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Résumé : Les contributions relatives des facteurs biotiques et abiotiques a I'adaptation locale restent un
sujet de recherche activement étudié. Comprendre les processus d'adaptation locale dans les interactions
hotes-parasites peut aider a résoudre des problemes urgents, telle que la maniére dont les changements
environnementaux modifient I'émergence de parasites, conduisant a I'extinction de I'hdte. Ma these vise
a évaluer les bases génomiques et écologiques de l'adaptation des pucerons, et est divisée en quatre
chapitres. En particulier, nous avons étudié la présence de patrons d'adaptation (locale) aux niveaux
phénotypiques et génomiques en lien avec la colonisation récente du pommier cultivé (Malus domestica)
par Dysaphis plantaginea en Europe. Dans le chapitre 1, nous avons étudié les génes impliqués dans
I'adaptation des pucerons a leur hote a une échelle macroévolutive. Nous avons montré un taux
d'évolution plus élevé dans une sous-famille de pucerons connue pour infester de nombreux hoétes,
entrainé par I'expansion et la contraction des génes qui ont des fonctions liées a l'adaptation des
pucerons a leurs hdtes. Nous avons montré une faible synténie des génes des récepteurs olfactifs (OR) et
gustatifs (GR), évoluant en répétitions en tandem selon le modeéle naissance-mort et sous sélection
purifiante. Les éléments transposables (ET) n'ont joué aucun réle dans I'évolution des génes GR et OR.
Cependant, nous avons trouvé une dynamique d’ET spécifique a chaque espece, avec une activité des ET
trés récente chez les espéces de pucerons infestant les arbres fruitiers. Dans le chapitre 2, je me suis
intéressé aux processus d'adaptation a une échelle microévolutive. De maniére préliminaire, jai
reconstitué I'histoire de la colonisation de D. plantaginea sur le pommier cultivé a l'aide de marqueurs
microsatellites. Nous avons détecté cinq populations aux Etats-Unis, Maroc, Espagne de I'Est et de 'Ouest.
Une faible différenciation génétique entre populations et une diversité génétique élevée est observée,
sauf au Maroc et en Amérique du Nord, probablement en raison de récents événements de colonisation
dans ces régions. Des simulations basées sur la coalescence a également indiqué de forts flux de génes
entre les populations. Dans le chapitre 3, j'ai utilisé des polymorphismes de nucléotidique unique (SNPs)
pour étudier les bases génomiques de I'adaptation (locale) chez D. plantaginea et ses deux espéces soeurs,
Dysaphis devecta et Dysaphis pyri. Les trois espéces forment des groupes génétiques distincts, et D.
plantaginea se divise en quatre populations distinctes en Amérique du Nord, Israél, Maroc/Espagne et
dans les pays européens. Nous présentons les résultats préliminaires des scans des génomes dans les six
groupes génétiques, qui révélent des SNP candidats en lien avec l'adaptation du puceron a son
environnement, mais des investigations plus approfondies sont nécessaires. Dans le chapitre 4, j'étudie
les bases écologiques de I'adaptation locale de D. plantaginea en utilisant une approche expérimentale
sur le terrain. Nos résultats préliminaires suggerent une maladaptation locale des populations de
pucerons francais et une adaptation globale des populations espagnoles. Une analyse plus approfondie
est nécessaire pour clarifier ces patrons d'adaptation. Les résultats de ce doctorat apportent des
informations pour mieux comprendre comment les conditions biotiques (hote) et abiotiques peuvent
faconner l'architecture génomique des insectes phytophages, conduisant a une adaptation (locale). Les
résultats constituent des bases de données et des connaissances sans précédent pour les futurs
programmes de lutte contre les ravageurs.
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Abstract: The relative contributions of biotic and abiotic factors to local adaptation still need to be
studied. Understanding local adaptation processes in host-parasite interactions will also help to tackle
pressing issues, such as how environmental changes alter the emergence of parasites, leading to host
extinction. My Ph.D. project consisted of four main chapters to evaluate the genomic and ecological bases
of adaptation in aphids. In particular, we investigated whether (local) adaptation occurred during the
recent colonization of cultivated apple (Malus domestica) by Dysaphis plantaginea in Europe and what are
the genomic bases associated with it. We investigated different scientific hypotheses at different
evolutionary scales. In Chapter 1, we studied genes involved in aphid adaptation to their host at a
macroevolutionary scale. We showed a higher evolutionary rate in an aphid subfamily known for its large
host breath and including significant crop pests, driven by gene expansion and contraction with functions
related to aphid adaptation to their hosts. We showed low synteny of olfactory receptors (OR) and
gustatory receptors (GR) genes, evolving in tandem repeats following the birth-death model and under
purifying selection. Transposable elements (TEs) did not have a role in the GR and OR gene evolution.
However, we found species-specific TE dynamics, with major TEs burst in aphid infesting fruit trees. In
Chapter 2, | used a microevolutionary lens and reconstructed the colonization history of D. plantaginea on
the cultivated apple using microsatellite markers. We detected five populations in the US, Morocco,
Western and Eastern Europe, and Spain. Populations showed weak genetic differentiation and high
genetic diversity, except in Morocco and North America, likely due to recent colonization events there.
Machine learning combined with coalescent-based simulations also indicated substantial gene flow
among populations. In Chapter 3, | used single nucleotide polymorphisms (SNPs) to investigate genomic
patterns of (local) adaptation in D. plantaginea and its two sister species, Dysaphis devecta and Dysaphis
pyri. The three species formed distinct genetic groups, and D. plantaginea showed four distinct populations
in North America, Israel, Morocco/Spain, and the rest of the European countries. | present preliminary
results of genome scans in the six genetic groups detected before, which revealed candidate outlier SNPs
for adaptation, but further investigations are needed. In Chapter 4, | study the ecological bases of D.
plantaginea local adaptation using an experimental approach. Our preliminary results suggest local
maladaptation of the French aphid population while global adaptation of the Spanish population. Further
analysis is needed to clarify these patterns of adaptation. The results of this Ph.D. project will bring
information to understand how abiotic and abiotic conditions can shape genomic architecture in
phytophagous insects, leading to (local) adaptation. We also provide unprecedented databases and
knowledge for future pest management programs.
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Preface

