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Approche phylogénomique de la dynamique spatiale et temporelle de

diversification chez les Lépidopteres Saturniidae

La compréhension des mécanismes évolutifs et écologiques a 1’origine des patrons globaux de
Biodiversité est une question centrale dans les domaines de I’Ecologie et de I’Evolution. Les
phylogénies, représentations des liens évolutifs entre les lignées du monde vivant, constituent le socle
incontournable permettant d’identifier les processus a I’origine de ces patrons. Cette thése présente les
travaux de recherche que j’ai entrepris sur 1’évolution de la diversité de papillons de la famille des
Saturniidae Boisduval 1837 (Lepidoptera : Bombycoidea). Cette famille, particulierement diversifiée
biologiquement et morphologiquement, comprend prés de 3500 espéces distribuées sur I’ensemble des
continents. A 1’aide d’approches phylogénomiques, j’ai inféré les relations phylogénétiques entre tous
les genres décrits — a partir desquelles j’introduis une nouvelle classification des Saturniidae - et j’ai
proposé une phylogénie incluant toutes les espéces du genre Néotropical Copaxa. J’ai également congu
un pipeline phylogénomique permettant la génération de mégaphylogénies — phylogénies datées de plus
de mille feuilles dont la complétion est >50% des especes — que j’ai appliqué sur un jeu de données
combinant des éléments ultra-conservés du génome et des codes-barres ADN pour générer une
phylogénie représentant entre 88 et 100% des espéces connues des Saturniidae. Les phylogénies ainsi
inférées ont ensuite été utiliser afin d’examiner les dynamiques spatio-temporelles de la diversification
des Saturniidae. Dans leur ensemble, les résultats obtenus au cours de ma thése démontrent I’importance
des facteurs biotiques dans la diversification spatiale et temporelle de la famille. J’ai notamment identifié
que la capacité de tisser des cocons pleins et denses ainsi qu’un fort degré de polyphagie ont été les clés
du succes biogéographique des Saturniidae et que I’hétérogénéité des taux de diversification au sein de
la famille s’explique par I’évolution de traits en lien avec la stratégie dite de « capital breeding » de ces
papillons : augmentation de la taille et de la polyphagie. J’ai également inféré que la niche climatique
des Copaxa, héritée d’un ancétre distribué dans la région Holarctique, avait fagonné leur patron de
diversification au sein de la région Néotropicale : la majorité des especes volent dans les zones
montagneuses, aux climats proches de ceux des zones tempérées, et les deux colonisations
indépendantes de la chaine andine ont impliqué des shifts positifs des taux de diversification
(événements de dispersification). Dans leur ensemble, ces résultats représentent une avancée majeure
dans la compréhension de la phylogénie et de 1’évolution des Saturniidae, des Lépidoptéres et plus
généralement constituent un ensemble de supports permettant de mieux comprendre les processus

évolutifs qui ont généré 1’incroyable diversité des insectes.







Phylogenomic approach of spatial and temporal dynamic of diversification

in Saturniidae moths (Lepidoptera)

Understanding the evolutionary and ecological mechanisms governing the global patterns of
Biodiversity is a central question in the fields of Ecology and Evolution. Phylogenies, as representations
of the evolutionary relationships between lineages of the living world, are a fundamental support to
identify the processes at the origin of these patterns. This thesis presents my work on the diversity and
evolution of moths in family Saturniidae Boisduval 1837 (Lepidoptera: Bombycoidea). This
biologically and morphologically diverse family includes nearly 3,500 species distributed on all
continents. Using phylogenomic approaches, | inferred the phylogenetic relationships between all
knwown genera — from which | introduce a new classification — and | proposed a phylogeny for all
species in the Neotropical genus Copaxa. | also designed a phylogenomic pipeline allowing the
generation of megaphylogenies — i.e. dated phylogenies with more than a thousand tips and whose
completion is >50% of all species — which I applied on a data set combining ultraconserved elements
and DNA barcodes to generate a phylogeny including between 88 and 100% of all described saturniid
species. The phylogenies thus inferred were used in order to characterize spatial and temporal
diversification of Saturniidae. Altogether, my results demonstrate the importance of biotic factors in the
spatial and temporal diversification of the family. In particular, | identified that the ability to spin plain
and dense cocoons as well as high degrees of polyphagy have been the keys to the biogeographical
success of Saturniidae, and that the heterogeneity of the diversification rates within the family was
explained by the evolution of traits linked to the capital breeding strategy of these moths: increases in
body size and in polyphagy level. I also inferred that the climatic niche of Copaxa moths, inherited from
an ancestor distributed in the Holarctic region, shaped their diversification within the Neotropical region:
the majority of species fly in mountainous areas, the climate of which is similar to those found in
temperate areas, and the two independent colonizations of the Andean chain implied positive shifts in
diversification rates (dispersification events). Taken together, these results represent a major advance in
understanding the evolution of Saturniidae, Lepidoptera and more generally constitute a set of materials
allowing a better understanding of the evolutionary processes which have generated the incredible

diversity of insects.
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Introduction générale

I] Diversité du monde vivant, émergence des méthodes de classification

et avénement de la notion d’évolution

L’étude du monde animal

1552 319. C’est le nombre d’especes que Zhang (2011) a comptabilisé dans son référencement de la
diversité spécifique du monde animal. L’immensité de ce chiffre, obtenu au terme d’un exercice
fastidieux, est particuliérement difficile a appréhender. Pourtant, il est trés loin de rendre compte de
I’ensemble de la diversité du régne animal. De nos jours, pres de 20 000 especes sont décrites chaque
année (IISE 2011) par pres de 40 000 taxonomistes (Costello et al. 2013) et le nombre d’espéces
d’animaux sur Terre a été estimé a pres de 7,77 millions (8,7 +/- 1,3 millions d’espéces d’eucaryotes ;
Mora et al. 2011). Les générations successives de naturalistes n’auraient donc décrit que pres de 18%
de la biodiversité animale. Au rythme actuel des descriptions, plus de 300 années de travail seraient
nécessaires pour documenter le monde animal qui nous entoure (combien en restera-t-il alors ?). Et
encore, ces estimations ne concernent que les espéces vivantes. Selon Newman (1997), les espéeces qui
vivent aujourd’hui sur Terre ne représenteraient que 1/1000° des especes ayant vécu (voir aussi Raup
1986), élevant le nombre d’espéces d’animaux existants ou éteints a prés de 9 milliards. Ces estimations,
qui certes utilisent une notion d’espéce cloisonnée (cela fait-il sens de catégoriser des individus d’une
méme lignée mais séparés par plusieurs centaines de générations dans des especes distinctes ?), ont le
mérite de rendre compte du fait que la diversité actuelle est le résultat de centaines de millions d’années

d’évolution ; la encore, un chiffre impossible a concevoir pour notre esprit.

Sans se rendre compte de cette immensité, I’Homme s’est néanmoins largement intéressé a lever le voile
sur les mystéres du monde vivant. Mais alors, pourquoi étudier le vivant ? Par besoin de comprendre
nos origines, notre physiologie, notre fonctionnement social ? Pour s’en servir de modele ? Pour
s’alimenter, survivre ? Voire, pour s’en protéger ? Certainement pour toutes ces raisons ; mais la réponse
que je privilégie est peut-étre celle de Jules Renard, écrivain du XI1Xe siecle, qui disait « La vie, je la
comprends de moins en moins, et je I'aime de plus en plus » ; et si nous étudions le monde vivant car il
constitue une source d’émerveillement sans fin ? Cette question, vaste et complexe s’il en est, ne sera
pas discutée dans cette thése bien que I’ensemble de mes travaux s’inscrivent dans une tradition

naturaliste et scientifique qui fait aujourd’hui 1’unanimité et apparait de plus en plus indispensable dans



nos sociétés, profondément enclines a 1’accélération et a la détérioration des mondes qui les entourent.
Rappelons-nous que 1’étude du vivant peut également constituer une source d’humilité : le plus beau
fruit des travaux effectués par les générations successives de naturalistes est certainement que notre

espece n’est qu'une simple lignée évolutive, comme il en existe des centaines de milliers.

Classifier le monde vivant

Dés I’antiquité, la diversité des formes biologiques a fasciné et fait 1’objet de descriptions et d’analyses
qui ont abouti & des regroupements — ou classifications — d’entités biologiques sur la base de caracteres
communs (par ex. présence d’un squelette osseux interne pour les Vertébrés). Il est probable que les
premiéres classifications soient apparues avec 1’émergence méme du langage, afin de faire référence a
des organismes qui partagent un ou des critére(s) simple(s) (apparence, got, etc...), et utilisaient un
principe naif d’assimilation (par ex. groupant les oiseaux et chauve-souris ; les cétacés avec les
poissons). Les premiers écrits connus proposant une classification du vivant ne remontent cependant
qu’a Aristote (385-322 av. J.-C.) qui écrivit une série de neuf livres regroupés dans I’ouvrage zoologique
Histoire des animaux. Ces textes antiques, décousus et largement superficiels, s’apparentent a une liste
d’observations naturalistes (par ex. « La femelle éléphant devient sexuellement réceptive a 1’age de 10
ans pour les plus jeunes, a 15 ans pour les plus vieilles alors que les males sont réceptifs sexuellement a
partir de 5 ou 6 ans ») qui sont, pour beaucoup, dépassées aujourd’hui. Cette série de livres n’en est pas
moins remarquable et mentionne un nombre important de formes d’oiseaux, de mammiferes, de poissons
et méme d’insectes. De fagon remarquable, Aristote y définit certains concepts comme celui des
vertébrés ou la distinction entre viviparité et I’oviparité qui se révelent étre encore utilisés. Cependant,

aucune classification formelle du vivant ne figure dans ses écrits.

Les ébauches de classification du monde vivant furent ensuite nombreuses (e.g. celles de Théophraste
(371-288 av. J.C.) en botanique et de Barthélémy 1’ Anglais avec I’ouvrage Livre des propriétés des
choses publié en 1247) mais c’est le systéme de nomenclature proposé par Carl von Linné dans son livre
Systema Natura qui révolutionna la maniére de classer les entités du monde vivant. Linné proposa de
désigner les espéces vivantes a 1’aide d’un nom binominal latinisé et de les hiérarchiser au sein de genres,
familles, ordres, classes, embranchements et regnes. La force de cette classification réside dans sa
simplicité, sa praticité — puisqu’elle peut s’appliquer, sans distinction, a I’ensemble des organismes
vivants — et permit aux naturalistes des différents pays de communiquer plus aisément. Homme de son
temps, la démarche de Linné avait pour objectif d’identifier et de classifier I’ensemble de 1’ceuvre de
divine. Sa conception des especes est dite « fixiste » : « Nous comptons autant d'espéces qu'il y a eu au

commencement de formes diverses créées ».



Emergence et avénement du concept d’évolution

La description du monde vivant ne consiste cependant pas seulement a compter les espéeces. Cela passe
aussi par I’identification des différences et des ressemblances entre les entités qui le composent (Figure
1). C’est cette analyse des caractéres communs entre les taxons qui permit aux naturalistes de poser les
premiéres pierres de la théorie moderne de 1’évolution. Georges-Louis Leclerc de Buffon, dans
1I’ouvrage Histoire naturelle, générale et particuliere, avec la description du Cabinet du Roy, publié au
XVllle siecle, suggérait ainsi que chaque individu était issu d’un modéle originel (divin) propre a son
espece et que les variations que chacun pouvait constater étaient le résultat « d’améliorations ou de
perfections » accumulées au fil des générations. Un des exemples qu’il choisit est celui de 1’ane, dont
Buffon estima qu’il était probablement un cheval « dégénéré », résultat de changements accumulés au
cours des générations. Buffon ira d’ailleurs plus loin dans ses observations en soulignant les
ressemblances existantes entre I’Homme et les animaux. Il compara par exemple I’Homme au cheval
(encore une fois) : « Prenez le squelette de I’Homme, inclinez les os du bassin, accourcissez les os des
cuisses, des jambes et des bras, allongez ceux des pieds et des mains, soudez ensemble les phalanges,
allongez les machoires et raccourcissant 1’os frontal, et enfin allongez aussi 1’épine du dos, ce squelette
cessera de représenter la dépouille d’'un Homme, et sera le squelette d’un cheval ». Plus tard, au début
du XIXe siecle, Jean-Baptiste de Lamarck, le premier scientifique a considérer la biologie comme
science a part entiere, conceptualisa plus formellement ces observations et théorisa que 1’évolution des
organismes allait de pair avec leur complexification. Allant a ’encontre du dogme ecclésiastique,
Lamarck alla jusqu’a affirmer que des formes de vie primaires apparaissaient continuellement, que la
vie n’était pas une ceuvre divine mais le résultat de milliers de génération de complexification. Cette
complexification, selon Lamarck, permettrait aux lignées de s’adapter a leur environnement, les
générations successives transmettant les adaptations qu’elles ont pu accumuler a leur descendance (un

processus nommé plus tard ‘hérédité des caractéres acquis’, par August Weismann).

La théorie de Lamarck ne permet cependant pas d’expliquer I’existence de certaines formes
rudimentaires de vie dont le fort apparentement avec d’autres entités biologiques plus complexes ne fait
pas de doute. Prenons ’exemple des poux (Insecta : Phthiraptera). Ces derniers sont aptéres (absence
d’ailes), un caractére généralement attribué a des lignées peu complexes d’insectes, pourtant ils
partagent la méme articulation mandibulaire dicondylienne que les Hyménoptéres ou les Coléopteres.
Selon Lamarck, les formes de vie les plus simples seraient issues de générations spontanées (cette
perception est comparable a la théorie de la « soupe primitive » introduite au XXe siécle) qui ont
accumulé encore peu de complexité. Dans notre cas, cela impliquerait que les poux aient
remarquablement converge, a partir d’une génération spontanée, vers un plan d’organisation similaire
aux Dicondylia sans pour autant avoir acquis la capacité de voler. Ce genre d’exemples met a mal la

théorie lamarckienne ; en réalité, la notion de complexification qu’il introduisit ne repose que sur une



vision subjective des caractéres qui place ’Homme au sommet absolu de la pyramide de 1’évolution et

de la complexité.
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Figure 1 — Planche d’anatomie comparée issue de 1’ouvrage Philosophie anatomique des organes respiratoires sous
rapport de la détermination et de I'identité de leur piéces osseuses — Planche 10. Du haut vers le bas, un singe atele, un
brochet, un pingouin et un échidné. Etienne Geoffroy Saint-Hilaire, 1818.

Ce n’est que pres de 50 ans apres le livre Philosophie zoologique de Lamarck qu’une autre conception
de I’évolution fut introduite par Charles Darwin et Alfred Wallace (1858), puis largement détaillé dans
I’ouvrage de Darwin On the Origin of Species, en 1859. Selon Darwin, le moteur de 1’évolution (ou
plutdt de la « descendance avec modification », terme qu’il remplaga plus tard par « évolution ») est la
sélection naturelle. La théorie de Darwin repose sur le fait que tous les individus d'une méme espéce
different Iégérement entre eux (la variation phénotypique) et que seule une partie de ces individus, ceux
qui sont les mieux adaptés a leur environnement, réussissent a survivre et se reproduire (ils ont une
meilleure valeur sélective), transmettant a leur descendance les caractéres responsables de leur succés
(héritabilité des traits). Selon Darwin, les individus d’une méme espéce sont en compétition pour les
ressources et pour se reproduire dans un environnement dont les ressources sont limitées (autre condition
sine qua non pour que les lignées évoluent). Sa théorie permet, contrairement aux idées de Lamarck, de
comprendre I’évolution vers des formes de vie plus simple ainsi que I’apparition de traits extravagant :
bien que ceux-ci n’apportent pas une meilleure probabilité de survie aux individus qui 1’arborent (par
ex. les queues du paon), ces traits peuvent conférer un avantage dans la recherche de partenaire et donc
induire un meilleur succes reproducteur (ce que Darwin appela la sélection sexuelle). La théorie de « la

descendance avec modification » eut un impact considérable dans les domaines de la paléontologie (par



ex. travaux de Charles Lyell), de I’agronomie, de 1’écologie, de la sociologie et dans la société dans son

ensemble.

I1] Les phylogénies, supports incontournables de 1’étude du vivant.

Premieres phylogénies et données morphologiques

Dés I’émergence des notions d’évolution, les scientifiques utilisérent la forme d’un arbre pour
représenter les liens de parenté entre les entités du vivant. Les premiers arbres étaient hiérarchiques et
sous-tendaient que les formes de vie les plus complexes étaient issues d’étre primitifs. C’est par exemple
le cas de la représentation en « arbre-tableau » de Lamarck (dans 1’ouvrage Philosophie Zoologique,
1809). Darwin y préféra une représentation d’arbre dans lequel les lignées existantes sont au méme
niveau (Figure 2), récusant toute hiérarchie entre les espéces, alors que les lignées éteintes sont a des
niveaux inférieurs : « Les rameaux verts et bourgeonnants peuvent représenter les espéces existantes
[...]. (Ces) nombreuses branches [...] tombées, de taille variable, peuvent représenter ces ordres, ces

familles et ces genres tout entiers, qui n'ont plus de représentants vivants ».

Figure 2 — Arbre phylogénétique illustré dans On the Origin of Species, Darwin (1859). Darwin illustre ici les histoires
évolutives de 11 lignées évolutives qui ont eu différents succes évolutifs. Il est remarquable que, déja dans cette
illustration, la majorité des lignées soient représentées comme disparues (lignées B, C, D par exemple, mais aussi d, s,
i) ; les seules lignées existantes sont celles dont les adaptations ont permis la survie. Darwin pose ici les bases de la
classification moderne «Hence the six new species descended from (I), and the eight descended from (A), will have to
be ranked as very distinct genera, or even as distinct sub-families ».

La théorie de Darwin et la représentation des apparentements entre les entités du vivant qu’il introduisit
entrainérent un changement fondamental, mais tardif, dans les méthodes de classification des espéces.

Ce n’est effectivement qu’en 1950 que furent établies les bases de la systématique moderne, la

1 Si Willi Hennig définit les concepts de la cladistique dés 1950 dans I’ouvrage Grundziige einer Theorie der
phylogenetischen Systematik, celui-ci ne fut traduit qu’en 1966. A sa publication, il devint I’ouvrage de référence
des systématiciens.



cladistique, par Willi Hennig dans son ouvrage Grundzige einer Theorie der phylogenetischen
Systematik (« Fondements d'une théorie de la systématique phylogénétique »). Cette méthode de
classification ne considere que les clades constitués d’un ancétre et de I’ensemble de ses descendants —
i.e. les groupes monophylétiques — invalidant de fait des classes historiques telles que celle des poissons
ou des reptiles. Les classifications cladistiques considérent donc que les entités biologiques sont des
éléments interconnectés et indissociables et sont le reflet des millions d’années d’évolution qui
faconnérent les organismes ; leur établissement repose dorénavant sur 1’identification de caractéristiques
homologues (i.e. issue d’un méme ancétre, en opposition a la convergence) : les synapomorphies. Les
principes cladistiques firent I’'unanimité au cours du XXe et ancrérent l’utilisation des arbres
phylogénétiques pour représenter le concept central de I’évolution, la «descendance avec

modifications ».

Pendant la majorité des XIXe et XXe siécles 1’établissement de phylogénies reposaient sur des critéres
morphologiques, comportementaux et géographiques. Bien que [’identification de caractéres
morphologiques indépendants soit particulierement complexe, les arbres phylogénétiques s’étofferent
et se précisérent grace aux travaux des systématiciens qui, au fil des années, développerent des
techniques de mesures (par ex. morphométrie géométrique ; Adams et al. 2004) et de reconstruction
phylogénétique de plus en plus élaborées (e.g. phénogrammes, méthodes d’agrégation). De nos jours, si
les données morphologiques sont encore utilisées afin de construire des arbres phylogénétiques,
notamment dans 1’inférence de chronogrammes afin d’inclure des représentants fossiles (i.e. total
evidence dating; voir par exemple Ronquist et al. 2012), ’avénement et le développement rapide des
techniques moléculaires et des méthodes analytiques associées ont révolutionné notre fagon d’inférer

des phylogénies.
Utilisation des données moléculaires dans I’inférence des phylogénies

L’utilisation de données moléculaires dans 1’inférence de relations phylogénétiques (par ex. Sibley &
Ahlquist 1984, 1990) constitue un point de bascule majeur dans le domaine de 1’Ecologie et de
’Evolution. Similairement aux approches utilisant des données morphologiques, il est effectivement
possible d’estimer les relations entre les entités du vivant en fonction de leur similarité moléculaire.
Dans ce cas, une séquence ADN est assimilée & une matrice morphologique : chaque paire de base
constituent un caractére indépendant et les 4 bases nucléotidiques (adénosine (A), thymine (T), guanine
(G) et cytosine (C)) sont les 4 états de caracteres possibles. La force principale de cette approche est
I’universalité des macromolécules biologiques que sont I'ADN, I'ARN ou les protéines. L’utilisation de
ces séquences a permis une multiplication du nombre de caracteres étudiés en phylogénie (d’une
centaine a plus d’un millier ; Delsuc et al. 2005) dont I’hétérogénéité des taux d’évolution permet
I’inférence de relations phylogénétiques entre des taxons particulierement divers, éloignés comme tres

apparentés (par exemple appartenant & une méme espece).



Depuis I’utilisation de ces séquences moléculaires, les scientifiques n’ont cessé de progresser dans la
compréhension de I’arbre du vivant. Les phylogénies inférées a partir de telles données ont par exemple
permis de redéfinir la position des Gnétophytes (Chaw et al. 2000) au sein des Gymnospermes, pourtant
longtemps considérées comme groupe frére des Angiospermes sur la base de caractéres communs
comme la double fécondation (Friedman et al. 1996). Apres examen, il s’est avéré ensuite que la double
fécondation présente au sein des Gnétophytes était sensiblement différente de celle des Angiospermes :
chez ces derniers, un gamete engendre le zygote avec I'oospheére tandis qu’un autre gaméte se développe,
avec les noyaux polaires, en albumen (tissu de réserve) ; chez les Gnétales, le zygote surnuméraire
avorte. L’étude des données moléculaires permit également de mesurer le tres fort apparentement de
I’espéce humaine avec les grands singes (<2% ; Chen & Li 2001 de divergence moléculaire dans les
marqueurs considérés entre Pan et Homo), autrefois classés au sein de la famille des Pongidae.
Aujourd’hui, I’orang-outan, le gorille, le chimpanzé et le genre Homo appartiennent a la méme famille

des Hominidae

L’utilisation de marqueurs moléculaires pour construire des matrices de caracteres a été, dans un premier
temps, largement généralisée grace au développement des techniques de séquencage Sanger (notamment
I’introduction de traceurs fluorescents en lieu et place de marqueurs radioactifs) et a 1’adaptation des
techniques de Réaction en Chaine par Polymérase (PCR en anglais) pour le séquencage. Cependant,
cette technique nécessite des temps de manipulation importants et a un coQt élevé, ce qui explique le
nombre limité d’échantillons étudiés au début des années 2000 ainsi que la faible quantité et variété des
marqueurs utilisés. Malgré les nombreux succes qu’a eu I’utilisation de ce type de données, ces derniéres
ne sont pas exemptes de biais et le signal phylogénétique qu’elles contiennent s’est parfois avéré &tre
insuffisant (puisqu’il n’y a que 4 états de caractére, la probabilité de retrouver des états de caractéres
homoplasiques? est élevée) pour résoudre certains nceuds. C’est le cas de la monophylie des rongeurs,
qui fut établie avec de forts supports par Murphy et al. (2001) a partir d’une matrice de prés de 10 000
paires de bases pour 64 especes alors qu’elle avait été rejetée 5 années auparavant par D’Erchia et al.
(1996) avec une matrice mitochondriale comprenant 16 espéces de mammiféres. Un tel exemple
démontre I’importance de la taille et de la complétion du jeu de données dans les inférences

phylogénétiques.

2 L'homoplasie est la similitude d'un état de caractére (nucléotide en biologie moléculaire) chez différents taxons
qui, contrairement a I'nomologie, ne provient pas d'un ancétre commun. Un fort taux d’homoplasie altére le signal
phylogénétique et peut impliquer I’inférence de nceuds incorrects.



Techniques de séquencage de nouvelle géneration et leur application en
phylogénomique

La généralisation de la technique de séquencage congue par Sanger (1977) et le développement de
protocoles optimisés ont permis une réduction considérable des colts de séquencage dans les années
2000 (Church 2006) et la constitution de larges jeux de données génétiques (par ex. Bininda-Emonds et
al. 2007). Mais c’est I’émergence des nouvelles techniques de séquencages, dites « haut-débit », qui
marqua le basculement dans « 1’ére phylogénomique » (Delsuc et al. 2005 ; Von Bubnoff 2008). Ces
techniques, commercialisées a partir de 2005, reposent toutes sur une succession de cycles de lavage et
d’identification des bases nucléotidiques a 1’aide de signaux lumineux (voir Metzker 2010 pour plus de
détails), contrastant avec la méthode Sanger qui s’appuie sur une électrophorése. Ces avancées
technologiques eurent un écho considérable au sein de la communauté des chercheurs en Ecologie et
Evolution qui se les appropriérent et développérent une multitude de méthodes pour isoler et amplifier

des fragments génomiques informatifs dans I’inférence de phylogénies.

Le choix des fragments génomiques dépend alors de la question (par ex. pour étudier les informations
phylogénétiques discordances des différents loci), du cadre taxonomique (par ex. intraspécifique) et de
la faisabilité. Par exemple, le séquencage de I’ADN associé aux sites de restrictions (RADseq) permet
la génération de milliers de loci indépendants recouvrant ’enti¢reté du génome (Lewis et al. 2007 ;
Miller et al. 2007) ; une technique le plus souvent utilisée pour inférer des relations intra-spécifiques ou
entre espéces proches (Emerson et al. 2010 ; Dupuis et al. 2018) car le nombre de loci partagés décroit
avec la distance entre les taxons (McCormack, et al. 2012). Le séquencage de RAD est particuliérement
intéressant car il ne nécessite pas de disposer de génomes de références de taxons apparentés grace a
I’universalité des sites de restriction, ce qui contraste avec les approches utilisant les techniques
d’hybridation ciblée (« Hybridization-Based Target Enrichment »; Figure 3). Celles-ci reposent
effectivement sur I’alignement de plusieurs génomes de référence dans 1’identification de séquences
adaptées au cadre taxonomique d’intérét. Malgré ce prérequis, leur succés grandissant s’explique par
I’augmentation du nombre de génomes publiés et, surtout, par la possibilité de générer des marqueurs
tres divers : genes, loci trés conservés du génome (Ultra Conserved Elements - UCES), séquences riches
en SNPs, etc... Contrairement aux approches dites de « shotgun », elles permettent de concentrer
I’effort de séquencage sur les régions génomiques d’intérét et ainsi d’augmenter le nombre
d’échantillons traités simultanément (voir par ex. Cruaud et al. 2019) tout en allégeant le traitement
bioinformatique grace a I’identification simple des régions orthologues par comparaison aux séquences
de référence. Par ailleurs, il a été montré que ces techniques sont trés efficaces dans le traitement
d’échantillons anciens (par ex. Briggs et al. 2009), conservés depuis plusieurs décennies (Yeates et al.
2016) et nécessitent une trés faible quantité initiale d’ADN (Cruaud et al. 2019). Leur utilisation, qui

croit d’années en années, permit par exemple d’inférence des relations phylogénétiques profondes au



sein des papillons (Papilionoidea ; Espeland et al. 2018) ou entre les grands clades d’Oiseaux (Gilbert
et al. 2018).
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Figure 3 — Schéma présentant les étapes des méthodes « Hybridization-Based Target Enrichment ». (A) ADN double brin
préparé a partir d’ADN génomique. (B) Introduction et hybridation des probes ARN aux séquences d’intérét. (C) Introduction
de billes magnétiques de streptavidine. (D) Isolement des séquences d’intérét a I’aide d’'un aimant et de lavages successifs. (E)
Désolidarisation des billes de streptavidine et amplificatin des séquences d’intérét par PCR.

La génération de jeux de données comprenant plusieurs centaines de marqueurs permet aussi I’étude des
incompatibilités entre les topologies inférées a partir des différents loci, déja identifiées avant 1’ére
phylogénomique (Delsuc et al. 2005). L’analyse de ces incompatibilités, 1’identification des processus
qui les générent et de leur impact sur 1’inférence des phylogénies constituent aujourd’hui un champ de
recherche particulierement riche qui permet de redéfinir les processus de spéciation non pas comme un

événement soudain, binaire, mais comme un processus long, impliquant une multitude de flux géniques.

L’étude de I’évolution du vivant a partir des phylogénies

En plus de leur apport a la systématique, les phylogénies constituent un support matériel fondamental
dans la compréhension de 1’évolution et de la distribution des entités du vivant. Lorsqu’elles sont datées
(chronogrammes), les branches des phylogénies ne sont alors plus proportionnelles aux taux d’évolution
des séquences étudiées mais représentent les temps de divergence entre les entités considérées. Les
questions pouvant étre étudiées a partir de tels supports sont alors extrémement variées, couvrant a la
fois I’échelle intra-spécifique — on parle alors de microévolution — et inter-spécifique — on utilise alors

le terme de macroévolution. De fagon similaire a ce qu’il s’est passé pour les méthodes de reconstruction



phylogénétiques, I’augmentation du nombre de phylogénies s’accompagna du développement d’outils
d’analyses macroévolutifs permettant de mesurer les taux de spéciation et d’extinction des lignées a
partir de chronogrammes (Nee et al. 1994 ; Alfaro et al. 2009 ; Morlon et al. 2011 ; Stadler 2011 ;
Rabosky et al. 2013 ; Hohna et al. 2019 ; Maliet et al. 2019). Avec ces méthodes, la communauté
scientifique dispose ainsi d’outils puissants pour tester des hypothéses historiquement considérées dans
la littérature (par ex. Valentine 1968) et pour lier les patrons de diversité existants a des processus
évolutifs. Considérons par exemple le gradient latitudinal de la biodiversité (Willig et al. 2003 ;
Hillebrand 2004 ; Barthlott et al. 2007 ; Mannion et al. 2014), i.e. I’augmentation du nombre d’espéeces
des poles vers I’équateur (Latitudinal Diversity Gradient, LDG, en anglais). L’utilisation des méthodes
macroévolutives permit de comprendre que les lignées tropicales de plusieurs groupes taxonomiques se
sont diversifiées plus rapidement que les lignées tempérées apparentées (par ex. Cardillo et al. 2005 ;
Jetz et al. 2012), expliquant, au moins en partie, le LDG (voir cependant Rabosky et al. (2018) qui
inférérent un patron inverse chez les Actinoptérygiens). En revanche, de tels modeles se limitent a la
mesure des taux de spéciation et d’extinction des lignées du vivant, sans chercher a formellement tester
I’effet de facteurs biotiques ou abiotiques sur leur diversification ; la diversification et les traits
distinctifs des organismes ne peuvent ainsi qu’étre corrélés a postériori en utilisant de telles méthodes.
De fait, une étape importante dans le développement de ces méthodes macroévolutives fut I’intégration
de I’effet de facteurs biotiques (Maddison et al. 2007 ; Fitzjohn et al. 2009 ; Fitzjohn 2010 ; Etienne &
Rosindell 2012) et abiotiques (Condamine et al. 2013) dans les calculs des taux de diversification. Ainsi,
les processus évolutifs pouvaient étre testés de fagon formelle et non plus sur la base de corrélations a
posteriori. Par exemple, a partir de tels modéles, Lagomarsino et al. (2016) ont pu montrer que le grand
succes évolutif des campanules dans les Andes s’expliquait a la fois par des facteurs biotiques — i.e.
1I’évolution vers des fruits de type baies et vers une association avec les oiseaux et les chauves-souris

pour la pollinisation — et abiotiques — i.e. le refroidissement global au cours du Cénozoique.

A partir des données de distribution, des liens phylogénétiques et des temps de divergence, il est
également possible d’inférer 1’histoire biogéographique des lignées du vivant (Ree 2005 ; Ree & Smith
2008 ; Matzke 2013 ; Beeravolu & Condamine 2016). Les méthodes d’inférence de biogéographie
historique permettent de comprendre 1’origine des especes ou de clades ainsi que de mieux identifier
quels sont les facteurs ayant faconné la distribution actuelle de la biodiversité. Par exemple, Meseguer
et al. (2014) inférérent 1’histoire biogéographique complexe des millepertuis (Clusiaceae : Hypericum),
en incorporant la distribution de fossiles connus, et estimérent une origine holarctique de ce groupe
mondialement distribué. Mais contrairement aux méthodes d’inférence des taux de diversification, les
méthodes de reconstruction des zones de distribution ancestrales ne tiennent, dans leur majorité, pas
encore explicitement en compte les facteurs biotiques dans leurs calculs, limitant de fait le pouvoir
explicatif des analyses effectuées (voir cependant Klaus & Matzke 2020 ; Sukumaran et al. 2016 pour

le développement récent de telles méthodes, encore marginalement applicables).
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I11] Les Saturniidés

Les Saturniidae Boisduval 1837 (superfamille des
Bombycoidea) constituent une famille de
Lépidoptéres  particulierement  diversifiée
taxonomiquement, morphologiquement,
spatialement et biologiquement. Historiquement,
les saturniidés s’imposérent comme un groupe
emblématique d’insectes, auquel de nombreux
naturalistes, amateurs, universitaires se sont
intéressés pendant des siecles. Cet intérét

s’explique en grande partie par leur

taille remarquable : certains représentants de la

famille des Saturniidae font partie des plus

grandes especes de Lépidoptéres existants (au AT € CTITer ti preqatetr. © AT Lete
sein des genres Attacus, Coscinocera, Arsenura notamment). Les Saturniidae se distinguent aussi des
autres Bombycoidea par la diversité exceptionnelle de leurs formes, des motifs alaires et des couleurs
gue certains arborent : de nombreuses espéces ont par exemple développé de longues queues sur leurs
ailes postérieures (jusqu’a plus de 10cm pour certaines especes), d’autres déploient des couleurs vives
(par ex. Eochroa trimenii), des ocelles comme Antherina suraka (cf. photo de Armin Dettz © en haut a
droite de la page) ou des ailes aux contours admirables comme Almeidaia aidae ou Loxolomia johnsoni.
De tels exemples ne doivent cependant pas faire oublier la diversité exceptionnelle de formes cryptiques
au sein de la famille, moins admirable mais tout aussi pertinentes d’un point de vue évolutif. Les
saturniidés ont également développé des formes larvaires tout aussi exceptionnelles de par leurs couleurs
et leurs stratégies d’évitement des prédateurs : certaines especes se sont spécialisées, 1a encore, dans les
formes cryptiques, maximisant le camouflage dans la végétation ou la litiere alors que d’autres ont
évoluées vers des stratégie grégaire (par ex. les chenilles du genre Hylesia) ou ont développé des scolis
venimeux (par ex. le contact avec certaines chenilles d’espéces du genre Lonomia peut étre mortel pour
I’Homme). Enfin, plusieurs espéces de Saturniidae, sur différents continents, sont connues pour les soies
dites « sauvages » produites a partir de leurs cocons et utilisées pour produire des textiles depuis
plusieurs siecles (Peigler & Maldonado 2005). L’ensemble de ces caractéristiques, et le fait que ces
papillons, dans leur majorité, sont actifs la nuit et sont relativement faciles a échantillonner a I’aide d’un

piege lumineux, explique la popularité de la famille des Saturniidae.

Cette popularité a résulté en de nombreuses descriptions d’espéces et des classifications établies par les
naturalistes et scientifiqgues du monde entier (par ex. Packard 1895 ; Bouvier 1927 ; Michener 1952 ;
Rougeot 1955 ; Lemaire 1978, 1980, 1988, 2002 ; Bénéluz 1986 ; Naumann & Peigler 2001). De larges

collections, privées et publiques, ont ainsi été établies et constituent aujourd’hui une source inestimable
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d’informations ; la collection du Muséum national d’Histoire naturelle de Paris, qui renferme plus de 60
000 spécimens de Saturniidae, en est un exemple. La diversité des Saturniidae est, par conséquent,
remarquablement bien documenté en comparaison a d’autres groupes d’insectes. Dans une démarche de
synthese des descriptions effectuées au sein des Bombycoidea, Kitching, Rougerie et al. (2018) listérent
3454 espéces de Saturniidae, classées dans 180 genres, 11 tribus et 8 sous-familles. Nous estimons
qu’aujourd’hui une trés grande majorité de la diversité existante des Saturniidae a été décrite, notamment
grice a I’utilisation des code-barres ADN qui permirent de redéfinir certaines lignées cryptiques (Hebert
et al. 2003, 2004 ; Ratnasingham & Hebert 2007) ; ainsi le déficit linnéen (manque de connaissance
taxonomique ; Brito 2010) qui caractérise la majorité des groupes d’insectes est proche d’étre résolu
pour les Saturniidae. Un autre déficit, concernant les données de distribution (déficit wallacéen ; Diniz-
Filho et al. 2010) est quant a lui toujours prononcé, bien que des campagnes de géoréférencement a
partir des échantillons de musées soient en cours, notamment dans le cadre du projet ACTIAS
(financement FRB/CESAB ; Pl : Rodolphe Rougerie). Les données assemblées dans le cadre de ces

campagnes sont compilées sur la plateforme BOLD (www.boldsystems.org ; Ratnasingham & Hebert

2007) et tendent a combler ce déficit wallacéen pour les Saturniidae. Enfin, la position phylogénétique
de la famille des Saturniidae apparait aujourd’hui résolue. Au sein des Lépidopteres, la superfamille des
Bombycoidea, a laquelle appartiennent les Saturniidae, se positionne comme groupe frére des
Lasiocampoidea qui ne comprennent qu’une seule famille, les Lasiocampidae (Figure 4). Avec les
superfamilles Geometroidea et Noctuoidea, ils forment ensemble le clade dit des « macromoths », qui
divergea il y a prés de 92 millions d’années du reste des Lépidopteres. Au sein des Bombycoidea, les
Saturniidae sont le groupe frére de la famille des Sphingidae (Figure 5) et forment ensemble un clade
particulierement riche a la base duquel Hamilton et al. (2019) inférérent un shift positif des taux de
diversification. Mais si nos connaissances sur la position phylogénétique de la famille des Saturniidae
ont particuliérement progressé ces dernieres années, celles concernant la phylogénie de la famille méme
demeurent toujours superficielles, se limitant a une 1’analyse des positions d’un nombre limité de genres
(Regier et al. 2002, 2008 ; Barber et al. 2015 ; Rubin et al. 2018 ; Hamilton et al. 2019), et révelent un

grand déficit darwinien (i.e. le manque de données phylogénétiques ; Diniz-Filho et al. 2013).
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Objectifs de la these et présentation des chapitres

La remarquable diversité de la famille des Saturniidae, sa distribution mondiale et I’hétérogénéité des
traits arborés par les différentes especes soulévent de multiples questions auxquelles j’ai essayé

d’apporter des réponses lors de ma thése :

- Chapitre 1: Au sein des Lépidopteres, le fort degré de polyphagie des chenilles et leur
faculté a tisser des cocons tres denses, la faible capacité de dispersion et la tres grande taille
corporelle sont autant de traits présents chez les Saturniidae qui contrastent fortement avec
le reste de I’ordre. Au cours de ce Chapitre, mon objectif fut de documenter 1’histoire
évolutive des Saturniidae et d’explorer I’effet de ces traits d’histoire de vie sur la
diversification spatiale (histoire biogéographique) et temporelle (taux de spéciation et
d’extinction).

- Chapitre 2: Les Copaxa constituent un genre de Saturniini (Saturniinae : Saturniidae)
particuliérement diversifié au sein de la région Néotropicale. Dans le Chapitre 1, j’ai montré
que leur origine commune avec les représentants du genre Saturnia est Holarctique ; les
Copaxa constituent donc un groupe pertinent pour étudier les patrons temporels de
colonisation des différentes régions des Néotropiques dans le contexte d"une diversification
dite « Into the tropics ». Puisque les espéces actuelles sont majoritairement distribuées dans
les montagnes d’Amérique centrale et des Andes, j’ai notamment exploré le role de
I’adaptation a I’altitude dans les dynamiques de diversification du groupe.

- Chapitre 3 : Les deux premiers Chapitres démontrent I’intérét de travailler a des échelles
différentes afin de pouvoir étudier des variations phénotypiques et biologiques d’amplitudes
distinctes dans un contexte évolutif. Le développement d’une phylogénie comprenant
I’ensemble des espéces de Saturniidae permettrait de pouvoir travailler a partir des deux
échelles simultanément et de mieux appréhender 1’origine de ces variations et leurs
conséquences a différentes échelles. Faisant face a des défis d’ordre méthodologiques et
opérationnels pour traiter des jeux de données génomigues et génétiques, mon objectif était
ici de mettre en place une approche efficace et robuste pour générer ce type de

« mégaphylogénie », encore inédite chez les insectes.
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Chapitre 1

L’influence des traits d’histoire de vie sur la diversification spatiale et
temporelle des saturniidés (Bombycoidea: Saturniidae)

A global analysis reveals that life-history innovations drove spatial and temporal

diversification in capital-breeding wild silkmoths (Bombycoidea: Saturniidae)

Préambule

Dans ce premier Chapitre, j’ai d’abord généré un jeu de données génomiques (Ultra Conserved
Elements - UCEs) comprenant I’ensemble des genres de Saturniidae décrits, inféré une série de
phylogénies et proposé une redéfinition la classification de la famille des Saturniidae. A partir de ces
résultats, j’ai ensuite estimé les temps de divergence, mesuré les taux de spéciation et d’extinction, inféré
I’histoire biogéographique et exploré I’influence des traits biotiques (i.e. la taille corporelle, la capacité
de dispersion, le degré de polyphagie et le mode de nymphose) et des événements abiotiques majeurs
sur les dynamiques spatiales et temporelles de diversification au sein de la famille des Saturniidae. Afin
de limiter les biais d’inférence liés a I’utilisation d’une phylogénie de niveau supérieur (higher-level
phylogeny), j’ai généré une phylogénie a I’espece en utilisant une méthode de greffage (grafting) et
développé une approche utilisant la randomisation pour prendre en compte 1’incertitude sur 1’estimation
des aires géographiques ancestrales. Dans leur ensemble, les résultats présentés ici représentent une
avancée majeure dans la compréhension de 1’évolution des Saturniidae et, plus généralement, des
Lépidopteres dont la reproduction est basée sur une stratégie de type « capital breeding », i.e. dont la

reproduction est rapide et la durée de vie courte.

Les travaux effectués dans ce Chapitre vont faire 1’objet d’une soumission dans un journal généraliste
dont le format, particulierement concis, ne permet pas de discuter de I’ensemble des résultats
(notamment les résultats phylogenétiques et biogéographiques). Ce Chapitre présente donc, dans un
premier temps, une restitution compléte des travaux effectués sur ce sujet. Le manuscrit, tel que nous
souhaitons le soumettre dans le journal Proceedings of the National Academy of Sciences (PNAS), aprés

relecture de 1’ensemble des coauteurs, est intégré en fin de Chapitre.
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Abstract

Today’s uneven geographical and phylogenetic distribution of biodiversity reflects complex underlying
temporal and spatial dynamics. The development of large and robust phylogenies, the assembly of
distribution and trait databases, and new analytical methods are shedding light on the respective roles
of abiotic and biotic factors on patterns of diversification and emphasize the importance of adaptive
traits. Yet, few studies have investigated the role of these factors on diversification dynamics at a global
scale, and nearly none in insects, the most diverse group of organisms on Earth. Using a combination of
phylogenomics, diversification and historical biogeography analyses, we propose a comprehensive
account of the spatial and temporal diversification dynamics in wild silkmoths (Saturniidae). These
moths are typical capital-breeding insects in which non-feeding adults have short lifespan entirely
devoted to reproduction. Considering several key life-history traits analyzed using trait-dependent
models of diversification, we found that wild silkmoths overall evolved toward larger body-size and
increased level of polyphagy of their caterpillars, in contrast to most other insects. Polyphagy, pupation
mode and dispersal capacities positively impacted diversification rates, but only the first two traits, not
dispersal capacities, likely favored the mobility of lineages between distant biogeographical regions.
Our work demonstrates the importance of life-history innovations in driving the dynamics of
diversification in a family of moths. Importantly, the key traits identified here are all driven by the mode

of reproduction, as capital-breeders, of these organisms.
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Introduction

How ecological and evolutionary processes shape extant biodiversity patterns remains one of the most
elusive question in biology (Benton 2016). Empirical results from evolutionary, historical biogeography
and macroecology studies have revealed that Earth’s biodiversity is unevenly distributed among taxa
and geographical regions of the world (Myers et al. 2000; Barthlott et al. 2007; Jetz et al. 2012). This is
understood as the result of millions of years of evolution of Earth’s organisms, governed by natural
selection and further shaped by environmental conditions, and stochastic processes. The former two,
divided into biotic and abiotic factors (Barnosky 2001; Benton 2009), both act on the spatial distribution
of organisms (e.g. abiotic: land masses movements, oceanic currents, winds; biotic: individual dispersal
capacity, phoresy) and on their reproductive success (e.g. abiotic: climatic optimum, atmosphere
composition; biotic: competition, predation). Thanks to the development of large molecular datasets (the
phylogenomic era; Delsuc et al. 2005), of advanced phylogenetic methods (Minh et al. 2020) and of
recent macroevolutionary and biogeography analytical tools (Morlon 2014; Beeravolu & Condamine
2016; Maliet et al. 2019), our ability to simultaneously address the role of both biotic and abiotic forces
in empirical studies has considerably improved over the years (e.g. Ezard et al. 2011; Condamine et al.
2012; 2018). The relative roles of those forces were also addressed through simulations (Aguilée et al.
2018) and meta-analyses (Morlon et al. 2010), or theoretically discussed in a temporal framework (Moen
& Morlon 2014). However, such questions are marginally addressed analytically in a spatial context
(but see Klaus & Matzke 2020; Matos-Maravi et al. 2018; Sukumaran et al. 2016; Sukumaran &
Knowles 2018), despite conspicuous relationships between historical biogeography patterns and biotic
(e.g. dispersal capacities, food plants for phytophagous insects) or abiotic (e.g. positions of landmasses

positions, climatic barriers) factors.

Large-scale studies of diversification investigating those questions were generally carried out in some
of the most documented groups of organisms, such as birds (Claramunt & Cracraft 2015; Cooney et al.
2017; Jetz et al. 2012), amphibians (Bonetti & Wiens 2014) or plants (Antonelli et al. 2015; Fiz-Palacios
etal. 2011; Silvestro et al. 2015). However, few of them have empirically addressed the role of adaptive
traits in diversification dynamics for geographically widespread taxa (but see Burin et al. 2016; Cooney
etal. 2017; Modica et al. 2020; Price et al. 2012). In insects, which form the bulk of Earth’s biodiversity,
investigations of diversification dynamics are strongly impeded by major shortfalls (Diniz-Filho et al.
2010; Cardoso et al. 2011; Hortal et al. 2015) in the knowledge of their diversity (Linnean shortfall),
their distribution (Wallacean shortfall), their evolution (Darwinian shortfall), their traits (Raunkigrian
shortfall) or biotic interactions (Eltonian shortfall). Studies of insect diversification are rarely global
(but see Economo et al. 2018; 2019), or often focused on higher taxonomic ranks (Condamine et al.
2016; Misof et al 2014; Rainford et al. 2016) with limited insights into the drivers of diversification.

Those drivers were more thoroughly investigated at regional scale, considering the role of ecological
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innovations in a few insect orders and showing the significant influence of food plant shifts in butterflies
(Condamine et al. 2018), or habitat specialization in ants (Matos-Maravi et al. 2018) and mayflies
(Cozzarolo et al. 2019).
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Figure 1 - Saturniidae life-history traits and distribution. (A) Saturniid diversity. Number of saturniid species per
biogeographical area are depicted along with representative photos of several genera. (B) Morphological measurements
considered in this study: thorax width (three measurements), body length and forewing surface. (C) Polyphagy score in
the main Saturniidae subfamilies as estimated with the Phylogenetic Diversity (PD) metric. (D) The three modes of
pupation in Saturniidae, i.e., from left to right, pupation underground, loose cocoon and plain cocoon.

In this Chapitre, | produced the first global scale documentation of spatial and temporal diversification
dynamics in a group of worldwide distributed insects, wild silkmoths (family Saturniidae), comprising
about 3500 species. These spectacular and popular moths have attracted attention of naturalists and
biologists for several centuries and as a result their diversity, distribution and biology are unequally well
documented among insects. Their diversity is unevenly distributed, both phylogenetically (more than
4/5" of all species belong to 2 of the 8 recognized subfamilies) and geographically (2/3" of species
inhabit the Neotropical region; Figure 1). Saturniids represent typical capital-breeding insects, a
reproductive strategy lying at the extreme end of a continuum toward income-breeding strategies where
adult-derived resources are used for reproduction (Stephens et al. 2009; Davis et al. 2016). Life as a
capital-breeder in Lepidoptera has been associated to a set of life-history characteristics (Davis et al.
2016; Jervis et al. 2006; Prinzing 2003; Tammaru & Haukioja 1996; Figure 1) that are broadly

recognized (even paroxysmal in some species) within the Saturniidae family (de Camargo et al. 2017,
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Janzen 1984; Michener 1952; Oberprieler & Néassig 1994): large size (with marked sexual dimorphism,
females having large abdomens carrying reserves from larval stages in the form of pre-matured eggs),
short lifespan (<7d on average, because only relying on reserves acquired during larval stages), low
mobility (short period of activity at night), and larval polyphagy (i.e. plasticity in food plant use by
caterpillars for completing their development, which reduces the time needed by females to locate a
suitable food plant and ensures high availability of food). Here, we used a phylogenomic approach to
produce a spatially and temporally resolved evolutionary history of the entire family, and we
investigated what role geological and climatic changes, on one hand, and life-history traits, on the other

hand, may have played in driving the spatial and temporal diversification dynamics of wild silkmoths.

Materials and methods

Phylogenomic inferences

In order to resolve the Saturniidae genus-level phylogeny, we sequenced hundreds of Ultra Conserved
Elements (UCEs) and inferred phylogenies with both maximum-likelihood (ML) and multispecies
coalescent (MSC) approaches. UCEs, initially proposed as phylogenomic markers by Faircloth et al.
(2012), have been successfully used in the inference of phylogenies in various organisms (Blaimer et al.
2016; Andersen et al. 2019; Friedman et al. 2019). Because one set of ultraconserved loci, identified
from highly divergent reference genomes, can be applied to phylogenetically distant taxa, the capture
of UCEs is very relevant when inferring deep phylogenetic relationships (Faircloth et al. 2012, 2020).
Also, thanks to their increased variability toward their flanking regions (Faircloth et al. 2012;
Tagliacollo & Lanfear 2018), UCE markers can be used at recent evolutionary timescales to resolve

intra-generic and intra-specific nodes (Prebus et al. 2017; French et al. 2019).

Taxon sampling

Our sampling includes 240 species in 180 genera (Table S2). It comprises all genera of Saturniidae
(Kitching et al. 2018) as well as all subgenera within Psilopygida, Meroleuca, Gonimbrasia and
Antheraea; all subgenera but one in genus Saturnia (subgenus Perisomena); and two out of six
subgenera in Hylesia. Fifteen outgroups were used, representing four other families of Bombycoidea:
Quentalia mailynae in Bombycidae; Acanthobrahmaea europaea in Brahmaeidae; Endromis
versicolora in Endromidae; Lemonia taraxaci in Lemoniidae and 11 Sphingidae species of the
Smerinthini, a tribe for which a fossil has been described (Kitching & Sadler 2011).
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DNA extraction and library preparation.

Tissues were obtained from specimens preserved either in 80%-100% ethanol and stored at -35°C,
stored dry in envelopes, or pinned. Voucher information can be found in Table S1. DNA was extracted
from legs or thoracic muscles using the Qiagen DNeasy Blood and Tissue kit using an overnight lysis.
Library preparation followed Cruaud et al. (2019). Briefly, input DNA was sheared to a size of ca. 400bp
using the Bioruptor® Pico (Diagenode). End repair, 3’-end adenylation, adapter ligation and PCR
enrichment were then performed with the NEBNext Ultra Il DNA Library prep kit for Illumina (NEB).
We used adapters that contained amplification and Illumina sequencing primer sites, as well as
nucleotide barcodes of 5 or 6bp long for samples demultiplexing. After quantifying DNA with a Qubit®
2.0 Fluorometer (Invitrogen), we pooled samples at equimolar ratio. The number of individual libraries
per pool ranged from 6 to 16. Each pool was enriched using the Lepidoptera probe set designed by
Faircloth (2017) (14,363 probes targeting 1,381 conserved loci) using a MY baits kit (Arbor Biosciences)
and following manufacturer’s protocol. The hybridization reaction was run for 24h at 65°C. Post
enrichment amplification was performed on beads with the KAPA Hifi HotStart ReadyMix. The
enriched libraries were all quantified with a Qubit® 2.0 Fluorometer, a 2100 Agilent Bioanalyzer and
gPCR using the Library Quantification Kit - Illumina/Universal from KAPA (KK4824). They were then
pooled at equimolar ratio. Paired-end sequencing (2*300bp) was performed on an lllumina Miseq at
UMR AGAP laboratory (CIRAD, Montpellier, France).

Raw data cleaning

Raw data cleaning followed Cruaud et al. (2019). In a nutshell, quality controls were performed with
FastQC v.0.11.2 (Andrews 2010), quality filtering and adapter trimming with Trimmomatic-0.36
(Bolger et al. 2014). Overlapping reads were merged using FLASH-1.2.11 (Mago¢ & Salzberg 2011).
Demultiplexing was performed using a bash custom script (no mismatch in barcode sequences allowed).
Assembly of resulting reads was performed using CAP3 (Huang & Madan 1999). The probes designed
by Faircloth (2017) were assembled into a set of non-overlapping reference UCEs (n=1381) using
Geneious 8.1.8 (Kearse et al. 2012). Contigs were aligned to the reference UCEs using LASTZ 1.02.00
(Harris 2007); those that aligned with more than one UCE were filtered out using Geneious 8.1.8 as well

as UCEs loci matched by different contigs.

Phylogenetic analyses and Exploration of systematic bias

We only considered the loci obtained for at least 50% of the samples. Alignments were performed with
MAFFT v7.245 (Katoh & Standley 2013) (-linsi option) for each locus independently. Ambiguously
aligned blocks were removed using Gblock 0.91b with relaxed constrains (-t=d -b2=b1 -b3=10 -b4=2 -
b5=h) (Talavera & Castresana 2007). Gene trees were then inferred with RAXML 8.2v (Stamatakis
2014) and node supports were assessed with 100 bootstrap replicates. We used TreeShrink v1.3.1 (Mai
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& Mirarab 2018) to identify and remove erroneous sequences causing unexpectedly long branches in
the inferred gene trees: two successive analyses were run with k=1 (one sample removed at each analysis
maximum). Once outlier sequences were removed, we re-performed the alignment, Gblock step and the
gene trees analyses again with RAXML. The resulting clean dataset (1171 loci in total) was analyzed
with coalescent-based and supermatrix approaches. ASTRAL-III v5.5.6 (Zhang et al. 2018) was used
to infer a species tree from individual gene trees. To improve accuracy (Zhang et al. 2018) nodes with
UFBoot<10 were collapsed in individual gene trees with the Perl script AfterPhylo.pl v0.9.1
(https://github.com/giyunzhu/AfterPhylo). Node supports were evaluated with local posterior

probabilities (local PP). Clades were considered supported when their localPP were = 0.95 (Sayyari &
Mirarab 2016). The alignment resulting from concatenation of all datasets for individual loci was
analyzed with IQ-TREE v1.6.3 (Nguyen et al. 2014) using different partitioning strategies. First, an
unpartitioned dataset was analyzed with the GTR+F model and the most likely number of FreeRate
categories of rate heterogeneity estimated by ModelFinder (Kalyaanamoorthy et al. 2017) using BIC
scores (Yang 1995; Soubrier et al. 2012). FreeRate generalizes the +G model by relaxing the assumption
of Gamma-distributed rates and is recommended for the analysis of large matrices (Kalyaanamoorthy
et al. 2017). Secondly, the concatenated dataset was also partitioned using the method of Tagliacollo &
Lanfear (2018) with the Sliding-Window Site Characteristics algorithm using sites entropy (SWSC-
EN). It consisted in splitting each ultraconserved locus into three parts: one core and two flanking
regions. The number of partitions was then reduced using PartitionFinder 2.1.1 (Lanfear et al. 2017)
considering branch lengths as linked, the corrected Aikaike Information Criterion (AlCc) for model
selection and the rclusterf algorithm for partitioning scheme comparison. Once the partition scheme
established, we identified the best model for every partition with ModelFinder. For all 1Q-TREE
analyses, node supports were evaluated with UltraFast Bootstraps (UFBoot, 1,000 replicates) and SH-
aLRT tests (1,000 replicates; see Guindon et al. 2010). Clades were considered supported when SH-
aLRT was = 80 and UFboot was = 95%.

Variable evolutionary rates among taxa and base composition heterogeneity among genes are important
sources of systematic bias (Brinkmann et al. 2005; Philippe et al. 2017; Romiguier & Roux 2017).
Notably, it has been shown that GC content of UCEs and branch length heterogeneity can bias inferences
towards highly supported but incorrect topologies (Bossert et al. 2017; Cruaud et al. 2020). To test for
possible bias in our inferences, trees were also inferred from data subsets in which a given percentage
of UCEs with the highest GC content or with the highest Long Branch Heterogeneity (LBH) scores were
discarded. GC content was calculated with AMAS (Borowiec 2016) and LBH scores were calculated
with TreSpEx (Struck 2014). Different percentages were considered: 2, 5, 10, 20, 30, 40 and 50%,
hereafter referred to as GC_X and LB_X data subsets, where X represents the percentage used.
ASTRAL and IQ-TREE analyses with the two partitioning strategies were performed on these data

subsets.
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Divergence time estimates

Overall, we performed the following analyses using only one sample per genus, except in genera
Antheraea and Saturnia for which all subgenera were included, and in genus Actias for which we
included eight species because of the very broad geographical range of this genus, spanning over several
biogeographical regions. The non-Sphingidae outgroup were removed. In total 200 terminal taxa were
included in the datation analyses. The massive amount of data analyzed makes the calibration step
particularly time consuming. In order to reduce the computation time, we thus considered different data
subsets of the LB_0.05 alignment, in which 5% of the loci with the highest LB score were discarded. In
a first sub-dataset (named A) we selected the 50 loci that produced the more supported gene trees
(referred as BP data subset). In a second data subset (B) we selected the 50 loci that produced the trees
with the lowest Robinson-Fould distance compared to the tree inferred with the ASTRAL tree (RF data
subset). A third data subset (C) was also based on a Robinson-Fould metric selection, but considering
only the loci with at least 500bp (RF-size data subset). Finally, the data subsets D and E were composed
of 50 randomly selected loci. The five datasets were built ensuring that the minimum number of loci per
species is 5. If it was not the case, then the locus ranked 50th was discarded and the locus ranked 51th
included in the sub-dataset until the fulfilment of that condition. Because ASTRAL accounts for gene
tree discordance (Degnan & Rosenberg 2009), it is supposed to better estimate topology than
concatenation approaches (Mirarab et al. 2014; Mirarab & Warnow 2015) when Incomplete Lineage
Sampling (ILS) effect is important. We thus used the topology inferred with ASTRAL on the LB_0.05
dataset as constraint during the divergence times estimation. To date the phylogeny, we used
MCMCTREE in PAML v4.8 (Yang 1997), using 2 fossils and 6 secondary calibrations with uniform
prior distributions and soft bounds (Table S2). Because calculation of the likelihood function during the
MCMC is computationally intense for large alignments, we first approximated the branch lengths with
a maximum likelihood method introduced by Thorne et al. (1998) and implemented in PAML. The
method produces a gradient and a Hessian matrix that contain information about the curvature of the
likelihood surface. Using these approximations, we then estimated the divergence times using
MCMCtree with 5 millions of generations (1 million discarded as burn-in). We ran these analyses twice
for each data subset. The convergence was checked ensuring that estimates were similar from the two
analyses and that Effective Sampling Size (ESS) of each parameter was over 200. We finally combined
the runs with logCombiner (Drummond & Rambaut 2007) and summarized the parameters with
MCMCtree and the print = -1 option.

Species-level phylogenies inference

Because most of the tools used for diversification analyses are designed for species-level phylogenies,
we generated a species level phylogeny using PASTIS (Thomas et al. 2013) and MrBayes (Ronquist et
al. 2012). We did not use any input alignment but rather fixed every node of the phylogeny to match the
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topology and the median ages as estimated with ASTRAL and MCMCtree. We also constrained every
genus or subgenus to be monophyletic. We used one chain of 10 million generations and discarded 25%
of generations as burnin before using the sumt command that summarize the trees sampled during the
MCMC analysis.

Biogeographical analyses

Species distributions were categorized into 11 major biogeographical areas. We considered South
America (SA) and Central America (CA), because such distinction allows to infer the timing of
dispersions across Panama strait and isthmus. We separated Nearctic and Palearctic into Eastern (EN
and EP) and Western (WN and WP) parts so that we can test whether dispersal events between Holarctic
regions happened through the Bering strait or the Thulean route (Nilsen 1978). Madagascar (MD) was
distinguished from Africa (AF) because of its particular fauna and India (IN) was also considered
distinct because it collided with the Eurasian continent around 50Ma (Patriat & Achache 1984). Finally,
we considered the Malayan region (WA) separated from the Australian (AU) region at the Weber line.
Ancestral area reconstruction analyses were performed using DECX (Beeravolu & Condamine 2016)
on the species-level phylogenies generated with MrBayes. To account for uncertainty associated with
ancestral range estimation at the inter-generic nodes, we ran 1000 different analyses on different trees
sampled in the posterior distribution of the MrBayes analysis and averaged the results obtained at each
node of interest. Because the intra-generic phylogenetic relationships were unknown, we randomized
the positions of the species within each genus. We divided Cenozoic into 6 time periods: Paleocene (66-
56Ma), Eocene (56-34Ma), Oligocene (34-23Ma), early Miocene and Langhian (23-14Ma), Serravallian
and late Miocene (14-5Ma) and Pliocene and Quaternary (5Ma to present). We considered adjacency as

well as dispersal rate matrices (DRM, see Supplementary Material section).

Traits measurement, compilation and evolutionary analyses

Morphological measurements

In order to understand the evolution of body size throughout the evolution of Saturniidae, we measured
morphological traits from images of 2577 male specimens representing all existing genera (or subgenera
included in the dated phylogeny) but two, Mielkesia and Jaiba. We focused on the following
measurements: body length considered from the top of the head to the end of the abdomen; thorax width,
as measured (i) between the junction points of thorax and forewings, (ii) in the middle of the thorax,
(iii) between the junction points of thorax and hindwings; and forewing surface. These measurements
were carried out using an image annotation tool in the Barcode of Life Datasystems

(www.boldsystems.org; Ratnasingham & Hebert 2007). We then approximated body size as being the

product of thorax width and body length and wingload as being the ratio between body size and the

forewing surface. Forewings being the most important pair of wings involved in flight performance (Le
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Roy et al. 2019), we consider wingload as an indicator of flight capacities and of species dispersal
capacities (Dudley & Srygley 1994; Le Roy et al. 2019). Ancestral values of body size and wingload
were estimated using the ace function in the R package ape (Paradis & Schliep 2019). Phylogenetic
signal was measured with Blomberg’s K metric (Blomberg et al. 2003) using the phylosig function of
the R (R code Team 2019) package phytools (Revell 2012).

Polyphagy estimates

To investigate the role of caterpillar polyphagy during the evolutionary history of saturniid moths, we
used a newly compiled hostplant database for Saturniidae (Ballesteros-Mejia et al. submit., see attached
articles) that includes 6923 hostplant records for 605 species of Saturniidae, mostly derived from
literature, observations and rearing. We uniformized the higher-level taxonomy of plants following
Magallon et al. (2015) and only considered plants eaten by saturniids in natura (i.e. captive records were
excluded). Even though captive breeding could be informative to understand diet breadth, these records
are very heterogeneous and biased toward spectacular and usually rather common species. We
considered plant identification at family level, a rank at which we can be confident that we have a fairly
representative hostplant dataset. As a metric of the degree of polyphagy level of each genus, we used
Magallon et al. (2015) dated angiosperm phylogeny and the Phylogenetic Diversity (PD; Faith 1992)
metric, i.e. the total length of the phylogenetic tree branches connecting the different families of plants
a given species eats. PD scores were calculated for every saturniid species individually and averaged
within each genus. In the Magallon et al. (2015) phylogeny, there is a considerable phylogenetic distance
between Gymnosperms and Angiosperms. Because it would have biased PD score for a very limited
number of genera, we discarded any Gymnosperm records of the host-plant database. We estimated
ancestral diet breadth scores using the ace function in the ape R package. Phylogenetic signal was

measured similarly to body size and wingload.

Pupation mode

The pupa of Lepidoptera represents a rather vulnerable stage, because of its immobility. As protection
against predators and parasitoids, the caterpillars of saturniid moths have adopted three main strategies:
some spin silk threads to encase themselves in a loose cocoon through which the pupa can be seen;
others spin a plain cocoon, sometimes hard-shelled or even multi-layered; finally, some simply find
shelter and pupate underground (or occasionally in the litter) without spinning any silk. We
reconstructed the evolution of pupation strategy in saturniid moths using maximum likelihood with the
ace function of the ape R package. We considered a model in which the probability of evolution from a
plain cocoon to an underground pupation was null, and reversely; i.e. such transition had to evolved

through an intermediate loose cocoon condition.
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Diversification analyses

In order to document diversification dynamics throughout the evolution of Saturniidae, we used two
approaches: (i) the Bayesian Analysis of Macroevolutionary Mixture (BAMM v2.5, Rabosky et al.
2013) to identify diversification rate shifts without any a priori and to test how biotic or abiotic factors
may have affected saturniid diversification; (ii) a trait-dependent diversification approach (Maddison et
al. 2007; FitzJohn et al. 2009) that combines Maximum Likelihood (ML) and Bayesian through Markov
Chain Monte Carlo (MCMC) methods and is implemented in the R-package diversitree v.0.9-8
(FitzJohn 2012).

Before launching the analyses in BAMM, we set proper priors for the extinction, speciation and rate
shift parameters with the setBAMMpriors function implemented in the BAMMtools 2.1.6v R package
(Rabosky et al. 2014). We ran multiple analyses using different values of the expectedNumberOfShifts
parameter, ranging from 0.01 to 50. We ran each BAMM analysis for 10M of generations on 4 chains.
After discarding 2.5M of generations as burnin, we checked for the likelihood convergence assessing
that the Effective Sample Size (ESS), calculated with the effectiveSize function of the coda R package
(Plummer et al. 2006) on the Likelihood of the analysis, was above 200. When it was not, we launched
the analysis again, doubling the number of generations (20M). Because of the large size of our
phylogenetic tree, the number of equiprobable shift configurations is considerable; we thus considered
maximum shift credibility configuration, as estimated with the maximumShiftCredibility function
(BAMMtools R package).

Trait-dependent diversification models as designed by Maddison et al. (2007) simultaneously model
trait evolution and its impact on diversification. We used these models, as implemented in the diversitree
R package, to analyze the influence of traits on the evolution of Saturniidae. We ran the models
independently on four different traits dataset: body size, dispersal capacities, polyphagy level, and
pupation strategy. For each trait dataset, we considered a pruned Saturniidae species-level phylogenetic
tree in which the genera for which we were not able to compile data were removed. We discretized the
first three datasets (pupation modes being already discretized) into three categories and applied the
Multi-State Speciation and Extinction model (MuSSE, FitzJohn et al. 2009) independently on each trait
dataset. In every MuSSE model, we did not allow an evolution from state 1 to state 3 and reciprocally
(913~ 0, 931~ 0). We first fitted a ‘null model’ in which the speciation, extinction and transition rates
were respectively equal (A1~A2, A~Asz; Ma~H2, H1~Hs3; Q21 ~ G2, 023 ~ 12, Q32 ~ Q12). We also considered a
model where the speciation and extinction rates were fixed but the transition rate were free to differ
(‘gfree model’). Finally, we inferred a model, hereafter referred as ‘full model’, in which every
parameter, but g3 and gz: that were fixed to zero, were free to vary. The null and full models were then
compared using AIC and AAIC: the model supported with the lowest AIC was considered the best (only

if AAIC >2 against the second-best model; otherwise the model with the lowest number of parameters
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was instead considered the best). In order to compare the different variables and to understand which of
them influence Saturniidae diversification the most, we divided the AAIC per the AIC of the null model.
Finally, to test if the level of polyphagy may explain the heterogeneity of diversification rate within each
subfamily, we applied polyphagy-dependent models on the most diversified subfamilies: Bunaeinae,
Ceratocampinae, Hemileucinae and Saturniinae. For these models, we discretized the polyphagy score
into three categories determined by quantiles 0.33 and 0.66. Models were fitted using ML methods as
implemented in the diversitree R package. We then used 10,000 MCMC generations (10% as burnin)
to examine the confidence interval of the parameter estimates using the parameters obtained by ML as
priors (FitzJohn 2012).

Results and Discussion

Phylogenomics illuminates the evolution and the relationships of extant genera of

wild silkmoths

To reconstruct a comprehensive and robust phylogenetic hypothesis for family Saturniidae, we
generated a genomic dataset consisting of 1381 Ultra Conserved Elements (UCEs) for 255 samples,
representing 15 outgroup species (in families Bombycidae, Brahmaeidae, Endromidae, Sphingidae) and
234 Saturniidae species (Table S1). All 180 genera and 18 of the 25 subgenera currently recognized are
represented, in all 8 subfamilies and 11 tribes of the family (Kitching et al. 2018) (Table S1). On average,
909 loci were sequenced per sample [138 to 1,193] and loci were 557 bp long. We considered the loci
for with more than 50% of the samples were available. The concatenated matrix used in the following

analyses was 788,018 bp long, totalizing more than 124M nucleotides and less than 6% gaps.

Exploration of systematic bias & deep phylogenetic relationships

We recovered a negatively skewed distribution of the Long Branch Heterogeneity scores (Figure S1),
solve when removing 5% of the UCEs with the highest LBH scores. If we do not consider differences
caused by the inference methods used (concatenated versus coalescent), the trees inferred with the
GC_X datasets were overall very congruent with only few superficial intergeneric changes (Figures S2,
S3 - Online resources). The results obtained with the different LB_X datasets were more distinct, both
in terms of tree topology and branch lengths (Figures S2, S3). Removing a large proportion (>20%) of
the loci with the highest LBH scores led to relative shorter internal branches and longer terminal ones,
and the topologies inferred with such datasets also included some dubious clades. For example, Cricula
was recovered as sister clade of Attacini and Saturniini in the IQTREE LB_0.4 and LB_0.5 analyses
(Figure S3), or Hirpida was sister to Arsenurinae in the IQTREE and ASTRAL LB_0.3,LB_0.4,LB_0.5
and IQTREE SWSC-EN LB_0.5 analyses. If discarding loci with the highest LBH scores could reduce

or remove artefactual phylogenetic signal (Struck 2014; Cruaud et al. 2020), we consider that this
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approach should be limited to the correction of the tail-end of the LBH distribution. In our case,
discarding more than 20% of the loci with the highest LBH scores was excessive. Taken together, the
analyses we performed with the different datasets were very consistent (Figures 2, S2) and confirmed

the relevance of the use of Ultra Conserved Elements when inferring deep phylogenetic relationships.

The relationships among subfamilies are all strongly supported (Figures 2, S2, S3), except for the
position of the Agliinae, a mono-generic Palearctic subfamily whose position varies with the methods
used to build the trees, but that remains robust to our tests of possible biases caused by LBH scores and
GC contents of the UCE loci analyzed (Figures 1 and S2). Interestingly, this lack of resolution regarding
Agliinae is a persistent problem in previous analyses based on completely independent datasets (Anchor
Hybrid Enrichment of exons in Barber et al. (2015) and Hamilton et al. (2019); 5 nuclear genes in Regier
et al. (2008)), suggesting that we are facing a “hard” polytomy (Hoelzer & Melnick 1994) resulting from
nearly simultaneous speciation of the ancestors to Agliinae, Hirpidinae and Arsenurinae subfamilies.
Whereas extending taxon sampling is unlikely to improve much the resolution here, because all genera
are represented and are rather species-poor, it might be that the combination of existing genomic datasets
helps establish the relationships between these taxa. Here, we give preference to the ASTRAL topology
placing Agliinae sister to Salassinae + Saturniinae, because of its congruence with that of Hamilton et
al. (2019) and because it implies a more parsimonious hypothesis regarding the colonization of the Old
World by wild silkmoths, only once by the ancestor to these three subfamilies versus two times if
Agliinae is sister to all new world subfamilies. In the following analyses, we therefore considered the
phylogeny inferred with ASTRAL from the LB_0.05 genomic dataset. The Figure 3 depicts this
topology with branch lengths estimated with 1Q-TREE (as ASTRAL does not infer terminal branch
lengths).
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0O = Oxyteninae

C = Cercophaninae

A = Arsenurinae

C = Ceratocampinae

B = Bunaeinae

Bunaeini

Micragonini

S = Saturniinae

Attacini

Saturniini

Saturniini + Attacini

H = Hemileucinae

H+C

H+C+A

Agliinae (Ag) + Hirpidinae (Hi) 100/88

H+C+A+Ag+Hi 100/88
Ag + Salassianae + S+ B

Saturniidae-0-C

Saturniidae - O

Figure 2 — Phylogenetic supports obtained with the different analyses (in column) for the main Saturniidae clades (in
row). 1Q-TREE or ASTRAL refer to the phylogenetic software used and SWSC-EN indicate when, for the 1Q-TREE
analyses, the Tagliacollo & Lanfear (2018) partitioning method was used. These results were inferred from the original
genomic dataset and from the datasets in which 5% of the loci were discarded because of their LBH score (LB_0.05) or
their GC composition (GC_0.05). A blue cell indicates that the monophyly of the clade was strongly supported; cells are
colored yellow or orange when clades are weakly supported or absent, respectively. For IQ-TREE analyses, branch
supports are indicated in cells as: SH-aLRT/UFBoot; for the ASTRAL analyses, the indicated supports are localPP.

Phylogenetic relationships and revised classification of the Saturniidae

Our study provides a very comprehensive and well supported genus-level phylogeny of family
Saturniidae. Its monophyly was recovered with strong support in all analyses, and 7 of the 8 recognized
subfamilies were strongly supported as monophyletic in their current definition (Figures 2, 3, S2;
Kitching et al. 2018). Traditionally recognized tribes were also strongly supported as monophyletic in
all analyses, except for the Hemileucini, Urotini and Saturniini (Figure S2). Overall, our results are well
resolved and because all currently recognized genera are represented, we consider that they offer a solid

30



ground to propose a revised classification for the family. This new classification is preliminarily
presented and illustrated here (Figure 3; Table 3); it will the object of a formal independent publication
where the results from our phylogenomic analyses will be combined to a comparative morphological

analysis for a better definition of the groups and to bring support for the changes proposed.

