
RNA
RNA
RNA
RNA

RNA

RNA
RNA
RNA
RNA
RNA
RNA
RNA
RNA
RNA
RNA
RNA
RNA
RNA
RNA
RNA
RNA
RNA
RNA

N T e T = T = T = S S S S S S N T CHE S CE S S I N

2289

7454
776
903
908

929

930
120
1500
1539
1539
1539
1552
1556
1890
1987
21
2105
2254
23
233
557
5811
6365

El

E7
El
El

El

El
E6
El
El
El
El
El
El
El
El

El
El

E6
E6
L1
L1
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128241082
128233698
128241375
128241375
128241341

128200362

128232653
128241337
128232770
98115605
68132275
180949634
128241418
133216516
128233294
128241150
128235782
128237342
9934741
128231055
128174331
128239674
128230765
169742576

8g24.21
8g24.21
8024.21
8024.21
8g24.21

8q24.21

8024.21
8024.21
8g24.21
12g23.1
15923
3026.33
8024.21
4028.3
8g24.21
8024.21
8024.21
8024.21
3p25.3
8g24.21
8024.21
8024.21
8g24.21
6027

BC106081-exon
/
BC106081-exon
BC106081-exon

BC106081-exon

JX003871-exon,
CASC19-intron

/
BC106081-exon
/
LOC643711-intron
/
SOX2-OT-intron
/

/

/
BC106081-exon
/

/
JAGN1-exon
CCAT1-exon
/

/
CCAT1-intron
/

MIRb
MIR3
MIR3
MIR3

MIR3

L1IHS

MIR3

e e T T S

MIR

MIR
MIRb
MER94




RNA
RNA
RNA
RNA
RNA
RNA
RNA
RNA
RNA

RNA

RNA
RNA
RNA
RNA
RNA
RNA
DNA

DNA

DNA

DNA
DNA
DNA
DNA

R R R R R R R R R R R R R R R R R R

e

680
7702
860
884
926
928
929
929
930

930

930
931
931
936
978
979
1395

6171

6371

692
7326
741
7460

E7

E7
E7
El
El
El
El
El

El

El
El
El
El
El
El
El

L1

L1
E7

E7
/

128241019
893593
70824505
128241206
128241377
128241374
128091380
128231391
128181364

128200133

128215467
128236722
128241374
128241377
128241348
128233301
15446806

92915224

129014698

64100489
203156088
48589338
56118967

8024.21
19p13.3
12915
8024.21
8024.21
8024.21
8024.21
8g24.21
8g24.21

8q24.21

8g24.21
8g24.21
8g24.21
8g24.21
8g24.21
8g24.21
5p15.1

6q15

9433.3

1p31.3
1g32.1

12q13.11
5q11.2

BC106081-exon
/
KCNMB4-exon
BC106081-exon
BC106081-exon
BC106081-exon
PCAT2-intron
CCAT1-exon

/

JX003871-intron,
CASC19-intron

/

/
BC106081-exon
BC106081-exon
BC106081-exon

/

/

/

/

PGML1-intron
/
/
MAP3K1-intron

AluSg

MIR3
MIR3
L1M2

L1IMC1

LIMES
L2C
MIR3
MIR3
MIR3
/

/

THE1D, HERVL-
MaLR
THE1B, HERVL-
MaLR

/
/
L1IMES5
L2b
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Bxv1-human junctions

DNA 3 0 / 132414759  12024.33 PUSL-intron /
RNA & DNA 2 (1+1, 525 / 132414764 12q24.33 PUS1-intron /
respectiveley)
RNA 1 153 / 36894260 6p21.2 C6orf89-exon AluSx1
RNA 1 182 / 53383324  8ql1.23 / /
RNA 1 3208 Gagg;m' 50721247  2213.33 PLXNB2-exon /
RNA 1 5885 Gag;f;m' 286632 0p24.3 DOCK8-exon /
RNA 1 5005  C89PrO- agmaees3  15q132  DKFZP43ALISsT- SNRNA U6
pol intron
RNA 1 5905 Gagj;m' 893541 19p13.3 RNU6-9-exon sNRNA U6
RNA 1 5987 Gagg;m' 24560675  Xp22.11 PDK3-exon /
RNA 1 6728 Env 74622910  9g21.13 / /
RNA 1 6896 Env 51728140  15q21.2 / LIMAL
RNA 1 7354 Env 118799  Un_gl000220 Locﬁggi?]mz' /
RNA 1 7662 Env 22851667 1p36.12 ZBTB-intron Charliel5a
RNA 1 8009 Env 145349364  2022.3 / /
RNA 1 8031 Env 32677706  20ql11.22 EIF2S2-exon /
RNA 1 8080 Env 34930048  5pl13.2 DNAJC21-exon /
RNA 1 8188 / 1153 M / /
RNA 1 845 / 144624402  8q24.3 / 7SK repeat
DNA 1 1014 / 53986953  20q13.2 / MIR
DNA 1 3973 Gagg;m' 56999943  1p32.2 PLPP3-intron /
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DNA 1 6059 Gagg;m' 58280138  6pll2  LINC00680-intron AluSg2

DNA 1 7380 Env 104488072 7022.2 LHFLP3-intron AluSz
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Supplementary Data 4.1: Fastq file containing all raw DNA-seq reads aligning on the Bxv1
(JF908815) genome.

Supplementary Data 4.2: Fastq file containing all raw RNA-seq reads aligning on the Bxv1
(JF908815) genome.