This thesis dissertation aims to bring key information about the genomic and
ecological bases of the adaptation of the rosy apple aphid to its environment. |
performed this PhD thesis work at the Génétique Quantitative et Evolution (GQE-Le
Moulon) at the Institut Diversité, Eco/ogie et Evolution (IDEEV) under the supervision of Dr.
Amandine CORNILLE, CNRS researcher and leader of the Ecologie et Génomique des
interactions multi-espéces (ECLECTIC) group. The Université Paris-Saclay funded my Ph.D.
contract for three years, and | was awarded an additional year because of the COVID-
19 lockdown, which has impacted my Ph.D. project, and one month because of the
moving of the GQE-Le Moulon at the IDEEV in 2022. | would like to thank the University
of Paris-Saclay, which founded my Ph.D. project for four years and awarded me a grant
for my trip to Spain to perform the aphid cross-infestation experiment. | also thank the
ATIP-Inserm-CNRS program, which found my Ph.D. project. This work represents an

international collaboration.

We investigated the genomic and ecological bases of the rosy apple aphid local
adaptation using comparative genomics, population genetics, population genomics,
and experimental approaches. My Ph.D. project consisted of four main chapters. First,
| studied genes involved in the adaptation of aphids to their hosts at a large evolutionary
scale (Chapter 1). Second, | reconstructed the colonization history of D. plantaginea to
its obligate host, the cultivated apple (Chapter 2). Third, | investigated genomic patterns
of local adaptation in D. plantaginea (Chapter 3). Finally, | studied the ecological bases
of D. plantaginea local adaptation using an experimental approach (Chapter 4). A

summary of each of these chapters is presented below.

In Chapter 1, we investigated the evolutionary processes at play during the
evolution of aphids at a large evolutionary scale. We wanted to provide insight into the
evolutionary processes shaping gene molecular evolution in phytophagous insects. This

chapter will be soon submitted to the journal Molecular Biology and Evolution.