Within the New-World lineages, our results unambiguously revealed the paraphyly of subfamily
Hemileucinae as previously defined, because of the position of genus Hirpida. This genus was
considered until now as being part of the Hemileucinae (Michener 1952; Lemaire 2002), albeit
recognized as being of unclear affinities within this subfamily. Our results will require the use of a new
subfamily Hirpidinae, including all currently known species in genus Hirpida®. Within the
Hemileucinae, we propose to add one new tribe, namely Lonomiini, to the two currently recognized
tribes: Polythysanini and Hemileucini. Tribe Lonomiini (already proposed by Bouvier (1930) as
“Lonomiicae”) comprises the genera Lonomia and Periga, currently considered as belonging to
Hemileucini. Furthermore, it is necessary to redefine the Polythysanini (previously limited to the sole
genus Polythysana) as including the genera Adetomeris, Callodirphia, Cinommata and Polythysana. All
other Hemileucinae genera belong to tribe Hemileucini (except for genus Catharisa, to be transferred
to the Ceratocampinae — see below). We also propose to introduce two subtribes within the Hemileucini:
Hemileucina and Automeriina (see Figure 3) to account for the two major hemileucine lineages revealed
by our analyses. Within the Ceratocampinae subfamily, we propose to distinguish three tribes forming

three clearly distinct lineages (Figure 3): Ceratocampini, Bathyphlebiini and Dryocampini.

Figure 3 (two following pages) - Genus-level phylogeny of the Saturniidae family inferred from the LB_0.05 dataset with

IQTREE, constraining the topology to match the one obtained with ASTRAL. LocalPP support values estimated with ASTRAL

(unless equal to 1) are given below branches. Scale bar (left side) represents the mean number of substitutions per site. Species
names are indicated on the right side of the tree, bordered by the newly proposed (left) and current (right) Saturniidae

classifications. Numbered photos refer to the different saturniid clades listed on the left side of the phylogeny.

% Recently, a new genus, related to Hirpida, has been described by Brechlin (2019): Hirpsinjaevia. We inferred in
the Chapitre 3 that this genus is part of the Hirpidinae subfamily. This new taxon is however not included in our
analyses that were performed before its description.
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Saturniidae

Oxyteninae (1) = Oxyt.
Cercophaninae = Cerc.
Janiodini (2) = Jan.
Cercophanini = Cer.
Agliinae (3) = Agli.
Salassinae (4) = Sala.
Bunaeinae
Eochroini (5) = Eoc.
Micragonini (6)
Pseudapheliini (7) = Pse.
Eudaemoniini (8) = Eud.
Antistathmopterini (9)
Urotini (10) = Uro.
Bunaeini (11)
Saturniinae
Solini (12) = Sol.
Attacini (13)
Saturniini (14)
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Cercophana venusta
Microdulia mirabilis

Aglia japonica
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Parusta xanthops
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Holocerina smilax
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Rhodinia fugax
Eupackardia caffeta
Rothschildia lebeavecuadoriana
Rothschildia erycina
Archaeoattacus edwardsii
Aftacus caesar
Coscinocera hercules
ézfphars bauhiniae
amia treadawayi
Callosamia promethea
Hyalophora cecropia
Antherina suraka
Ceranchia apollina
Loepa oberthuri
Loepa formosensis
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Hirpida gaujoni
Hirpida gaujoni
Almeidara aidae
Copiopteryx semiramis
Rhescyntis hippodamia
Paradaemonia terrena
Titaea tamerlan
Dysdaemonia fosteri
Dysdaemonia boreas
Loxolomia serpentina
Caio chiapasiana
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Arsenura orbignyana
Arsenura batesii
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Procitheronia principalis
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Eacles imperialis
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Eacles tyrannus
Othorene hodeva
Syssphinx molina
Dryocampa rubicunda
Anisota peigleri
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Psilopygoides oda
Psilopygida crispula
Dacunju jucunda
Cicia pelota
Almeideila almeidai
Giacomellia biiineata
Ceratesa hemirhodia
Adeloneivaia subangulata
Oiticella luteciae
Citioica anthonilis
Ptiloscola photophila
Psigida walkeri
Rachesa sp.
Ceropoda tibialis
Scolesa viettei
Adelowalkeria torresi
Megaceresa puilchra
Mielkesia paranaensis
Jaiba kesselringi
riga sp.
Lonomia descimoni
Cinommata bistrigata
Adetomeris microphthalma
Adetomeris erythrops
Callodirphia arpi
Polidhyssna cinerascens
Polythysana rubrescens
Dirphiopsis sp.
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Within the Old-World lineages, as already found in previous molecular analyses (Barber et al. 2015;
Rubin et al. 2018), the Urotini tribe is polyphyletic and has to be redefined. We propose here to define
five monophyletic tribes to account for the newly revealed phylogenetic relationships of all genera
previously placed in tribe Urotini: Eochroini (Eochroa (previously a member of tribe Bunaeini (Kitching
et al. 2018), Parusta and Usta genera), Pseudapheliini (Pseudaphelia and Pselaphelia), Eudaemoniini
(Eudaemonia), Antistathmopterini (Antistathmoptera) and Urotini (Maltagorea, Pseudantheraea,
Sinobirma, Tagoropsiella, Tagoropsis and Urota) (Figure 3). The position of genus Rhodinia with
respect to tribes Attacini and Saturniini has been the object of debate (Regier et al. 2008). In all our
analyses, it is recovered sister to Attacini (Figures 3, S3), a position proposed by some authors on the
basis of morphological (Bouvier 1936; Oberprieler & Nassig 1994) or molecular analyses (Friedlander
et al. 1998; Regier et al. 2008; Rubin et al. 2018). This relationship is supported by several apomorphies
that were previously considered as homoplastic characters (Peigler 1989): presence of an open discoidal
cell (no disco-cellular nervule) and of a large triangular hyaline area at the end of this cell as well as by
a fiber structure of the silk of Rhodinia which appears more closely related to those of Attacini (Ramos
& Peigler 1999). Consequently, we consider here that the position of genus Rhodinia is well supported
inside the Attacini tribe. Beside the Saturniini and Attacini tribes, we propose the introduction of a new
tribe within the subfamily Saturniinae: tribe Solini, comprising the sole genus Solus (Figure 3); it is
sister to Attacini and Saturniini. Our results revealed that genus Solus indeed represents a rather isolated
lineage, sister to two large clades comprising all genera of the Saturniini and Attacini tribes,
respectively. Because of the major biogeographical and biological contrasts between the Solini, Attacini
and Saturniini on one side and the previously recognized African tribes of Saturniinae (Bunaeini,
Micragonini and Urotini) on the other side, we propose, following Nassig et al. (2015) to regroup the
latter in a subfamily Bunaeinae that now comprises seven tribes: Antistathmopterini, Bunaeini,
Eochroini, Eudaemoniini, Micragonini, Pseudapheliini, and Urotini and tribes. Because of this change,

the subfamily Saturniinae now comprises three tribes: Attacini, Saturniini, and Solini.

Although taxon sampling did not allow us to test the monophyly of most genera, our results highlighted
some cases of paraphyly that would require re-assignment of several genera to respect the criterion of
monophyly in the classification: Graellsia is to be synonymized with Actias; Catharisa, known from a
single species C. cerina, was previously considered to belong to subfamily Hemileucinae, but proved
here to be a very unique representative of genus Eacles within the Ceratocampinae subfamily; the genus
Eubergioides will also need to be reconsidered in the light of phylogenetic relationships among
representatives of genus Automeris. Within the Cercophaninae, the genus Cercophana, comprising only
two species, is paraphyletic and will need to be redefined. This is also the case of the genus Psilopygida,
with its two subgenera branching in two very distinct positions of our tree. This issue of paraphyly of
genus Psilopygida could be resolved by raising subgenus Psigida to genus level. Our results also suggest

that Catacantha could be paraphyletic because of the position of genus Ancistrota. However, because
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of poor supports, further analyses with denser sampling will be needed to address the relevance of
distinguishing the two genera Catacantha and Ancistrota. Finally, the large genus Dirphia was
unambiguously found to be paraphyletic with respect to the position of representatives of four other
genera genera Ithomisa, Heliconisa, Eudyaria and Periphoba. Denser sampling is needed to better
circumscribe the newly revealed lineages and to figure the best way to redefine genera among them. In
the following analyses of this chapter, we will consider Ancistrota/Catacantha and
Ithomisa/Heliconisa/Eudyaria/Periphoba/Dirphia as unique lineages.

Overall, our results lead us to recognize 10 subfamilies, 18 tribes, and 2 subtribes (see Figures 3, S2,
Table S3).

Estimation of divergence times with phylogenomic data

All datation analyses ran with MCMCtree converged: the Effective Sample Size (ESS) of all parameters
were superior to 200 and the two independent runs launched with the different sub-datasets led to
identical estimates of divergence times (Figure S4). The four sampling strategies used to reduce the full
phylogenomic dataset to subsets of 50 loci resulted in consistent results. Overall, these results suggest
that divergence times can be reliably estimated through reduced data subsets, thus avoiding endless
computation times implied by the use of complete genomic matrices. Because the BP sub-dataset
(bootstrap-based selected loci) provided intermediate estimates, we considered the divergences times

estimated with this sub-dataset in subsequent analyses and in our discussion.

A global understanding of wild silkmoths’ diversification in space and time

Using the dated phylogeny derived from the ASTRAL analysis of the LB_0.05 matrix, we performed
historical biogeography as well as diversification analyses to document the spatial and temporal
dynamics of the evolution of saturniid moths. Our results are summarized in Figure 4 (left panel),
representing a synthetic view of the evolution of wild silkmoths, in space and time (see the complete

tree in Figure S5).

A journey through the world

Ancestral range estimations unambiguously support a neotropical origin of wild silkmoths, shortly after
the K-T extinction event, during the Paleocene (60.3Ma, 95% credibility interval: [66.3-54.6Ma]).
Whereas several lineages subsequently diverged and diversified in the Neotropics to represent the extant
hotspot of saturniid diversity, a unique and ancient dispersal event from the New World to the Palearctic
region occurred: the common ancestor to the Agliinae, Salassinae, Bunaeinae and Saturniinae
subfamilies colonized the Eastern Palearctic region through Beringia in the early Eocene period (around

47Ma). This passage, all the way from the Neotropics to the Palearctic region could have been enabled
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by the island arc (or “landspan”; Iturralde-Vinent & MacPhee 1999) formed by the Caribbean plate
between the late Cretaceous and the middle Eocene and connecting Yucatan and Colombia (Pindell et
al. 1988; Morley 2003). This connection was hypothesized to have permitted dispersion of various
snakes, lizards or dinosaurs (Bonaparte 1984) and could have also enabled Saturniidae to expand their
range northward in the Nearctic region where warmer climates of the Eocene period were more
hospitable to megathermal lineages (Zachos et al. 2008). From there, dispersal from North-America to
the Palearctic region likely occurred through the Bering land bridge that permitted biotic interchange
between North-America and Eurasia for most of the time since the Cretaceous (Tiffney 1985;
Condamine et al. 2013; Jiang et al. 2019). The presumed existence of a widespread boreotropical
northern hemisphere forest in the Eocene (Wolfe 1975; Tiffney 1985; Baskin & Baskin 2016) and of a
lush deciduous forest extending beyond the Arctic Circle (Jahren 2007) indeed supports the hypothesis
that environments of the Nearctic and Palearctic regions were suitable for saturniid moths, with most of
the present-day hostplants (e.g. oak, beech, maple, plum, sumac, etc.) of the caterpillars of early
branching lineages (i.e. Agliinae, Salassinae, early branching genera of Saturniinae like Solus and
Rhodinia) present. Interestingly, all these lineages but Agliinae are now mostly restricted to the Sino-
Himalayan mountains where the Eocene—Oligocene climatic deterioration (i.e. the “Grande Coupure”,
Zachos et al. 2001) likely “pushed” tree taxa from the disrupted belt of boreotropical forests (LePage et
al. 2005).

Eastern Palearctic then appears to have acted as a “biogeographical hub” from where several linecages
colonized all regions of the Old World and re-colonized the New World on several occasions. The
Agliinae and Salassinae subfamilies are early-diverged lineages of Old World saturniid moths currently
only represented by a small number of species in the Palearctic region for the former, and in the Eastern
Palearctic and Oriental regions for the later. A third lineage (Bunaeinae + Saturniinae), experienced a
more successful spatial diversification, diverging soon after the colonization of the Old World (ca.
44Ma) and expanding its range to the Western Palearctic and African regions. From this point in time,
two lineages diverged and diversified to represent the bulk of saturniid diversity in the Old World. One
of these — the Bunaeinae — thrived in the Afrotropics (Africa + Madagascar), a region from where it
never successfully expanded or dispersed, with the noticeable exception of one genus (Sinobirma Bryk
1944) in the bunaeine tribe Urotini (Rougerie et al. 2012). The second lineage — the Saturniinae — is now
mainly represented by two large tribes — the Attacini and Saturniini — that remarkably colonized all main
land masses, including the New World. The former dispersed into the Nearctic region through Bering
ca. 30.0Ma, then subsequently into the Neotropics; it also dispersed into Africa during the Neogene and
into the Australian region ca. 15Ma, crossing the Weber line. The Saturniini lineages also experienced
outstanding biogeographical dynamics, colonizing the New World through Bering on four independent

occasions between the late Oligocene and late Miocene (see Chapitre 2 for a detailed analysis of one of
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these events), dispersing into the Australian region two times and also expanding again into the African

continent twice, and from there to Madagascar on two occasions as well.

Biotic interchanges across the Bering land bridge appear strongly asymmetric, in line with observations
in other taxa (Jiang et al. 2019). As detailed above, saturniid moths recolonized the New World from
the Eastern Palearctic region through Bering on five independent occasions, which is in contrast with
the only dispersal in the reverse direction, i.e. the initial colonization of the Old World by saturniid
moths during the early Eocene. Recent analyses focusing on the Saturnia genus (Rubinoff &
Doorenweerd 2019) suggested a possible recent dispersal through the North Atlantic Land Bridge from
Eastern North-America to Western Palearctic of the ancestor to subgenera Saturnia and Eudia, an
hypothesis based on incompletely resolved phylogenetic results and that is contradicted by both our
phylogenomic and historical biogeography analyses. The two most ancient colonization events of the
New World happened ca. 32.8-26.5 Ma [35.4-23.5 Ma] in the ancestors of genera Copaxa and
Rothschildia, both mostly distributed nowadays in Central and South-America where they probably
dispersed and diversified after the formation of the Central American volcanic arc and the closure of the
Central American Seaway during the middle Miocene (Coates & Stallard 2013, Montes et al. 2012; see
Chapitre 2), a connection that also allowed dispersal of neotropical lineages of saturniid moths in the
reverse direction (see below). Interestingly many of the Copaxa and Rothschildia species diversified on
Andean slopes where the climate and environment are more similar to the conditions they encountered
during their journey through the Nearctic region, suggesting some degree of niche conservatism (see
Chapitre 2). The timing of the colonization of the New World by genus Antheraea remains uncertain
(18.0-0.0 Ma [21.3-0.0 Ma]) because of the genus-level sampling strategy, but its lower diversity (only
4 species, vs. 128 and 79 in Copaxa and Rothschildia, respectively) and its very limited range in South-
America could be the results of a more recent dispersal into environments already inhabited by large
Saturniinae representatives. The last two dispersal events through Bering (Hyalophora/Callosamia and
in genus Actias) were more recent, ca. 11.6-8.4 Ma [13.9-6.5 Ma], and did not lead to the colonization

of the South American continent.

The first colonization of Africa by the ancestor to Bunaeinae + Saturniinae happened between 44.8 and
39.4 Ma [47.7-35.7 Ma], during the middle Eocene climatic optimum (MECO, ~40 Ma), a period of
global warming that interrupted the Cenozoic cooling trend (Zachos et al 2001) during which several
groups of Asian vertebrates dispersed across the Tethys Sea to colonize Africa (Chaimanee et al. 2012;
Huchon et al. 2007). Saturniidae probably also dispersed to Africa through the Alboran and Apulian
platforms that were largely emerged during the late Lutetian (44-41 Ma) (Vandenberghe et al. 2012)
and the broad-leaved mixed deciduous and evergreen forests occurring from central China to the
Tethyan islands (Axelrod 1975; Dutta et al. 2011) might have played a significant role in the successful
dispersals of Saturniidae. Three other, more recent, colonization events of Africa were recovered.

Whereas Saturnia colonized North Africa recently (<5.8 Ma), most likely from Western Europe, the
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colonization of Africa both by Epiphora (22.5-19.5 [25.4-16.6 Ma]) and by the ancestor to Argema and
Actias (27.0-18.6 [29.4-15.7 Ma]) appear to be concomitant with similar dispersal events identified in

other organisms (e.g. pliopithecine primates, Harrison & Yumin 1999).

In the Oriental region, saturniid moths crossed the Weber line several times, colonizing the Australian
region. All but one of these events are recent and cannot be precisely dated here as they occurred within
extant genera. The older colonization within the Saturniini tribe occurred ca. 27.0-13.2 Ma [29.4-10.0
Ma]. Although that timing remains imprecise, it agrees with the northward movement of the Australian
plate and this dispersal event likely happened after the initiation of the collision of the Sula Spur

promontory with the Sundaland south margin, ca. 23 Ma (Hall 2011; de Bruyn et al. 2014).

Concomitantly to the complex history of Old World saturniids described above, several lineages of these
moths diverged in South-America in the early times of the diversification of the family (47-36Ma). The
bulk of the diversity of subfamilies Hemileucinae, Ceratocampinae and Arsenurinae remains distributed
in this region, but several independent dispersal events into Central America and the Nearctic region
occurred. Our results reveal that most of these events occurred at terminal branches (within genera) and
thus, are relatively recent (probably during Pliocene or Quaternary, after the Panama isthmus formation,
Coates & Stallard 2013), though two nearly simultaneous dispersal events from South to Central
America occurred during the lower Miocene in both Hemileucinae and Ceratocampinae subfamilies
(Figures 4 and S5, left panels) possibly enabled by the formation of the Central American volcanic arc
and the closure of the Central American Seaway (CAS; Sepulchre et al. 2014; Montes 2015), thus
crossing the route of Saturniinae genera Rothschildia and Copaxa, making their way from Central to

South-America at the same period.

Figure 4 (following page) — Historical biogeography and traits evolution of Saturniidae. Tips were artificially added
and nodes collapsed to reflect clade species richness (no proportionality). Red stars depict the diversification rate shifts
as estimated with BAMM. Left panel: biogeographic history of Saturniidae as estimated with DECX on 1000 PASTIS,
species-level trees. Only the best ranges are represented. At nodes, red border was used when the confidence about the
estimation was <50%. Arrows highlight the main dispersal events as represented in the World map at the left bottom.
Blue bars indicate node age 95% confidence intervals. Right panel: saturniid life traits evolution. Branches were colored
according to wingload values. Background colors represent the pupation modes. Shaded silhouette size are proportional
to body size (log-normalized). Polyphagy level is depicted at tips and nodes with circles which size is proportional to
the estimated Polyphagy Diversity score (log-normalized). The full phylogeny is represented in the Figure S5.
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Shifts in diversification rates are linked to major environmental changes

Our investigation of diversification rates using BAMM showed that the prior applied on the number of
shifts influenced the number of recovered shifts when using values lower than 5 (Figure S9). However,
when considering higher prior values, the number of recovered shifts was no more influenced
significantly and the detected shifts were consistent (Figure S10, Online resources). We here considered
the results obtained with expectedNumberOfShifts=5 because this value is the closest to the one
suggested by the setBAMMpriors function of the BAMMtools R package (expectedNumberOfShifts=1)
that led to steady estimates. We recovered 19 shifts that all implied an increase in diversification rates.
Some of those shifts should however be considered cautiously. Since we assumed the monophyly of
sampled genera when building the species-level phylogeny, our estimates of crown ages and divergence
times may have been biased if this condition was not respected, which would then lead to the
identification of erroneous shifts in diversification rate. To avoid these biases, we therefore discarded
intra-generic shifts (but one, see further) as well as shifts identified at nodes grouping only two genera.
However, if the monophyly of a genus was well established, the estimate of its crown age would be
biased toward its stem age and the recovered shift would be underestimated. This is why we considered

as valid the shift identified within the genus Hylesia, whose monophyly is well established.

That being said, our analyses revealed several shifts throughout the evolutionary history of the family.
The earliest shift occurred ca. 44 Ma in the branch leading to extant Ceratocampinae and Hemileucinae
subfamilies, in South-America. Within the Hemileucinae, two other shifts were identified, both ca. 16
Ma. The first happened along the branch leading to genera Leucanella, Pseudautomeris, Hypermerina
and Automeris, and the second happened within the Hylesia genus. These shifts may be linked to the
Middle Miocene Climatic Optimum and the rise of the Northern Andes that initiated about 23 Ma and
accelerated about 15 Ma (Garzione et al 2008 2014; Hoorn et al. 2010) fundamentally changing the
neotropical ecosystems. All other diversification rate shifts we identified occurred in Old World
lineages. The most ancient happened ca. 35 Ma along the branch of the tree leading to the Attacini and
Saturniini tribes. Within Saturniini, we identified another shift ca. 12 Ma when the lineage leading to
genera Neodiphthera and Syntherata emerged in the Oriental and Australian regions. Furthermore, three
shifts were detected within the Bunaeinae subfamily, on the African continent. The first two happened
ca. 35 Maand 31 Ma on the branches leading to the Micragonini tribe and to tribes Bunaeini and Urotini,
respectively. They were concomitant with the global climate transition towards a cooler climate that
happened at the Eocene-Oligocene boundary (~33.5-26 Mya; Zachos et al. 2001) that induced a
dramatic faunal and floral turnover all over the globe (Ivany et al. 2000; Coxall & Pearson 2007; Seiffert
2007). A third, more recent shift in diversification rates also occurred within the Bunaeini tribe on the
African continent, ca. 10 Ma [14.8-7.1 Ma]), and may be linked to the aridification of North Africa
(Zhang et al. 2014), the emergence of C4 plants and the fragmentation of forest habitats in the Eastern
side of the continent (Cerling et al. 1997; Ségalen et al. 2007).
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Life-history traits played a key role in driving the diversification of wild silkmoths

The results presented and discussed above depict the long and complex dynamics of diversification of
wild silkmoths through time and across biogeographical regions of the world. This work represents one
of the very few analyses of diversification at global scale in a diverse insect group (but see Economo et
al. 2018, 2019; Chazot et al. 2020) and it is remarkable that these spatial and temporal patterns combine
both marked structuration and striking heterogeneity, suggesting that beyond contingencies caused by
abiotic events having affected the planet in its past 60 Myr, biotic features or traits specific of certain
lineages likely played a major role in driving the diversification dynamics of these insects. We therefore
investigated the role of biotic traits in the diversification of wild silkmoths. Our analyses focused on
four main life-history traits which together make the family rather distinctive within lepidopterans: (i)
body size; (ii) dispersal capacity; (iii) degree of polyphagy; (iv) pupation mode. Overall, all four life-
history traits considered explained significantly better the diversification dynamics than null models in
which the diversification rates are constant across the phylogeny (Table 1).

Table 1 — Results of the MuSSE analysis of trait-dependent diversification models fitted to the phylogeny of Saturniidae.
For each life-history trait, we compared three models: (i) a null model in which the diversification rates were
homogenous across the phylogeny, (ii) a gqfree model in which the transition rates between the different categories were
not fixed as equal (but gi3~ 0, a1 ~ 0), (iii) a full model in which we estimated distinct diversification rates for the three
categories as well as distinct transition rates. For all traits, the full model was the best model identified by the AIC scores.

AAIC indicates the AIC difference to the best model. Df is the number of degrees of freedom for each model. AIC impr.
charcterizes the relative improvement of AIC score of the full model when compared to the null model.

Df InLik AIC AAIC AIC impr. (%)
@ 8 null model 3 -10132 20270 32
n =
z% gfree model 6 -10123 20257 19
o <
@ ™ full model 10 -10109 20238 0 0,16
% ¢ g nullmodel 3 -10006.5 20019 74
=g
2 S o gfree model 6 -10004.3 20021 72
a o3
8 8 & full model 10 -9962.6 19945 0 0,37
§ _ 8 null model 3 -8836.2 17678 194
'é % w  gfree model 6 -8825.6 17663 179
o ©
& 0 full model 10 -8731.9 17484 0 1,10
s w null model 3 -8402.0 16810 75
2 Q5
§ E b gfree model 6 -8392.9 16798 63
= [=)]
o N full model 10 -8357.6 16735 0 0,45

The body size conundrum of capital-breeding insects

The analyses of measurements from images of 1576 species in 172 genera (2577 specimens, and 12,850
measurements in total; see Table S4 - Online resources) reveal that the common ancestor to all wild
silkmoths was small, falling into the bottom tier of the smallest extant saturniids. Body size carries
phylogenetic signal (Bloomberg’s K=0.84; p=0.001), but the evolution toward smaller or larger body
sizes occurred several times throughout the evolution of the family. Salassinae, Bunaeini, Attacini,

Bathyphlebiini and Citheroniini are striking examples of independent evolution of gigantism, whereas
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Pseudapheliini, Micragonini, Oxyteninae, and several genera in Dryocampini, Hemileucini and
Saturniini are small moths that can be as much as 20 times smaller than the largest members of the
family. Our results reveal an overall high heterogeneity in the evolution of this trait, with similar
transition rate toward larger or smaller body size (Figure S5E, Table S5). Interestingly, this contrasts with
the negatively skewed distribution of saturniid body size (log-transformed; Figure S6), showing that
larger saturniids are more numerous than smaller ones. Furthermore, large body-sized moths (Figure
5A, Table S5) had higher diversification rates than small ones, whereas lineages of medium-sized moths
have intermediate values. These results suggest that, for saturniids, evolution toward smaller body size
can be an evolutionary dead-end, an observation contrasting with previously proposed models in other
groups of animals (Hutchinson & MacArthur 1959; Maurer 1998), including insects (Rainford et al.
2016; but see Misof 2002 for a similar pattern in Anisoptera), and that may reflect the importance of
being large when you are a capital-breeder. The capital-breeding reproductive strategy of wild silkmoths
indeed implies storage by the larvae of the important resources needed by the adults for their
reproduction and for the formation of a large amount of formed eggs (Tammaru & Haukioja 1996; Davis
et al. 2016).
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w W W “ w % 2
B. C. ? p. @
CIsmall Clow _ Ospe. CInone
207 Dmedium 809 Dmedium 807 Haigo. Olaose
Hlarge Hgood Mgene. 80+ [plain
60 60 80
60
40 40 40
40
20 20 20 204
o~ o- o- o-
r T T 1 " T T ! T T T 1 T T T 1
0.114 0.139 0.164 0189 0.089 0.127 0.185 0203 00853 0.113 0.173 0233 0.054 0.100 0.146 0.192

Net diversification rates

E. F. G. H.

[d small => medium 1500 M low -> medium [ spe. —> oligo. [ nene -> loose
1200+ [ medium => small [ medium => low 2500 [ oligo. => spe. 5000 [ loose => none
B medium —> large M medium —> good M oligo. —> gene [ 1oose -> plain
M large > medium M good -> medium [ gene. -> oligo. [0 plain == loose
40004

Probability density

1000 20004

10004

8004

15004 30004

600

10004 20004

400 500

10004

e — r T T 1 T T T 1 T T T ]
0000  0.002  0.004 0.007 0.000 0.002 0.004 0.008 0.000 0.004 0.008 0012 0.000 0.002 0.004 0.006
Transition rates

2004

o4

Figure 5 - Posterior probability distributions of parameters obtained from the MuSSE analysis of trait dependent
diversification models. Upper row (A, B, C, D): net diversification rate (A-p); lower row (E, F, G, H): transition rates.
Shaded areas correspond to the 95% credibility intervals.

Dispersal capacity promotes diversification, but not biogeographical interchanges

From thousands of measurements of body and wing metrics (Table S4), we calculated wingload ratio to

approximate the relative dispersal capacity within Saturniidae. Overall, most saturniid lineages are poor
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dispersers with a rather low wingload ratio (Figure 4); our reconstruction of ancestral states for this trait
suggests that this was the condition in the ancestor to all Saturniidae, which was also of small size. A
significant increase in dispersal capacity happened twice independently during the evolution of the
family: in the Neotropical subfamily Ceratocampinae (especially in the Dryocampini tribe) and, to a
lesser extent, within the African tribe Micragonini (Figures 4, S5). In both cases these moths have a
rather broad thorax and short “triangular” wings allowing high wing beat frequency, and their high
wingload ratio reflects field observations that these moths are strong and fast fliers. Overall, the
phylogenetic signal of wingload appears to be strong, following rather tightly the evolution of the family
(Bloomberg’s K=1.04; p=0.001). The diversification rates in lineages with high or medium dispersal
capacity (i.e. with high wingload values) are higher than in lineages with low dispersal capacities (Figure
5B, Table S5); this agrees with observations in other groups (e.g. Willis et al. 2014) and with predictions
that higher dispersal ability increases the probability of isolation following colonization of novel habitats
(Faurby et al. 2019). Interestingly, when considering diversity of saturniid moths in the Andes, which
represent the largest hotspot of diversity for the family, lots of species are local endemics with very
narrow ranges; this pattern is generally understood as the result of the very limited dispersal ability of
wild silkmoths, which could then also be seen as responsible for increased diversification rates, under a
purely neutral model, because lower gene flow promotes population fragmentation, genetic divergence
and local adaptation, leading to speciation and prevalence of endemism and small range species (Faurby
& Antonelli 2018). One way to reconcile this apparent contradiction may in fact be considering all
saturniid moths as poor dispersers, a trait again linked to their reproductive strategy as capital-breeders,
with short-lived non-feeding adults; this promotes disruptions to gene flow, which in turn are likely to
happen more frequently in those saturniids that have higher dispersal abilities and can occasionally cross
barriers or expand into novel ecological habitats, especially, for instance, in mountain environments
where these moths are especially diverse. One final consideration with respect to dispersal capacity is
that it does not appear to have played an important role in promoting long distance dispersal of wild
silkmoths (Figure 4); as mentioned before, the group with the highest dispersal capacity, i.e. the
members of the Ceratocampinae subfamily and the Micragonini tribe, never dispersed outside the New

World and the African continent, respectively (Figure 4).

Polyphagy — the engine of wild silkmoths’ diversification

In contrast with nearly all other diverse groups of insects, especially those whose diversity peaks in the
inter-tropical region, our current knowledge of the biology of wild silkmoths is rather well documented
thanks to the long-lasting popularity of these often-spectacular moths and caterpillars. Food plant
information were compiled for 586 species of Saturniidae representing 121 genera in all subfamilies and
tribes but Hirpidinae and Antistathmopterini; overall, we retrieved 2568 distinct records of associations
between saturniid genera and the plant families consumed by their caterpillars (Table S6, Online

resources). Polyphagy appears to be very variable within the family (Figures 1, 4 and S5); it ranges from
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genera with specialized species known to feed on a single plant family (e.g. genus Tagoropsis with all
five documented species out of six feeding on Sapindaceae) to some mostly comprising species known
as generalists, feeding on several dozens of plant families (e.g. Actias luna caterpillars feeding on >16
different families of plants). Alike body size and wingload, there is a phylogenetic signal in the evolution
of polyphagy in saturniid moths (Bloomberg’s K= 0.547; p=8.0e-04). We inferred that the ancestor of
all Saturniidae was oligophagous, its degree of polyphagy being close to the median of the polyphagy
scores measured for extant genera. The degree of polyphagy increased independently several times
throughout the evolution of the family; the ancestor to tribes Attacini and Saturniini was polyphagous
and all extant genera in the former tribe are either highly polyphagous (e.g. Hyalophora) or
oligophagous (e.g. Epiphora), whereas several extant genera of the Saturniini specialized on a limited
number of plant families (e.g. Ceranchia, Copaxa). The Bunaeinae subfamily mostly comprises genera
with caterpillars feeding on few plant families, though several genera in the Bunaeini tribe became quite
generalists, with genus Bunaea being the second most polyphagous Saturniidae genus. Among the three
main New World lineages of Saturniidae, subfamilies Arsenurinae and Ceratocampinae (with few
exceptions therein) have specialized caterpillars, whereas in the Hemileucinae most genera are either
oligophagous or polyphagous (Figures 1, 4, S5). The most diverse saturniid clades are polyphagous (e.g.
Hylesia, Automeris, Attacini and Saturniini), while in contrast several specialized clades are poorly
diversified (e.g. Dryocampini, Oxyteninae or Arsenurinae). Importantly, our results revealed that
lineages with highly polyphagous caterpillars diversified 66% and 46% faster than specialized and
oligophagous lineages, respectively, and that the level of polyphagy is the trait that best explains the
diversification dynamics of the family (Figure 5C, Table 1). Furthermore, the transition rates toward
specialization are significantly lower than the rates toward generalism, suggesting that the dominant
evolutionary trend was toward an increase of the polyphagy level (Figure 5G, Table S5). Plasticity in
the use of food plants also explains the heterogeneity of diversification rates within the four most
diversified subfamilies of wild silkmoths (Table 2 and Figure S7 - Online resources): the polyphagy-
dependent models indeed show that this trait positively influenced the diversification rate in the
Hemileucinae, Bunaeinae and Saturniinae, three subfamilies characterized by high levels of polyphagy,

but not in the Ceratocampinae, whaose caterpillars generally feed on a limited set of food plants.
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Table 2 — Results of the MuSSE analyses of polyphagy-dependent diversification models fitted to the phylogeny of the
four most diverse subfamilies of wild silkmoths. For each subfamily, we compared three models: (i) a null model in
which the diversification rates were homogenous across the phylogeny, (ii) a gfree model in which the transition rates
between the different polyphagy levels were not fixed as equal (but g3~ 0, gz ~ 0), (iii) a full model in which we
estimated distinct diversification rates for the three polyphagy categories as well as distinct transition rates. In
subfamilies Bunaeinae, Hemileucinae, and Saturniinae, the full model was ranked first according to AIC scores. In
Ceratocampinae (Cerato.), polyphagy level did not better explain species diversity. AAIC indicates the AIC difference
to the best model. Df is the number of degrees of freedom for each model. The evolution of traits and diversification
rates throughout the saturniid evolution can be seen in Figure S7 (Online resources).

Polyphagy-dependent

diversification models br InLik AlC AAIC

E null model 3 -1203.7 2413 17
:cé gfree model 6 -1199.5 2411 15
3 fullmodel 10 -1183.1 2396 0
p null model 3 -709.94 1426 1
g qfree model 6 -706.64 1245 0
© full model 10 -704.39 1429 3
E] null model 3 -3605.1 7216 26
B

E qfree model 6 -3596.7 7205 15
= full model 10 -3585.2 7190 0
g null model 3 -1897.7 3801 4
E gfreemodel 6 (18966 3805 8
A full model 10 -1888.5 3797 ]

Higher diversification rates in polyphagous lineages is one of the corollaries of the oscillation hypothesis
proposed by Janz & Nylin (2008; see also Jousselin & Elias 2019) to explain how host preferences can
drive speciation and diversification in herbivore insects. According to this hypothesis, generalist feeding
diet is a transient condition stage where generalization opens novel ecological opportunities and fuels
diversification through the specialization process. This however implies that groups whose
diversification is driven by food plant use tend to become specialists, which is not what we observe here
in wild silkmoths that instead display higher rates toward generalism (Figure 5G, Table S5). Wang et
al. (2017) recently claimed that they found support for the oscillation hypothesis in a group of
Lepidoptera with generalist caterpillars (tussock moths, Lymantriinae), observing that the most
polyphagous lineages were also the most speciose, but there is still ample debate on the predictions
linked to this hypothesis and to alternative ones (Hardy & Otto 2014; Jousselin & Elias 2019).
Specialization is hypothesized to confer higher physiological efficiency, enemy-free space (e.g. physical
or chemical crypsis, toxicity gained from the plant), as well as optimal foraging conditions (Singer
2008). However, while most herbivorous insects tend to evolve toward specialization over evolutionary
time, thus gaining greater fitness, wild silkmoths follow the opposite path toward generalism. Such rare
pattern was documented in fruit flies (Clarke 2017) and shown to be a “probable” evolutionary outcome
driven by a number of ecological trade-offs linked to the life history and biotic interactions, both with
their host and with their parasitoids. Polyphagy was proposed as a corollary of capital-breeding
reproductive strategy, because short female adult life-span and its large body size reduces its motility;
females are “pressed for time” and then benefit from being less selective for the plant they oviposit on

(Prinzing 2003; Jervis et al. 2006; Davis et al. 2013). In a similar way as capital-breeding strategy was
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shown to drive saturniid moths toward becoming larger, it is hypothesized here as the main force driving
their evolution toward increased polyphagy of their caterpillars. In line with the first stage of the
oscillation hypothesis discussed above, high level of polyphagy in saturniid caterpillars can create novel
ecological opportunities and favor geographical range expansion and successful establishment in newly
colonized areas. As a result, the probability of population fragmentation increases, especially
considering the low dispersal abilities of adult saturniids, and this can lead to isolation and speciation.
Polyphagy then acts as a “diversification engine” that is not necessarily fueled by specialization; this
subsequent predicted stage of the oscillation hypothesis is indeed antagonized by the ecological trade-
offs and selective pressures induced by the capital-breeding reproductive strategy of these insects. In
other words, and in contrast with some previous studies on butterflies or moths (Janz & Nylin 2008;
Wang et al. 2017), our results suggest that specialization or shift to new food plants are not major drivers
of diversification in wild silkmoths; the level of polyphagy however plays a key role in promoting
speciation and their diversification. Also, though not all highly polyphagous lineages of Saturniidae
successfully expanded their ranges beyond their biogeographical region, our results show that the two
tribes of Saturniinae — Attacini and Saturniini — displaying the highest frequency of long-distance
dispersal events are also those comprising the most polyphagous genera in the family (Figures 4 and
S5). The ability of caterpillars to use diverse food plants may have greatly facilitated the establishment

and adaptation of populations in new environments with different plant communities.

Protection of pupae promoted diversification

The large-sized and motionless pupae of saturniid moths represent a defenseless source of proteins for
predators or parasitoids. It is also the most common diapausing stage within the family when individuals
need to pass cold or dry seasons. Cocoons of wild silkmoths form remarkable cases surrounding the
pupa and conferring both physical and chemical protection (Gross 1993; Nirmala et al. 2001); some are
very strong and several species are actually well known from the silk produced by their caterpillars used
as an alternative to that produced by domesticated silkworms (Sutherland et al. 2010; Peigler &
Oberprieler 2017). Not all saturniids however do spin strong cocoons, and some even do not spin at all
and pupate underground. Expecting that this life-history trait may have played an important role in the
evolution of wild silkmoths, we compiled information about the pupation mode of 139 Saturniidae
genera or subgenera representing all subfamilies but Hirpidinae, and all tribes but Antistathmopterini
and Solini (Table S7 - Online resources). The caterpillars of about one third of these documented taxa
actually pupate underground, without spinning a cocoon, while the other two thirds pupate on the ground
or in the vegetation, inside a cocoon spun with silk and that shows different degrees of elaborateness,
from a very loose net of silk threads to plain and strong cocoons encasing the pupa. Phylogenetic signal
in pupation mode is very strong and obvious (Figures 4 and S5). The ancestor to all extant wild silkmoths
must have been pupating in a loose cocoon and the evolution of a plain cocoon, offering a better

protection to the pupal stage, occurred several times independently in the ancestors to Cercophaninae,
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some Micragonini, Saturniinae, some Hemileucinae, and in one isolated genus (Neorcarnegia) of
Ceratocampinae. Our results show that the shift to pupation underground, where the caterpillar finds
shelter, occurred independently twice during the evolution of the family: first in the ancestor to extant
New World lineages (Arsenurinae, Ceratocampinae and Hemileucinae), ca. 47Ma, and then a second
time ca. 25Ma, in the ancestor to the Bunaeini tribe, exclusively Afrotropical. The causes triggering this
important behavioral shift remain intriguing and warrant further study; we note however that in both
cases here the lineages branching early after the shift to pupation underground have all rather specialized
caterpillars feeding on a very limited set of food plants (Figures 4 and S5). Habitat characteristics such
as low plant diversity and frequent exposure to harsh environmental conditions (drought, fires), may
have driven this shift. In Africa, the caterpillars of early branching lineages of the Bunaeini tribe mostly
feed on Acacia trees, suggesting that pupation underground might have been an adaptation against
desiccation in hot and dry savanna environments where also seasonal loss of leaves and pressure from
herbivorous megafauna selected against pupation in the vegetation above ground. On the other hand, it
is noteworthy that the capacity to spin a cocoon, either loose or plain, was gained again twice
independently within the New World lineages that had shifted, earlier in their evolution, to pupating
underground. This happened in genus Neorcarnegia of the Ceratocampinae subfamily, and in all
Hemileucinae lineages but the Lonomiini; in this tribe, which is sister to all other Hemileucinae,

caterpillars actually pupate on the ground in the litter, without spinning any cocoon.

The results of our analyses of trait-dependent diversification models show that wild silkmoths
diversified significantly slower in lineages with caterpillars spinning loose cocoons than in those where
they pupate underground or spin a plain cocoon (Figure 5D, Table S5). The latter two conditions are
efficient strategies to escape predators and parasites (Gross 1993) and survive unfavorable (drought,
cold) or even hostile (fire, flooding) environmental conditions (Danks 2004). Better protection of the
pupa may thus have increased diversification rate both through decreasing extinction risks — because of
higher probabilities for pupae to develop into adults, leading to larger population size — as well as
increased speciation rates, because protection of the pupa from environmental hazards promotes range
expansion and ecological opportunities, possibly leading to fragmentation and eventually reproductive
isolation. Interestingly, the positive diversification shift we identified along the branch leading to tribes
Saturniini and Attacini is congruent with a transition from pupation in a loose cocoon to a condition
where caterpillars spin dense plain cocoons conferring higher level of protection. Similar transitions
however happened independently in several other clades (Figures 4 and S5) without causing an apparent
shift in diversification rate, emphasizing that pupation mode, if a key driver of the diversification in
some lineages, acts along with other factors and traits to impact evolutionary dynamics. It is also worth
noting that further understanding of the role of this trait will likely require a more thorough account of
its conditions; in particular, “plain cocoons” as understood in our study refers to strong silk cases (as

opposed to loose cocoons or silk nets), but there are conspicuous differences in the strength of these
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structures between for instance papery, thin cocoons of many Hemileucinae, and the very strong cocoons
of Saturniini and Attacini. Considering that these last two tribes are the most represented in the temperate
regions of the globe, strong plain cocoons might have been key to surviving cold seasons and to
successfully colonize distant regions as is the case in genera Rothschildia and Copaxa, all the way from
the Eastern Palearctic to Neotropical mountains (both Central American and Andean cordilleras),

through the Nearctic region.

Conclusion: Insights into the evolution of capital-breeding
Insects

Our study offers one of the first comprehensive overview of the temporal and spatial dynamics of
diversification in a globally distributed diverse group of phytophagous insects. This reveals a
remarkably clear picture of the main events that have shaped the distribution of extant diversity in these
moths. Throughout their evolutionary history, wild silkmoths seized multiple opportunities linked to
changes in environmental conditions (climate, topology) to expand geographically, from a Neotropical
origin during the Paleocene to a global distribution today and proving capable of dispersing across
landmasses repeatedly. We show however that not all lineages experienced similar “success” in terms
of diversification and range expansion. In particular, our results emphasize the importance of biological
traits in shaping the evolution of these moths, both in terms of diversification and geographical mobility.
Neither dispersal capacity, nor body size appear to be good predictors of long-distance dispersal; instead
the features that seem to be the most critical in successfully colonizing new biogeographical regions are

both the ability to exploit a diversity of food plants (polyphagy) and to spin plain cocoons.

Furthermore, the reproductive strategy of wild silkmoths, as capital-breeding insects with non-feeding
short-lived adults, seems to represent the major constraint that drove the evolution of life-history traits
in directions opposite to those documented to date in other groups of insects. Saturniid moths generally
evolved toward larger size, and toward higher polyphagy level. These two characteristics, along with a
better protection of the pupa — i.e. the most defenseless stage of development — have promoted
diversification in the family. In other words, lineages that best adapted to coping with large body size
through increased polyphagy and increased pupal protection diversified more and were more able to
colonize biogeographical regions. Tracing back the evolution of wild silkmoths to their split from their
sister-group, family Sphingidae (hawkmoths; see Hamilton et al. 2019), it is interesting to observe that
these two families followed distinct evolutionary paths, already brought into light by Janzen (1984). In
this essay on “two ways to be a tropical big moth” in Costa Rican Santa Rosa national park, he
hypothesized that the shift to a capital-breeding reproductive strategy, as opposed to the income-
breeding strategy of sphingid moths, was an adaptive response in environments where adult moths are

exposed to high predation pressure. As the time of divergence of the two families (ca. 60Ma; see also
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Kawahara et al. 2019) matches the origin and diversification of bats (Shi & Rabosky 2015; Lei & Dong
2016), one emerging view from the present work is that while most moths and nocturnal insects engaged
into an “arm race” with these new major nocturnal insect predators through an arsenal of morphological
and/or behavioral adaptations (Kristensen 2012; Kawahara & Barber 2015; Rubin et al. 2018), wild
silkmoths instead reduced their exposure to predation through short adult activity, devoted to

reproduction, and capitalization on resources accumulated during larval stages.

In that context, the diversification of these capital-breeding moths over macro-evolutionary scale is then
better understood primarily as the diversification of their slow-growing large caterpillars and their large
pupae that are the most exposed stages of development in terms of both abiotic and biotic interactions.
This view then brings new light into further observations and hypotheses, expanding Janzen’s (1984)
local appraisal into a broader macroevolutionary scale. One of these is that saturniid caterpillars are
overall much more diverse in their forms and defensive mechanisms (e.g. urticating hairs, poisonous
spines) than their counterparts in the Sphingidae family whose aspect is overall very homogeneous
(Janzen 1984). This can be seen as a consequence of having to retain high level of polyphagy through
evolutionary times, thus not evolving toward enemy-free and physiological efficiency advantages of
specialization. On the other hand, short-lived adult saturniids have very limited exposure time to
predation by bats; females are highly sedentary and males have a very limited period of activity at night
(Lamarre et al. 2018), probably not exceeding an hour. This may explain why these moths lack the
elaborated morphological adaptations (e.g. tympanal organs) found in many other families of moths
(Kristensen 2012) to counter predation by bats, though a few lineages (anecdotical in terms of species
diversity within the family) developed rather unique spectacular adaptations against echolocation by
bats in the form of long hindwing tails whose tips act as defectors to attacks by bats (Barber et al. 2015).
Instead, saturniids are remarkable, when compared to Sphingidae or many other moth families, by the
diversity of shapes and patterns of their wings, which may be explained by a relaxed selective pressure
on flight capacities (Janzen 1984; Hamilton et al. 2020) and high diurnal predation rate on these large
preys, promoting the selection of diverse shapes and patterns to deter or avoid predators through crypsis,

aposematic or intimidating patterns (e.g. eyespots; Blest 1957).
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Supplementary Material

Historical biogeography analyses

Ancestral area reconstructions were performed using DECX (Beeravolu & Condamine 2016)

with both adjacency and dispersal rate matrices as detailed here.

T AT ~ -

T X Areas considered
WQP: Western Palearctic
EP : Eastern Palearctic
AF: Africa

WA: Malayan region
IN: India

AU: Australia + Pacific islands
MA: Madagascar

SA: South America
CA: Central America
WN: Western Nearctic
EN: Eastern Nearctic

CA

Figure S8 — Biogeographical areas considered.

Symbols used
» : Adjacent areas, no barrier, p=1.
X : small water barrier, p=0.5.
X : large water barrier, p=0.1.
: one terrestrial area, p=0.75.
X : two terrestrial areas, p=0. 5.

Present — 5Ma: Pliocene (+Pléistocéne)

SA. CA WN EN AF AU MD WA IN WP EP

5 SA I - 1 075 075 01 01 01 01 01 01 025
= CAim» - 1 1 01 01 01 025 01 025 0375
£ WN » - 1 025 01 01 0375 0375 0375 05
15 EN » ®» - 01 01 01 025 025 025 0375
= AF | X X XX X - 01 05 01 075 1 075
s AUI X X X X X - 01 05 0375 025 0375
2 MD! X X X X X X - 01 025 0375 025
e WA | X XX XX XX X X X . 1 075 1
IN | X X XX XX XX XX m - 1 1
WP | X XX XX XX m» XX X » - 1
EP | XX XX X X XX XX »  » m» -
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S C WN EN AF AU M O [ WP  EP

s [T 0 0 oo 0 0 0 0

X Cim - 1 1 0 o0 o0 0 0 0 0
g WN » - 1 0 0 0 0 0 0 1
> EN » » - 0 0 o0 0 0 0 0
= AF { X X XX X - 0 1 0 0 1 0
S, AU|{ X X X X X - 0 1 0 0 0
b5 M| X X X X X X - 0 0 0 0
O | X XX XX XX X X X - 1 0 1

I § X X XX XX XX XX » . 1 1

WP | X XX XX XX m» XX X » - 1

EP | XX XX X X XX XX » » -

5Ma — 14Ma: late Miocene

Panama: Land bridge considered. Phylogenetic and fossils evidences: Bacon (2015) detected a major
shift in the migration rates around 6Ma but showed that lineages started to disperse way before and
detected a first migration rate shift around 20 Ma. Geologic evidences: Montes et al. (2015) argued the

Central American Seaway was closed in the Middle Miocene using detrital zircon geochronology.

Bering strait: closed (Gladenkov et al. 2002, Gladenkov & Gladenkov 2004, Verhoeven et al. 2011)

with temperate conditions.

North Atlantic Land Bridge (NALB): Considering land bridges EN<>WP. But according to Denk et al.

(2011) who summarized geological data from different studies, the subsidence of different parts of the
Greenland-Scotland Transverse Ridge (GSTR) do not overlapn, though organisms are known to have
colonized Iceland from Groenland (7-5.5Ma for the lastest) and from Scotland (9-8Ma). We considered

small water barrier for 5-34Ma, then terrestrial connection for 34-66Ma (see following tables).

Africa: Rosenbaum et al. (2002) considered a land bridge through Sicily from early Oligocene. In that
easy dispersion matrix, we considered that land bridge. Land connection through Arabic Peninsula

considered from Early Miocene (Early Langhian according to Meulenkamp & Sissingh 2003).

SA° CA WN EN AF AU MD WA IN WP EP

5 SA [ - 1 075 075 01 01 01 01 01 01 05
= CAl» - 1 1 01 01 01 05 05 05 075
£ WN » 1 05 025 01 075 075 075 1
L EN » » - 025 01 01 05 05 05 075
= AF | X X X X 01 05 01 075 1 075
§ AU | X X XX X X - 01 05 0375 025 0375
2 MD|I X X X X X X - 01 025 0375 025
= WA | X X X X X X . 1 07 1
IN | X X X XX XX » - 1 1
WP | X X XIX  m XX X » ; 1
EP X » X XX » » »
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SA CA WN EN AF AU MD WA IN WP EP
sA [T 0 0 0 0 0 0 0 0
X CA |l m» - 1 1 0 0 0 0 0 0 0
E WN » 1 0 0 0 0 0 0 1
> EN » » - 0 0 0 0 0 1 0
= AF i X X X X - 0 1 0 0 1 0
8 AU | X X XX X X - 0 1 0 0 0
£ MD: X X X X X X 0 0 0 0
WA | X X X X X X - 1 0 1
IN | X X X XX XX » - 1 1
WP | X X XIX XX X » - 1
EP X » X XX » » » -

14Ma — 23Ma: early Miocene

Panama: Panama isthmus did not exist yet. However, only about 200km segregate South and Central
America (Montes 2012,2015).

India —»Madagascar: possible dispersal events through archipelagos. Here we considered a small water

barrier.

SA CA WN EN AF AU MD WA IN WP EP
y SA [ Z7705 0375 0375 01 01 01 01 01 01 025
= CA| X - 1 1 01 01 01 05 05 05 075

£ WN | XX » - 1 05 025 01 075 075 075 1
2 EN | XX » w» - 025 01 01 05 05 05 075
= AF i X X X X - 01 05 01 075 1 075
§ AU | X X XX X X - 01 05 0375 025 0375
2 MD| X X X X X X - 01 05 0375 025

a WA | X X X X X X - 1 075 1

IN § X X X X X  » - 1 1

WP | X X XIXX  m» XX X » - 1

EP | XX » XX XX m» » » -

SA CA WN EN AF AU MD WA IN WP EP

sa [T 0 0 0 0 o 0 0 0 0

X CA | X - 1 1 0 0 0 0 0 0 0

g WN | XX » - 1 0 0 0 0 0 0 1

- EN | XX » » - 0 0 0 0 0 1 0

= AF i X X X X -0 1 0 0 1 0

S, AU X X XX X X - 0 1 0 0 0

Z MD | X X X X X X - 0 1 0 0

WA | X X X X X X - 1 0 1

IN § X X X X X  » - 1 1

WP | X X XX m XX X » - 1

EP| - 1 0 0 0o 0 0 0 0 0 0
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23Ma — 34Ma: Oligocene

See above comments about the Africa/Palearctic connections.

SA
CA
WN
EN
AF
AU
MD
WA
IN
WP
EP

Dispersal rate matrix

SA
CA
WN
EN
AF
AU
MD
WA
IN
WP
EP

Adjacency matrix

34Ma — 56Ma: Eocene

Africa: no land bridge WP« Africa

SA CA WN EN AF AU MD WA IN WP EP
- 05 0375 0375 0.1 01 01 0.1 0.1 0.1 0.1
X - 1 1 0.1 01 01 0.5 0.5 0.5 0.75
X » - 1 025 01 01 075 0.75 0.75 1
X » » - 0.1 01 01 0.5 0.5 0.5 0.75
X X XX X - 01 05 0.1 0.75 1 0.75
X X X X X - 0.1 0.5 0.375 0.25 0.375
X X X X X X - 0.1 0.5 0.1 0.1
X X X X X X - 1 0.75 1
X X X X X X » - 1 1
X X X/IX » X X » - 1
X » X X X » » » -
SA CA WN EN AF AU MD WA IN WP EP
- 1 0 0 0 0 0 0 0 0 0
X - 1 1 0 0 0 0 0 0 0
X » 1 0 0 0 0 0 0 1
X » » - 0 0 0 0 0 1 0
X X XX X - 0 1 0 0 1 0
X X X X X - 0 1 0 0 0
X X X X X X - 0 1 0 0
X X X X X X - 1 0 1
X X X X X X » - 1 1
X X XIX » X X » - 1
X » X X X » » » -

Australia: see supplementary materials of de Bruyn et al. (2014) for detailed maps. Australian landmass

was still far from Asia, only getting close enough to consider a small water barrier at 35Ma. Heinicke et
al. (2011) estimated that Gehyra Gekko colonized Australia in Early Oligocene/Late Eocene (30-38Ma).

SA
CA
WN
EN
AF
AU
MD
WA
IN
WP
EP

Dispersal rate matrix
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SA CA WN EN AF AU MD WA IN WP EP
- 05 0375 0375 01 025 0.1 0.1 0.1 0.1 0.1
X - 1 1 01 01 01 0.5 0.5 0.5 0.75
X » - 1 025 01 01 075 075 0.75 1
X » » - 01 01 01 0.5 0.75 1 0.75
X X XX X - 01 05 01 0375 05 0375
X X X X X - 0.1 0.1 0.1 0.1 0.1
X X X X X X - 0.1 0.5 0.1 0.1
X XX X X X X - 1 0.75 1
X X X X X » - 1 1
X X » X X X » - 1
- 05 0375 0375 01 025 0.1 0.1 0.1 0.1 0.1



IN WP EP

AU MD WA

AF

EN

SA CA WN

X

SA
CA

WN
EN
AF
AU
MD

Xuyew Aosuadelpy

WA i X XX

IN

WP

EP

56Ma — 66Ma: Paleocene

Panama: We do not consider island arc anymore. SA was very geographically isolated.
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Supplementary figures

1. Original dataset

3 - ol |1 g1 Ih
HER 2
£
>3
c o | o |
(=]
|
(=2 o ]
o™ o™
o - o e
T T T T 1 I T T 1
0 10 20 30 40 0.3 04 0.5 0.6
LBH score GC content (%)
2. LB_0.05 dataset
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Figure S1 — Distribution of Long Branch Heterogeneity scores (left column) and GC contents (right column) among UCE
loci of the original (top row) dataset and of the LB_0.05 (bottom row) dataset in which 5% of loci with the highest LB
scores were discarded. Discarding these loci from the original genomic dataset corrected the negative skewness of the LBH
score distribution.
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Figure S3 (Online resource) - All inferred trees with 1Q-TREE or ASTRAL from the different sub-datasets. The title of
each tree indicates the software used and the sub-dataset considered. Subfamilies, species names, sample codes and
number of loci are indicated at tips.
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Figure S4 — Convergence of datation analyses. The divergence time estimates obtained with the different sub-dataset
(see legend) are represented as a function of the estimates obtained with the BP sub-dataset (Bootstrap scores), for which
50 loci were sampled, because the generated gene trees were the most supported.

Figure S5 (next two pages, see Online resources) — Historical biogeography and traits evolution of Saturniidae. Red stars
depict the diversification rate shifts as estimated with BAMM. Left panel: biogeographical history of Saturniidae as
estimated with DECX from 1000 species-level trees. Ranges with the highest probabilities, as estimated with DECX,
are represented by colored squares; red contour lines of squares indicate best ranges inferred with less than 50%
confidence. When range estimate confidence values were below 90%, alternative estimates were depicted. Colored
arrows highlight the main dispersal events as represented in the World map (bottom left corner). Blue bars indicate
confidence intervals of node ages. Right panel: saturniid life-history trait evolution. Branches are colored according to
wingload values. Background colors represent the pupation modes. The size of shaded silhouettes is proportional to body
size values (log-normal). Polyphagy level is represented at tips and nodes with circles whose size is proportional to the
estimated polyphagy score (log-normal). A .pdf file of this figure is also available as Online resource.
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Figure S6 - (A) Histogram representing the log-transformed body size distribution of 2577 specimens, as estimated by
the product of body length and the mean of the three measurements of thorax width. (B) Represents the tool used for
measuring these features, as integrated in BOLD (www.boldsystems.org). The distribution is negatively skewed (one
sided Agostino test, skew =-0.226, z=-4.594, p-value = 2.17¢-06). Red line represents a normal distribution with similar

mean and standard deviation.

Figure S7 (Online resource) - Polyphagy-dependent diversification models - subfamily level. Within each major
subfamily (one page each) of Saturniidae, we categorized the genera into three categories, specialist (category 1),
oligophagous (2) and polyphagous (3), considering quantiles p=0.33 and p=0.66. Genus polyphagy is indicated at the
crown node of each genus. On the left of each page, we represented the species-level phylogenies of each subfamily as
inferred with PASTIS; the genera missing food plant information were discarded. We did not consider intra-generic
variation because of the way we estimated polyphagy level. On the right, histograms represented speciation, extinction,
diversification and transition rates as estimated over 10,000 MCMC generations with the diversitree R package.

Figure S9 (following page) - Influence of priors on the posterior results in BAMM. We ran BAMM with several
expectedNumberOfShifts values in order to understand how priors can affect the number and the position of recovered
shifts. Here we represented the prior and posterior distributions and showed that priors can influence the number of
recovered shifts, especially when expectedNumberOfShifts<3. The number of recovered shifts is not significantly
influenced by the priors when expectedNumberOfShifts>5. Analyses based on 20 millions of generations instead of 10
millions are highlighted by a ‘20M” blue box; analyses that failed to converge with a ‘CON’ red box.
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Figure S10 (Online resource) - Maximum shift credibility configuration obtained with BAMM for each of the
expectedNumberOfShifts values. The position of the recovered shifts can slightly differ from one value to another.
However, the positions of shift are very consistent and found on adjacent branches.

Supplementary tables

Table S1 - Genomic statistics. For every sample, we indicated the number of reads, number of contigs, total number of
UCE loci, and number of UCE loci included in the genomic matrix used to infer the phylogenies.

Table S2 — Calibrations points used in the MCMCtree datation analyses.

Secondary calibrations

Node calibration (Ma)  Reference
Sphingidae / Saturniidae [64.1;84.7] Walhberg et al. 2013
Crown Sphingidae [26.6;55.6] Walhberg et al. 2013
Crown Saturniidae [48.5;69.9] Walhberg et al. 2013
Saturniinae/Cercophaninae [43.0;64.1] Walhberg et al. 2013
Ceratocampinae/Hemileucinae [26.9;49.6] Walhberg et al. 2013
Salassinae/Saturniinae [23.9;45.5] Walhberg et al. 2013
Fossils

Node calibration (Ma)  Reference

Crown Smerinthini >15.2 Zhang & Zhang 1994
Crown Bunaeini >3,66Ma Kitching & Sadler 2011

Table S3 - Revised Saturniidae classification, as proposed in this study. See Figure 3.

Family Subfamily Tribe Subtribe Genus Subgenus
Saturniidae Agliinae Aglia
Saturniidae Arsenurinae Almeidaiini Almeidaia
Saturniidae Arsenurinae Arsenurini Arsenura
Saturniidae Arsenurinae Arsenurini Caio
Saturniidae Arsenurinae Arsenurini Copiopteryx
Saturniidae Arsenurinae Arsenurini Dysdaemonia
Saturniidae Arsenurinae Arsenurini Grammopelta
Saturniidae Arsenurinae Arsenurini Loxolomia
Saturniidae Arsenurinae Arsenurini Paradaemonia
Saturniidae Arsenurinae Arsenurini Rhescyntis
Saturniidae Arsenurinae Arsenurini Titaea
Saturniidae Bunaeinae Antistathmopterini Antistathmoptera
Saturniidae Bunaeinae Bunaeini Athletes
Saturniidae Bunaeinae Bunaeini Aurivillius
Saturniidae Bunaeinae Bunaeini Bunaea
Saturniidae Bunaeinae Bunaeini Bunaeopsis
Saturniidae Bunaeinae Bunaeini Cinabra
Saturniidae Bunaeinae Bunaeini Cirina
Saturniidae Bunaeinae Bunaeini Gonimbrasia Gonimbrasia
Saturniidae Bunaeinae Bunaeini Gonimbrasia Nudaurelia
Saturniidae Bunaeinae Bunaeini Gynanisa
Saturniidae Bunaeinae Bunaeini Heniocha
Saturniidae Bunaeinae Bunaeini Imbrasia
Saturniidae Bunaeinae Bunaeini Leucopteryx
Saturniidae Bunaeinae Bunaeini Lobobunaea
Saturniidae Bunaeinae Bunaeini Melanocera
Saturniidae Bunaeinae Bunaeini Protogynanisa
Saturniidae Bunaeinae Bunaeini Pseudimbrasia
Saturniidae Bunaeinae Bunaeini Pseudobunaea
Saturniidae Bunaeinae Bunaeini Rohaniella
Saturniidae Bunaeinae Bunaeini Ubaena
Saturniidae Bunaeinae Eochroini Eochroa
Saturniidae Bunaeinae Eochroini Parusta
Saturniidae Bunaeinae Eochroini Usta
Saturniidae Bunaeinae Eudaemoniini Eudaemonia
Saturniidae Bunaeinae Micragonini Adafroptilum
Saturniidae Bunaeinae Micragonini Adrougeriana
Saturniidae Bunaeinae Micragonini Basquiniana
Saturniidae Bunaeinae Micragonini Campimoptilum
Saturniidae Bunaeinae Micragonini Carnegia
Saturniidae Bunaeinae Micragonini Cyrtogone
Saturniidae Bunaeinae Micragonini Decachorda
Saturniidae Bunaeinae Micragonini Dogoia
Saturniidae Bunaeinae Micragonini Goodia
Saturniidae Bunaeinae Micragonini Holocerina
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Ludia
Micragone
Mucidomorpha
Orthogonioptilum
Pseudoludia
Vegetia
Pselaphelia
Pseudaphelia
Maltagorea
Pseudantheraea
Sinobirma
Tagoropsiella
Tagoropsis
Urota
Bathyphlebia
Eacles
Neorcarnegia
Schausiella
Citheronia
Citheronioides
Citheronula
Procitheronia
Adeloneivaia
Adelowalkeria
Almeidella
Anisota
Ceratesa
Ceropoda
Cicia
Citioica
Dacunju
Dryocampa
Giacomellia
Jaiba
Megaceresa
Mielkesia
Oiticella
Othorene
Psigida
Psilopygida
Psilopygoides
Ptiloscola
Rachesa
Scolesa
Syssphinx
Cercophana
Microdulia
Neocercophana
Janiodes
Ancistrota
Auroraia
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Prohylesia
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Arias
Cerodirphia
Coloradia
Dirphia
Dirphiella
Dirphiopsis
Eudyaria
Heliconisa
Hemileuca
Hidripa

Bertrandylesia
Extremylesia
Gamylesia
Hylesia
Linylesia
Micrattacus




Saturniidae Hemileucinae Hemileucini Hemileucina Hispaniodirphia

Saturniidae Hemileucinae Hemileucini Hemileucina Ithomisa

Saturniidae Hemileucinae Hemileucini Hemileucina Kentroleuca

Saturniidae Hemileucinae Hemileucini Hemileucina Lemaireodirphia

Saturniidae Hemileucinae Hemileucini Hemileucina Manodirphia

Saturniidae Hemileucinae Hemileucini Hemileucina Meroleuca Dihirpa
Saturniidae Hemileucinae Hemileucini Hemileucina Meroleuca Meroleuca
Saturniidae Hemileucinae Hemileucini Hemileucina Meroleuca Meroleucoides
Saturniidae Hemileucinae Hemileucini Hemileucina Ormiscodes

Saturniidae Hemileucinae Hemileucini Hemileucina Paradirphia

Saturniidae Hemileucinae Hemileucini Hemileucina Periphoba

Saturniidae Hemileucinae Hemileucini Hemileucina Pseudodirphia

Saturniidae Hemileucinae Hemileucini Hemileucina Rhodirphia

Saturniidae Hemileucinae Hemileucini Hemileucina Winbrechlinia

Saturniidae Hemileucinae Hemileucini Hemileucina Xanthodirphia

Saturniidae Hemileucinae Lonomiini Lonomia

Saturniidae Hemileucinae Lonomiini Periga

Saturniidae Hemileucinae Polythysanini Adetomeris

Saturniidae Hemileucinae Polythysanini Callodirphia

Saturniidae Hemileucinae Polythysanini Cinommata

Saturniidae Hemileucinae Polythysanini Polythysana

Saturniidae Hirpidinae Hirpida

Saturniidae Oxyteninae Homoeopteryx

Saturniidae Oxyteninae Oxytenis

Saturniidae Oxyteninae Therinia

Saturniidae Salassinae Salassa

Saturniidae Saturniinae Attacini Archaeoattacus

Saturniidae Saturniinae Attacini Attacus

Saturniidae Saturniinae Attacini Callosamia

Saturniidae Saturniinae Attacini Coscinocera

Saturniidae Saturniinae Attacini Epiphora

Saturniidae Saturniinae Attacini Eupackardia

Saturniidae Saturniinae Attacini Hyalophora

Saturniidae Saturniinae Attacini Rhodinia

Saturniidae Saturniinae Attacini Rothschildia

Saturniidae Saturniinae Attacini Samia

Saturniidae Saturniinae Saturniini Actias

Saturniidae Saturniinae Saturniini Antheraea Antheraea
Saturniidae Saturniinae Saturniini Antheraea Antheraeopsis
Saturniidae Saturniinae Saturniini Antheraea Telea
Saturniidae Saturniinae Saturniini Antherina

Saturniidae Saturniinae Saturniini Argema

Saturniidae Saturniinae Saturniini Austrocaligula

Saturniidae Saturniinae Saturniini Ceranchia

Saturniidae Saturniinae Saturniini Copaxa

Saturniidae Saturniinae Saturniini Cricula

Saturniidae Saturniinae Saturniini Eosia

Saturniidae Saturniinae Saturniini Lemaireia

Saturniidae Saturniinae Saturniini Loepa

Saturniidae Saturniinae Saturniini Neodiphthera

Saturniidae Saturniinae Saturniini Opodiphthera

Saturniidae Saturniinae Saturniini Pararhodia

Saturniidae Saturniinae Saturniini Saturnia Agapema
Saturniidae Saturniinae Saturniini Saturnia Cachosaturnia
Saturniidae Saturniinae Saturniini Saturnia Calosaturnia
Saturniidae Saturniinae Saturniini Saturnia Eudia
Saturniidae Saturniinae Saturniini Saturnia Neoris
Saturniidae Saturniinae Saturniini Saturnia Perisomena
Saturniidae Saturniinae Saturniini Saturnia Rinaca
Saturniidae Saturniinae Saturniini Saturnia Saturnia
Saturniidae Saturniinae Saturniini Syntherata

Saturniidae Saturniinae Solini Solus

The novel genus described by Brechlin (2019), Hirpsinjaevia, should be considered as a Hirpidinae (see Chapitre 3).

Table S4 (Online Resource) - Saturniidae morphology measurements. 12850 measurements were done for 2577 saturniid
specimens. The measurements considered were: (i) body length, (ii) thorax width between the junction points of thorax
and forewings, (iii) thorax width at the middle of the thorax, (iv) thorax width between the junction points of thorax and
hindwings and (v) the forewing surface. Measurements were performed in BOLD (www.boldsystems.org) and rescaled
thanks to a scale measurement.

Table S5 - Parameter values from best models of trait-dependent diversification analyses. The full model was recovered
as the best model for all life-history traits considered (see Table 1 in main text). The values represent medians of each
parameter (A = speciation rate, u = extinction rate and A-py = diversification rate) as estimated with 10,000 MCMC
generations (10% of burnin).
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MCMC estimates Ay M1 M-y A K M-, A Hs
catl: small BS
Body Size (BS) cat2: medium BS 0.142 3.54e-03 0.138 0.164 0.011  0.152 0177 3.70e-03
cat3: large BS
Dispersal catl: low WL
capacities - cat2: medium WL 0.117 3.49e03 0.113 0171 6.96e03 0.163 0.184 2.79e-03
Wingload (WL) cat3: high WL
catl: low POL
Polyphagy level
cat2: medium POL 0.127 0.0302 0.0964 0.148 2.77e-03 0.145  0.214 1.62e-03
{POL} cat3: high POL
catl: No cocoon
Pupation mode cat2: loose cocoon 0.172 0.0169 0.154  0.128 0.0293 0.0984 0.178 1.59e-03

cat3: plain cocoon

Table S6 — Food plant dataset (Ballesteros-Mejia et al. submitted, see attached articles).

Table S7 (Online resource) - Genus-level pupation mode dataset.
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ABSTRACT

Background. Today’s uneven geographical and phylogenetic distribution of biodiversity reflects
complex underlying temporal and spatial dynamics. The development of large and robust phylogenies,
the assembly of distribution and trait databases, and new analytical methods are shedding light on the
respective roles of abiotic and biotic factors on patterns of diversification and emphasize the importance
of adaptive traits. Yet, very few studies have investigated the role of these factors on insect
diversification dynamics at a global scale, though it constitutes the most diverse group of organisms on
Earth.

Results. Using a combination of phylogenomics, diversification and historical biogeography analyses
we propose a comprehensive account of the spatial and temporal diversification dynamics in wild
silkmoths (Saturniidae). These moths are typical capital-breeding insects in which non-feeding adults
have short lifespan entirely devoted to reproduction. Considering several key life-history traits analyzed
using trait-dependent models of diversification, we found that wild silkmoths evolved toward larger
body-size and increased level of polyphagy of their larval stages, in contrast to most other insects.
Polyphagy, pupation mode and dispersal capacities positively impacted diversification rates, but only
the first two traits likely favored the mobility of lineages between distant biogeographical regions.
Therefore, wild silkmoths challenge traditional expectations with poor dispersers being worldwide

colonizers.

Conclusion. Our work demonstrates the importance of life-history innovations in driving the dynamics
of diversification in a family of moths. In particular, high polyphagy level and protection against
environmental hazards (plain cocoons) are proposed as key adaptations for coping with large size and

thus for capital-breeders to colonize and thrive on all continents.
SIGNIFICANCE

In this study, we carried out a global scale analysis of spatial and temporal evolution of wild silkmoths,
a diverse group of capital-breeding insects. Through the analysis of a set of life-history traits we show
that — in contrast to most other insects — wild silkmoths evolved toward larger adult body-size and
increased level of polyphagy of their caterpillars. Furthermore, polyphagy and strong cocoons likely
favored the mobility of lineages between distant biogeographical regions. Through key adaptations
driven by their reproductive strategy, wild silkmoths adopted a capital breeding strategy and challenge

traditional expectations with poor dispersers being worldwide colonizers.

KEYWORDS

Adaptation, Insects, Life-history traits, Reproductive strategy, Phylogenomics, Wild Silkmoths, Capital

breeding, Saturniidae, Ultraconserved elements.




INTRODUCTION

Large-scale diversification studies have mostly focused on vertebrates (Jetz, Thomas et al. 2012; Bonetti
& Wiens 2014; Claramunt & Cracraft 2015; Cooney, Bright et al. 2017) or plants (Fiz-Palacio et al.
2011; Antonelli, Zizka et al. 2015; Silvestro, Cascales-Minana et al. 2015) and only a few have
addressed the role of adaptive traits in spatial and temporal diversification dynamics of widespread taxa
(Price, Hopkins et al. 2012; Modica, Gorson et al. 2020). In insects, studies are impeded by limited
knowledge of their diversity, distribution, evolution, traits, or ecology (Hortal et al. 2015). In addition,
studies are rarely global (but see Economo et al. 2018, 2019), and often focus on higher taxonomic ranks
with limited insights into the drivers of diversification (but see Condamine et al. 2018; Matos-Maravi et
al. 2018; Cozzarolo et al. 2019; Dorey et al. 2020).

We studied a family of moths, the wild silkmoths (Saturniidae), which are among the best documented
insects, certainly because these emblematic moths and their caterpillars are spectacular in their size and
forms, often abundant, and have attracted the attention of naturalists for centuries (Fig. 1). As most
diverse clades of organisms, their diversity is unevenly distributed, both phylogenetically (ca 80% of
the species belong to 2 of the 8 subfamilies) and geographically (>95% of species inhabit the
intertropical region, 66% in the Neotropics alone; Fig. 1). Wild silkmoths exhibit a set of life-history
traits associated with the way they allocate resources to their reproduction as capital breeders
(Stephens et al. 2009): the adult moths do not feed, achieve a large size (females are pro-ovigenic,
carrying eggs in large abdomens), have low mobility and short lifespan (<7 days); their caterpillars are
often gregarious and generalists in their use of food-plants (Janzen 1984). In addition, saturniid moths
adopted different strategies to protect their pupa — the most vulnerable stage to predators, parasitoids
and pathogens — from underground pupation to multi-layered silk cocoons, well known for their use in
production of natural silk textiles (Li et al. 2017). As one of the most diverse group of capital breeding
organisms and as one of the best documented group of insects, wild silkmoths represent an releveant

model to investigate the role of life-history traits in diversification dynamics.

Here, we inferred the backbone phylogeny of the family Saturniidae from 1,381 Ultra-Conserved
Elements (UCEs) sampled from 236 species representing all 179 genera and most subgenera, as well as

15 outgroups. Then, using a dated species-level tree built by assigning each of the 3,451 described

species to their (sub)genera, we investigated if and how key life-history traits (body size; dispersal

capacity; larval diet breadth; pupation mode) and major geological and climatic events have shaped their

current distribution and influenced their diversification dynamics.
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Figure 1 - Saturniidae life traits and distribution. (A) Saturniidae species-level dated phylogeny as estimated with
ASTRAL and MCMCtree, in which species were grafted with PASTIS. Branch are colored according to branch-specific
diversification rates as estimated with BAMM. External circle segments depict widespread clades (black) and
polyphagous clades (green). (B) Morphological measurements considered in this study: thorax width (three
measurements), body length and forewing surface. (C) Polyphagy score in the main Saturniidae subfamilies as estimated
with the Phylogenetic Diversity (PD) metric. (D) The three modes of pupation in Saturniidae, i.e., from left to right,
pupation underground, loose cocoon and plain cocoon. (E) Number of saturniid species per biogeographical area.