Supplementary Data 4.3: Alignment of DNA-seq reads supporting the Bxv1 proviral locus
characterized in this study. Aligned sequences are numbered from 1 to 6. 1: the sequence of
the human genome flanking the Bxvl proviral locus, comprising 100 bp upstream and
downstream of the provirus, located in the second intron of the PUS1 gene. 2: full length Bxv1
genome sequenced from the VVCaP prostate cancer cell line. 3 — 5: three reads supporting the
virus-cell 5” junction. 6: Read supporting the virus-cell 3’ junction. Note that the 3’ junction is
also supported by one RNA-seq read. The integration generated a 5-bp target site duplication
(AAACC). The alignment is provided in docx format. It can be pasted and visualized in any

alignment viewer such as BioEdit or Geneious.

Supplementary Data 4.4: Alignment of Bxv1l (JF908815) with Sanger-sequencing reads
produced during this study. The name of each read begins with a number corresponding to
the region illustrated on Figure 4.2A. F: forward read. R: reverse read. The name of the read

also contains the name of the primers used to PCR-amplify the four Bxv1 regions.
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Discussion générale et perspectives

Les transferts horizontaux (TH) d’éléments transposables (ET) chez les métazoaires sont de
plus en plus étudiés et leur role dans 1’évolution des espéces apparait évident. Les mécanismes
responsables de ces TH entre animaux sont mal connus et différentes hypotheses ont été
évoquées dans la littérature, comme nous 1I’avons vu en introduction. L’une de ces hypothéses
invoque les virus comme potentiels vecteurs d'ADN entre espéces. Bien qu’il n’y ait a ce jour
aucune démonstration formelle du réle des virus comme vecteurs de matériel génétique entre
animaux, des études ont par le passé mis en évidence la présence d’ADN non viral présent dans
les génomes ou les capsides de virus. L objectif de cette thése était ainsi d’approfondir et de
décortiquer les événements génomiques ayant lieu au cours d’une infection virale. C’est
pourquoi nous avons étudié tout d’abord ’activité des ET chez la fausse arpenteuse du chou
(Trichoplusia ni) lors d’une infection par le baculovirus Autographa californica multiple
nucleopolyhedrovirus (AcMNPV). Nous avons également pu analyser les ET cotranscrits avec
les genes viraux (chapitre 1). Nous nous sommes également intéressés a 11 systémes hote-virus
différents a travers 35 jeux de données de courtes lectures de séquengage, afin d’€largir nos
connaissances sur la diversité des systémes dans lesquels des ET de 1’hdte pouvaient sauter
dans des génomes viraux. Cela nous a permis d’avoir une idée de la fréquence d’insertion d’ET
pour différents systemes. Chose inattendue, nous avons pu mettre en évidence un phénomene
de transposition d’ET virus-virus, appuyant le fait que la présence d’ET dans les génomes
viraux n’est peut-étre pas simplement une phase de transition pour un potentiel TH d’ET entre
hotes, mais pourrait aussi constituer une étape importante dans la persistance de certains ET,
pouvant étre « latents » au sein d’une population virale (chapitre 2). Afin d’en savoir davantage
sur la présence des ET au sein des génomes viraux, nous avons utilisé une technologie de
séquencage de longues lectures sur des génomes viraux, ce qui nous a permis d’identifier des
séquences d’ET complétes insérées au sein des génomes de baculovirus. Nous avons aussi
profité de la richesse de ces données pour caractériser I’ensemble des variants structuraux (VS)
génomiques (comprenant les insertions, délétions, inversions et duplications >50 pb) au sein de
quatre populations virales (chapitre 3). Enfin, I’étude de données de séquencage visant a

découvrir un nouveau pathogéne dans une lignée cellulaire humaine a abouti a la mise en
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évidence d’un cas de TH d’un rétrovirus murin dans la lignée cellulaire humaine Hep2-clone
2B (chapitre 4).

Divers éléments permettent de penser que les virus peuvent étre des vecteurs de matériel
génetique entre metazoaires. Cela tient a la caractéristique des virus a étre infectieux et a
pouvoir étre transmis & la fois horizontalement et verticalement. Un TH réalisé par
I’intermédiaire d’un virus peut étre vu comme le résultat de deux étapes successives. Il y a tout
d’abord 1’acquisition d’un morceau du génome hote par un virus, puis I’intégration de ce
fragment génomique dans le génome d’un autre hote. La premiere étape est soutenue par
plusieurs études ayant mis en avant la présence d’ET intégrés dans des génomes viraux apres
infection (Fraser, Smith, et Summers 1983; Gilbert et al. 2016; Loiseau et al. 2020). Concernant
la seconde étape, la possibilit¢ que du matériel génétique transporté par un virus puisse
s'intégrer dans le génome d'un des hétes de ce virus est soutenue par la découverte de nombreux
éléments viraux endogeénes (EVE) dans les génomes cellulaires (eucaryotes et procaryotes;
Katzourakis et Gifford 2010; Holmes 2011). L’étude effectuée dans le chapitre 4 concernant
I’intégration d’un rétrovirus de souris dans une lignée cellulaire humaine contribue & mieux
caractériser la seconde étape d’un TH (TH de matériel génétique du virus vers 1’hdte). La
thématique des TH chez les animaux, étudiée en biologie de 1’évolution s’inscrit dans une
perspective évolutive, c’est-a-dire ayant un impact évolutif potentiel. De nombreux exemples
ont été réveélés dans la littérature scientifique sur ce sujet, dont certains ont été explicités dans
I’introduction de ce manuscrit. Les lignées cellulaires utilisées par les scientifiques pour des
facilités d’usage en comparaison d’organismes vivants entiers ont peu de chances d’étre
impliquées dans des phénomeénes impactant 1’évolution du vivant a long terme. Néanmoins,
cette étude a le mérite d’avoir caractérisé finement grace a des données de séquengage haut
débit et pour la premiere fois dans la lignée cellulaire Hep2-clone 2B, un événement
d’intégration du rétrovirus murin Bxvl. Elle vient ainsi s’ajouter a la littérature des
contaminations de lignées cellulaires couramment utilisées de par le monde et appelle a tester

chacune d’elles avant utilisation pour des expériences.