We reconstructed the colonization history of the rosy apple aphid and published



our findings (Chapter 2) in the Peers Community in Evolutionary Biology

(https://doi.org/10.24072/pcjournal.26). Will also divulgate our results in an article in

the online journal “Passion Entomologie” (https://passion-entomologie.fr/pommier-

puceron-cendre/).

We are investigating the genomics and ecological bases of (local) adaptation in
the rosy apple aphid. We are presenting our preliminary results in Chapters 3 and 4.
The original findings of this thesis dissertation will add to our understanding of how
biotic and abiotic conditions can shape genomic architecture in aphids, ultimately

leading to (local) adaptation.

Sergio Gabriel OLVERA VAZQUEZ

Université Paris-Saclay
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2. RESUME GENERAL

Les biologistes de I'évolution tentent de comprendre les processus évolutifs
qui ont fagconné des populations ou des espéces génétiquement différenciées en
réponse a l'environnement (Wolf et Ellegren, 2017). Parmi ces processus, la
divergence prend place lorsque des populations originellement semblables se
séparent géographiquement ou écologiquement, suite a des pressions sélectives
variées. Cette séparation progressive entraine une différenciation génétique au
sein des populations, se traduisant par des fréquences alléliques différentes et
des caractéristiques phénotypiques uniques. La divergence peut résulter de

processus démographiques (dérive ou/et flux génétique) ou adaptatifs (sélection).

Le contexte de la domestication est particulierement pertinent pour I'étude
de la divergence des parasites, qui présentent de fréquents changements d’hotes
(Gladieux et al., 2015 ; Powell et al., 2013 ; Stukenbrock et McDonald, 2008). Les
changements d'hdte impliquent une colonisation rapide du parasite vers de
nouvelles régions géographiques. Il est alors essentiel de savoir si la colonisation
rapide de différents environnements par les parasites, suite a des changements
d'hétes, est le résultat au moins en partie, de divergence adaptative locale. De
plus, quelles sont les bases génomiques associées a I'adaptation locale dans ce
contexte ? Plus généralement, quelle est I'architecture génomique sous-jacente
(nombre, localisation et effets des régions génomiques) a la divergence adaptative
(locale) ? Quels sont les processus génomiques qui permettent ces changements
adaptatifs (substitution d'acides aminés, duplications de génes, gains de génes,
pertes de genes, sélection positive et purificatrice impliquée) ? Comment les
facteurs abiotiques ou biotiques contribuent-ils a la divergence adaptative
(locale)? Répondre a ces questions est fondamental pour élucider les
mécanismes d'adaptation des populations a leur environnement (Weigel &

Nordborg, 2015). Au cours de mon doctorat, j'ai étudié ces questions en



combinant génomique comparative, génomique des populations et approches
expérimentales, en utilisant le puceron cendré du pommier (Dysaphis
plantaginea), un ravageur majeur de la pomme cultivée, comme systeme

biologique.

L'adaptation locale représente la phase initiale de I'isolement reproductif
et de la spéciation écologique (Lenormand, 2012 ; Karvonen et Seehausen, 2012),
et son étude permet d'évaluer la contribution de facteurs environnementaux
contribuant a la divergence adaptative (Savolainen et al., 2013). L'adaptation
locale est le résultat de la variation environnementale spatiale de la sélection,
conduisant a des génotypes adaptés localement avec valeur adaptative (taux de
survie ou de performance) plus élevée dans leur environnement local que dans
les environnements abiotiques et/ou biotiques étrangers (Kawecki et Ebert, 2004 ;
Salvolainen et al., 2007 ; Wadgymar et al., 2022). Les jardins communs sont des
outils permettant de détecter les patrons d’adaptation locale, et ils ont été utilisés
principalement chez plantes dans un contexte abiotique (Leimu et Fischer, 2008 ;
Kawecki et Ebert, 2004 ; Blanquart et al., 2013 ; Sinclair et al., 2015 ; Nooten et
Hughes, 2017 ; Capblancq et al., 2023 ; Meek et al., 2023 ; Razaque et al., 2023).
Pourtant, chez les parasites des plantes, une adaptation locale du parasite peut
théoriquement étre attendue. Les parasites, ayant, en général, un taux
d'évolution plus élevé que leur héte, ils peuvent ainsi présenter des patrons
d'adaptation locale a travers la distribution de I'héte (facteurs biotiques). Mais cela
peut aussi dépendre des environnements locaux (Gandon et al., 2008 ; Brown et
Tellier, 2011). D'autres outils intéressants a utiliser sont des expériences de
transplantations réciproques multi-populations dans des environnements
biotiques et abiotiques reflétant I'nétérogénéité spatiale dans lequel le parasite
est retrouvé. Or, ce type d'expériences, nécessaire pour comprendre le réle de
I'environnement biotique et abiotique dans I'adaptation locale du parasite, n'a pas