RESULTS AND DISCUSSION
Phylogenomics illuminates the temporal and spatial evolution of wild silkmoths

Maximum likelihood (ML, 1Q-TREE) and coalescence-based (ASTRAL) analyses of the UCE dataset
(50%-complete matrix; 255 taxa; 1,171 markers; 788,018 bp with less than 6% gaps) produced similar
topologies (Figs 2, S1, S2). The only notable exception is the position of Agliinae, recovered as sister
to Salassinae + Saturniinae in the ASTRAL tree, while it is sister to Hirpida in the ML tree.
Complementary analyses revealed that the position of Agliinae in the ML tree could be due to a long
branch attraction artefact towards Hirpida. Agliinae was indeed recovered as sister to Salassinae +
Saturniinae by IQ-TREE when the 20% most biased UCEs in terms of heterogeneity among branch
lengths were removed (Fig. S2), a node also recovered in the phylogenetic analyses of Hamilton et al.
(2019) from an independent genomic dataset. We therefore relied on the ASTRAL topology for the
analyses of divergence ages, diversification and traits. In addition, GC content did not affect tree

inference. On all trees, the monophyly of Saturniidae was well supported as was that of all previously




recognized subfamilies and tribes, except for subfamily Hemileucinae and the tribes Hemileucini,
Urotini and Saturniini (Fig. S2). Our results revealed the necessary re-assignments of several genera and
we propose a new classification for the family (Figs 1, S1 and S3) recognizing 10 subfamilies, 18 tribes,
and 2 subtribes (see Taxonomic treatment in Sl (see Chapitre 1 — Table S3)).

Ancestral range estimations unambiguously support a neotropical origin of saturniids (Figs 2; S4),
shortly after the K-T extinction event (ca 60.3 Ma). From this origin, the biogeographical history of wild
silkmoths remarkably mirrors the history of Earth through the Cenozoic period. Three lineages
subsequently diverged and diversified in the Neotropics, with the earliest shift in diversification rates
occurring ca. 44Ma in the branch leading to Ceratocampinae and Hemileucinae, in South-America. Two
other shifts were identified within Hemileucinae (ca. 16Ma): i) along the branch leading to Leucanella,
Pseudautomeris, Hypermerina and Automeris, and ii) within Hylesia. These shifts may be linked to the
Middle Miocene Climatic Optimum and the rise of the Northern Andes that initiated ca 23Ma and
accelerated by 15Ma (Garzione et al. 2008,2014; Hoorn et al. 2010). Saturniid moths also expanded
their range northward, out of the Neotropics, possibly through the island arc (lturralde-Vinent &
MacPhee 1999) that connected Colombia to Yucatan from late Cretaceous to middle Eocene (Morley
2003; Pindell & Kennan 2009) when warm Eocene climates made the Nearctic region hospitable to
megathermal lineages (Zachos et al. 2008). From there, a dispersal event to the Palearctic region
occurred through Beringia in the early Eocene (ca. 47Ma). This dispersal might have been facilitated by
deciduous forests extending beyond the Arctic Circle (Tiffney 1985; Jahren 2007; Baskin & Baskin
2016) and hosting food plants (e.g. oak, beech, etc.) on which early branching lineages still feed today
(i.e. Agliinae, Salassinae, Solus and Rhodinia). In this clade occurring mostly in the Old World, early
branching lineages are now mostly restricted to the Sino-Himalayan mountains where their host-plants
found suitable refuges during the Eocene—Oligocene climatic deterioration (i.e. the “Grande Coupure”;
Zachos et al. 2001). By ca. 44Ma, one lineage — the Bunaeinae — thrived in the Afrotropics (Africa +
Madagascar), a region from where they never escaped with the noticeable exception of Sinobirma
(Rougerie et al. 2012). Three shifts in diversification rates were detected within the Afrotropical
Bunaeinae. The first two happened ca. 35Ma and 31Ma on the branches leading to Micragonini and
Bunaeini+Urotini, respectively, and appear concomitant with cooling climatic conditions at the Eocene—
Oligocene boundary (~33.5-26 Mya) that induced a dramatic faunal and floral turnover over the globe
(Ivany et al. 2000, Seiffert 2007). The third shift in diversification rates occurred within Bunaeini, ca.

10 Ma, and may be linked to the aridification of Northern Africa (Zhang et al. 2014), the emergence of

C4 plants and the fragmentation of forests in the Eastern side of Africa (Cerling et al. 1997, Ségalen et

al. 2007). Another Old World lineage — the Saturniinae — experienced an early shift in diversification
rate (ca. 35Ma) along the branch leading to tribes Attacini and Saturniini. Both tribes colonized all land

masses; they returned to the New World, dispersed several times to Africa and Madagascar, and reached




the Australian region, revealing a more recent shift in diversification rate ca 12Ma when the lineage

leading to Neodiphthera and Syntherata emerged in the Oriental and Australian regions.
Life-history traits drove diversification dynamics of wild silkmoths
The body size conundrum of capital-breeding insects

The analyses of measurements from images of 1576 species in 172 genera (2577 specimens, and 12,850
measurements in total; see Table S2) reveal that the common ancestor to all wild silkmoths was small,
falling into the bottom tier of the smallest extant saturniids. Body size carries phylogenetic signal
(Bloomberg’s K=0.84; p=0.001), but the evolution toward smaller or larger body sizes occurred several
times throughout the evolution of the family. Salassinae, Bunaeini, Attacini, Bathyphlebiini and
Citheroniini are striking examples of independent evolution of gigantism, whereas Pseudapheliini,
Micragonini, Oxyteninae, and several genera in Dryocampini, Hemileucini and Saturniini are small
moths that can be as much as 20 times smaller than the largest members of the family. Our results reveal
an overall high heterogeneity in the evolution of this trait, with similar transition rate toward larger or
smaller body size (Figure 3E, Table S3). Interestingly, this contrasts with the negatively skewed
distribution of saturniid body size (log-transformed; Figure S5), showing that larger saturniids are more
numerous than smaller ones. Furthermore, large body-sized moths (Figure 3A, Table S3) had higher
diversification rates than small ones, whereas lineages of medium-sized moths have intermediate values.
These results suggest that, for saturniids, evolution toward smaller body size can be an evolutionary
dead-end, an observation contrasting with previously proposed models in other groups of animals
(Hutchinson & MacArthur 1959; Maurer 1998), including insects (Rainford et al. 2016; but see Misof
2002 for a similar pattern in Anisoptera), and that may reflect the importance of being large when you

are a capital-breeder. The capital-breeding reproductive strategy of wild silkmoths indeed implies that

the larvae storestorage by the larvae of all the importantthe resources needed by the adults need for their

reproduction and for the formation of a large amount of formed eggs (Tammaru & Haukioja 1996; Davis
et al. 2016).

Figure 2 (following page) — Mirrored dated (scale at top/bottom) reconstructions of the biogeographical history (left)
and of the evolution of life-history traits in wild silkmoths lineages. The newly adopted classification is given in the
center of the figure. Several monophyletic lineages were grouped for the sake of visualization (no proportionality). Red
stars depict the diversification rate shifts as estimated with BAMM. Left-hand tree: biogeographic history of Saturniidae
as estimated with DECX on 1000 PASTIS, species-level trees. Only the best ranges are represented. At nodes, red border
was used when the confidence about the estimation was <50%. Arrows highlight the main dispersal events as represented
in the World map at the left bottom. Blue bars indicate node age 95% confidence intervals. Right-hand tree: saturniid
life traits evolution. Branches were colored according to wingload values. Background colors represent the pupation
modes. Shaded silhouette size are proportional to body size (log-normalized). Polyphagy level is depicted at tips and
nodes with circles which size is proportional to the estimated Polyphagy Diversity score (log-normalized). The full
genus-level phylogeny is represented in the Figure S4.
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Dispersal capacity promotes diversification, but not biogeographical interchanges

Analyses were based on the calculation of wingload ratio derived from the previously mentioned
measurements (Table S2). Most lineages are poor dispersers with low wingload ratio and the ancestor
of all Saturniidae was likely also a poor disperser. Phylogenetic signal of wingload is strong
(Bloomberg’s K=1.04; p=0.001). Diversification rates in lineages with high or medium dispersal
capacity are higher than in those with low capacities (Fig. 3, Table S3) as already observed in other
organisms (Willis et al. 2014, Faurby & Antonelli 2018). Indeed, high dispersal ability increases the
probability of reproductive isolation in novel habitats (e.g. to escape interspecific competition). A
significant increase in dispersal capacity is observed in Ceratocampinae and, to a lesser extent, in
Micragonini (Figs 2, S4). However, dispersal capacity does not seem to have played an important role
in long distance colonisation. Indeed, these two groups never dispersed outside the New World and the

African continent, respectively.
Polyphagy — the engine driving wild silkmoths’ diversification

Food plants were compiled for 586 species in 121 genera, which represents 2,568 records of associations
between genera and plant families (Table S4). Diet breadth appears variable (Figs 2, S4) and ranges
from specialized genera (e.g. Tagoropsis with all documented species feeding on Sapindaceae) to
generalists feeding on many plant families (e.g. Automeris on >14 plant families). We found a strong
phylogenetic signal in diet breadth (Bloomberg’s K= 0.547; p=8.0e-04) and inferred that the ancestor
of extant Saturniidae was oligophagous. Diet breath increased several times independently and
polyphagous lineages (e.g. Saturniinae; Bunaeini; Hylesia, Automeris) diversified 66% and 46% faster
than specialized and oligophagous lineages (e.g. most Arsenurinae and Ceratocampinae) respectively.

Transition rates toward specialization are significantly lower than those toward generalism (Fig. 3),

which strongly advocates an evolutionary trend toward an increasing polyphagy. However, while an

increase in diet breath seems to correlate with higher diversification rates in Hemileucinae, Bunaeinae
and Saturniinae, (Fig. S6, Table S5) this is not the case for Ceratocampinae, whose diversification is
better explained by higher dispersal capacities. While most herbivorous insects tend to evolve toward
specialization over evolutionary time, thus gaining greater fitness (Singer 2008), wild silkmoths
followed the opposite path toward generalism. A similar pattern is observed in other capital-breeding
insects like fruit flies (Clarke 2017). Finally, although not all highly polyphagous lineages of Saturniidae
successfully colonized new areas (Figs 2, S4), Attacini and Saturniini which display the highest
frequency of long-distance dispersal events in the family, are also those comprising the most
polyphagous genera. Consequently, polyphagy may have facilitated the establishment and adaptation of

populations in new environments with different plant communities.
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Protection of pupae promoted diversification

Pupation modes were compiled for 139 (sub)genera representing all higher taxa but three (Table S6).
One third of the documented taxa pupate underground, without spinning a cocoon, while the other two
thirds pupate inside a cocoon. Cocoons showed different degrees of elaborateness, from a loose net of
silk threads to plain cocoons that offer a better protection to the pupa. Phylogenetic signal in pupation
mode is strong (Figs 2, S4) and the ancestor to all extant wild silkmoths may have pupated in a loose
cocoon. Evolution of a plain cocoon occurred several times independently in the ancestors to
Cercophaninae, some Micragonini, Saturniinae, some Hemileucinae, and in a single genus of

Ceratocampinae (Neorcarnegia). A shift to underground pupation, occurred in the ancestor to

Arsenurinae, Ceratocampinae and Hemileucinae and in the ancestor of Bunaeini. The causes triggering

these shifts remain intriguing. However, the lineages branching just after the shifts have specialized
caterpillar (Figs 2, S4). Low plant diversity and frequent exposure to harsh environmental conditions
(drought, fires), may be an explanation. The capacity to spin a cocoon, either loose or plain, re-evolved
twice independently within the New World lineages that had previously shifted to underground
pupation: Neorcarnegia (Ceratocampinae), and in all Hemileucinae but Lonomiini. Diversification rates
were significantly slower in lineages spinning loose cocoons than in those pupating underground or
spinning plain cocoon (Fig. S3, Table S3). The latter two conditions are efficient strategies to escape

predators and parasites (Gross 1993) and survive unfavourable (drought, cold) or even hostile (fire,
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flooding) environmental conditions (Danks 2004). Interestingly, the positive diversification shift
identified along the branch leading to Saturniinae (Saturniini, Attacini and Solini), is congruent with a
transition from loose to plain cocoons, conferring higher level of protection. Similar transitions however
happened in several other clades (e.g. Hemileucinae) (Figs 2, S4) without causing an apparent shift in
diversification rate, suggesting that other factors are acting on major changes of evolutionary dynamics.
However, we used the same character state (“plain cocoons”) to, for example, describe thin cocoons of
many Hemileucinae, and the strong cocoons of Saturniini and Attacini, which may confuse the results.
A reasonable hypothesis is that strong cocoons might have been key to surviving cold seasons and to
successfully colonize all land masses from Eastern Palearctic to Neotropical mountains through the
Nearctic region as only Saturniinae managed to do.

CONCLUSION

Our study offers a comprehensive overview of the temporal and spatial dynamics of diversification in a
globally distributed diverse group of phytophagous insects, unveiling the main events that shaped the
distribution of extant diversity in saturniid moths. Throughout their evolutionary history, wild silkmoths
seized multiple opportunities linked to changes in environmental conditions (climate, topology) to
expand geographically, from a Neotropical origin during the Paleocene to a global distribution today,
proving capable of dispersing across landmasses repeatedly. We show however that not all lineages
experienced similar “success” in terms of diversification and range expansion. In particular, our results
emphasize the importance of life-history traits in shaping the evolution of these moths, both in terms of
diversification and geographical mobility. Neither dispersal capacity, nor body size appear to be good
predictors of long-distance dispersal; instead the features that seem to be the most critical in successfully
colonizing new biogeographical regions are both the ability to exploit a diversity of food plants

(polyphagy) and to spin plain cocoons.

Janzen (Janzen 1984) hypothesized that the shift to capital-breeding in saturniids, as opposed to the

income-breeding strategy of their sister group — the Sphingidae family - was an adaptive response in
environments where adult moths are exposed to high predation pressure. Sphingid moths, in need of
feeding to sustain egg production, are engaged into an “arm race” with bats through an arsenal of
morphological and behavioral adaptations (Kristensen 2012, Kawahara & Barber 2015, Rubin,
Hamilton et al. 2018). The split between the two lineages (ca. 60Ma; see also Kawahara et al. 2019)
coincides with the origin and diversification of bats (Shi & Rabosky 2015, Lei & Dong 2016), and
Saturniidae have reduced their exposure to predation through short adult activity and capitalization on
resources accumulated during larval stages. Our results emphasize the importance of polyphagy and
pupation mode in driving the diversification dynamics of saturniid moths over macro-evolutionary scale,

and thus reveal the major role of key adaptive traits selected to cope with their innovative reproductive




strategy. Within Saturniidae, members of subfamily Saturniinae, which could be considered as super
capital breeders because they combine large body size with the ability to exploit multiple food plants
and to spin strong cocoons, are the only lineage that managed to colonize the world despite their poor
flying ability. Thus, evolution towards optimized capital breeding transformed poor dispersers into
successful colonizers, challenging all expectations.

MATERIAL AND METHODS

Sampling, library preparation and data processing. DNA was extracted from legs or thorax muscles
of 254 ethanol preserved, dried in envelopes, or pinned specimens (Table S1) using the Qiagen DNeasy
Blood and Tissue kit. Library preparation and raw data processing followed (Cruaud et al. 2019).

Phylogenomic analyses and Exploration of systematic bias. Only the 1,171 loci obtained in at least
50% of the samples were analysed. We used TreeShrink v1.3.1 (Mai & Mirarab 2018) to remove
potential paralogs. Phylogenetic trees were inferred from a concatenated matrix using IQTREE v1.6.3
(Nguyen et al. 2014) and different partitioning strategies as well as a coalescence-based approach using
ASTRAL-III v5.5.6 (Zhang et al. 2018). Data subsets were built to test for possible inference bias

induced by high GC content or heterogeneity in evolutionary rates among taxa.

Divergence time estimates. We generated a time-calibrated tree with MCMCTree (Yang 1997), using
8 calibration points (Table S7) and the ASTRAL tree as input. To make computation tractable we
compared the results obtained with 5 loci sets: i) 50 loci that produced the most supported gene trees ii)

50 loci that produced trees with the lowest Robinson-Fould (RF) distance as compared to the ASTRAL

tree iii) 500bp-length loci with the lowest RF distance as compared to the ASTRAL tree iv and v) 2 sets

of 50 random loci.

Species-level phylogenies inference. We generated a species level phylogeny using PASTIS (Thomas,
Hartmann et al. 2013) and MrBayes (Ronquist et al. 2012) that includes all the 3,451 Saturniid species
listed in (Kitching, Rougerie et al. 2018) by fixing every node of the phylogeny to match median ages

estimated by MCMCtree and by constraining genera and subgenera to be monophyletic.

Biogeographical analyses. Species distributions were categorized into 11 major biogeographical areas:
South America (SA); Central America (CA); Eastern Neartic (EN); Western Neartic (WN); Eastern
Palaearctic (EP); Western Palaearctic (WN); Madagascar (MD); Africa (AF); India (IN); Malayan
region (WA) and Australian region (AU). Cenozoic was divided into: Paleocene (66-56Ma), Eocene
(56-34Ma), Oligocene (34-23Ma), early Miocene and Langhian (23-14Ma), Serravallian and late
Miocene (14-5Ma) and Pliocene and Quaternary (5Ma to present). Adjacency and dispersal rate matrices
are provided in the SI. Ancestral area reconstruction analyses were performed using DECX (Beeravolu
& Condamine 2016) on 1000 trees sampled in the posterior distribution of the species-level analysis.

Results obtained at each node of interest were averaged. Because the intra-generic phylogenetic
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relationships were unknown, we randomized the positions of the species within genera in each of the

species-level phylogeny replicate.

Diversification analyses. Analyses were performed with (i) BAMM v2.5 (Rabosky, Santini et al. 2013)
to identify diversification rate shifts without a priori and (ii) the R-package diversitree v.0.9-8 (FitzJohn
2012) to simultaneously model trait evolution and its impact on diversification. We used the species-
level phylogenetic tree from which genera without trait data were pruned and a few subfamily level trees
for a deeper exploration of the influence of larval polyphagy on diversification rates (Bunaeinae,

Ceratocampinae, Hemileucinae and Saturniinae).

Traits measurement, compilation and evolutionary analyses. Morphological traits (body length;
forewing length; thorax width; forewing surface) were measured from images representing all existing
genera but two using an image annotation tool in the Barcode of Life Datasystems

(www.boldsystem.org; (Ratnasingham & Hebert 2007)). body size was defined as thorax width x body

length and wingload was defined as body size / forewing surface. The phylogenetic diversity (Faith,
1992) of hostplants families consumed by congeneric species (calculated on the angiosperm phylogeny
by Magallén et al. (2015) was used to described the level of larval polyphagy of the genus. Pupation
mode was compiled from the literature. Ancestral values of body size; wingload; larval polyphagy and

pupation modes were estimated using the ace function in the R package ape (Paradis & Schliep 2019).
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Figure S2 (Online resource — Figure S3 in Chapitre 1) - All inferred trees with 1Q-TREE or ASTRAL from the different
sub-datasets. Titles depicted the software used and the sub-dataset considered. Subfamilies, species names, sample codes

and number of loci are indicated at tips.

Figure S6 (Figure 2 in Chapitre 1) — Genus-level phylogeny of the Saturniidae family inferred from the LB_0.05 dataset
with IQTREE, constraining the topology to match the one obtained with ASTRAL. The presented supports are localPP,
estimated with ASTRAL. localPP equal to 1 (resolved clade) are not represented. The scale bar (left side) represent the
mean number of substitutions per site. Species names are indicated on the right side of the phylogeny, bordered by the
new (left) and the old (right) Saturniidae classifications. Numbered photos refer to the different saturniid clades as

indicated on the left side of the phylogeny.
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Figure S4 (two following page - Figure S5 in Chapitre 1) — Historical biogeography and traits evolution of Saturniidae.
Red stars depict the diversification rate shifts as estimated with BAMM. Left panel: biogeographic history of Saturniidae
as estimated with DECX on 1000 PASTIS, species-level trees. The best ranges, as estimated with DECX, are represented
by colored squares. At nodes, red border was used when the confidence about the estimation was <50%. When
confidence values were below 90%, alternative estimates were depicted. Arrows highlight the main dispersal events as
represented in the World map at the left bottom. Blue bars indicate node age confidence intervals. Right panel: saturniid
life traits evolution. Branches were colored according to wingload values. Background colors represent the pupation
modes. Shaded silhouette size are proportional to body size (log-normalized). Polyphagy level is depicted at tips and
nodes with circles which size is proportional to the estimated Polyphagy Diversity score (log-normalized). A .pdf file is
available as Online resource.
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log(Body Size)

Figure S5 (Figure S6 in Chapitre 1) - (A) Histogram representing the log-transformed body size distribution of 2577
specimens, as estimated by the product of body length and the mean of the three measurements of thorax width. (B)
Represents the tool used for measuring these features, as integrated in BOLD (www.boldsystems.org). The distribution
is negatively skewed (one sided Agostino test, skew=-0.226, z=-4.594, p-value =2.17¢-06). Red line represents a
normal distribution with similar mean and standard deviation.

Figure S6 (Online resource — Figure S7 in Chapitre 1) - Polyphagy-dependent diversification models - subfamily level.
Within each major subfamily (one page each) of Saturniidae, we categorized the genera into three categories, specialist
(category 1), oligophagous (2) and polyphagous (3), considering quantiles p=0.33 and p=0.66. Genus polyphagy is
indicated at the crown node of each genus. On the left of each page, we represented the species-level phylogenies of
each subfamily as inferred with PASTIS; the genera missing food plant information were discarded. We did not consider

intra-generic variation because of the way we estimated polyphagy level. On the right, histograms represented speciation,
extinction, diversification and transition rates as estimated over 10,000 MCMC generations with the diversitree R
package.
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Table S1 — Voucher information. For every sample, we indicated the number of reads, contigs, UCEs in total and UCEs
in the genomic matrix used to infer the phylogenies.

Table S2 (Table S4 in Chapitre 1) - Saturniidae morphology measurements. Online Resource. 12850 measurements were
done for 2577 saturniid specimens. The variables considered were (i) body length, (ii) thorax width between the junction
points of thorax and forewings, (iii) thorax width at the middle of the thorax, (iv) thorax width between the junction
points of thorax and hindwings and (v) the forewing surface. Measurements were performed on the BOLD platform
(www.boldsystems.org) and rescaled thanks to a scale measurement.

Table S3 (Table S5 in Chapitre 1) - Parameter values from best models of trait-dependent diversification analyses. The
full model was recovered as the best model for all life-history traits considered (see Table 1 in main text). The values
represent medians of each parameter (A = speciation rate, . = extinction rate and A-pL = diversification rate) as estimated
with 10,000 MCMC generations (10% of burnin).

MCMC estimates A M1 A -y Ay Ha A -y A3 M3

catl: small BS

Body Size (BS) cat2: medium BS 3.54e-03 0.138 0164 0011 0152  0.177 3.70e-03

cat3: large BS

Dispersal catl: low WL
capacities -

Wingload (WL)

cat2: medium WL 3.49%-03 0.113 6.96e-03 0.163 2.79e-03

cat3: high WL

catl: low POL
Polyphagy level

(POL)

cat2: medium POL 0.127 0.0302  0.0964 0.148 2.77e-03 0.145 1.62e-03

cat3: high POL
catl: No cocoon

Pupation mode cat2: loose cocoon 0.172 0.0169 0.154 1.59e-03

cat3: plain cocoon

Table S4 (Online resource — Table S6 in Chapitre 1) — Food plant dataset (Ballesteros-Mejia et al. submitted, see attached
articles).

Table S5 (Table 2 in Chapitre 1) — Results of the MuSSE analyses of polyphagy-dependent diversification models fitted
to the phylogeny of the four most diverse subfamilies of wild silkmoths. For each subfamily, we compared three models:
(i) a null model in which the diversification rates were homogenous across the phylogeny, (ii) a qfree model in which
the transition rates between the different polyphagy levels were not fixed as equal (but g1z~ 0, gs1 ~ 0), (iii) a full model
in which we estimated distinct diversification rates for the three polyphagy categories as well as distinct transition rates.
In subfamilies Bunaeinae, Hemileucinae, and Saturniinae, the full model was ranked first according to AIC scores. In
Ceratocampinae (Cerato.), polyphagy level did not better explain species diversity. AAIC indicates the AIC difference
to the best model. Df is the number of degrees of freedom for each model. The evolution of traits and diversification
rates throughout the saturniid evolution can be seen in Figure S6.

Polyphagy-dependent

. . Df InLik
diversification models -

-1203.7
-1199.5

null model 3

qfree model 6

Bunaeinae

full model

-1183.1

null model

qfree model

Cerato.

full model

-709.94
-706.64
-704.39

null model
qfree model

full model

-3605.1
-3596.7
-3585.2

null model

qfree model

Saturniinae | Hemileuc.

full model

-1897.7
-1896.6
-1888.5

Table S6 (Online resource — Table S7 in Chapitre 1) - Genus-level pupation mode dataset.
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Table S7 — Calibrations points used in the MCMCtree datation analyses.

Secondary calibrations

Node calibration (Ma)  Reference
Sphingidae / Saturniidae [64.1;84.7] Walhberg et al. 2013
Crown Sphingidae [26.6;55.6] Walhberg et al. 2013
Crown Saturniidae [48.5;69.9] Walhberg et al. 2013
Saturniinae/Cercophaninae [43.0;64.1] Walhberg et al. 2013
Ceratocampinae/Hemileucinae [26.9;49.6] Walhberg et al. 2013
Salassinae/Saturniinae [23.9;45.5] Walhberg et al. 2013

Fossils

Node calibration (Ma)  Reference

Crown Smerinthini >15.2 Zhang & Zhang 1994
Crown Bunaeini >3,66Ma Kitching & Sadler 2011
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Abstract

Background

Herbivorous insects represent a major fraction of global biodiversity and the relationships they have
established with their food plants range from strict specialists to broad generalists. Our knowledge of
these relationships is of primary importance to basic (e.g. the study of insect ecology
and evolution) and applied biology (e.g. monitoring of pest or invasive species), and yet remains very
fragmentary and understudied. In Lepidoptera, caterpillars of families Saturniidae and Sphingidae are
rather well known and considered to have adopted contrasting preferences in their use of food plants.
The former are regarded as being rather generalist feeders, whereas the latter are more specialist.

New information
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To assemble and synthesize the vast amount of existing data on food plants of Lepidoptera families
Saturniidae and Sphingidae, we combined three major existing databases to produce a dataset
collating more than 26,000 records for 1256 species (25% of all species) in 121 (67%) and 167 (81%)
genera of Saturniidae and Sphingidae, respectively. This dataset is used here to document the level of
polyphagy of each of these genera using summary statistics as well as the calculation of a polyphagy
score derived from the analysis of Phylogenetic Diversity of the food plants used by the species in each
genus.

Keywords

Lepidoptera, food plant, ecology, life-history traits, caterpillar, polyphagy

Introduction

Herbivorous insects represent a major fraction of global biodiversity ( Fiedler 1998) and are central to
studies of numerous and diverse ecological and evolutionary processes, such as resource specialization
(Devictor et al. 2008), coevolution (Thompson 1988) and food web dynamics (Vidal and Murphy
2017). Elucidating the degree of food plant-insect specificty helps understand community assembly,
ecosystem dynamics and latitudinal gradients of species richness (@degaard 2006 ). Moreover, insect-
plant interactions are central to the understanding of niche breadth and they play a key role in
mediating competition that structures communities, and backdrop the human view of entire networks
of interacting species ( Devictor et al. 2008, Forister et al. 2014). The different levels of specialization
observed in phytophagous insects, from strict specialists to highly generalist species, are traits that are
also considered as possibly important drivers of speciation or adaptive radiation (Janz and Nylin 2008,
Jousselin and Elias 2019, Wang et al. 2017).

The Lepidoptera families Saturniidae (wild silkkmoths) and Sphingidae (hawkmoths, sphinx moths) are
among the best-known insect families worldwide, both taxonomically and biologically, and they are
generally characterized by being large-bodied moths (Janzen 1984a). A recently published taxonomic
checklist (Kitching et al. 2018 ) revealed a combined species richness of around 5000 species globally.
These two families exhibit contrasting life-history strategies both as adults - Sphingidae (feeding, long-
lived adults) and Saturniidae (non-feeding, short-lived adults) (Janzen 1984a) - and as caterpillars -
Sphingidae (fast growing, many toxic plant specialists) and Saturniidae (slow-growing, many tannin
and resin-rich plant specialists) (Janzen 1981, Janzen 1984a). In the Neotropics sphingid caterpillars
seem to specialize on only a relatively small number of plant families, feeding on both young and old,
relatively tender leaves that contain low molecular weight toxic compounds, whereas saturniid
caterpillars feed on tougher, as well as younger, leaves of an often wide range of plant families that
contain high levels of large polymeric molecules (tannins, resins) that interfere with digestion (Janzen
1981). Consequently, sphingid caterpillars digest more nutrients per bite and need less time to reach a
given full size than do saturniids (Bernays and Janzen 1988).

A massive amount of data is available on the larval food plants in the wild of the two families, both in
the literature and in institutional and personal databases. For the Lepidoptera as a whole, the HOSTS
database (Robinson et al. 2010b) comprises the most comprehensive collation of information about
what caterpillars overall are believed to eat. It contains some 180,000 records for about 22,000
Lepidoptera species extracted from 1600 documents (Robinson et al. 2010b). Although HOSTS has
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not been updated for almost a decade, the subset of records for the superfamily Bombycoidea has
been independently maintained and added to by IJK and this updated version is used here. Another
spectacular effort towards gathering food plant data for Lepidoptera is the inventory of caterpillars in
the Area de Conservacion Guanascate (ACG) in northwestern Costa Rica (Janzen and Hallwachs 2016,
Janzen and Hallwachs 2020 ). It comprises ~70,000 records of reared wild-caught larvae of Saturniidae
and Sphingidae linked to their DNA barcodes. Besides these two main public data repositories, one of
the authors (JH) has built his own personal database for Sphingidae over 20 years, compiling records
from the literature, web resources, personal field observations and communications from collaborators.
In addition, food plant information is also scattered across the published literature, including a few
more recent food plant catalogues, such as in Stone (1994), Santin (2004), Meister (2011), but also
webpages and personal databases, all of which makes the process of collating and resolving the
information very difficult and time consuming.

All three databases cited above are and remain independently maintained and updated. Here we
publish a single dataset resulting from their combination. Our aim is to make this massive amount of
information available as a single dataset that allows its use for ecological and evolutionary analyses. In
particular, we want to investigate the role of food plant use in the evolution of the two families (Arnal
et al., in prep.), especially with respect to the degree of polyphagy, defined as the plasticity in the use
of different food plants for caterpillars to complete their development. We provide further details about
the contents of this dataset in the following sections, as well as a number of caveats to avoid incorrect
interpretation and use of these data. In addition to variables summarizing the level of polyphagy of the
caterpillars of sphingid and saturniid moths, we also provide a polyphagy score based on a calculation
of Phylogenetic Diversity ( Faith 1992) of the food plant families used by the species included in the
database.

General description

Purpose: The food plant dataset

This dataset (Suppl. material 1) is a synthesis of current knowledge regarding the food plants eaten
by the caterpillars of two families of Lepidoptera (Saturniidae and Sphingidae). It aims to capture the
state of knowledge at the time of assembly of the dataset so that it can be used to investigate the role
of food plants use breadth in the spatial and temporal evolution of both families (Arnal et al., in prep.).

Table 1. Download as

Table 1. General overview of the contribution of each database to our dataset Suppl. material 1

Database Family Number of records Geographical coverage
HOSTS Saturniidae 10586 Worldwide
Sphingidae 10528 Worldwide
DHJ Saturniidae 2297 Local in three adjoining
ecosystems
Sphingidae 1322 Local in three adjoining
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ecosystems

JH Sphingidae 2401 Worldwide

This dataset of larval food plant records for sphingids and saturniids worldwide is the result of the
integration, with significant data reconciliation and standardization, of these three largely independent
data sources:

1) Information for Sphingidae and Saturniidae embedded in the HOSTS database (Robinson et al.
2010b); as further added to and refined by IJK, downloaded on March 2", 2018) (hereafter HOSTS);

2) An inventory of the caterpillars, their food plants and parasitoids of Area de Conservacion
Guanacaste (ACG, Janzen DH, downloaded on July 167 2018 for Saturniidae and July 18T 2018
for Sphingidae ) (hereafter DHJ);

3) The personal database of Jean Haxaire (Associate Researcher to MNHN, imported on July 17
2018) (hereafter JH).

A “record” refers to a unique combination of caterpillar species, plant species and source. Records in
the dataset resulting from rearing experiments in captivity or from introduced plant species are listed
separately as they often do not represent natural insect-plant associations. Redundancy (duplication)
of records among the three databases following their combination was not a concern for our research
objectives; the dataset should be treated as qualitative, and the frequency of records ignored (see list
of points in next section).

A total of 25,937 records was compiled from the three databases in a single dataset given as Suppl.
material 1. Table 1 below provides details of the number of records contributed by each of the
independent databases. We followed the plant taxonomy of the International Plant Names Index
(IPNI; https://www.ipni.org) and the latest moth taxonomy ( Kitching et al. 2018 ), though both do not
coincide with some of the names used by all three sources (see 'call for caution' below).

This compilation provides information for 137 genera and 757 species of Saturniidae and 166 genera
and 725 species of Sphingidae.

As an example of the uses of this dataset, we report basic polyphagy variables as well as a polyphagy
score based on Phylogenetic Diversity (PD, Faith 1992) of the food plants used by the caterpillars of
saturniid and sphingid moths. Using a recent dated angiosperm phylogeny ( Magalldn et al. 2015) we
measured the PD score, i.e. the total length of all phylogenetic tree branches connecting the different
families of plants eaten by a given moth species in natura, using the pd function of the picante R
package ( Kembel et al. 2010). The species scores were then averaged within each genus to get genus
scores in Suppl. material 2. Note that gymnosperm records were excluded from our calculations of PD
scores to avoid bias caused by the considerable phylogenetic distance between angiosperms and
gymnosperms.

The genus-level polyphagy variables and the polyphagy scores of Saturniidae and Sphingidae genera
are provided as Suppl. material 2.

Additional information: Calls for caution:

1. The correctness of food plant identifications in databases and in the literature should be treated
with considerable caution, as they were largely made by non-botanists; food plant names used
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are also subject to taxonomic and nomenclatural uncertainty, and their correctness and validity
may be considered equivocal in some cases.

. The previous point also applies to moth names, especially when considering species-level
identifications. These may be incorrect or outdated. For example, more than 1500 new species
have been described within family Saturniidae in the past decade (Kitching et al. 2018), largely
with the support of DNA barcoding analyses. Thus, food plant records may not account for
recently split complexes of cryptic species, members of which may have quite different natural
histories (e.g. Janzen (2012)).

. The food plant dataset is derived from known food plant records at the time of its compilation;
as such it represents a snapshot of the knowledge at that time and it may differ from the data
compiled in the original sources and then updated independently (e.g. new records and/or
corrections (e.g. identification errors or synonymies of the moth/caterpillar, or the plant, or
both)).

. All records are meant to represent actual instances in which caterpillars were found feeding and
developing on the food plant. Records in the DH] database all result from rearing trials of
caterpillars found in the field on the food plant in question, and in many cases, identification of
the caterpillar was confirmed through DNA barcoding of the resultant adult moths. A
few records recognized as questionable (e.g. inconsistent locality/identification data) in the
HOSTS and JH databases were filtered out and are not included in the present combined
dataset.

. The food plant dataset does not account for the frequency of use of a given food plant among
other plants also listed for the same species of moth. The DHJ database, because it is based on
individual specimen records, does include quantitative data; however, this information is not
incorporated into the combined dataset, although it could bring additional information on local
food plant preferences of species and populations. We note that this information would
nevertheless be very difficult to analyze and interpret as it is conditional upon the local
availability of food plants, as well as possibly seasonal conditions, local variations through time
and difficulty of collecting.

. The previous point also brings a note of caution in that polyphagy, as calculated here from the
data available for a given species, may not be translatable to the population or site level, and
vice versa. A species may have populations in which some caterpillars have a lower level of
polyphagy than others, at least in part because the food plants that could be eaten do not
occur in that ecosystem and because many species arrive by ecological fitting rather than in situ
evolution (Janzen 1985a). This is especially the case with species following expanding frontier
agriculture into new ecosystems, or following contemporary climate changes.

. Strictly speaking, we define polyphagy as the capacity of a given individual caterpillar to feed
and develop (through its complete life cycle) on different food plants. This can only be
approximated by considering sibling individuals (as is sometimes the case in DH] database),
individuals from the same population, or, ultimately from the same species or higher taxonomic
categories. We thus acknowledge that the scores of polyphagy at species and genus level
should be recognized as human abstractions.

. Polyphagy is constrained in situ by the local availability of food plants - an individual caterpillar
cannot be polyphagous on species of plants that are not present.

. Here we approximated polyphagy scores at species level for saturniid and sphingid moths, and
we assume that they represent valuable information about the level of plasticity of individuals of
the populations of a species to use different food plants. These scores were then used to
calculate polyphagy scores at the genus level. Generic level of polyphagy is a human
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abstraction, but it is seen as relevant information to understand the past diversification
dynamics. Plasticity in the use of food plants may have favored or impeded geographical
dispersal, and may have mitigated speciation or extinction processes, or influenced species
natural histories in many other ways (Janzen 1985b ).

10. We acknowledge that the polyphagy level derived from caterpillar plant feeding records
approximates, but may not reflect precisely, the plasticity in oviposition site selection by female
moths (see for instance Janzen 1984b). Indeed, caterpillars may be driven by starvation to
feed on a different plant after consuming all leaves of the plant they started to develop on and
which had been selected for oviposition by the female.

Geographic coverage

Description: The present dataset combines food plant records for saturniid and sphingid species
worldwide.

Taxonomic coverage

Taxa included:

Rank Scientific Name Common Name
family Saturniidae Wild silkmoths
family Sphingidae Hawkmoths

Usage rights

Use license: Open Data Commons Attribution License

Data resources

Data package title: Global food plant dataset and polyphagy scores for Sphingidae and Saturniidae
Number of data sets: 2
Data set name: Global food plant dataset for Saturniidae and Sphingidae species

Data format: Excel data spreadsheet

Column label Column description

Family Taxonomic family of the moth genus/species
Subfamily Taxonomic subfamily of the moth genus/species
Tribe Taxonomic tribe of the moth genus/species
Moth_Genus_name Genus name
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Moth_Species_Name

Number_PlantGenus

Plant_GenusNames

Number_PlantSpecies

Plant_SpeciesNames

Number_PlantFamily

Plant_FamilyNames

Number_PlantOrders

Plant_OrderNames

Number_PlantGenus_Capt

Plant_GenusNames_Capt

Number_PlantSpecies_Capt

Plant_SpeciesNames_Capt

Number_PlantFamily_Capt

Plant_FamilyNames_Capt

Number_PlantOrders_Capt

Plant_OrderNames_Capt

Species name

Total number of plant genera known to be eaten in natural
environment by caterpillars of this species of moth

Names of plant genera known to be eaten in natural environment
by caterpillars of this species of moth

Total number of plant species known to be eaten in natural
environments by caterpillars of this species of moth

Names of plant species known to be eaten in natural environments
by caterpillars of this species of moth

Total number of plant families known to be eaten in natural
environments by caterpillars of this species of moth

Names of plant families known to be eaten in natural environments
by caterpillars of this species of moth

Total number of plant orders known to be eaten in natural
environments by caterpillars of this species of moth

Names of plant orders known to be eaten in natural environments
by caterpillars of this species of moth

Total number of plant genera known to be eaten in captivity by
caterpillars of this species of moth

Names of plant genera known to be eaten in captivity by
caterpillars of this species of moth

Total number of plant species known to be eaten in captivity by
caterpillars of this species of moth

Names of plant species known to be eaten in captivity by
caterpillars of this species of moth

Total number of plant families known to be eaten in captivity by
caterpillars of this species of moth

Names of plant families known to be eaten in captivity by
caterpillars of this species of moth

Total number of plant orders known to be eaten in captivity by
caterpillars of this species of moth

Names of plant orders known to be eaten in captivity by caterpillars
of this species of moth

Data set name: Polyphagy variables and score for Saturniidae and Sphingidae

Data format: Excel data spreadsheet
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Column label
Family

Subfamily

Tribe
Moth_Genus_Name

NumberSampledMothSpecies

TotalMothSpecies

TotalNumberGenus

AverageNumberGenus

TotalNumberFamilies

AverageNumberFamilies

TotalNumberOrders

AverageNumberQrders

PD_score

Acknowledgements

Column description

Taxonomic family of the moth genus
Taxonomic subfamily of the moth genus
Taxonomic tribe of the moth genus
Genus name

Number of moth species within the genus that have food plant
information available

Total number of moth species within the genus

Total number of plant genera known to be eaten in natural
environment by caterpillars of this genus of moth

The average number of plant genera known to be eaten in
natural environments by species within this genus of moth

Total number of plant families known to be eaten in natural
environments by caterpillars of this genus of moth

The average number of plant families known to be eaten in
natural environments by species within this genus of moth

Total number of plant orders known to be eaten in natural
environments by caterpillars of this genus of moth

The average number of plant orders known to be eaten in natural
environments by species within this genus of moth

Phylogenetic score based on the total branch length in the
phylogenetic tree connecting the different families of plant eaten
by a given moth species and summarized by genus. NOTE: Only
computed from records of plant species eaten in natural
environments; records on Gymnosperms were dicarded prior
calculation (see text).
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Chapitre 2

Le conservatisme de niche et des événements de dispersification faconnerent la
diversification spatiale et temporelle des saturniidés du genre Copaxa

Dispersification events and niche conservatism shaped the spatial and temporal diversity
dynamics of Copaxa moths into the Neotropics (Lepidoptera: Saturniidae)

Préambule

Etudier la diversification des Saturniidae & partir de phylogénies higher-level m’a permis de
m’intéresser a I’évolution de traits relativement conservés, a I’histoire biogéographique de la famille
depuis ses origines et sur tous les continents, et de mettre en évidence des événements majeurs et des
facteurs clés dans leur dynamique de diversification a grande échelle. De maniére générale, ces
phylogénies ne permettent cependant pas de s’intéresser au réle de traits plus labiles, dont la variation
intra-générique peut étre importante. C’est pourquoi je me suis intéressé a 1’évolution spatiale et
temporelle d’un clade plus restreint, celui du genre Copaxa. Dans ce second Chapitre, j’ai ainsi inféré
la premiére phylogénie moléculaire pour tous les représentants du genre Copaxa a 1’aide d’une
combinaison de marqueurs génomiques et génétiques. J’ai ensuite daté cette phylogénie, inféré 1’histoire
biogéographique et mesuré les taux de diversification au sein du groupe. Dans leur ensemble, les
résultats détaillés dans ce Chapitre révelent une forte influence du conservatisme de niche dans la
diversification spatiale des Copaxa. Nous avons également mis en évidence deux événements « clés »
de leur diversification, qualifies de « dispersification », i.e. la colonisation d’une nouvelle région
biogéographique — I’ Amérique du Sud — associée avec un shift positif de diversification.

Les travaux effectués dans ce Chapitre seront prochainement soumis dans Journal of Biogeography
apreés avoir regu les retours de 1’ensemble des co-auteurs du manuscrit présenté dans les pages suivantes.
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Abstract

Aim

Neotropical mountains are home to a prodigious biodiversity, part of which was documented as
originating from Holarctic lineages dispersing ‘into the tropics’ during the Cenozoic. Such pattern, well-
known in plants, has rarely been documented for insects. Here we aim to unravel the diversification

dynamics of a Holarctic saturniid lineage that dispersed into the New-World during the Oligocene and
is now widely distributed throughout the Neotropics.

Location

Neotropics: Central and South-America.
Taxon

Lepidoptera, Saturniidae, genus Copaxa.
Methods

We used integrative taxonomy to redefine extant Copaxa species. We then assembled and analyzed a
supermatrix combining genomic (Ultra-Conserved Elements and RADseq) and genetic (DNA barcodes)
data to infer a dated phylogeny for all extant species of Copaxa. Using that analytical support, we
performed historical biogeography and diversification analyses as well as ancestral state reconstruction
for altitudinal preferences to elucidate the evolution of that diverse genus.

Results

We revised the diversity of genus Copaxa as comprising 130 described species and 19 additional
Operational Taxonomic Units (OTUs). Our phylogenomic analyses resulted in a robust dated
phylogenetic hypothesis for all extant species that was used to produce a detailed account of the spatial
and temporal diversification of the genus. The common ancestor of extant Copaxa originated ca. 13 Ma
in Central-America and two lineages experienced late Miocene dispersal events into South-America
associated with diversification rate shifts (“dispersification”). The diversity of Copaxa is dominated by
mountain species that diversified within restricted biogeographical ranges; adaptation to lowlands
remains uncommon, but appeared several times independently within the genus.

Main conclusions

Phylogenetic niche conservatism, in conjunction with two independent dispersal events, played a major
role in driving the diversification of Copaxa moths into the Neotropics. Colonizations of lowlands did
not induce adaptive radiations, but may have enhanced dispersal across biogeographical regions.

Biosketch

Pierre Arnal is broadly interested in the spatial and temporal diversification of insects. This work is part
of his PhD project at the Muséum national d'Histoire naturelle (Paris) focusing on the evolution of wild
silkmoths. All authors are members of the SPHINX and ACTIAS consortia (Pl: Rodolphe Rougerie)
that investigate the macroevolution and macroecology of Saturniidae and Sphingidae moths.

Author contributions

PA, ME and RR designed the study. PA, AC, DG and RR did the lab work, PA, LBM, PDNH, UK, RR
and SR generated and analyzed DNA barcodes and revised the species diversity in the genus, PA
conceived (with input from AC, ME, JYR, FC, TD and RR) and performed the analyses. Finally, PA
wrote the manuscript, with assistance by ME and RR and receiving feedback from all co-authors.
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Introduction

Neotropics contain 7 of the 25 biodiversity hotspots (Myers et al. 2000) and are the most speciose region
on Earth (Jetz et al. 2012; Roll et al. 2017). As currently defined (Schultz, 2005; Antonelli & Sanmartin
2011), the Neotropical region, extending from central Mexico to southern Brazil, comprises two main
geological entities, i.e. Central and South America, that have long, complex and distinct geological
histories. The former was always connected to the Nearctic region within the Laurasia landmass, while
South America was isolated for millions of years after the Gondwanan breakup (Torsvik & Cocks 2004;
Jokat et al. 2003), except for the emergence of transitory volcanic bridges with the North American
continent (lturralde-Vinent 2006). As a result, the South American biota evolved in relative isolation
(e.g. Aves: Arini, Tavares et al. 2006; Mammalia: Platyrrhini, Upham et al. 2019) and its diversity
received limited input from other regions (Bacon et al. 2015; Antonelli et al. 2018). Nonetheless, several
South American lineages are known to result from southward migrations, sometimes termed as ‘into the
tropics’ dispersal events. Some predate (e.g. the bird family Furnariidae, ca. 30 Ma; Oliveros et al.
2019), but most are contemporaneous (e.g. the adaptive radiation in the Sigmodontinae rodent sub-
family, ca. 12 Ma; Hershkovitz 1969; Parada et al. 2013) or subsequent to the closure of the Central
America Seaway (CAS) about 10Ma (Sepulchre et al. 2014; Montes et al. 2012, 2015). This closure of
the CAS and the subsequent establishment of a durable land bridge between South and Central America
(Coates & Stallard 2013) had substantial climatic (Wolfe 1994; Molnar 2008) and biogeographical
consequences (the Great American Biotic Interchange; see Stehli & Webb 2013). Bacon et al. (2015),
who carried out a meta-analysis of 169 dated phylogenies, identified positive migration rate shifts ca.
8.8 and 5.2Ma, both southward and northward. Some Andean lineages of plants proved to result from
the southward dispersion and subsequent radiations of lineages originating from the Holarctic region:
Hughes & Eastwood (2006) estimated that the genus Lupinus (Fabaceae) colonized the Andes from
Central America about 1.5Ma and subsequently experienced a prodigious radiation (2.49-3.72 species
per Myr per lineage in the Andean clade); in Hypericum (Hypericaceae), a more ancient South American
colonization, ca. 8Ma (Meseguer et al. 2013, 2015), also led to a significant Andean diversification,
especially in the paramos (Nirk et al. 2013). Such examples of speciation following dispersal or
vicariance, without any major shift in ecological niche (Phylogenetic Niche Conservatism (PNC), see
Wiens 2004; Pyron et al. 2015), are in line with the hypothesis by Donoghue (2008) that lineages
originating from cold and dry temperate environments of the Nearctic region were pre-adapted to
tropical mountainous habitats and have first colonized and thrived in these habitats, before species

originating from lowland tropical lineages could adapt to them.

However, the importance of PNC in governing the dispersal and diversification into the Neotropics of
lineages originating from higher latitudes remains poorly understood, especially in insects that lack
thoroughly documented analyses of their spatial and temporal evolutionary dynamics in tropical regions

(Diniz-Filho et al. 2010, 2013). This is regrettable because insects are relevant models to address the
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role of PNC in governing diversification in Neotropical mountains: they are highly diverse ectotherm
organisms whose climatic niche is easier to track than in endotherms, because it evolves at a slower pace
(Rolland et al. 2018).

Here we focus on Copaxa moths (Figure 1), a diverse genus of Lepidoptera from the family Saturniidae
(wild silkmoths). Copaxa is known to be sister to the Holarctic genus Saturnia (Arnal et al. in prep.; see
Chapitre 1; Rubinoff & Doorenweerd, 2019). The common ancestor to both genera was shown to have
originated in Eastern Palearctic from where it colonized Western Nearctic and Central America ca.
27Ma (30.8-23.5Ma) through Beringia (Arnal et al. in prep.; Chapitre 1). The extant distribution of the
genus Copaxa ranges across the entire Neotropics, from the North of the Sierra Madre cordilleras in
Mexico to the South of the Atlantic Forest in Uruguay. It is found from lowland tropical rainforests of
Amazonia (e.g. C. marona Schaus, 1906) to high elevation Andean paramos (e.g. C. medea (Maassen,
1890) up to 4,500m asl.). Its species diversity has been extensively characterized recently, thanks to vast
DNA barcoding campaigns (Hebert et al. 2003; Hebert & Gregory 2005) and subsequent species
descriptions that raised the number of valid described species from a few dozens in the early 2000s’
(Wolfe & Conlan, 2002) to 122 (and 6 subspecies; Kitching et al. 2018; Figure 1). The affinities of most
species for mountain habitats as well as known preferences of some Copaxa caterpillars for food plants
in genera of temperate Fagales trees (Fagus, Alnus, Quercus; Wolfe 1993; Wolfe et al. 2003b) or more
marginally on Gymnosperms (Wolfe 1993, 2003a) are suggestive of arole of PNC in the diversification
of these moths into the Neotropics, and the genus thus represents an adequate model to investigate the

dynamics of diversification “into the Neotropics” of a lineage originating from temperate regions.

In this study, we use an innovative approach combining genomic (Ultra Conserved Elements (UCES)
and Restriction-site Associated DNA (RAD) markers) and genetic data (COl DNA barcodes) to infer a
dated phylogenetic hypothesis for all known species of Copaxa. This phylogeny then serves as the
ground to reconstruct the spatial and temporal dynamics of diversification of the genus, and to
investigate how phylogenetic niche conservatism, represented by lineage preferences for lowland, mid-

or high-elevation habitats, may have governed these dynamics.

Materials & Methods

Species diversity in genus Copaxa

Copaxa wild silkmoths are medium-sized to large-sized moths belonging to the Saturniini tribe, within
subfamily Saturniinae of the Saturniidae family. In its revision of New World Saturniinae, Lemaire
(1978) recognized 30 valid species in the genus, but the integration over the past 10 years of DNA
barcode data into the study of the diversity of these moths led to a spectacular increase in the number of

species and subspecies recognized and described (Figure 1; Kitching et al. 2018). Nearly 80 new taxa
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were described during this period and the status and validity of several older names were revisited,

leading to a recent account (Kitching et al., 2018) of 128 described species and subspecies.

Number of valid

described species and subspecies
140

128
120
100
80
60

40

20

Figure 1 - Left panel: Adult male (up) and caterpillar (down) of Copaxa sapatoza, endemic of Eastern Cordillera in
Colombia (photographs by Kirby Wolfe, ©); right panel: number of species described and considered valid in genus
Copaxa after Kitching et al. (2018).

Lemaire (1978) proposed five species-groups to classify Copaxa species (Table S1). This classification
was modified by Wolfe et al. (2003a), Wolfe (2005b), Brechlin & Meister (2010b) and lastly by Brechlin
et al. (2016), recognizing three additional species groups as well as several sub-groups (see Suppl. Table
1) reflecting mostly affinities derived from morphological similitudes. However, they never were tested
using a robust and objective phylogenetic analysis of characters, neither morphological nor molecular.
In the present work, we aimed at considering the entire diversity of genus Copaxa; to do so, we used a
comprehensive DNA barcode library for these moths as the ground to define the taxonomic units
included in our analyses. This library was assembled during the course of the global DNA barcoding
campaign for saturniid moths, initiated 15 years ago and built on the contributions of many taxonomists
and several natural history institutions with large collections of these moths. The vast majority of DNA
barcodes were produced at the Canadian Centre for DNA Barcoding (CCDB), hosted by the Centre for
Biodiversity Genomics at the University of Guelph, Canada, following standard protocols (deWaard et
al. 2008) developed as part of the international Barcode of Life (iBOL) program. As mentioned above,
the integration of DNA barcodes triggered a significant increase in the number of species recognized
and described. Because these efforts included material from the entire distribution range of the genus,
its current taxonomic treatment can be considered fairly mature and nearly completed; nevertheless, we
apply here an integrative approach considering DNA barcode results, morphology, distribution and
ecological data to further refine species boundaries and delimit the operational Taxonomic Units (OTUs)
used in our analyses. These OTUs may not always reflect the currently accepted species names, in which
case we use provisional taxon names that can be derived, when relevant, from Barcode Index Numbers

(BINSs) automatically assigned by the Barcode of Life Datasystems (BOLD; www.boldsystems.org; see
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Ratnasingham & Hebert, 2007; 2013). DNA barcode data (including sequence and specimen
information, as well as images for most records) are publicly accessible in BOLD dataset DS-COPAX1;
we used standard analytical tools included in BOLD to explore, analyze and curate DNA barcode

records.

Molecular data acquisition

We used three types of DNA markers to infer a phylogeny of the genus Copaxa: Ultra Conserved
Elements (UCEs), Restriction-site associated DNA (RADSeq), and the standard DNA barcode sequence
(part of mitochondrial COI gene). Because the number of shared orthologous restriction sites decreases
with phylogenetic divergence (Rubin et al. 2012; McCormack, et al. 2012), we expected limited
phylogenetic information from RADSeq loci for early branching lineages within the genus, whose stem
age was estimated about 26.5Ma ([23.5-29.0] 95% confidence interval; Arnal et al. in prep.; Chapitre
1). This is why we also used UCEs, which were shown to be informative at intra-generic level for various
organisms (Blaimer et al. 2016; Prebus et al. 2017; Andersen et al. 2019). Because of costs and
accessibility of suitable material, genomic markers could not be obtained for all species within the genus.
Our sampling strategy thus consisted in targeting one or two representatives per recognized species-
group for UCE markers, 25 to 50% of all species in these groups for RADSeq, but also to use DNA
barcode results (from the exploration of Neighbor Joining trees) to select species that appeared strongly
divergent for that marker from other species in their species group (e.g. C. sophronia and C.
syntheratoides, placed in the multifenestrata group before present work, see results). These genomic
markers were combined with the DNA barcode sequences for all species to take advantage of the
phylogenetic signal of this mitochondrial marker for shallow nodes (Monteiro & Pierce 2000; Wilson
2010; Fang et al. 2017), expecting no or little negative influence of missing data on phylogenetic
inferences (Wiens & Morrill 2011).

We processed 11 new Copaxa samples through the same protocol and data processing pipeline used by
Arnal et al. (in prep.; Chapitre 1; see also Cruaud et al. 2019) to generate UCE sequences. By combining
these with sequences of three additional Copaxa samples and the outgroup Saturnia pyri used in Arnal
et al. (in prep.), we assembled a UCE dataset for 14 Copaxa samples representing all the recognized

species groups, as well as for one outgroup.

Library preparation for RADSeq markers followed the protocol of Etter et al. (2011), and sequencing
was performed on an Illumina HiSeq 2500 flowcell. A first library was built with 48 samples
representing an initial selection of 43 Copaxa and 5 outgroup samples for which DNA was extracted
from fresh tissues (legs) preserved dry or in ethanol at the Muséum national d’Histoire naturelle using
either Qiagen QlAamp Mini Kit or Qiagen DNeasy Blood & Tissue Kit. A second library was assembled
with 48 additional Copaxa samples, of which 10 were DNA extracts obtained in a similar way as for the

first library, and 38 were DNA extracts produced at the CCDB following standard high-throughput
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protocols (deWaard et al. 2008) to be used for sequencing of DNA barcodes in BOLD. These 38 samples
were part of a larger set of 59 cryopreserved DNA extracts that contained very low initial DNA quantities
(2to 62 ng; average concentration=12.6 ng/uL, sd=11.6); they were selected after DNA was successfully
amplified to a minimum value of 100ng using a Genomiphi V2 DNA Amplification Kit following
manufacturer instructions. The RADIS pipeline (Cruaud et al. 2016) was used to generate nucleotide
matrices from raw data. RADIS relies on Stacks (Catchen et al. 2013) to group reads into individual loci
(i.e. stacks) and to identify homologous loci. We allowed a maximum of 3 differences between the reads
(M parameter) and assigned secondary reads to primary stacks considering a maximum distance of 5 (N
parameter). We subsequently discarded stacks with less than three reads. Then Stacks pools the
consensus sequences of every stack of every sample and group similar sequences into homologous loci.
Because we did not have any a priori on the divergence between the different Copaxa species for
RADSeq markers, we tested different values of n (maximum number of differences between consensus
of the different stacks) during the loci catalog building: n6, n8 and n10. During its last step, RADIS
builds the nucleotide matrices. It only considers the loci for which the number of samples is higher than
the parameter S. In order to test the effect of the amount of missing data on tree inference, we used
different S parameter values: S26, S34 and S43, representing respectively 35%, 46% and 58% of the
samples. The three n and S values imply the generation of 9 matrices with RADIS.

Finally, we also retrieved DNA barcode sequences from the BOLD DNA barcode library, selecting one

sequence (full length (658bp) as far as possible) for each sample.

Phylogenetic inferences

We first analyzed the 9 RADSeq matrices produced by RADIS with IQTREE 1.6.3 (Nguyen et al. 2015)
to assess the influence of parameters n and S and select the matrix to be used in the concatenated dataset.
Phylogenetic supports were assessed with 1000 Ultrafast bootstraps (Hoang et al. 2018) and 1000
replicates of a Shimodaira-Hasegawa-like procedure (SH-aLRT; Guindon et al. 2010). We used three
partitioning strategies: (i) a unique partition, (ii) one partition per locus, (iii) partitions as defined by
PartitionFinder 2.1.1 using the rclusterf algorithm (data pre-partitioned per locus; Lanfear et al. 2017).
Partition models were estimated with ModelFinder (Kalyaanamoorthy et al. 2017), implemented in
IQTREE, with the TESTNEW option. This resulted in 27 trees corresponding to the 9 matrices and 3

partitioning strategies.

We built the UCE matrix using all loci for which at least 50% of the samples were available. Alignments
were performed with MAFFT v7.245 (Katoh & Standley, 2013) for each individual locus and
ambiguously aligned blocks were removed using Gblock_0.91b with relaxed constrains (-t=d -b2=b1 -
b3=10 -b4=2 -b5=h) (Talavera & Castresana 2007). We then generated gene trees with ModelFinder
and IQTREE 1.6.3 and used PMCOA (de Vienne et al. 2012) to identify and remove complete outliers

(a complete locus or a complete sample) or cell outliers (an individual locus) from the DNA matrix. We
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defined UCE partitions using the method of Tagliacollo & Lanfear (2018): we first split each UCE locus
into three regions (two flanks and one core) using the Sliding-Window Site Characteristics Entropy
(SWSC-EN) and subsequently grouped regions evolving at a similar pace with PartitionFinder 2.1.1
(Lanfear et al. 2016) using the rclusterf algorithm. This matrix was then combined with the RADSeq
matrix generated in RADIS using n=8 and S=34 (see results), itself partitioned with PartitionFinder
2.1.1. Finally, the UCE+RADSeq matrix was combined with the DNA barcode dataset, as an additional
single partition. ModelFinder was used to fit the best model of nucleotide evolution for each partition

of our supermatrix.

To account for potential gene-specific effects on phylogenetic inference, we measured branch supports
with a two steps bootstrap procedure (Seo et al. 2005) that consists in a first independent resampling of
loci within the UCE and RADSeq matrices and then a resampling of all nucleotide positions within each
marker, including the DNA barcode locus. We used a R script to generate 100 bootstrap matrix replicates
and their corresponding partition scheme, and analyzed them with IQTREE. Because branch supports
could be biased by the large amount of missing data in a few clades for which we did not have any
genomic markers, we also computed a secondary set of bootstrap values after discarding samples for

which only the DNA barcode was available.

Finally, we sought to identify rogue taxa with RogueNaRok (Aberer et al. 2013) using the bootstrap
trees inferred from the two steps bootstrap procedure as input, considering a maximum dropset size of
1. Highly labile samples (rawlmprovment score >1) were removed from subsequent divergence time

and macroevolutionary analyses.

Divergence time estimations

To generate calibration points within genus Copaxa, we first re-analyzed the UCE dataset of Arnal et
al. (in prep.; Chapitre 1) after including the three Copaxa species sequenced by the authors (C.
lavenderoguatemalensis, C. syntheratoides and C. decrescens) and excluding all representatives of
subfamilies Hirpidinae, Hemileucinae, Arsenurinae, Ceratocampinae, and Agliinae, to reduce
computation time. We followed the same procedure as described in Arnal et al. (in prep.) to reduce the
UCE matrix to the 50 loci that produced the best supported gene trees, which were analyzed with
MCMCTREE in PALM v4.8 (Yang 1997) to estimate divergence times after constraining the topology
to that inferred by Arnal et al. (in prep.; Chapitre 1) and using the same calibration points they did.

Because our Copaxa supermatrix included more than 120M nucleotides (see results), we reduced both
the number of terminal taxa to 148, considering only one sample per species or OTU, and the number
of loci by randomly sampling 25 UCE and 300 RADSeq loci along with the COI gene. We then used
MCMCitree to estimate the divergence time, constraining the topology to that inferred with IQTREE.

Branch lengths were estimated in PAML v4.5 with a maximum likelihood method introduced by Thorne
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et al (1998); we used the two Copaxa calibration points estimated from our initial step, applying uniform
priors (with soft bounds) that spanned the 95% confidence interval we estimated. We ran two analyses
with 3 million generations in MCMCTREE (0.5M generations as burnin) for each dataset and combined

them with LogCombiner 1.5.3 after checking for convergence.
Historical biogeography

The Copaxa genus originated from a lineage that crossed Beringia and dispersed toward Central and
South America during the Oligocene and early Miocene (Arnal et al. in prep.; Chapitre 1); the extant
distribution of its species ranges from Northern Mexico to Uruguay. To gain a better understanding of
the timing of colonization through Central America, we considered three areas north of the Panama
Isthmus (see Fig. 4): (from North to South) (i) the ‘Transitional zone’, comprising the Sierra Madre
Oriental, Sierra Madre Occidental, Sierra Madre del Sur and the isolated Mexican Sierra de Santa
Martha; (ii) the ‘Nuclear zone’, comprising the Sierra Madre de Chiapas; (iii) the ‘Talamanca zone’,
comprising both the Talamanca and the Guanacaste cordilleras. From the Isthmus of Panama southward,
we considered a fourth area, ‘Choco’, formed by a lowland zone spanning to the West to the Andes,
from the Magdalena valley to the Rio Guayas estuary, here extended to include the Caribbean region of
Colombia. We also divided the Andes into three areas: (i) North Western Andes spanning the Western
and Central Cordilleras down to the Cero Mishahuanga; (ii) North Eastern Andes defined by the Eastern
Colombian cordillera, the Serrania del Perija, the Sierra Nevada de Santa Marta and by the Merida and
la Costa cordilleras; (iii) the Central Andes spanning most of the Peruvian and Bolivian Andes, including

the Yungas. Finally, we respectively considered the Amazonian Basin and the Atlantic Forest.

Ancestral area reconstruction analyses were performed with the BioGeoBEARS R package (Matzke
2013) using the DEC model. We manually set dispersal multipliers to 0.5 between two areas separated
by a geographical (and/or climatic) barrier or by another area. The coefficient was multiplied by the
number of barriers or areas to cross or when the barrier was particularly large. We restricted the
maximum range size to three areas, except for the period between 0.1Ma and the present (see below).
In addition, we did not allow any combination of areas including both Amazonia and Choco, because
we considered the Andes to form a strong barrier impeding gene flow between these areas. Four time
periods were defined. The first period of time spans the root of the tree to 10 Ma. During that period,
the Central American Seaway (CAS) was still open and deep-sea current could go through the strait
(Sepulchre et al. 2014; Montes 2012, 2015; Jaramillo et al. 2017). We considered that it acted as an
efficient barrier against terrestrial dispersion even though the Central and South American land masses
were very close. In our model, we thus assigned a 0.25 coefficient to dispersal between the Talamanca
and Choco areas, and we forbid ancestral ranges to span over these two regions during that period of
time. The second time period is 10-4 Ma. We allowed ranges to span over both the Talamanca and

Choco regions and we increased the dispersal coefficient to 0.5, considering closure of the CAS (Montes
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et al. 2012; Coaster & Stallard 2013). The beginning of the third period (4-0.1 Ma) was chosen because
Cerrado lineages diversified mainly around 4Ma, suggesting an expansion of that dry biome and a wider
separation between the Atlantic and Amazonian forests (Simon 2009), we thus reduced the manual
dispersal multiplier from 1 to 0.5 between the Atlantic forest and its two adjacent areas, Central Andes
and Amazonian forest. By contrast, during that period the Panama Isthmus emerged and we considered
a terrestrial connection between the Choco and Talamanca areas (Coates & Stallard 2013). Finally, we
considered a very short period of time (0.1Ma to present) during which we allowed ranges spanning
over 4 areas. We considered that such wide ranges are only possible because of dispersal events that are

too recent to have led to speciation. Only one species is distributed in 4 areas: Copaxa bireni.

Altitudinal preferences

Copaxa species occur in habitats spanning a wide range of altitudinal conditions. Some inhabit lowland
forests (e.g. C. marona in Amazonia) whereas others can only be observed at very high elevation (e.g.
C. medea above 4000m in the Central Andes). Adaptation to altitude is a key ecological trait that could
help us understand the biogeographical and diversification dynamics of Copaxa species, both with
respect to the role of Phylogenetic Niche Conservatism, but also because we hypothesize that variations
in this trait may have favored dispersal and range expansion of the species capable of inhabiting low
elevation environments, thus “escaping” isolation on mountains in a similar way as insular species in
the context of the taxon cycle theory (Wilson, 1959, 1961). We retrieved all the altitudinal information
available from records in the DNA barcode dataset and calculated median values for all species and
OTUs. Median elevation values under 800m were considered as ‘lowland’, between 800 and 2000m as
‘mid-mountain’, and over 2000m as ‘high-mountain’. We estimated the ancestral state at each node of
the phylogeny applying a MuSSE model of evolution and using the asr.marginal function with the
diversitree R package (FitzJohn 2012). All parameters of the model were free to vary, except for

transition parameters between ‘lowland’ and ‘high-mountain’ (qizand gs1) that were set to 0.

Diversification rates

To estimate diversification rates and their variations across the evolutionary history of genus Copaxa,
we used two complementary methods. We first fitted the RevBayes (H6hna et al. 2016) model designed
by Hohna et al. (2019) that considers extinct lineages when inferring branch-specific diversification
rates. To facilitate probability computation, the model discretizes the prior speciation and extinction
rates distributions into k categories. Here we used 8 rate categories and ran MCMC analyses for 5000
generations. We assessed convergence using Tracer (ESS>200; Rambaut et al. 2018) and summarized
the posterior distribution with the plot_branch_rates _tree function of the RevGadgets R package
(https://github.com/revbayes/RevGadgets). Because the biogeographical analyses described above
brought evidence of independent and ancient colonization events of the South American continent in

two major lineages (named A and B) of the genus, we hypothesized that these events induced shifts in
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diversification rates. We tested this hypothesis using the birth-death method developed by Morlon et al.
(2011) and implemented in the RPANDA R package (Morlon et al. 2016), an approach that extends
previous birth-death methods in considering that speciation and/or extinction rates may change
exponentially through time. We compared four different diversification regimes: (i) no diversification
shifts, (ii) one diversification shift in the A clade, (iii) one diversification shift in the B clade and (iv)
the two shifts combined. For each of these hypotheses, we split the tree at the shifts location and
compared different diversification models for each subtree and the backbone: (i) a pure birth model,
BCST, (ii) a birth-death model, BCST-DCST, (iii) a time-dependent birth model, BVAR, (iv) a time-
dependent birth model with a constant extinction rate, BVAR-DCST, (v) a model with a constant birth
rate but a time-dependent extinction rate, BCST-DVAR, and (vi) a time-dependent birth-death model,
BVAR-DVAR. For each subtree we calculated the AlCc score of the best model. For the different shift
configurations, we summed AICc of the subtrees and the backbone and compared the obtained values
to determine the best diversification shifts regime during the evolution of Copaxa. This procedure was
applied to the MCMCtree consensus tree and to 100 trees randomly sampled in the posterior distribution
of the MCMCtree analysis.

Results

Species diversity in genus Copaxa

To uniformize the taxonomic treatment of the genus, we raised to species level all six subspecies
previously recognized (see Table S1) and considered lacking objective justification for the use of this
rank. The DNA barcode reference library assembled for genus Copaxa comprises 1455 records
representing all 130 named species here recognized as valid within the genus (see Table S1 and the
checklist CL-COPAX in BOLD). A DNA barcode was obtained for the holotype specimen of 92 species
(71% of all valid named taxa) and 247 paratypes were also sequenced for this marker. Our coverage is
complete, but our taxonomic account differs from that of Kitching et al. (2018) in including several
species described since this publication (Brechlin, 2018, 2019a, b), in considering C. brunnea Bouvier,
1929 as a nomen nudum resulting from improper formatting of the name C. flavobrunnea by Bouvier
(1929), and in the treatment of C. peggyae Brechlin & Meister, 2013 syn. nov. and C. rudloffi Brechlin
& Meister, 2010 syn. nov. as junior synonyms of C. escalantei Lemaire, 1971 and C. moinieri Lemaire,

1974, respectively (see notes under these two species in Table S1).

All 1455 records, including specimen and sequence data, as well as images, are publicly available in
BOLD dataset DS-COPAX1; sequences are also deposited in GenBank (accession numbers available
from DS-COPAX1). A neighbor joining tree built with BOLD tools using uncorrected pairwise
distances, BOLD aligner and pairwise deletion options is provided in Figure S1 (Online resource). In

addition to the 130 named species, we also considered 19 additional OTUs that may represent
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undescribed cryptic species and all represent distinct BINs from the closely related species; they are all
designated in our dataset by the name of this related species followed by the BIN code, except in the
case of C. curvilineaDHJO01, provisionally named as part of the Lepidopteran inventory of Area de

Conservacion Guanacaste in Costa Rica (Janzen et al. 2012).

Sequencing of phylogenomic data

Voucher information is compiled in Table S2. We successfully sequenced RADSeq markers for 69
Copaxa samples and 5 outgroups. As expected, the matrix sizes were significantly influenced by both
the S and n parameters (Figure 2), and the number of loci was very heterogeneous among samples (Table
S3; e.g. 38 to 1716 (median=1155) in matrix M3n6S34). The later was inversely proportional to the
minimum number of samples per loci (S), but increased with the maximum number of differences
allowed between stacks when building loci (n). Considering lower S values implied higher percentage
of missing data but did not increase the percentage of informative positions. In contrast, higher values
of n, leading to the grouping of more variable stacks, resulted in a larger number of informative sites,

but the downside of considering higher n values was the risk of increasing paralog numbers, as expected.
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Figure 2 - Graphical representations of the influence of S (panels) and n (bars) values on RADSeq matrix size (bars) and
proportions (lines) of missing data (orange), informative positions (purple), and paralogs removed (blue).

The UCE loci were sequenced for 11 Copaxa samples and combined to those of 3 samples from Arnal
et al. (in prep.). Overall, the number of UCE loci per sample ranged from 107 to 1163. After discarding
loci for which less than 7 samples were available, the UCE matrix included 856 loci (each 650bp long

on average).
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Phylogenetic inferences

The results obtained with the 27 different RADSeq matrices were highly congruent, independently of
the partitioning strategies used (Figures S2, S3). The n and S parameters did not influence substantially
the topologies but impacted the total branch lengths. Independently of the value of these parameters, we
cannot firmly conclude from the RADSeq results about the position of the lineage grouping C. mannana,
C. muellerana, and members of the lavendera group. To combine RADSeq with UCE and DNA barcode
sequences into a supermatrix, we selected the matrix built with n=8 and S=34. This matrix is of
reasonable size and contains a fair amount of informative loci, while avoiding large volume of missing

data and a high risk of including paralogs.