Concernant le chapitre 1, bien que nous n’ayons pas trouvé un patron d’expression global
permettant de conclure & une augmentation globale de I'expression des ET au cours d’une
infection virale, nous avons trouvé certains ET surexprimés pendant 1’infection et certains ET
cotranscrits avec des génes viraux. Cependant, les données utilisées n’étaient peut-étre pas

idéales. L’utilisation de lectures faisant 51 pb de long limite leur assignation a une copie précise
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d’ET, et entrave également la détection de cotranscrits ET-génes viraux. L’idéal aurait été de
faire une expérience et de générer nous-mémes des données de séquencage. Cette expérience
aurait pu étre réalisee comme indiqué en figure 5.1. De méme que pour les jeux de données
analyses, on pourrait infecter plusieurs larves d’un papillon sensible 8 ACMNPYV avec ce virus.
A différents pas de temps, des extractions d’ARN et d’ADN totaux seraient effectuées.
Concernant I’ARN, un séquencage a la fois des longs ARN correspondant aux ARN messagers
et des courts ARN impliqués dans les voies des siARN et piARN permettrait de mettre en
relation ’activité des ET (détectée par I’analyse des longs ARN) avec une possible régulation
de ces ET par I’intermédiaire des petits ARN (ces patrons de régulation seraient détectés par
I’analyse des courts ARN). Un séquengage permettant d’obtenir des lectures plus longues serait
un plus, également pour la détection de lectures chimériques ET-virus (on pourrait envisager
un séquengage Illumina permettant d’obtenir des lectures de 150 pb). Un autre point important
qui pourrait étre soulevé au cours d’une telle expérience serait le séquencage d’ADN circulaire
extrachromosomique. Des kits permettent de réaliser 1’extraction de ce type d’ADN. Un
séquencage de ces ADN pour obtenir des courtes (séquencage Illumina 150 pb) et des longues
lectures (sequencage Pachio Sequel 1) serait alors envisagé. L’intérét de 1’étude de ces ADN
circulaires serait de voir si, outre la modulation de la transcription de certains ET, 1’activité de
transposition serait plus importante. Ce résultat serait évidemment a mettre en perspective avec
les résultats de 1’expression des ET. Ainsi, cela permettrait de mieux évaluer le lien entre
expression et transposition et d’avoir une vision plus compléte des mécanismes a I’ceuvre sur

I’activité des ET au cours d’un stress provoqué par une infection virale.

ACMNPY

& I
© 5. exigua L4
@~
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Figure 5.1: Schéma d’une expérience permettant d’avoir une idée plus précise de I’'impact
d’une infection a AcMNPYV sur Pactivité des ET d’une espéce sensible a AcMNPV (dans
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cet exemple, la noctuelle exigué Spodoptera exigua). Tous les types de séquencages seraient
effectués a chaque pas de temps.

Un point important émergeant de ce travail de thése concerne I'impact évolutif des insertions
d’ET dans les génomes viraux au cours d'une infection. Le paradigme actuel considere la
dérépression des ET, lorsque I'nbte est confronté au stress, comme probablement bénéfique
grace a la mutagenese insertionnelle des ET et au recablage du réseau de régulation des géenes
(McClintock 1984 ; Capy et al. 2000 ; Negi, Rai, and Suprasanna 2016). Cependant, la
génétique des populations affirme qu'une telle stratégie ne peut pas étre viable, car la plupart
des nouveaux événements d'insertion d’ET sont délétéres (Le Rouzic, Boutin et Capy 2007).
Dit autrement, I'avantage tiré d'une éventuelle insertion d’ET bénéfique pendant un stress est
largement contrebalancé par toutes les autres insertions déléteres survenant pendant et en dehors
des périodes de stress, qui entrainent une diminution de la valeur sélective de I'n6te. En
revanche, dans le cas d'une infection virale, il est tentant de penser que la dérépression des ET
pourrait alors agir comme une arme qui augmenterait I’activité de certains ET qui pourraient
transposer dans les génomes viraux et ainsi diminuer 1’efficacité de réplication de ces derniers.
Une telle stratégie pourrait conduire a une destruction retardée des cellules hétes et donner plus
de temps au systeme immunitaire de I'néte pour entraver la réplication virale. Poussé a
I’extréme, un tel mécanisme (associé aux autres mecanismes de défense antiviraux) pourrait
permettre la survie de I’hote a la suite de I’infection et aboutir a 1’insertion de nombreuses
séquences d’ET dans les génomes viraux, rendant les particules virales moins virulentes lors de
prochaines infections. Cependant, I’hypothése selon laquelle les insertions d’ET dans les
génomes viraux lors d’une infection en condition in Vvivo retarderaient la mort de I’hdte n’a
jamais été formellement testée. Comme nous 1’avons vu dans le chapitre 2, les fréquences
d’insertions des ET dans les virus sont généralement <10%. Il faudrait d’une part qu’il y ait
suffisamment de génomes viraux portant une insertion d’ET pour que ces insertions puissent
avoir un effet a I’échelle de 1’hote, et ces insertions devraient étre déléteres et ralentir la
réplication virale. Ainsi, plus d'études sont nécessaires pour savoir si une telle stratégie pourrait
étre a I'ccuvre. Un tel travail pourrait ouvrir des pistes completement nouvelles dans notre

compréhension des interactions hote-virus-ET.