encore été réalisé. De méme, les bases génomiques de l'adaptation locale ont été



étudiées a l'aide de la génomique des populations et ont révélé des loci candidats
associés a l'adaptation des parasites principalement a leur héte. Cependant, les
loci impliqués dans l'adaptation locale a I'environnement a la fois abiotique et
biotique, au-dela des pathogenes fongiques des plantes, restent rares (Zhu et
Zhao, 2007 ; Bonin, 2008 ; Stukenbrock et Bataillon, 2012 ; Simon et al., 2015 ;

Dalongeville et al., 2018).

Les insectes parasites phytophages sont des modeles permettant d'étudier
le processus de divergence. L'identification du nombre et de la nature des genes
(comme les genes chimiosensoriels) et du réle des régions répétés du génome
comme les éléments transposables, ou ET) dans la divergence adaptative des
insectes phytophages (Gilbert et al., 2010 ; Simon et al., 2015 ; Shih et al., 2023),
restent un sujet de recherche tres étudié. Ainsi, des questions subsistent sur les
liens entre les forces de sélection locales, la différenciation phénotypique
adaptative des populations et la variation génomique adaptative sous-jacente a
I'adaptation locale du parasite (Gloss et al., 2016). Il est donc nécessaire d'étudier
les bases écologiques et génomiques de la divergence des insectes phytophages

(Nooten et Hughes, 2017).

Parmi les insectes parasites phytophages, les pucerons constituent un
modeéle idéal pour comprendre les processus évolutifs impliqués dans la
divergence des populations (Simon et al., 2015). Ces insectes présentent une
parthénogenése cyclique au cours de leur cycle de vie annuel. lls ont un lien intime
avec leur hoéte (représentant le milieu biotique) mais aussi avec leur
environnement (milieu abiotique). Par exemple, la transition entre les différentes
étapes de leur cycle de vie dépend de la température, de 'humidité et de la
photopériode. Les pucerons présentent une plasticité pour plusieurs caractéeres
mais une spécificité d’hote (Shih et al., 2023). Cette dépendance aux conditions

abiotiques et biotiques, ainsi que l'identification d'interactions géne pour géne



lors de l'infestation (Zust et Agrawal, 2016), font des pucerons un modele
pertinent pour évaluer la contribution des conditions abiotiques et biotiques a
I'adaptation hote-parasite locale. De plus, les pucerons ont de petits génomes et
se prétent parfaitement aux manipulations expérimentales, ce qui en fait des
modeéles pour des tests expérimentaux de |'adaptation locale chez les parasites.
Enfin, les pucerons font face a différentes pressions pour exploiter leur hote. Par
exemple, ils reconnaissent le message chimique produit par leur hote spécifique
(a I'aide de récepteurs chimiosensoriels). lls rencontrent des barriéres physiques
et chimiques supplémentaires qui les empéchent de se nourrir, et I'hdte exerce
des pressions écologiques a travers sa variation spatiale. Ces différentes
pressions ont modelé des patrons d'adaptation locale a I'h6te chez les pucerons

(aussi appelées races de pucerons).