The phylogeny (Figure 3) inferred from the combination of UCE, RAD and COI markers included 158
samples representing all 130 valid Copaxa species and 18 OTUs (after removal of one rogue taxa
identified with RogueNaRok: Copaxa rufinansADF5627; code: SAMPA287-17), as well as 5
outgroups. It is very congruent with the topologies estimated with the RADSeq markers (Figure S3).
While there remains some uncertainties about shallow or intermediate nodes, the phylogeny of Copaxa,
which comprises two main lineages (hereafter referred as the A and B clades), is overall well supported
and the backbone is nearly fully resolved. Again, the clade (named A:) grouping C. mannana, C.
muellerana, and the members of the lavendera group branches either with the A, sub-clade (ca. 2/3 of
the bootstrap trees) or with the B clade (see Figure 3). Because our two-step bootstrap procedure is
particularly stringent compared to classic bootstrap procedure (e.g. the SH-aLRT procedure or Ultrafast
Bootstraps), we nonetheless consider the position of clade A: within lineage A as the most likely,
pending further phylogenomic investigations. Beside this moot point, the position and monophyly of the
different species groups are strongly supported by the two steps bootstrap procedure (Figure 3). The use
of DNA barcodes as the only genetic marker for many samples had diverse degrees of success. Our
results show that it is informative enough to place the different species in their respective species groups
and we successfully resolved several shallow nodes with the sole COI marker. For example, in the medea
species group, the positions of C. ockendeni and C. medejunensis are well supported even though we
did not get any genomic markers for these two species (Figure 3). In contrast, our analyses failed to
resolve some shallow nodes when the speciation rates were higher (e.g. C. troetschi and C. andescens
in the decrescens group; Figure 3). The use of the sole DNA barcodes was even less successful in
inferring the position of phylogenetically isolated species or clades. This is the case for C. denda, whom
position has to be further investigated, that could not be assigned to any species group, as well as for the
clade comprising C. rufijaliscensis, C. pararufinans and C. rufimichoacanensis (Figure 3). The lability
of these clades dramatically decreased the bootstrap values of several deep nodes, as attested by

secondary bootstrap values computed after excluding samples with DNA barcodes only.
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Notwithstanding those limits, our results support most of the morphological species group defined by
Brechlin et al. (2016): the cydippe, decrescens, expandens, medea and sapatoza species groups are
monophyletic and well supported (Figure 3). However, the canella and multifenestrata species groups
are paraphyletic. Within the canella species group, Brechlin et al. (2016) defined the lavendera and
canella subgroups that are well supported as distinct clades in our analyses, but not forming a
monophyletic lineage. They are thus treated here as distinct species groups. We also found that C.
trottierorum, C. sophronia and C. syntheratoides do not belong to the multifenestrata species group,
which is however monophyletic when these species are excluded (Figure 3). C. trottierorum forms a
very isolated lineage, with no extant relative, but C. sophronia, C. sophroniaAAC2822 and C.
syntheratoides are closely related and are here considered as part of a new species group: the
syntheratoides species group. The subgroups defined by Brechlin et al. (2016) within the decrescens
(decrescens and rufinans subgroups) and expandens (expandens and andensis subgroups) groups are
paraphyletic and are abandoned here. Though previously grouped together in the copaxoides species
group (Lemaire 1978, Brechlin et al. 2016), C. mannana, C. muellerana and C. copaxoides do not
constitute a monophyletic group (Figure 3); they all are isolated lineages with no extant close relative
and are then not assigned to any species group. As suggested by Lemaire (1978) on the basis of
morphological characters, our analyses confirmed that the medea and sapatoza groups are sister groups.
They form, together with the lavendera group what is here named clade A,, itself sister to clade A, as

defined above.

Within the B lineage, we define sub-clade B; as the clade comprising C. denda, C. dendoidea and the
syntheratoides and cydippe species groups (Figure 3). We note that the position of C. denda and C.
dendoidea in sub-clade B; remains poorly supported and we refrained from including both species
within the syntheratoides group, although this relationship is to be considered the most likely according
to our results. Subclade B, (Figure 3) includes the decrescens, expandens and multifenestrata species
groups, which together include 2/3" of species diversity within the genus (85 species and OTUs). Early
divergences within B; are well supported, with the decrescens group branching first, then the expandens
and multifenestrata groups being sister to each other. Shallower nodes, often only inferred from DNA
barcode sequences remain only partially resolved within these three groups. Interestingly, the B lineage
also includes two species representing long isolated lineages with no other extant representatives: C.
copaxoides, sister to all other taxa in B clade, and C. trottierorum, sister to sub-group B.. Together with
C. mannana and C. muellerana, they form four monospecific lineages that were no assigned to any

species groups.

The five species for which we sequenced RADSeq markers for multiple individuals were monophyletic,
except for C. rufotincta. The paraphyly of this species is poorly supported and few RAD loci were
available for most of the C. rufotincta samples (Table S3). In the following analyses we ignored that

paraphyly and considered a unique representative for C. rufotincta.
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Figure 3 (two following pages) - Maximum likelihood phylogenetic hypothesis for genus Copaxa built with IQTREE
for 5 outgroups and 157 samples of Copaxa representing all 130 valid species within the genus and 18 OTUs; taxon
names are preceded by symbols representing availability of genomic markers (RADSeq (green) and UCE (blue)); they
are followed by the ProcessID code of the DNA barcode record used in the analysis (available for all terminals in BOLD
dataset DS-COPAX1). The six main lineages discussed in the text are characterized as clades/sub-clades A, A1, Az, B,
B1, B, on branches, and species groups are indicated as vertical lines on the right side of the tree. Two-steps bootstrap
support (BS) values are represented as symbols at nodes: circle represent regular BS values for the complete combined
matrix (RADSeq + UCE + DNA barcodes, symbol colors as follow: black for BS>70%, grey for 50%<BS<70%, white
for BS<50%); squares are secondary bootstrap supports after exclusion of records only represented by DNA barcodes
(black for BS>90%, grey for 70%<BS<90%, white for BS<70%). Detailed BS values are given in Figure S4. Bottom
left photograph by Armin Dett ©.
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Estimates of divergence times

We re-estimated the divergence times of the Saturniidae family with a reduced dataset from Arnal et al.
(in prep.; Chapitre 1) including three Copaxa samples. All MCMCtree analyses converged: effective
sample sizes (ESS) were superior to 200 and the two independent runs led to identical estimates (Figure
S5) that are very congruent with those in Arnal et al. (in prep.; Chapitre 1). We thus obtained two internal
calibration points within the Copaxa phylogeny: between C. decrescens and C. syntheratoides (4.0-7.8
Ma) and between C. decrescens/C. syntheratoides and C. lavenderoguatemalensis (7.7-13.6 Ma). We
then estimated the divergence times of the Copaxa phylogeny. The two independent runs launched on
two randomly sampled sets of loci converged (ESS>200) and led to identical estimates (Figure S6). The
results of divergence time estimation are further presented in the following paragraph along with inferred

spatial and altitudinal diversification dynamics in the genus (Figure 4).

Spatial, temporal and altitudinal diversification dynamics of Copaxa

Our biogeographical model recovered with strong support that the most recent common ancestor of
Copaxa was widely distributed in Central America, in the Transitional, Nuclear and Talamanca areas,
ca. 13Ma ([11.59-13.75], Figure 4). Reconstruction of ancestral states revealed that the genus ancestors
were most likely adapted to mid-elevation ranges. Most of the early diverging lineages, in both A and
B clades, remained in Central America. This is the case of all the “relictual” taxa that do not belong to
any recognized species group and have no extant relatives: C. copaxoides, C. mannana, C. muellerana
and C. trottierorum. It is also the case of the lavendera, syntheratoides and cydippe species groups.
Interestingly, these lineages, except for the cydippe species group (see discussion), poorly diversified
and they all occur at intermediate or high altitudes (except C. copaxoides sampled over a broad

altitudinal range).

Figure 4 (following page) — Historical biogeography dynamics of the Copaxa lineages. Blue bars at nodes represent
the 95% confidence intervals of clade ages as estimated with MCMCtree (time-scale and main geological epochs are
given at the bottom of the tree). The six main lineages discussed in the text are named as clades/sub-clades A, A1, Az, B,
B1, By; species groups are indicated as vertical lines on the right side of the tree. Biogeographical areas considered in
this study are given as colored ranges in the bottom left corner map; the species ranges are represented at leaves using
corresponding colors, as are the results of the ancestral reconstruction of biogeographical ranges (inferred with
BioGeoBEARS) at nodes; red border indicates low confidence (p<0.33) in the estimates. Branches are colored according
to the diversification rates estimated with RevBayes. Altitudinal preferences of extant species are depicted at leaves,
following the legend on the left hand side of the tree; ancestral states, as estimated with diversitree, are indicated at
nodes of the phylogeny backbone (see Figure S7 for a complete visualization of these estimates on the tree). Yellow
stars represent the positive diversification rate shifts recovered with RPANDA. The graph on the left shows the
diversification rate regimes estimated with RPANDA for clades A, and B, as well as for the backbone.
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In striking contrast with these clades that experienced a limited spatial and temporal diversification, we
identified two independent dispersal events towards the South American landmass during the Miocene
period, after the closure of the Central American Seaway (CAS) ca. 10 Ma. The earliest event happened
along the branch leading to clade A; then the second one along the branch leading to the clade formed
by C. trottierorum and sub-clade B,. The analyses performed with RPANDA revealed that both events
were associated with positive diversification rate shifts (Figure 4, Table 1).

Table 1 - Results of time-dependent models of diversification fitted on the different shift configurations with RPANDA.
For each subtree and for the backbone, only the best model is shown and the following column indicate the percentage
of posterior dated trees for which we recovered a similar model of diversification. According to the AlCc scores, the
best shift configuration is that considering two diversification rate shifts at nodes A; and B,. BCST: constant speciation

model; BVAR: time-dependent speciation model; A: speciation rate at present; a: coefficient of time variation of the
speciation rate.

—
% of replicates Nb. logL

Shifts Subtree Best Model supporting Param  (consensus tree) AlCc A o
the same model
No Shift whole tree BCST 100 % 1 -277.05 556.12 0.408 -
backbone BCST 98 % 1 -203.73 409.49 0.412 -
A, A, BCST 100 % 1 -141.69 141.69 0.391 -
total 2 -345.42 551.18
backbone BCST 100 % 1 -131.43 264.93 0315 -
B, B, BVAR 100 % 2 -134.38 27291 0.346 0.243
total 3 -265.81 537.84
backbone BCST 100 % 1 -59.42 121.00 0.229 -
A +B, A, BCST 100 % 1 -141.69 141.69 0.391 -
B B, BVAR 100 % 2 -134.38 27291 0.346 0.243
total 4 -335.49 535.60

Among the four shift configurations tested, the scenario considering two shifts is the model with the
lowest AlICc (AAICc>20 in comparison to the null model; Table 1). In this model, we estimated that the
phylogeny backbone fits a model with a constant speciation rate A=0.229 speciation event per lineage
per million years. It is also the case of the A, sub-clade, but with a significantly higher speciation rate A
= 0.391. We estimated that the B2 sub-clade best fits a model where the speciation rates are time
dependent (BVAR): speciation rates are very high near the root of the B, sub-clade and exponentially
decrease with time to reach similar rates to those of A, (see chart in Figure 4). We obtained similar
results for each tree sampled in the posterior distribution of the MCMCtree analysis (Table 1; chart in
Figure 4). These results are congruent with those obtained using the RevBayes model that inferred
branch-specific diversification rates (Figure 4). The A; and B; lineages indeed exhibit much higher
diversification rates compared to other Copaxa clades. This is especially conspicuous in clade B, with

most lineages exhibiting speciation rates higher than 0.5 speciation event/million years. These rates are
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more heterogeneous within the clade A,: the canella and medea species group diversified more slowly

than the sapatoza group, whose rates are comparable to those of clade Bo.

The ancestors of clade A colonized the Andes between 12.7 and 8.6 Ma [13.6-7.3 Ma] (Figure 4). Then
its three species groups experienced very contrasted spatial and temporal diversification. On one hand,
the sapatoza and medea groups remained in the Andes, both derived from a shared ancestor inferred as
having been inhabiting high elevation environments (Figs. 4 and S7). Indeed, all extant species are found
at very high elevation (several species well above 3000m asl). The sapatoza group however experienced
higher diversification than the medea group. No known member of these groups ever dispersed out of
the Andes and most speciation events occurred within the same biogeographical region. On the other
hand, the lineage currently represented by species of the canella group specialized in inhabiting lowland
environments (Figs. 4 and S7) and experienced multiple dispersal events toward the different areas of
South America. A lineage reached the Atlantic forest ca. 4Ma [4.9-3.1 Ma], probably before the
formation of the dry Cerrado region acting as a barrier to dispersal. This is the earliest colonization of
the Atlantic forest by genus Copaxa and this lineage is now the most diverse in this region (5 out of the
7 species). It is noteworthy that members of the canella lineage successfully traveled across the Cerrado

to colonize again the Amazonian forest and the Central Andes ca. 2.5 Ma [4.0-0.7 Ma].

Our results highlight a second colonization of South America in the B clade by the common ancestor of
clade B, and C. trottierorum. This event is younger (ca. 7 Ma [8.1-5.6 Ma]) than that described above
in clade A, but it still predates the Panama strait closure. Sub-clade B initially diversified at a high pace,
rapidly splitting into three lineages now represented by species of the expandens, decrescens and
multifenestrata groups. Interestingly the latter two followed a similar pattern of spatial and temporal
diversification. Both lineages experienced tremendous biogeographical dynamics through South and
Central America and comprise species occurring at various altitudinal ranges. Whereas poorly resolved
relationships within these groups prevent us to reliably infer the number and the timing of
biogeographical events (Figure 4), our analyses nonetheless imply multiple northward colonization
events of Central America (e.g. C. troetschi, C. escalantei or the common ancestors of C. conlani and
C. knorkei). These are most likely posterior to the closure of the Panama strait. We also evidenced one
independent colonization event of the Atlantic forest within each of the decrescens and multifenestrata
lineages. Our analyses suggest that these events likely happened through the Amazonian forest, unlike
the older colonization of the Atlantic forest region within the canella group, likely achieved through the
Central Andes. They also largely postdate the formation of the Cerrado, thus raising to three the number
of dispersal event across the Cerrado. Mirroring our previous observations in sub-clade A, these many
dispersal events between biogeographical regions can be linked to the ability of lineages to inhabit
lowland habitats (Figures 4 and S7; note that C. mielkeorum, categorized as ‘mid-elevation” species, has
an altitudinal median of 800m and thus could be also considered a lowland species). Overall, the

altitudinal preferences (Figure S7) are rather phylogenetically conserved within all species groups,
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except for the decrescens and multifenestrata ones that appear very labile with respect to this
environmental preference. For example, the close relationships of C. cineraceaAAF1305 (median:
2000m) or C. satellita (2080m), with species inhabiting lowland or mid-elevation environments (Figure
S7) suggest that altitudinal preferences can evolve quickly. The third species group of the clade B, the
expandens group, differs from the two others in being restricted to mid to high-elevation areas,
exclusively in the three Andean regions. This group mirrors our observations for the sapatoza and medea
species groups, also inhabiting high-elevation environments and where closely related species tend to
occur in the same biogeographical region, thus bringing further evidence of a link between niche

conservatism and spatial dynamics (see Discussion).

Discussion

Our study produced a clear overview of the spatial and temporal diversification dynamics of Copaxa
moths following the colonization of the Neotropics by their ancestors. These dynamics were
characterized through the reconstruction of a phylogeny combining genomic and genetic markers and
including all known extant species in the genus. DNA barcodes were available for all described valid
species and several newly recognized OTUs, and they were instrumental in defining the evolutionary
units considered in our analyses, offering a dramatically improved understanding of species diversity if
compared to taxonomic treatment of the genus in the early 2000’s (Figure 1; 41 species vs. 130 species
+19 OTUs). RADSeq markers, frequently used in population genetics and phylogeography (e.g. Dupuis
et al. 2018), proved useful for resolving inter-specific relationships, as predicted in silico (Cariou et al.
2013) and as shown in other organisms (e.g. Cruaud et al. 2014; Hipp et al. 2014). Our analyses showed
however that they should be analyzed carefully, especially with respect to the influence on the topologies
of analytical parameters used to assemble nucleotide matrices (see also Rubin et al. 2012; Leaché et al.
2015). Here we combined them with UCE loci to gain resolution at deeper nodes and with DNA
barcodes to complete taxon sampling. The latter brought additional phylogenetic resolution at shallower
nodes (e.g. in the cydippe and canella groups; Figure 3), albeit limited in groups that diversified at higher
pace (e.g. in the decrescens group; see Figure 4) or in isolated taxa that lacked sufficient coverage for
genomic markers (e.g. the position C. denda and C. dendoidea; Figure 3). This is the first time, to our
knowledge, that such combined approach is employed in resolving phylogenetic relationships in a
diverse group, taking advantage of DNA barcode data to improve the selection of samples for the
genomic approach and to permit the inference of the position of all species based on an objective analysis
of characters.

The resulting phylogenetic hypothesis for the genus is very resolved, except for the position of clade A;
(Figure 3), and it permitted to track back the history and dynamics of diversification of these moths after
their lineage diverged from its sister-group, the genus Saturnia. Arnal et al. (in prep.; Chapitre 1) inferred

that the common ancestor to both Saturnia and Copaxa colonized the Nearctic region (and from there
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Central America) through Beringia and its mixed deciduous coniferous forests (Norris 1982; Wolfe
1987) about 27Ma (30.8-23.5Ma), probably benefiting — like several other groups of organisms (Jiang
et al. 2019) - of climate warming (Zachos et al. 2001, 2008) during the late Oligocene and of the
emergence of a dispersal corridor formed by a deciduous, humid forest along the Eastern Palearctic
coasts (Sun & Wang 2005). Our knowledge of the food plants used by Copaxa caterpillars in the wild
remains very fragmentary (Wolfe, 1993), but the known associations of several species with oak (e.g.
C. mannana, C. muellerana, C. copaxoides, C. lavendera; Wolfe, 1993), alder (C. sapatoza; Wolfe et
al. 2003b) or Pinus trees (e.g. C. medea (see Wolfe et al. 2003a), C. cydippe (see Wolfe, 1988), C.
haxairei (unpublished observation)) support this scenario of the origin of genus Copaxa and of the
ability of its ancestor to thrive in the Nearctic and Central American regions. It is likely that, while
Central American lineages were settling and diversifying, the Nearctic Copaxa lineages went extinct
after the mid-Miocene and the CAS closure (Sepulchre et al. 2014; Montes 2012, 2015; Jaramillo et al.
2017; Zachos et al. 2008) drastically impacted Nearctic climate (Wolfe 1994), with decreasing

temperatures.

In Central America the Copaxa ancestors diverged into two clades ca. 13 Ma (clades A and B, Figure
4) that experienced remarkably similar patterns of spatial and temporal diversification. In both clades,
most of the early-diverging lineages remained in Central America and experienced limited
diversification; some are only represented by a single extant species, like C. mannana, C. muellerana,
C. copaxoides, C. trottierorum and may deserve special consideration for their conservation because of
their evolutionary “uniqueness” (Vane-Wright et al. 1991; Isaac et al. 2007). One noticeable exception
is the cydippe group (Figure 4), whose diversification rates were found to be significantly higher (at the
exception of C. evelynae) than in other representatives of the Bi sub-clade. This increase in
diversification rate may be linked to a food plant shift and fits an ‘escape and radiate’ diversification
mechanism (Erhlich & Raven 1964) after species in this group specialized to feed on Gymnosperms
(genus Pinus; see Wolfe 1993).

The results of our biogeographical analyses revealed that Copaxa dispersed eight times across the
Panama strait (Figure 4) but only three times toward South-America. One is recent (Figure 4; less than
3Ma, in the multifenestrata group), but the two others date back to ca. 8.5-12.7 Ma and 6.3-7.6 Ma along
the branches leading to clade A; and to C. trottierorum + clade B, respectively (Figure 4), likely
occurring after the CAS closure, 10 Ma (Sepulchre et al. 2014; Montes 2012, 2015; Jaramillo et al.
2017). These results support the hypothesis that the Panama strait acted as an efficient geographical
barrier after the CAS closure and until 4-3Ma, preventing further interchanges in both directions despite
its narrowness (Coates & Stallard, 2013). As most Copaxa moths are associated to montane
environments, dispersal across the Panama strait might also have long been impeded by the lower
elevation of the Central American Volcanic Arc in Miocene (Coates et al. 2004), thus offering no

connection between the Andes and the Cordillera de Talamanca until the upraise of the Panama isthmus.
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Interestingly, the two Copaxa lineages that managed to disperse early into South-America experienced
a significant positive shift of diversification (Figure 4 and Table 1). This is similar to patterns
documented by Moore & Donoghue (2007) and termed ‘dispersification’ to describe positive shifts of
diversification associated with a dispersal event into new geographical regions. Dispersification events
were found in several groups of organisms and on different continents (e.g. Lemuriformes in
Madagascar; Springer et al. 2012), but also specifically in the Andean region for several plant groups
(e.g. in genus Bartsia (Orobanchaceae) (Uribe-Convers & Tank 2015), Viburnum (Adoxaceae) or
Valeriana (Valerianaceae) genera (Moore & Donoghue 2007)). However, our results represent, to our
knowledge, the first documented case in insects of dispersification events following colonization of
South-America from Central America by a group of Nearctic origin. Interestingly, Copaxa moths are
largely associated to montane environments (126 species or OTUs (85%) occur at mid- or high-
elevation; Figure 4) and our reconstruction of ancestral states unambiguously infer that the Copaxa
ancestor inhabited mid-elevation habitats in Central America (Figures 4 and S7). Considering the
Nearctic origin of the ancestor of Copaxa, we hypothesize that this strong link to montane environments
is the result of Phylogenetic Niche Conservatism (PNC) and of the inheritance of traits from this ancestor
adapted to temperate habitats (Donoghue, 2008). These traits might be related to physiological
adaptations, linked to cooler climate and seasonality (e.g. regulation of flight activity, phenology,
diapause), as well as to adaptations of their caterpillars and of adult females (when selecting oviposition
sites) to food plants, themselves constrained to this mountain climatic niche (e.g. oak or alder trees).
PNC here appears as having played a major role in the evolutionary history of Copaxa, both in driving
their diversification dynamics in Central American mountains where the genus originated, but also after
reaching South-America and the Andean subregions where the genus thrived and became most diverse.
As described by Donoghue (2008) for plants, PNC promoted the dispersal of pre-adapted Copaxa moths
to new emerging mountain environments of the South-American continent where speciation occurred
mostly without major niche shifts but rather through dispersal or vicariance. Furthermore, such
mechanism is exacerbated in tropical regions where seasonal temperature amplitude does not exceed
that of the elevational temperature gradient, thus making topographic barriers more important in tropical
than in temperate regions (Janzen 1967). For organisms adapted to life in mountain habitats, the
Neotropical mountains can be compared to large and isolated archipelago systems characterized by
altitudinal gradients and various exposure, geologic and edaphic conditions where the gene flow is
limited (Graves 1988; Fjeldsa et al. 2012). In Copaxa, these groups that diversified at high elevation
(sapatoza and expandens species groups) exhibit high diversification rates (Figure 4) and each of their
extant representatives are geographically restricted to a unique Andean sub-region (except C. medea);

also, closely related species tend to be distributed in the same sub-region.

While PNC played a major role in driving the diversification dynamics of Copaxa moths, our results

also highlighted that several lineages in the genus independently succeeded in colonizing lowland
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habitats (23 species or OTUs (15%), in the canella, multifenestrata and decrescens species groups;
Figures. 4 and S7). Such niche shift did not have a significant impact on diversification rates, but
interestingly these three groups experienced the strongest spatial dynamics, colonizing new
biogeographical regions (Atlantic Forest, Amazonia), and dispersing back into Central America. We
note that one of these lowland species, C. bireni (canella group) stands out as being the sole species

distributed over 4 biogeographical regions (Figure 4).

Conclusions

Our detailed reconstruction of the spatial and temporal evolutionary history of genus Copaxa revealed
a very clear picture of the diversification dynamics of this genus ‘into the Neotropics’ after it originated
from a Holarctic ancestor. It is marked by two key events of dispersification and a predominant role of
PNC. These dynamics are similar to those already documented in plant groups (Hughes & Eastwood
2006; Moore & Donoghue 2007; Sklenar et al. 2011), but were rarely reported in animals. A similar
‘into the tropics’ spatial diversification pattern was found in other groups of Lepidoptera (Mullen et al.
2011; Condamine et al. 2012), but those thrived in lowland Amazonia rather than in mountainous
regions of Central and South-America. This instance of a Holarctic insect group successfully colonizing
and diversifying in Neotropical mountains may be exceptional. In fact, the Andes may have been mostly
colonized by autochthonous Neotropical lineages as documented for Godyridina butterflies, from
Amazonia (Chazot et al. 2016, 2019), or Eois moths, from lowland Central America (Jahner et al 2017).
We note that within Saturniidae Arnal et al (in prep.; Chapitre 1) reported two other genera that
colonized South America and originated from an Holarctic ancestor: Rothschildia (Saturniinae:
Attacini), with dispersification dynamics suspected to be comparable, at least in part, to that of Copaxa,
and Antheraea (subgenus Telea; Saturniinae: Saturniini), that in contrast experienced a very limited
diversification. A thorough investigation of the spatial and temporal dynamics of these genera and of
autochthonous Neotropical saturniid lineages that colonized Andean mountains will bring further insight
on the respective contributions of these different sources and routes, as well as PNC and adaptive

radiation in generating the world richest region for saturniid moths.
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Supplementary Material

Figure S1 (Online resource) - Neighbor joining tree built with BOLD tools from the 1455 DNA barcodes
of the DS-COPAX1 dataset. We used uncorrected pairwise distances, BOLD aligner and pairwise

deletion option.

Figure S2 - Main node supports obtained with the phylogenetic analyses performed of the different RAD

matrices. RAD matrices
aLRT/UFBoot.

collo & Lanfear (2018) method

ed with Taglias

Partitionn:

nned per

rtitio!

Unique partition

in column, main nodes in row. Supports are indicated as such: SH-

lllllllllllllllll
cHRRERRIERRRRREEG -
glllllllllllllllllg
SURLIETE T T IO
IIIIIIIIIIIIIIII g

%Illlllllllllllllli
IIIIIIIIIII N : 5

i
glllllll
NERRRE N
UGG

M
%lllllllllll I/
SUULEEU A AT IR A 0 A

N [T TETTTEE
N
IIIIIIIIIIIIIIIIIg

EERER] LE
gllllllllllllllll
llllllllllllllll

145



Figure S3 (Online resource) - Phylogenies inferred from 27 RAD matrices with 1Q-TREE. Species
names, sample codes and Process-ID are depicted at tips. Supports are indicated as such: SH-
aLRT/UFBoot.

Figure S4 (two following pages) - Maximum likelihood phylogenetic hypothesis for genus Copaxa built
with IQTREE for 5 outgroups and 157 samples of Copaxa representing all 130 valid species within the genus
and 18 OTUs (1 rogue taxa was excluded); taxon names are preceded by symbols representing availability
of genomic markers (RADSeq (green) and UCE (blue)); they are followed by the ProcessID code of the DNA
barcode record used in the analysis (available for all terminals in BOLD dataset DS-COPAX1). The five
main lineages discussed in the text are characterized as clades/sub-clades A, A1, Az, B, B1, B> on branches,
and species groups are indicated as vertical lines on the right side of the tree. Two-steps bootstrap support
(BS) values are depicted above every branch. We also indicated below the former BS value, when relevant,
the computed BS supports after discarding the samples for which the DNA barcode was the only marker
available.
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. copaxoides | SDHC596-09

denda | STDA576-07

dendoidea | SASNC3775-18
syntheratoides | STDA632-07
sophroniaAAC2822 | SDHB492-08
sophronia | MIAPD380-10
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Figure S5 - Divergence time
estimation of the Oxyteninae,

Cercophaninae, Salassinae,
Bunaeinae and  Saturniinae
subfamilies (Saturniidae)

performed with MCMC from
Arnal et al. (in prep.) UCEs
dataset. Contrary to Arnal et al
(in prep.), we included all three
Copaxa samples they sequenced
to obtain calibration points
within the Copaxa genus. 95%
credibility intervals of the
estimates are represented with
blue horizontal bars. The bottom
scale unit is the million of years.
The bottom left plot shows that
the two independent runs led to
similar estimates, thus assessing
convergence (also checked with
Tracer).



Figure S6 - Convergence of the divergence time analyses performed on the Copaxa phylogeny with
MCMCtree. The two randomly sampled loci dataset (A and B) led to similar age estimates and the
analyses run on the same dataset resulted in identical parameter values, assessing convergence (also
checked with Tracer).
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Figure S7 (following page) - Altitudinal preferences of the Copaxa lineages. Elevation medians are
depicted for extant species along with their names. Ancestral states were estimates with the diversitree

R package and node pies represent uncertainties about the estimations.
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Table S1 (Online resource) - Specific diversity of the Copaxa moths.

Table S2 (Online resource) - Voucher information.

Table S3 (following page) - Number of loci for every sample in each of the RAD matrices.
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Sample (RAD code) M3n6526  M3n8S26  M3nl10S26 M3n6S34  M3n8S34  M3nl10S34 M3n6S43  M3n8543  M3n10543

total 2954 3686 4142 1359 1790 2090 358 496 582
BC-Dec1537_C_purulhensis 1746 2129 2320 881 1151 1310 271 382 437
BC-EvS_3837_C_amazpandens 194 233 246 97 119 136 35 45 56
BC-Her2641_C_mexcentralis 1771 2123 2329 898 1155 1332 284 386 447
BC-Her4039_C_sophronia 2363 2907 3236 1165 1513 1762 326 451 525
BC-Her4046_C_chimaltenangensis 2243 2747 3039 1121 1469 1695 331 457 532
BC-Her4072_C_rufinans 2502 3053 3374 1226 1607 1853 341 470 549
BC-HKT_0184_C_litensis 2130 2595 2835 1049 1363 1563 318 431 500
BC-RBP_3372_C_kitchingi 2488 3035 3350 1191 1558 1799 340 468 546
BC-RBP_4105_C_yungaspandens 2019 2454 2691 971 1274 1480 297 412 479
BC-RBP_4402_C_bachuea 1166 1545 1796 809 1064 1219 280 377 440
BC-RBP_4760_C_sinjaevi 36 47 53 31 38 42 16 16 17
BC-RBP_5117_C_chrisbrechlinae 798 1050 1246 559 739 871 204 272 319
BC-RBP_6482_C_arianae 1119 1350 1469 577 746 859 211 289 330
BC-RBP_6713_C_carolinae 1156 1526 1754 803 1061 1229 276 379 432
BC-RBP_7315_C_nspl 915 1096 1203 458 598 684 181 233 269
BC-RBP_7387_C_rufinans 850 1009 1101 443 581 651 147 206 236
BC-RBP_7629_C_cydippe 243 276 306 134 165 188 54 72 84
BC-RBP_7630_C_multifenestrata 2045 2486 2747 999 1301 1510 307 420 493
BC-RBP_8023_C_hoehni 1445 1909 2215 966 1280 1481 312 424 498
BC-RBP_8249_C_andensis 1050 1256 1352 528 668 762 186 265 311
BC-RBP_8288_C_ignescens 1533 1841 2003 796 1021 1154 261 359 409
BC-RBP_8646_C_nsp2 650 775 847 341 437 515 128 183 215
BC-RBP_8650_C_nsp3 799 933 1002 399 522 596 154 217 256
BC-RBP_9086_C_pascoandensis 1891 2270 2493 948 1215 1414 292 399 472
BC-RBP_9583_C_witti 2379 2920 3238 1185 1558 1803 343 473 551
BC-RBP_9630_C_sat_sp2 96 116 123 46 62 75 18 28 31
GUELPHAO1 131 221 347 105 168 249 59 89 124
JRAS06156_0101 964 1294 1499 598 825 976 211 300 356
RROU00003 145 214 303 123 180 242 73 103 131
RROU00023 454 735 1004 332 522 712 151 227 308
RROU00038 2656 3292 3686 1277 1680 1955 353 487 570
RROU00040 2586 3203 3576 1260 1660 1924 351 487 564
RROU00041 2366 2991 3375 1166 1550 1827 328 454 534
RROU00047 1554 2158 2606 1056 1446 1715 337 471 555
RROU00049 1623 2241 2704 1081 1472 1752 339 472 558
RROU00061 1608 2208 2683 1064 1450 1730 339 469 551
RROU00064 2573 3190 3556 1219 1610 1883 330 459 539
RROU00068 1853 2474 2868 1060 1444 1708 313 449 522
RROU00069 2734 3390 3783 1291 1696 1980 351 486 568
RROU00133 1769 2368 2777 1128 1520 1774 332 461 541
RROU00139 1598 2117 2466 1059 1396 1634 328 449 526
RROU00145 71 94 101 45 65 70 14 22 24
RROU00148 2607 3214 3584 1264 1660 1922 350 481 558
RROU00150 179 236 263 134 170 189 57 73 83
RROU00163_C_lavenderohidalgensi 928 1223 1395 597 792 922 216 304 355
RROU00167 2696 3330 3721 1287 1678 1952 348 474 560
RROU00171 285 437 637 223 337 473 115 173 232
RROU00281_C_arianae 95 109 119 53 62 73 24 29 29
RROU00283_C_andescens 326 397 421 171 226 260 65 89 105
RROU00285_C_kitchingi 172 217 243 91 120 142 27 44 54
RROU00300_C_conlani 312 379 409 168 228 268 58 88 105
RROU00301_C_rufotincta 153 188 208 65 81 104 28 38 45
RROU00302_C_moinieri 457 538 601 233 298 346 81 108 133
RROU00354_C_kitchingi 120 150 166 63 79 96 17 28 36
SNB_RR_0004 2600 3198 3571 1258 1646 1910 345 476 557
SNB_RR_0032 380 472 520 199 251 286 73 101 112
SNB_RR_0038 117 131 144 69 80 86 27 33 40
SNB_RR_0041 2603 3184 3535 1247 1619 1886 337 469 552
SNB_RR_0043 1630 2223 2682 1061 1444 1710 332 462 542
SNB_RR_0047 1499 2081 2506 1003 1371 1632 318 443 518
SNB_RR_0057 2130 2709 3043 1119 1470 1705 320 436 511
SNB_RR_0065 2384 2949 3292 1159 1535 1790 329 462 538
SNB_RR_0072 813 973 1054 398 516 595 136 176 207
SNB_RR_0073 1261 1688 1970 818 1080 1277 247 349 416
SNB_RR_0074 1862 2499 2934 1166 1544 1813 335 465 544
SNB_RR_0076 1527 2064 2417 1001 1333 1548 308 426 498
SNB_RR_0078 231 325 372 158 225 264 48 73 88
SNB_RR_0080 1226 1718 2065 855 1180 1396 292 411 482
SNB_RR_0081 1913 2527 2948 1086 1458 1723 318 447 522
SNB_RR_0084 1286 1549 1701 612 790 920 203 275 328
SNB_RR_0087 2544 3128 3463 1243 1629 1883 346 476 556
SNB_RR_0089 2765 3435 3840 1305 1716 2006 352 487 570
SNB_RR0090 2622 3219 3573 1255 1650 1910 346 479 561
SNB_RR0101 246 359 532 196 284 400 100 144 196
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Chapitre 3

Inférence de la mégaphylogénie des Saturniidae

Préambule

Les études de diversification réalisées a partir de phylogénies higher-level (Chapitre 1) et a partir de
phylogeénies de clades restreints (Chapitre 2) sont complémentaires, car elles permettent de soulever des
guestions a des échelles distinctes, notamment sur le réle de variations phénotypiques ou de traits
d’histoire de vie sur les dynamiques spatiales et temporelles de cette diversification. Cependant,
I’estimation de I’influence relative des différents facteurs, ceux qui s’observent a des échelles larges
comme ceux étudiés a partir dse phylogénies intra-générique, est difficile a tester objectivement et peut
mener & des interprétations arbitraires et possiblement erronées. Une fagon de réconcilier ces deux
échelles serait la génération de grandes phylogénies datées (i.e. des « mégaphylogénies ») intégrant
I’ensemble des espéces du groupe d’étude. Ce type d’approche est encore rare et limitée aux grands
groupes de Vertébrés ; chez les insectes des déficits majeurs dans la connaissance de leur biodiversité
ne permettent pas I’inférence de mégaphylogénies. De fait, les Saturniidae représentent 1'une des
premiéres opportunités d’inférer une phylogénie presque compléte d’un groupe diversifié d’insectes a
distribution mondiale. Au cours de ce Chapitre, je présente la toute premiére phylogénie a I’espéce des
Saturniidae ; il s’agit également de la premiére mégaphylogénie datée inférée de maniére robuste, sur la

base de données génomiques et génétiques pour un clade d’insecte.

Les résultats présentés ici sont exploratoires et visent a tester la faisabilité opérationnelle de 1’inférence
d’une phylogénie compléte des Saturniidae. L’échantillonnage génomique utilisé ici sera complété dans
les prochains mois dans le cadre de I’ANR SPHINX (PI : Rodolphe Rougerie) afin d’inférer avec plus
de précision certains nceuds que nous avons identifiés comme non résolus. A terme, cette phylogénie
nous permettra d’étudier précisément I’origine des patrons globaux de la diversité des Saturniidae et

fera I’objet d’une soumission dans un journal généraliste.
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Résumé

La génération de larges phylogénies a 1’échelle de I’espece (i.e. mégaphylogénies) est primordiale pour
la compréhension des patrons spatiaux et temporels de la biodiversité. Si de telles phylogénies ont déja
été proposées pour de grands groupes de Vertébrés, aucune n’a jusqu’alors été inférée pour un clade
d’insectes alors méme qu’ils constituent une part majeure de la biomasse et de la biodiversité terrestre.
Ce Chapitre présente un travail exploratoire dont I’objectif était de tester la pertinence de 1’association
de marqueurs UCE (Eléments Ultra-Conservés du génome - Ultra Conserved Elements - UCESs) et du
code-barres ADN dans I’inférence de mégaphylogénies, objectif majeur de I’ANR SPHINX. Dans un
premier temps, nous avons défini 3947 OTUs de Saturniidae a partir de données biologiques et
géographiques ainsi que des codes-barres disponibles sur la plateforme BOLD. Nous avons ensuite
séquencé des UCEs pour 1007 d’entre eux, en maximisant les distances phylogénétiques. Finalement,
nous avons utilisé une approche backbone + subtree, déja employée par plusieurs auteurs pour inférer
des phylogénies de taille comparable, pour inférer la plus grande mégaphylogénie inférée pour un
groupe d’insecte. Nos résultats mettent en exergue la pertinence de la combinaison des marqueurs UCE
et du code-barres ADN dans I’inférence des nceuds les plus profonds comme les plus superficiels. La
répétabilité de ces analyses est assurée par un pipeline phylogénomique dont la rapidité (10j de
computation) est assurée par 1’utilisation des topologies des procédures de bootstrap afin de prendre en
compte I’incertitude liée a la topologie et aux temps de divergence. Enfin, nous discutons de la difficulté

d’inférer des taux de diversification spécifiques aux branches de I’arbre a partir de telles phylogénies.
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Introduction

Les phylogénies sont la représentation des liens d’apparentement entre les lignées du monde vivant.
Elles jouent un role central dans la recherche en Ecologie et Evolution puisqu’elles constituent le support
de nombreuses analyses cherchant a lier des processus écologiques et/ou évolutifs aux patrons spatiaux
et temporels de la biodiversité. Elles sont depuis longtemps utilisées pour corriger la hon-indépendance
des phénotypes de différentes lignées évolutives dans des analyses comparatives (Felsenstein 1985).
Plus récemment, les phylogénies ont aussi été utilisées dans le domaine de I’Ecologie pour identifier les
zones (Pollock et al. 2017) ou clades (Isaac et al. 2007) a protéger en priorité, pour étudier les invasions
biologiques (Gallien et al. 2016) ou pour comparer les niches écologiques d’espéces apparentées (Joly
et al. 2014). En Biologie Evolutive elles constituent le socle des analyses qui tentent de comprendre
1I’évolution des taux de spéciation et d’extinction (Morlon 2014), d’étudier 1’évolution de traits (par ex.
Rabosky et al. 2013) ou d’inférer les dynamiques spatiales de la biodiversité (par ex. Chazot et al. 2016).
L’inflation du nombre de phylogénies publiées, largement induite par les progrés des technologies et
des méthodes de séquencage (Delsuc et al. 2005 ; Lemmon & Lemmon 2013), a permis de mieux
comprendre 1’évolution et la distribution de la biodiversité (Condamine et al. 2012 ; Economo et al.
2015 ; Moeller et al. 2017). Cependant, la majorité des études s’intéressant a ces questions réalisent des
analyses basées sur des phylogénies de taille limitée, restreintes a des clades spécifiques et dont la
puissance statistique est limitée. Les résultats obtenus peuvent ainsi étre biaisés par les spécificités
intrinséques des clades étudiés. Pour mieux comprendre les patrons globaux de biodiversité, la recherche
en écologie et évolution bénéficierait largement d’un développement de mégaphylogénies* pour des
groupes d’organismes variés : des phylogénies datées, a I’échelle de 1’espéce, de taille conséquente
permettant de bénéficier d’un grand pouvoir statistique (>1000 feuilles) et dont la résolution et la
complétion sont suffisamment élevées pour constituer une représentation fidéle de I’histoire évolutive

des groupes étudiés.

Inférer une mégaphylogénie constitue un travail long et complexe nécessitant une connaissance
approfondie du groupe d’intérét. De nombreuses années de travail sont tout d’abord nécessaires pour
obtenir un échantillonnage suffisamment complet, taxonomiquement et géographiquement. De fait, il
ne serait pas envisageable aujourd’hui de générer des mégaphylogénies pour de nombreux groupes
taxonomiques dont la majeure partie de la diversité est inconnue (Hamilton et al. 2010, Mora et al.
2011). Ensuite, il faut générer des marqueurs génétiques suffisamment informatifs pour résoudre a la

fois des nceuds profonds, anciens, et des nceuds superficiels, récents. Cette étape peut s’avérer

4 Le terme mega-phylogeny avait déja été utilisé par Smith et al. (2009) pour désigner un pipeline (‘mega-phylogeny approach’)
destiné a générer de larges matrices nucléotidiques & partir de données disponibles en ligne. L’intérét du pipeline est qu’il
permet de limiter I’intervention de I’utilisateur lors du nettoyage des données, éliminant de fait les potentielles erreurs
humaines, courantes sur des jeux de données de grande dimension. Tel qu’il avait ét¢ défini par Smith et al. (2009), le terme
mega-phylogeny ne désigne donc pas une phylogénie. Pour plus de clarté, nous récusons ce terme, peu utilisé au sein de la
littérature.
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particuliérement délicate lorsqu’il s’agit de travailler sur des espéces rares, dont les spécimens connus
sont disséminés dans les collections et muséums du monde entier et conservés, dans des conditions
diverses, depuis plusieurs dizaines d’années (Cooper 1994 ; Burrell et al. 2015). Enfin, il faut inférer
des milliers de relations phylogénétiques et estimer un nombre considérable de temps de divergence,
deux étapes complexes qui impliquent des temps de calcul conséquents (par ex. Upham et al. 2019).
Prises dans leur ensemble, ces étapes demandent des années de travail pour les naturalistes,
taxonomistes, techniciens de laboratoire et phylogénéticiens, ce qui explique le nombre trés limité de
mégaphylogénies publiées a ce jour. A notre connaissance, les seules mégaphylogénies datées ont
jusqu’alors été inférées pour des groupes emblématiques de Vertébrés (Tableau 1) : Mammiféres
(Bininda-Emonds et al. 2007 ; Upham et al. 2019), Oiseaux (Jetz et al. 2012), Squamates (Tonini et al.
2016), Amphibiens (Jetz & Pyron 2018) et Actinoptérygiens (Rabosky et al. 2018) (voir aussi Sarkinen
etal. 2013 ; Pyron & Wiens 2013 ; Zheng & Wiens 2016 ; Chazot et al. 2020 pour de larges phylogénies
dont la complétion s’approche des 50% ; Tableau 1). Leur publication a eu un écho considérable dans
la communauté scientifique et elles ont servi de support & de nombreuses analyses en Ecologie et
Evolution (Liker et al. 2013 ; Rolland et al. 2014 ; Odom et al. 2014 ; Healy et al. 2014 ; Condamine et
al. 2019), démontrant I’intérét fort de la communauté scientifique pour de tels supports d’analyses. La
nécessité de disposer de mégaphylogénies pour comprendre les patrons globaux de diversité est telle
gue certains auteurs prennent le parti de générer de tels arbres a partir de jeux de données pourtant trés
parcellaires. C’est le cas de I’étude de Economo et al. (2018) qui s’est intéressée aux patrons de
distribution des especes de fourmis (Hymenoptera : Formicidae) en utilisant une phylogénie de prés de
15 000 feuilles inférée a partir d’une matrice nucléotidique comprenant seulement 673 especes (Tableau
1).
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Les insectes constituent la majorité de la biodiversité terrestre décrite (Zhang 2011) mais une grande
partie de leur diversité reste aujourd’hui inconnue. Récemment, le nombre d’espéces d’insectes a été
estimé a 5,5 millions (de 2,6 a 7,8 millions ; Stork et al. 2015) alors qu’aujourd’hui le nombre d’espéces
décrites d’insectes s’éléve a prés de 1 million (Zhang 2011). Moins d’un quart de la diversité des insectes
est donc décrite, un chiffre frappant qui témoigne de notre méconnaissance de cette partie du monde
vivant. C’est ce qu’on appelle le déficit linnéen (manque de connaissance taxonomique ; Brito 2010).
En comparaison, le nombre d’espéces de vertébrés est trés stable depuis de nombreuses années et la
description d’une nouvelle espéce de grand vertébré terrestre en 2017 a eu un large retentissement
scientifique (i.e. Pongo tapanuliensis ; Nater et al. 2017) et médiatique (Ter Minassian 2017). A ce
déficit linnéen abyssal s’ajoute un déficit wallacéen (manque de données de distribution) qui n’est
malheureusement pas moins conséquent (Diniz-Filho et al. 2010). De fait, tous types d’études
confondus, les insectes regoivent aujourd’hui moins d’attention que les Vertébrés ou les Spermatophytes
(voir par exemple Beck et al. 2012 concernant les études macroécologiques). Nos connaissances
phylogénétiques ont certes progressé lors de la derniere décennie (Misof et al. 2014 ; Peters et al. 2017 ;
Espeland et al. 2018) mais aucune mégaphylogénie a la complétion comparable a celles inférées pour
les Vertébrés n’a encore été publiée pour un groupe d’insecte, limitant de fait notre compréhension des
patrons spatiaux et temporels spécifiques a ce groupe (voir cependant la phylogénie inférée par Chazot
et al. 2020 dont la complétion spécifique est de 45%). C’est ce qu’on appelle le déficit darwinien (i.e.

le manque de données phylogénétiques ; Diniz-Filho et al. 2013).

Si ces déficits sont tous des obstacles a une meilleure compréhension de la diversité des insectes, le
premier frein a 1’élaboration de mégaphylogénies est le déficit linnéen : il existe peu de larges clades
d’insectes pour lesquels les connaissances taxonomiques sont assez avancées pour envisager d’inférer
de tels arbres phylogénétiques. La famille des Saturniidae Boisduval 1837, au sein des Lépidopteres,
fait partie de ces rares clades pour lesquels un tel travail est envisageable. La majorité de ces papillons
volent de nuit et sont relativement faciles a échantillonner a I’aide d’un piége lumineux ; certains
arborent des motifs alaires exceptionnels, des couleurs vives ou des formes étonnantes (par exemple des
gueues de plus de 10cm, Eudaemonia argiphontes) et beaucoup sont relativement faciles a élever. C’est
pourquoi, depuis plusieurs siecles, les Saturniidae ont attisé la curiosité des naturalistes et des
scientifiques qui les ont collectionnés et étudiés (Packard 1895 ; Bouvier 1927 ; Michener 1952 ;
Rougeot 1955 ; Bénéluz 1986 ; Naumann & Peigler 2001). De larges collections, privées et publiques,
ont ainsi €té établies et constituent aujourd’hui une source d’informations inestimable. La collection du
Muséum national d’Histoire naturelle de Paris, qui renferme plus de 60 000 spécimens de Saturniidae,
en est un exemple. Celle-ci a servi de support a de nombreuses descriptions ou révisions taxonomiques
et contient la majorité des spécimens de la collection Lemaire, auteur des dernieres révisions
taxonomiques majeures de la famille (Lemaire 1978, 1980, 1988, 2002) pour la faune néotropicale. Ces

révisions ont fait considérablement avancer notre connaissance de la famille ; fondées sur des arguments
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morphologiques, comportementaux et géographiques, elles font toujours référence aujourd’hui en tant
que socle aux études plus récentes intégrant des données génétiques. La nouvelle classification de la
famille en 10 sous-familles et 23 tribus par Arnal et al. (in prep. ; Chapitre 1) reprend ainsi trés largement
le travail entrepris par Lemaire et ses prédécesseurs. Plus récemment, I’avénement des codes-barres
ADN (voir ci-dessous ; également appelés barcodes ADN) a permis une compréhension plus fine de la
diversité des Saturniidae. Grace a leur utilisation, de nombreuses lignées ont été redéfinies en des
espéces distinctes, difficilement distinguables morphologiquement, mais que les divergences génétiques
ont permis de découvrir et caractériser. Le nombre d’espéces de Saturniidae a ainsi connu une inflation
significative : Kitching et al. (2018) ont comptabilisé preés de 1 500 descriptions d’espéces nouvelles au
cours des dix derniéres années, élevant le nombre d’especes a 3 462. Le nombre de descriptions
annuelles reste aujourd’hui élevé et, de fait, de nombreux groupes monophylétiques d’individus
phylogénétiquement tres apparentés (Unités Taxonomiques Opérationnelles, OTUs en anglais) restent
a décrire. Mais, comme mentionné plus haut, cela n’implique pas que la diversité des Saturniidae nous
reste largement inconnue : la majorité de ces descriptions résultent de la séparation de lignées décrites
en plusieurs espéces distinctes et non de la description de spécimens nouvellement échantillonnés. Ainsi,
la famille des Saturniidae constitue certainement I’un des groupes d’insectes pour lequel le déficit

linnéen est le mieux comblé.

C’est dans le début des années 2000 que fut proposé le principe du barcoding ADN proposé en premier
lieu comme un outil d’identification des espéces, mais également comme un nouveau moyen de
découvrir et caractériser des especes encore inconnues et non décrites (Hebert et al. 2003 ; Stoeckle
2003 ; Hebert et al. 2004). Ce principe de 1’identification par barcoding est simple : le code-barres ADN
d’un échantillon inconnu est séquencé et comparé a I’ensemble des codes-barres d’une base de données
associant ces séquences a des identifications spécifiques ; s’il est identique ou trés similaire a 1’une ou
plusieurs de ces séquences, 1’échantillon inconnu est identifié comme appartenant a 1’espéce qu’elles
représentent. Le succes d’une telle approche repose largement sur 1’existence, pour le marqueur analysé
et dans le groupe taxonomique considéré, d’un « barcoding gap » ; c’est-a-dire que la variabilité
génétique a I’intérieur des espéces pour ce marqueur n’excede pas les divergences génétiques mesurées
entre les especes. Cette approche n’est cependant pas exempte de biais. Par exemple, la bactérie
symbiotique Wolbachia, en influengant la transmission des mitochondries d’une génération a 1’autre par
incompatibilité cytoplasmique, peut induire de fortes divergences génétiques au sein méme de
populations (Smith et al. 2012) et ainsi conduire & une surestimation de la diversité spécifique. Elias et
al. (2007) ont également démontré les limites de 1’utilisation du code-barres ADN dans I’identification
de spécimens de clades dont la diversification fut rapide et pour lesquels le phénomeéne d’incomplete
lineage sorting est tres fort. Malgré ces biais, qui semblent étre marginaux (Smith et al. 2012), le
barcoding a connu un succes retentissant dans la recherche en écologie et en taxonomie. Un fragment

d’environ 650 paires de bases du géne Cytochrome Oxydase 1, qui code pour une enzyme impliquée
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dans la chaine respiratoire mitochondriale, est le marqueur standard utilisé en barcoding chez les
animaux (Hebert et al. 2003a, 2004). Son utilisation a été largement facilitée et accélérée par le
développement de la plateforme Barcode of Life Data Systems (BOLD, www.boldsystems.org ;

Ratnasingham & Hebert 2007) et des campagnes massives de barcoding ont permis la génération de
codes-barres ADN pour des millions de spécimens de tous types d’organismes. En particulier, la
campagne de barcoding visant a construire des librairies de référence pour I’ordre des Lépidopteres
(Rougerie et al. 2007) est I’une des plus avancée et tout particulierement pour la famille des Saturniidae
gréce a la mobilisation de taxonomistes du monde entier. La librairie de codes-barres ADN pour cette
famille est aujourd’hui unique par sa taille et son exhaustivité (Rougerie et al. 2019) : au 20 juin 2020,
la banque de données hébergée par la plateforme en ligne BOLD renfermait les codes-barres ADN de
51729 spécimens de Saturniidae représentant la quasi-totalité de la diversité spécifique de la famille.
Cette banque de données constitue une quantité d’information exceptionnelle qui pourrait étre valorisée
dans des études phylogénétiques. Wilson (2010) a montré que ce fragment du géne COI contenait autant
(si ce n’est davantage) de sites informatifs que les génes WG (wingless) et EF1a (codant pour la protéine
facteur d'élongation 1-alpha), notamment a 1’échelle intra-générique. Monteiro & Pierce (2001) ont
¢galement montré son efficacité dans I’inférence des relations au sein du genre Bicyclus (Lepidoptera :
Numphalidae), malgré les forts niveau d’homoplasie relevés. C’est cependant dans 1’inférence des
nceuds superficiels, entre des especes fortement apparentées, que ce marqueur est le plus intéressant,
comme en témoigne la phylogénie des abeilles du genre Lasioglossum (Hymenoptera: Halictidae)
proposée par Danforth (1999) ou, plus récemment, la phylogénie des espéces apparentées au moustique

Anopheles hyrcanus (Diptera: Culicidae) proposée par Fang et al. (2017).

Il demeure cependant évident que le code-barres ADN n’est pas suffisant pour inférer des nceuds plus
profonds (Klopfstein et al. 2010 ; Wilson 2010 ; Chapitre 2) et qu’il est indispensable de se tourner vers
d’autres marqueurs pour la résolution de ces divergences plus anciennes. Ces derni€res années, les
progres des techniques de séquencage ont permis la génération de marqueurs moléculaires plus
nombreux et mieux adaptés aux différentes échelles temporelles étudiées (Lemmon & Lemmon 2013).
Dans le projet ANR SPHINX, nous avons choisi d’utiliser les Eléments Ultra-Conservés du génome
(Ultra Conserved Elements ; UCES) et de les associer aux codes-barres ADN. Les UCEs font figures de
candidats idéals grace, notamment, a la diversité de I’information phylogénétique qu’ils contiennent. Un
UCE peut en effet étre découpé en trois parties qui ont des vitesses d’évolution propres (Tagliacollo &
Lanfear 2018) : le cceur de I’'UCE est la partie trés conservée du marqueur et est informative pour
I’inférence des nceuds profonds alors que les deux parties flanquantes ont des positions nucléotidiques
bien plus variables et donc informatives pour I’inférence de neeuds superficiels. Proposée initialement
par Faircloth et al. (2012), leur utilisation s’est avérée pertinente pour 1’étude de relations
phylogénétiques de profondeurs trés variées allant des nceuds interfamiliaux (McCormack et al. 2012 ;
Faircloth et al. 2015) aux nceuds intra-spécifiques (Newman & Austin 2016). Dans le cadre de I’ANR
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SPHINX, nous avons donc séquencé massivement des marqueurs UCEs a 1’aide de techniques de
capture par hybridation (Gnirke et al. 2009) et d’un protocole optimisé pour réduire le temps de
manipulation et le codt par échantillon (Cruaud et al. 2019). Nous avons congu notre échantillonnage
de telle sorte que I’inférence de ’ensemble des nceuds inter-génériques et des nceuds intra-génériques
les plus profonds repose trés majoritairement sur les marqueurs UCEs. Ainsi, les codes-barres ADN,
disponibles pour un nombre beaucoup plus important de taxons, ont vocation a résoudre I’inférence des

nceuds les plus superficiels.

Dans ce Chapitre, nous avons inféré la toute premiére phylogénie a I’espéce de la famille des
Saturniidae. Pour cela, nous avons d’abord défini des Unités Taxonomiques Opérationnelles (OTUs) au
sein de la Famille des Saturniidae a I’aide de I’ensemble des codes-barres ADN disponibles sur la
plateforme BOLD. Puis nous avons séquencé 1381 UCEs pour 1007 OTUs afin d’inférer une
mégaphylogénie en combinant UCEs et barcodes ADN. Nous avons adapté 1’approche backbone +
subtrees, consistant a découpler les inférences phylogénétiques entre un « squelette » et des sous-arbres
non chevauchants, a notre jeu de données génomique en séparant notamment les étapes d’inférence de
la topologie et d’estimation des temps de divergence. Contrairement a de nombreuses mégaphylogénies
publiées (Tableau 1), nous avons considéré les incertitudes liées a la topologie et aux temps de
divergence en datant les topologies issues des réplicats de bootstrap. L’ensemble des analyses ont été
exécutées a I’aide d’un pipeline phylogénomique nouvellement établi. Nous discutons enfin de la

difficulté d’inférer les taux de diversification spécifique a chaque branche d’une telle phylogénie.

Matériels et Méthodes

L’ensemble du pipeline présenté dans ce Chapitre est schématisé dans la Figure 1, représentée avant

chaque étape décrite dans la section Matériels et Méthodes.
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1. Définition des Unités Taxonomiques Opérationnelles (OTUs)

1. Compilation 2. Arbres barcodes ADN

des séquences - = Définition OTUs
barcodes = Identification éch. a
disponibles sequencer avec UCEs

Figure 1A - Schéma du pipeline phylogénomique utilisé dans ce Chapitre pour inférer une mégaphylogénie datée (et des
réplicats) de la Famille des Saturniidae. Etapes 1 et 2 : construction d’arbre a partir de I’ensemble des codes-barres
ADN disponible sur BOLD afin de définir des OTUs au sein de la famille des Saturniidae.

Bien que la connaissance taxonomique des Saturniidae soit trés avancée, le nombre de nouvelles
descriptions d’espéces effectuées ces derniéres années témoignent des efforts qu’il nous reste a fournir
pour prendre la pleine mesure de la diversité du groupe (Kitching et al. 2018). La nomenclature actuelle
ne refléte donc pas intégralement la diversité de la famille. En revanche, cette diversité est trés bien

représentée dans la base de données Barcode Of Life Data Systems (BOLD ; www.boldsystems.orq ;

Ratnasingham & Hebert 2007) ou les codes-barres ADN de 51729 spécimens de Saturniidae ont été
compilées (au 20/06/2020). Par ailleurs, la majorité des nouvelles descriptions d’espéces, qui résultent
de la séparation de lignées décrites en plusieurs espéeces, reposent largement sur I’analyse de séquences
de cette base de données. Dans le but de considérer la pleine diversité des Saturniidae, nous avons généré
des arbres de distances génétiques pour chaque grand groupe (i.e. sous-familles ou tribus) a partir de
I’ensemble des codes-barres ADN disponibles sur BOLD. Ces arbres ont été inférés avec 1’outil ‘Taxon
ID Tree’ implanté dans la base de données en utilisant 1’algorithme d’alignement de BOLD, et la
méthode de Neighbour Joining pour analyser et visualiser sous forme d’arbres les distances génétiques

corrigées selon le modéle de Kimura a deux parametres (Kimura 1980).

Pour délimiter les différentes Unités Taxonomiques Opérationnelles (OTUs, pour Operational
Taxonomic Units) qui seront ensuite considérées pour la construction de la mégaphylogénie nous avons
pris en compte les résultats de 1’assignation automatique sur BOLD de chaque séquence a un Barcode

Index Number (BIN ; Ratnasingham & Hebert 2013) et leur correspondance avec les identifications
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spécifiques proposées par les taxonomistes ayant contribué aux campagnes de barcoding. L utilisation
de ces BINs, en conjonction avec un ensemble d’informations morphologiques, biologiques (ex.
phénologie, comportement, plantes hotes) et biogéographiques nous a mené parfois a considérer des
OTUs représentant des espéces cryptiques et non décrites. Nous avons pu observer empiriquement que
la correspondance entre BINs et espéces est bonne (par ex. chez les Copaxa, voir Chapitre 2, mais aussi
dans d’autres genres dont une révision poussée est en cours, comme les Lonomia ou les Dirphia).
Néanmoins, nous n’avons pas considéré cette correspondance comme une régle et il arrive que
I’approche de taxonomie intégrative évoquée plus haut conduise a considérer plusieurs especes
distinctes alors qu’elles partagent pourtant le méme BIN ou, inversement, a ne considérer qu’une seule

espéce pour des individus assignés par BOLD a des BINs différents.

2. Données nucléotidiques et stratégie de sequencage génomique

3. Séquencage

& traitement
C—» UCEs
1. Compilation 2. Arbres barcodes ADN
des séquences - = Définition OTUs
barcodes = Identffication éch a
disponibles séquencer avec UCEs
C"’ 3. Sélection
d'une séquence
barcode par
oTU

Figure 1B - Schéma du pipeline phylogénomique utilisé dans ce Chapitre pour inférer une mégaphylogénie datée (et des
réplicats) de la Famille des Saturniidae. Etapes 2 et 3 : Définition des OTUs, identification des échantillons a séquencer
a 1’aide des techniques de capture d’UCEs, séquengage et traitement des séquences brutes d’UCE.

Les marqueurs UCEs sont trés performants dans 1’inférence a la fois des nceuds profonds (McCormack
et al. 2012 ; Faircloth et al. 2015) et superficiels (Newman & Austin 2016). L’idéal aurait donc été de
séquencer ces marqueurs pour chaque OTU définie. Cependant une telle stratégie d’échantillonnage
aurait eu un co(t considérable (prix des réactifs et du séquengage ~ 310 000 €; temps de manipulation
~ 60 semaines). Nous avons donc opté pour une stratégie intermédiaire consistant a combiner les codes-
barres ADN de I’ensemble des especes aux UCE séquencés eux pour une sélection d’OTUs visant a

maximiser la diversité phylogénétique.
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2.1 Codes-barres ADN

Nous avons compilé une séquence du code-barres ADN pour chacune des OTUs définies dans la partie
précédente. De maniere générale et autant que possible, nous avons cherché a maximiser la sélection de
barcodes issus des mémes spécimens pour lesquels des UCESs ont été séquenceées. Les codes-barres ADN
ont été téléchargés depuis BOLD ; ils ont dans leur immense majorité été générés lors de la campagne
de barcoding pour les Saturniidae, mais un certain nombre proviennent néanmoins d’autres projets (ex.
inventaire des chenilles et papillons de 1’Aire de Conservation de Guanacaste (ACG) au Costa-Rica
(Janzen et al. 2012) ; Lépidopteres de Barro Colorado Island (BCI) au Panama (Basset et al. 2017) ;
I’inventaire des papillons et chenilles de Papouasie-Nouvelle-Guinée ou du Kenya (Miller et al. 2013,
2014, 2016).

2.2 Ultra Conserved Elements (UCES)

Nous avons cherché a optimiser le choix des échantillons séquencés a ’aide des techniques de capture
d’UCE:s de sorte qu’ils permettent avant tout 1’inférence des nceuds profonds et semi-profonds lors des
analyses phylogénétiques. Afin de sélectionner ces OTUSs, nous avons utilisé les arbres de distances
génétiques inférés a partir des codes-barres ADN pour définir les Unités Taxonomiques Opérationnelles.
Ces arbres nous ont permis d’identifier des lignées assez clairement définies dont les espéces sont tres
proches les unes des autres. Nous avons alors séquencé (ou planifié le séquencage) des UCEs pour au
moins un échantillon de chaque clade ainsi défini, maximisant de fait la diversité phylogénétique.

En paralléle, nous avons également séquencé des UCEs pour une grande partie des OTUs de I’ensemble
des genres de la tribu des Attacini et pour les genres Cricula, Dirphia, Periphoba, Eacles et Lonomia
afin de tester la performance de ces marqueurs dans 1’inférence de nceuds plus superficiels et répondre

a des problématiques spécifiques a ces groupes.

Nous ne détaillerons pas ici les étapes du pipeline que nous avons utilisé pour traiter les données brutes
de séquencage. Celles-ci sont décrites dans le Chapitre 1 ainsi que dans la publication de Cruaud et al.
(2019).
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3. Définition du backbone et des subtrees

4. Analyse
phylogénétique des
données UCEs
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Figure 1C - Schéma du pipeline phylogénomique utilisé dans ce Chapitre pour inférer une mégaphylogénie datée (et des
réplicats) de la Famille des Saturniidae. Etape 4 : les subtrees considérés doivent impérativement &tre monophylétiques.
Le jeu de données backbone doit comporter suffisamment d’échantillons pour que les relations phylogénétiques soient
inférées avec précision mais sans que ce nombre soit trop élevé, ce qui impliquerait des temps de calcul élevés.

Afin d’inférer une mégaphylogénie de la famille des Saturniidae a I’aide des données moléculaires
évoquées précédemment, nous avons opté pour I’approche backbone + subtree (littéralement colonne
vertébrale + sous-arbres ; également appelée backbone + patchs par Upham et al. 2019). Cette approche
repose sur la séparation du jeu de données en de multiples sous-jeux de données a partir desquels sont
ensuite inférés indépendamment les subtrees. Ces subtrees sont non chevauchants et leur assemblage
est permis par I’inférence d’un squelette phylogénétique, le backbone, représentatif de la diversité du
groupe étudié. Nous avons préféré une approche backbone + subtrees (Jetz et al. 2012) aux approches
utilisant une matrice unique (supermatrice) malgré que les méthodes par maximum de vraisemblance
aient fait des progres considérables et sont maintenant capables d’inférer des phylogénies a partir
d’imposantes matrices (Stamatakis 2014 ; Nguyen et al. 2015 ; Zhou et al. 2018 ; Minh et al. 2020).
Une approche par supermatrice a par exemple été utilisée par Rabosky et al. (2018) qui ont inféré un
arbre unique des Actinoptérygiens (31 526 feuilles ; Tableau 1) et 1’ont daté avec treePL (Smith &
O’Meara 2012), un logiciel qui utilise le maximum de vraisemblance et qui repose sur les longueurs de
branches du phénogramme (et non une matrice nucléotidique) pour estimer les temps de divergence. Or,
nous voulions obtenir une mesure de I’incertitude des estimations des temps de divergence, ce

qu’aujourd’hui seules les méthodes bayésiennes permettent. Cependant ’estimation des temps de
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divergence a I’aide de méthodes bayésiennes serait trop longue pour étre envisageable en utilisant une

supermatrice, ce qui exclut de fait une telle approche.

L’approche backbone + subtrees nécessite une bonne connaissance des relations phylogénétiques
profondes du groupe d’intérét afin de définir correctement les différents subtrees. Les subtrees doivent
effectivement étre des clades dont la monophylie est établie et il est primordial que le nceud basal de
chaque subtree soit représenté dans le backbone. Lors de tests préliminaires, nous avons effectivement
remarqué que si ce dernier critére n’est pas rempli, les estimations des temps de divergence sont faussées
et ’assemblage de la mégaphylogénie impossible. Enfin, il est préférable de limiter le nombre
d’échantillons par subtree ainsi que de définir un nombre raisonnable de subtrees pour éviter des temps
de calcul élevés dans I’inférences des topologies des différents subtrees et lors de la datation du
backbone, respectivement. Dans ce Chapitre, nous avons défini les différents subtrees et les échantillons
a intégrer au backbone a I’aide de la phylogénie des Saturniidae a 1’échelle générique inférée dans le
Chapitre 1. Si de telles connaissances sur le backbone phylogénétique du groupe manquent, il est
toujours possible de les obtenir en effectuant une analyse rapide, sans procédure de bootstrap et sans
recherche du meilleur modele d’évolution nucléotidique, de I’ensemble de la matrice moléculaire (Jetz
& Pyron 2018 ont par exemple utilisé cette approche ; Tableau 1). Une telle analyse prendrait moins

d’une semaine de calcul a ’aide d’une vingtaine de threads sur un jeu de données similaire au notre.

4. Inférences de la topologie du backbone et des subtrees
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Figure 1D - Schéma du pipeline phylogénomique utilisé dans ce Chapitre pour inférer une mégaphylogénie datée (et des
réplicats) de la Famille des Saturniidae. Etape 5 : Les alignements sont effectués indépendamment pour chaque locus.
Etape 6 : Identification des outliers en utilisant Phylo-PMCOA.. Etape 8 : Identification des OTU labiles (rogue taxa) a
I’aide de RogueNaRok. Etape 9a : Redéfinition des subtrees en cas de défaut dans la monophylie de ces derniers. Etape
9b : Les échantillons dont la position est labile sont priorisés pour les prochains séquengages d’UCEs.
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Alignements des séquences

Pour chaque subtree ainsi que pour le backbone, nous avons considéré les loci pour lesquels plus de
50% des échantillons étaient disponibles. Les alignements ont été exécutés par locus a 1’aide du logiciel
MAFFT v7.313 (Katoh & Standley 2013). Pour les loci UCEs, nous avons également utilisé le logiciel
Gblocks v0.91b (Castresana 2000) afin de les simplifier en retirant certains gaps ou positions peu
partagées.

Identification d’outliers

Cette étape, qui ne concerne que les UCEs, repose sur le logiciel Phylo-PMCOA (de Vienne et al. 2012)
et a pour but d’écarter trois types d’outliers : (i) un géne dont I’information phylogénétique est tres
différente de I’information des autres loci ; (ii) un échantillon dont la position phylogénétique est trés
labile d’un gene tree a 1’autre ; (iii) la séquence d’un échantillon pour un géne donné lorsque la position
de I’échantillon pour le gene tree correspondant est trés différente des positions dans les autres gene
trees. Les deux premiers points désignent ce qui est appelé des complete outliers alors que le point (iii)

défini ce qu’on appelle un cell outlier.

Phylo-PMCOA identifie les outliers a partir de I’ensemble des gene trees. Nous avons donc
préalablement inféré ces derniers a ’aide du logiciel IQ-TREE v1.6.7 (Nguyen et al. 2015) en
sélectionnant le modéle d’évolution qui convient le mieux a chaque locus avec ModelFinder
(Kalyaanamoorthy 2017), implémenté dans IQ-TREE, et I’option ‘TESTNEW’. Les outliers identifiés

par Phylo-PMCOA ont ensuite été écartés des jeux de données a 1’aide d’un script R.
Inférences de la topologie du backbone et des subtrees

Une fois les outliers écartés, nous avons concaténé les matrices de chaque locus UCE ainsi que
I’alignement des codes-barres ADN a 1’aide d’un script R. Nous avons ensuite inféré des phylogénies
pour le backbone et I’ensemble des subtrees a 1’aide de IQ-TREE v1.6.7 (Nguyen et al. 2015) en
considérant deux partitions : (i) les UCEs concaténés et (ii) le barcode ADN. Les modéles d’évolutions
ont été déterminés par ModelFinder (Kalyaanamoorthy 2017) et nous avons mesuré les supports des
phylogénies en utilisant 1000 réplicats de ultrafast bootstrap (Hoang et al. 2018) ainsi que 1000 réplicats
du SH-aLRT branch test (Guindon et al. 2010). Nous avons également enregistré les topologies

bootstrap dans un fichier en utilisant le paramétre -wbtl de 1Q-TREE.
Identification des OTUs labiles (rogue taxa)

Afin d’identifier les taxons dont la position est tres incertaine (i.e. les rogue taxa ; Wilkinson 1996),
nous avons utilisé RogueNaRok (Aberer et al. 2011, 2013) pour chaque subtree. RogueNaRok utilise
les topologies des réplicats de bootstrap afin d’identifier les échantillons dont la position différe
significativement d’un réplicat a 1’autre. Ce sont ces échantillons qui impactent le plus les valeurs de

bootstrap. L’influence qu’a le retrait de taxons ou de clades des arbres de bootstrap est mesurée a ’aide
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du critére d’optimisation Relative Bipartition Information Content (RBIC) sur 1’arbre consensus

résultant.
Le RBIC est défini ainsi pour un arbre consensus C’:

RBIC(C)) = ==—

avec sup(Bi) la fréquence relative du nceud dans les arbres de bootstrap
| le nombre de nceuds dont le support est supérieur au seuil -C

T le nombre de taxons initiaux.

Ici, nous avons utilisé —c=50, ce qui signifie que nous avons considéré des arbres de consensus
majoritaire. Les noeuds présents dans moins de 50% des réplicats de bootstrap n’influencent donc pas le
score RBIC. Nous avons aussi utilisé une valeur de 3 pour le parameétre dropset size (-s) et ainsi identifié
des clades labiles de taille inférieure ou égale a 3 feuilles. Nous avons utilisé 1’arbre inféré par IQ-TREE
comme ‘bestKnownTree’ pour optimiser les supports de bootstrap sur cet arbre probable. Lorsque
RogueNaRok écarte un taxon ou un clade, il calcule a nouveau les scores RBIC pour chaque taxon ou
clade de la phylogénie et s’arréte lorsque le RBIC ne peut plus étre amélioré. 1l est attendu que la
majorité des rogue taxa soient des taxons pour lesquels le code-barres ADN est le seul marqueur
génétique disponible. Le séquengage d’UCEs sera prioritaire pour ces échantillons afin d’inférer leur
position phylogénétique. Pour de mieux comprendre comment se branchent les rogue taxa et dans le
cadre exploratoire de ce Chapitre, nous avons gardé ces taxons dans la suite des analyses. A terme,
lorsque 1’ensemble des librairies UCEs auront été séquencées dans le cadre de I’ANR SPHINX, nous
envisagerons d’écarter ces taxons qui peuvent avoir une influence conséquente sur les analyses

comparatives.
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5. Datation et assemblage de I’arbre

4. Analyse Pour chaque subtree et backbone
phylogénétique des 17T oooooooooooooooooooooooooooooooy

- données UCEs : |
3. Séquencage I :
&h_q.-ltl < g; - | Définition des ech. 3. Alignement - ? G?W frees .
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1

backbone + +“— S . . . !
= Utilisation des dges medians estimés pour |

1

subtrees 05 Frasar
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| 12b. Assemblage 11b. Datation des subtrees

k + -— ;
| e «  Utilisation des iges d'un arbre backbone | |
| subtrees schantillonng !
* Topologies subtrees échantillonnées dans

les topologies des réplicats de bootstrap

Figure 1E - Schéma du pipeline phylogénomique utilisé dans ce Chapitre pour inférer une mégaphylogénie datée (et des
réplicats) de la Famille des Saturniidae. Etape 10 : Datation du backbone a I’aide du logiciel MCMCtree et de
calibrations fossiles et secondaires. Etape 11 : Les ages médians estimés pour le backbone avec MCMCitree et les
topologies subtrees estimées avec 1Q-TREE sont utilisées pour dater les subtrees de 1’arbre principal. Pour les réplicats,
nous considérons les dges d’un arbre échantillonné aléatoirement dans la distribution postérieure produite par MCMCltree
et datons des topologies échantillonnées aléatoirement au sein des réplicats de bootstrap des différents subtrees
(sauvegardés lors de 1’étape 7).

Datation du backbone et des subtrees

Afin d’inférer les temps de divergence, nous avons utilisé le logiciel MCMCtree appartenant a la suite
de logiciels PAML v4.8 (Yang 1997 ; Yang & Rannala 2006). L’utilisation des matrices que nous avons
générées (de 1 a 84 millions de nucléotides) impliquerait des temps de calcul considérables (jusqu’a
plusieurs semaines). C’est pourquoi, que ce soit pour le backbone ou pour les subtrees, nous avons
considéré des matrices nucléotidiques réduites : 50 UCEs sélectionnés aléatoirement et le code-barres
ADN, définissant les deux partitions de 1’analyse. Nous avons montré, dans le Chapitre 1, qu’une telle
stratégie de réduction du jeu de données resultait en des estimations cohérentes. Lors de
I’échantillonnage des 50 UCEs, nous nous sommes assurés que le nombre minimal de loci pour un
¢chantillon était supérieur a 10. Lorsque ce critére n’était pas rempli, nous échantillonnions un autre
ensemble d’UCEs jusqu’a validation de la condition. Si ce n’était toujours pas le cas apres 100
randomisations, nous considérions 1’ensemble de loci dont le nombre minimal d’UCEs pour un

échantillon était le plus grand.