Le chapitre 2 reprend I’ensemble des jeux de données hote-virus étudiés chez des invertébrés.
Si des insertions d’ET ont été mises en évidence dans neuf systémes hote-virus, aucun ET de

cloporte n’a été trouvé dans les génomes de I’iridovirus I[IV31, virus infectant naturellement les
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deux espéces de cloportes étudiées Armadillidium vulgare et Porcellio dilatatus. Trois réplicas
étaient disponibles pour chacun des deux systémes, soit six jeux de données, au sein desquels
aucun ET n'a été trouvé inséré dans les génomes viraux. Ce résultat semblait étrange pour deux
raisons. D’une part, Piegu et al. (2014) ont révél¢ la présence d’un ET de classe Il non autonome
(Miniature Inverted Transposable Element ou MITE) dans le génome consensus de 11VV31. Ce
MITE de 1049 pb, appelé 11V31-MITE, est un indice laissant penser que les génomes d’1IV31
pourraient étre capables de porter des ET. D’autre part, I’étude du génome de 1’armadille
vulgaire A. vulgare a mis en évidence la présence de copies d’ET peu divergentes des sequences
consensus de plusieurs familles d’ET identifiées par le programme RepeatMasker (Becking,
Gilbert, et Cordaux 2020). Des données transcriptomiques ainsi qu’un génome assemblé de
cette espéce étant disponibles, des transcrits d’ET ont pu étre identifiés montrant que 5317
copies d’ET sont potentiellement transcrites. Toutes ces données suggeérent qu'au moins
certaines familles d'ET sont capables de transposer actuellement dans le génome d’A. vulgare.
L’absence de transposition d’ET dans les génomes viraux dans ces jeux de données est ainsi
¢tonnante, d’autant que la profondeur de séquengage des génomes d’I1IV31 est>110 000X. Bien
que dans d’autres systémes hote-virus des ET ont été trouves insérés dans les génomes viraux,
dix et cing jeux de données impliquant Cydia pomonella Granulovirus (CpGV) et Agrotis
segetum Nucleopolyhedrovirus (AgseNPV), respectivement, se sont révélés négatifs quant a la
présence d’ET dans les génomes viraux. Ces résultats négatifs posent la question des
mécanismes déterminant I’intégration des ET dans les génomes viraux pendant I’infection. Les
mécanismes d’infection et les interactions moléculaires de ces virus sont globalement mal
connus, ce qui ne permet pas d’avoir une idée précise du mécanisme de transposition des ET
hotes dans les génomes viraux. Néanmoins I’analyse de deux systemes différents impliquant le
méme hote, mais des virus différents, a savoir S. nonagrioides-AcCMNPYV et S. nonagrioides-
16, laisse penser que 1’absence d’intégration d’ET dans les génomes de certains virus
proviendrait de mécanismes impliquant principalement le virus. En effet, des ET de la sésamie
du mais ont été détectés dans les génomes d’AcMNPV, mais pas dans ceux d’I[IV6. On peut
spéculer qu’un mécanisme au cours de la réplication virale chez certains virus (ici chez IIV31,
mais pas chez ACMNPYV), ou dans certaines conditions, entraine une répression des ET (effets
secondaires d’une compaction chromatinienne par exemple), ayant pour conséquence
I’impossibilité d’intégration de ces derniers dans les génomes viraux. Pour finir sur ce point,
les interactions hoéte-virus sont complexes et une meilleure connaissance de ces derniéres

pourrait permettre d’apporter un éclairage nouveau sur ces questions.
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D’autres jeux de données Illumina générés pour d’autres systémes hote-virus impliquant des
mammiferes ont été analysés au cours de cette thése, mais la plupart n’ont pas été mentionnés
ici. Ces jeux de données se sont tous révélés négatifs puisqu’aucun d’ET de I’hdte n’a été
détecté dans les génomes viraux post-infection, bien que les génomes viraux aient été séquencés
a des profondeurs allant de 843 X a 21000 X. L’un de ces jeux de données a été présenté dans
le chapitre 3, correspondant a I’infection de cellules MRC-5 par le cytomégalovirus humain (ou
HCMV). Neuf autres jeux de données ont été analysés, correspondant a cing systemes hote-
virus différents, a savoir homme-BK virus (1 jeu de données), homme-parvovirus B19 (PVB19,
1 jeu de données), chien de prairie (Cynomys ludovicianus)-Monkeypox virus (MPV, 3 jeux de
données), rat de Gambie (Cricetomys gambianus)-MPV (2 jeux de données) et loir (Graphiurus
kelleni)-MPV (2 jeux de données). Bien que ces différents virus soient tous des virus a ADN
double brin, sauf le PVB19 (virus a ADN simple brin), on peut penser une fois encore que
I’inadéquation entre les ET actifs des hétes et le mode de réplication du virus est responsable
de I’absence d’ET intégrés dans les génomes viraux. On peut également noter que les
principaux ET actifs chez les mammiféres sont des rétrotransposons non-LTR appelés LINE
(pour Long interspersed Nuclear Elements, ET autonomes) et SINE (pour Short Interspersed
Nuclear Elements, ET non autonomes). Une hypothese possible serait que ces ET pourraient ne
pas étre les plus prompts a s’intégrer dans des génomes viraux. Cette hypothese s’appuie
simplement sur 1’observation des résultats présentés dans le chapitre 2 dans lequel 37 ET
différents ont été détectés dans des génomes viraux. Sur ces 37 ET, un seul était un SINE et
aucun LINE n’a été détecté. De plus, un seul SINE (HaSE3) a été détecté a ce jour dans des
génomes d’AcMNPV (Gilbert et al. 2014; Loiseau et al. 2020). Néanmoins, un biais possible
pourrait étre simplement que les ET actifs chez les espéces étudiées ne sont pas des

rétrotransposons non-LTR.