Dysaphis plantaginea Passerini, ou puceron cendré du pommier, est un
ravageur majeur des pommiers cultivés, provoquant d'importantes pertes
économiques annuelles allant jusqu'a 30 %, provoquant des galles jaunatres
froissées sur les feuilles et des fruits petits et mal formés (Ismail et al., 2022). La
répartition de D. plantaginea s'étend dans les régions tempérées (Amérique, Asie,
Europe et Afrique du Nord ; Blackman et Eastop, 2000). Il existe des informations
limitées sur I'écologie et I'évolution de D. plantaginea (Guillemaud et al., 2011 ;
Mifarro et al., 2005 ; Pagliarani et al., 2016 ; Qubbaj et al., 2005 ; Wyss et al., 1999).
La colonisation de D. plantaginea a probablement été rapide et récente. Elle suit
la domestication du pommier cultivé (Malus domestica Borkh) importé par les
Grecs en Europe depuis I'Asie Centrale, il y a environ 1500 ans (Cornille et al.,
2014). La photopériode est un parametre abiotique crucial pour ['éclosion,
migration d'un hote a un autre et 'induction de formes ailées et sexuées de D.
plantaginea. Nous avons observé une variation des éclosions a travers I'Europe,
avec des éclosions plus tardives au nord et plus précoces au sud. Cependant, il

n'est pas clair si cette variation phénotypique des populations de D. plantaginea



reflete une adaptation locale a I'environnement abiotique ou biotique a la suite
de sa récente colonisation de |'Europe. De plus, les génotypes de pommiers
cultivés présentent différents degrés de tolérance a l'infestation de D. plantaginea
(Mifarro et al., 2005 ; Pagliarani et al., 2016), et D. plantaginea infeste rarement le
pommier sauvage européen, Malus sylvestris L. (Mill.). Le puceron cendré du
pommier est donc un modele idéal pour mieux comprendre les genes, et les
facteurs écologiques, impliqués dans la variation phénologique et
potentiellement de I'adaptation locale du puceron cendré du pommier a son héte

(le pommier) ou a son environnement local.

Sous la direction de chercheurs experts dans le domaine et en utilisant des
approches expérimentales, la génomique des populations et la génomique
comparative, j'ai étudié les bases génomiques et écologiques impliqués dans la
divergence adaptative de D. plantaginea. Premierement, jai étudié |'évolution
moléculaire des genes chimiorecepteurs chez les pucerons (Chapitre 1), en lien
avec l'adaptation a I'hdte. Deuxiemement, jai reconstruit l'histoire de la
colonisation de D. plantaginea sur son hote obligatoire, le pommier cultivé
(Chapitre 2). Troisiemement, jai étudié les génes impliqués dans I'adaptation
locale de D. plantaginea a son environement (Chapitre 3). Enfin, j'ai testé les bases
écologiques de l'adaptation locale de D. plantaginea (Chapitre 4). Un résumé de

chacun de ces chapitres est présenté ci-dessous.

Chapitre 1: Dynamique évolutive des geénes chimiosensoriels et des
éléments transposables chez les pucerons

L'identification des geénes impliqués dans l'adaptation des parasites
(comme les insectes phytophages) a leur plante héte fait 'objet de nombreuses
recherches par les biologistes de I'évolution. Il existe également un intérét

croissant pour la compréhension de l'architecture génomique de I'adaptation des



insectes phytophages a leur héte (Fouché et al., 2022 ; Oggenfuss et Croll, 2023),
par exemple, avec l'étude du rbOle des régions répétitives du génome, en
particulier des éléments transposables (ET ; Gilbert et coll., 2021). Cependant, il
existe peu d'informations sur ces génes clés et la dynamique des ET impliquées

dans 'adaptation des insectes phytophages a leur plante héte.