Afin de date le backbone, nous avons considéré deux fossiles et 5 calibrations secondaires (Wahlberg et

al. 2013 ; voir le Chapitre 1 — Table S2 pour plus de détails). Les calibrations ont été définies a 1’aide
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d’une loi uniforme couvrant, pour les fossiles, I’incertitude liée a 1’age de fossilisation ou, pour les points
de datation secondaires, I’intervalle de confidence a 95%. Afin d’établir I’influence de la sélection des
loci sur I’estimation des temps de divergence, nous avons daté indépendamment le backbone avec deux
ensembles de loci distincts (50 loci random A et 50 loci random B). Pour s’assurer de la
convergence des analyses, nous avons également lancé la datation deux fois sur chaque ensemble de
loci (approx1 et approx2). Les calculs de la vraisemblance peuvent étre trés chronophages pour de larges
alignements, nous avons donc, dans un premier temps, approximé les taux d’évolution moléculaire avec
la méthode en maximum de vraisemblance introduite par Thorne et al. (1998) et qui est implémentée
dans PAML v4.5 et les versions plus récentes. Nous avons lancé les analyses bayésiennes sur 2 millions
de générations, dont les 300 000 premieres furent écartées avant de calculer les moyennes et les

intervalles de confidence de chaque paramétre.

Ce n’est que dans un second temps que nous avons daté les subtrees. Pour ce faire, nous avons utilisé la
médiane des temps de divergence inférés a partir du backbone pour les nceuds partagés avec les
différents subtrees. Contrairement au backbone, nous avons utilisé ici des calibrations fixes (point
calibrations) qui ne prennent donc pas en compte I’incertitude concernant les ages des nceuds datés.
Pour tous les subtrees, un seul ensemble de loci a été utilisé et ’analyse n’a été lancé qu’une seule fois.
Des tests préliminaires ont montré que, d’un ensemble de loci a ’autre, les temps de divergence étaient
relativement similaires et que deux analyses d’un méme ensemble de loci convergeaient vers des
estimations strictement identiques. Egalement, ces tests ont permis de mettre en évidence que les
estimations ne variaient pas d’une génération a la suivante. Pour la datation de I’ensemble des subtrees,

nous avons donc utilisé une seule génération, sans burnin.

Afin de prendre en considération les incertitudes liées a la topologie et aux temps de divergence, nous
avons reproduit les étapes de datation des subtrees et d’assemblage (voir paragraphe suivant) plusieurs
fois. Pour ce faire, nous avons échantillonné aléatoirement un arbre parmi la distribution postérieure
produite par MCMCtree dont nous avons utilisé les temps de divergence afin de dater un nouvel

ensemble de topologies subtree échantillonnées parmi les réplicats de bootstrap des analyses 1Q-TREE.
Combinaison du backbone avec les subtrees

Une fois I’ensemble des topologies datées, nous avons combiné le backbone avec les subtrees a I’aide
d’un script R qui repose notamment sur la fonction bind.tree du package ape (Paradis & Schliep 2019).
Les temps de divergences des nceuds communs au backbone et aux subtrees étant similaires, la
juxtaposition de ces éléments est possible. Les petites erreurs d’arrondi qui ont été introduites lors de la
phase de datation ont ensuite été corrigées a I’aide de la fonction force.ultrametric du package R phytools
(Revell 2012).
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6. Mesure des taux de diversification

Afin de mesurer 1’évolution des taux de diversification au sein de la phylogénie des Saturniidae, nous
avons utilisé deux méthodes : I’approche développée par Hohna et al. (2019) qui utilise I’environnement
RevBayes (Hohna et al. 2016) et le logiciel Bayesian Analysis of Macroevolutionary Mixtures
(BAMM v2.5 ; Rabosky et al. 2013, Rabosky 2014a). Les deux méthodes sont des approches
bayésiennes qui utilisent la méthode de Monte-Carlo par chaines de Markov a sauts réversibles pour
explorer les différents modéles candidats permettant d’expliquer la diversité observée dans les
phylogénies. Elles différent cependant en de nombreux points. L’approche de Hohna et al. (2019) a
I’avantage de modéliser les shifts de diversification sur les lignées éteintes, ce que ne permet pas
BAMM. De plus, cette méthode permet d’inférer des taux de diversification spécifiques a chaque
branche contrairement 8 BAMM. BAMM est quant a lui un logiciel destiné a détecter et quantifier
I’hétérogénéité des taux de diversification. BAMM est plus approprié pour détecter de larges
changements (shifts) dans 1’évolution des taux de diversification. Contrairement a RevBayes, BAMM
considere un ensemble de régimes de diversification partagés par plusieurs branches successives. Ces

régimes sont délimités par des shifts dont BAMM détermine dans un second temps la significativité.

Nous avons utilisé le modele de Hohna et al. (2019) en discrétisant le prior sur les taux de diversification
(distribution lognormale) en 6 catégories et en utilisant 5000 générations. En paralléle, nous avons lancé
une analyse BAMM en considérant les priors suggérés par la fonction setBAMMpriors du package R
BAMMTtools v2.1.6 (Rabosky et al. 2014b). Dans 1’analyse BAMM, nous avons utilis¢ 50 millions de
générations. Les résultats obtenus avec BAMM peuvent étre fortement influencés par les priors utilisés
(Moore et al. 2016 ; Rabosky et al. 2017) mais nous n’avons pas testé ici différentes valeurs du
parameétre expectedNumberOfShifts dans BAMM. Notre analyse est ici davantage destinée a tester
I’applicabilité de ces méthodes et a fournir des mesures préliminaires des taux de diversification qu’a

tester d’éventuels shifts de diversification.
7. Plateforme de calcul

L’ensemble des analyses ont été effectuées sur la plateforme de calcul Genotoul (Genopole Toulouse).
Cette plateforme, qui fait partie du réseau IBiSA (Infrastructures en Biologie Santé et Agronomie), est
équipée de 3054 cceurs de calcul (6218 threads), de 34 Tera Byte de mémoire et de 3000 Tera Byte
d’espace disque. Pour les analyses réalisées dans ce Chapitre nous avons pleinement profité de ces
capacités de calcul, utilisant parfois plus de 1500 threads simultanément. Cependant, I’ensemble des

analyses que nous présentons ici sont réalisables avec un matériel plus modeste.
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Résultats

1. Définition des Unités Taxonomiques Opérationnelles (OTUs)

Nous avons identifié 3947 OTUs de Saturniidae. La majorité des OTUs ont été assignées a un nom
d’espece. Cependant, nous n’avons pas été en mesure d’identifier avec suffisamment de confiance 26%
des OTUs (Tableau 2). Beaucoup de ces OTUs sont des lignées qui n’ont effectivement pas encore été
décrites. Cependant, une part non négligeable des 26% correspond certainement a des lignées qui ont
été décrites mais n’ont pas encore été identifiées comme telles dans les librairies de codes-barres ADN.
Compte tenu de cette incertitude, la complétion de notre jeu de donnée séléve de 87,8° a 100%. De
facon frappante, le pourcentage d’OTUs non nommées varie largement d’un groupe a I’autre. Un patron
qui peut en partie s’expliquer par la popularit¢ des différents groupes aupres des collectionneurs
amateurs ou des scientifiques. Ainsi, au sein de la tribu des Attacini dont la grande taille et les motifs
alaires ont fait la renommeée, seulement 7% des OTUs ne sont pas assignées a une espece décrite. Un tel
chiffre contraste avec celui obtenu pour les Cercophaninae qui n’ont pas toujours été considérés comme

des Saturniidae et dont les deux tiers des OTUs ne sont pas décrites.

Tableau 2 - Nombre d'OTUs dans la phylogénie des Saturniidae.

A Nombre d'espéces Nombre d'OT Us Nombre d’OT Us non
Clades (selon la classification L o . -
) . selon Kitching et al. considérées identifiées ou non
proposée dans le Chapitre 1) ) L.
2018 dans ce chapitre décrites

Saturniidae 3462 3947 1033
Agliinae 5 5) 0
Arsenurinae 100 135 18
Almeidaiini 2 2 0
Arsenurini 88 133 18

Bunaeinae 576 633 250
Antistathmopterini 4 3 0

Bunaeini 269 324 137
Eochroini 10 13 5
Eudaemoniini 3 3 0
Micragonini 220 231 99
Pseudapheliini 17 12 2
Urotini 53 47 7
Ceratocampinae 300 274 84
Bathyphlebiini 62 88 11
Ceratocampini 31 51 15
Dryocampini 207 235 58
Cercophaninae 27 87 58
Cercophanini 4 5 1
Janiodini 23 82 57

Hemileucinae 1594 1785 435
Hemileucini 1433 1610 388
Lonomiini 154 170 46
Polythysanini 7 5) 1
Hirpidinae 19 30 7
Oxyteninae 70 83 27
Salassinae 32 41 9
Saturniinae 739 774 145
Attacini 174 164 12

Saturniini 558 591 130
Soliini 7 19 3

5 o . s s R dix qs e, . 3947
Si aucune des OTUs non-identifiées n’est une espéce déja décrite : Troritoms = 87,8%.
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2. Donnees nucléotidiques

Nous avons sélectionné un code-barres ADN par OTU préalablement définie, en maximisant la qualité
(i.e. en minimisant le nombre de positions ambigies) et la longueur des séquences. Au total, nous avons

assemblé sur BOLD (http://www.boldsystems.org/) un jeu de données de 3942 séquences de codes-

barres ADN qui nous avons ensuite téléchargées pour nos analyses. En revanche, aucun code-barres
ADN n’était disponible pour 5 OTUs pour lesquels nous avons séquencé des UCEs (voir ci-dessous).
La grande majorité (environ 82%) des séquences de codes-barres sont complétes (658 paires de bases),
et la taille minimale est de 405 paires de bases. Seules 3 séquences ont moins de 500 paires de bases, et
12 moins de 600.

Dans le cadre de I’ANR SPHINX, nous avons, a la date du 20 juin 2020, généré des UCEs pour 1007
¢chantillons représentatifs de I’ensemble des groupes de Saturniidae (Tableau 3). Les disparités dans les
efforts d’échantillonnage s’expliquent principalement par la concentration de nos efforts de séquengage
pour certains groupes comme la tribu des Attacini ou le genre Eacles (Bathyphlebiini). Bien que cet
échantillonnage soit déja trés dense, nous avons planifié de nouveaux séquencages pour le renforcer
dans des groupes pour lesquels peu de séquences UCEs ont été générées. Comme présenté dans le
Chapitre 1, nous avons également généré des séquences UCES pour 14 outgroups appartenant a la super-
famille des Bombycoidea : 1 Brahmaeidae, 1 Endromidae, 1 Lemoniidae et 11 Sphingidae. L’ensemble
des sous-familles connues de Sphingidae ont été échantillonnées ainsi qu’une espéce de chaque genre
de la tribu des Smerinthini, dont un fossile a été¢ décrit. Le nombre d’UCEs par échantillon varie de 92
a 1198. La moyenne du nombre d’UCEs par échantillon est de 802.4 ; ce nombre est homogene d’un

groupe a I’autre (Tableau 3).
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3. Définition du backbone et des subtrees

Nous avons défini 41 subtrees dont le nombre d’échantillons est trés variable (Tableau 3). Nous avons
incorporé les subtrees Antistathmopterini, Eudaemoniini, Saturniinae_E et Travassosula au backbone
car le nombre d’échantillons était trés faible et/ou parce que nous n’avions séquencé des UCES que pour
un seul échantillon (Tableau 3). Ces subtrees pourront étre considérés dans des analyses ultérieures,
lorsque des UCEs auront été séquencés pour de nouveaux échantillons. Pour I’inférence du backbone,
nous avons considéré 180 échantillons de Saturniidae en prenant soin de considérer des échantillons
représentatifs de chaque sous-jeux de données pour que les racines de chaque subtree soit présentes dans
le backbone. Si, en théorie, la sélection de deux échantillons par subtree permet d’inférer I’ensemble
des temps de divergence de la mégaphylogénie, nous avons considéré jusqu’a 12 échantillons d’un
méme subtree pour limiter des biais d’inférence liés a un manque d’échantillonnage (Poe 1998 ; Heath

et al. 2008).
4. Inférences de la topologie du backbone et des subtrees

Identification d’outliers

Phylo-MCOA n’a identifié aucun complete outlier dans les différents sous-jeux de données (gene dont
I’information phylogénétique est discordante ; espéce dont la position varie drastiquement d’un gene
tree a I’autre). En revanche, nous avons identifi¢ des cell outliers (i.e. séquences dont 1’information
phylogénétique est discordante avec celles des autres loci de I’espéce) dans 1’ensemble des sous-jeux de
données sauf pour les subtrees Catacantha, Hirpidinae et Soliini dont le nombre d’échantillons
séquencés avec des marqueurs UCEs était tres limité. Le nombre de cell outliers est globalement tres
limité (environ 2% des UCEs). Logiquement, le nombre de cell outliers identifiés apparait corrélé au
nombre d’échantillons pour lesquels nous disposons d’UCEs. Les cell outliers ont été écartés des

alignements.
Topologie du backbone

La topologie backbone que nous avons inférée dans ce Chapitre est bien soutenue et trés semblable a
celle inférée dans le Chapitre 1 (Figure 2). Cependant, certains points different de fagon remarquable.
Nos résultats suggerent une position basale de la sous-famille Hirpidinae vis-a-vis du groupe composé
par les sous-familles Agliinae, Salassinae, Saturniinae, Bunaeinae, Arsenurinae, Ceratocampinae et
Hemileucinae alors que dans le Chapitre 1 nous avions inférée pour les Hirpidinae une position de
groupe fréere aux grandes sous-familles Néotropicales uniquement. La position de la sous-famille
Agliinae s’en retrouve également modifiée : celle-ci est inférée comme apparentée aux autres sous-
familles distribuées dans I’Ancien Monde (Salassinae, Bunaeinae et Saturniinae) alors que, dans les
analyses par concaténation effectuées dans le Chapitre 1 nous avions estimé que les sous-familles

Agliinae et Hirpidinae étaient groupes fréres. Cette position avait déja été inférée a I’aide du logiciel
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ASTRAL (Mirarab & Warnow 2015) qui utilise le Modele de Coalescence Multi Especes (Multi-
Species Coalescent Model - MSCM) dans le Chapitre 1. Nous avons également inféré avec de bons
supports que le genre Antheraea est apparenté au clade Eosia/Cricula. La position du genre Lemaireia,
ici positionné en groupe frére du clade Antheraea/Eosia/Cricula, est quant a elle non résolue.

L’ensemble des subtrees définis sont retrouvés comme monophylétiques au sein du backbone a
I’exception des subtrees Dryocampini_B et Hemileucina_B. En se basant sur les résultats obtenus dans
le Chapitre 1, nous avions défini le genre Othorene comme faisant partie du subtree Dryocampini_B.
Or, nous avons inféré ici une position alternative, en dehors de ce subtree, dans une position de groupe
frére du reste des membres de la tribu Dryocampini. Le cas du subtree Hemileucina_B est différent et
est lié & la position du genre Dirphiospsis. Dans le Chapitre 1, nous avions utilisé les séquences d’un
specimen identifié comme Dirphiopsis sp. que nous n’avons pas été en mesure d’identifier a 1’espéce.
Ce spécimen étant le seul représentant du genre Dirphiopsis pour lequel nous avions généré des
séquences UCEs, nous ne disposions donc que des codes-barres ADN pour inférer la position du genre
dans le backbone. Or sa position ici est trés différente de celle estimée dans le Chapitre 1 et implique la
paraphylie du subtree Hemileucina_B. Puisque la monophylie des subtrees est un prérequis du pipeline

d’analyse, nous avons, pour la suite des analyses, écarté les genres Dirphiopsis et Othorene.

Figure 2 (2 pages suivantes) - Phylogénie du backbone inférée a partir d’une matrice combinant les marqueurs UCEs et
les codes-barres ADN. Les supports SH-ALRT (gauche) et UltraFast Boostrap (droite) sont indiqués pour chaque nceud
sauf s’ils sont égaux a 100/100. A chaque feuille de 1’arbre nous avons indiqué le nom de 1’espéce et le code de
1’échantillon. Des rectangles bleus signalent les échantillons pour lesquels nous disposions d’UCEs. Des barres verticales
délimitent les différents subtrees. Si une abréviation a été utilisée, le nom complet du subtree est indiqué a gauche de la
figure.
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Homoeopteryx bahiana | SARBE1391-13
Homosopteryx pinchcarchensis | SPHI00081
Homoeopteryx milagrensis | SARBF2847-16
Therinia buckleyi ssp. | RROU00336

Oxytenis AAA4463 | SPHIO0620

Oxytenis albilunulata albecuatoriana | RROU00329

| Janiodes dognini | SPHI00639

Janiodes sp. | SPHI00645

Janiodes russea | SPHI0526
Neocercophana philippii | RROUOOST8
Cercophana fravenfeldi | SPHI00625
Microdulia mirabilis | SPHIO0079
Cercophana sp. | SPHI00801
Cercophana venusta | SPHIO0080
Hirpida gaujoni | SPHI00239
Hirpsinjaevia viksinjaevi | RROUO1264

[ Aglia vanschaycki | SPHI00413

Aglia tau | RROUQ0153

| Salassa bhutanensis | SPHI00423

Salassa katschinica | SPHI00414

| Eochroa trimenii | SPHI00038

Parusta xanthops | SPHI00677

| Usta sp. | RROU0G199

Holocerina prosti | SPHI00594
‘Orthogonioptilum filippii | SPHI00592
Adafroptilum kalamboensis | SPHI00745
Decachorda sp. | SPHI00841
Adrougeriana neonubifera | SPHI00566
Cyrtogone colsttas | SPHI0235
Pselaphelia vandenberghei | SPHI00728

Arsenurinae
Ceratocampinae

v Hemileucinae

p—
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phelia sp. | SPHIO0T93
Pseudaphelia roseibrunnea | SPHI00792
Pselaphelia mariastheresae | SPHI00683
Eudaemonia argiphontes | SPHI00555
Eudasmonia troglophyila | STBOCE94-08
Eudaemonia argus | SPHI00559
Antistathmoptera rectangulata | SPHI00747
Antistathmoptera daitonae | STBOC372-08
Antistathmoptera granti | SPHI00042

Urota herbulati | SPHIO0719

Maltagorsa basquini | SPHI0783
Tagoropsis hecqui | SPHI0729
Leucopteryx sp. | SPHI00357

Heniocha digennaroi | SPHI00349
Heniocha marnois | SPHI00350

Aurivillius jolyanorum | SPHIO0580
Aurivillius tri;amis | RROUOOT70

Rohanielia pygmaea | SPHI00588
Pseudobunaea cleopatra | SPHIO0TT6
Cinabra sp. | SPHI00842

Melanocera menippe | RROU00545
Lobobunaea angasana | SPHI00574

. Gonimbrasia fletcheri | SPHIO0850

Athletes ethra ogoouensis | SPHIOOT?77

Solus drepanoides | SPHI00233

Solus kontuma | SPHI00409

Solus parvifenestratus gabaidanus | SPHIO0055
Rhodinia fugax | GUEL00049

Rothschildia aricia napoecuadoriana | SPHIO0T94

|| Atftacus atlas | SPHI00799

Epiphora bauhiniae ssp. | RROU00208
Samia canningi | GUEL0QO78
Callosamia securifera | GUEL00002
Ceranchia apollina | RROU00021
Antherina suraka | RROU0O560
Antherina sp. | SAPBA098-07
Antherina sp. | SAPBAOST-07
Loepa oberthuri | RROU008EE
Loepa damartis | SPHI00385

Loepa formosensis | RROU00022
Lemaireia schintimeisteri | SPHI00410
Lemaireia chrysopeplus | SPHI00411
Lemairsia inexpectata | SPHI00030
Antheraea godmani | RROU00552
Antheraea castanea | SPHI00460
Antheraea cihangiri | SPHI00385
Cricula bornea | SPHI0790

Cricula andrei | SPHI00276

Eosia sp. | SPHI00859

Eosia insignis | SPHI00031

Copaxa haxairei | RROU00169
Copaxa flavina | RROU000ST
Saturnia bergmanni | SPHI00426
Saturnia bieli | SPHI00432

Saturnia japonica | SPHI00441
Saturnia spini | RROUO0OOST
Saturnia waiterorum | SPHI00240
Saturnia homogena | JRASO7700
Actias isabellae | RROU00025
Actias chapae ssp. | RROUO0003
Argema besanti | SPHI00T48
Argema mimosae | JRAS06019
Opodiphthera astrophela | RROU00883

| Austrocaligula eucalypti | JRASOTE97

Syntherata janetta | SPHI00193
Pararhodia gyra | SPHIOOT71
Neodiphthera ceramensis | SPHI00712



Oxyteninae
Cercophaninae

Hirpidinae
Agliinae
Salassinae
Bunaeinae
Saturniinae
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[ UCEs sequenced

Hi. == Hirpidinae

Ag. —> Agliinae

Ss. —> Salassinae

Eo. —> Eochroini

Ps. => Pseudapheliini
Eu. => Eudaemoniini
Anti. => Antistathmopterini
Ur. => Urofini

Bu.C —> Bunaeini_C
Aur. —> Aurivillius

Bu.B —> Bunaeini_B
Bu.A —> Bunaeini_A
Sa.E —> Saturniini_E
Loe. -> Loepa

Le. —> Lemaireia
Anth. -> Antheraea
Sa.D —> Saturniini_D
Sa.A —> Saturniini_A
Sa.B -> Saturniini_B

. —> Ceratocampini
Ba. —> Bathyphlebiini
Dr.B == Dryocampini_B
Dr.A -> Dryocampini_A
Lon. -> Lonomiini

Po. > Polythysanini
Au.E -> Automerina_E
Tr. == Travassosula
Au.D -> Automerina_D
Au.C -> Automerina_C
Au.B -> Automerina_B
AuA -> Automerina_A

100/87

a_euons|iweH

100:97

100097

vy

182

2BULINUSSHY

eyuedEED

Almeidaia aidae | RROU00164

Rhescyntis pseudomartii | SPHI00798
Copiopteryx semiramis andensis | RROU0O0346
Caio chiapasiana | RROU00544

Arsenura archianassa porioni | RROU00344
Loxolomia johnsoni | SPHI00814

Titaea tamerian nobilis | RROU00486
Dysdaemonia brasiliensis | SPHI00507
Procitheronia principalis | SPHI00019
Citheronia aroa | SPHI00723
Citheronioides collaris | RROUO0339
Schausiella polybia | SPHI00514

Eacles acuta | SPHI00515

Neorcarnegia basirei | SPHI00503
Othorene winbrechliini | SPHI00488
Psilopygoides oda | SPHI00062

Anisota assimilis | RROU00534
Giacomeliia bilineata | SPHID0004
Scolesa totoma | SPHI00868
Adelowalkeria plateada | SPHI00521
Citioica homoea | SPHI00702

Ptiloscola photophila | SPHI00197
Lonomia leopoidina | SPHI00636

Lonomia concordia conricana | SPHI00866
Periga cynira | SPHIO0898

Periga costaricana | RROU00483
Cinommata bistrigata | SPHI00223
Adetomeris erythrops | SPHIO0066
Polythysana rubrescens | SPHI00221
Calledirphia arpi | SPHI00013

Kentroleuca novaholandensis | SPHI00076
Pseudodirphia agis | RROU00116

Dirphia apeggyae | SPHI00333

Periphoba huaticocha | SPHI00889
Heliconisa pagenstecheri | SPHI00024
Eudyaria venata | SPHI00022

Ithomisa catherina | SPHI00017

Hidripa paranensis | SPHI00016
Ormiscodes amphinome | SPHI00211

|| Mercleuca nata | SPHI00241

Rhodirphia carminata | RROU00314
Cerodirphia barbuti | SPHI00899
Winbrechiinia winbrechlini | SPHI00090
Hispaniodirphia plana | SPHI00073
Dirphielia pseudotayiori | SPHI00028
Hemileuca hualapai | RROUQ0276
Lemaireodirphia chiapasiana | RROUO01120
Arias inbio | SPHI00226

Xanthodirphia amarilia | SPHIO0074
Hyperchiricides bulaea | SPHI00012
Automerina caudatula | RROU0O111
Automeropsis umbrata | SPHI00007
Hyperchiria aniris | RROUOO725
Travassosula mulierata | SAVSAS06-10
Travassosula madrediosiana | SAFMA716-08
Travassosula chuquisaciana | SARBB441-09
Travassosula subfumata | SPHI00020
Eubergia argyrea | SPHI00531

|| Hylesia berirandi | RROU00484

Hylesia annguiana | SPHI00996
Hylesia melanoguianex | SPHI01009
Prohylesia zikani | SPHI00009
Hylesiopsis festiva | RROU00271
Gamelia berliozi | SPHI00613
Dirphiopsis sp. | SAFMA214-08
Dirphiopsis undulinea | SACMA283-09
Dirphiopsis flora | SAMPA596-17
Catacantha sp. | SASNA568-09
Catacantha siriae | SARBD781-11
Catacantha sp. | SACMAG34-11
Catacantha obliqua | SAMPA247-11
Ancistrota plagia | SPHI00225
Catacantha sp. | SASNC2222-12
Catacantha ferruginea | SPHI00014

| | Catacantha bahiginea | SPHIO0072

Molippa flavopiurica | RROU00320
Erythromeris obscurior | SPHI00068
Automerelia aurora | SPHI00069
Auroraia eophila | SPHIO0067
Mexicantha garciorum | SPHI00051
Leucanella fusca | RROU00535
Automeris amoena rotunda | SPHI00835
Hypermerina kasyi | SPHIO0085



Support bootstrap du backbone et des subtrees et identification des rogue taxa

Nos résultats témoignent, dans leur globalité, de la pertinence de ’utilisation combinée des marqueurs
UCEs et des codes-barres ADN pour inférer les nceuds profonds comme superficiels. Nous avons mesuré
la qualité des supports de deux maniéres différentes : la moyenne des supports sur 1’ensemble des
phylogénies et le pourcentage de nceuds faiblement soutenus (i.e. SH-ALRT < 80 ou UltraFast Bootstrap
< 95). Si les supports moyens mesurés dans les différents subtrees sont globalement élevés, les résultats
sont hétérogenes (Tableau 3) : la topologie inférée a partir du jeu de données Attacini est par exemple
bien soutenue (SH-ALRT : 91.5; UltraFast Boostrap : 91.6) alors que celle estimée pour le subtree
Aurivillius I’est modérément (76.1/70.7). Par ailleurs, de nombreux nceuds sont faiblement soutenus
dans les différents subtrees. Ces mauvais supports peuvent étre expliqués par (i) I’effet de I’incomplete
lineage sampling, (ii) par le manque d’informations phylogénétiques des marqueurs UCEs et des codes-
barres ADN utilisés, notamment lorsque les taux de diversification s’accélérent ou, plus probablement,
(iii) par un échantillonnage d’UCEs insuffisant (Tableau 3). Les topologies les plus soutenues ont en
effet été obtenues a partir de jeux de données pour lesquels nous disposions d’un nombre important
d’échantillons avec UCEs : par ex. Polythysanini (6/8 des échantillons avec UCESs), Saturniidae_A
(18/47) et Attacini (131/165). Ces deux mesures nous permettent d’identifier quels sous-jeux de données

doivent concentrer nos futurs efforts de séquengage d’UCEs.

L’utilisation des codes-barres ADN s’est avérée globalement efficace pour inférer les nceuds superficiels
(Annexe 1). Cependant, lorsque les taux de spéciation étaient plus élevés (branches internes plus
courtes), comme ¢’est le cas au sein du genre Bunaeopsis (subtree Bunaeini_A), 1’utilisation de ce
marqueur atteint ses limites. Les UCEs en revanche ont été trés performants dans I’inférence de nceuds
profonds comme superficiels. Les topologies des subtrees pour lesquels nous avions séquencé ces
marqueurs pour presque 1’ensemble des OTUs sont particulierement bien soutenues (par ex. topologies

des genres Eacles, Lonomia).

A noter que nous n’avons pas été en mesure de mesurer les supports de la topologie Automerina A car
les UltraFast Bootstrap n’ont pas convergé apres plus de 96h de calcul sur 40 processeurs. Le jeu de
données Automerina_A est celui rassemblant le plus grand nombre d’échantillons (452) mais nous
disposions d’un nombre limité d’échantillons avec UCEs (39). La présence de certains taxons a la
position tres labile (i.e. rogue taxa) pour lesquels nous n’avons pas encore séquencé d’UCEs explique

certainement la non-convergence de la mesure des supports.

En utilisant les topologies des différents réplicats de bootstrap, nous avons identifié, a 1’aide du logiciel
RogueNaRoK, un total de 60 rogue taxa répartis dans 19 des 37 sous-jeux de données. Le jeu de données
Automerina_A est celui pour lequel nous avons identifié le plus grand nombre de rogue taxa (Tableau
3). Bien que les Bootstraps n’aient pas convergé pour ce subtree, nous estimons que ce résultat est

informatif car les outliers identifiés sont des échantillons phylogénétiquement isolés et pour lesquels le
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code-barres ADN est le seul marqueur disponible. C’est également le cas de la trés grande majorité des

rogue taxa identifiés dans les différents subtrees.
Identification de paraphylies

Le but de ce travail n’est pas de discuter exhaustivement de 1’ensemble des topologies des subtrees.

Cependant, il nous parait pertinent de discuter des paraphylies identifiées :

- [Subtree Attacini] Le genre Samia est paraphylétique du fait d’un clade composé par 1’espéce
Samia watsoni et de deux OTUs apparentées, non décrites. Cette espéce avait précédemment
été placée dans un genre distinct, Archaeosamia (Brechlin 2007), qui a ensuite été synonymisé
avec le genre Samia. Nos résultats soutiennent la validité du genre Archaeosamia.

- [Subtree Automerina_A] Le genre Automeris, qui est le plus riche en espéces au sein des
saturnidés, est paraphylétique. Cependant, nous ne pouvons pas discuter des différents clades
d’Automeris tant que nous n’avons pas généré des UCEs pour ’ensemble des groupes d’espéces.

- [Subtree Automerina_A] Le genre Mexicantha apparait paraphylétique. Mais seulement un
¢chantillon sur trois a été séquencé avec des UCEs. Ce point nécessite d’étre approfondi.

- [Subtree Automerina_A] Le genre Pseudautomeris apparait paraphylétique du fait de la position
de I’espece Automeris masti. Cette derniere ferait donc partie des Pseudautomeris. Ce résultat
devra néanmoins étre confirmé une fois que nous aurons généré des UCEs pour cette OTU.

- [Subtree Automerina_B] Nous inférons trois clades distincts pour le genre Molippa. Si le groupe
d’espéces superba pour lequel nous disposons d’UCEs se branche avec le genre Automerella,
la position du groupe d’espéces apparentées a M. bertrandi doit étre confirmée une fois que des
UCEs auront été séquencés pour I’une des espéces du groupe.

- [Subtree Automerina C] L’unique espéece du genre Hylesiopsis se branche a I’intérieur du genre
Prohylesia. Ces deux genres pourraient étre synonymisés.

- [Subtree Bunaeini_A] Le genre tres diversifié Gonimbrasia est paraphylétique du fait d’un
groupe de trois OTUs dont G. anna qui vient se brancher avec le genre Ubaena. Un autre groupe
d’espéce, celui de G. eblis, se branche avec le genre Cirina mais nous ne pouvons pas tirer de
conclusion sur sa position car nous ne disposons pas d’UCEs pour ce groupe.

- [Subtree Bunaeini_A] L’espéce Protogynanisa probsti se branche a I’intérieur du genre
Gynanisa et doit étre considéré comme un Gynanisa. De fait, le genre bispécifique
Protogynanisa est paraphylétique et doit étre redéfini.

- [Subtree Bunaeini_C] Le genre Leucopteryx se branche a ’intérieur du genre Heniocha, le
rendant paraphylétique. Ce clade est I’objet d’une révision taxonomique en collaboration avec
Stefan Naumann (Berlin).

- [Subtree Catacantha] Le genre Catacantha a été inféré comme paraphylétique mais cette
inférence devra étre confirmée aprés avoir séquencé des UCEs pour les groupes d’espéces

concernés.
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[Subtree Cercophaninae] Le genre Cercophana, comme nous 1’avions indiqué dans le Chapitre
1, est paraphylétique. Il nécessite une révision taxonomique.

[Subtree Dryocampini_A] Le genre Ceratesa a été inféré a I’intérieur du genre Scolesa. Mais
ce résultat, soutenu par la seule utilisation des codes-barres ADN, nécessite d’étre approfondi a
I’aide d’UCEs.

[Subtree Dryocampini_B] Au sein de la tribu des Dryocampini, le genre Dacunju se branche a
I’intérieur du genre Cicia. Des analyses supplémentaires sont cependant nécessaires pour
confirmer cette hypothése.

[Subtree Dryocampini_B] Nous avons inféré une polyphylie du genre Syssphinx. Bien que la
position de deux des quatre clades de Syssphinx n’ait pas été inférée a 1’aide d’UCEs, la position
de S. molina implique la paraphylie du genre qui doit étre redéfini.

[Subtree Hemileucina_A] Le genre Dirphiella a été inféré paraphylétique du fait de I’espéce
Dirphiella niobe qui ne se branche pas avec le reste des especes du genre. Cependant, ce résultat
doit étre confirmé une fois que nous aurons généré des UCES pour cette espéce.

[Subtree Hemileucina A] La position de I’espéce Ormiscodes schmidtnielseni implique la
paraphylie du genre. Mais ce résultat devra étre confirmé une fois que des UCEs seront
disponible pour cette OTU.

[Subtree Hemileucina_B] Lors du Chapitre 1, nous avions constaté la paraphylie du genre
Dirphia mais nous nous refusions a la moindre conclusion du fait du faible échantillonnage
taxonomique. Les résultats obtenus lors de ce Chapitre nous permettent d’affirmer que le genre
Dirphia est polyphylétique. Les genres apparentés, Heliconisa, Ithomisa et Eudyaria se
branchent a I’intérieur du genre Dirphia et, bien que leur habitus soient trés différents, doivent
étre considéré comme faisant partie de ce dernier. Le genre Periphoba, bien qu’il soit
monophylétique, vient également se brancher au sein du genre Dirphia. Tous ces genres
pourraient étre synonymisés ou, les distances phylogénétiques étant relativement importantes,
le clade pourrait étre séparé en trois genres distincts. Un travail spécifique a cette lignée est en
cours et a été I’objet d’un stage de Master en 2020 (Reboud et al. in prep).

[Subtree Hemileucina_B] Nous inférons que le genre Kentroleuca est polyphylétique mais ce
résultat devra étre confirmé par une analyse utilisant des UCEs pour chaque groupe d’espéces.
Pour I’instant, nous ne disposons d’UCEs que pour un groupe d’especes de Kentroleuca. Mais
celui-ci se branche a I’intérieur du genre Pseudodirphia et implique sa paraphylie.

[Subtree Micragonini] Le genre Vegetia se branche a I’intérieur du genre Ludia ce qui suggerent
que ces deux genres doivent étre synonymisés.

[Subtree Micragonini] Le genre Cyrtogone est paraphylétique du fait de I’espece C. martinae
qui se branche & la base du clade compose par les genres Basquiniana et Cyrtogone. Les
longueurs de branches a I’intérieur de ce clade sont relativement courtes et peuvent justifier le

fait de synonymiser ces deux genres dont 1’usage est relativement récent (Darge, 2015).
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- [Subtree Micragonini] Le genre Adrougeriana est paraphylétique du fait de la position de
I’espéce A. nenia qui se branche au sein du clade formé par les genres Cyrtogone et Basquiniana
(voir ci-dessus).

- [Subtree Pseudapheliini] Au sein de la petite tribu des Pseudapheliini, la position du genre
Pseudaphelia implique la paraphylie du genre Pselaphelia. La Tribu nécessite une révision
taxonomique.

- [Subtree Saturniini_B] Les trois genres de saturnidés australiens les plus diversifiés
(Neodiphthera, Opodiphthera et Syntherata) ont besoin d’une révision. Le genre Syntherata est
monophylétique si on considére Neodiphthera excavus comme faisant partie du genre. Le genre
Opodiphthera est lui aussi monophylétique si Opodiphthera pristina est considérée comme un
Neodiphthera. Quant au genre Neodiphthera, il est paraphylétique du fait de la position du genre
bispécifique Pararhodia.

- [Subtree Urotini] Le branchement des espéces Tagoropsis flavinata et T. hanningtoni avec le
genre Tagoropsiella implique la paraphylie du genre Tagoropsis. Cependant cette relation est

peu soutenue et devra étre confirmée a 1’aide d’UCE:s.

5. Datation et concaténation de ’arbre

Datation du backbone

L’ensemble des analyses de datation ont convergées : les valeurs d’ESS (Effective Sample Size)
dépassent 200 pour tous les parametres dans 1’ensemble des analyses et les analyses indépendantes
lancées a partir des mémes jeux de données ont convergeé vers des estimations similaires (Figure 3 - B).
Les datations effectuées a partir des deux jeux de données composés de 50 UCEs sélectionnés
indépendamment au hasard ont résulté en des estimations trés similaires pour presque 1’ensemble des
neeuds de la topologie du backbone (Figure 3 - B). Cependant, d’un jeu de données a 1’autre, nous avons
estimé des longueurs de branches treés différentes au sein de la sous-famille des Cercophaninae
(identifiées par un rectangle vert sur la Figure 3 - A). Ainsi, pour les branches terminales menant aux
taxons Neocercophana philippii et Cercophana frauenfeldi, nous avons estimé une longueur de moins
d’un million d’année a partir du jeu de données A quand nous estimions des branches longues de plus
de 20 millions d’années a partir du jeu de données B. Ces différences sont étonnantes car nous disposions
d’un nombre conséquent d’UCEs pour ces deux taxons. Dans le Chapitre 1, nous avions estimé le temps
de divergence entre Neocercophana philippii et Cercophana frauenfeldi a 7.6 Ma [4.5-11.5 Ma] a partir
d’une matrice composée de 50 UCEs sélectionnés différemment. Lors des tests effectués dans le
Chapitre 1, I’age de ce nceud était déja variable d’un sous-jeu de données a 1’autre puisque nous avions
aussi estimé des temps de divergence plus anciens (12.7 Ma [8.6-17.6]) a partir d’une autre sélection
aléatoire de 50 UCEs. Cependant, ces comparaisons sont limitées car nous n’avions pas utilisé le code-
barres ADN dans les matrices du Chapitre 1 et nous avions utilisé un autre échantillon pour 1’espece

Cercophana frauenfeldi. Mis a part ce nceud, les calibrations effectuées dans ce Chapitre sont treés
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coheérentes avec celles effectuées dans le Chapitre 1 (Chapitre 1 — Figure 4 ; Figure S5). Afin de limiter
les différences dans les estimations des temps de divergence d’un sous-jeu de données a 1’autre, nous
envisageons d’augmenter le nombre d’UCEs échantillonnés aléatoirement dans les futures versions du
pipeline. Afin de dater les subtrees, nous avons considéré les résultats obtenus a partir du jeu de données
B.

Figure 3 (deux pages suivantes) — A) Phylogénie datée du backbone. Les résultats représentés ont été obtenus a partir du
sous-jeu de données B (50 UCEs échantillonnés aléatoirement + codes-barres ADN). Les barres bleues horizontale
représentent les intervalles de confidence des inférences effectuées pour chaque nceud. A chaque feuille de ’arbre nous
avons indiqué le nom de I’espéce et sa sous-famille. Pour les outgroups, la famille est également indiquée. Un rectangle
bleu marque les échantillons pour lesquels nous disposions d’UCEs. Les subtrees auxquels ont été assignées les
différentes feuilles de I’arbre sont représentés verticalement en bout de branches. Si une abréviation a été utilisée, le nom
complet du subtree est indiqué a gauche de la figure. Les calibrations utilisées sont indiquées par un triangle renversé,
qu’elles soient fossiles (en rouge) ou secondaires (en orange). Nous avons signalé par un rectangle vert les branches pour
lesquelles les estimations différent le plus d’un sous-jeu de données a I’autre (se référer au (B)). B) Vérification de la
convergence des analyses de datation effectuées a partir des différents runs et a partir des différents sous-jeux de données.
Nous avons indiqué en vert les trois branches pour lesquelles les longueurs estimées différent le plus d’un sous-jeu de
données a I’autre.
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Assemblage de la mégaphylogeénie des Saturniidae

Nous avons identifié quelques erreurs marginales de datation d’un subtree a I’autre qui sont liées aux
arrondis utilisés lorsque de la datation des subtrees. Ces erreurs sont tres limitées (<0.001%) et ont été
lissées a 1’aide de la fonction force.ultrametric du package phytools (Revell 2012) sur R. Comme nous
le mentionnions plus haut, les mégaphylogénies assemblées ne contiennent aucune espece des genres
Dirphiopsis et Othorene. Dans les prochaines versions de la mégaphylogénie, nous intégrerons ces
genres, aprés avoir séquencé des UCEs d’échantillons du genre Dirphiopsis et considéré ces deux genres
dans des subtrees qui leur seront propres. La mégaphylogénie assemblée dans ce Chapitre contient 3892
OTUs (Figure 4). Nous avons généré 10 réplicats de la mégaphylogénie en échantillonnant et datant
différentes topologies de bootstrap, permettant la prise en compte des incertitudes liées a la topologie et
a ’estimation des temps de divergence dans de futures analyses macroévolutives. Un nombre plus élevé

de réplicats pourra étre généré dans les futures versions.
6. Mesure des taux de diversification

Nous n’avons pas réussi a inférer des taux de diversification cohérents a I’aide de RevBayes. La méthode
que nous avons utilisée infére un taux de diversification propre a chaque branche de I’arbre. Sur une
telle mégaphylogénie, cela implique un nombre de parameétres considérable. A titre, d’exemple, nous
avons obtenu des taux de diversification plus élevés pour certaines branches longues que dans certains
clades dans lesquels le nombre de spéciations récentes est tres élevé. De plus, les difficultés rencontrées

par les fonctions du package R RevGadgets (https://github.com/revbayes/RevGadgets) pour résumer les

fichiers résultats de RevBayes sont révélatrices du fait que RevBayes n’est pas congu pour traiter de tels

jeux de données.

L’analyse BAMM n’a pas convergé apres les 50 millions de générations. Les résultats discutés ici et
représentés sur la Figure 4 sont donc indicatifs et ont été extraits aprés avoir écarté 90% des générations
de la distribution postérieure. A la racine, BAMM a estimé un taux de diversification net de 0.18
(spéciation nette par branche par million d’année) et inféré que la majorité des branches de la phylogénie
ont un taux qui varie entre 0.13 et 0.18. Seuls certains clades présenteraient des taux de diversification
bien plus élevés que le reste de la phylogénie, atteignant parfois des taux supérieurs a 2 spéciations nette
par branche par million d’année. C’est par exemple le cas d’une partie des Hylesia, des Automeris et des
Gonimbrasia. La sous-famille des Hemileucinae concentre la majorité des clades qui présentent des
forts taux de diversification : les genres Automeris et Hylesia, comme mentionné plus haut, mais aussi
Periga, Paradirphia, Pseudodirphia et Gamelia. Les hémileucines a part, les plus hauts taux de
diversification inférés se trouvent dans la tribu des Bunaeini, au sein des genres Gonimbrasia et
Bunaeopsis. Au sein de la tribu Micragonini, les genres freres Orthogonioptilum et Adafroptilum ont
également diversifié bien plus rapidement que la majorité des Saturniidae. Comme leur diversité limitée

le laissaient penser, nous n’avons pas retrouvé de forts taux de diversification au sein des sous-familles
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basales Oxyteninae, Cercophaninae, Hirpidinae, Arsenurinae, Agliinae et Salassinae. Enfin, seulement
un clade présente des taux élevés au sein des Ceratocampinae (au sein du genre Syssphinx) et deux au
sein des Saturniinae (au sein des genres Copaxa et Cricula).

59.6 Ma 50 Ma 40 Ma 30 Ma 20 Ma

NN Diversification rate
R - L |

0.05 0.1

Figure 4 — Mégaphylogénie des Saturniidae inférée a 1’aide de notre pipeline, pour 3892 OTUs. Le cercle gris délimite
les différentes sous-familles. Les branches de 1’arbre sont colorées en fonction des taux de diversification inférés a I’aide
du logiciel BAMM (résultats préliminaires, voir résultats). Les photos représentées ne sont pas a la méme échelle.
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Discussion

Ce Chapitre présente les résultats préliminaires de la construction de la premiére phylogénie a 1’échelle
spécifique de la famille des Saturniidae, I’un des objectifs principaux de I’ANR SPHINX (ANR-16-
CE02-0011-01). Une fois ce travail finalisé, la mégaphylogénie des Saturniidae sera, a notre
connaissance, la plus grande phylogénie inférée pour un groupe d’insecte. Le pipeline phylogénomique
que nous avons développé est détaillé dans 1I’Annexe 2. Celui-Ci permettra de générer de nouvelles
versions de la mégaphylogénie des Saturniidae une fois que de nouveaux UCESs auront été séquencés
dans le cadre de ’ANR SPHINX. Une fois la mégaphylogénie des Saturniidae finalisée, nous
disposerons d’un support analytique considérable pour aborder un large panel de questions

macroécologiques et macroévolutives.
Définition des Unités Taxonomiques Opérationnelles

La premiére étape de ce travail a été de définir des entités taxonomiques au sein des Saturniidae. Pour
cela, nous avons utilisé la treés grande quantité de séquences de codes-barres ADN produites dans le
cadre de la campagne de DNA barcoding ciblant la faune mondiale des Saturniidae. Ces séquences,

compilées sur la plateforme BOLD (http://www.boldsystems.org/), nous ont permis de disposer d'arbres

de distances pour chaque grand groupe de saturnidés. La génération de ces codes-barres ADN ayant été
particuliérement intensive pour les Saturniidae, nous estimons que le jeu de données utilisé rassemble,
apeu de chose prés, I’ensemble des lignées de Saturniidae échantillonnés par les générations successives
de naturalistes et scientifiques travaillant sur la diversité de cette famille. A partir de ces arbres, en
utilisant le Barcode Index Number (BIN, Ratnasingham & Hebert 2013) et les informations
géographiques et biologiques, nous avons identifié 3947 OTUs. Nous avons donc estimé une diversité
specifique 1égérement supérieure au nombre d’espéces reconnues dans la checklist établie par Kitching
et al. (2018) qui reconnaissaient 3462 espéces et 355 sous-espéces valides. Certaines délimitations
taxonomiques effectuées ici méritent d’étre revisitées, mais ce nombre est cohérent avec la tendance a
I’augmentation du nombre d’espéces de Saturniidae de ces derniéres années (Kitching et al. 2018). La
majorité des OTUs considérées correspondent a des espéces listées dans la checklist mais 1033 restent
non-identifiées. Ce nombre doit néanmoins étre relativisé car il inclut certainement de nombreuses
espéces et sous-especes listées dans la checklist mais que nous n’avons pas été en mesure d’assigner

avec certitude a une OTU.
Combinaison des marqueurs UCE et du code-barres ADN

L’utilisation combinée des marqueurs UCE et du code-barres ADN s’est avérée étre une stratégie
particulierement efficace dans 1’inférence de la mégaphylogénie de la famille des Saturniidae. Nous
avons effectivement inféré avec succes les nceuds les plus profonds grace a I’utilisation des UCEs (voir
discussion sur la topologie du backbone) et les codes-barres ADN se sont avérés étre suffisamment

informatifs pour résoudre la majorité des nceuds superficiels de la phylogénie. A terme, dans le projet
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de construction de la mégaphylogénie des Saturniidae, nous n’aurons séquencé que prés d’un tiers des
échantillons a I’aide des techniques de capture d’UCE, la position des deux tiers des OTUs restantes
sera, elle, inférée a 1’aide du seul code-barres ADN. Cette stratégie combinant des marqueurs
génomiques avec le code-barres ADN peut étre appliquée avec d’autres marqueurs génomiques, a
condition qu’ils soient suffisamment informatifs pour résoudre les nceuds profonds. La quantité de
séquences de codes-barres ADN disponibles en ligne constitue une opportunité considérable de réduire
le nombre de spécimens a séquencer avec des marqueurs génomiques, et ainsi de diminuer les codts et
le temps de manipulation d’un projet de construction de mégaphylogénie. Grace au développement de
programmes internationaux (Adamowicz, 2015) et d’applications diverses de cet outil d’identification
(Padial & De la Riva 2007 ; Wilson 2010 ; Anddjar et al. 2018) les librairies de codes-barres ADN ne
cessent de croitre : par exemple pour les seuls Lépidopteres, en juin 2020, 97 281 espéces étaient

représentées par 1 459 760 séquences dans BOLD.

Le geéne codant pour la protéine cytochrome ¢ oxydase I (COI) a été¢ I'un des premiers marqueurs
génétiques utilisés par les biologistes lors de I’émergence des phylogénies moléculaires (par ex. Brower
1994 ; Howland & Hewitt 1995). Bien qu’il ait été rapidement suggéré que les données moléculaires
pouvaient étre utilisées dans 1’identification des especes (Wilson 1995), ce n’est que dans le début des
années 2000 qu’il a été proposé d’utiliser a grande échelle des données génétiques, en I’occurrence les
séquences d’une partiec du géne COI, dans un but taxonomique (Hebert et al. 2003). Ce marqueur
standard a notamment été choisi pour la quantité de signal phylogénétique qu’il renferme, couvrant
I’échelle intra-spécifique (Cox & Hebert 2001) comme inter-générique (Wilson 2010). Le code-barres
ADN a depuis largement démontré son efficacité dans I’identification des espéces dans des groupes tres
divers (Hebert 2004 ; Clare et al. 2007) et est aujourd’hui trés largement utilisé en taxonomie intégrative
(Seifert et al. 2017) ou en génomique environnementale (Anddjar et al. 2018). La quantité considérable
de séquence de codes-barres ADN disponibles dans les banques de données en ligne (BOLD mais

également GenBank, www.ncbi.nlm.nih.gov/genbank ; Benson et al. 2012) constitue une source

d’information phylogénétique unique. Ici, nous avons pleinement utilisé cette quantité d’information en
utilisant les codes-barres ADN pour résoudre la grande majorité des nceuds superficiels de la phylogénie
des Saturniidae. Nos résultats confirment que le code-barres ADN est un marqueur suffisamment
informatif pour résoudre de tels nceuds (Annexe 1 ; par ex. au sein des genres Adelowalkeria, Citioica,
Prohylesia, Ptiloscola) mais démontrent également que, lorsque les taux de spéciation s’accélérent, son

utilisation atteint ses limites (par ex. Bunaeopsis, Orthogonioptilum, Hylesia).

En revanche, il est évident que I’information phylogénétique qu’il comporte sature lorsqu’on s’intéresse
a des nceuds plus profonds (par ex. Miranda et al. 1997 ; Carlini & Graves 1999). De fait, des nceuds
anciens de plusieurs dizaines de millions d’années ne peuvent étre résolus qu’a I’aide de jeux de données
plus grands. Dans le cadre de I’ANR SPHINX, nous avons choisi d’utiliser des marqueurs ultra-

conservés du génome (UCEs) pour inférer les nceuds profonds et semi-profonds de la mégaphylogénie
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des Saturniidae (ainsi que des Sphingidae pour lesquels un travail similaire a été initié¢). L’avantage des
UCE:s réside notamment dans la diversité de I’information phylogénétique qu’ils contiennent, pertinente
a la fois pour des nceuds trés anciens et récents. Proposee initialement par Faircloth et al. (2012), leur
utilisation s’est effectivement avérée adapté a 1’étude de relations phylogénétiques inter-familiales
(McCormack et al. 2012 ; Faircloth et al. 2015) comme intra-spécifiques (Newman & Austin 2016).
Afin de se concentrer sur l’inférence de nceuds profonds, nous avons maximisé la diversité
phylogénétique lors de la sélection des taxons pour la capture et le séquencage des UCEs, une stratégie
qui s’est avérée efficace pour résoudre les noeuds les plus profonds de la phylogénie, comme en
témoignent les bons supports de la topologie du backbone, et pour inférer avec précision les longueurs

de branches qui séparent les différents groupes d’espéces (Annexe 1).

Pour autant, le travail présenté ici devra d’étre poursuivi en séquencant les UCEs d’échantillons
supplémentaires. Avant la génération de cette mégaphylogénie, nous avions planifié la génération
d’UCEs pour 150 autres échantillons afin de mieux couvrir la diversité de la famille avec des données
génomiques. A ces échantillons, nous ajouterons les échantillons identifiés ici comme rogue taxa afin

d’augmenter la précision de nos inférences.
Topologie du backbone

La topologie que nous avons inférée pour le backbone est trés congruente avec celle présentée dans le
Chapitre 1. Bien que nous n’ayons pas utilisé les méme data (meilleure couverture générique dans le
Chapitre 1) ni effectué d’analyses aussi approfondies que lors du Chapitre 1 les deux topologies
présentent cependant certaines divergences qui méritent d’étre discutées. La position de la sous-famille
Hirpidinae est notamment distincte de ce que nous avions pu inférer a partir des différents jeux de
données du Chapitre 1. Alors que les Hirpidinae se branchaient systématiquement avec les sous-familles
néotropicales Arsenurinae, Ceratocampinae et Hemileucinae, nous inférons ici une position basale a ce
qui peut étre défini comme le cceur de la diversité des Saturniidae, i.e. le clade regroupant Arsenurinae,
Ceratocampinae, Hemileucinae, Agliinae, Bunaeinae, Salassinae et Saturniinae. Cette inférence a
certainement été influencée par I’ajout du taxon Hirpsinjaevia viksinjaevi, recemment décrit (Brechlin
2019), qui redéfinit la racine de la sous-famille. Cette espéce est la seule représentante connue de ce
genre nouvellement défini et n’était pas présente dans le jeu de données du Chapitre 1. L’ajout de ce
taxon semble aussi avoir influencé la position des Agliinae : dans le Chapitre 1, les inférences effectuées
a partir des matrices concaténées résultaient en le groupement des sous-familles Agliinae et Hirpidinae
qui se branchaient avec les grandes sous-familles néotropicales. Ici, nous inférons que la sous-famille
des Agliinae se branche avec le reste des sous-familles de 1’ Ancien Monde, une position déja inférée a
I’aide des méthodes de coalescence multi-especes (Chapitre 1) et qui est plus parcimonieuse d’un point
de vue biogéographique. Ces résultats témoignent de 1’importance fondamentale de la complétion de

I’échantillonnage dans 1’inférence de phylogénies.
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Nous avons également établi avec des supports éleves que le genre Antheraea est le groupe frére du
clade formé par les genres Eosia et Cricula, un clade auquel se brancherait le genre Lemaireia. Mais si
le clade Antheraea/Eosia/Cricula est bien soutenu, ce n’est pas le cas de la position du genre Lemaireia
qui devra étre investiguée de maniere plus approfondie. Au sein des Ceratocampinae, la position du
genre Othorene differe de celle présentée dans le Chapitre 1, obtenue a I’aide d’une méthode utilisant la
Coalescence Multi Especes ; une position similaire a celle présentée ici avait cependant été inféré avec
IQ-TREE. Cependant, du fait du nombre réduit de genres échantillonnés au sein de la tribu des
Dryocampini dans ce Chapitre, la position de Othorene telle qu’elle a été inférée dans le Chapitre 1 doit
&tre préférée (mais nécessite d’étre plus largement analysée). Notre stratégie de réduction du nombre
d’échantillons dans le jeu de données backbone (pour limiter les temps de computation) expose ici ses
limites. Nous adapterons 1’échantillonnage du backbone dans les futures versions de la mégaphylogénie

des Saturniidae.

Lors de I’étape d’inférence de la topologie du backbone, nous avons également été confrontés au
probleme de la position du genre Dirphiopsis. Nous avions défini ce genre comme faisant partie du
subtree Hemileucina_B en se basant sur les résultats du Chapitre 1 or, nous avons inféré ici une position
radicalement différente. Mais, a la différence des autres genres mentionnés plus haut, cette différence
est due au fait que nous ne disposions pas d’UCEs pour les OTUs du genre Dirphiopsis. Pour la suite
des analyses, nous avons donc écarté le genre Dirphiopsis et avons priorisé le séquengage d’UCEs pour
des OTUs de ce genre pour le futur. La position de Dirphiopsis en groupe frére des genres Kentroleuca

et Pseudodirphia, doit étre préférée puisque celle-ci a été inférée a I’aide de données génomiques.

Puisque dans notre approche backbone + subtrees nous ne datons que la meilleure topologie backbone
inférée par 1Q-TREE, cette topologie doit étre particulierement bien explorée et soutenue. Les résultats
exploratoires présentés doivent ainsi étre approfondis en améliorant notre échantillonnage et en utilisant,
par exemple, des stratégies de partitionnement plus élaborées (par ex. Tagliacollo & Lanfear 2018) ou

des méthodes de coalescence multi-especes (Mirarab & Warnow 2015).
Utilisation des UCEs dans I’inférence des nceuds intragénériques

L’utilisation des marqueurs UCEs a également été pertinente dans l'inférence de relations
phylogénétiques plus récentes, comme en témoignent les topologies obtenues pour les différents
subtrees. Les UCEs nous ont effectivement permis d’inférer, avec de forts supports, les relations entre
les différents groupes d’espéces et au sein de ceux-Ci pour les genres Eacles, Dirphia, Lonomia et pour
la tribu des Attacini dans lesquels I’échantillonnage des UCEs est trés dense (Annexe 1, subtrees
Bathyphlebiini, Hemileucina B, Lonomiini et Attacini). Dans de trés rares cas, nous n’avons pas été en
mesure d’obtenir de bons supports pour certains nceuds lorsque les taux de diversification s’accéléraient
et ce, alors méme que nous disposions d’UCEs pour I’ensemble des clades. C’est notamment le cas pour

les nceuds inter-génériques de la sous-famille des Arsenurinae (Annexe 1). La topologie des Arsenurinae

195



est tres différente de celle inférée avec un échantillonnage générique dans le Chapitre 1 et devra étre
investiguée de fagon plus approfondie. Il est notamment envisagé un travail en collaboration avec Chris
Hamilton (Université de 1’ldaho) et Akito Kawahara (Universit¢ de Floride) qui ont reconstruit la
phylogénie de cette sous-famille a partir de capture d’exons (AHE — Hamilton et al. 2020 - in review)
et rencontrent également d’importants problémes de résolution des divergences initiales de la sous-

famille. Notre échantillonnage UCE a été congu pour étre combiné au jeu de données de cette équipe.

Grace a la complétion inédite de notre jeu de données, nous avons pu identifier une multitude de points
taxonomiques nécessitant une révision. Par exemple, nos résultats ont confirmé la nécessité de révisions
taxonomiques pour le clade défini par les genres Dirphia, Periphoba, Eudyaria, Ithomisa et Heliconisa
(Annexe 1, Subtree Hemileucina B). Dans la majeure partie des cas, il ne s’agit que d’une poignée
d’espéces assignées a un mauvais genre (par ex. Neodiphthera excavus qui se branche a I’intérieur du
genre Syntherata ; Annexe 1, subree Saturniini_B) mais dans certains cas plus complexes, les genres
concernés nécessitent d’étre redéfinis plus précisément (par ex. le genre Automeris ; Annexe 1, subtree

Automerina_A). Ces révisions devront cependant faire 1’objet de travaux taxonomiques spécifiques.
De la difficulté de mesurer les taux de diversification

Les mégaphylogénies constituent un support dont I’important pouvoir statistique permet de tester un
spectre d’hypothéses trés diverses. Pour autant, les nombreux outils d’analyses macroévolutives
développés cette derniére décennie sont assez peu adaptés a de tels jeux de données. Dans ce Chapitre,
nous souhaitions estimer les taux de diversification de chaque branche de la mégaphylogénie inférée.
De nombreux logiciels ont été développés pour cela mais tous utilisent des approches bayésiennes. Or,
les approches bayésiennes et les algorithmes de Monte Carlo, dans 1’état actuel de leur développement,
rencontrent de grandes difficultés avec les grands jeux de données pour lesquels les temps de calcul
deviennent inconcevables (Lartillot 2020). Nous souhaitions par exemple utiliser le logiciel RevBayes
et I’approche bayésienne développée par Hohna et al. (2019) qui modélise notamment les shifts de
diversification sur les lignées éteintes. Mais la taille de la phylogénie implique un nombre considérable
de parametres a estimer. RevBayes, dans sa version actuelle, ne semble pas adapté a de telles
phylogénies : les taux estimés étaient incohérents et le package R RevGadgets n’a pas été en mesure de
traiter les fichiers output produits par le logiciel (nous avons développé notre propre script pour cela).
Nous avons ensuite utilisé le logiciel BAMM qui apparaissait comme une alternative intéressante malgré
le fait qu’il ne mesure pas des taux spécifiques a chaque branche. Bien que BAMM ne considére pas les
shifts sur les lignées éteintes, ce qu’il lui a été reproché (Moore et al. 2016), il semble plus adapté aux
mégaphylogénies. Rabosky et al. (2013) ont par exemple mis en évidence une corrélation des taux de
spéciation et des taux d’évolution morphologiques en appliquant le modele BAMM sur une
mégaphylogénie des Actinoptérygiens de 6760 feuilles. Cependant, apres 50 millions de générations et
96h de calcul sur 40 cceurs, nous n’avons pas atteint de convergence des résultats (les taux ont tout de

méme été représentés sur la Figure 4).
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Le développement récent de ClaDS (Maliet et al. 2019), qui infére les taux de diversification en
considérant un ensemble de petits shifts apparait comme prometteur. Le logiciel a par exemple été testé
par ses auteurs sur les phylogénies des différentes familles d’Oiseaux les plus diversifiées. Mais lors des
tests préliminaires que nous avons effectues, le logiciel, qui repose également sur des méthodes
bayésiennes, nécessita beaucoup de temps pour inférer les taux de diversification de phylogénies de
taille moyenne (200 feuilles). Nous serons peut-étre contraints de découper la phylogénie en plusieurs
clades distincts avant d’inférer ces taux comme I’ont fait Maliet et al. (2019) pour les familles d’Oiseaux.
Malheureusement, une telle approche ne permettrait pas I’inférence des taux de diversification des
branches les plus profondes de la mégaphylogénie. La recherche en macroévolution bénéficierait
largement du développement de méthodes suffisamment puissantes pour mesurer les taux de

diversification a partir de phylogénies de plusieurs milliers de feuilles.
Avantages et désavantages du pipeline backbone + subtrees présenté ici

L’approche backbone + subtree est apparue comme I’approche la plus adéquate pour inférer des
mégaphylogénies. Elle permet une diminution drastique des temps de calcul en comparaison aux
approches par supermatrice et par supertree et évite les problémes d’incompatibilité¢ des nceuds que I’on

peut rencontrer avec une approche par supertree.

Les approches par supermatrice utilisent une matrice unique rassemblant les données nucléotidiques
et/ou morphologiques de I’ensemble des taxons disponibles. Une telle approche a été largement
appliquée dans les années 2000 afin d’inférer de larges phylogénies (par ex. Driskell et al. 2004 ;
McMahon & Sanderson 2006). Cependant, les auteurs de ces études n’ont pas daté les topologies, une
étape particulierement chronophage (voir plus bas) mais essentielle pour effectuer des analyses
macroévolutives et/ou macroécologiques. Par exemple, Smith et al. (2009) ont utilisé une 1’approche
par supermatrice afin d’inférer une phylogénie de 4954 espéces d’Asterales a partir de 6 génes mais il
est fort probable que I’inférence des temps de divergence a partir d’une telle matrice aurait posé des
problémes de convergence et des temps de calcul considérables. L’approche par supermatrice n’est en
réalité pas compatible avec les méthodes de datation bayésiennes qui sont pourtant les plus appropriées

(voir plus bas).

Alternativement, I’approche supertree a aussi ét¢ utilisée pour inférer des mégaphylogénies. C’est
notamment le cas de Bininda-Emonds et al. (2007) qui ont inféré une phylogénie des Mammiféres qui
a largement été utilisée par des études macroévolutives ou macroécologiques malgré les nombreuses
polytomies qu’elle contient. L’approche par supertree est intéressante lorsque les marqueurs utilisés
sont tres différents d’un clade a I’autre car cela limite la quantité globale de données manquantes, ou
pour combiner des phylogénies de différentes publications. Cependant, les approches supertree

amalgament les nceuds contradictoires d’un arbre a I’autre, produisant des polytomies et, par conséquent,
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biaisant les longueurs de branches. L’approche par supertree ne facilite pas non plus I’inférence des

temps de divergence et, en pratique, peu se sont essayés a 1’inférence de temps de divergence absolus.

Lors de ce Chapitre, nous avons donc privilégié 1’approche backbone + subtrees. Cette approche est
dérivée de I’approche par supertree et permet un gain de temps de calcul considérable lors de I’inférence
des temps de divergence. Contrairement a I’approche supertree, les sous-jeux de données considérés ne
se chevauchent pas, ce qui permet d’éviter des conflits entre les topologies, et 1’utilisation d’un backbone
résolu permet un assemblage simple et rapide de la mégaphylogénie. De plus, les nceuds communs entre
le backbone et les subtrees permettent une datation indépendante de 1’ensemble des sous-jeux de
données avant assemblage. Cette approche, théorisée par Mishler (1994), a été appliquée pour inférer
des phylogénies des Oiseaux (Jetz et al. 2012), des Squamates (Tonini et al. 2016), des Amphibiens
(Jetz & Pyron 2018) et des Mammiféres (Upham et al. 2019). Il faut cependant souligner que les
approches présentées par Jetz et al. (2012) et Upham et al. (2019) sont plus complétes que les inférences
effectuées par Tonini et al. (2016) et Jetz & Pyron (2018) qui ont d’abord inféré une topologie de leur
groupe avant de fixer celle-ci lors de I’inférence des temps de divergence. L’ensemble d’arbres qu’ils
ont inféré ne couvre donc pas I’incertitude liée a la topologie mais seulement celle liée a la datation. Ces
guatre études ont par ailleurs utilisé un nombre réduit de marqueurs génétiques (moins de 20) et une
partie conséquente des OTUs a été positionnée sans aucun marqueur génétique (mais a 1’aide du package
R PASTIS (Thomas et al. 2013) et de MrBayes (Ronquist et al. 2012)). Les temps de calcul nécessaires
pour inférer ces mégaphylogénies furent néanmoins considérables. Il nous fallait donc modifier les
approches existantes pour éviter une inflation des temps de calcul liée a notre jeu de données

génomiques.

L’originalité de notre approche réside dans la séparation de 1’inférence des topologies et de I’estimation
des temps de divergence. A notre connaissance, les seuls logiciels permettant I’inférence simultanée de
la topologie et des temps de divergences utilisent les approches bayésiennes (par ex. BEAST v2.5;
Bouckaert et al. 2019). Or, ces approches deviennent extrémement chronophages lorsqu’appliquées sur
des jeux de données génomiques (Lartillot 2020). De plus, I’inférence simultanée de la topologie et des
temps de divergence par une approche bayésienne est problématique (Rannala 2016) : bien qu’ils ne
moyennent que les estimations effectuées pour des nceuds regroupant les mémes taxons, ces logiciels
bayésiens ne considerent pas que le reste de la topologie peut différer et donc influencer la datation des
nceuds d’intéréts. Pour éviter ces biais, nous avons fait le choix d’inférer dans un premier temps les
topologies a 1’aide du logiciel IQ-TREE puis de les dater a I’aide du logiciel MCMCtree qui considere
une topologie fixée. Cette approche implique cependant de considérer une topologie unique du backbone
dans les différents réplicats de la mégaphylogénie (comme Jetz et al. 2012 mais contrairement a Upham
et al. 2019). Une alternative, qui impliquerait une augmentation conséquente des temps de calcul, serait
la datation de 100 réplicats de bootstrap du backbone et d’échantillonner 1’un des arbres backbone datés

avant chaque datation des subtrees. Considérée dans son ensemble, notre approche, bien que s’appuyant
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sur des données génomiques, est largement plus rapide que celle de Jetz et al. (2012) et de Upham et al.
(2019). Ces derniers ont effectivement eu besoin de plus de 3 mois d’inférence pour inférer un ensemble
d’arbres des Mammiféres alors que nous avons €été en capacité de générer une mégaphylogénie de la

famille des Saturniidae en pres de 10 jours.

Conclusion

Dans ce Chapitre, nous avons présenté un pipeline phylogénomique destiné a 1’élaboration de
mégaphylogénies a partir d’une combinaison de marqueurs génomiques et génétiques. Les analyses
exploratoires que nous avons effectuées démontrent I’intérét d’utiliser la grande quantité de codes-barres
ADN disponibles en ligne dans le but (i) d’identifier les OTUs et (ii) d’inférer les relations
phylogénétiques superficielles. Notre travail confirme également la pertinence des UCEs dans
I’inférence de divergences anciennes de plusieurs dizaines de millions d’années comme dans 1’inférence
de relations phylogénétiques récentes. Bien qu’il soit appliqué sur un jeu de données génomiques, la
rapidité du pipeline présenté ici surpasse celle des pipelines équivalents publiés jusqu’alors, pourtant
appliqués a des données génétiques. Nous prévoyons le séquencage d’UCEs pour davantage
d’échantillons (dans le cadre de I’ANR SPHINX) afin de corriger les défauts identifiés ici et ainsi obtenir
une mégaphylogénie des Saturniidae résolue dont la complétion sera inédite, tous type d’organismes

considérés.
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Antheraca (A )zngus!omargmala | SARBASE2-08
Antheraca {Anlheiae&} 5p. | SASNA 125
Antheraes (Anthersea) broschi | SAbaass-00

100363

RBA388~(
theraea (Antheraea) colebensis | S 2708
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0.03
Rogue Taxa

[CJUGEs sequencing planned
[ UCES sequencing fale
[JUCEs sequenced

@ Sample included in backbone

Arsenurinae subtree

3 Aimeigaia omusicoi| SPHIUS13
a_______———————————————————————————EA!merdarﬁmdﬁs\RRO

w0
0. | STDAQ13-0:
paraorbignyana | Serioozas
7-07

B6262-09
rta (O

e e e e e e eemmemmemmeeme == === == == = = [ Asenwm homsoni| SPHI0!

158

Arsenura sylla winbrechiin |
______________________________ Arsenura sylla horcules | STDA46E-07
= = = = = = = = [ Amsorwra biunduiata | STDAL18-0)
S chi] SA
ymma\SAFv’ED753 1
Arsgmm :ymnma | SAFMB413-
symania | SARBBJ‘H 09
Arsenura cymoma | STDAOD
_-_-_----_--_---_--_---_--_-----DArsenmammm;ymawa\sPHmoﬂQﬂ
———— - - = - Arsenwra 5p

5p. | SA
Arseruira avl!acmums \ SAFMSZU? 08
= = Arserwra

(Spinoono1
] Arsenura druce | ASARD:

23-12
e e e e mm == DArsenummndsmsagmﬂnensﬁ\SF’HV!JDS(‘/

5| SAREET

S ngasenss | SARBCAH0-10
“Arsonu batosH| STDABGS-07
Arserura balesii| LNOUF63-11
[0 Arsonura patesii| RROU0349
Arsenura batesi arcaei | STDB135-07
A atest| STDAGZE-07
e mmmmmm === == = = = = o[ Arsenura rebeit| S
_____________________________ rsonira poodont | SHASS9-07
e e e e e e e e m e e e e m - m - = = = = = — [ Arsenum avianac | RR

00508
Arsenura arohianassa | SAMPA430-17
Arserua arohianassa | SATWA444-07
[3) Arsonura arehianassa porioni| RROUD044
Arsenura mossi | 07
Arserura tuscata | SARBCAS6-10
Arsenura sp. | SAVSAS47-10

i | SARBAT126-09
‘armida| STDB564-08

STDAI7T-07
Arserura aimmioa
A
—————————— e e e == == = = = = = = [] LOxolomi

SARBCS67-10

'—:‘ o -

Lovaloa wirorechin \ s;wssma 12
- ———— = = = = = (3] Loxoloriajo

o D S = = = 2 2= 22 < .[@ Dysdacmonia brasiliensis | SPHIO507
_________________ Dysdaemonia ausrlororaas) SARBE290-09
L L L L T T T T T T T T moysasemonia boreas | R
____________ O Dysdaemonia fosteri | sPHJmM

Dysdaemonia concisa |smn4re 07

5p. | SARBEQGT-12
ia sp. | SAFMB191-08
______________ ‘Dysdaemonia sp. | STDA080-07

SARBF2765-16
SATWAS3T1-07

Dysdaer
0 Trlana it | P

100503

a lermoul | TOMPE 195-10
Ticea lemoot| STOATO1-57
[0 Tasa

lemoulti| SPHIN040S.
Titaca tamertan | STDA366-07
_______________ {0 Ties orshome | SPHio0724
———————————— Titaea tarm

fon gusyaqula | SATHAL4T-07
[3) Ttpoa tamartan noohs

sa] 7O

Titaea tmerlan amazonensis \ ThooFot1-11
TMeea tameran | SAEMB4265-
e e e e e e a -Dmamaammnwmuuuw
b
e

Lamertan | SAFMBT.
Grammopelta sp. | SARBD1149-11
u] grammope/rs lineate \ RROUOO&

rammopel

Titaea tamerlan | STDAO94-07
____________ e
66 9185 mEEmmEmmEEEEEE =

29

12
Grammopeta sp. | smmm o7
Gram Db

sp.| TOMPEZ202-10
) Rhescyntis descimoni | SPHIQU7E6
== = = = == = = = = = = = = \[@ Rhescyntis pseudomarti | SPHIOV738

) Rhastynitis hippodamia | SATWA436-
Rhescyrtis hormes hermandenis | SAVSA702-10
Rhascyrtis hermas | LNOUA

oo

Uo0:
Calo wit | SARBD033-10
Galo sp.| STDAD:
= = = = = = = = = = = = =[] Copiopteryx derweln| SPHIODS01
__________________ (eryx jehavah | TOMPE223-10
‘Copiopleryx jehovah | LNOUA002~10

PEO42-09
e ——— ] Copmplg/yx ‘semiamis andensis | RROUGO346
Paradacmonia nycteris | SAVSA3076-14
___________________ Paradasmonia thelia | SAVSAT44~10
_______________ Paromcns mayl | SARBCDS7: 70
Parada

______________ emonia orsi CGCM324-08
D DI I DI DI DD D I Paradecmonia wibrechini| SPHIG08A0

Paredaemonia iscaybambensis | SAFMB165-08
B 21
TDADBA-GF
=== === == = = = = = =[] Paradacmonia meridionalis| SPHIO0BTS
0 Paradacmonia

7e
Paradaemonia samba | SATVAS
Perc

-07
bdensis | AMAZ214-09
5

3

o Psrsmemoma umm |RRouom

=== = === = = = = O Paradeemonia tere

————————————— B Paradaomonia var)scnaycm i swoam
Poredacmonia

00493
is| SAFMB159-08
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Attacini subtree

Rogua Taxa
[0JUCES sequencing planned
[0 UCEs sequencing filed

[ ucEs sequenced

@ Sampie included inbackbene

e e e e e e e em e e e e mm e mm === === === == == = = ] Rhodinia jankowski | GUELOOGS
= = = = = = = = =[] Rhodinia benedei | GUELOOO26
] Rhodinia tenzingyatsol | GUELDD09D
Rhod

hodinia fugax | GUEL000A

Eupackerdia calleta | SASNB54-10
Eupackardia callota | SAVSA954-10

[0 Eupackardia calleta | RROUGOBTS
——————————————————————— [ Rothschilia zacatecs | GUELOG083
_______________________ ] Rethschila christeschiinas | GUELG0D11
By L DRnlhsmM‘aancraincu\GUELDOI)VQ

e e e e e e e e mm s == == === == = = [@ Rohschidia aricia naposcuadorian; i\SPHJDﬂVQl
_______________________ 0 Rethschidln arihing parwxamiina | SPHICOTOS
SAl

mm e e eeeeeee === ===~ Rohschidasp.