Bien qu’évoqué dans la discussion du chapitre 3, il me parait important de revenir sur I’absence
de géne hote intégré dans les génomes viraux d’AcMNPV et des autres baculovirus étudiés
dans le chapitre 2. Il peut paraitre paradoxal de détecter des ET insérés dans les génomes viraux,
mais pas des génes non-ET, alors que les génomes consensus des virus a grands génomes a
ADN double brins sont porteurs de nombreux génes provenant de métazoaires (i.e. Thézé et al.
2015), mais possédent peu d’ET. Ce paradoxe semble trouver sa solution au regard des forces
évolutives impliquées dans les interactions hote-virus. Si les ET s’intégrent dans les génomes
viraux au cours d’une infection, il est peu probable qu’ils conférent un avantage sélectif au

génome porteur. De plus, les génomes viraux étant denses en genes et possédant peu de régions
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non géniques, il apparait improbable qu’un ET puisse se fixer par dérive génétique au sein d’un
génome viral, son intégration risquant fort d’étre délétére. A I’inverse, les génes hotes n’ont a
priori pas de capacite de transposition leur permettant de s'intégrer de fagon autonome dans un
génome viral. En revanche, il est possible d’imaginer que la transposition d’ET puisse capturer
un gene hote en plus de la séquence de ’ET qui aille ensuite s’insérer dans un génome viral.
On peut également penser qu’un géne hote pourrait se retrouver intégré a un génome viral a la
suite d’une réparation d’une cassure double-brin de I’ADN viral par recombinaison, par
exemple. Un gene héte ainsi intégré pourrait potentiellement apporter un avantage sélectif au
génome porteur et se fixer dans la population virale. Un tel scénario expliquerait la différence
d’insertion des geénes hotes et des ET dans les génomes viraux individuels et consensus.
Autrement dit, d'un coté les ET s'intégreraient souvent dans les génomes viraux, mais chaque
nouvelle insertion atteindrait trés rarement une fréquence élevée dans les populations virales et
de l'autre cOté, les genes hotes s'intégreraient trés rarement dans les génomes viraux, mais
atteindraient plus souvent des fréquences élevées dans les populations virales. Dans notre étude
des VS dans les génomes d’une population d’AcMNPYV par I’analyse de longues lectures, nous
avions détecté une insertion de genes mitochondriaux entourée a chaque extrémite de séquences
virales au sein d’une seule lecture. Cette insertion comprenait deux geénes entiers codant pour
des ARN de transfert (ARNt-Thréonine et ARNt-Proline) et deux genes tronqués codant pour
des sous-unités de la NADH déshydrogénase, I’'un en 5” (géne ND6), I’autre en 3 (géne ND4L).
Cette insertion était longue de 440 pb, au sein d’une lecture de 4 647 pb. Entre le géne ND4L
tronqué en 3’ et la séquence virale, une séquence de 130 pb d’origine incertaine était présente
(peut-étre bactérienne, une faible similarité avec des séquences bactériennes connues dans la
base de données ‘NR’ de Genbank a ¢été¢ détectée). De plus, les régions virales en 5’ et 3° de
I’insertion n’étaient pas contigués. La région virale en 5’ de I’insertion correspondait au géne
Ac-odv-ec27, alors que celle en 3’ de I’insertion correspondait au géne Ac-pk-2, ces génes étant
non contigus dans le génome d’AcMNPV. Ces geénes ¢€taient de plus tronqués par I’insertion
dans la lecture. Un tel patron d’insertion nous laisse supposer une recombinaison ayant
rassemblé deux séquences virales avec de ’ADN environnant, en 1’occurrence des genes
mitochondriaux. Bien que cette unique insertion ne constitue pas une évidence forte, elle
soutient une des hypotheses eévoquées permettant 1’intégration d’un geéne hote par
recombinaison. L’étude de Sasani et al. (2018) a également montré que la recombinaison était
un mecanisme important chez les poxvirus (virus a8 ADN double-brin) dans son adaptation a
I’héte. Leur étude met en avant des phénomeénes de recombinaison entrainant des variations du

nombre de copies d’un gene impliqué dans les interactions avec les défenses immunitaires de
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I’héte. Ces variations du nombre de copies géniques sont liées a 1’apparition et I’augmentation
en fréquence d’une mutation ponctuelle bénéfique de ce géne, toujours liées a des événements
de recombinaison. Concernant le paradoxe mentionné plus haut, il est intéressant de noter la
détection d’une insertion a haute fréquence (>26%) d’un ET appartenant a la superfamille
piggybac dans des génomes d’AcMNPYV (chapitre 2). Une telle augmentation en fréquence est
intrigante, car c’est la seule détectée dans les jeux de données analysés et cet exemple semble
aller a I’encontre des hypothéses évoquées dans ce paragraphe. Une possible raison expliquant
cette augmentation de fréquence serait un bénéfice apporté par cette insertion lors de la
réplication virale. Cela semble peu intuitif dans la mesure ou une insertion d’ET dans un
génome viral a une forte probabilité d’étre délétere pour la réplication du virus. Une autre
hypothése serait une distorsion d’encapsidation des génomes viraux portant I’insertion d’ET,

dont le mécanisme resterait a étre étudié.