L'olfaction et le goGt ont un rdle majeur dans les interactions entre les
insectes phytophages et leurs plantes hotes. En effet, les insectes phytophages
percoivent les produits chimiques des plantes en activant des protéines
spécifiques produites par des familles multigéniques chimiosensorielles (Simon
et al., 2015 ; Robertson, 2019). Ces génes chimiosensoriels sont trés diversifiés
(Santamaria et al., 2018) et jouent un rdle crucial dans l'adaptation et dans la
spécialisation des insectes phytophages (Kambere et Lane, 2007 ; De Bruyne et
Baker, 2008 ; Brand et al.,, 2015 ; Rinker et al., 2019). Parmi les genes
chimiosensoriels les plus importants chez les insectes, figurent les récepteurs
olfactifs (OR) et les récepteurs gustatifs (GR) (Sanchez-Gracia et al., 2009 ;
Robertson et al., 2019). Ces genes sont connus pour évoluer par duplications de
génes et pseudogénisation et de délétion; Nimura et Nei et al., 2008 ; Sanchez-
Garcia et al., 2009 ; Ramdya et Benton, 2010 ; Anderson et al., 2015 ; Benton,
2015). Les OR et GR sont connus pour avoir des taux d'évolution élevés par des
évenements d'expansion ou de contraction, qui dépendent des génes
chimiosensoriels et des especes d'insectes (Halem et al., 2006 ; McBride, 2007 ;
Joseph et Carlson, 2016 ; Sanchez-Gracia et al., 2009). Des études ont montré que
I'évolution des genes chimiosensoriels est régie par différentes pressions
sélectives (sélection positive et purificatrice). Par exemple, des signatures de
sélection ont été signalées dans les séquences des OR et GR du puceron du pois,
suggérant des races d'hdtes en lien avec la spécialisation a 'h6te (Smadja et al.,
2009 ; Meslin et al., 2022). De plus, les ET (Whiteman et Pierce, 2008 ; Meslin et al.,

2022) font I'objet d'un intérét grandissant. Des études sur le contenu en ET chez



de nombreuses espéces d'insectes ont révélé de fortes densités d'ET liées aux
événements de duplication (Gilbert et al., 2021). Cependant, les processus
évolutifs impliqués dans I'évolution des genes OR et GR et le rdle des ET dans

I'adaptation des insectes phytophages a leur héte restent floue.

Les pucerons présentent différentes caractéristiques permettant d'étudier
I'évolution des genes clés impliqués dans |'adaptation a I'h6te. Ils ont une grande
diversité génétique et phénotypique intraspécifique (Loxdale, 2008 ; Zytynska et
al., 2013 ; Leclair et al., 2016). lls ont également une gamme de préférences en
matiere d'hdtes, des cycles de vie complexes présentant un polyphénisme et
différents cycles de reproduction sexuée et asexuée (Srinivasan et Brisson., 2012).
Les pucerons peuvent développer leur cycle de vie sur un hbte particulier ou sur
plusieurs espéces hoétes appartenant a une famille de plante unique ou non
apparentée (Dixon, 1977 ; Williams et Dixon., 2007). Leur systeme chimiosensoriel
est essentiel pour détecter les produits chimiques et leur permettre d'obtenir des
informations sur l'environnement abiotique et biotique (c'est-a-dire I'héte;
Robertson et al., 2019). Ce systeme est crucial pour I'adaptation des pucerons aux
différents environnements et hotes. Les études sur les génomes de pucerons
disponibles ont révélé des duplications de génes en lien avec la diversification des
pucerons (The International Aphid Genomics Consortium, 2010 ; Mathers et al,,
2017 ; Thorpe et al., 2018 ; Fernandez et al., 2020 ; Julca et al., 2020 ; Biello et coll.,
2021). Cette dynamique du génome, ainsi que I'évolution rapide des genes et
I'enrichissement de génes dotés de fonctions clés en lien avec |'adaptation de
I'nbte (par exemple, les genes des récepteurs chimio sensoriels), sont a la base de
la spécialisation des pucerons vers leur hote (Smadja et al., 2009 ; Puinean et al.,

2010 ; Nicholson et al., 2015 ; Quan et al., 2019).