________________________ 0 Aotrachil terarl ) cugumuus
e e e e e e me === == == = = = [ Rothschidia condor |
_______________________ B Rethechila onaiod | SARBF 250817
GUEL00045

- === === === == == === == = = =[] Roihschids touman|

0] Rothschildia jacabaeas | GUELOO04H

I
{0 Rethschls hopflr hopfer | GUEL002S
0 Rothschilia belus |
1 Rethschiaa masicona | S0
Roivechiayorycina oo | RROUR0T65
Rotfschildia erycina | RROUOOG:
m e e e e e e e - - - o o= = == = = [ Rotschidia orizaba | GUELOD0SZ
[ Rothschildia orizabe | GUEL0003S
e e e e e === === == = = = []Rohschidia sandimasiana | GUEL000O3
— = == == - == - -~ -~ - — [ Rothsohiia roxana | RROUG0530
m e == === == === == == = = = []Rothschidia winbrechini | GUEL00084
mmmmmemmememme= === == = = = []Rothschidiatricba | GUELOGOS?
— = m = m === == == = = = = = = = = [ Fotschidia ankoe | GUEL0O0O!
e e — - - Rothsotkda .| SARBFS7E 14
I D I D DI I I I DI I I I I I nRansoniia bogoiona] RROUD:
______________________ Rethochidispesosirs cove | SARBE1207-12
_______________________ Rothschidia orizeba ssp. | SARBCA89-10
m e === === ========= == = =[] Rothsohildia peruviana apurimecana | GUELO0GTS
- - 00050

000:
Rothschiloia orizaba menidan | SAFMBTS7-00
mmm e memm= === == == = = =[] Rothsohidia sp | RROUC03BS

thschildia spocufor siiao | SAVSAZT9-10
Rothschildia specuilfer speculfer | GUELD0GOS

Rothschidia schreiteriana | GUELO0OS!
Rothsehida jorulls | GUEL0O3T
Rothsohildia meurus | RROUDT:
‘Rethschildia prioia | GUELO0OOT
Rothsohiidia inca ssp. | SAFMA45-08
— = —_ Rothschidia inca incjunensis | SAFMB922-10
mmm === === == == = = = = = =[] Rothschidia lebeau | SPHI00734
———————————————————— Romsehias nca ncocuatorans | SAVSA462-10
= e e e e e aa e e e e e 2~ Rothsohildia inca ssp. | G
————————————————————— [ Rothschildia jorflides |euswuma
=== == = = = = = = = = = = = = = — [J Rothschidia lebeau ssp. | SPHi
———————————————————— Rathschliia lebtolimaiana | SABCAD7-10

- m - - = - Dtsciidopauckentsts| SO0
‘=(0 Rothsahata cincta | SPHIOS

ey fvios | SASKG 130012
Rotfischildia lebeau 5sp. | SASNC1799~12
Rothschildia lebeau licharbas | SAVSA2354-12
Rolhschidia leboau | SARBF2714-16
Rothschidia lebeau yucatana | GUEL000O
Rothschilia lebeau | SPHI00543
Rothischidia lebeauecuadoriana | RROUO0347
Archaccatiacus staudinger | GUELO0DTO
‘Archaeoattacus vieinamensis | GUEL0003
Arshaeaatiacus edwardsi | RROU00225
‘Archaeoaiacus malayanus | GUELGOO36
Coscinooara antous | SPHOGTAT
Coseinocera anteus | GUELOGD:
Cosenocars omphle | GUELI00Z0

Coscinocera aruensis | SPHIO07S6
Coscinocera sp. | SASNB556-09
ff Coschocars barcus | JeASORR
[ Coscinocera sp. | SPHINO736

nocora ourystous | GUELOO0DO
j Anums erebus | RROUDT1!

‘Aftacus sp. | SASNC1701=12
I3 Ao prbion | SUELOOOT?
Attacus cassar | RROUOD:
‘Attacus lorquinii bangﬁunsvl Gusumm
Attacus phiippina | G

Soempands | GUEL00350

Attacus allas ssp. | SARBB475-09
Aftacus ailss ssp. | SASNC1986=12
[§] Altacus allas | SPHIOO79%

5 antinorii| SPHID0943

0 Epianora apengarenss | GuELuumo
[ Epiphora hasson | GLL
] awﬁom imperatar| GuEt 00059

e

57w

- Epiphora macedof | GUEL00058

m} Emvﬁom vacuna | Gusmaoaa

0 Epiphora pioetzi| SPH

H Eohors imermacia | BUEL 0070

[ Epiphora peiosoma | GUEL000T4
SPHIO0GE

0 Epiphiora murphyi | SPHI0796
[ Epiohora manowsnsis | GUELOO0SE
0 samia o | SPHI00B:

rcheosamia sp. | SASNC1172-11
0 Archeosana wirseni| GUEL 00064

o5 502

Callosamia angulfers | SATWA320-07
securifera \ GL/ELWDDZ

Samia wangi | GUEL000BS

Samia abrerai | GUELOOOTS

] Sarmia yayukae | GUELO0D8S
Samia kikibuciamini | GUELO00SZ

Samia luzonica | GUELO0034
i HI00701

Samia vandenberghi | GUEL000S1
] Samia naessigi | GUEL 0000
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Aurivillius subtree

Roque Taxa

[JUCEs sequencing planned
[ ucEs sequencing failed
[CJucEs sequenced

@ sample Included in backoone

Aurivills 5p. | SAARA126-11

e e e e e e e m === === Auvilius seydeli| SSOBT77-08

__________________ Aurivilics sp. | SAVSA2475-14

e G | STBOC716-06

Aurivilius prapinguus | SPPDAB48-08

e == == === == == = = Juvilius zambianus | STEOA723-07
0G

_____________ Aurtellius cadioui| STBOC714-08
— e = e e = = = = = = = =@ Aurivilius tramis | RROUDO7TO
_________________ Aurteillivs sp. | SATWAB3E-07
________________ Aurtvilis sp. | STBOB13-08

- == = = = = = Aurivilius sp. | STBC 7
g - [0 Auriviius aratus fuscus | RROUDOBS T
sl ... TT.T & Auriv um | SPHIOE

______ Auivilius sp. | SAPBB250-07
= = = = = = = =D Aunivillus 5p. | SPHIOO581
Aurivilius sp. | SSDB702~09
Aurivilius oberthurl | SAPBABOG-07
Autvilius sp. | SSDAT78-07
Aurivilius sp. | SSDB610-08
Aurivilics sp. | SAARAT09-11
Aurivilics sp. | STBOC725-08
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Rogua Taxa
[JUCEs sequencing planned
[ ucEs sequencing feiled
[JUCEs sequenced

® Sampie included in backbone

Automerina_A subtree

[0 Auvtomeris sp. | SARBF1100-14
Automeris montezuma | SARBD363-10
Automers lempirensis | SARBE1622-13
Aulomers shumpei] SAVSA363
Automers colata | SARBES05~
Automeris paracelata | Sicass-10

|
Automeris choce | SAFMASO1-

it weosormaion) SARRES 12-12
‘Automeris werneri| SARBES13-12
‘Automeris pailicior | SAPMCG36-12
Avtomens sp. | SDHCE63-09

Automers bconin | SAVSETie-15

Automeris mariaguan MA489-0¢
Auomert otegara) \ MFMBMI o6
Aut 154

Automers aknorke \ SAricasa-1z

Automoris escatantel | SAMPAT15- 18
"3 Avtomeris escavlsn!w | SDHAS89-07
Automeris windiana | $A4SNC3557-16
avtomert 5| SAGNC2G98-13
e e e e e e e e e e e e e m == = = = = = — (& Mouicantha Garciorum | SPHIO005T
Avtomens anika | SAFMA492-09

Automers sp. | STOBO46-07

3 Avlomerts e | RROLI0S%0
[ Automenis meimon | RROUOGSS1
Automeris sp. | SASNC1252-11

Automeris sp. | SASNC1 73812
‘Avtomeris dandernon | SASNB286-0%
3 Automens janus | RROUDT134

[ Automeris dagmara | RROLIO3SS
Automeris boudinotiana | SARBF929-14
Automerss patagoniensis | SASNB277-08
‘Automeris craudiana | SDHAB18-07
Automeris brenneri | SAFMC447-11
Automeris jo | SAFMC262-11
Automers sin | SATWA732-07

e e e e e e e e e e e e e e e e e e === == === = = = = =[] Avomeris colenon | SASNC1525-1;

Automeris mixthena | SARBE 139-11

Automeris oaxhena | SAPMC263-11

———————————————————————————————————— ‘Automaris jalishena | SAFMAS47-08

e e e e e e e e e e e e === == = = = = = = = =[] Automers louisiana | SAVSA2750-14

Automeris o potosiana | SATWAT30-07
Automerss sp | SDHAQB9-07
Automes inis | SDHAT38-07
Automeris petrovas | SARBES91-
Automeris manantanensis| SASH299-09
Automerss staciese | SASNB300-03
Adorners beulelpacheri| SAFMAS5-00
Automers sp. |
toment doiant \ SAFMC??& 1

[ Mezicaniha sp. |
Masisaning aaxecana | SASNCZdw 13
Automerss cryptica | SARBF31 14~

‘Altomans infasciatus | SARBDAGA-11
Automers Uniorientalis | SARBESd~ 12
Automeris grammocajamarcensis | SAFMBS67-09
— e e e e e e e e e e e e == == = = = = = = = = (] Fsaudautomeris fimbrideniata | SARBDE27-11
Pomudtm—ts ejsmorcenat| SARKE008-00

_____________________________ Pseudautomers youril| S
___________________________ beaudaomons o | SPHBAITT- 0.
STt T S Sommmmmoomoo Pdusomens bosnged| SARMAdD-08
Pseudautomeris sp. |

ool ekt | SARBD1422-11
‘seudautomeris anfioquia | 5 TDABS1-07

________________________ Pseudfautomeris sp. | S 08

e e e e e e e e e e === == = = = = = = =[] Pseudautomers rudiofii| RROUOO311

Poudaulomeris sp. | TOMPE?71-10
Pseudautomer's o | SARBDS05- 10
Pseudautomerss sp. | STDB685-14
Pseudautomeris marcell | SARBEBS6-12
Peudautomerss arminyungesornais | SARBOGES-10
Pseudautomeris arminirene | SAFMCA52- 1
Prcudadomers i | SARGbRRITT
Pseuautomeris amiorstersis | SARBF 166715
Pseudautomeris sp. |

Pseudautomeris pohif | SAVSA004-10

Pseudautomeris sp. | SAVSA3113-14

Paudautomeris sp. | STDBES9-09

Pseudautomeris saimColomblana | SAVSA1392-11
0 Pssudautomeris salmonea | RROUGGT13
Pseucfautomeris sp. | SAFMA#40-08
Psacdautomeris hubneri | STDB419-G7
Pseudautomers sp. | SAFMAGZ2-08
Pusidaulaners rubasaans | STOB134-07
Pseufautomeris brasiiensis | 2285-12
Poudautomeris stowiarshi | SACMALTS-11
Pseudautomers sp. | SAFMA#43-08
Pueuduomers sibcoros | SMAPAT10-18
Psoucdautomeris coronis | STDABES:
Prainiamens v | AVSET66-11
Pseudautomeris chrisbrechiinae | SAFMAA25-08
Preudaomeis oo | STOBGA-08

autcmeris Iutoata | STDB438-07

avtomerts suer| SAFVAIS3-08

e "SS———p gy g g gt ‘Avtomeris grammoboliviana | SAREC396-10
Leusanella leucane | SATWAO37-06
Loucanolla 3

stuarti koohicri | SDHA235-07
Leucaneila lama | SAFMA444-05
Leucaneila sp. | STDBST0-08

Leucanelta julian:
Leucanella conter| SAFMAA TE-0
Loucaneita verdiana | 2-11

\RBDI52-1
Leucaneila arcueta | SARBES24-12
Leucanells hausmanni | SAFMBST7-08
Leucansila atehuaipa | SAFMALE6-08
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LeUCaneia VErTIaNa | SARDUYDL 1T
Leucanelta arcuala |

Loucanela neglec | SARBDGS~
ucanela contompa v | snmam 07
Loucanela gibbos | SAGMAD 17
[ Leucaneila janeira | SPHID1052
Leucanala helsier | STOBT15-14
Loucanolla aspora | SARBD109-10
O Leucansita sp. \SPHmns 2
Loucanlla anikao | SARBDT04-10
Loucanalla viridescens vidior | SAFMBSE3-09
Leucanella memusae gardinor | SAVSA1413=11
Leucanella monzanr \ SARBE78-1.
Loucansila ic| SARBE150-09
0 Louanella maassen | SPHIOGEA4
Leucanella isbolivians | SARBCE40~10
Leucanella vieltel| SAVSE130~11
Loucanolls wnibrochn | SARBF 2083-17
Leucanella evanschaycki | SARBD111-10
Loucanela op | SARBr2096-15
AROI

pes
Leucanella contermpta inéi| SAREDSB? 11
Loucanofta 3n | SOHALE-
ucanella ursnE\SDHAESS o7
Lobcanels contrmpta i | Sorazes-o7

e e emmmemmmemmmmm========= == =@ Leucanclafusca | R
rmns\yﬁﬂﬂm!a 17

_______________________ Leucansita ny
e e e e e eeeeeme===========-_Leucanelahosmera| SDHC224-08
_________________________ O Leucaneita flammars | SARBES4-12
e e e e mmemmeemm-= === Leucanelssp | SARBEI4T5-13
______________________ Leucansita memusoides | SDHB944-08
e e mmemeeemeeemmeee-e========= Lleucanslasp|SDHC606-03
________________________ Leucansila 5p. | ASARDE959-12
T e e e e oo o o o - Lotconela solssime| SDHEZTG-07
_______________________________________ 0 Avlomeris heppneri] SARBDSG0.
i il o it g L S
5 Hypermerina kasy | SPLI008S
Freutatomers |

Prousatoments sp. | SARAF1604-15
Peudautamars o | SASATETD- 11

op. | SARBCAEI-10

Paudaitomerts o | SARBE00S-11

Automeris sp | SDHD!

ot wibrechline] SAFMAS31-08
| SAFMASS

Automeris basalis| SDHAE4? 07
03 Avtomeris dognini | SPHI00451
Automeris e!rParaninﬁ \ SARBE701-12

Automeris a sis | SARBFI05T-14

SAFLICO85-10

brosa | STDBO71-07
Automers e | snvsnrzw 11
O Automens ovaiina | SACMAGS.
‘avtomert porsinomata | SAFMASBG-08
-o Awomm)s norata | SARBET02-12
SASNC2174-12
ronsis | STDB283-07

is haxa 07-07
Av!omens psmmrams \ smasrswv
Autom
fomens o | SAvsasss- 11

tomerls cosangana | SARBD 1518~11
———————————————————————— Automens pomferides | SAFMAS49_09
e e e e e e eem e oo o=~ Avomens pomifers 07511
————— 00 utomers schwertz)| vt 14
Aoeras parsfes | SARED{823-11
Avtomers i FitA529-08
moenchorum | SAFAMASET-08
friviied mnamcr | STDB597-09
Automeris yungasmargaritae | SARBA063-08
Automerss Foargariag | SDVHAG42-07
Autom SDHAD45-07
‘Altomans iapnquel | SARBC146-10
Automerss sp. | SAMPASGS~1
Autometis sp. | SARBF1610-15
= = = = = = = = = = = = [ Automeris 5p. | RROUO0431
——————————————— Automeis s | SDHAQ58-07
Automerss incarnata | STDBOGS-07
________________________ Automeris pracmargaritag | SATWABO1-07
m === == === == == = Automens maximac| SARBF2483-16
———————————————————— O Automeris adusta | SARBF2759-16
Automeris sp. | SARBC722-10
ia| SDHCS18-09

___________________ Automeris cecrops pamina | SATWA796-07
Adomeriscecrops oecrops| SDHADSS-07
__________________ Autor SAFMAS64-08
‘avtomers descimon | SAREDAT1-11

0 Aviomens paramelanaps | SACHAG42-11

U st
Adtomerts et | o oti-07
2

fy 5
—————————————————— Automeris cuscoala | SARBC252-10
= = = = = = = = = = = = = =[O Automers janudloffi| SARBF2594-16
Automerss pinasi| SARED0G2-10

‘Automeris zamorana | SARBD679-11
Auonters pacehans | SARBE1205-13
Automeris isabelae | SARBF1656-15
Atomaris pichictoni | s.wamw 10
Automeris barragani 7956
Automers latenigra | ormere
Aviome Lamcajsmarenis| SAYSA1320-11
Automeris diavlanda | SATWY

Automers ani | iy
Auontersamyungasiana|] SARBCZ39-10
‘Automeris harrisorum | SARBE162~1
Atomens homramacobicn | SA-VAR0-08
‘Automerss sp. | SARBD26~11
Automeris s | SARBF545-14
Aviomars ozivaraguans| SARBAGSS-08
Automeris sarapiqui| SARBF2694-
Atomons soime| SOHASRT-07
Automeris tuxlana | SARBEQ96-11

m o m == m == m == = = = . Aufomens 5p | SAVSA1507-11
—[ Automeris ﬂsvamchmmrmrs \ RRDW17345
Automeris manzanof |
Atomort or SATVABS-7
[0 Avtomenis 20zimanaguana | RROUDT 125
Automeris magdaleniana | SARBC228-10
‘Automeris zugana | STDE354-07
Automers sp. | SDHD026-09
‘Automeris tolmaiensis | SARBC226~ 10
wtomeris cundinamarcersis | STDBO77-07
Automeris sp.
Automeis sp. | SAFMAS 17-08
Automans lecout | SDHAG M-07

Automeris granuio CMAG#2-09
O Avtomans avarthurs| \ SARBE150-11
Automeris granuiosa | STDB263-07

0 Automeris beckeri | SPHIOT057
cula | SARBF2318-16

eris postaibida | SAVSA1679-10

Automeris vanschayckl | SAVSA402-10

Aviomesaniklsieraa | SAFMCS70-12

‘Automeris sp. 959-11

Automert et eARac1s-10

fomrisChisrochings | SARGE 6091
SPHI

Py o i
10

——————————————————————— o FowrEzs
Automoris parafara | SAFMA636-08

_____________________ Aot i | SAREF 3245 17
- = = = == Automers sp.

Atomans risqumdorst | SARBE 1312-15
Automorss wanowisci | SARBESSS~12
Automeris napoensis | SARBBA:
Automars concepliona | SARBE T41-14
————————————————————————————— Automers doelfi| SARBD?23-11
________________________ Automeris qunneri | SARBF2353-16
—————————————————————————— Adtomris peggyanee pegoyanas | SARBF2356-16
_____________________ Automeris hausmanni | SARBF2165-
T T T T T I I I I T I I I I I I I I inemeds sanchenss | Sagapaos-10
= = [ Automeris rectiinea | SACMAS12

Avtomeri s | STOB217-07
Sarerz-0s
14

DI Il IIIIIIIIIIIIIII IO iemereses

___________________________ Automeris sp. | SARBFES1~
e e e e e e e e e e e e e e e === === = Auomerssp | SAVSAI043-10
__________________________ ‘automaris restos | TIPSY818-12
S = mmmmmmmmm === === === = = = = = [ Avlomens omis| SATYES0S-09
1249-07

___________________ ] Autormens ucinda | SPHI00920

e e e e === == Aulomeris sp | SATWA7AG-07
__________________ ‘Automeris Kopturae | STDB168-07
e memeeeeeeee === == ===~ =~ [ Avomers macphail| SDHB225-07

___________________ [ Automerss zaruma | RROU00326

Aomeris arianse | SAVSF173-11
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Aitomans Koptcas | STOB168-07

e m e e e e e e e L S S Avtomens macphi| SDHBZ25-07
-0 Automaris zar

ima | RROU00326
Automris arianae | SAVSE173~11

‘Automeis Ghisbrochlinianat | SAFMBS71-10
‘Automeris beiti| SAFMAB98-08

‘Automers emenda amandojuni

Automeris amanda tucumana | SAFMAE11-08
Automris amanda amanda | SAFMB308-09
Avtomers amand lmpila | STOB244-07
“utomeris sp | SARY

Automeris amanda SSD | SN_\'SEMEE 10

SAFMAG72-08
Automeris chaconoides | SARBC157-10
Automeris amanda subobscura | STDABEB-0T

ica | SAFMAG18-08
Automeris amanda amandocuseoensis | SAFMAG19~08

g g Avtomens 55| SATMASS3-05
T g tomens curviime | RROUOD1 26
Automeris watsoni | SAFMAB05-08
Automens sp. | TOMPE181-10
Aulomeris denliculala | SAVSA1098-10
= = = = = = = = [ Avtomers banus argentiera | RROLI00490
m e mm e e e e m e e e = = = = = = [ Automers fako | SAFMAB00-08
utomeris sp | AMAZI76-12
‘Automeris liberia | SAVSA1336-11
Automers sp. | SAFMA37-08
Automeris sp. | LNOUD1272-12
Automerss sp. | STDB250-07
‘Automeris banus ssp. | MIAPD362-10
Automeris banus banus| SAFMC005-10

Automeris banus ssp. | SA =1
‘Automeris miamazanica | SAFMAG07-08
Automeris sp. | SARBF3149-17

sp.
Automeris sp. | STDB249-07
Automeris abdomimeridensis | SAFMAGO4-08
utomeris posisis | SARBD310-10
Automeris abdorninalls | SARBF4G2~14
Auomtens abdomisichchansis | SAFES21-09
Automerss abdomipiurensis | SARBCZ68~
Atomens abdormbsrtat | SARBO71-11
Atomers oficeal| 3TDEB-0F
Avtomens abdomisaiamaroensis | SAFMAG02-08
] Automers rosrals | STDBGT-0
[ Automers illsiris | SARBE1082-12
Automeris coresus | SAFMA668-08
Automeris amosna rotunda | SPHI00835
Automeris sp. | STDB295~07
Automeris amoena amoana | SATWA784-07
[ Automerss tamsi | RROUOD443
Automeris andicols | SAVSE157-11
Automeris sp. | GWOSSE70-11
O Automeris phrynon | RROUG0327
Automens intertridens | SAFMAGS1-08
Automers alttridens | SDHB409-07

Avtomerss sp. | .

Automeris peiaezi | SARBD398-10

Automerss sp. | SDHCE05-09

Automeris witt | SARBCT17-10
omeris cuxagensi | SOHAY45-07

Automeris sp | SDHC2:

avtomars oo | Soriasaa-o7

HAS91-07

Automaris m

oloneyi| SAFMC219-11
000275

Automes pastaziana | SARBD1535-11
Aviomesdeapicaloides | SARBF522-14
Automeris sp.

Automeris andensis | SARBD264-10
Aviomars peruvina) SARBEG34~11
Automeris lapaza | SARBC152~
Automoris handschugl | Sanarass-14
Automeris cuscosylviae | SAFMB312-08

1i5 Gianae | SAFMBS05-09

Automeris mailinae | SAVSA920-10
Automeris parachacona | SARBC 181-10
Automeris lamercedia | SARBD9GE- 11
Automeris godarti | SAVSA362-10
Automeris sp. | STOBEG2-14
Automeris cinctistriga | SARBC251-10

0 Automeris midea | SPHIO1000
‘Automeris mideperuensis | SAFMB804-09
Automeis sp. | STDA705-07
Automris sp. | STDA700-07
Avomaris 5o | SARBOBSA-11_
Automeris midenapoersis | SAFMBA13-09
‘Automaris bilinea tamphilus | SJWSAQU 10
‘Automaris bilinea biliea | SARBE:
Automeis beiti | SDHABS6-07
Automeris sp. | SASNC3634=17

] Automeis gabnistiae | SARBDOTS-10
Automens amagabrilas| SARGF 190115
Avonrads 80| STOASG7 07
Automeris beilzonensis | SAVSA1196-11
‘automors ol | sAIWAi« 07
Automeris sp. | STDAT01-0:
Automers fied YlE/dﬁapiEnYerﬂS | SARBF2903-17
Automeris sp. | SDHD332-

tomert monfogaiolaa| SAFMABZE-08

junogabrieliae | STDA710-07
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Automerina_B subtree

Rogu
[ uGEs sequencing panned
[ UCES sequencing failed

[ ucEs sequenced

® Sample Inciuded in backbone

__________ O Austrolippa convergens | SACMA474-11
SAFIME089-08

e |

Exyoramars wilschln | SARBEaso-12
Erythromenis sp. | SARBF730-1

Erythromns satumial | STDAS80-07
Erythromens christbrechlinas ISARBFPﬁ 14

Etythromes sp | SI -07
o] o Erythromens kaechi | SARBE1316-13
Maiippa sp. | SAVSET10-1

WWW viadisiavi | SAVSA16
e placnapoana |smasuawz

Molppa o AN
Molippa ninfoaxacana | SAREE‘SQ 12
MGIWW ninfa | SASNCE98-11

Moliopa sp. | SDHB383-07
Molippa ninfhondurana | SARBE1661-13

ippe ninfousirlica | SARBE! 16712

T

-1
Molippa basinoides | SACMABT1-12
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Automerina_C subtree

Rogue Ta
[CJUCEs ssquencing planned
[EIUCEs sequencing failed
[Duces sequanced

@ Sample included in backbone

________________________ Prahylesia friburgensis | SOHATB8-07
e e e e e ememeemememememe==========. Prohyosabshiana| SARBEEZd-12
— — — = Probylesia yungana | SARBES25-12
50~
BTGl ——————mmmmmmmmm e mmmmmm e mm o = Prohylesia peruviana | SARBD
o L —

53-11
________________________ Prohylosia carpishiana | SARBB1334-09
== = = = = = = = = = () Hylesiapsis festiva | RROUOG27 1
hios

|

[3) Prohylesia zikani | SPHIO0009
ameloides annefiesae | SARBCA38-10
Gameliides sp | SARBFI343-18
amelioices pinzonica | SARBFT33-14
Gameloides sinjaevi| SARBFT31-14
S e e e m e e mm == == = = = = = = = = = ) Gomoiuides mechadel| SARBS157-17
Gamelioides katiyas | SARED034
loides chrisbrochiinae | s.men 76-14

Gameloides il | SARBEI62-12
Gamelioides e | SARBO676-11
Gamelioidos cajas | SARBE1317-13
Gamelfa remissoides | SACMAGN 09
Gamelia sp | SACMA49G-

Garmelia sp. | SACMASO

i

Gamelia sp. | SARBF3266-17
- = - Gamelasp. | JSCR281-

= = = = = = = = = = = [ Gameiiasp | SARBF2620-16
| T = = = = = = Garmolia musia | MHMXT466-08

= = = Gamelia paramartiniana | SARBD518=10
——————————————————— Gamelia prograssiana | SARBD1179-11
T Gamels tboyacansis| SARBF3100-17
ErE | SARBD 14511

————— - =~ Gamelia rudloff | SARBE629-10

2 2222 22 2 T T Gamelia ulorana | RROUDOT0

Gamelia chuquibambensis | SARBDAG3~10
| SARBE268-11

X

—

Gamelia abahiana
Gamelia sanmartiniana | SARBD517-10

Gamalia sp. | TOMPEO37-0
Gamelia sp. | LNOUB406-10
Gamelra sp. | ELMTK010-15
Gamelia abasia | SAREOS24-10
Gamalia romana | SARBDAT1-10
Gamelia poztzana | SARBD513-10
Gamelia napoloretensis | SAVSA2958-14
Gamelia nadezhdae | SARBDT75-11
Gamelia sp. | SARBF269-13

|

Gamelia sp. | STOB191-07
Gamelia sp. | SARBF3285-17

[ Gamelia berliaz] | SPHIG0E13
Gamelia sp. | SACMAT56-09

amelia camacana | SARBDESG~11

Gamelia sp. | SATWAG98-07

Gameiia sp. | SACMAB02-12
G

Gamelia cusciettei | SAFMA736-08
Gamelia bolviettei| STDAS51-07
Gamelia sp. | SARBF3323-17
Gamolia unietel | SARBD741-11

[ Gameiia vistai | SATWA704-07

Gamelia hollinensis | SARBFG81-14

o]

Gameiia coralesi | SARBES19- 12
Gemelia misgrensis 1548-13
Gamelia paryarumala | SARBF1661-15
e e - e e e e D DD o Lo o oo o o S Gamelia kachi| SPHID0S06
___________________ Gamelia antiwzlovi | SARBF3113-17
m e m e e === === == . Gameliaparadargel| SARBDGSI-1
________________ Gamola noidcuscoansis | SAFMAT39-08
I ZIZIZIZIZIZ2220 Gameinsp | SARGDIS-10
____________________ Garmelia neidhosfer | SOHD00S-09
=== === == === Gameliadargel| SAREC635-10
_______________ Garmolia chinchao | SARBF2952-17
_________________ Gemelia sp. | SARBF3418-15
b e e == === == == == Gamelia amadargei | SAFMB625-09
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0.03

Rogus Taxa
[ UCEs sequencing planned
[CUGES sequencing failed

[ UCEs sequenced

® Sample included in backbone

Automerina_D subtree

Smm-m-m- oo - - - - - - - - - - - BT anre) SPHo
~  Eubergia sinjaevorum | SARBBA10-09
— —  Eubergia radians | SAFMA713-08

Eubergia sp. | SDHB616-08
Eubergia caisa | SASNB936-10
s

' Eubergia caisa | SPHIO000E
= Euborgia p. | SDHA094~07
Eubergia santacruziana | SARBB409-09
Eubergia chuquisaciana | SARBCTS7~10
Eubergia paraguari | SAFMG359-11
Eubergia drechseil | SAFMC375-11

e e e e e mmemmme= === == == === = [ Hylesia Bertrandylasia) bertrandi NA | RROUOD48S
Hylesia Linylesia) linyoaxacana | SARBF1568-15

Hylesia (Linylesia) latigra | SARBF 101-13
Hylesia (Linylesia) hubbelli| SDHB243-07

Hylesia (Linylosia) guiyasoiana | SARBF1108~14
Hylesia (Extremyfesia) extromex | SAFMB320-08

=

0|

Hylesia (Extremyfosia) chiisbrechiinge | SARBF154§-15

Hytesia 5p. |
__________ 0] Hylosia daiina | RROUOO42.
Hylesia melanostigma | AMAZ050-09

Firesia sl mlsncauianex | Pro1000

Hrlsi tyesie) melanomorcnex | SAreris-1a
sl g | SDHC T80

e iesi) ooroeteonon| SAVSAI036-14
e (Hylesia) gyreuscer | SARBF261=13
Hylesia (Hylesic) gyramazonex | SAFMG052-10
Hilesia (Hylosia) moronensis moranensis | SARBFG33-14
Hiylesia (Hylesia) moroperuex | SAFMO099~ 10

Fylesia wass!a‘ e ———
{0 Hilsia (Hylesa) adndos sonaidos | RROUOO462

Hiylesia rufex | SOHC432-01
Fitesis Qi giganter | SARBF360-13
= = = = = = = = = = = = = = = —[] Hylsia gigantex orbana | SPHIO
—————————————————————— Hilesi ogrot| SARBFI77-13
————————————————————DHyfeﬂalmiwsla\ 7-1
Hvlant) andos | SARBE 122715

3
iese (tytesie) arnulats aordenie | SARB 10613
Hylesia [Hylesia) sp. | SARBE739~

Hylesia (Hylosia) sp. \snﬁsm] i

[0 Hylesia obalus | SPHI00923

Hylesia (Hylosia) omesiralex | SARBF695-14
Firlsia Hyisio)ap,| TOMPE122-0
frecerici | SAREF

Hylesia rufipes | SARBF1181-15
Fiylesia inde | SARBF 118315
Hylesia (Hylesia) sp. | LNOUAZ11-10

Hiylesia (Hylesia) praecjunensis | SARBF2076-15
Hytesa (Hylesi) procdnapoana | SAREF 170615
Hylesia (Hylesia) praedpichinchensis | SARBF191-13
Hitest (Hylosa) raeda practs | SAFB287-08
Hiylesia (Hylesia) sp. | AMAZB40-

Hyfese Hyresi) cotmarciorer| SAREHW 115
Hylesia subcottica | LNOUEO!

Hifesla yoeis btocuarex | SARBF215-13
Flesa (Hytesi) sp. | SASNC2121-12

|

) Hyfesa tiosia) sp,|
Hitest Hycaiy subrinionoe | SARBE2031-15
Hilesla nyVesaa) subbabian | SARBE 144-12
Fiylesia (Hylesia) 5p. | SASNCZ122-12

Hylesia (Hylosia) catsucumbex | SARBF1563-15

01 Hilosia (Hylosia) taparcba | AMAZA16-12
Flosia (i) 7 | SARBFZ920-17
Hylesia (Hylesia) acuta | SOHE:
iiosa (Hesatrcus) mbiapyrha | SAFMBS18-08

Hylesia (Micrattacus) nanus | SDHC141-08
H,Ws.wa W ratocue) wibrothint| SARB 117615
Hylesla (Meratacus) scothna| SPHi0az4s
e e e mme e e e mmemm = -DHyfemafGﬂmyfesAaJ jandrol | SARBF2306-16
Hiosia (Hylosa) cuscrmandox | SAREF 326015
Hylesia (Hylesia) amaloretex | SAVSA2828-14
Hirfesa (tyteee) caraboyor | SASAZ9095-14
s (Hylesi) pallvex pllecuscorer| SARBF1691-15
st bpnpe | SARBERS
Hﬂcﬂa (Hylesia) fmﬁmrmzonex | SAFMB355-08
Iylesia 5p. | SARBF699-14
Hyfsma sublasciata | I Sarnrsss
o (hviesio) mymparox | SﬂRSFFSH 15

b

=

W

rilesia o | ASARDG31 1~
Fifesia rosace | SARBF
Mot rosaces haumon| SARBF2740-16
Fitesi (iesie)sp. | INCTE023-10
Hylesia (Hylesia) rasrondoniex | SARBF429-13
Hylesia (Hylesi )Namuamx\sARBszﬁ 15
- - Hylosia motabus | LNOUEOT
ST Htyies) mma:emm«ﬁ-sms?g 15
== === == == == === Hybsioliwnca | SARBF
———————————————————— Hifasa Fyoes) aloroto | SAVSASDO1-14

— m e e e e e == = = = = = = = Hylesia (Hylesia) fabiani fabiani | SARBF2029-15
———————————————————— 00 Hilesia (Hylesia) cantinua ssp. | RROUO0SS
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0 Hylesia (Hylosia) continua ssp. | RROUGO499
Hylesia (Hyiesic) colinetiex | SARBF113-13

il Fyelo yacotonen] SAPHB 125-05

Hitesla (Hplosi) aonex | SARBE1862-13

5i3)
sia) 5p. | SDHBO24-07

Hyfesa Hyesi)ap | SACMAG30- 12
Hylsla (i) llocamecanes | SARBF 14713
[0 Hylesia (Hylesia) sp. | At
Fiylesia (Hylesia) rwmryboﬂwﬂSAFMCJEE 1
s s ombarie
Hylesia (Hylesia) remcaraboby \smsnzs 13
Hiosla Hylosia) amandex | SARBF1349-15
rist (s vahex| SARET 115
Hylesia 1 MAZA17-12
Hiost ety . AMAZ 10505
[0 Hylesia fHylesia) patiseptentride | RROUOGSSS
Fiylesia (Hylesia) 5p. | SARBF410-13
- @ Hitesis tese) RROUDD3E2
Hye

Hﬂcs»a otinman mcvmms | SARBF125-13
Hylesia sp. | SACMA
Hylesia sp. | Shchas?i 11

Hylesia (Hylosia) maubahiex | SARBF1839-15
Hytesia Hylesia) rasspichinchensis | SARBF251-13
Hylesia roseata | SARBF1203-15

Hylesia (Hylosia) rosehuanucensls | SARBF246-13

Hylesia (Hyiosic) bolvarex | SAFMB339-08
Hylesia (Hylesia) safiprex | SDHB343-G7
Hylesia Hylosia) sp. | SARBE1267-15
Hylesia (Hylosia) ancrex | SARBF397-13
Hylesia (Hylesia) sp | SDHC095-08

Hylesia (Hylesia) metrex | SARBF1308-15
Hylesla (rylsi) atamex | SARSF2177-15
Hylesia coex | SARBF165~1.

Hitesla (Fylchiy yansmoles | SARBF1706-15
Fivlesla Hylgie) ¢p,| SARBF2729-16
Fiylesia sp- | SASNC2087

Hiesi rgridasata | SA Rrag50-16
Hiylesia (H p. | SACMABS7-11

garrochex
Hylesia (Hylesia) altamirex | SARBF237-13
et i) loplon | SaRsFz1a-12
Hylesia zomex | SAFME
Hylesia (Hylesia) sp. | SDHB349-07
Hylesia (Hylesia) paroyex | SARBF1347-15
Hiylesia (Fiyiesia) 5p. | SACMAD0#-03

Hylesia (Hylesia) santacruzex ;m!ﬁcmzsx\ SARBF1700-15
Hylosia (Hylosia) santacruzex amborox | SAREF 1410-15
Hylesia sp. | SARBF1361-15
Hylsia (Hytoio)avochanchox | SARBE1547-15

Hylesia (Hylesia) sucurmber | SARBF1303-15
Hylesia (Hylesia) napoex | SAVSAZ805=14
Hylesi ia) uacamayex | 1401-15

mures
Hylesia (Hyesio) .| SARBF209-13
el (nyiasi) angmeter| SaRaF2202-16
s s .| SARBF1304-15

i (Hyiosa) anguscex | SARBF1790-15
Hsio Fyisio) 1| SARBLZ35-15
Hylesia (Hylesia) faunalex | SARBF 1772-15

4

iylosia bouverall| SAFME101-08
Fiylesia vindex | SACMA0G2-09
Hylesa (i) sp | SACWAD 400
Hylesia) chanchamayex | SARBF1863-15
Hyfes»a (Hylesia) andperuex | SARBF357-13

Hyesl Hyeat) anccacos andlrtoquiox| SARBE 146615
E\ Fiylesia (Hylesia) andcaucex andcaucex | SARBFI220-17
ksl (o) sckstayex | SARBF7369-15
Hylesia andensis | SARBF 367~
Hiesl oeiy indeafamarcon| SARBE36d 12
Hiylesia (Hylesia) sp. | SARBF1187-1,
Hylesia (Hylesia) sp. | INCTAS66~10
Hireso tvosia) pangusnax | SARBF1770-15
Hylosia (Hylosia) sp. | SI
ot Fosia) e | SARBFI54-13
Hylesia (Hylosia) piurex | SARBF382-13
Hylesia (Hylasia) sp. | SARBF2636-16
Fiylesia (Hylesie) sp. | MIAPD81-10
Fisia Hlosa) mehinchex | SAREF 1350-15
Hylesia (Hylesia) antoquier | SARBF2511=16
Hylesia (Hylesia) alticoloicls | SARBF1232-15
Fiylesia sp. | SACMAZ49-09
[0 Hylesia athlia sthseplentridex | TOMPE115-09
Hiylesia alticola | SDHB353-07
Hylesa Hyiosi) Figoasacanex | SARBF119-13
Hylesia Sp. | SDHBE
st st hgrda thda | SARBF1239-15
jaderex | SARBF1362- 15
s ny‘esia) w o | SARBE 135415
Hylesia (Hylesia) puyex | SARBF1776=15
Hylesia ny#sara) aﬁwas!azux | SARBF1985-15
Hylesia (Hylosia) ascueayalex | SARBF1273~15
et (i) saionee | SARBE314- 13
Hylesia (Hylesia) ascolombex | SARBF1264-15
Hylesia (Hylesia) ammmrl SARBF1314-15
Hylosia sp. | INCTA96S-1
Hiylesia (Hylesia) ﬂs‘cgmaﬂcx\ Sarp360-00
Hilesia (Hylesia) sp. | SARBEF238—
Hylesia (Hylesia) ba guana\SAFMEJm -08
Hrlesia nyVesJa) .| S
Fiylesia (Hylesia) gmm oo | N T8022-10
Hylesia (Hylesia) guianex guianes | SAVSA2956-14
Hiest Hicaty roonen| SARBFTE30-15

sl (Hyisia) pargmancorey| SARBFI775-15
Fiylesia (Hylesia) coroicex | SARBF366-13

Hijosla (Hylosa) sanviartnox | SARBF64-12
Hylesia (Hylesis) lapazex | SARBF1701=15

Hylesis (Hylosie) cajemartinex | SARBF383-13
Hylasia (Hylasia) sp. | SARBF2086-15
Hylesia (Hylesie) compsantardex | SARBFZ085-15



Automerina_E subtree

0.03

Rogue Taxa
[JUCES sequencing planned
[EIUCES sequencing faed
[CucEs sequenced

® Sample included in backbone.

e e e mmmmmmmm========== == = =3 Hyporhiiides bulaca | SPHI0001Z
| S/ -

~ —[&) Automerina (Automerina) caudatul | RROUOOT11
- - tatiana |

— 0 Automerina {Automorinz) cypria | RROUDT136
-- Garina | SAFMATE6-08

e = = Automerina (Aulomerina) valoides | SAFMATE9-08
= = Automerina (Automerina) bolivaria | SAFMCO46-10
Automerina (Automerula) beneluz | LNOUEG48-11

tes |

ingasiotes |
Automorina sp. | TOMPE3
Autorerina (Auto

PE315-10
merula) auletes | LNGUE138-11
= B520-

|

Hyperchina extremapex | SDHC246-08
Hyperchiria interacuta | SARBF3084-17
Hyperchinia acula | SDHD1 76-09

perchiia mesonesi | STDB7E7-16
[@ Hyperchiria aniris | RROUD0T25
Hyperchiria schinill| SASNB9B4~10
Hyperchiria incisa | STOBE8E-14

ichira orodina | SATWAT 12-07
Hyperchina chiguitisa | SARBEA02-09
Hyperchira misionincisoides | SATWAZ13-07
Hyperchina bahisa | SARBE437-12
|

Hyperchiria sp. | SATWE136-08
Hyporchiria sp. | SARBEOS7~11
Hyperchiria balisaltisa | SDHB606-08
Hyperchiia sp. | SASNBSB0-10
Hyperchiria sp, | SASNBS73-10
Hyporchinia poggyae | SARBE 1612-13
Hyperchiria mexocaidantalis | SARBF942-14
Hyperchina azteca | SARBC698~10
Hyperchinia ocolensis | SARBF909- 14
Hyporchiia guatomatensis | SARBCE15-10
O Hyperchiria chiapeten | RROUGOS33
Hyperchina finolegaens

= = = = = = = = = = -] Hyperchiria volcana | RROUO0324
SISIoIIIITI oI Dmechrenasbeenss) Svsasrio

= = = = = = = = = Hyperchiia carahobensis| SAVSAT4-10

________ Hyperchina merideensis | SAFMCO44~10

= = = = = = = - Hyperchiria sanjuensis | SARBET099-12
! x
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0.03

Rogue Tara
] UGEs sequencing plenned
[T usEs sequencing failed
[JUCEs sequenced

@ Sample included in backbone

Bathyphlebiini subtree

—---a

_7ﬁ

-0

______________ O

s 1

=

—-------im

-----o

14

[=]

o

g

e

Nearcarmegla basirei | SPHIO0503
Neorcammegia basirei | SPHIG0008
Sehausialia subochreata | RROUOG02
Schausiella sp. | CGCMI34-0
Schausiella janaira | STDA387-07
Schausiella denhezorum | STDB366-07
Schausielia toulgocti | STOA290-07
Schausiella santarosensis | SARBE1610-13
Schausiolia ronaldzunigl | SARBD185~10
Schausielia polybia | SPHI0S14
Schausiella longispina | STDA286~07
Schausiella sp. | SPHIO0400
Schausiella satipensis | SAFMA969-08
Schausiella yungasensis | SARBD160~10
Schausiella janosi | SARBF2234-15
Schausiella longispinoides | SARBEOGd-11
Schausiolia arpl | SARBEA433-12

chausielia carabaya | STDA174-07
Schausiella sinfacvi | SARBE1456-13
Schausielia cuscensis | SAFMAS71-08

Bathyphictia sp. | SASNB142-00
Bathyphisbia rufescens | SPHIG00SS

Bathyphiabia johnsoni Ravior | SPHI00654

Eacles parsadora | SARBE1265-09

Eacles paraadloxa | SPHIO0764

Escles adoxa | SPHIOO763

Eacles adoxa | SPHIOO874

Eacles barmesi | RROU0O10Z

\RBD277-10

Eacles ormandel perwviana | SPHIOOS28

Eacles ormonde violacea | SPHI00873

15 | SPHIOTE7
SPHI00G7 1

iepelli | RROUO08E4
SPHIOT5T

525-09

SPHI00629

PA230-11

Eacles penelope | SPHI00449
Eacles johnsoniella | SPHIG0663
Eaclos sp. | TDMPE156-10
Eacles guianensis | SPHID0IST

Eacles bertrand! | STOBI?1-07
Eacles mayi | SPHIOT005
Edoles acuta | SPHIDISTS
Eacles callopleris | SPHI0656
Eacles sp | SAFMB0I3-08
Eacles ainae | SPHICORTS

E.

P

e o1

220

os mason G | SPHIOO740
Eacles silkae | SPHIOOT33
soni ssp. | RROUO4TT

Eaclas masoni masoni | SPHIOOSTS
Eaclas masoni ssp. | SPHIG0B67
Eacles kaschi | SAFMBA36-08
Eacles fyrannus | RROUGO342
Eacles imperialis ma SPHI
Eacles imperialis tucumana | SPH)
Eacles imperialis opaca |
Eacles imperialis cacicus | SPHIO0E6
Eacles mperialis caeicus | SPHI00542
Eacles imperialis cacicus | RROU00204
Eacles barragani | S

cles impertalis piurensis | SPHIOD532
Eacles rmperialis hailwachsac | SPHIOOS3T
Eacles imperialis decoris | RROUO0457

00535
100534
3

Eacles imperials ssp.
Eacles irmperlalls DHI02| SPHIODS39
Eacles imperialis DHJO1 | SPHIO0538



Bunaeini_A subtree

Rogue Taxa
[JUCES sequencing planned
[ UCEs sequencing failed

[ ucEs sequenced

® Sample included in backbone

DI IIIIIIIIIIIZ Bl Semome
____________ 5] Wetanocera mertops | RROU0OS45
- == === == = = = ~Dstorocers ot S0
______________ 0 Melanocera sp. | S
e —DMs!anacefaparva\SPH!DﬂE}ﬁ
—_— [ - - - Lobobunaeasasqun| SAPBAZ0-07
==~ [0 Lobbunsea melamoneurs | SPricosc0
____________ Lobobunaga sp. | STBOCT60-
= = DlLobotunees praoctea sy \ SpHioosTs
— = — = Lobobunaca sp |
= = -] Lobobunsea o oocuns s | SPH00560
Py

=== === == = = = = = -0 elonera meniope| SPrIOCTS:
Melanocera nereis | SPHIO0T79

e e S o7
______ Lababunaga sp. | SAVSE1164-16
L = = = = = = . Lobobunaea sp. | LTOL291-07
Bai—— — — = — — Labobunaea sp. | SAVSAZ657-14

e AL L L B
—— . BRI
e T e
ST el S0
- === Lol nbanaeadaﬂaalm\STEDDYSG 09
T g dls

————— Labobunaea furlini | TB0ca07-08
_____ Lobobunaea sp. | STBOE366-12

T T OLabobunaca rosea ssp. | SPHI0osEs
= = Lobobunaea acuta | STBOE175-10
_____ Lobobunzasa mefchari| STEOD291-09

————— Labobunaea cadiour| STBOCA86-08
Labotunsea sargha | SAPAB0S7-07
"0 Lobwiunsen goodi ssp. | SPHINOSES
Lobabunaan Sovalornys | TOVOT 126211
Lobabunasa erythrotes | STRODIT6-09
= = -+ Lobobunasa vingerhooot| STBOB194-08
— — — _ Lobobunaea sp | GO

m === == === = = = = = = = <[] Gonibrasia (Nudaurelia) macrothyris | SSDB740-68
___________________ Gonimbrasia (Nudaurelia) ebils numhwzr | STB0AsS4-07
i imbrasia (Nodaurclia) sp. | SATWA2S:
__________________ (] Gonimbrasia (Nudavrelia) ebis | eReCH o0
m e e e e e = == = = = = =[] Psewdimbrasia deyrolel | MOZAOOT51

sas

e e e e e === = = = = = = - Athiste: 3 et coocrienss | SPHICOTT?
___________________ Aotes iicans | MGABCE0-10

S S S I Il I I I I DD D 2 0 D miainietes gigas | 959

—————————————————— O Gymanisa maja | RROL

- oo -0 mania hecqu st serioosTs
_________________ B Gynanisa sp | R
e s oot | SAPBB14-07
_________________ Gynanisa larseni | SSDB766-09
m e e e e e e e e e m == = = = Gynanisaminelti| SSDB314-07

__________________ D Gymarisa weslwoodi| SPHI0GES
LSER3 14~

_____________________ Gynarisa | S
e s | RROUAE

[0 Gymanisa ata | RROUB0983
e e e e e e e e e == == === Bunocopsis sp.| SAPBATT?-07
__________________ Sunscopsis cemert] | SAMPAZI9-00
m e e == e e == == === Bunasopsis jacksoni | STBOCAZE-08
__________________ [0 Bunacopsis arabella | SPHIOD3SS
e e memmemeemme==========- Bunocopsisoube | SSDBOGS-I7

e e e e - === === Bunacopsis amabelse | STBOEZ61-10
___________________ Bunacopsis sp. | SASNG2802-13
L L L L L L L L L L L L - O Bunacopsis licharbas | SPHI005E2
________________ Bunagapsis sp.| STBOE256-10
m = === === === === === Bunscopsisrendali| STBOE258-10
____________________ Gunasopsis sp. | SAPBATE4-07
TN

- E284-10
___________________ Bun C3345-15
7. PBA765-0.

e

APBATS0-07

e e e e mm == m == == Bunacopsisp | 326315
__________________ Bnatepsts oo | STEOE76-10
= — = = = = = = = = = — = = — = —[ Bunacopsis francoftel | SPHIOOTET
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T

Bunacopsis sp.| SAVSAZ530-14
Bunacopsis hersiia | SASNB61-09

‘Bunacopsis sp. | STE0AS04-07
Bunasopsis 5p.| 1
Bunaccpsis sp. | STBOC286-08

‘Bunagopsis chromata SSDBVQQ 07
Bunsecpsis hidas | SaAAZoo-11

(Gommwmrs ) srma| SPHIDO84B
Gonimresi (Gonimivasta) b | SAPBAG24-07
Gonimivasia) anna allar | MNSATO30~10

2-07

sia comelres orrials| SATWAYG0-07
rasia opmainaa | RROUO:
B Binoes acia | AROUGEST

icinoe | RROUOGG16

Bunaca sp. | STBOBS52-08
Bunaca sp. | SATWA890-07
€1 Gonimbrasia (Gorimbrasia) hecals | SATWAB1G-07

Genimbrasia (Gonimibrasia) sp. | SASNC2781-13
Gonmbrosia) sp. | SPHPATZ3-07

=== === — === = = = = = — — [0 Gonimbrasia (Mudaurelia) mefanops | SPHICOB 15

st

imbrasia (Nedaurelia) sp. | STBOAGZ1-07

o

asarnod

Gonmbrasia (Nedaurelia) sp. | SUBHE004~14.
Gonimbrasia (Mudaurelia) sp. | sraom o5 00
Gonimbrasia (Nudaurelia) alopia

L L L L L L L L L L L L L L L L LB ireci (Conimivacis sorbasiva| ROUO1 153

angolensis |
Gorimbasia) falcatula | RROU00213
S I I DI IIzzzzzzz z [ gumeres Gonmbrasi) seinaoccidertane | RROUGOIE
- == -=--=---= -~~~ OGonmess Gonintrasi) einassn | RROUOOE
Gonimbrasia {Go.mmmss!a] cocau | SAPBARS
trasi) sbayans | S srscusuow
——————————————————— sonimbrasia (Gonimbra:

e e e e - - oo - o= = = - Gonimbrasia (Comimbrast) Vtsrchsn|SPHlﬂﬂﬂSD
200

Ganimbrasia (Gonimbrasia) s | SATA
Gonmbrasia (Nudaureha)taucinger| sram 704-07
STBOC!

6-08
o) Frhyans | STEOD145-05

mmm p | SPHIOOTTS

Gon sia)
—l? - Gonimbrasia wmsmerm) bruckt| SAPEARIS 07
BTl = = = = = = = = = = = = = = = [ Gonimbrasia (Neaurelia) macrops | RROLODG:
—— [ Gonimbrasia (Mudaurelia) sp. | SPHI00853
imvesi (Nudaursh) boleynoshe| SPHIOS3S

— = === = = = = = = = = = [ Gonimbrasia (Gommbasia) so | SPHIO0E5E

o

Gonimbrasia Wudsweﬂa] ﬂwsrans \ SAPBAT44~ 07
Gonimbrasia (edaurcle) marioe | STBOABS-0
Conmbraci (Nodounate) o S04 108007
jimbrasia (Modaurelia) sp. | MNSATO39-10
Gonimbrasia (Nodaurelia) myries | SSDA 1105-07
Gonimbrasia (Ndaurehe) perscitus | STBOD148-09
Gommbmsie (Nudaurelia) kilumilorum | SSDA1057-07

ia (Nodaurelia) bundukuensis | SSDB408-08
'3 Gonmbrasia (Nuairolia) vonus | SPLIDUSE3
imbrasia (Nodaurelia) sp. | SASNC2G48~14
————————————— 01 Gonimbrasia (Gonimbrasia) rectiineata | RROUD1 110
= = = = = = = = = = = = = =[] Gonimbrasia (Nudaurelia) ungemacht | SPHIO0356
Sonimbrasia (Nudaursle) anthnoides | STEOB0S4-08
B L imbrasia (Nodaurella) anthina | STEOCO50-
1 Gonimbrasia (Neaurate) santromma amvrwn Seviosezt
Gonimbrasia (Mooaurelia) wahlberging | SAPBAS4T-
Gonimbrasia (Nadaursta) anthomina | STBOADTE- o
Gonimbrasia (Nudaurelia) sp. | PRANK3.
Gonimbrasia (Nudaurclia) durge! | oorra
vy clophthaina | SPHI00583

rasia (odaurelia) sp. |
Gonimbrasia (Nudaurstia) sp. | STBOC24-06
Gonimbrasia (odaurela) sp. | SPRDATG7~08
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Rogue Taxa

[JUCEs sequencing planned
[CJuces soquencing faled
[JucEs sequenced

® Sampie included in backbone

_B subtree

Rohanigha sp. | SSDA245-06
Rohanicfla sp. | SASNG2362-12
Rohaniola sp. | STBOA483-07

Al
Cinabra nebuiarum | SSDBBO4-09.
Cinabra sp | TBMOTH195 11
rubicuncosus | SPPDAB3E-08
=1 Ciabra versiedlors | SPH100788
- Ginabra sp. | SAVSAZ557-14

unaea sp. 71-08
Pseudobunasa miriakambana | SSDB548-08
Pseudobunaea mbiziana | SSDB36-08
Paudoburees 80| STBOGEN 00

Pouiolunses ymhena gautie| STEOBTG7-08

- C713-10
[0 Pseudobunaea tyrhena ssp. | SPHIGOS7S

1605
[ Pseudobunaes vingerhioed | SPHIO085T
Pseudobunsea sp. | STEOC068-08
Paeucibunaos paratiyrhana | STBOC80-08
BOE2:

________________ Poudoburiaea 5p. | STBOC281-08
e e e e eSS -DPsnudobunaozam)dzssa | SPHI00S62
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Rogue Taxa

[JUGEs sequencing planned
[EUCEs sequencing falled
[CJUCEs sequenced

® Sampie includsd In backbane

Bunaeini_C subtree

— = = = = = = = = — — — . Heniochadistincta] SSDB151-07
'—r—________----—nsmc»asp\swm

10356
Heniocha apollonia | SPHIOO:

155
eucopleryx dargei | SPHIDOGT
eucopleryx sp. | SPHID0ISE
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Catacantha subtree

0.03

Roqus Taxa
[JUGESs sequencing planned

[EUCEs sequencing failed
[JUGEs sequenced
® sample included in backbone

8 Ancistrota plagia | SPHI0D225
— = = = = = = = = == 2= o = =[5l Catacaniha sp.| SASNC2233-12
= = (8] Catacantha bariginea | SPHI00072
_________________ Catacantha ferruginee | SPHICO14
______________ Catacantha sp. | SASNC3521-16

Catacantha sp. | SACMAO73-09

55-12
Catacaniba sp. | SASNC2190-12
Gatacantha sp. | SAMPAZ21-11
________________________ (@ Catacantha sp | SAGMAE34-11
I cantha letitasciata | STDB197-07
___________________________ Catacantha sp. | STDBE9E-14
=== == === == = = = = =[5 Catscantha obliqua | SAMPAZ4T-11
____________________ Catacantha ecorientalls | AMAZ187-09
= = = = = == == = = = = = = [ Catacantha sp. | SASNAS68-03
________________ Catacantha 3p. | SARBFO74-14
Catacantha stramentalis | SARBD1309-11
________________________ (3 Catacantha siriae | SARBD781-11

Catacantha sp. | SASNC06-11
__________________________ Gatacantha sp. | SASNCEO5-11
e memmmmmeememeemem= === == [ Catacanihs jjuyensis | CMHEP205-15
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Ceratocam)

i subtree

Rogue Taxa

[JUcEs sequencing pianned
[ UCEs sequencing failed
[JUCEs sequencea

® Sample included in backbane

R ——t

Procitheronia sp. | STDA 160-07
T — — — — @ Prociheronia principalis | SPHICN019
=] [—— = == = = = = = Procitheronia sp. | STDAZ93-07
Procitheronia vanschaycki | SAVSA1935-11
)., m—

= = = = = — ~[J Procitheronia fenestrata | SPHI00510
———————————————— Citheranicides sp. | STDAT53-07
= = = = = = = = = = =[] Citheronioides collaris | RROUDO338
_______________ Githeranicides sp. | SOHB239-07
Citheronioldes sp. | STDB141-07
Giteroricides lamatalmesicena) SARBFO40-14

W

w65

=== === == == Cherorildesaman] SFBOTS

otyae | STOATG6-07
EE = L 2 m Ciheronua amata | SAHIB0010

Citreronia sp | STOA272-07

Citheronia phorones | SPHI0S20
Citharonia sp. | STDAJQE—U?
= = = = Ciheronia

3| SARBEG48-12
— O Citheronia volcan \ Sroosa

— ] Citheronia regals | JRASO5847
________ 5] ithoronia spiandens sinaloandis | SPHI0967
Citheronia azteca albescens | SARBFZ775-16
—  Citheronia azleca | SARBF1961-
agana | SARBEBS2-12
—————— Githeronia sp. | STDA262-1 m
= = = = \[§ Citheronia aroa | SPHICOT2
——————— Citheronia andina ISAFMAQBAW
Citheronia sp. | SATWA374-07

Citheronia sp. | SARBF3135-17
Cithoronia bollavista cineroa | SATWASZT-07

itheronia pseudomexicana | SA\/SAL‘NH 11

JEp— -DCJN)emma brissotii | SATWA326-07
______ Citheronia maureflel | SATWA1S7-07

i
Giteronis fncena | SAFB00308
Citheronia laocoon | R

Cinarona agiag| STOAZE2-97
Citheronia sp. | STDA281-0

Githaronia laacandansis | STDA204-07
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Cercophan

0.03

Rogue Taxa
[JUCEs sequencing planned
[EIUcEs sequencing failed
[JucEs sequenced

® Sample included in backbone

= = = = = = [ Corcophana 5. | SPHIOO80T
Cercophana venusta | SPHID0080
Janiodes 5p. | SARBE1271-13

= = = = = = = = [ Janiodes manzanoi | SPHIO0825

\nioados sp. | SARBEST6-12

= = = = = = = = = = = Janiodes laverna igropuncta | SPHIOB4I
Janiodes sp. | SARBES39~12
Janiodes sp | SARBF488-14
Janiodes sp. | SARBF2164-15
niodes sp. | SARBER33-12
Janiodes lucida | SARBD6T4-11
Janiodes sp. | SARBB44-

Janiades lavernohuanucensis | SARBE1299-09
Janiodes sp. | SARBEST6-12
[0 Janiodes laverna ssp. | SPHIO0S24
SARBF2131-15

Janiades sp. | SARBF487-14
Janiodes sp. | SARBES42-12

H
H
2
g

Uaniodss sp.| SARBF2065-1
Janiodes bethulia | SARBB176-09
Janiodes sp. | SARBFE&5-14
Janiodes cuscoansis | SARBB175-09
Uaniodss junensis | SARBD364~11
Uaiodes sp. | SARBF2947-17
Janiodes sp. | SARBF2940-17
Uaiods sp. | SARBE175-09
0] Janiodes sp | SPHIOO65T

Janiodes oxapampensis | SPHIN0B20

C078-10
fes peruviana | SARBB163-09
[ Janiodes ecuadorensis | SPHIO0874
Janiodes sp. | SARBES35~12
Janiodes ecuadorsnsi | SPHI0SOZ
= 2 2 2 2 2 Z 0 Janiodss sp | RROUDOTAT

< o DD D 2 2 20 Uaniodes napoensis | SeHioosz
Janiodes sp. | SARBF760-14
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Dryocampini_A subtree

Rogue Taxa

[JuGEs sequencing planned
[EJuCEs sequencing faled
[JUCES sequenced

@ sample included in backbone

@ Giscametis bineta | SPHIGO00A

mellia vanscheycki | SARBD1271-11
Glacamali . | STDAZ03-

Ameidella spproxin
[0 Ameidella aimeics
St s mmmm O Rachess ke shrO

____________________________ ] Rachesa

Reiheos chratracimas \ SaRED1
0 Rachesa rovertodor | SPHI
Rache:

is | SARBDS34~11

azm|

B0 125-10
achess brteuill | SARBD1432-11

achesa arianas | SARBE694~12
gy e svoilanao | SPHI0OGH4

Adsloneivaia fallzx | SPHIO0BT
Adoloshaio s | STOAG007
[0 Adeloneivais caitarina
Riconcivals aniona | SAFMAGSE-0
0 Adefonei rinians | SARBF2974-17
O] Adeloneivaia isara | MIAPD194-1
Adslonehaa wellngl| STOA 186-07
Adeloneivaia 5p. | SOHE247-0
Aol worats | SARBE00-13
Adelonevaia sp. | SARBD1355-11
Adeloneivaia sabiosa | SPHIO0063
aia anikozlovi| STDAZ45-07
(0 Adeonanala 5p. | SAVSA1640-11
Adeloneivaia sp. | SDHA937-07
Adeloneivaia mueleri | SAVSA 188011
Adeloncivaia misionese | SAVSA 1708-11
(0] Adelonervaia subanguiata | LNOUATO1-30

=

5486-00
Adeloneivaia schubar | SARBE?T5-12
— — _ Adelonehvaia sp. | INCTA323-10
ETm = = = = = = = = = [} Adeloneiaiacoloana cotoxantha | SPHIOD436
________ A

deloneivaia acua | R
Rianenaia .| SAVSATAA-11
Adeloneivaia sp. | SAVSA1863-11
Adeloneivaia sp. | TOMPE100-09
Adsloneivaia leopoldiana | SAFMA926-08

2
Adeloneivaia orfentos | SARBD1316-11
________________ 0 Adeloneivaia kawiana | SPHIC0201
= = == = = = = = = = = = Adslonenais nigripuncta | SARBE1203-13
———————— Adeloneivaia sp. | SARBD1Z16-11
= == = = = = = = = = = = = ~[] delonaivai ason | RROLDO34

Adeloneivaia jason Jason | SARBD151-10
= = Adeloneivaia cayerinsis | SARBDTdd—10
=+ Adelonaivala sp. | INGTEOO3-1
neivaia orientoboiiviana | SARBD170-10
Adefoneivaia jaustralica | SARBD142-10

|
10 Ceropods thais | SPHIO00ZS
m e e e e e m e e m e == = = = = = = [§] Scolesat0foma| 5
o[ B Coriosa narmhoda] ShSNC729-11
— == === = === === Scolesavinacea| SOHCS:
Scolesa sp. | SDHAT10-07
___________________ Soclesa fypoxantia| SARBF1952-15
____________________ Scolesasp | S
oS-I I IIIIIIIIIIIIIIII @S s
Scolesa nabulo
B

isa | STOA399-07
Scolesa sp. | CGCM341-08

35-00

Jaiba kesselringi |

fowalkeria sp. | S
'____——-—-————-—————-DAdt)owalkmﬂsa\

Fricass
Adelowalfera Wil | SAREDOZ-11
=== === === = = = = = = ) Adelowolori lotcada | SPH

\smsmm 1

0 hdlowalkiratorod| SoHIO0205
Adelowalkera caeca | SARBETO3 11

(0] Adelowalkeris winbrechiini | RROUGT 146

Adeowert bamvrinon | SARBFT730-15

A

nicolombiana | SAFMAB75-08
0 Adeiowalkeria eugenia | SPHID100
‘el

e | SARBC273-10
Adslowaliaria favostnats| SDHO033 08
‘Adelowalkera flavparvissima| SARBCO41-10
Aclowalkera avapahana | SARBC34-10
S - - I I I I I I I I I I I I I I I Z Qoielscomemens) SPHibosod
—{_—]:_ ____________________________ Oltcalia bravs | SARBESE0-12
=T e e e e T T T T T S S S g oticeta utecias | sPriooz
______________________ Ciloiea sp. | SARBFO15-14
e e e e mm = = m m = = = = = =[O Cilokea grisocolombians | SPHIO0642
_________________ Giloica kaccii | SARBDT402-11
e e eSS0 DD D @ Criowa nomosa | seri
__________________________ ica clombians| SARF 171415
e e DI I I I I I I I I I I I D D 2 D D 2 2 2 2 2y Cioica anthonils | srioan

GiloGa 5p | NCTAS20-10.

_______________________ Ciliiea . | SATVE 160

TS TIIITITIITIIITIIIITILICIL eETaeiiiNoteren
____________ Psigida alferi| STDA392-07

 I—

Pliioscola sp. | SAFMB#89-09
et rac | SARBD1298~11

Ptifascola wellingi | SAFMBI07-08
Ptioscola st TDA191-07

Al

5p. | SASNCT25-11

Ptiloscola maranhensis | SARBET19-12
Priioscola santamartensis | SARBF2921-17
Pliioscola llacina | STDA454-07

Ptlloscola sp. | STDA254-07
Piifascola sp. \ STDMZ82-07
Priiescola sp. |

- Pio: BCIPY124-10
0 Ptioscola descimoni | RROUC0IIE
== = = = = = = = = = = = = [§ Ptioscola phalophila | SPHIGOTST
Plioscola sp. | SACMAB34-12
tioscola cuscoensis | SAFMB110-06
Pllascola 5p. | STOAZS6-0
=== == == = = = = = = = =[] Pliloscols cinerea | SPHIG0497
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Rogue Taxa
[UCEs sequencing planned
[EUCEs sequencing failed
[JUCES sequenced

® Sample included in backbone

Dryocampini_B subtree

P 0
Psilopygoieios otandonsis | SARBD1203-11

= = = = = = = = = = =[] Dacunju jucunda | SPHIOOOT5
Cicia crocata | SDHAT98-07

-07

—_— LT
mmmm === === == Cioapamala| STDA43-
Cieia citrina | STDA350-07

e m e e e == == == = = = = = = .[] Cioia nettia | STDA450-07
____________________ Cieia sp | SDHE205-07
mmmemememememm=========== = []Ciibpdlal SPHION6
e m — m - = = = = — [0 Syssphink molina | RROUOD10T

Syssphix fabiolae | SASNC 189512
_______________________ ‘Syssphin tamaulipasiana | SAFMBA470-00
e m e e e e e e e e e e s e s === = = = = =[] Syssphinx bicolor | LPOKE147-1
_____________________ 0 Dryocampa rubicunda | JRASO5849
e mmemmemmemeemmem======a~ Asosconsulrs| ABLCWEG-10
Anisola senatoria | LTOLA31-07

= e e e e e e e e e e == == = = = = [ Anisota stigma | SPHIOO736

—m m - mm mm — = = = = = — — .0 Anisota feucostygma | SPHIOOT00

e e e e e e e e e e e a e == o = = = inisota virginisnsis | LOFLAG76-06

_____________________ [0 Anisota peigleri | RROUOD181

m e = e e = e = e == == == = = =[] Anisota puncfata | SPHIOO735

— — —— — = = = = = = = = = = = = = — — (] Anisota oslari| SPHIO0E50.
Anisots disjaliscana | SDHC376-06

Anisota dismexicana | SARBE430-12
‘Syssphink paraxanthina | SDHA386-07
Syssphin sp. | SDHAT22-07

inx sp. | SOHAT30-07
Syssphinx delmaiziana | SPHIO0893
yssphink smithi | SAREF3335-18
Syssphinx riekerti | SAFMAS02-08
] Syssphinx amena | SAFMC308-11
Syssphinx paroceliata | SARBD168-10
0 Syssphink fapazcolara| SARBD122-10
Syssphinx sp. | SARBF3165-17

‘Syssphink centriboyacensis | SARBFE22-14
Syssphinx centrizamorana | SARBD1435-11

S -
Syssphine sp. | SAFAAIIE-08

Syssphinx bidmagdaleniana | SAREE2811-16
Syssphinx bezverkhowi| SARBD?164-11

Syssphine cofloida | SASNC3448-16
Syssphink colla | SDHB692-08
‘Syssphinx colla grisea | SARBF2706-16
‘Syssphink paracola | SAFMC308-11
Syssphinx sp. | STDB525-06
Syssphinx chocosrisis | STOA20-07
‘Syssphin digueti | STDA188-07
‘Syssphinx huibbardl | SDHCE93-09
(0] Syssphinx montana | SPHIO0530
Syssphin jenryphilliosa | SOHE?70-08
‘Syssphine mexisinaloana | SAVSA1813-11
O Syssphinx mexicand | SARBE36-12
Syssphinx samiamartaensis | SARBF2817-17
Syssphing quadrilneata ssp. | SPHIO0S08
Syssphinx sp. | SARBF1676-15
Syssphinx quadriineata | SOHB262-07
Syssphiny malinalcoensis | SARBE92-12
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Rogue Taxa

[JUCEs sequencing planned
[0 UCEs sequencing failed
[JUCEs sequenced

® Sarnple included in backbone

i subtree

— — — — _ Eochroa sp. | STBODEES-09
- - SPHI00038

Usta anguiata | S
Usta terpsiiars aby:

sssi
Usta sp. | STBOC324-0

Usta terpsichore | SA

= = =@ Usta sp | RROUOOT:

230

TBOCS:

Usta subangulata | STE
i

Parusta sp. | SASNC3305-15
—_Farusta thelxinoo | SSDA31-06
— = — 8] Parusta xanthops | SPHIDOE77
) Usta wallangronit| SPHIN0SST
Usta sp | SASNG2425-12

47-08

ica | STBOCS94-08
5

SNCOES- 11

i

BOASE9-07
9



Hemileucina_A subtree

Rogue Toxa
[J UCEs sequencing planned
[ ucEs sequencing failed

[ UCEs sequenced

® Sample included in backbene

0 Hidripa pcmw | SPriooer
Mm NC2050-12
mmsmeaa | sarmassr-o8

b beranen SAHIONOTS
H:o'npa tagrisionesa | SAFMA366-08
M

____———————————————————————————DOmusrmssw‘qnsrs\ 00227
__________________________________ Ormiseodes penal | SDHA429-07

e e e e MM e R mm M E e mm e m o ..o o= ===  Omiscodes anpinome | SAFMB679-08

e e e - - = = -~ =~ (@ Ormiscodes amphinome | SPHIOZTT

mm e = e = === == == Ormiscodes 5p. | SAVSATST6-11
__________________________________ 2 Oiscodes aamonea | RROUOGO?2
ST oo mmmmmommmmmm s = = Rrodha caminaal SRR 5oere
________________________ B Rhodiphia carmias | R
e e e e e e e e e == === == = = = = ] Morolouca (Merolou Jsp\MSNCH!S-H
aa [ ——mmmm mmmm e m e e e e e e e | 8 Meroleuca (Dihirpa) litura | SPHIC007?