Le chapitre 3 illustre 1’utilit¢ des longues lectures dans 1’analyse génomique puisqu’un tel
patron d’insertion n’aurait pu étre détecté dans de courtes lectures de 150 pb. En revanche, la
technologie de séquencage utilisée (PacBio) ne nous a pas permis d’avoir une qualité¢ de
séquencage égale a celle des courtes séquences (Illumina), puisqu’environ 13% des nucléotides
séquencés au sein des lectures €taient erronés. Non seulement le taux d’erreur était €leveé, mais
cette technologie génére aussi de courtes insertions et délétions (appelés indels), réduisant la
qualité d’alignement de ces lectures sur des génomes. Cette difficulté a été assez importante
quant a la détection des VS par différents programmes dans les génomes d’AcMNPV, basée a
la fois sur I’analyse des courtes et des longues lectures. Le taux d’erreur et d’indels ne permet
pas un alignement précis des longues lectures sur les génomes, contrairement aux courtes
lectures. 1l a donc fallu étre flexible sur les positions des VS et ne pas considérer les
coordonnées au nucléotide pres. Le probléme était alors de considérer ce qui était un méme VS
détecté par différents programmes, étant donné que les positions de début et fin de ces VS
pouvaient étre différentes entre les programmes. C’est pourquoi une étape de ‘clustering’ était
nécessaire. La complexité des données a traiter nous a obligé a faire plusieurs étapes de
clustering, comme expliqué dans la figure 3.1 du chapitre 3. Cette figure quelque peu complexe
résume les multiples contraintes auxquelles nous devions faire face. Tout d’abord, comme
explique juste avant, I’imprécision des positions des VS nous contraignait a faire un ‘clustering’
de ces positions pour identifier un méme VS détecté par différents programmes et différentes
technologies de séquencage. De plus, pour étre conservatif dans notre approche, nous ne
considérions que les VS détectés par au moins deux programmes et deux technologies de
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séquencage différentes. Enfin, chaque VS détecté par un programme est soutenu par un certain
nombre de lectures. Le nombre de VS détectés par les programmes était si élevé que les
positions de ces VS se chevauchaient et les ‘clusterings’ risquaient d’éliminer un nombre
important de VS. En jouant sur le nombre minimum de lectures soutenant un VS, nous avons
pu récupérer davantage de VS, au prix d’un nombre important de ‘clusterings’ a réaliser. Cela
nous a conduits a réaliser 308 ‘clusterings’ sur les sorties des programmes de détection de VS
des données concernant ACMNPYV. Une telle approche ne nous permettait clairement pas de
pouvoir €tre str de détecter 1’intégralité les VS biologiques, ni d’étre certains d’éliminer tous
les VS artéfactuels. Le temps de calcul nécessaire pour faire tourner le script codant ces
‘clusterings’ est non négligeable puisqu’il fallait environ une heure pour le faire tourner sur un
ordinateur de bureau. Enfin, notre approche de détection des VS uniquement a partir de courtes
lectures chez les populations de HCMV, IIV6 et 1IV31 n’est pas idéale. Au regard des VS
détectés chez AcMNPV, 4,98% de ceux détectés avec les courtes lectures 1’étaient aussi avec
les longues lectures. Cette proportion a donc été utilisée pour déterminer le nombre de VS a
considérer dans ces autres populations virales. Mais ces autres jeux de données ne
correspondaient pas a la méme profondeur de séquencage du génome viral, génome qui n’avait
pas non plus la méme taille ni la méme architecture génétique que le génome d’AcMNPV. On
peut penser que ces parametres influent de facon importante sur la détection des VS par les
programmes, rendant cette proportion de 4,98% assez approximative. De plus, ces 4,98% de
VS ne correspondaient pas aux 4,98% de VS les plus fréquents détectés par les courtes
séquences. A partir de ce constat, comment décider quels VS garder ? Nous avons fait le choix
de garder les 4,98% de VS les plus fréquents, en supposant qu’ils avaient moins de chances
d’étre artéfactuels s’ils étaient soutenus par un nombre important de lectures. De plus, des filtres
ont été utilisés pour minimiser le nombre de VS artéfactuels. Pour améliorer ce type d’analyse,
je pense qu’il est judicieux, comme nous 1’avons fait pour AcCMNPYV, d’utiliser a la fois des
technologies de séquencage basées sur les courtes et les longues lectures, car elles ne souffrent
pas des mémes biais. D’autant plus qu’aujourd’hui la technologie de séquengage Sequel Il de
PacBio promet une qualité des lectures >99% et une longueur accrue de ces derniéres. Il est
possible que ce type de longues lectures associé aux courtes lectures permettent d’étre plus
précis dans les positions des VS détectés. Cela permettrait aussi de réduire le nombre de VS
artéfactuels dans les données et de réduire le nombre de ‘clusterings’ nécessaires pour récupérer