Dans ce chapitre, nous avons étudié I'évolution des génes chimio sensoriels
au cours de I'histoire évolutive des pucerons, et le réle des ET dans leur évolution.
Pour réaliser cette étude, 11 especes de pucerons, et une espece apparentée,
présentant différentes préférences écologiques, ont été confrontées a laide
d'outils de génomique comparative. Nous avons inclus et présenté la version 3 du
génome (assemblage génomique de haute qualité) de Dysaphis plantaginea,
assemblé dans I'équipe. Nous avons annoté manuellement 521 OR et 399 GR
parmi neuf especes de pucerons a l'aide de trois logiciels différents : Exonerate
(Slater et Birney, 2005), le pipeline InsectOR (Karpe et al., 2021) et Scipio (Keller et
al., 2008). Nous avons inclus 147 OR et 181 GR déja publiés d'Acyrthosiphon pisum
Harris, Aphis glycines Matsumura et Daktulosphaira vitifoliae Fitch (Robertson et al.,
2019 ; Rispe et al., 2020), aucun gene supplémentaire n'ayant été identifié. Nous
avons constaté que la principale pression sélective a 'origine de |'évolution des
genes chimio sensoriels des pucerons était la sélection purificatrice. Nous avons
aussi montré que I'évolution des genes OR et GR suit le modéle de naissance et
de mort, et évoluant par répétitions en tandem. Nous montrons que les ET ne
sont pas impliqués dans la diversité et I'évolution des OR and GR. Cependant,
nous avons observé des dynamiques évolutive espece-spécifiques, avec les
especes de pucerons infestant les fruitiers montrant une activité tres récente des

ET.

Cette étude a permis d'obtenir des informations sur I'évolution moléculaire
des génes fondamentaux impliqués dans |'adaptation des pucerons a leurs hétes.
Ce chapitre permet de mieux comprendre les processus évolutifs en jeu lors de
I'évolution des pucerons a large échelle évolutive. Ce travail est en cours de

soumission a la revue Molecular Biology and Evolution.



Chapitre 2 : Historique de la colonisation du puceron cendré du pommier

La compréhension des processus évolutifs a I'origine de la colonisation des
especes et de l'expansion de leur aire de répartition est une question
fondamentale dans le domaine de la biologie évolutive (Austerlitz et al., 1997 ;
Excoffier et al., 2009 ; Rius et Darling, 2014 ; Hoffman et Courchamp, 2016 ; Angert
et coll.,, 2020). Les parasites des cultures constituent un modele parfait pour
étudier le processus sous-jacent a une colonisation rapide et a I'expansion de
I'aire de répartition, car ces parasites présentent de fréquents changements
d'hotes (Stuckenbrock et McDonald, 2008 ; Gladieux et al., 2014 ; Garnas et al.,
2016). L'évaluation de la diversité des parasites des cultures et de la structure des
populations est essentielle pour comprendre la colonisation des espéces ainsi
que I'expansion de l'aire de répartition et pour étudier plus en détail les genes clés

impliqués dans I'adaptation (Tiffin et Ross-lIbarra, 2014).

Nous avons donc voulu comprendre I'histoire de la colonisation de Dysaphis
plantaginea, I'un des principaux ravageurs du pommier cultivé en Europe, en
Amérique du Nord et au Moyen-Orient, encore peu documentée (Guillemaud et
al., 2011). Pourrions-nous trouver un patron typique (contraction suivie d'une
expansion des populations) associé a la colonisation d'un nouvel environnement
chez D. plantaginea? Nous voulions également déterminer s'il y avait un flux de
genes entre les populations lors de la colonisation par D. plantaginea, car les
pucerons présentent de tres grandes capacités de disperson (Roderick, 1996).
Nous nous sommes également demandé si d'autres acteurs étaient importants
dans I'histoire de la colonisation de D. plantaginea, par exemple les bactéries
endosymbiotiques hébergées par les pucerons. Ces endosymbiontes sont connus
pour jouer un réle dans la colonisation de nouveaux habitats (Tsuchida et al.,
2002 ; Russell et al., 2013 ; Zepeda-Paulo et al., 2018 ; Lenhart et White, 2020 ;
Leclair et al., 2021).