B

o]

Meroleuca (Meroleucoides) bipunclale | SAREDOZ2~10
Meroleusa (Meroleucoides) sangayana | SARBDO0-10
Merolouca (Meroloucolees) catamarcensis | SARBADS4-08
Meroleusa (Meroleucoides) winbrechlini | SARBE 150313

Meroleuea (Meroiucoldes) cnnsbrechince | Shateo-1z
Meroleusa (Meroleucoides) achupasiana | SARBAOSS-08
Meroleuca (Meroleucoides) rainari| SARBD101-10

Xy Meroleuca (Meroleucoides) carpishiana | SARBD100-10
Meroleuca (Meroleucoides) penal | SARBC425-10
Meroleuca (Meroleucoides) machadoi | SARBF1810-15
Meroleuca (Meroleucaides) kaechi | SARBE1083-12

Meroleuca (Meroleucoldes) calsbazions | SARBO77 1~11
roleuca (Meroleucoides) rectilneata | SARBDT28-11
Meroleuca 5) nivasiana | SASNC2dd5-12
Meroieuca (Merolsucoides) thibatdt | SASNBT37-09
uca (Meroleucoices) corralesi | SARBD1104-11
Mercleuca (Meroleucaides) viksinayevi | SARBDTS0~11

Meroleuca (Meroleucoides) sochensis | STDBF 16~14
Meroleuca (Meroleucoides) merauazas | SARBFA06S- 17
Meroieuca (Meroleucoites) fassvicents | SARBF7OT~14

Marcteue (Merclucoides) oo | SARBE 4414

Gorolipha napoansis| SATWAST0-07
Cerodirphia moihuian | SARBF3499- 18
Cerodiphia giusti | SARBFT27-14
Corosirphia fabian) | SARBF1162-15
Cerodirphia molcaucensis | SARBF3129-17
Cerodiphia sinjasvi | SARBESS8-12
Gorodirphia kaoohi | SARBE1288-13

ciphia baf
Qarodiphin4p.| SACMAGSS. 11

To0ee]

Gerodirphia conbeniana | SARBD462-10
Gerodiria 35| SAFMAS13- 08
dirphia radama consaepta | SDHA173-07
0 Carodinia guslaceons’s | SPHI00001
Cerodirphia annelisae | SARBEGS1-12
Coroatpa necane | PHC0%03
—m - m - mm - = - == == = = = — [ Cerudiph nsis | SPHIO0902
———————————————— 5 Garoairania 4 \smea 1202.09
Cerodiphia lojen:

e

oo

Cerodirphia misfkel | SACMAG27-11
Cerociitphia candidoides | SARBB427-09
O Ceradiphia candida | RROUOO8SE

BD425-10
Ceraciitphia apunctata | SDHA330-07
Cerodiphi LSH 7

TWAQ47-

Corodiphia rossamazonica| SAFM#A325-0
|

Ceroiitphia z smorsna|$mamo5 11

Caraditohia sp. | SAFMB706-09

Ceroclitphia altoparanensis | SARBFT974-15

Gerocihia sp. | SAGMA163-09

00996
Gorodifphia speciosa | SARBFS73-14
Cerooiipha paraspeciosa | SARBF1526-15

0 Corodirphia siriac | RROU00273
Cerodirphia sp. | BCISAZ40=10

14
/a rosacuscoensis | SARBDE20-11
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o]

______________ 0 Geodipti i) AROUOZT3
__________ CISA240-10
- - —DCemmmhrﬁpmwMSPH!MGf‘
____________ Cerodirphia rosacuscoensis | SARBD620-11
— = 22— =2 Cerodiphiasp. | STDBS

oo

dlrpmam;/?nys | smammsﬁ
oE— - = — - - Cerodirphia panguana | S»
- - CemdnrphizmamirmnusrxlSARBEﬂdl 12
= = = _ Winbrechiinia WSSWIGEWISARS F2971-
L L L L L L L L L L L L L L L L L L LI L @ Winbrechinia winbrechini | Si
IW!:J: ______________________________ Wintrochitde srjoei | SA
L
|

_ Hispanicalrphia iemairsiana | | SATwAOtE-06
S

| SPHIG0073
Dirphisla taylori| SOHAS33-07
mmm e e e e e e e e e e e === == = = = = = = [ Diphisla 5p. | SASNC2723—
[ Dirhiela pseudotaylon | SPHIOD028
Difphistla sp. | SASNC3550=16
C357!

o

Dihiels sp.| SASNC3553~16
Dirohieila 5p.| MIAPDS55-10
SI I I D22 20 Hemioucarbridorsa | SARBFI005-14
ap——— LI ca oivine | SASNC2500-13
e R Hemilouca tricolor | SAVSAZ304-12
W\—— ------- Herniletsa sp. | SASNC2586~1
P —— — = = 2 2 2. Homioocamania| SAFMC176-10
== = - \E’RUWENS

Hemisuca il | CEL
____________ Hemias nitill s ABLOV280-6
Homiouca s | TAMIC75-
=== == == === == Hemicuca sp. | JBAZOT7-09
=== == = == == == Hemileuca eglanterina | ABLCVZ96-
___________ euca eglantarina shastaensis | ABLCV284-09
____________ Hemileuca eglanterina annlata | ABLCY352-08
=== == == = = = = Hemileuca vansohayhi | SAVSA2356-12

Hemisuca rera| SAVSAZs1Z-T2
Hemiouca hora sap | ABLCV205-09
Homiouca gnfinl | LTOL481-0

Homioocn inatinsia| SAMPAGS2-17
Hemileuca nevadensis | JBAZOT9-09
= = = = = = = =[] Hemikuca mais | RROLOS27

CHd1-1
= = = = = = = = = Hemikeuca stonef | SAFMC175-10
— — = = = — = — — [ Hemileuca grote] diana | SAFMB402-08
= = = = = = - Hemileuca slecira ssp | 08-09
——————— [ Henleuca electra mojavensis | SATWAS48-07
= = = = = = =« Hemieuca elecra | SATWAS47-07
burnsi | SAFMBA96-09
Hemiauca 2jo | SAFMB396-08
Hernliee TOL028-07
Hemieuca 3 | LTOLST9-07
————————— Hermileuca sp. \savsnz; o-14
= = = = = = = = = - Homllouca noumoogeni| ABLCV222-09
——————————————————————— Cooradta iemrs\SARBFGHEIJ 18
i 51

Coloraca pandors i | ABLCV196-00
SO I I I I I I I I I I I I D D I D I D D D 0 Coondapandos | savsktiaris
S e e mmmmm—m e — e ———— - — - - jana | SAFMC175-10
EED

i
guerreroiana | SAFMC76~10
Goloradia miahuatianensis | SARBF2464-16

Colorad
P I e e
CES
—————————————————————————— oo | SAPNAT 795~05
Caoraiypranii s
i peseyot | SARBFZGR-16
= = = = = Coloradiajaliseensis| SAFMA796-08
————————————————————————— Coloradia vazquezae | SASHBG80-09
Coloradia caballensis | SARBF2430-16
ncdiphia manes | SPHI00244
PH

CEQ

61-07

Lemaireodirohia sp. | SDHB202-
Lemaireodiiphia sp. | SDHCE37-09
temareodrotia bya | SARBD1095- 11
Lemaireodiphia rosivor 7-11
Lemaireodiphia sp. | Er
Lamalreodiptis asacena | SARBD1570-11
maireodinphia albida | RROUGO:
Lomangodsonly e | SARBDIESS1
@ Lemairsodiiphia cmapaswaa | RROUGT
| SARBD1573-11

Lamaraodipia lasiocamaine | SOH199- 07
Lomalroodiiphia transversani | SAFMA3 4
Lemarcodioha sn | MIAPD3E0 10,
Lemai i cenails | SARBD
Favadiono roctinosta | SARBE 1650 13
Paraciiphia, e | SaRs0s0-1
Paradiohia itrina | SDHC32:

| SARBER 9210

11

Paradirphia hectorl | SARBE025-11
Poaciphi winbrackinl| SARBF3154-17
aiphia sp. | SA

It o | SARBF 350410
Paradirphia cabrora | SARBF
Parodiphia geneforti

Paraciphia artonia | -
= = = = = = = = = = [ Paradirphia boudiroii| SPHIO1014
Paradifphia miradr | SAFWC483-12
Paradiphia oblta | SARBF2831-17
Paradiohia sp. | STDBA67-07

Paradiiphia sp. | SAFMA
ta atipunctata | SAFMA356-08
Paracihia sp. | SAVSA1423-11

RROUO0487
ifredae | BLPAAG169-17
Psrm’phal»emmn | SAFMACMP*OS
n = = = = = = = [ Paradiphia 3p | SDHD

Paradiphia sanpedrensis | SAFMB642-

Paradiphia sangabrilensis| SAFMCI-11
aciphia vanschaycki | SAVSAG

Paradipnia o | SDHCE29-0:

Paradiohia sp. | SDHE

45
Paradiphia valverde! | SDHB169-07
Faradiptia gbriioe | SARBC725.

10
i pueblonusversis | SARBF2889-17
qudrvphrav}nngara\SAFMCdm 12
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Rogue Taxa
[CJUCEs sequencing planned
[ ucEs sequencing failed
[CJucEs sequenced

® Sample included in backbane

=

Hemileucina_B subtree

—————————————————————————————————————— Kentroleuca griseoalbata | STOB193-07
S L I I o L I L L I I I L D I I L L I D L L L I L L L D D D D D D D D D I Kentoleuca sp.| SAFMATH:

Horiolegcs boliesis| SDHAT09-07
udodiphia marxi | SAFLEATE =0
Pauodrphia meodbil | SARBE206-00

Psewdodiphia meisteri| SARBFO04~ 13
Pioudodiihia icinensis| SARBDS8Z-11
Psoudodinphia sp. | SDHAC3.

Pseudodirphia menander | SARBF1601-15

Pseudodiphia
0] Psoudodiphia sp | RROUOG4B1
Kentroleuca sinjaevi| SDHAT04-07
8] Kentroleuca novaholandensis | SPHI00076
Kentroleuca vanschayckl | SAVSA1566-11
Kenivolouca sp. | SDHA113-07
Kenlmiewco blins | SACKALZS-11
] Ps ia bollvaria | SAFMA195-08
Pscudm‘rrphmsv | SACMA326-09
SeLodma weberony| SAFMATS0-08
[upp— -U P:eudodrrpﬁra regia | RROU0GY
0] Pseudodiphia boiviana | Sionass
PPG1372-15
Pseudodirphia 5p. | SACMAOG8-09
Pseudodiphia agiyungana | SARBDI96-11
nsis |
Pseudodinphia sp. | SARBES07- 12
B Pseudodimhia agis | RROUGOT16
+ Pseudodinphia sp. | STDAT85-07
ohis gosona | SAREO1005-11
SATW

Posdodiohia sgancensis | SARBO1AG3-11
Pseudodinphia ecoridides | SARBCEST-10
P phia convexa | SARBF2916-17

i

Pseudodirphia andides | SARBDG21-11

= = =[O Pseudodiphia eumedide | SPHIODS12
Pseudodirphia rmpel | SAVSAZ68-10
Pseudodirphia beckei | SARBEQ11-11

e

Pseudodirphia sp. | SDHAI76-07

7.5 - - i | 7

birgjunensis |

Pseudodirhia varia | SDHA388-07

Pseudodirphia parafrickel | SDHB632-08

Pseudodiphia fickei | SAFMA 158-08

Pseudodirphia Anorkel | SAFMA189-08

Pseuodirphia variaides | STDAT51-07

Pasulodiptisp | SAFWATSE o6

e Pseudodiphis draudioides | SAFMA161-08
Pseudedinehia workz! | SaFuA1E2-00

| SARBDS56-10

Feeicodimnla cooccatorans | SARB0719-11

g

| [Few

e i
s
ar.ancn]

Peeucodiphia obitue | SAVSAZS? 10
— = = = = Psoudodiphia sp | STOA746-07
sl - — — — — Pseuaomrpmasn | SARBD217-10
sasis] P | == i
- = = = = = = [J Pseudodiphia umsaplw\mm)alrs\SAREFB!)D—I(
Pseudodirhia uniformis | o
Pseudodiphia sp. | SAR 555-70

545-10
Psoudodiphia sumamsamgana\SAREDtdﬁl 1

razsT i Poeulodiphia inpulimayana | SARGF3A0-18
Pse jayana | SARBD14

Peeucodnonia ramnon) | SARGEO74-12

partuscaa |
T = = = = . Pseudodiphia koechi| SARBFG56-1.

o - _m Pseudodinphia nhuiian | SARBF3A

L Erodion paimerensis | SARBEAS- 14
SARBF3451-18
Pseudodirphia orellacola | SARBF1605-15
Pseudodirphia 0xapampola | SARBF1579~15

0

Psoudodiphia muyecola | SAFMA198-08

Pseuodiphia napols | SARBF1606-15
enitala|
Pseudodirphia yarumacola | SARBF2798-16

2|

_ Psoudodirphia sp. | SACMA225-09
e e — — — — Psoudodirphia pascola | SARBD1600-11
= = = = = Pseudodiphia yanayacoia | SARBEBO6-12
T I m— e tmsverd] =
L — ===~ P udm'rtpma:umamh|SARBF789 14

3
| e === = v:emwpmamwammma\sARsnmJ—n

Psoudodinphia hecbuiotl | SATWAS12-07
Psoudodirphia mmmm SARBF3017-17
= = = = Pseudodirphia cajamarcoia | SARBE747-12
————————————————————— " Diphia radians | SPHIN0730

= = Diphia femandez | SPHI034

S - - CsITITITIIIIIIIzzzzrz Domhesnisehuos

[ == === === === === - - - DO dounas | SPHO

—— m e mmmmmm e m o ] mmma brvirea| AROLIOO523
hia sp. | SH

__________________ B Ororia et swmasza
e e = = = = = = = = = = = = = —[J Dirhia fabiani| SPHIOG:
______________ Drbta acuen | STDB706-15
_________________ 0] Dirphia aculecustoriana | SPHIO0337
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0] Dirphia acidatia | SPHI06328

5] Diphia fabiani| SPHI0345
Dirphia aculea | STOB785-16

O Dirphia aculecusatoniana | swrouw

SPHI
- Dirphta winbrechiini | sPHmu:f24

Rl = -t 2

Wﬂﬂd‘ﬁwsrs | sﬁwaaw
ta |

i rengel
] Dirphia arianae | SPHI00818.
Dirphia riojiorca | SAFMET13-09
Diptia amaiforce| SARBDTo2-11
P S T PP
-] Dirphia samnny-?:snsrs | SPHID0Bs2
Dirphia 5p. | SA
Bionia oo | STOAT-07
Diphia crassgachala | SARBF2519-16
ia orassil 5

___________________ O Dirphia napoensis | SPHIO0332
— - e e e === == = = = = = = =[] Difphia ludyarumafa | SPHIO0528
] Dirphia ludmillae | SPHIGOBS?

PHIO
hia carchensis | SPHIO0335
Dirphia subhorca | SDHABEA-0T

55-12

Dirphia durangensis | SARBF2521-16

Dirphia diana | SARBF1 13014

m e e == == === === == == = = = =[] Dirphia rougerici | SPHIOO4E5

______________________ 0] Dirphia lomoul| SPHI00450

L T B Bl e Srdoosen
Diria avriae | SAFMA244-08

0530
=] irphia diasi | SACMAG60-09
lmE Dirierotriconcopcions | SARGF2690-16
XS mmm e e = e m === == = = = =[] Diphia sp | SPHIOO:

Jungasina | SPHIOOE08
hoba pescoensi | SPHO0GS
hab rosacea | RROUOO:
hol vanmhayckt\SAVSAifr‘ﬁB 11
hoba 5p.
hoba;p \ Srbasa-cn

ba arcasi| RROUOOIED

hoba nigra | RROUOO3 T
roba . ACisAgtr 10
M| SARBCI66-10
Per baoesa!\ SARBF2980-17
Pan 3 | SARBF2981=17
ronaba imaana] SPHI00643
Penphoba sinae | SPHIOO!

hobs g | SPHI00653
hoba punoonsis | SAFMAZ33-08
ot morarana] SPHIOOS
courtini| SARBD1153-11

hoba gamida| SPHIDOT
hoba hircia | LNOUF#34~11
hoba huaiicosha | SPHID08ES

@ SDHB93-08

Penphoba ackendeni | SARBF2481-16

0] Dirphia somnicufosa | Srronsos
] Dirphia moderata | SPHID0309
m e e e e e e e e e e e e e e e e 2 2 2 2 O Diphis modesta | SPHIO0243
___________________ O s sgrses| siciasose-op
e e e e e e mmem === === == = = =] Diphia baroma| SPHI0030

_______________________ Dirphia somriculosa eximia | SPHIO315
m = = = = = == = = = = = = = = = [ Diphia somoccidentals | SPHI00311
=] Helrconisa nayensremu | SPHI00024
_________————————E!!hamlsarame:m\
__________________ Evepara | SACMALT-11
T T T T T T T T T e
______________________ Eudycria 26t | SDHA434-07

N | 4042-19

ibraia | SARBF 40
____________________ lthomisa kinkelinl | SATWA227-07
10452

e e e e me === == == = = = =[] Diphiaavichoco | SPHI00319
nora | SPHIOOSTT

- e e e = === === - —DDﬂpmaavmﬂpaaua\SPHMDSZ?
Dirphia araucariae | SAFMA256-08
0 Diphi abarssensis| SEH00320
59| SARBF35

T T T T T T T T T T T B i e
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Rogue Taxa

[UCEs sequencing planned
[ UCEs sequencing faied
[JucEs sequenced

@ Sampie inciuded in backbone

Hirpidinae subtree

= == == = = = = = = [ Hipsinevia viksinjac | RROUOT264
lipida sis | SARBB1260-09

Hirpitta levomaranensis | SARBF2039~17

Hirpida levojunensis | SARBD586~11
Hivida evocuscoonsi | SARES1230-09

ipida sp.

Hirpida levis | SOHE333-07

Hirpida peggyae | SARBFS00-14

8] Hirpida gaujont | SPHID0259

- amazonensis | SARBDS27-10

—————————————— Hirpida cuscalinea | SARBDS35-10

Hirpida sp | SARBCB43-10

Hirpida sinjaevorum | SARBCE65-10

Hipida marcapata | SARBDS96-11

Hirpida mavanschaycki| SARBDIEI-10

Hirpida pomecochasensis | SAFMATS1-08
g42-

| SARBEG77-12
Hirpida sp | SARBD1112-11
Hirpida choba | SARBE1242-09
Hirpida b ba | SARBC685-10
Hipida s | SOHBT24-08

] Hirpie

Hirpida jujuylinea | SAFMA792-08
Hirpida chuquisaciana | SARBCE45=10
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Rogue Taxa
[JUCES sequencing planned
[CJucEs sequencing failed
[JUCES sequenced
'® Sample incluged i backbone
Lemaireia loepoides | SASNB356-09
— — = = = = = = = = = (@ Lemairsia schintimeisteri| SPHI00410
Lemaireia naessigl | SASNB377-09
- — = === == = = = Lomaireia sp. | SAUPA111-09

e ————bepeee 5 Lemairaia chrysopaplus | SPHIOOATT

= = = = = — - Lemaieia inexpectata | SPHI00030

B

L temorse e
L terama 15
————— Lemaireia sp. | SASNC2466-12

- Lemaireia s
Lemairsia sp. | SASNEE78—10
Lemaireia sp. | SASNC3536-16
Lemaircia sp. | SASNC1162-11
= = = = = = =[] Lemaireia 5p. | SPHIOGA1Z

Lemaireia subtree
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Loepa subtree

Rogue Taxa
[CJUCEs sequencing planned
[EIuCEs sequencing falled
[JucEs ssquenced
g Loeee snters | SARGAGED-00

® sample included in backbons
IR "] oope oborturi] RROUCDS
a mic mowfaralsPkuJW

A mepa:,alSASNCZ
________________ Loena .| SPrnoaas
== == == === === = = =[]Lospaciongata| SPHI0KI04
____________ Loopa imelll| SASNATE0-09
— == e e e a e e e e e Loops wingana | SARBA7TI=08
_____________ Loape pashons | SASNASS58-08
s —— - ----oC a | SASNC563-11
precad mms«smw 09

Y 1 F 99
______________ Laepakachmma \ ‘Sxonazas-09
Loepa brelschnoideri | SASNA7S9-09

= = = = == = = = = . loopabhutanensis | SASNA7E6-09
_______________ {8 Locsa damartis | SPHIO03SS
_______________ Losga miandua| SPHIO0S0T
a0 | SPH
= = = Loopa paley
__________ Lospe mmaym | SAVSE1g8-12
____________ ‘oepa macrops | SASNAT92-69
L e e sivos
oepa \SWA783-09
Loepa meyi| sAsmns—ug
Loepa sinjaewi| SARBA790-
Loepa orieniomiranda nmﬂa| SARBAMG 09
Lospa oriontomiranda | SARBAT22-09
omarginata | SASNAB10-09

[P &
[ o | SARBA 2609

Logpa fimackermanni| SARBAT16-06
Loepa schintimeisieri| SARBAT17-09
Loapa katinka | SASNCH15~11

Loepa Katinka dwersrocel/ava | SARBC40$-10
= = = Bliowess | serico

— = Loepa siamensis | SARBABAT-09
Loepa javanica | SARBAB9Z-09
E = g Lo huyatis | SAUPALAS-00
= = = = = [Loopa sakani| SPHI

Loopa sp. | SAVSES32~15

————— oepa sp.

[ Loopa sp. | SPHI00391

Loepa :amw | SAVSA2962-14

[ Loopa megacore | SPHID0392
Loapa cyropis| SASNB411-08

714-09
IPAZ60-10

L
Lospa mindansensis | SARBA704-09
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Rogue Taxa

[JUCEs sequencing planned
[EucEs sequencing failed
[Juces sequenced

® Sample included in backbone

Lonomiini subtree

Lonormia venezuelensis | SPHIO0481
=== === === === = [ClLoomiamincal
—————————————————— [ Lenomia pegayae | SPHIN08E3

e e e e e e e e e _D[ﬂnomru!su!bumulSPHFDOﬁm

_________________ Lanomia santarosensis | SPHIGOB72
== == = == == = = = = = = = -[]Lonoma columbiana | RROUOOZ96
Lenomia sp. | SARBD892-11
L S LLLLLLLITLL ovomiasp | BLPRAG#ES—17
5 onanta concardia conicans | SPHIOORES
== - Etenoma unanamomsis
—————————————— Bl Lanomia slectra | SF
Coromia o SACAS8 17
______________ Lenomia sinalectra | SARBF2
Lonomia mexiectra
O Lenomia memfecfml SPHIOOT:
Lonom: 18883-08
Lanomia sp. | SARBDB26~11
S oooozozozozz o Dtomaeomercns | sktmooroe
| SDHBS:

Lanomia sp.
Lonomia electra | Soviooses

Lanomia berweluzi | SPHION469
Lonomi antonis | SPHIG343
Ll Lonoria sp. | SPH
oo bogorana) spH00638
Lonomia s | SPHIOOT08
Lonomia parobiqua | St
B Conoria rlosations LSPri008 15
Lonomia camox | RROLIGO269
Lonomia rengifoi | RROUOOT4S
] Lonomia maranhensis | SPHIO0468
[ Lonomia siriae | SPHIO0460
Lonomia madrodlosiana | SPHIO47S

Lonomia casanarensis | SPHIO0S7S
Lonomia sp, | SPHIG0341

Lonomia canescens | SPHID0477
Lonomia orientocrdilera | SPHIO0626
Lonomia sp. | SPHIG0BS1

Lonormia sp. | SPHIOO742

L onomia francescae | SDHAG15-07

Lonomia francescas | SPHID0852

D oromia ronss | SFH0085
omia parguana| SPHI008s7

Lonoma ke | 5P
Lonomts s 54 sARacvswa
LS I I L L I L L L I I I I I I I D D D D lgionomiasp. | SPr
0] Lonomia sermanai |
DD L D D D . L - - L L .- .- - - - === = -[Lonomia iescons | SPHINCE20
o m e — — m = = = = = = = = = = = — — [ Lonomia puntarenasiana | RRGUB0299
e —— [ RBF1127-14
____________________ ClLenomia manablana | SARBES15-12
S I I I I T I T D D 2 2 2 Bionomiasp | Serioorsz
m - — - == === == = = = = = = = Dlioramia cieloamdonsi | SPHOOGTS
— m e == == == = = = = = = ClLonomia sp. | SPHI
I-L: _______________________ B conoma sp| Seriooss
S mmememmemmemmemm=== === = ~ClLoomas | SPH00:Tz
o0t
oew - T T S T S T T T T T T T T T T T T T T ia viksinyaev vikcuscansis | SPHIC0807
e e e e e e S T S - Lonomia frankae | SAHIB0S

A [kt

——————————————————————— Ll Lanoria sp. | SPHIOOT!
m e e e e e e e e e e = = = = = = — —[]Lonomia bellzonensis | SPHIOO73
Lanomia sp, | RROX
omia rubrescens | SPHIO0ATS

=

Poriga kindl | SDHD230-09
Periga sp. | SAFMBB62-(

Poriga cluacing | SAMPAS95~17

[8) Periga costaricana | RROUOG483
FE Periga pachjalensis | SARBESS3=12

Periga rasplusi| SDHATSE-07
Periga galbimaculata | STDAB46-07
Penga gabiatocuscensis | SAFMEBS04-09
1 Porga gabinerspectala | SARBEA4S-12
onga o 819~
e cabcomitols | SARBE1102-00
Periga lobulata | SDHATS0-07
Periga anitse | STOAB13-07

Penga angpapallacta | SARBE1262-13
Periga angpanguana | SARBFG5S- 14
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Periga anguiosa | SACMA410-09
== e e e e e == e === = = = = [erigaangguysnsis | SATYE479-09
_________________________ Periga angeuscansis | SARBD045-11
e e e e e e e e mmemmemem === === Pegasp|SARBDI09-11
___________________ Periga anglunansis | SARBDT044-11
— = = = = = = = = = = = = [Perigaacuta] SACMA558-11
_______________ Periga sp. | SACMAT17-11
== == = == == = = = = =[] Periga cynira | SPHI008SE

Periga aurantiaca | SARBF012-13
Periga inexpectata| STOAB25-07
Periga agrio | SARBF2566-16
Periga spatulata | SARBD1049-11
Periga sp, | TOMPE281-10
| AMAZ188-09
Periga bispinasa | STDAB29-07
fergasn | a5 SARSP1870-15

3| SARBEGSS-12
Forgnisa S TOAMS-D
Porta rthosion | SARBE3010-17
Periga calabazana | SARBE6S6~12
Periga bottgerorum | SAFMAG12-08

riga parvimartinensis | SARBCE08~10

| SARBDOG7~10
Poriga parvibuibaces | SAFLBT9I-00
| SARBD1130-11
|
Periga suninensis | SARBD1139-11

Pergaparvehuisacane| SARED 135-11
Perga parvibolians | SAREE166-09
Periga sp. | SDH
orga e | SARBE T260-13
Periga guaca | SARBF3162-17
y

Poriga baczana | SARBEZ19-11
| SARBF751-14
Periga sp. | SARBET149-15
Periga barragani| SAREE1061-12
Periga occidentalls | STDABI7-07

| SARBF3140-17
Periga gachala | SARBF1819-15
Periga lungurahuensis | SARBES47-12

Periga spatulatoides | SARBDE6S~11
Periga fosrstcri | SAFMC123-10
a5p. | SASNC207d=12

Periga sp. | SACMABT =12
Periga alticola | SACMAS75-1

Poris diooheal aparstensie | SAFUC128-10
Periga faustinof | CMHEPZ08~1

Porga drechsok| xnrucwo—m

Periga sp.

Pengalusmahmnz \ g 15-12

Per MABES

Poriga fuseleopolding | i neasi10
Penga pulchra | SACMAOG1-!

Peniga elyl | SACMAG92-12

Periga 5
Psng;sama/snpnlm \sAnacsm 10
FMC 12411
Periga parsgoptedie| SARDGE!1-10
Periga sp. | SACMAS6!

Periga circaustrals | Sevioocs
Periga 3 AT 18-

34311
mexpusblensis \ SARBDB33-11
89



Micragonini subtree

0.03

Rogue Taxa
[J USEs sequencing planned
[ UcEs sequencing aied
[JUeEs sequenced

® Sample included in backbone

___________________ Mucidomorpha sp | GWOTV226-17
= = =[] Mucidomorpha lichenades | SPHI0237
Cyriogone marfinae | SPHION714
———————————————————— 0 Basquinana polftzari | SPHIO0596
asquiniana cana | STBOC945-08

more
m - - m e - - - == - = - = B Syegone ki | SPHIUS
Cyrtogone loutemboansis | SSDBS78-08
Criogone sl | STBOR1o4-10
Adrougerisne wazingwe| SSDE256-07
Adrougeriana sp. | STBOB4B7-0¢
Admugansnamama»des \S5oE280-07
‘Adrougeriana sp. | 5.
Adrougeriana sp. | S7o08887.08
m e e e e e e e e = e e e e = = = [ Adrougerians necnubifera | SPHIDVS66
Adrougerine sp.| STBOD1075-00
Adrougeriana sp. | STBOCST
Adrougerian sp. | STBOA456-( o
Adrougeriana sp. | STBOCA7-08

iana sp. 176312
______________________ 0 Meragone agayls| MOABCo17-10

l—— - - - - - - Z-TT-TTTITTTITTIIZTCC Hicragone caignoss | SSDEEY1-08

Micragone trofurthi | SSDB163-07
Micragone moxicoensis | SPHIO0B37

Micragone camerunensis | STEOBA40-08
Micragone flammostriata | STBOD161-09
Micragona olisaboihao | STEOB423-08
Micragone gaetani | SSDB201-07
Micragone ameniana | SSDE176-07
Decachorda sp. | SASNC3640-17

Decachords .| SASNGAOS7 14
Decachards sp. | STBOASOT

O Decachorda wsaonema/rslssusm 09
Decachorda sp. | SASNCZ:

Decachard:
Decachorda bo

o]

TE0ARg-07

Campimaptitum Kuntzei | SPHIOO
Campimaptitum sp. | SSDAS92-07

-------=

93-07

astriea | STBOED42-10
dfulvastra | SAPBA246-07
Dogaia obsctrpents | SPHIONSHS
Dogoia lunata | S
Dogel dmariea | S TaoAZa1 o7

i

Dogoia sp. | STB
D Dogoia unguiculata | SPHI00047
Dogoia nyungwensis | STBOB396-08
Dogoa sp. | STBOCE36-08
Dogoia sp. | SAPBAZTd-07

W 3
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Ludia obscu

ra | STBOGS3T-08
100852

Vegetia sp. | SATLI059-08
6

nit paocorelucts| STAOC153-08
Ludia sp. | SASNA633-09
Ludia sp.| STBOAB33-07

o | STB0D0T4-09
T TL ahepium tongeenaia)| 56DA010-06
— = = = = = = = = = — — — [ Adafroptium sommereri | SPHIDOG70

ogoniop!

Orthogonioptium sp. | STBOD649-09

Crthogonioptm ovescens | SSDB307- 00

Orthogoniopiilum dolmani | STEOC396-08

o= m = = = = = = = = 0 Orinogomiepiiom faicatissimum | SPHIG06TS
adiegol:

= = = =[] Orthogonioptium adiegetu | SPHICOSST
= == = = = = = = = = = [ Orthogoniopliium oceidentals | SPHIO0S8Y

Orthogonioptium sp. | SAPBASE3-07
Orthogonioptilum herbulofi | SPBIS195-09
Qtvogonicptm bertau | STECDTS7-09
Orthogoniopilum sp. | STBOA:

Ornegoneplom faner| SY608782-08
Orth m obamba | SAPBABT1-07
Qrogoncptium garne| STEODSZ7-9
Orthogoniopilum chaix | STBODA
Orthogemaptm aroafaert| TEMOT 175013
Orthogoniopiilum concordia | STBOD303-03
Orthogoniopiium bimaculatum | SUBHB233-14
Orthogonioptium silvaticum | TEMOT1783-13

a2

Orthogonioplitam dargei | SSOA16-07

Orthogoniopiium caecur | SSDA339-06
o ommgcmwmum dlsbo//cuml SPHI00593
Orthogoniopt FB8032-07
Orthogameptm sp.| SPHPATED-07
Orthogonioptibm ochraceum | STBODA48-08
Orthoganiapliium Gonspectum | STEOD106G-09
m—mmm === === =[O film fuminosum ssp. | SPHICOS61
————————————— Orthogonioplm subslonso | STB0A422-07
_____________ 0 Orthogonioptium fang | S
————————————— Orthogpmoptm sp| GWOTVS3E-17
— == == === === Orthogoniopiium piersoni | SSDA345-06
————————————— Orthogonioptim sp. | SAPBAIS0-07
_____________ [8) Orthogoniopiium filppil | SPHIO092
ort fm modesturn | SAPBA3S7-07
___________ Orihogoniopiium csomaonse | STBOA399-07

H
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Oxyteninae subtree

0.03

Rogue Taxa

[CJUCES sequencing planned
[EIUCEs sequencing failed
[Juces sequenced

® Sample ingluded in backbone:

e

EEE

Homoeopteryx milagrensis | SARBF2847-16
= = = == === = = = = 3] Homoeopleryx bahiana | SARBE 1391-13
——————————————— ioooptaryx sp. | SASNCS72-11
D e e e e e e m e e e e em e === Homoeoptenecn

scens | SARBF2846-16

Homogopteryx sp. | SASNC2146-1:
- - - o-TT T o= == o Homoodten picicahensil SPHO00GT

Hcmawnraryx eccanescens | SARBF2850-16
Therinia buckley | sArw«so—M
——————————————— ® Trerin auckroyn s5p. | RROUDG:
gyl

Cicina Betbnions's | SARBE1355-15
Therina .| TOMPEOAD- 09
e e e e = e == == == === = = {] Therinia lactucina | RROUGO36
Tharinia sp. | LNOUCS40-10
Theria 5. | SARBFSST -4
. | SPHID0522
Theroia | SasNGz177-12

e

E 13t
Therinia 50.| SARBF272:
B

smphssica] SARGE1230-08
0 Therina wansversaria ss. | SP

ierinia camacana | AR 513
Therinia sp. | SARBE1365-13
The

37-12

Therinia sp. | SARED377-10
Therinia sp.

erinia mslmana ssp. | RROUGG3S
ytens zo

o] LNOUFSS1-1
Oxytenis e | 0!

Oxyteris zerbbahiana \ SARBE1392-13
Oxylanis panguana | SARBF562-14
Oxytenis sp. | TDMPE 154~10

Oxytenis poraguayernsis | SARBF2686-16

RVIGHS nubila nuboroiand | RROUD0326
om tenis albnapoensis | SARBE1409-13
Quyteris albilunulata | SARBE1215-09
e e e e e mm m — = = = = = = = = = — —[&] Oxytenis alblunulata abecuatoriana | RROU0329
Oxytens sp. | SARBF3132-
Oxytenis sp. | SARBE2T
RVIBHS vanyungana | SARBE1226-09
Oxytenis vanschaycki | SARBF841-14
Owytsnis vanjunansis | SARBDST6-11
Oxytenis spadix | SARBFT111-14
Oxytenis gigantea | SARBF2618-16
Oxytens per ndensis | SARBFS61-14
ytenis percgrina | SPHIG0621
Oxytonis boproa | MAMXG205-00
Oxytenis sp. | BCIBT747-11
Oxyteris 5p. | SASNC2313-12
Ontens marquezas | SAREF92-14
Oxyteris p. | SARBE1419-

itons sapichishansis) SaraFase-14
Oxytenis epnapoensis | SARBES 1d~13
Onytenis epsumacensis | SARE!
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Rogue Taxa

[CIUCEs sequencing planned
[ UCES sequencing ailed

[ UCES sequenced

® Sample included in backbone

Polythysanini subtree

Er

= = = = = = = = [8) Cinommata bistrigal
lodi

13| SPHI00223
1 SPHI00013

| [ D3 Foliysora inerascons | sprinaaa

[8] Polythysans rubrescens | SPHID022T
———— — -[5] Adelomeni orythrops | SPHIO0066

[ = = = Adelomeis .| LTOLG?4-

0L67:
~[0 Adetomeris microphihaim | SPHIN0213
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Pseudapheliini subtree

Rogus Taxa

] UcEs sequencing planned

[0 UGES sequencing failed
[Cuces sequenced
® Sample inciuded in backbone

= = = = = = ~[Pselaphelia sp. | SPHIO0041
————————————— 00 Pelaphefia flavivitta | MOZAGO268
» TEOB384-08
& Pseudaphelia roseibrunnea | SPHI0G792
Pselaphelia kitohingi | SSDAT37-07
[ Pselaphefia mariaetheresae | SPHIO06E
Pselaphefia aurata | STBO

777-08
————————— Psalaphalia vandenbarghel | SPHIB?28
——————— = 2 = 2l Puolaphela sp. | SPHIO0TS
""" Paslaphelia gemmifera | STEQC753-06
‘—l_L_ - Pselaphelia vandenberghel | STBOCT78-08
|3 Epp—

[ Pselahelia oremansi | SPHIOO844
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Salassinae subtree

Rogue Taxa

[CJUCEs sequencing planned
[Buces sequencing failed
[CJUCES sequenced

® Sampia included in bazkbone

O Salessa olivacea | SPHID422
Salassa sp | SASNC1386-12

Salassa antkoziovi | SARBF2871-17
Salassa libalive | SASNA320-08
[ Salassa bianensis | SPHIN0423

fae | SASKAZ88-00

Salassa shuyiae
Salassa lemaii | SASKA284-09

100416
= = = = = = = = = — [0 Salassa megastica | SPHIDO418
Salassa acos | SASNA306-08
alassa meisteri| SARBB205-09
Salassa kitching! | SARBCO044-10
Salassa befinda | SASNC1256-11
Salassa sp. | SASNAG19-08
= = (@) Salassa katschinica | SPHICOA 14
Salassa s | SANHM004-09
‘Salassa fansipana | SARBB211-00
Salassa vansohaycki | SARBEA8E-09
[ Salassa sp. | SPHI0015
| SPHI00420
____________ 0] Salassa thespis | SPHIOO41S
Salassa arianae | SARBB195-69
Osa | SPHIDOAZT
~ = .0 Salassa cottoni | RR

Salassa abocirculata | SASNA27-00

Salassa viridis | SASKA296-09

‘Salassa sp. | SASNBBDZ-10

Salassa yunfongensis | SASKA191-07

Salassa extromoriontalls | SASNA359-08
is | SARBB196-09

Salassa sp. | SASNBBOT-10

244



0.03

Rogue Taxa

[ UGEs seauencing planned
[ UCEE sequencing failed

[ ucEs sequenced

® Sample included in backbone

Saturniini_A subtree

A firof | RROUDDS62
_______________ 18] Argema besanti| SPHIDO746
I_i__E- - m == = == = = = = = = - lgoma fourniesi| STBOC100-08
Argorma mimosa | JRASOG0T0

o]
(8] Actias isabollae | RROUO0GRS
O Actias dubernard | SPHI0091

26ud

Actias rasa | SARBF 24091t
clias kongjiara kongfiara | SPREAO13-08
vanschayckl | SARBE1050-12
============== == = =[] Acias kongjiara shaanxiana | SPHI00749
__________________ 0] Actias neidhoeferi | RROUOG00S

e

Actias groenendasi imerensis | SAUPA223-10
— = = = = = = = = = = = = = — — [ Actias groenendaeli groenendoel | SAUPA 167-09
Actias groenendael sumbawaensis | SAUPA220-T0
Actias groenendaell acuapex | SAUPAZ19-10
[0 Actias Isis | RROU00218
Actias
Actias phillopinica philppinica | SASKA277-07
Actias philipinica bulbosa | SASNBE40-10
[0 Actias miaenas ssp. | RROUOD00S
Actias luna | SATWBGO3-07
0 Actias lrancatiperris | RROUDO0OT
mmmmm e e === === == == = = = = =[] Actias rhodopneuma | RROUOOTE0
Actias sinGrisis subaursa | SATWA1021-07
= = = = = = = Actias 5p | SASNC2757-13
———————— Adtias parasinensis | SARBBIS3-09
= = = = = = = = — = —[0 Actias sinansis sinensis | RROUDO027
———————————— Actias 5p. | SASNABS7-09
_______________ Actias sinensis siriae | SARBF 1706-15
—————————————————————————— Adtias xenia | SASNAG3A-09
mm e e e e e e e e e e - == == = = = = =[] Actias dulcinae | RROUOOO1S
——————————————————————— 0 Actias gnoma | RROU00G28
e e e e e e e e e = === == == = = Adtias lacviola | SASNABT7-09
——————————————————————— O Actias ningpoana ringtaiwana | JRASGE018
________________________ Actias sefene ssp. | RROUDOOTT
Actias seiti seitzi | SASNAS15-09
e e e e e e e e e === == === Atias brevjuta breviuxta | SASNAG18-09
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Saturniini_B subtree

Rogue Tasa
[JUCES sequencing planned
[Juces sequencing failed
[JucEs soquenced

@ Sample included in backbone

-] Austracallula eucalyat | JRASO7607

Opouiphifiers helena | SAVSAZ140- 11

Opodiithers camas | SASNG?S2 10
Opodiphthera loranthi|

o mpnmm emaselsAsNEEOD w
hitera fervida |

Opodbhibera oyt \SAR.anss 09
Opodiphithera juriaansel | SASNA4E0-08

. @ Opodphtrers osrophoa | AROLGE)
Syntherata gocetTioyil| SARBB0Z6-09

Syathorata apicalls | SARBE021-08
|

I
Syrlflverahlagawaﬂa | SARBB007-00

Syatherata p.
oo Synthareta 3 \SASNsss:ws
Syntherata Jeonae | SASNB545-0¢

Syntharata oscarols | SASNAISG-08

(3] Syntharata janetta | SPHIO0193
Syntherata rudloff | SARBB014-09
Syniherats papuensis | SASNBIOT=10
Syntharata malukuonsis | SARBB023-09

Syntherata el | SASNB e
Neodiphthera excavus | SA
Ranbrr 00

|
Syntherata sp. | SASNB556-08
!

|
Syntherats minoris | EPNG6263-12
Synitoralz sp. | SASNBS19-09

o]

SPHIDOTTT
= [ Paarhodia hiftrauias | SPHIC0054
] Neadiphthera sahulersis | SPHIOU8A?
0 Necdihthera suiphurea | SPHIOOTT 1
Neodiphthera papuana | SASNA464-08
morobana | SARBBO61-08
pagana | SARBBO7O-09
Necdpnthers abmorobana | SARBE055-09
O Neadiphthera sp. |
Neodlnthers nabvion| SARBB086-00
Neodiphthera sp. | SASNC3508~16
arfakian | SASNC2609-13
< ragedensi | SARBE04S-09
T T T T T g hedmion o Sovioobs:
———————————— Noadonthers o | SASNE?22-10

= = = = == = Necdiphihera sp. | SASNC1574-12
_______ Neodiphthera venusta | SASNB731-10

E
Neodiphthera sp. | SASNC2984~14
iocdiphthera roicki | SARBB113-09
Neodiphthera arensis | SARBB112-09
= [ Neoipntnera wrwﬂwrsrs \ SPHIO0T1Z
SASNC2613-13
Ngumpmrm”p | SARBB107-00
il
Neodiohthera sp. | SAVSAD21-10
Neodiphthers sp. \5ARBE1D5 o
________ Neodiphthera sp.
T T T T T T I Cocdthinea nistina | SPrIOGTS
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Saturniini_C subtree

0.03

Rogue Taxa

[JUCEs sequencing plannad

[ UCEs sequencing failed

[Juces sequenced

@ Sample included in backbone

Saturnia (Neoris) schencki | SASNCS11-11
Satutnia (Nooris) galeropa | SASNB490-09

Setumis (Nooris) neessly | SARBE207 09
Satumia (Nearis) codyi | SAL

Sotimis o) cctmaion] SAWNAGTO-09
M L L LT LT T LT T T T T T T T LT T LT L I Satumie (Neors) besgmann | SPHIO6AZS

] Satumia (Calosature)siofesciai | SDHAL49-07

Salurmia (Ripaca)tsinfingsharis | sAstm 10

‘Satumia (Rinaca) sp. | SARBA

Sl (Rinoca) anno | SASKBTE10

0 Satumia (Rinaca) yunnana| SPHI0433
Salumia (Rinaca) fibetanna| SASNB8 1910

Satumia (Rinaca) thibeta pshangen:vs\ SARBE797-09
Setumis (Rineca) thibota berhotrel| SARES801-09

tlca | SARBE948-09

e | SPHI436
Satumis (Rinava) naniingensie | SARBAS85-00
0 Satumia (Rinaca) kchingl| SPHIOOS3 1
Satumia (Rinaca) sirjaevi| SARBAS94-09
0 Saturmia {Rmm)mnam SPHIOT!
Satumia (Rinaca) sp. | SARBAG07~00
Satumia (Rinaca) fukudai | SARBAGOB-09

Satumia (Rnsca) chinensi | SARBAS10-09
____-—-————-————-———DSaluwa[Rlnana7§pl 100438
__________________ et (Rvaca) aurrn  SAUPAASS

Satumia (Rnaca peeloenss| SAREE1369-09
alumia (Rineca) witl | SPH
o

xa ockenden | SAFMAO55-08
Copexa medlunensis| SARGE 334110

= = = = = = = = = = =[] Copaxajoinvilea | AR

——————————— Copa e ST 07

Copaxamvans | SASNCAT 47-18

Copasa sp | SAMPAZ69-15

Copaxa flavabrunnea | SAMPA309-17

Copaxa canella | SAMPA273-15
[ Copara sapatoza | SAMPA326-17
Copasa sp. | SAMPAZB0-17
Copesa bellidea | SARBE1153-09
Copaxa belia | SASNB
Gopaa unula | A0
Copaia sinjaevi| SASNC3760-18
Copazaanise | SAPMAGEE 05

ea | STDAG18-07

Gonava coolom | SARBERTO. 12

X2 herbuioti | SAFMAO)
Copaxa coralesi| SARBES 14-12
dagmarae | SAMPA323-17

Copana tulcans | SARBF2423-16

Toae)
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Copaxa semioculata | SAKWAO14-08
Copaxa fulcans | SARBF2473-16
Copaxa simoni| SARBF493- N

opaxa orienials oriontals | SAT o7
Copaxa chrisbrechlinae | SARBD?JE H
Copaxa EWYIEW | SAF\'EFJ475'15
Copaa
Copaxas
Copaxa nsesl” | SARBFﬁ?J 1 l

'— - s == === DCDD&XBWMWSMIRF\’CWﬂN?
opaxa muallerans | RROUCO136

=

abara lnvendacjaisoenti | SARECTON-0.
36-1

s 8
= o S 22222 2§ Copaxasymnersioidas | RROUOOST1
—m‘_—: _________ Copaxa sp. | SDHBA92-08
e - === == = = Cobemsmpvons | MAPDS-10
den

[— - - - = === = -0 Comemadends duna | STOA

gl

o]

Copaxa denda dondmdgﬂ&ASMCﬂ?S—fE
Copsia ovlynae | STOAS6 -0

Copaxa sp. | SAMPAZ63-15

[ Copasa haxirei | RROUO0T6S
Copana cydppe cydippuebiensis | SAREF099=13
Copaza cydinpe cydppe | SASNCI765-18
Copaasp. | SDHAST2-07
Copaxa sp. | SASNG3930-18
Copaxa chimaftenangonsis | MAPD387=10
Copaxa cydiphondurensis | SARBE1601-13
REE124-11

________ Copaxauolil| SACHAZ8S-00

| 578-12
_______ e e Atpe1s5-09
= = = = = Copaxaandchinchao | SASNC3708-18

e

==

= — = — — [ Copaxa marona | RROUOOO3S

= = = = = Copaxa troefschi] MHMXW334-07
— — =~ Copaxadocroscens | SARBF758-14

= = = . Copaxadecrescens | SAMPA293-17

— = — = = = Copaxanipeli | SAKWAOS4-08

== - - Cwsakoey) SaRBRus 1

— — — - Copaxayungaskoenigoiles | SDHC256-08
[ Cnpaxa:n [ SoHAerE-o07 |

= = = - Copaxasp. | SAMPA2E;

I 1 Coporarieiscons] SARBES00-12
————— Copaxa ruinichadcandnds | SAFMA138-08
————— opaa rufinans rufsiralica | MAPB413-10

------o r:npzxasmmouaw

-= < |

- - rufinans |
— = = Coparasp | MHMXX384-09
-——- ]
= = = 2 2 [ Coparawinbrochinina| RROU0303

11 yungaspandens | SARBCE76-10

Copaxa sp. | SACMATO4=
Copaxa satiosspandans | SARBD7S2-11

Copaa amazpandens | SAVSAZB87-14
Copaxa exmandans | SAMPAZ7S 1
Copaxa paroxpandens | SARBDA43-10
Copaxa gachala | SOHB039-07

C |

Copaxa marquezae | SARBF719-14
Coparapascoarcansis| SARBEWTE-1S

Gopoxa ncorintls| SATWBG45-07
FME?71-09

Cnpzxa cochandansis | ma 100813

Copaxa irgensis | SARBF2120-15

o

Copaxa cabrera | SARBF2589-16
Copaxa machadol | SARBF1137-14
Copesoit]| SATBF3625- 15
Copaxa sp. | STDABOG
waxiwmnvscsi\sdﬂabll? 10
| SATWEB(39-07
npaxﬂmuzacmm\SAFMEﬂBb‘ 10
Copaxa conlani | SARBE1178-09
Copasa kichingl | SARBB1347-09
Coexasp | SASNCI43-17
@ rufotincta | SARBESOT6-12
GErD Copaa e | saTwatase- 17
ralis | SDHCE41-09
Copaa garcirum | SATWAZ21-07
Cooxa mutfnesists| SAREF 10013
Copaxa kncrker | SATWATD
Copasahandlrb st | SARBEAB08-12
Copaa s | SARBE262-13
Copaxa schmiti | SARBB1170-09
Copaxa sumacensis | SARBF2623-16
Copaxa silkac | SACMATS7-09
Gopaxauanschaycl| SARBCAS-10
Copaxa yungalita
Copaxa madudosana| SANPAD72-15
Copaa stelitade| SARBEBSD- 12
Cwaxi‘wlsﬂeslmla | SARBEQ77-11
SARBF3293-17
Copaxattorais | SOHASSI-0T
Copaxa escalantai | SAMPATE0~18
| STOB314-07

~ _ Copaxasp | SDHBOS1-07
0 Copaxa mislkeorum | RROUOGOES
Copaxa satelita | STDAG12-07

Copaxa antiolita | SARBF2115-15

Copaxa wornermeistori| SARBF2865-17

C |
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Saturniini_D subtree

0.03

Rogue Taxa
] UCEs sequencing planned
[0 UCEs sequencing failed
] UCEs sequenced
® Sanple Inciuded in backbone
— = === == —— - — - Fosasp|SSDA262-06

L = [8 Eosiasp | SPHiG0Bs

HI00031
P ey _ s o A
— — — 0 Cricula zubsiana | SPHI00290

la sumatrensis | SPHI00208
100624

SPHI00299

P | SAR
Cricula baliensis \ SPHIDGZSE
s | SPHI00207

B Grcu quinquoloncirata| SPHIC0296

2
H
%

Grule sohbidmoiater | SPHI0G286
Cricuo 5 | SPHI00255

Cricula tmorensis | SPHIO0274
maxalorensis | SPHI00273
Cricuia hayatiae | SPHIO0272
Cricula sp. | SPHIOOTIT
icula (uzonica | SPHIO269
Cricua leyteana | SPHI00271
Cricula trifenestrata | SPHIOO761
Cricu ozoica | SPAD0ZTD
0 Cricula hoffmanni | SPHI0288
Cricula sp. | SPHIGOZ8
Cricuia sp. | SPHIC0287
Cricuia hoabinfinguyent | SPHI00281

I
Cricula variabills | SPHID0282
Gricula hainanensis | SPHI00279
Cros odering | SPHI0C267
Gricula faloata | S
Crculs manionsie, SeHiooTE0
Gricula agria | SPHI00268
Cricula tonkintnferesiratiodes | SARBB625-09
Gricula andrel | SPHI00265
Cricula ganabi | SPHI0264
Gricula aungsansuukyiae | SPHIG0263
Cricula sp. | SPHI0634

Cricula sp. | SASNB8EE-10
L L T L T LT L i rtuta Ravkgiana SPrnoges.
____________ Cricula trenestrata: !rwenesl'sls\SASNBEBS 10

———————————— [ Cricula tnfenestrata | S

— 0 Cricuta tnonostrata | Shriooess

bbb = i Ao
____________ ] Grcue sn | seri
_____-------Dcfw lus\s;\smczmvz

____________ Cricula andamanica| SASB212.

I I I I I I I D IB e trenesmis tengents) SPr0287
——————————— Cricula trfenestrata cameronensis | SARBB705-09
= === = = == = = = [ Criculs 5p. | SPHIOOZ56
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Rogue Taxa
[JuCEs sequancing planned
[EUcEs sequencing failed
OJucEs ssquenced

® Sample included in backbone

Solus sp. | SASNC378-11

Solus parvienestralus ss. | SPMNPO19-07
Solus parvfenssialus ssp. | SASNB363-00
Solus parvifenestratus sichuanus | SARBB1392-09
= Solus parvfenesirais sichuanus | SAREAS04-05
————— (8] Soius parvienestralus gabaidanus | SPHIG00SS
= == [ Solus kontuma | SPHID409
— — —  Solus parvifenestratus ssp. | SAVSE1301-16
Solus parvfenssiralus ssp. | SAREAS00-08

Solus parvienesiralus sinjacyi | SASNG2863-13
Solus parvfonasiralus ssp. | SASNB596-00

‘Solus parvifonasiratus loba | SARBFSTO-14

Soliini subtree
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003
Rogue Taxa

[ Génération GUCES en cours
[ Eehec du séquengage GCUCES
[JUCEs sequenced

Solini subtree
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= = = = = = =[] Satunia (Calosatumnia) waftesorum | SPHIC0240
11

= Solus sp | SASNC3T8~
- Solussp. 21

Solus drapancides | SPHI00233

Solus parvilenestralus 55p. | SPAN

- Solus parvilenostralus ssp. | SASNB363-09

~  Solus parvilenestratus sichuanus | SARBB1392-09
Solus parvifenestratus sichuanus | SARBAS04-08

= = Solus parviknestralus gabsidenus | SPHI0055
— -0 Solus kentuma | SPHI0409

Solus parvifenestratus ssp. | SAVSE1301-16

‘Solus parvifenestratus loba | SARBF570-14



Urotini subtree

003

Rogue Taxa

[JucEs sequencing planned
[ UCES sequencing faled
[DJuces sequenced

® Sample included in backbone

mmmememmmemm======= Untamelhr] STEOC58i-68

) | STBOC577-08

0
= = = = = = = .[]] Tagoropsis sabulosa | SPHIOGG22

o] = = = [ Tagoropsis hanningtor | SSDBO79-07
- 1 5508072-07

— — — [0 Tagoropsiella kondae | SPHIGOTI0

o Tagaropsiella upembana | STEOA492-07
W - - iolla mbizionsis | SSDB054-07

22

Tagorops
— — - _ Tagoropsiella sp. | STBOAB49-07
= — [ Tagoropsiella mulanjensis | SSOB059-07
S — — - Tagoropsiella kaguruensis | STBOBE21-08
ey = = Tagoropsiella murphyi | STBOB827-08
Tagaropsielta sp. | SSDBO47-07
~ - Tagoropsiella runguwensis | SSDB0S0-07
~ _ Tagoropsiella exponsa | SSDBOS6-07
= = = = = = = = =[] Siobima maaisel | SPHIOOTT3
______________ 1 Sinobirma bouyeri | SPHIONE4?
______________ 0] Stobirma myanmarensis | SPHID0045
— O Pseudantheraca imperator| SPHI00720
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Annexe 2 — Pipeline phylogéenomique

Pipeline congu pour générer des Mégaphylogénies dans le cadre de I’ANR SPHINX
Pierre Arnal

Juillet 2020

Préambule

Le pipeline présenté ici a pour but de générer des mégaphylogénies dans le cadre de I’ANR SPHINX.
Ces phylogénies sont inférées en combinant deux types de marqueurs : UCE + codes-barres ADN COI
(désignés par ‘COI’ dans le reste du document par commodité). La série de codes est adaptée a ces
données mais le principe de I’inférence backbone + subtrees peut étre appliqué sur des jeux de données
distincts. L’exemple présenté ici a permis l’inférence d’une mégaphylogénie de la famille des
Saturniidae (Chapitre 3).

NB : Nous avons utilisé la plateforme de bioinformatique genotoul Toulouse Occitanie qui fonctionne
avec un environnement SLURM. L’ensemble des scripts sont donc adaptés a cet environnement.

0. Préparation des fichiers d’entrée

En se basant sur les connaissances que nous avons pu accumuler concernant la phylogénie des
Saturniidae (Chapitre 1), nous avons défini 41 subtrees (clades) dont la monophylie avait été établie
préalablement (Chapitre 1 et divers travaux préliminaires). Quatre de ces subtrees ont été intégrés
directement au backbone car le nombre d’échantillons pour lesquels nous avions généré des UCEs était
de 1 ou car le nombre d’échantillons dans le subtree était trés limité (e.g. le subtree Eudaemoniini ;
Tableau 2).

L’ensemble des OTUs considérées ont été identifiées en considérant des arguments biologiques,
géographiques et génétigues. Nous avons notamment utilisé des arbres de distance inférés a partir de
I’ensemble des séquences COI disponibles pour les Saturniidae dans la base de données BOLD
(www.boldsystems.org).

A I’aide d’un script R, nous avons créé trois fichiers d’entrée pour chaque subtree ou backbone :

1. Une liste des échantillons pour lesquels nous disposions de marqueurs UCEs. Cette liste
comporte également le code de 1’échantillon utilisé comme outgroup. Nous avons défini
des outgroups différents pour chaque subtree. Quand cela était possible, il s’agissait d’un
échantillon appartenant a un clade apparenté au subtree.

2. Un fichier contenant le code d’un unique échantillon outgroup.

3. Un fichier .fasta compilant les séquences COIl. Si nous disposions de séquences UCEs et
COI, nous gardions le code UCE. Mais lorsque le COI était 1’unique marqueur disponible,
nous avons considéré le code process ID assigné par BOLD.

Un exemple est présenté ici pour le subtree correspondant a la Sous-famille Agliinae :

Scat Agliinae/Agliinae UCEs sample.txt

RROU00154 0101
SPHI00754 0101
RROU00153 0101
SPHT00413 0101
SPHT00414 0101
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$cat Agliinae/Agliinae outgroup.txt
[sPHT00414_0101

$cat Agliinae/selected loci S3/Agliinae COI alignment.fas
[>RrOUOO154 0101
aactttatat ttcatctttg [..]
>RROU00153 0101
aactttatat ttcatct [..]
>SARBB257 09
aactttatat tttatttttg [..]
Toutes les commandes du pipeline sont a reproduire a partir du méme dossier de travail. Dans notre
exemple, le dossier est ‘/work/parnal/SAT_splvl_Phylogeny’. Si vous souhaitez reproduire le pipeline,

certaines commandes ou scripts nécessitent d’étre modifiés.

1. Génération des alignements locus par locus
1.1 Copie des fichiers .zip contenant les sequences UCEs.

A la suite du traitement des fichiers issus des séquencages succéssifs, nous avons regroupé les UCEs
par échantillon dans des fichiers compressés. Les fichiers compressés ont été rassemblés dans un dossier
unique (‘/work/parnal/SPH_capture/SPHXX/all_locus_all_samples/*).

Dans un premier temps, nous avons créé la liste des fichiers .zip a importer (a partir de la liste
d’échantillons UCEs). Ici les jobs sont trés rapides, il n’est donc pas nécessaire de les lancer via la
commande shatch.

$./create zip list.sh
#!/bin/bash
for i in $(1s */ | sed 's#/##'); do

cd Si

echo $i

file name=$ (ls *UCEs_sample.txt)

sed 's/ 0101/.zip/g' $file name > $i" listzip.txt"
sed -i 's/ 0103/.zip/g' $i" listzip.txt"

cd /work/parnal/SAT splvl Phylogeny

done

Puis, nous avons importé les fichiers .zip.

$./import zip.sh

#!/bin/bash
#SBATCH -t 00:10:00

for i in $(1ls */ | sed 's#/##'); do

cd Si
dos2unix * listzip.txt
for j in S(cat * listzip.txt); do
cp "/work/parnal/SPH capture/SPHXX/all locus_all samples/"S$j
done
cd /work/parnal/SAT splvl Phylogeny

done
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1.2 Compilation des séquences de chaque locus.

Nous avons décidé ici de ne sélectionner que les loci pour lesquels plus de 50% des échantillons étaient
disponibles. Ce seuil peut bien sir étre modifié. Ici nous avons considéré qu’il établit un bon équilibre
entre informations phylogénétiques, données manquantes, et taille de la matrice.

A noter que nous avons utilisé un script lanceur (‘launch’) qui appelle un autre script ‘run’ qui est le
script qui effectue la tache qui nous intéresse. Ca nous permet de lancer un job par subtree/backbone et
donc de gagner beaucoup de temps de calcul. Le launch repose ici sur le script
process_zip_merge_alignUCE.sh. Ce procédé a été régulierement utilisé dans le pipeline. Les séquences
fas ont ensuite été rassemblées dans un dossier selected loci_ SX. X étant le nombre minimum
d’échantillons pour conserver un loci, il varie d’un sous jeu de données a I’autre puisque le nombre
d’échantillons differe.

$./launch process zip merge alignUCE.sh

#!/bin/bash
#SBATCH -c 1
#SBATCH -t 00:03:00

for i in $(1ls -d */ | sed 's#/##') ; do
cd S$i
sbatch ../process zip merge alignUCE.sh
cd /work/parnal/SAT splvl Phylogeny
done

$cat process zip merge alignUCE.sh

#!/bin/bash
#SBATCH -t 02:00:00

#list all the loci inside the .zip
for i in *.zip ; do unzip -1 $i | awk '/----- / {p = ++p % 2; next} p {print SNF}' ;done
>>1listoffiles.txt

#Get the number of sample per loci
cut -d " " -f 1 listoffiles.txt | sort | unig -c sed -e 's/" *//;s/ /,/' >temp

rm listoffiles.txt

#If the number of sample is under 6, we consider 6 as the threshold
#If a loci is shared by less than 3 samples, it is not informative
sample nb=$(ls *.zip|wc -1)
cutoff=$ (echo $sample nb | awk '{printf ("$d\n", (51/2))}")
my min=3
if [[ Scutoff -le $my min ]]
then
cutoff=3
fi

for i in $(cat< "temp") ;do

number samples=$(echo $i | cut -d ',' -f 1)

my loci=$(echo $i | cut -d ',' -f 2)

if [[ Snumber samples -ge Scutoff ]] ; then
echo S$my loci >> "selected loci S"Scutoff".txt"
fi;

done

rm temp

for j in $(cat selected*.txt); do
for i in *.zip ; do

sample=$ (echo $i | cut -d "." -f 1)

unzip -o -j $i $j" "Ssample"*.fasta.fa" >> output zip.o 2>error zip.e
done
for i in $j*".fasta.fa" ; do

(cat "${i}"; echo) >> $j".fas"
done

rm $j*".fasta.fa"

256



echo $j" - Done!"
done

#Create directory and move .fas file
mkdir "selected loci S"S$cutoff

mv *.fas "selected loci S"Scutoff

Quand les jobs sont finis, nous avons supprimé les fichiers .zip. L’ensemble du pipeline produit un
nombre important de fichiers. Il est donc important de supprimer les fichiers dont nous n’avons plus
besoin.

Srm ./*/*.zip
1.3 Alignement locus par locus

1.3.1 Alignement

Nous avons utilisé le logiciel MAFFT v7.313 (Katoh & Standley 2013) pour aligner les différents loci.
Nous avons lancé un job par subtree. Au sein de chaque subtree, les alignements sont donc effectués un
a un. Nous avons procédé ainsi car si un job par alignement avait été utilisé, le nombre de jobs aurait
dépassé largement le plafond autorisé sur le cluster.

$sbatch launch all MAFFT.sh
#!/bin/bash

#SBATCH -c 1

#SBATCH -t 02:00:00

for i in $(1ls -d */selec*/) ; do
cd $i
for j in *.fas ; do

sed -1 s/"-"/""/g $7
sed -i s/Velvet //g $j
done
sbatch /work/parnal/SAT splvl Phylogeny/run MAFFT.sh
cd /work/parnal/SAT splvl Phylogeny
done

Scat /work/parnal/SAT splvl Phylogeny/run MAFFT.sh

#!/bin/sh

#SBATCH -o MAFFT.o
#SBATCH —-e MAFFT.e
#SBATCH -c 4
#SBATCH -p workg
#SBATCH -t 04:00:00

module load Dbioinfo/mafft-7.313
for i in *.fas; do

mafft $i >S$i".al"

done

1.3.2 Nettoyage des alignements

Ensuite, nous avons utilisé le logiciel Gblocks 0.91b (Castresana 2000) pour corriger les alignements,
supprimer des gaps, etc...

$sbatch launch _all GBLOCK.sh

#!/bin/bash
#SBATCH -c 1
#SBATCH -t 02:00:00

for i in $(1s -d */selec*/) ; do

cd $i
sbatch /work/parnal/SAT splvl Phylogeny/run GBLOCK.sh
cd /work/parnal/SAT splvl Phylogeny

done
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Scat /work/parnal/SAT splvl Phylogeny/run GBLOCK.sh

#!/bin/sh

#SBATCH -o GBLOCK.o
#SBATCH -e GBLOCK.e
#SBATCH --mem=8G
#SBATCH -c 4
#SBATCH -p workg
#SBATCH -t 01:00:00

module load bioinfo/Gblocks 0.91b
for i in locus*.al; do

Gblocks $i -t=d -b2=bl -b3=10 -b4=2 -b5=h
Done

1.3.3 Conversion en format phylip

Enfin, nous avons converti les alignements vers le format phylip.

Ssbatch launch _all fasta2phylip.sh
#!/bin/bash

#SBATCH -c 1

#SBATCH -t 02:00:00

for i in $(1s -d */selec*/) ; do
cd $1i
rename '.fas.al-gb' ' gbrelaxed.fas' *.fas.al-gb

for j in * gbrelaxed.fas; do
sed -i "s/ //ig;" $3
done
sbatch /work/parnal/SAT splvl Phylogeny/run fasta2phylip.sh
cd /work/parnal/SAT splvl Phylogeny

echo $i "- Done !"
done

Scat /work/parnal/SAT splvl Phylogeny/run fasta2phylip.sh

#!/bin/sh

#SBATCH -o fasta2phylip.o
#SBATCH -e fastalphylip.e
#SBATCH —--mem=2G

#SBATCH -c 1

#SBATCH -p workqg

#SBATCH -t 02:00:00

for i in * gbrelaxed.fas ;do

/work/parnal/software/Fasta2Phylip.pl $i $i".phy"
done

1.3.4 Statistiques

Afin de vérifier que 1’alignement s’est bien déroulé pour I’ensemble des échantillons ainsi que pour
mieux comprendre notre jeu de données, nous avons compté le nombre d’UCEs par échantillon. Les
résultats ont été stocké dans les fichiers °./-subtree-/selected_loci_SX/nb_loci_per_sample_-subtree-
Axt’.

Le script a également copié les alignements .phy dans un dossier ‘./-subtree-/selected_loci_SX/per_loci’
dans lequel les gene trees ont été inférés (partie 2.1).

$sbatch statistics in alignment beforePMCOA.sh

#!/bin/bash
#SBATCH -c 1
#SBATCH -t 03:00:00

for i in $(1ls -d */selec*/) ; do
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cd $i

#Rename the .phy files
rename '.fas.phy' '.phy' * gbrelaxed.fas.phy

for j in * gbrelaxed.phy; do cat $j >> my selected loci; done
cat ../* UCEs_sample.txt [tr "\n" " " |awk 'BEGIN{print "for i in "} {print $0} END{print
"\; do echo $i && grep -c \"$i\" my selected loci ; done"}' |[tr "\n" " " |sed "s/ / /g"

|bash >> temp

# Get the subtree name to name the number of loci per sample file
subtree=$(ls ../* UCEs_sample.txt | xargs -n 1 basename sed -r 's/ UCEs sample.txt//')

awk 'NR % 2 == 1 { 0=$0 ; next } { print o "\t" $0 }' temp >
"nb_loci_per_sample "$subtree".txt"

rm temp
rm my selected loci

# Create a directory for the gene tree analysis
mkdir per loci

cp *.phy per loci

cd /work/parnal/SAT splvl Phylogeny

done

NB : Les étapes de la partie 1.3 pourraient facilement se succéder a I’aide d’une commande sarray. C’est
1’un des points du pipeline a améliorer.

2. Identification d’outliers.

Cette étape repose sur le logiciel PMCOA (de Vienne et al. 2012) et a pour but d’écarter des loci,
échantillons ou ségquences dont le signal phylogénétique est incohérent.

2.1 Inférence des gene trees

Dans un premier temps, nous avons inféré les gene trees a I’aide de IQTREE v1.6.7 (Nguyen et al.
2015). Pour chaque gene tree, nous avons déterminé le meilleur modéle d’évolution a I’aide du
programme ModelFinder (Kalyaanamoorthy 2017), implémenté dans IQTREE. A noter qu’avec ce
script nous supprimons aussi tous les fichiers issus de la phase 1.3 mis a part les alignements au format

phylip.

$sbatch launch all IQTREE beforePMCOA.sh

#!/bin/bash
#SBATCH -c 1
#SBATCH -t 05:00:00

for i in $(1ls -d */selec*/per loci) ; do
echo $i "- Start”
cd $i

for j in *.phy; do
sbatch /work/parnal/SAT splvl Phylogeny/run IQTREE beforePMCOA.sh $j

done

echo $i "- Done !"

nb sample=$(wc -1 ../../*UCEs*|cut -d ' ' -f 1)

if [[ $nb sample -le 10 ]];then sleep 3m ; fi

if [[ $nb sample -gt 10 && $nb sample -le 30 ]];then sleep 5m;fi
if [[ $Snb sample -gt 30 ]];then sleep 12m;fi

cd /work/parnal/SAT splvl Phylogeny

done
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$cat /work/parnal/SAT splvl Phylogeny/run IQTREE beforePMCOA.sh

#!/bin/bash

#SBATCH -e IQTREE.e
#SBATCH -o IQTREE.o
#SBATCH -p workg

#SBATCH --cpus-per-task=1
#SBATCH -t 01:00:00

module load bioinfo/igtree-1.6.7

igtree -nt 1 -s $1 -pre "IQTREE "$1 -m TESTNEW

NB : I’inférence des gene trees est I’un des points a améliorer en priorité dans le pipeline. L’utilisation
d’une commande sarray avec un nombre limite de jobs simultanés serait une solution au probléme du
nombre plafond de jobs sur le cluster. La solution que nous avons utilisée jusque-la est de lancer
I’ensemble des gene trees d’un méme subtree mais en espacant le lancement des jobs d’un subtree au
suivant par laps de temps donné (de 3 & 10 min en fonction du nombre d’échantillons UCEs du subtree).

Nous n’avons gardé que les topologies ainsi créées (fichiers .treefile) et nous avons supprimée les autres
fichiers des dossiers per_loci/ (250k fichiers).

$find . -not -name 'IQTREE*.treefile' | grep "per loci" | xargs rm -f

2.2 ldentification des outliers

Les topologies inférées sont utilisées par PMCOA pour identifier les outliers. PMCOA est un logiciel
codé dans R. Ici le launcher appelle un script qui lance le script R.

$sbatch launch all PMCOA.sh

#!/bin/sh
#SBATCH -t 00:10:00

for i in $(1s -d ./*/*/); do

cd Si

mkdir PMCOA

cd PMCOA

sbatch /work/parnal/SAT splvl Phylogeny/run PMCOA.sh
cd /work/parnal/SAT_spl;l_Phyjogeny -
done

Scat /work/parnal/SAT splvl Phylogeny/run PMCOA.sh

#!/bin/bash

#SBATCH -o out.o
#SBATCH -e out.e
#SBATCH -t 08:00:00
#SBATCH --mem=8G

module load system/R-3.4.3
Rscript /work/parnal/SAT splvl Phylogeny/pmcoa.R

$Scat /work/parnal/SAT splvl Phylogeny/pmcoa.R

library (ape)
library (phylotools)
library (openxlsx)

#software import
source ("/work/parnal/software/PMCOA/pmcoa.R")

#import tress

trees path = list.files("../per loci",pattern = ".treefileS$",full.names = T)
trees=1list ()

for (i in 1l:length(trees path)) trees[[i]] = read.tree(trees path[i])

class (trees) = "multiPhylo"

#Loci names
trees_path names = list.files("../per loci",pattern = ".treefile$",full.names = F)
loci names = c()
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for (i in l:length(trees path names)) loci names =
c(loci names,gsub ("IQTREE ","",strsplit (trees path names[i]," ") [[1]1]1[2]))

# Run the PMCOA analysis

stepl<-pMCOA (trees,distance="nodal",scannf = T,bvalue = 0) ##performs the first analysis
outl<-detect.complete.outliers (stepl$mat2WR, k=1.5, thres=0.5) ##detect complete outliers
newtrees<-rm.gene.and.species (stepl$trees, outl$outsp, outl$outgn) ##remove complete outliers
step2<-pMCOA (newtrees) ##second Phylo-MCOA analysis

out2<-detect.cell.outliers (step2$mat2WR, k=3, quiet = T) f#detect cell by cell outliers
save.image ("PMCOA results.RData")

results=as.data.frame (out2Soutcell, row.names = F)

#create a table with the gene number.
#replace gene number by its id

print (nrow (results))

if (nrow (results) !=0) {
results$Species=as.character (results$Species) ; results$Genes=as.character (results$Genes)
for (i in 1l:length(results$Genes)) {
temp=as.numeric (strsplit (results$Genes[i],"N") [[1]]1[2])

results$Genes[i]=1loci names[temp]

}

results=results[,c("Genes", "Species") ]

names (results)

write.table(results,file:"toipruneiPMCOA.txt",sep:"\t",row.names = FALSE, col.names =
FALSE, quote = F)

}
if (nrow (results)==0) {
write("",file="to prune PMCOA.txt")

#Copy the alignment if none to remove
#Alignements names
alignments_path names = list.files("../per loci",pattern = "“locus.*\\.phyS$",full.names = T)

#Create output dir
if (!dir.exists("../PMCOA clean")) dir.create("../PMCOA clean")

#Copy files

for (i in l:length(alignments_path names))
file.copy(alignments path names[i],"../PMCOA clean")
}

2.3 Délétion des outliers

Lors de cette étape, nous avons écarte les outliers identifiés et nous avons créé de nouveaux alignements
au format phylip dans le dossier ‘./-subtree-/selected_loci_SX/PMCOA_clean’.

Scat launch _all remove pmcoa.sh

#!/bin/sh
#SBATCH -t 00:10:00

for i in $(1s -d ./*/*/PMCOA); do

cd $i

sbatch /work/parnal/SAT splvl Phylogeny/run_ remove PMCOA.sh
cd /work/parnal/SAT splvl Phylogeny

done

$cat /work/parnal/SAT splvl Phylogeny/run remove PMCOA.sh
#!/bin/bash
#SBATCH -o remove_ pmcoa.o
#SBATCH -e remove pmcoa.e
#SBATCH -t 02:00:00
#SBATCH --mem=2G
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module load system/R-3.4.3
Rscript /work/parnal/SAT splvl Phylogeny/remove pmcoa ID.R

$cat /work/parnal/SAT splvl Phylogeny/remove pmcoa ID.R

library (ape)
library (phylotools)
library (openxlsx)

#import alignment

alignment path = list.files("../per loci",pattern = ""“locus.*\\.phy$", full.names = T)
head (alignment path)

my alignments=list ()

for (i in l:length(alignment path)) my alignments[[i]] = read.dna(alignment path[i],
as.character=T, as.matrix=T)

#Alignements names
alignments path names = list.files("../per loci",pattern = ""“locus.*\\.phy$", full.names = F)

#import the PMCOA results
to_prune = read.table("toipruneiPMCOA.txt",header:F,sep:"\t")

#Create output dir
if (!dir.exists("../PMCOA clean")) dir.create("../PMCOA clean")

for (i in l:length(alignments_path names)) {
focal locus = strsplit (alignments path names([i]," ") [[1]][1]

focal to prune = to _prune[to prune$Vli==focal locus, ]

if (nrow (focal to prune)==0
file.copy (alignment path]|

discard in the given locus
print (paste (alignments_path names[i],"- No samples ID by PMCOA"))
}

) {
i], to="../PMCOA clean",overwrite=T) #write if no sample to

if (nrow(focal to prune) !=0){ #if some sample to discard

#get only the existing samples. PMCOA considers centroids for missing sample so can be in
the resulting table

sample to prune = paste(focal to prune$v2,"\t", sep="")

sample to prune = intersect (row.names (my alignments([[i]]),sample to prune)

if (length (sample to prune)==0) {

file.copy (alignment path[i], to="../PMCOA clean",overwrite=T)

print (paste (alignments_path names[i],"- No existing samples ID by PMCOA"))
}

if (length (sample_to prune) !=0) {

new alignment = my alignments[[i]]
new_alignment = new alignment|[-
grep (paste (sample to prune,collapse="|"), row.names (new _alignment)), ]
to write = list()
to write[[1]] = paste(nrow(newialignment),ncol(newialignment),sep:"\t")
for(j in l:nrow(new alignment)) to write[[1+j]] =
paste (row.names (new_alignment) [j],paste (new_alignment([j,],collapse = ""),sep="")
write (unlist (to write),file = paste("../PMCOA clean/",alignments path names([i],sep=""))
print (paste (alignments path names[i],"- Pruned from samples ID by PMCOA"))

}

3. Inférence des topologies

3.1 Création des matrices concaténées

Lors de cette étape, nous avons concaténé les alignements par loci afin de créer les matrices d’entrée
pour I’analyse IQTREE. Les scripts présentés ici génerent également un fichier charset dans lequel sont
enregistrées les positions des deux partitions que nous avons choisi de considérer : une premiére qui
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rassemble tous les UCEs et une deuxiéme qui ne contient que les séquences COIl. Ce fichier charset est
ensuite utilisé pour lancer des analyses partitionnées dans IQTREE.