un maximum de VS, réduisant ainsi la complexité du script.
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Enfin, une expérience d’évolution expérimentale était censée étre effectuée au cours de cette
these. Elle avait pour but de démontrer formellement un TH d’ET entre deux especes de
papillons par I’intermédiaire d’un virus (cf figure 0.6). Le virus choisi était ACMNPV et les
deux hotes étaient le sphinx du tabac (Manduca sexta) et la sésamie du mais (Sesamia
nonagrioides), tous les deux sensibles au virus. M. sexta est cependant connue pour étre assez
résistante a I’infection. Un élevage de sésamies du mais était déja présent au laboratoire, et des
infections @ ACMNPV de larves au troisiéme stade larvaire avaient été réalisées dans le cadre
de I’étude présentée dans le chapitre 2. La technique d’infection était elle aussi maitrisée. Le
point inconnu de cette expérience €tait la mise en place d’un élevage de sphinx du tabac. Pour
ce faire, des moyens logistiques étaient déja présents au laboratoire ou ont été acquis pour cet
élevage (étuve avec photopériode et température réglables, boites d’élevage de papillons, plants
de tabac pour la ponte d’ceufs, veilleuse imitant un clair de lune pour faciliter la reproduction).
Malheureusement, les différentes tentatives d’élevage de M. sexta se sont toutes soldées par un
échec, soit parce que presque toutes les larves arrivaient mortes au laboratoire, soit parce que
notre protocole d’élevage n’a pas permis la survie des larves ou des pupes. Ces échecs illustrent
a quel point il n’est pas aisé de mettre rapidement en place un élevage pour les besoins d’une
expérience. L’idée était dans un premier temps d’infecter des larves de sésamie du mais avec
AcMNPV. Apres infection, une partie des particules virales aurait été utilisée pour infecter les
larves de sphinx du tabac, suffisamment résistantes pour survivre a I’infection et atteindre le
stage imago. Des croisements d’adultes infectés auraient été effectués dans les cages a papillons
pour leur reproduction. Les larves issues des accouplements et leurs parents auraient été testés
par PCR puis Vvérifiés par séquencage Sanger pour rechercher la présence d’ET de la sésamie,
préalablement caractérisés (chapitre 2). Ces tests auraient pu étre effectués sur le corps entier
des individus, sur les tissus somatiques et sur les tissus de la lignée germinale, séparément. Les
ET auraient également été recherchés dans la population d’AcMNPV avant infection de M.
sexta. Ces ET ne doivent bien sir pas étre naturellement présents dans le génome du sphinx du
tabac. Certaines étapes techniques auraient nécessite une mise au point, notamment la
détermination de la charge virale maximale non létale pouvant étre utilisée sur les chenilles de
M. sexta, selon le stade larvaire choisi pour I’infection. Il aurait été théoriqguement possible de
détecter la présence d’ET de S. nonagrioides dans tous les tissus testés, chez les individus
infectés comme chez leurs descendants. Etant donné la prévalence des cellules somatiques
comparee aux cellules germinales, la probabilité d’insertion dans des cellules germinales aurait
éte faible, mais non nulle, permettant alors a la descendance des individus de M. sexta infectés
par ACMNPV de porter dans leur génome un ou plusieurs ET de la sésamie du mais. Une étude
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réalisée par Yamao et al. (1999), a démontré la faisabilité de ce genre d’expérience. Les auteurs
ont cloné le géne codant la fibroine du bombyx du mdrier (Bombyx mori) et inséré le géne
codant la protéine fluorescente verte (ou GFP pour Green Fluorescent Protein) dans un des
exons. Ce géne chimérique a ensuite été inséré dans des génomes d’AcMNPV en remplacement
du géne codant la polyhédrine. Ce virus recombinant (qui correspondrait a la population virale
portant des ET de S. nonagrioides dans notre expérience) a été injecté dans des larves femelles
du bombyx du mdrier (cinquiéme stage larvaire) a une dose non létale, des croisements ont été
effectués avec des males non infectés et les descendances (F1 et F2) ont été testées pour
rechercher le gene de la GFP. Les auteurs ont retrouvé le gene chimérique dans le génome des
descendants des deux générations et avancent que cette intégration du virus au génome des
individus infectés s’est réalisée par recombinaison homologue avec le géne de la fibroine
naturellement présent dans le génome du bombyx du mdrier. Il est a noter que toutes les portées
issues des femelles infectées n’étaient pas porteuses du gene de la GFP, seules 3% de ces portées
¢taient positives. Au sein des portées positives, 3% des ceufs testés étaient positifs, soit 0,09%
de I’ensemble des descendants des femelles infectées étaient porteurs du géne de la GFP.
Malgré la faible proportion des descendants positifs, cette expérience est une preuve de principe
que des transferts de génes peuvent se produire entre ACMNPV et ses hétes. Ces résultats nous
encouragent a penser que notre expérience aurait pu aboutir a un résultat positif puisque
I’ensemble des individus (males et femelles) auraient été¢ infectés par ACMNPV et parce que
des transferts d’ADN effectués par transposition pourraient se produire plus freqguemment que
ceux effectués par recombinaison homologue. L’étude présentée dans le chapitre 2 de cette
thése a révélé que plus d’un quart des génomes d’AcMNPV pouvaient porter un ET, ce qui
constitue une portion non négligeable de génomes viraux pouvant potentiellement infecter des

cellules germinales d’un futur hote.

Si I’expérience présentée ici devait étre de nouveau tentée, il serait préférable d’utiliser comme
espece receveuse non pas le sphinx du tabac, mais un autre lépidoptere pouvant étre facilement
élevé au laboratoire, comme le foreur ponctué de graminées (Chilo partellus; milieu nutritif et
conditions d’¢levage similaires a ceux de la sésamie du mais) et qui a déja été étudi¢ (cf.
chapitre 2). Des infections 8 AcMNPV n’ont jamais été effectuées sur ce papillon, mais il est
possible, étant un Iépidoptere, qu’il soit sensible a ce virus. Des tests PCR devraient étre réalisés
sur des individus de C. partellus pour s’assurer que les ET recherchés par la suite ne sont pas
naturellement présents dans le génome de cette espéce. Un tel systéeme (sésamie du mais-
AcCMNPV-Iépidoptere) serait vraiment a considérer, car ce virus est celui pour lequel le plus de
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données sont disponibles concernant les insertions d’ET dans son génome. De plus, la seule
population d’AcMNPV possédant plus de 25% de génomes portant un ET a été obtenue apres
infection de larves de la sésamie du mais. Enfin, d’autres systémes basés sur [IV6 comme
vecteur d’ET méritent d’étre étudiés. Les résultats présentés au chapitre 2 révelent que 11V6
peut infecter différentes espéces de drosophiles (adultes de D. melanogaster et D. hydei), ainsi
que différentes espéces de Iépidopteres (larves de S. nonagrioides et C. partellus) élevées au
laboratoire. La encore, il faudrait déterminer la charge virale maximale non létale a utiliser en
fonction de I’espece infectée et s’assurer que le tropisme cellulaire du virus inclut les gonades
(notamment dans le cas des infections de drosophiles adultes dont les gonades sont déja
différenciées). L’inconvénient d’IIV6 réside dans la faible proportion de génomes viraux
portant un ET (jusqu’a 6,5% aprés infection de D. melanogaster) en comparaison d’AcMNPV.
De maniére générale, il y a a ce jour assez peu de recul sur I’¢tude de ces différents systémes :
est-ce que les individus vont survivre a I’infection ? S’ils survivent, restera-t-il suffisamment
de particules virales pour augmenter la probabilité de transposition virus-hote des ET ? Les
individus survivants a I’infection se reproduiront-ils ? Ces diverses questions restent sans
réponse claire dans le cadre de cette these. Il faudrait également disposer de données plus
fournies concernant les différents systémes hote-virus : peu de réplicas réalisés, compréhension

incomplete des phénomeénes de transposition hote-virus et virus-héte (cf. chapitre 2).

Ainsi, les projets initiés au cours de cette these auront permis de décortiquer différentes étapes
d’un TH d’ET réalisé par I’intermédiaire d’un virus, d’apporter des résultats soutenant le role
des virus comme vecteurs d’ET entre insectes et de soulever peut-étre plus de questions encore,

restant pour I’instant sans réponses précises et quantifiables.
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Résumé : Les transferts horizontaux (TH) d’ADN sont de
plus en plus reconnus comme un phénoméne important
dans I’évolution des métazoaires. La grande majorité des
TH entre animaux implique des éléments transposables
(ET), séquences génomiques égoistes capables de se
déplacer par transposition dans le génome et générer ainsi
de multiples copies. Si ces TH d’ET semblent avoir un réle
prépondérant dans I’évolution des métazoaires, les
mécanismes sous-tendant ces TH restent mal connus. Un
des mécanismes possibles implique les virus qui pourraient
étre des vecteurs d’ADN entre les hotes qu’ils infectent.
Cette thése contribue a évaluer cette hypothése.

Dans le premier Chapitre, nous avons étudié I’impact du
stress provoqué par une infection virale sur I’activité des
ET. Certains ET sont surexprimés au cours de I’infection,
et certains sont aussi exprimés apreés leur insertion dans des
génomes viraux.

Dans le deuxieme Chapitre, nous avons élargi le spectre des
systemes hdte-virus connus a ce jour dont les ET de I’hote
transposent dans les génomes viraux. L’analyse de 11 de

ces systémes a permis de découvrir neuf nouveaux systemes
dont des ET hotes sont retrouvés dans les génomes du virus.
Cette étude nous a permis d'inférer la capacité des ET portés
par les génomes viraux a transposer vers d'autres génomes
viraux, ce qui constitue un des résultats majeurs de cette
thése.

Dans le troisieme Chapitre, la construction d'un pipeline
bioinformatique a permis de caractériser de nombreuses
insertions complétes d’ET dans les génomes viraux, ainsi
que la diversité des variants structuraux génomiques
présents dans quatre populations de grands virus a ADN
double-brin.

Dans le dernier Chapitre, ’intégration d’un génome
complet de rétrovirus murin dans le génome d’une lignée
cellulaire humaine a été caractérisée, fournissant des
résultats supplémentaires sur les TH de virus dans 1’hote.
Dans I’ensemble ces travaux apportent un éclairage
nouveau sur le réle des virus dans les TH d’ADN chez les
métazoaires.
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Abstract : Horizontal transfers (HTs) of DNA are
increasingly recognized as an important phenomenon in the
evolution of metazoans. The vast majority of HTs between
animals involves transposable elements (TEs), selfish
genomic sequences capable of moving by transposition in
the genome and thus generating multiple copies. While
these HTs of TEs seem to have a major role in the evolution
of metazoans, the mechanisms underlying these HTs
remain poorly understood. One possible mechanism
involves viruses which could be vectors of DNA between
the hosts they infect. This thesis helps to evaluate this
hypothesis.

In the first chapter, we studied the impact of stress caused
by a viral infection on the activity of TEs. Some TEs are
overexpressed during infection, and some are also
expressed after their insertion into viral genomes.

In the second chapter, we have broadened the spectrum of
host-virus systems known to date, in which host TEs

transpose into viral genomes. Analysis of 11 of these
systems revealed nine new systems in which host TEs were
found in the genomes of the virus. This study allowed us to
infer the capacity of TEs carried by viral genomes to
transpose to other viral genomes, which constitutes one of
the major results of this thesis.

In the third chapter, the construction of a bioinformatics
pipeline has made it possible to characterize many complete
TE insertions in viral genomes, as well as the diversity of
structural genomic variants present in four populations of
large double-stranded DNA viruses.

In the final chapter, the integration of a complete murine
retrovirus genome into the genome of a human cell line was
characterized, providing additional results on the virus HTs
in the host.

Overall, this work sheds new light on the role of viruses in
DNA HTs in metazoans.
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