A noter que dans ce script, les fichiers issus des étapes d’alignement sont supprimés. Ne reste dans les
dossiers ./-subtree-/selected_loci_SX/* que les alignements COI et les fichiers phylip non nettoyés des
outliers.

Un script R est utilisé ici pour générer les alignements.

$sbatch launch all merge alignment.sh

#!/bin/sh
#SBATCH -t 00:10:00

for i in $(ls -d ./*/sel*/); do

cd $i

rm locus*.al

rm locus*.fas

rm locus*.htm

sbatch /work/parnal/SAT splvl Phylogeny/run merge alignment.sh
cd /work/parnal/SAT splvl Phylogeny

done

$cat /work/parnal/SAT splvl Phylogeny/run merge alignment.sh

#!/bin/bash

#SBATCH -o merge alignment.o
#SBATCH -e merge alignment.e
#SBATCH -t 04:00:00

#SBATCH --mem=8G

module load system/R-3.4.3
Rscript /work/parnal/SAT splvl Phylogeny/merge alignment.R

Scat /work/parnal/SAT splvl Phylogeny/merge alignment.R

library (ape)
library (phylotools)
library (openxlsx)

# Get the samples list

my samples path = list.files("../",pattern=" UCEs sample.txt$", full.names=T)
my samples = readLines (my samples path)
my samples path = list.files("../",pattern=" UCEs sample.txt$", full.names=F)

my samples = paste(my samples,"\t", sep="")

#import UCE alignments

alignment _path = list.files("./PMCOA clean",pattern = "“locus.*\\.phyS$", full.names = T)
my alignments=1list()
for (i in l:length(alignment path)) my alignments[[i]] = read.dna(alignment path[i],

as.character=T, as.matrix=T)

#import the COI alignment

COI alignment path = list.files(pattern="fas.als"

print (COI_alignment path)

COI alignment = read.dna(COI_alignment path, as.character=T, as.matrix=T, format="fasta")

### First step: merge the UCEs alignments
to be merge alignments = list() # list to shote the loci with the missing data added

for (i in l:length(my alignments)) {

temp alignment = my alignments([[i]]

temp species = row.names (temp alignment)

temp ncl = dim(temp alignment) [2]

not in alignment sp=setdiff (my samples,temp species)

if (length(not_in alignment sp) !=0) {

not in loci alignment = matrix("-",length(not in alignment sp),temp ncl)
row.names (not_in_loci_alignment) = not_in_alignment_sp

to be merge alignments[[i]] = rbind(temp alignment,not in loci alignment)

}

if (length(not_in _alignment sp)==0) to_be merge alignments|[[i]] = temp_alignment

}
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my merged alignment = to be merge alignments[[1l]] #initalize the merging

for (i in 2:length(to be merge alignments)) { #merge
to_be merge alignments[[i]] =
to be merge alignments[[i]] [row.names (to be merge alignments[[1]]),]

my merged alignment = cbind(my merged alignment,to be merge alignments|[[i]]

print (paste (i, "/", length(to _be merge alignments),sep="")) #progress
if (i==length(to_be merge alignments)) cat ("Done!\n")

}
### End of first step

### Second step : add the COI alignment
row.names (my merged alignment) = gsub ("\t","",row.names (my merged alignment))

UCE not COI = setdiff (row.names (my merged alignment), row.names (COI alignment))
COI not UCE = setdiff (row.names (COI alignment), row.names (my merged alignment))

if (length (UCE_not COI) !=0) {

nb nucl COI = ncol (COI_alignment)

matrix toappend COI = matrix("-",length (UCE not COI),nb nucl COI)
row.names (matrix toappend COI) = UCE not COI

COI alignment = rbind(COI alignment, matrix toappend COI)

}

if (length (COI_not UCE) !=0) {

nb nucl UCE = ncol (my merged alignment)

matrix toappend UCE = matrix("-",length(COI_not UCE),nb nucl UCE)
row.names (matrix toappend UCE) = COI not UCE

my merged alignment = rbind(my merged alignment, matrix toappend UCE)
}

print (row.names (COI_alignment))

print (row.names (my merged alignment))

print (sort (table (row.names (COI_alignment))))

print (setdiff (row.names (COI_alignment), row.names (my merged alignment)))

print (setdiff (row.names (my merged alignment), row.names (COI alignment)))

if (length (row.names (COI_alignment)) !=length (row.names (my merged alignment))) stop("Error!
Number of samples COI and UCE different")

#Get charset

my charset = list()

my charset[[1]] = "#nexus"

my charset[[2]] = "begin sets;"

my charset[[3]] = paste("charset UCE =",1,"-",ncol (my merged alignment),";",6 sep="")
my charset[[4]] = paste("charset COI =",ncol (my merged alignment)+1,"-

",ncol (my merged alignment)+ncol (COI_alignment),";",sep="")

my charset[[5]] = "end;"

#Put in order and cbind COI and UCEs
COI alignment = COI alignment[row.names (my merged alignment), ]
my merged alignment = cbind(my merged alignment, COI alignment)

### End of second step

#Write the matrix

if(!dir.exists ("IQTREE")) dir.create ("IQTREE")

my subtree = gsub (" UCEs sample.txt","",my samples path)

to write = list()

to write[[1]] = paste(nrow(my merged alignment),ncol (my merged alignment),sep="\t")
for(j in l:nrow(my merged alignment)) to write[[1+3j]] =

paste (row.names (my merged alignment) [j],"\t",paste (my merged alignment[j,],collapse =
") sep="")

write (unlist (to_write),file = paste("./IQTREE/", my subtree, " alignment.phy",sep=""))

write (unlist (my charset),file = paste("./IQTREE/", my subtree, " charset.txt",sep=""))
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Les deux fichiers générés, ’alignement et le fichier charset sont stockés dans le dossier ./-subtree-
/selected loci_SX/IQTREE’.

NB : une stratégie de partitionnement plus élaborée pourrait étre envisagée ici, notamment la méthode
de Tagliacollo & Lanfear (2018).

3.2 Inférence des arbres phylogénétiques

Nous avons utilisé IQTREE v1.6.7 (Nguyen et al. 2015) en considérant les deux partitions créées
précédemment (3.1). A noter que 1’échantillonnage des positions nucléotidiques pour les réplicats de
bootstrap se fait a I’intérieur des partitions définies par défaut. Toutes les topologies des réplicats de
bootstrap sont écrites (option —wbtl de IQTREE).

$sbatch launch all IQTREE merged.sh
#!/bin/bash

#SBATCH -c 1

#SBATCH -t 00:05:00

for i in $(1s */selec*/IQTREE) ; do
cd $i

my alignment=$ (ls *alignment.phy)
my charset=$(ls *charset.txt)

sbatch /work/parnal/SAT splvl Phylogeny/run IQTREE merged.sh Smy alignment Smy charset

cd /work/parnal/SAT splvl Phylogeny

done

$cat run IQTREE merged.sh

#!/bin/bash

#SBATCH -e IQTREE.e
#SBATCH -o IQTREE.o
#SBATCH -p workg

#SBATCH --cpus-per-task=40
#SBATCH -t 48:00:00

module load bioinfo/iqtree-1.6.7

igtree 40 $1 -pre "IQTREE "$1 -m TESTNEW -bb 1000 -alrt 1000 -spp $2 -wbtl

4. Datation

Nous avons utilisé le logiciel MCMCtree appartenant a la suite de logiciels PAML (Yang 1997). Afin
de réduire les temps de calcul, nous avons réduits les matrices nucléotidiques a 50 loci, échantillonnés
aléatoirement. Le logiciel MCMCitree a été lancé sur 2 millions de générations, dont 300 000 de burnin.
Lors de I’échantillonnage de ces 50 loci, nous nous sommes assurés que le nombre minimal de loci pour
un échantillon était de 10. Si ce critére n’était pas rempli, un autre set de loci fut échantillonne, et ce,
jusqu’a que ce critére soit respecté. Si au bout de 100 randomisations, le nombre de loci minimal pour
un échantillon était toujours inférieur a 10, le set de loci dont la valeur minimale est la plus élevée est
conservé. Si ce nombre est égal a 0, le script s’arréte : il y a un probléme pour I’un des échantillons (qui
sera indiqué sur les fichiers d’erreur).

Les points de calibration pour estimer les temps de divergence de 1’arbre backbone sont des fossiles
et/ou des calibrations secondaires. Dans ce cas précis, il s’agit de deux fossiles (1 Sphingidae, 1
Saturniidae), ainsi que de cinq calibrations secondaires provenant de la datation de la phylogénie des
Lépidopteres par Wahlberg et al. (2013) (voir le Chapitre 1 pour plus de détails). Les calibrations ont
¢été définies a I’aide d’une loi uniforme couvrant, pour les fossiles, 1’age de fossilisation ou, pour les
points de datation secondaires, 1’intervalle de confidence a 95%. Afin d’établir I’influence du set de loci
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sur I’estimation des temps de divergence, nous avons indépendamment daté le backbone avec deux sets
de loci distincts (50_loci_random_A et 50_loci_random_B). Pour s’assurer de la convergence des
analyses, nous avons également lancé la datation deux fois sur chaque set de loci (approx1 et approx2).

Ce n’est que dans un second temps que nous avons daté les subtrees. Pour cela, nous avons utilisé les
estimations des temps de divergence des nceuds communs au backbone et aux subtrees comme input
pour dater ces derniers. Contrairement au backbone, nous avons utilisé ici des point calibrations : nous
ne considérons donc pas d’incertitude concernant les dges des nceuds datés. Bien que MCMCtree ne
permette pas d’effectuer de point calibration a proprement parler, nous avons contraint les nceuds
concernés dans des intervalles tres étroits, ce qui équivaut a une point calibration. Par exemple pour le
subtree Agliinae (ici ’unité de temps est la centaine de million d’année) :

(((RROU00153 0101,SPHI00754 0101),RROU00154 0101), (SPHI00413 0101, SARBB257 09)) '>0.059897<0.059897';

Pour tous les subtrees, un seul set de loci a été utilisé et I’analyse n’a été lancée qu’une seule fois. Des
tests préliminaires ont montré que, d’un set de loci a I’autre, les temps de divergence étaient relativement
similaires et que deux analyses d’un méme set de loci convergeaient vers des estimations identiques.
Egalement, ces tests ont permis de mettre en évidence que les estimations ne variaient pas d’une
génération a la suivante. Pour la datation de I’ensemble des subtrees, nous avons donc utilisé une seule
génération, sans burnin.

En plus de I’inférence d’une mégaphylogénie ‘principale’, le pipeline infére une série de réplicats afin
de prendre en compte les incertitudes liées a la topologie et aux temps de divergence. Pour cela, nous
avons effectué I’étape de datation des subtrees puis de I’assemblage de la mégaphylogénie plusieurs fois
(nous nous sommes limité a 10 réplicats pour I’instant). Lors de la datation des subtrees, nous avons
considéré les temps de divergence d’un arbre backbone différent pour chaque réplicat, aléatoirement
échantillonné dans la distribution postérieure de 1’analyse MCMCtree (la topologie reste identique).
Egalement, a chaque replicat de la mégaphylogénie inféré, nous avons considéré des topologies
différentes pour les subtrees, issues des réplicats de bootstrap (partie 3.2).

Quant a la mégaphylogénie ‘principale’, nous avons utilisé les 4ges médians estimés par MCMCtree
pour le backbone ainsi qu’en considérant les topologies subtrees estimées a partir des alignements
originaux (replicat n°0).

4.1 Datation du backbone et assemblage de I’arbre

4.1.1 Création des fichiers d’entrée

Dans un premier temps, nous avons généré les fichiers d’input pour les 4 datations indépendantes du
backbone. La structure des dossiers est la suivante :

éparﬁrdLldOSﬁer/work/parnal/SAT_splvl_Phylogeny/backbone/selected_loci_SS8Z

./DATATION

./50_loci random A
./Hessian
./approx1
./approx2

./50 loci random A
./Hessian
. /approxl
. /approx2

Chaque dossier . /Hessian OU ./approx[1,2] comporte les fichiers suivants :

- L’alignement. Il différe en fonction que 1’on se place dans le dossier . /50 loci random A OU

./50_loci random B.
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- Latopologie, identique dans I’ensemble des dossiers, avec les calibrations.
- Un fichier de configuration de 1’analyse. Il différe en fonction qu’on se place dans un dossier
./Hessian OU ./approx[1l,2].

./Hessian ./approx[1,2]
seed = -1 seed = -1
segfile = my random based alignment A.phy | segfile = my random based alignment A.phy
treefile = DATATION input backbone.tre treefile = DATATION input backbone.tre
outfile = mcmctree RDMA 3M cor.txt outfile = mcmctree RDMA 3M cor.txt
ndata = 2 ndata = 2
seqtype = 0 segtype = 0
usedata = 3 usedata = 2
clock = 3 clock = 3
RootAge = '<1' RootAge = '<1'
model = 4 model = 4
alpha = 0.5 alpha = 0.5
ncatG = 4 ncatG = 4
cleandata = 0 cleandata = 0
BDparas = 1 1 0.1 BDparas = 1 1 0.1
kappa gamma = 6 2 kappa gamma = 6 2
alpha gamma = 1 1 alpha gamma = 1 1
rgene gamma = 2 20 1 rgene gamma = 2 20 1
sigma2 gamma = 1 10 1 sigma2 gamma = 1 10 1
finetune = 1: .1 .1 .1 .1 .1 .1 finetune = 1: .1 .1 .1 .1 .1 .1
print = 1 print =1
burnin = 300000 burnin = 300000
sampfreq = 100 sampfreq = 100
nsample = 17000 nsample = 17000

- Un ficher permettant de lancer ’analyse, run_MCMCtree. sh.

$sbatch run datation backbone generatefiles.sh
#!/bin/bash

#SBATCH -o datation_backbone_ files.o

#SBATCH -e datation backbone files.e

#SBATCH -t 01:00:00

#SBATCH --mem=2G

module load system/R-3.4.3
Rscript /work/parnal/SAT splvl Phylogeny/datation backbone generatefiles.R

Scat /work/parnal/SAT splvl Phylogeny/datation backbone generatefiles.R

library (phytools)
library (phangorn)
library (openxlsx)

setwd ("/work/parnal/SAT splvl Phylogeny/backbone/selected loci S88")

FHEH R R
#Import the tree inferred the IQTREE on the merged alignement
iqtree_tre:read.tree("./IQTREE/IQTREEibackboneialignment.phy.treefile")

#reroot the tree

my outgroup = "RROU00175 0101" #Endromis versicolora

index = which (igtree treS$tip.label==my outgroup)

my position = 0.5*igtree treSedge.length[which (igtree treSedge[,2]==index) ]
igtree tre = reroot(igtree tre, index, position = my position)

#First import tree and prune from outgroup but Sphingidae (needed for datation)
to_prune = c("RROU00175 0101", #Endromis versicolora
"RROU00224 0101", #Lemonia taraxaci
"RROU00221_0101"#Acanthobrahmaea europaea
)

igtree tre = drop.tip(igtree tre, to prune)
UCE_samples = readLines ("../backbone UCEs_sample.txt")
UCE_samples = UCE samples[-grep (paste(to prune,collapse="|"),UCE samples) ]

FRHEFFHEF R
#Import the COI alignment
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COI_alignment = read.dna("backbone COI alignment.fas.al",
as.character=T, as.matrix=T, format="fasta")

#Prune for outgroup is in the alignment

if (any (grepl (paste (to_prune,collapse="|"), row.names (COI_alignment)))) {

COI_alignment = COI alignment[-grep(paste(to_prune,collapse="|"), row.names (COI_alignment)), ]
}
7
#Import the per loci alignements
alignment path = list.files("./PMCOA clean",pattern = "“locus.*\\.phyS$",full.names = T)
my alignments=list ()
for (i in 1l:length(alignment path)) {

temp alignment = read.dna(alignment path[i], as.character=T, as.matrix=T)

#prune from outgroup

if (any (grepl (paste (to_prune,collapse="|"), row.names (temp alignment)))) {

temp alignment = temp alignment[-grep (paste(to prune,collapse="|"), row.names (temp alignment)), ]
}
my alignments[[i]] = temp alignment

}

#Alignments names

alignment path names = list.files("./PMCOA clean",pattern = "“locus.*\\.phyS$",full.names = F)
my loci = c()

for(i in l:length(alignment path names)) my loci = c(my_loci,

gsub (" gbrelaxed.phy","",alignment path names[i])

# Assign names
names (my alignments) = my loci

FHEF A R R

## First random set of 50 loci

#The while loop allows to relaunch the randomization until the minimum number of loci for a
sample is 10

success <- FALSE

while (!success) {
random loci A=sample (my loci,50)

#Count the number of loci per sample
random loci_ spcount A=data.frame (UCE_samples, rep (0, length (UCE_samples)))
names (random loci spcount A)=c("tip.label","nb")
for (i in l:length(random loci A)) {
index=grep (random loci A[i],my loci)
temp tr tips=row.names (my alignments|[[index]])
temp tr tips = gsub("\t","",temp tr tips)
for(j in l:length(temp tr tips)) {
my row = random loci spcount AStip.label==temp tr tips[j]
random loci spcount A[my row, ] Snb=random loci spcount A[my row, ]S$nb+l
}
}

success=min (random loci spcount A$nb) >=10
print (min (random loci spcount ASnb))
}
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## Second sed of random loci
success <- FALSE

while (!success) {
random loci B=sample (my loci, 50)

#Count the number of loci per sample
random loci spcount B=data.frame (UCE samples, rep (0, length (UCE samples)))
names (random_loci_spcount B)=c("tip.label","nb")
for (i in l:length(random loci B)) {
index=grep (random loci B[i],my loci)
temp tr tips=row.names (my alignments|[[index]])
temp tr tips = gsub("\t","",temp tr tips)
for(j in l:length(temp_tr tips)) {
my row = random loci spcount B$tip.label==temp tr tips[j]
random_loci_spcount B[my_row, ] $nb=random loci_spcount B[my_row, ] $nb+1

}
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success=min (random loci spcount BS$nb)>=10
print (min (random loci spcount BSnb))
}

CR R i i i
# Create dataset

if(!dir.exists ("DATATION")) dir.create ("DATATION")

setwd ("DATATION")

ifdddtdgdddsssaddsssssdddsssddddsatdddssdddsdtadddtigaddtadaddddidddsdi
# Statistics

#random A

if (!dir.exists ("50 loci random A")) dir.create("50 loci random A")

write.table (random loci A, file="./50 loci random A/random selcted UCEloci A.txt",
row.names = F,col.names = F,quote = F,sep="\t")

write.table (random_loci_spcount A, file="./50_loci_random A/species count_in_selcted UCEloci.txt",
row.names = F,col.names = F,quote = F,sep="\t")

#random B

if (!dir.exists ("50 loci random B")) dir.create("50 loci random B")

write.table (random loci B, file="./50 loci random B/random selcted UCEloci B.txt",
row.names = F,col.names = F,quote = F,sep="\t")

write.table (random loci spcount B, file="./50 loci random B/species count in selcted UCEloci.txt",
row.names = F,col.names = F,quote = F,sep="\t")
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# Create the alignments

#random A

random_selcted loci A = read.table("./50_loci_random A/random selcted UCEloci A.txt")
random selcted loci A = as.character(random selcted loci A[,1])

#Get the loci we want
random loci A=list ()
for (i in l:length(random selcted loci A)) {
random loci A[i]=my alignments|[grep (random selcted loci A[i],names (my alignments)) ]
}
my loci names=c ()
my charset=c ()
for (i in l:length(random loci A)) {
if(i==1) {
my random alignment A=random loci A[[i]]
my loci names[i]=random_ selcted loci A[i]
my charset[i]=paste(l,length(my_random alignment A[1l,]))
}
if(i!=1){
temp=random loci A[[i]]

temp not align= setdiff (row.names (temp), row.names (my random alignment A))
align not temp= setdiff (row.names (my random alignment A), row.names (temp))

#Add the new species to the alignment. Put "-" gap

to_add align=matrix("-",length (temp not align),length (my random alignment A[1,]))
row.names (to_add _align)=temp not align

my random alignment A=rbind(my random alignment A,to_add align)

#Add the new species to the temp. Put "-" gap

to add temp=matrix ("-",length(align not temp),length (temp[l,]))
row.names (to_add_temp)=align_not_temp
temp=rbind (temp, to add temp)

if (nrow (temp) == nrow(my random alignment A)) {
#Match same order
temp=temp [match (row.names (my random alignment A), row.names (temp)), ]

if (length ( (grep (FALSE, row.names (temp) == row.names (my random alignment A))))>0) {
print ("row.names not same order")
}
if (length ((grep (FALSE, row.names (temp) == row.names (my random alignment A))))==0) {
my charset[i]=paste(length (my random alignment A[1l,])+1,
length (my random alignment A[1l,])+length (temp[1,]))
my random alignment A=cbind(my random alignment A, temp)
print (paste (random_selcted loci A[i],"-",length(temp[l,]), "pb"))
my loci names[i]=random selcted loci A[i]

}
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}

if (nrow (temp) != nrow(my random alignment A)) print("not same dimension")

}
}
write.table (data.frame (my loci names,my charset),
file="./50_loci_random A/my_ random based charset A.txt", sep="\t",
col.names = F,row.names = F,quote = F)
my random alignment A = my random alignment A[paste (UCE samples,"\t",6 sep=""),]

my random alignment A list = list()

my random alignment A 1list[[1]] =

paste (nrow (my random alignment A),ncol (my random alignment A),sep="\t")

for (i in l:nrow(my random alignment A)) {

my random alignment A list[[i+1]] = paste(gsub("\t","",row.names (my random alignment A) [i]),
paste (my random alignment A[i,], collapse = ""),sep="

")

}

#Add the COI alignment

my random alignment A list[[length (my random alignment A list)+1]] = "\n"
my random alignment A list[[length(my random alignment A list)+1]] = paste(nrow(COI alignment),
ncol (COI_alignment),sep="\t")

for(i in l:nrow(COI_alignment)) {

end of file=length (my random alignment A list)+1

my random alignment A list[[end of file]] = paste(gsub("\t","",row.names (COI alignment) [i]),

paste (COI alignment([i,], collapse = ""), sep="

")

}

#Write "End of file"
my random alignment A list[[length (my random alignment A list)+1]] = "//end of file"

if (!dir.exists("./50 loci random A/Hessian")) dir.create("./50 loci random A/Hessian")

if (!dir.exists("./50 loci random A/approxl")) dir.create("./50 loci random A/approxl")

if (!dir.exists("./50 loci random A/approx2")) dir.create("./50 loci random A/approx2")

write (unlist (my random alignment A list),file =
"./50 loci random A/Hessian/my random based alignment A.phy")
write (unlist (my random alignment A list),file =
"./50_loci_random A/approxl/my random based alignment A.phy")
write (unlist (my random alignment A list),file =
"./50 loci_random A/approx2/my random based alignment A.phy")

#

#random based B
random selcted loci B=read.table("./50 loci random B/random selcted UCEloci B.txt")
random selcted loci B=as.character (random selcted loci B[, 1]

#Get the loci we want

random loci B=list ()

for (i in 1l:length(random selcted loci B))

random loci B[i]=my alignments[grep (random selcted loci B[i],names (my alignments)) ]

my loci names=c ()
my charset=c()
for (i in l:length(random loci B)) {
if (i==1){
my random alignment B=random loci B[[i]]
my loci names[i]=random selcted loci B[i]
my charset[i]=paste(l,length(my random alignment B[1,]))
}
if(i!=1){

temp=random loci B[[i]]

temp not align= setdiff (row.names (temp), row.names (my random alignment B))
align not temp= setdiff (row.names (my random alignment B), row.names (temp))

#Add the new species to the alignment. Put "-" gap

write.table (data.frame (my loci names,my charset),
file="./50_loci random B/my random based charset B.txt",
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sep="\t",col.names = F,row.names = F,quote = F)
my random alignment B = my random alignment B[paste (UCE samples,"\t",sep=""), ]
my random alignment B list = list()
my random alignment B list[[1]] =
paste (nrow (my random alignment B),ncol (my random alignment B),sep="\t")
for(i in l:nrow(my random alignment B)) {
my random alignment B list[[i+1]] = paste(gsub("\t","",row.names (my random alignment B) [i]),
paste (my random alignment B[i,], collapse = ""),sep=" ")
}
#Add the COI alignment

my random alignment B list[[length (my random alignment B list)+1]] = "\n"

my random alignment B list[[length(my random alignment B list)+1]]

paste (nrow (COI_alignment),ncol (COI_alignment), sep="\t")

for(i in l:nrow(COI_alignment)) {

my random_alignment B list[[length (my random alignment B list)+1]] =

paste (gsub ("\t","", row.names (COI alignment) [i]),

paste (COI alignment([i,], collapse = ""), sep=" ")

}

#Write "End of file"

my random alignment B list[[length (my random alignment B list)+1]] = "//end of file"
if (!dir.exists("./50 loci random B/Hessian")) dir.create("./50 loci random B/Hessian")
if (!dir.exists("./50 loci random B/approxl")) dir.create("./50 loci random B/approxl")
if (!dir.exists("./50 loci random B/approx2")) dir.create("./50 loci random B/approx2")
write (unlist (my random alignment B list),file =

"./50 loci random B/Hessian/my random based alignment B.phy")

write (unlist (my random alignment B list),file =
"./50_loci_random B/approxl/my random based alignment B.phy")

write (unlist (my random alignment B list),file =

"./50 loci random B/approx2/my random based alignment B.phy")

A A A A

# TREE input

tre clean = igtree tre

tre clean$edge.length<-NULL

#rename the node labels to the node number

for (i in l:length(tre cleanSnode.label)) tre cleanSnode.label[i]= length(tre clean$tip.label)+i

## SPHINGIDAE/Saturniidae CALIBRATION ##
node=findMRCA (tre_clean, tips=tre clean$tip.label, type=c("node","height"))
tre cleanSnode.label[tre cleanSnode.label==as.character (node)]= "'>.64128<.847602""

## SPHINGIDAE CALIBRATION ##

node=£indMRCA (tre clean, tips=c("SPHI00232 0101","RROU00478 0101","RROU00591 0101",
"RROU00566_0101", "RROU00254 0101","SPHI00206_0101",
"RROU00277 0101","SPHI00163 0101","SPHI00171 0101",

"RROU00209 0101","JRAS05755 0101"), type=c("node","height"))
tre_clean$node.label[tre_clean$node.label::as.character(node)]: "> . 265833<.555616""
## SATURNIIDAE CALIBRATION ##
node=findMRCA (tre clean, tips=c("SPHI00639 0101","SPHI00895 0101"), type=c("node","height"))
tre_clean$node.label[tre_clean$node.label::as.character(node)]: "'>_4847<.69875""

## Cercophaninae/Other Saturniidae CALIBRATION ##
node=findMRCA (tre clean, tips=c("SPHI00639 0101","SPHI00895 0101"), type=c("node","height"))
tre_clean$node.label[tre_clean$node.label::as.character(node)]: "> 429783<.641207"'"

## Ceratocampinae/Hemileucinae CALIBRATION ##
node=findMRCA (tre clean, tips=c("SPHI00488 0101","SPHI00895 0101"), type=c("node","height"))
tre clean$node.label[tre clean$node.label==as.character (node)]= "'>.269071<.496079"'"

## Salassinae/Saturniinae CALIBRATION ##
node=findMRCA (tre clean, tips=c("SPHI00460 0101","SPHI00423 0101"), type=c("node","height"))
tre clean$node.label[tre clean$node.label==as.character (node)]= "'>.238774<.454925""

### FOSSILS ###

## Smerinthini : Mioclanis ##

node=findMRCA (tre clean, tips=c("RROU00277 0101","SPHI00163 0101","SPHIO0171 0101",
"RROU00209 0101","JRAS05755 0101"), type=c("node","height"))

tre clean$node.label[tre clean$node.label==as.character (node)]= "'>.152""

## Base Bunaeini ##
node=findMRCA (tre clean, tips=c("SPHI00357 0101","SPHI00777 0101"), type=c("node","height"))
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tre cleanSnode.label[tre cleanSnode.label==as.character (node)]= "'>.0366""

for(i in l:length(tre clean$node.label)) {

if (tre cleanSnode.label[i]==as.character (itlength (tre clean$tip.label)))
tre cleanSnode.label[i]=""

}
write.tree (tre clean, file="./DATATION input backbone.tre")
text tree=readLines ("./DATATION input backbone.tre")

mcme text tree=list ()
mcmc_text tree[[2]]=text tree
mcme_text tree[[l]]=paste(length(tre clean$tip.label),1l,sep=" ")

mcme_text tree[[3]]="//end of file"

write (unlist (mcmc_text tree),"./DATATION input backbone.tre")

file.copy ("./DATATION input backbone.tre", "./50 loci random A/Hessian/")
file.copy ("./DATATION input backbone.tre", "./50 loci random A/approxl/"
file.copy ("./DATATION input backbone.tre", "./50 loci random A/approx2/")
file.copy ("./DATATION input backbone.tre", "./50 loci random B/Hessian/")
file.copy ("./DATATION input backbone.tre", "./50 loci random B/approxl/"
file.copy ("./DATATION input backbone.tre", "./50 loci random B/approx2/")
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# MCMCtree control file and run.sh

#MCMCtree control file

Control Hessian A list ()

Control Hessian A[[length(Control Hessian A
Control Hessian A[[length(Control Hessian A
Control Hessian A[[length(Control Hessian A
Control Hessian A[[length(Control Hessian A

= 'seed = -1'

= 'segfile = my random based alignment A.phy'
'treefile = DATATION input backbone.tre'
'outfile mcmctree RDMA 3M cor.txt'

Control Hessian A[[length(Control Hessian A = 'ndata = 2'
Control Hessian A[[length(Control Hessian A = 'seqtype = 0'
Control Hessian A[[length(Control Hessian A = 'usedata = 3'
Control Hessian A[[length(Control Hessian A = 'clock = 3'
Control Hessian A[[length(Control Hessian A = "RootAge = '<1'"
Control Hessian A[[length (Control Hessian A = 'model = 4'
Control Hessian A[[length(Control Hessian A = 'alpha = 0.5'

40
Control Hessian A[[length(Control Hessian A = 'cleandata = 0'
Control Hessian A[[length(Control Hessian A = 'BDparas = 1 1 0.1"

= 'kappa_ gamma 6 2"

= 'alpha gamma = 1 1'

= 'rgene gamma = 2 20 1'

= 'sigma2 gamma = 1 10 1°'

= 'finetune = 1: .1 .1 .1 .1 .1 .1°'
'print = 1'

= 'burnin = 300000"'

'sampfreq = 100"

= 'nsample = 17000'

Control Hessian A
Control Hessian A
Control Hessian A
Control_ Hessian A
Control_ Hessian A
Control Hessian A
Control Hessian A
Control_ Hessian A
Control_ Hessian A

length (Control Hessian A
length (Control Hessian A
length (Control Hessian A
length (Control Hessian A
length (Control Hessian A
length (Control Hessian A
length (Control Hessian A
length (Control Hessian A
length (Control Hessian A

[l ( )+11]
[l ( )+11]
I ( )+111]
I ( )+111]
[l ( )+11]
[l ( )+11]
I ( )+111]
I ( )+111]
[l ( )+11]
[l ( )+11]
I ( )+111]
Control Hessian A[[length(Control Hessian A)+1]] = 'ncatG =
[l ( )+11]
[l ( )+11]
Ll ( )+111]
Ll ( )+111]
Ll ( )+111]
[l ( )+11]
[l ( )+11]
Ll ( )+111]
Ll ( )+111]
[l ( )+11]
[l ( )+11]

Control approx A = Control Hessian A

Control approx A[[7]] = 'usedata = 2'

write (unlist (Control Hessian A), file = "./50 loci random A/Hessian/mcmctree.ctl")
write (unlist (Control approx A), file = "./50 loci random A/approxl/mcmctree.ctl")
write (unlist (Control approx A), file = "./50_loci random A/approx2/mcmctree.ctl")

Control Hessian B =
Control Hessian B[[2
Control Hessian B[ [4

Control Hessian A
]1] = 'segfile = my random based alignment B.phy'
]1 = 'outfile = mcmctree RDMB 3M cor.txt'

Control approx B = Control Hessian B

Control approx B[[7]] = 'usedata = 2'

write (unlist (Control Hessian B), file = "./50 loci random B/Hessian/mcmctree.ctl")
write (unlist (Control approx B), file = "./50 loci random B/approxl/mcmctree.ctl")
write (unlist (Control approx B), file = "./50 loci random B/approx2/mcmctree.ctl")

# run MCMCtree.sh files

my runMCMCtree Hessian = list()

my runMCMCtree Hessian|[[length (my runMCMCtree Hessian) +1]] '#!/bin/sh'

my runMCMCtree Hessian[[length (my runMCMCtree Hessian)+1]] = '#SBATCH -p workq'
my runMCMCtree Hessian|[[length (my runMCMCtree Hessian) +1]] '#Load modules'
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my runMCMCtree Hessian[[length (my runMCMCtree Hessian)+1]] = 'module load bioinfo/pamlé4.9%h'
my runMCMCtree Hessian[[length (my runMCMCtree Hessian)+1l]] = 'mcmctree mcmctree.ctl'

my runMCMCtree approx
my runMCMCtree approx|[[length (my runMCMCtree approx
my runMCMCtree approx|[[length (my runMCMCtree approx

= list ()
[l ( )+11]
[l ( )+11]
my runMCMCtree approx|[[length (my runMCMCtree approx)+1]
[l ( )+1]1
[l ( )+11]

= '#!/bin/sh’'

'"#SBATCH -p unlimitq'

'#Load modules'

= 'module load bioinfo/pamlé4.9%h'
= 'mcmctree mcmctree.ctl'

my runMCMCtree approx|[[length (my runMCMCtree approx
my_ runMCMCtree approx|[[length (my runMCMCtree approx

write (unlist (my runMCMCtree Hessian), file = "./50 loci random A/Hessian/run MCMCtree.sh")
write (unlist (my_runMCMCtree approx), file = "./50 loci random A/approxl/run MCMCtree.sh")
write (unlist (my_ runMCMCtree_ approx), file = "./50 loci_random A/approx2/run_MCMCtree.sh")
write (unlist (my_runMCMCtree Hessian), file = "./50 loci random B/Hessian/run MCMCtree.sh")
write (unlist (my_runMCMCtree approx), file = "./50 loci random B/approxl/run MCMCtree.sh")
write (unlist (my_ runMCMCtree_ approx), file = "./50_ loci_random B/approx2/run_MCMCtree.sh")

4.1.2 Approximation de la surface de vraisemblance

Une fois les alignements ainsi que les fichiers d’entrée générés, nous avons lancé I’approximation par
maximum de vraisemblance. Cette étape créé un fichier out.Bv, qui est ensuite copié dans les dossiers
./approx([1,2].

$sbatch launch backbone Hessian.sh

#!/bin/bash
#SBATCH -t 00:10:00

for i in $(ls -d backbone/selected loci S88/DATATION/*/*/); do
cd Si

dos2unix *

cd /work/parnal/SAT splvl Phylogeny

done

for i in $(l1s -d ./backbone/selected loci S88/DATATION/*/Hessian/); do
cd $i
sbatch run MCMCtree.sh

cd /work/parnal/SAT splvl Phylogeny

done

4.1.3 Inférence des temps de divergence

Une fois cette approximation terminée, nous avons pu lancer les chaines MCMC, ¢’est-a-dire
I’estimation des temps de divergence a proprement parler.

$./launch_backbone Hessian.sh

#!/bin/bash
#SBATCH -t 00:10:00

for i in $(ls -d backbone/selected loci S88/DATATION/*/approx*/); do
cd $i
cp ../Hessian/out.BV ./in.BV
sbatch run MCMCtree.sh
cd /work/parnal/SAT splvl Phylogeny
done

4.1.4 Combinaison des runs

Apres avoir veérifié que les runs indépendants avaient convergé a 1’aide de Tracer (Rambaut et al. 2018,
tous les Effective Sample Size - ESS>200), ainsi que les temps de divergences obtenus étaient cohérents
(script R), nous avons combiné les deux runs indépendants a 1’aide de Logcombiner (Drummond &
Rambaut 2007).

Ssbatch create backbone combined dir and files.sh
#!/bin/bash

my dirs=$(ls -d backbone/selected loci S88/DATATION/50 loci random*)

for i in S$my dirs; do
cd $Si || continue
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mkdir combined
cd combined

cp ../approxl/my random based alignment *.phy .

cp ../approxl/mcmctree RDM* .

cp ../approxl/DATATION input backbone.tre .

cp ../approxl/mcmctree.ctl .

cp ../approxl/in.BV .

cp ../approxl/run MCMCtree.sh .

sbatch /work/parnal/SAT splvl Phylogeny/run logcombiner.sh
sleep 1m

sed -i 's/print = 1/print = -1/g' mcmctree.ctl

sbatch run MCMCtree.sh

cd /work/parnal/SAT splvl Phylogeny
done

4.2 Datation des subtrees et assemblage

Nous avons rassemblé 1’ensemble des étapes de la datation des subtrees ainsi que 1’étape d’assemblage
dans un méme script. Ici nous avons crée 1 mégaphylogénie et 10 réplicats pour lesquels nous avons
utilisé les topologies de bootstrap. Ce nombre devra étre augmenté mais il faudra modifier le script pour
limiter les temps de calcul (~5h pour n=11 arbres). Le nombre dans la commande suivant indique le
nombre de réplicats a générer.

$sbatch launch all datation subtrees files.sh 10

#!/bin/sh
#SBATCH -t 08:00:00

date

#First get $1 backbones trees from the posterior distribution and store it in a temp folder
module load system/R-3.4.3 ; Rscript get backbone trees.R 51

my dirs=$(ls -d /work/parnal/SAT splvl Phylogeny/back*/sel*/DA*/*B/comb*/samp*/*)
for i in Smy dirs;do
cd $i

module load bioinfo/paml4.%h ; mcmctree mcmctree.ctl
cd /work/parnal/SAT splvl Phylogeny
done

my dirs=$(ls -d /work/parnal/SAT splvl Phylogeny/*/sel*/ grep -vw "backbone")
iterations=$(seq 0 $1)

for j in S$iterations;do
echo "----- Iteration "$j" --—--—-

for i in Smy dirs;do
echo $i" - Started!"
sleep 5s

cd $i
rm -R DATATION/

echo Start creation files

module load system/R-3.4.3 ; Rscript
/work/parnal/SAT splvl Phylogeny/datation subtrees generatefiles.R $j

echo Creation files Done!

approx _dir=$(ls -d ./DA*/*/approx*/)

cd Sapprox dir

dos2unix *

module load bioinfo/paml4.%h ; mcmctree mcmctree.ctl

cd /work/parnal/SAT splvl Phylogeny
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echo $i" - Done!"
done

my files=$(ls /work/parnal/SAT splvl Phylogeny/*/sel*/DA*/*/ap*/FigTree* grep -vw
"backbone")

for i in Smy files;do
sed -1 's/ #1.000000//g' S$i
sed -i 's/ #2.000000//g' S$i
done

Rscript merge TREE.R $7

done

Il repose sur un premier script R qui échantillonne n arbres backbone dans la distribution postérieure
de MCMCitree. Le script crée également tous les fichiers nécessaires pour que MCMCtree puisse
générer les fichiers nexus FigTree.tre.

$cat /work/parnal/SAT splvl Phylogeny/get backbone trees.R
library (phytools)

trees nb = commandArgs (trailingOnly=TRUE)

sample mcmc path = "backbone/selected loci S88/DATATION/50 loci random B/combined/mcmc.txt"
sample mcmc = read.table (sample mcmc path, header=T)

print (dim(sample mcmc))

my dir="backbone/selected loci S88/DATATION/50 loci random B/combined/samples"
if (!dir.exists (my dir)) {
dir.create (my dir)

}

for (i in l:trees nb) {
my sample = sample mcmc[sample (l:nrow(sample mcmc), 1), ]
my dir = paste("backbone/selected loci S88/DATATION/50 loci random B/combined/samples/",i,sep="")
if (!dir.exists (my dir)) {
dir.create(my dir)
}

write.table (my sample,

paste ("backbone/selected loci S88/DATATION/50 loci random B/combined/samples/",i,"/mcmc.txt",sep=""),
quote=F, sep="\t", row.names=F)

file.copy ("backbone/selected loci S88/DATATION/50 loci random B/combined/DATATION input backbone.tre",

paste ("backbone/selected loci S88/DATATION/50 loci random B/combined/samples/",i,sep=""))

file.copy ("backbone/selected loci S88/DATATION/50 loci random B/combined/mcmctree.ctl",
paste ("backbone/selected loci S88/DATATION/50 loci random B/combined/samples/", i, sep=""))

file.copy ("backbone/selected loci S88/DATATION/50 loci random B/combined/run MCMCtree.sh",
paste ("backbone/selected loci S88/DATATION/50 loci random B/combined/samples/",i,sep=""))

path = paste ("backbone/selected loci S88/DATATION/50 loci random B/combined/samples/",
i,"/mcmctree.ctl", sep="")

control file = readLines (path)
index = grep("segfile", control file)
control file[index]="seqfile = ../../my random based alignment B.phy"

writeLines (control file,path)

}

11 repose également sur un autre script R qui crée les fichiers d’entrée pour dater les subtrees.

Scat /work/parnal/SAT splvl Phylogeny/datation subtrees generatefiles.R
library (phytools)
library (phangorn)
library (openxlsx)
source ("/work/parnal/software/readMCMCtree output.R")

iteration = commandArgs (trailingOnly=TRUE)
iteration = as.numeric (iteration)

275



print (iteration)

E i

# import the backbone dated tree

if (iteration==0) {

backbone = readMCMCTree (paste ("/work/parnal/SAT splvl Phylogeny/backbone/",
"selected loci S88/DATATION/50 loci random B/combined/FigTree.tre",sep=""))

}

if (iteration!=0) {

backbone = readMCMCTree (paste ("/work/parnal/SAT splvl Phylogeny/backbone/",

"selected loci S88/DATATION/50 loci random B/combined/samples/",iteration,"/FigTree.tre",sep=""))
}

E i
#For rerooting the tree
#reroot the tree

my outgroup path = list.files("..", pattern= "outgroup.txt$", full.names = T)
#Get the name of the subtree
my subtree = gsub ("\\.\\.\\/","",gsub (" outgroup.txt","", my outgroup path))

my outgroup = readLines (my outgroup path)
FHAFE S HH A A A A A A R R R A

if (iteration==0) {
#Import the tree inferred the IQTREE on the merged alignement
igtree path = list.files("./IQTREE/",pattern=".treefile$", full.names = T)
igtree tre=read.tree(igtree path)
index = which (igtree tre$tip.label==my outgroup)
igtree tre = reroot (iqtree tre, index,
position = 0.5*igtree tre$edge.length[which (igtree tre$edge[,2]==index)])
#discard outgroup
igtree tre = drop.tip(igtree tre, my outgroup)

}

if (iteration!=0) {

check=FALSE

bootstrap index=1

print ("Start While loop")

#Import a tree from the bootstrap replicates

bootstrap path = list.files("./IQTREE/",pattern=".ufboot$", full.names = T)
bootstraplLines = readLines (bootstrap path)

while (!check) {

print (bootstrap index)

bootstrap sampled = bootstraplLines|[sample (1:length (bootstrapLines),1)]
write (bootstrap_ sampled, "./IQTREE/temp.tre")

igtree tre=read.tree ("./IQTREE/temp.tre")
file.remove ("./IQTREE/temp.tre")

index = which (igtree treStip.label==my outgroup)
igtree tre = reroot (igtree tre, index,
position = 0.5%igtree treS$edge.length[which (igtree treSedge[,2]==index)])

#discard outgroup
igtree tre = drop.tip(igtree tre, my outgroup)

common_tips = intersect (backboneSapePhyStip.label, igtree treStip.label)
root = length(igtree treStip.label)+1
claderight=iqgtree tre$edge[which (igtree treSedge[,1l]==root),2][1]
cladeleft=iqgtree treSedge[which (igtree treSedgel[,1l]==root),2][2]

tipsright=iqtree treStip.label [Descendants (igtree tre,claderight) [[1]]]
tipsleft=iqgtree treStip.label[Descendants (igtree tre,cladeleft) [[1]]]

checkright=any (grepl (paste (common tips,collapse="|"), tipsright))
checkleft=any (grepl (paste (common tips,collapse="|"), tipsleft))

bootstrap index=bootstrap index+l

if (all (checkright, checkleft)) check=TRUE

if (bootstrap index==200) {

check=TRUE

print ("No bootstrap trees with the root we infered in the backbone")
print ("We thus considered the best tree inferred by IQTREE")
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igtree path = list.files("./IQTREE/",pattern=".treefile$", full.names = T)
igtree tre=read.tree(igtree path)
index = which (igtree treStip.label==my outgroup)
igtree tre = reroot (igtree tre, index,
position = 0.5*igtree treSedge.length[which (igtree treSedge[,2]==index)])
#discard outgroup
igtree tre = drop.tip(igtree tre, my outgroup)
}
}
print ("END of While loop")
}

FHAF A A R R R R R A
#Get the number sample ID

my UCElist path = list.files("../", pattern="UCEs sample.txt$", full.names = T)
UCE_samples = readLines (my UCElist path)

#print (UCE_samples)

UCE samples = UCE samples|[-grep (my outgroup, UCE samples) ]

5 i ik

#Import the COI alignment

COI_alignment path = list.files(pattern = paste(""",my subtree,".*\\.als$",
sep=""))

COI_alignment = read.dna(COI_alignment path, as.character=T,
as.matrix=T, format="fasta")

#Prune for outgroup

COI alignment = COI alignment[-grep (my outgroup,row.names (COI alignment)), ]

FHAFEHHHH A A A A A A R R A
#Import the per loci alignements
alignment path = list.files("./PMCOA clean",pattern = ""“locus.*\\.phyS$",
full.names = T)
my alignments=1list ()
for (i in l:length(alignment path)) {
temp_alignment = read.dna(alignment path[i], as.character=T, as.matrix=T)

#prune from outgroup
if (any (grepl (my outgroup, row.names (temp alignment)))) {

temp alignment = temp alignment[-grep (my outgroup, row.names (temp alignment)), ]
}

FHAHHH AR

# We discard OTHORENE in that version because of datation issue.

# HAVE TO INCLUDE in the next versions

if (any (grepl ("SPHI00488 0101", row.names (temp alignment)))) {

temp alignment = temp alignment[-grep ("SPHI00488 0101",row.names (temp alignment)), ]
}

FHAHHR AR

my alignments[[i]] = temp alignment

}

#Alignments names
alignment path names = list.files("./PMCOA clean",

pattern = ""locus.*\\.phy$", full.names = F)
my loci = c{()
for (i in l:length(alignment path names)) {
my loci = c(my loci, gsub (" gbrelaxed.phy","",alignment path names[i])

}
# Assign names
names (my alignments) = my_ loci

E i
## First random set of 50 loci

#The while loop allows to relaunch the randomization

#until the minimum number of loci for a sample is 10

success <- FALSE

rep=list ()

rep min nb = c()

k=0

while (! (success/| (length (rep)==100))) {
k =%k + 1
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random loci A=sample (my loci, 50)

#Count the number of loci per sample
random loci spcount A=data.frame (UCE samples, rep (0, length (UCE samples)))
names (random_loci_ spcount A)=c("tip.label","nb")

for (i in 1l:length(random loci A)) {
index=grep (random loci A[i],my loci)
temp tr tips=row.names (my alignments[[index]])
temp tr tips = gsub("\t","",temp tr tips)
for(j in l:length(temp tr tips)) {
my row = random loci spcount AStip.label==temp tr tips([j]
random_loci spcount A[my row, ]$nb=random loci_ spcount A[my row,]S$nb+l
}
}

rep[[k]] = random loci A
rep min nb = c(rep min nb, min(random loci spcount A$nb))

success=min (random_ loci_ spcount_ A$nb) >=10
#print (min (random loci spcount ASnb))

}

if (!success) random loci A = rep|[[which.max(rep min nb)]]

if (min (random loci spcount ASnb)==0) {
focus sample = random loci spcount A[random loci spcount AS$nb==0,]Stip.label
stop (paste ("Problem with the following sample(s) : ", focus_sample,
" - Not found in the alignement",sep=""))

print ("Random set of Loci A - OK !")

FH A R S R R
# Create dataset

if (!dir.exists ("DATATION")) dir.create ("DATATION")

setwd ("DATATION")

# Statistics

#random A

if (!dir.exists("50 loci random A")) dir.create("50 loci random A")

write.table (random loci A,file="./50 loci random A/random selcted UCEloci A.txt",
row.names = F,col.names = F,quote = F,sep="\t")

write.table (random loci_ spcount A,
file="./50_loci_random A/species_count_ in_selcted UCEloci.txt",
row.names = F,col.names = F,quote = F,sep="\t")

WA A A

# Create the alignments

#random A
random_selcted loci_ A=read.table("./50_loci_random A/random_selcted UCEloci A.txt")
random_selcted loci_ A=as.character (random_selcted loci A[,1]

#Get the loci we want
random loci A=list ()
for (i in l:length(random selcted loci A)) {

random loci A[i]=my alignments|[grep (random selcted loci A[i],names (my alignments)) ]
}
my loci names=c ()
my_charset=c ()

for (i in l:length(random loci A)) {
if (i==1){
my random_alignment A=random loci A[[i]]
my loci names[i]=random selcted loci A[i]
my charset[i]=paste(l,length(my random alignment A[1,]))
}
if(i!=1){

temp=random loci A[[i]]
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temp not align= setdiff (row.names (temp), row.names (my random alignment A))
align not temp= setdiff (row.names (my random alignment A),row.names (temp))

#Add the new species to the alignment. Put "-" gap

to_add align=matrix ("-",length (temp not align),length (my random alignment A[1,]))
row.names (to add align)=temp not align

my random_alignment A=rbind(my random alignment A,to_add align)

#Add the new species to the temp. Put "-" gap

to add temp=matrix("-",length(align not temp),length (temp[l,]))
row.names (to _add temp)=align not temp
temp=rbind (temp, to add temp)

if (nrow(temp) == nrow(my random alignment A)) {
#Match same order
temp=temp [match (row.names (my random alignment A), row.names (temp)), ]

if (length ( (grep (FALSE, row.names (temp) == row.names (my random alignment A))))>0) {
print ("row.names not same order")
}
if (length ( (grep (FALSE, row.names (temp) row.names (my random alignment A))))==0) {
my charset[i]=paste(length(my random alignment A[1l,])+1,
length (my random alignment A[1,])+length (temp[1l,]))
my random alignment A=cbind(my random alignment A, temp)
#print (paste (random selcted loci A[i],"-",length(temp[l,]1), "pb"))
my loci names[i]=random selcted loci A[i]

}

if (nrow(temp) != nrow(my random alignment A)) print("not same dimension")

}

write.table (data.frame (my loci names,my charset),
file="./50 loci random A/my random based charset A.txt",
sep="\t",col.names = F,row.names = F,quote = F)
my random alignment A = my random alignment A[paste (UCE samples,"\t",sep=""), ]

my random alignment A list = list()
my random alignment A list[[1]] = paste(nrow(my random alignment A),
ncol (my random alignment A),sep="\t")
for (i in_l:nromey_random:alignment_A)){
my random alignment A list[[i+1]] = paste(gsub("\t","",
row.names (my random alignment A) [i]),
paste (my random alignment A[i,],
collapse = ""),sep=" ")
}
#Add the COI alignment
my random alignment A list[[length(my random alignment A list)+1]] "\n"
my random alignment A list[[length(my random alignment A list)+1]] = paste(nrow(COI alignment),
ncol (COI alignment),sep="\t")
for (i in I:nrow(COI_alignment)){
my random alignment A list[[length (my random alignment A list)+1]] = paste(gsub("\t","",
row.names (COI_alignment) [i]), paste(COI_alignment[i,], collapse = ""), sep=" ")

}

#Write "End of file"

my random alignment A list[[length (my random alignment A list)+1]] = "//end of file"
if (!dir.exists("./50 loci random A/approxl")) dir.create("./50 loci random A/approxl")
#if (!dir.exists("./50 loci random A/approx2")) dir.create("./50 loci random A/approx2")

write (unlist (my random alignment A list),
file = paste("./50 loci random A/approxl/my random based ",
my subtree," alignment A.phy",sep=""))

FHA A R
# TREE input

tre clean = igtree tre

tre cleanSedge.length<-NULL

#rename the node labels to the node number
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#for (i in l:length(tre cleanS$node.label)) tre cleanS$node.label[i]= length(tre cleanStip.label)+i

tre clean$node.label =
(length (tre clean$tip.label)+1): (length(tre clean$tip.label)+tre clean$Nnode)

tree calib = drop.tip(tre clean, setdiff (tre clean$tip.label, backbone$apePhy$tip.label))
# Get all the clades and assign calibration

for (i in l:tree calibSNnode) {
my node = length(tree calib$tip.label)+i
tips = tree calib$tip.label[Descendants (tree calib, my node) [[1]]]

IS Akt

#These lines ares added in order to discard Dirphiopsis from the analysis and

#thus consider monophyly at the root of the Automerina C subtree

# TO REMOVE WHEN NO PB with Dirphiopsis : when UCEs are availables !

backbonebis = drop.tip (backbone$apePhy, c("SAFMA214 08", "SACMA283 09", "SAMPA596 17"))
monophyl = is.monophyletic (backbonebis, tips)

i
#monophyl = is.monophyletic (backbone$apePhy, tips) # TO UNCOMMENT in next versions

if (monophyl) {
backbone node = getMRCA (backbone$apePhy, tips)
calib = backboneSnodeAges[as.character (backbone node), "mean"]

node bis = getMRCA (tre clean, tips)
temp index = tre cleanSnode.label==as.character (node bis)
tre clean$node.label[temp index]=paste("'>",calib,"<",calib,"'", sep="")

}
if (!monophyl) print(paste (paste(tips,collapse=" | "),
" - Non Monophyletic in the backbone tree !!! Different Topology !!!", sep=""))
}

for (i in l:length(tre cleanSnode.label)) {

if (tre cleanSnode.label[i]==as.character (itlength(tre cleanS$tip.label)))
tre clean$node.label[i]=""

}
write.tree(tre_clean, file="./DATATION input_backbone.tre")
text tree=readLines ("./DATATION input backbone.tre")

mcmc text tree=list ()

mcmc_text tree[[2]]=text tree
mcmc_text_tree[[1}}:paste(length(tre_clean$tip.label),1,sep:" ")

mcmc_text tree[[3]]="//end of file"

write (unlist (mcmc_text tree),"./DATATION input backbone.tre")

file.copy ("./DATATION input backbone.tre", "./50 loci random A/approxl/")
#file.copy ("./DATATION input backbone.tre", "./50 loci random A/approx2/")
#file.copy ("./DATATION input backbone.tre", "./50 loci random B/approxl/"
#file.copy ("./DATATION input backbone.tre", "./50 loci random B/approx2/")

file.remove("./DATATIONiinputibackbone.tre")

FHE A A
# MCMCtree control file and run.sh

#MCMCtree control file
Control A = list()

Control A[[length(Control A)+1]] = 'seed = -1'

Control A[[length(Control A)+1]] = paste('segfile = my random based ',
my subtree,' alignment A.phy',sep="")

Control A[[length(Control A)+1]] = 'treefile = DATATION input backbone.tre'
Control A[[length(Control A)+1]] = 'outfile = mcmctree RDMA 3M cor.txt'
Control A[[length(Control A)+1]] = 'ndata = 2'

Control A[[length(Control A)+1]] = 'segtype = 0'

Control A[[length(Control A)+1]] = 'usedata = 1'

Control A[[length(Control A)+1]] = 'clock = 3'

Control A[[length(Control A)+1]] = "RootAge = '<1'"

Control A[[length(Control A)+1]] = 'model = 4'
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Control A[[length(Control A)+1]] = 'alpha = 0.5"'

Control A[[length(Control A)+1]] = 'ncatG = 4'

Control A[[length(Control A)+1]] = 'cleandata = 0'

Control Af[[length(Control A)+1]] = 'BDparas = 1 1 0.1"'

Control A[[length(Control A)+1]] = 'kappa gamma = 6 2'

Control A[[length(Control A)+1]] = 'alpha gamma = 1 1'

Control A[[length(Control A)+1]] = 'rgene gamma = 2 20 1'

Control A[[length(Control A)+1]] = 'sigma2 gamma = 1 10 1'

Control A[[length(Control A)+1]] = 'finetune = 1: .1 .1 .1 .1 .1 .1°'
Control A[[length(Control A)+1]] = 'print = 1"

Control A[[length(Control A)+1]] = 'burnin = 0'

Control A[[length(Control A)+1]] = 'sampfreq = 1'

Control A[[length(Control A)+1]] = 'nsample = 1'

write (unlist (Control A), file = "./50 loci random A/approxl/mcmctree.ctl")
#write (unlist (Control A), file = "./50 loci random A/approx2/mcmctree.ctl")

# run MCMCtree.sh files

my runMCMCtree = list()

my runMCMCtree[[length (my runMCMCtree)+1]

my runMCMCtree[[length (my runMCMCtree)+1]

my runMCMCtree[ [length (my runMCMCtree) +1]
[l ( ) +111]
[l ( )+111]

'#!/bin/sh'

'#SBATCH -p workq'

'#Load modules'

'module load bioinfo/pamlé4.o%h'
= 'mcmctree mcmctree.ctl'

my runMCMCtree|[[length (my runMCMCtree
my runMCMCtree[ [length (my runMCMCtree

write (unlist (my_runMCMCtree), file = "./50 loci random A/approxl/run MCMCtree.sh")

Enfin, il repose sur un dernier script R qui va assembler le backbone avec les subtrees a 1’aide de la
fonction bind.tree du package ape (Paradis & Schliep 2019). A noter qu’il en résulte un arbre qui a de
trés 1égers défauts en cela qu’il n’est pas ultramétrique a proprement parler. Cela est dii aux marges
d’erreurs des datations avec MCMCtree. Nous avons donc utilisé la fonction force.ultrametric du
package phytools (Revell 2012).

Scat merge TREE.R

library (phytools)
source ("/work/parnal/software/readMCMCtree output.R")

iteration = commandArgs (trailingOnly=TRUE)
iteration = as.numeric (iteration)

#Import the backbone

if (iteration==0) {

path = paste ("/work/parnal/SAT splvl Phylogeny/backbone/",
"selected loci S88/DATATION/50 loci random B/combined/FigTree.tre",sep="")

}

if (iteration!=0) {

path = paste ("/work/parnal/SAT splvl Phylogeny/backbone/",
"selected loci S88/DATATION/50 loci random B/combined/samples/",
iteration,"/FigTree.tre", sep="")

}

backbone = readMCMCTree (path)
backbone = backbone$apePhy

#discard outgroups

backbone = drop.tip (backbone,c ("SPHI00232 0101", "RROU00478 0101",
"RROU00591 0101","RROUO0566 0101","RROU00254 0101","RROU00277 0101",
"SPHI00206 0101","RROU00209 0101","SPHIO0163 0101","SPHIO00171 0101",
"JRAS05755 0101"))

tr paths = list.files("/work/parnal/SAT splvl Phylogeny",
recursive = T, full.names=T, pattern = "FigTree.tre")

tr _paths = grep ("approx",tr paths, value=T)

tr paths = tr paths[-grep("backbone", tr paths)]

print (tr paths)

full tr = backbone

for (i in 1:length(tr paths)) {

subtree = strsplit(tr paths[i],"\\/") [[1]][5]
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print (paste (subtree, "- started"))

tr = readMCMCTree (tr paths[i])
tr = tr$SapePhy

tips = intersect (tr$tip.label, full tr$tip.label)
node = getMRCA (full tr, tips)

for(j in 1l:length(tips)){
index = grep(tips[j],full tr$tip.label)
if (length (index) 1) {
full trS$tip.label[index] = paste(full trStip.label[index],
"to_remove", sep="")

if (length(index) !=1) stop(paste("Error: ",tips([j],
" matched",length (index)," tips!",sep=""))
}

full tr = bind.tree(full tr,tr, where = node)

if (length (grep ("to remove", full trStip.label,value = T)) !=length(tips)) {
stop("!! Common tips and removed tips not same length !!")

}
full tr = drop.tip(full tr, grep("to remove", full trS$tip.label,value = T))
print (paste ("Tree length: ",length(full tr$tip.label),"tips!"))

"

print (paste (subtree, "- Done!"))

}

if (!dir.exists ("/work/parnal/SAT splvl Phylogeny/RESULTS")) {
dir.create ("/work/parnal/SAT splvl Phylogeny/RESULTS")
}

full tr = force.ultrametric (full tr)

path=paste ("/work/parnal/SAT splvl Phylogeny/RESULTS/Saturniidae",iteration,".tre",sep="")
write.tree (full tr,path)

Les arbres complets sont écrits dans le dossier ‘./RESULTS’.
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Conclusion genérale

I] Avancée des connaissances systématiques sur la famille des

Saturniidae & utilisation des marqueurs UCEs

Les Saturniidae Boisduval 1837 (superfamille des Bombycoidea) forment une famille de Lépidoptéres
particuliérement diversifiée et populaire, suscitant un intérét fort des entomologistes. Pourtant, aucune
hypothese phylogénétique basée sur un échantillonnage conséquent n’avait été inférée jusqu’a
maintenant (les positions relatives de différentes sous-familles étaient en revanche reconnues ; Regier
et al. 2008 ; Barber et al. 2015 ; Hamilton et al. 2019). Etablir les relations phylogénétiques de rang
supérieur au sein de la famille des Saturniidae a donc été le premier objectif de ma thése. Dans le
Chapitre 1, j’ai généré un jeu de données, comprenant 1381 loci tres conservés (Ultra Conserved
Elements - UCEs) pour I’ensemble des 180 genres de Saturniidae décrits, a partir duquel j’ai inféré une
hypothése phylogénétique particulierement soutenue. Il faut souligner qu’un tel échantillonnage
exhaustif au niveau du genre est exceptionnel, car il inclut des représentants de genres monospécifiques
ou tres peu diversifiés, particulierement rares (par ex. Microdulia, Pseudoludia, Eosia, Pararhodia,
Jaiba, Arias, etc.). La phylogénie produite m’a permis de proposer une nouvelle classification des
Saturniidae, présentée dans le Chapitre 1. Cette classification fera 1’objet d’une publication dans laquelle
les résultats phylogénétiques seront plus amplement discutés et corroborés a des caractéres

morphologiques.

Les résultats phylogénétiques obtenus au cours de ma these démontrent la pertinence de 1’utilisation des
marqueurs UCE dans I’inférence de relations phylogénétiques de profondeurs variées : entre les
différentes sous-familles, tribus ou genres (Chapitres 1 et 3), a I’intérieur des différents genres (Chapitres
2 et 3) ou groupant des espéces tres proches (Chapitre 3, au sein du genre Eacles par ex.). L’ intérét des
UCEs s’explique par le fait que ceux-Ci peuvent étre découpés en 3 régions évoluant a des rythmes
distincts : une région trés conservée et deux régions flanquantes qui la juxtaposent. Depuis prés d’une
demi-douzaine d’année, I’utilisation de tels marqueurs s’est généralisée (par ex. Streicher & Wiens 2016
; Branstetter et al.; Prebus 2017 ; Zhang et al. 2020) et est trés prometteuse pour les inférences
phylogénétiques d’une multitude d’organismes : en octobre 2020, 11 ensemble de loci UCE (notamment
7 pour les invertébrés; Faircloth 2017) étaient disponibles en téléchargement sur le site

www.ultraconserved.org. Plus globalement, ce sont les méthodes de capture par hybridation (\Voir

Introduction générale, Figure 3 ; Lemmon & Lemmon 2012) qui révolutionnent aujourd’hui notre fagon

de générer des données génomiques (notamment en systématique ; par ex. Branstetter et al. 2017 ;
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Espeland et al. 2018 ; Kawahara et al. 2019). Ces méthodes, qui reposent sur le lien streptavidine-biotine
afin d’isoler les séquences ADN d’intérét, peuvent étre adaptées sur un panel de marqueurs
particuliérement larges ; le seul prérequis étant la disponibilité de génomes de référence dont la
divergence doit correspondre a 1’échelle étudiée (par ex. phylogénies higher-level ou intra-spécifiques).
11 ne fait pas de doute que I’utilisation de ces méthodes continuera a se généraliser dans les prochaines
années et permettra de répondre a une grande diversité de questions allant de I’étude des processus de
spéciation (par ex. Domel et al. 2019) aux signatures génétiques de la sélection (par ex. Yang et al.
2019).

II] L’influence des traits d’histoire de vie sur la dynamique spatiale et

temporelle des Saturniidae

Les différentes analyses présentées dans les deux premiers Chapitres soulignent 1’importance des
facteurs biotiques dans la diversification spatiale des Saturniidae (Chapitres 1, 2), bien qu’elle soit
également conditionnée par des facteurs abiotiques tels que les conditions climatiques. Nos résultats
suggerent qu’effectivement la capacité de tisser des cocons pleins et denses, qui constituent une couche
protectrice a la fois contre les parasites ou les prédateurs mais aussi contre le froid, permettraient la
colonisation de nouvelles entités géographiques (notamment a travers des corridors aux climats
tempérés). La polyphagie apparait également comme un facteur ayant influencé positivement la
diversification spatiale du groupe : les lignées polyphages ayant plus de facilités a trouver des plantes
hétes dans un nouvel environnement que les lignées spécialistes. L’ influence des traits biotiques sur la
dynamique spatiale d’un clade de Saturniidae a aussi été démontrée dans le Chapitre 2 : la niche
climatique des Copaxa, héritée d’un ancétre distribué dans la région Holarctique, a effectivement
fagonné le patron de diversification spatiale « Into the tropics » que nous avons établi : la majorité des
espéces de Copaxa volent dans les zones montagneuses et les deux colonisations indépendantes de la
chaine andine ont impliqué des shifts positifs des taux de diversification (événements de

dispersification).

D’une maniére similaire a ce que nous avons inféré pour la diversification spatiale, I’évolution de traits
d’histoire de vie caractéristiques des capital breeders a influencé de maniere significative la
diversification temporelle des Saturniidae (Chapitre 1). Ces résultats seraient particuliérement
intéressant a comparer aux patrons de diversification au sein des Sphingidae, le groupe frere des
Saturniidae qui, au contraire de ces derniers, se nourrissent a 1’état adulte et peuvent étre qualifiés de
income breeders. L’inférence de la phylogénie des Sphingidae et de leur diversification est justement
en cours d’investigation par les membres du groupe de travail de ’ANR SPHINX. En plus de I’étude

réalisee sur le genre Copaxa, nous prévoyons également de caractériser les dynamiques de
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diversification d’autres clades de Saturniidae (par ex. Lonomia (Diaz Diaz et al. in prep.), Dirphia
(Reboud et al. in prep.), Eacles, Attacini, Cricula et Actias (Rougerie et al. in prep.)) dans d’autres
contextes géographiques (Afrique, Asie), afin d’identifier de potentiels patrons récurrents de
diversification ou de mieux en comprendre les contrastes. Au sein des Attacini, par exemple, nous nous
intéresserons tout particulierement au genre Rothschildia qui lui aussi a une origine Holarctique et s’est
diversifié dans les Néotropiques. La comparaison de leurs préférences altitudinales, de la chronologie
des événements de colonisation et des taux de diversification avec ceux des Copaxa nous permettra de
comprendre si le patron « Into the tropics » est également fagconné par le conservatisme phylogénétique
de niche au sein du genre Rothschildia. La génération de phylogénies nous permettra également d’inférer
I’influence des traits biotiques sur 1’histoire évolutive de ces groupes et nous permettra ainsi d’établir
des patrons récurrents de diversification ou de ou dévoiler une diversité de modalités d’évolution régies

par des caractéristiques propres aux lignées.

III] Une avancée significative vers la génération d’une phylogénie

compléte de la famille des Saturniidae

Les méthodes macroécologiques et macroévolutives actuelles reposent aujourd’hui largement sur les
phylogénies (par ex. Tonini et al. 2016 ; Jetz & Pyron 2018 ; Chazot et al. 2020) et I’étude des patrons
globaux de la biodiversité nécessite des supports phylogénétiques particulierement larges, au gand
pouvoir statistique : les mégaphylogénies (Chapitre 3). De nombreuses mégaphylogénies ont été
générées pour les Vertébrés (par ex. Jetz et al. 2012 ; Upham et al. 2019), mais aucune phylogénie ayant
une complétion similaire n’a jusqu’alors été estimée chez les insectes, entravant de fait notre capacité a
expliquer les patrons de diversité globaux chez ces organismes dont la diversité est pourtant
considérable. Dans ma thése, je présente les résultats provisoires de la construction de la premiére
mégaphylogénie inférée pour un clade d’insecte. Cette phylogénie constituera le support de futures
analyses qui nous permettront, par exemple, de comprendre si les tendances évolutives de certains traits
biotiques sont les mémes au sein des différents genres que celles pouvant étre inférées au niveau de
divergences beaucoup plus anciennes (au sein de la phylogénie higher-level). Par exemple, dans le
Chapitre 1 nous avons estimé que les lignées de Saturniidae devenaient globalement plus polyphages au
fil de leur évolution. Cette tendance évolutive se retrouvera-t-elle a I’intérieur de genres ? Ou est-ce que
plusieurs lignées indépendantes évolueraient vers la spécialisation, comme prédit par la théorie des
oscillations (Oscillations hypothesis ; Janz & Nylin 2008) ? La taille est également un trait
particuliérement hétérogéne (au sein par exemple des Automeris), dont I’étude des processus de
diversification et d’évolution a partir d’'une mégaphylogénie permettrait I’identification de convergences

morphologiques et biologiques (par ex. présence de queues, d’ocelles, utilisation de plantes hotes
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similaires) qui nous permettrait de progresser dans notre compréhension de la diversité des Saturniidae

et, plus généralement, des Lépidopteres.

Dans leur ensemble, les travaux que j’ai effectués dans le cadre de ma thése permettent une meilleure
compréhension de la systématique et de I’évolution de la famille des Saturniidae. Les résultats obtenus
ouvrent la voix a de futures recherches permettant de mieux comprendre les particularités de I’évolution
de la famille vis-a-dis des autres groupes de Lépidoptéres ainsi qu’a une meilleure compréhension des

patrons d’évolution des insectes.
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Abstract
Phylogenomic approach of spatial and temporal dynamic of diversification
in Saturniidae moths (Lepidoptera)
Understanding the evolutionary and ecological mechanisms governing the global patterns of Biodiversity is a central
question in the fields of Ecology and Evolution. Phylogenies, as representations of the evolutionary relationships
between lineages of the living world, are a fundamental support to identify the processes at the origin of these patterns.
This thesis presents my work on the diversity and evolution of moths in family Saturniidae Boisduval 1837
(Lepidoptera: Bombycoidea). This biologically and morphologically diverse family includes nearly 3,500 species
distributed on all continents. Using phylogenomic approaches, | inferred the phylogenetic relationships between all
knwown genera — from which | introduce a new classification — and | proposed a phylogeny for all species in the
Neotropical genus Copaxa. | also designed a phylogenomic pipeline allowing the generation of megaphylogenies —
i.e. dated phylogenies with more than a thousand tips and whose completion is >50% of all species — which | applied
on a data set combining ultraconserved elements and DNA barcodes to generate a phylogeny including between 88
and 100% of all described saturniid species. The phylogenies thus inferred were used in order to characterize spatial
and temporal diversification of Saturniidae. Altogether, my results demonstrate the importance of biotic factors in
the spatial and temporal diversification of the family. In particular, I identified that the ability to spin plain and dense
cocoons as well as high degrees of polyphagy have been the keys to the biogeographical success of Saturniidae, and
that the heterogeneity of the diversification rates within the family was explained by the evolution of traits linked to
the capital breeding strategy of these moths: increases in body size and in polyphagy level. | also inferred that the
climatic niche of Copaxa moths, inherited from an ancestor distributed in the Holarctic region, shaped their
diversification within the Neotropical region: the majority of species fly in mountainous areas, the climate of which
is similar to those found in temperate areas, and the two independent colonizations of the Andean chain implied
positive shifts in diversification rates (dispersification events). Taken together, these results represent a major
advance in understanding the evolution of Saturniidae, Lepidoptera and more generally constitute a set of materials
allowing a better understanding of the evolutionary processes which have generated the incredible diversity of insects.

Résumé
Approche phylogénomique de la dynamique spatiale et temporelle de diversification
chez les Lépidoptéres Saturniidae

La compréhension des mécanismes évolutifs et écologiques a 1’origine des patrons globaux de Biodiversité est une
question centrale dans les domaines de I’Ecologie et de I’Evolution. Les phylogénies, représentations des liens
évolutifs entre les lignées du monde vivant, constituent le socle incontournable permettant d’identifier les processus
al’origine de ces patrons. Cette thése présente les travaux de recherche que j’ai entrepris sur 1I’évolution de la diversité
de papillons de la famille des Saturniidae Boisduval 1837 (Lepidoptera: Bombycoidea). Cette famille,
particuliérement diversifiée biologiquement et morphologiquement, comprend pres de 3500 especes distribuées sur
I’ensemble des continents. A 1’aide d’approches phylogénomiques, j’ai inféré les relations phylogénétiques entre tous
les genres décrits — a partir desquelles j’introduis une nouvelle classification des Saturniidae - et j’ai proposé une
phylogénie incluant toutes les espéces du genre Néotropical Copaxa. J’ai également congu un pipeline
phylogénomique permettant la génération de mégaphylogénies — phylogénies datées de plus de mille feuilles dont la
complétion est >50% des espéces — que j’ai appliqué sur un jeu de données combinant des éléments ultra-conservés
du génome et des codes-barres ADN pour générer une phylogénie représentant entre 88 et 100% des espéces connues
des Saturniidae. Les phylogénies ainsi inférées ont ensuite été utiliser afin d’examiner les dynamiques spatio-
temporelles de la diversification des Saturniidae. Dans leur ensemble, les résultats obtenus au cours de ma thése
démontrent ’importance des facteurs biotiques dans la diversification spatiale et temporelle de la famille. J’ai
notamment identifié que la capacité de tisser des cocons pleins et denses ainsi qu’un fort degré de polyphagie ont été
les clés du succés biogéographique des Saturniidae et que 1’hétérogénéité des taux de diversification au sein de la
famille s’explique par I’évolution de traits en lien avec la stratégie dite de « capital breeding » de ces papillons :
augmentation de la taille et de la polyphagie. J’ai également inféré que la niche climatique des Copaxa, héritée d’un
ancétre distribué dans la région Holarctique, avait faconné leur patron de diversification au sein de la région
Néotropicale : la majorité des espéces volent dans les zones montagneuses, aux climats proches de ceux des zones
tempérees, et les deux colonisations indépendantes de la chaine andine ont impliqué des shifts positifs des taux de
diversification (événements de dispersification). Dans leur ensemble, ces résultats représentent une avancée majeure
dans la compréhension de la phylogénie et de 1’évolution des Saturniidae, des Lépidoptéres et plus généralement
constituent un ensemble de supports permettant de mieux comprendre les processus évolutifs qui ont généré
I’incroyable diversité des insectes.