Ce chapitre présente l'utilisation de marqueurs moléculaires pour étudier
I'histoire démographique de D. plantaginea en Afrique du Nord, en Amérique du
Nord et en Europe. Nous avons utilisé des marqueurs mitochondriaux (CytB et
COT), bactériens (ARNr 16s et TrnpB) et 30 marqueurs microsatellites nouvellement
développés. Nous avons utilisé plus de 650 colonies de pucerons cendré du
pommier génotypées dans 52 vergers répartis dans 13 pays. Nous avons évalué
sa diversité génétique, déterminé la structure des populations et caractérisé la
diversité de la communauté bactérienne endosymbiotiqu. Nous avons détecté
cing populations de pucerons cendré du pommier isolées par la distance,
faiblement différenciées génétiquement, et échangeant de forts flux de genes.
Nos résultats suggérent aussi une colonisation de D. plantaginea de I'Europe de
I'Est vers I'Europe de I'Ouest, suivie d'une colonisation de I'Amérique du Nord et
du Maroc. Nous avons également tenté de trouver la population source de
colonisation en utilisant les approches ABC-RF. Cependant, le flux de genes
substantiels entre populations et le manque d'échantillons en provenance du
Moyen-Orient ont entravé ces analyses. Nous n'avons trouvé aucun rdle central
d'endosymbiontes secondaires lors de la colonisation du puceron cendré du
pommier, et nous avons confirmé la présence de la bactérie endosymbiotique
obligatoire Buchnera aphidicola Munson dans toutes les populations de pucerons

de la zone d'échantillonnage.

Cette étude a permis de démontrer une expansion récente de l'aire de
répartition d'un puceron ravageurs des arbres fruitiers, impliquant de forts flux
de genes entre populations tres diversifiées génétiquement. Les conséquences
de tels flux de génes entre les populations du puceron cendré du pommier restent
a explorer avec des marqueurs génomiques supplémentaires (par exemple, le
polymorphisme nucléotidique unique ou « SNP »). Les travaux du chapitre 2,
reconstruisant I'histoire évolutive du puceron cendré du pommier a l'aide de

marqueurs microsatellites, ont été publiés dans la Peers Community in Evolutionary



Biology (https://doi.org/10.24072/pcjournal.26), et ces travaux ont également été

vulgarisés dans un article dans la revue en ligne « Passion Entomologie »

(https://passion-entomologie.fr/pommier-puceron-cendre/).

Chapitre 3 : Bases génomiques de I'adaptation locale du puceron cendré du

pommier a son hote

Les régions génomiques tres divergentes entre populations issues de
différents environnements peuvent résulter d'adaptation locale (Andolfatto,
2001 ; Nielsen, 2005). La propagation d'alleles avantageux dans une population
par d'un balayage sélectif peut expliquer ces régions génomiques divergentes.
(Stephan, 2019). Les agents pathogenes et les ravageurs des cultures sont des
modeéles pour comprendre les genes impliqués dans l'adaptation locale
(Stukenbrock et Bataillon, 2012 ; Badouin et al., 2017 ; Chen et al., 2021 ; Cao et
al., 2022). La plupart des études ont été réalisées sur des especes modeles de
ravageurs des cultures. Chez Acyrthosiphon pisum, des génes candidats sous
sélection positive codant pour des protéines de type cathepsine B ont été détectés.
Ces genes ont une activité protéolytique pour faire face a la réponse de la plante
(Review in Simon et al., 2015). De la méme maniere, des genes chimio sensoriels
montrent des signatures de sélection positive liée a la spécialisation de I'hote
(Smadja et al., 2009). Les analyses du génome de différents biotypes de pucerons
du soja (Aphis glycines) ont permis de détecter un balayage sélectif dans les genes
codant pour des effecteurs (Coates et al., 2020). Cependant, il n'existe aucune
étude sur les bases génomiques d'adaptation locale du puceron cendré du
pommier. De plus, les informations sur les régions génomiques et les pressions
sélectives sous-jacentes a l'adaptation locale ne sont pas clarifiées chez les

insectes ravageurs.


https://doi.org/10.24072/pcjournal.26
https://passion-entomologie.fr/pommier-puceron-cendre/

Dans ce chapitre 3, nous avons étudié les bases génomiques de
I'adaptation (locale) du puceron cendré du pommier. Nous avons utilisé notre
premiéere observation sur l'histoire de la colonisation du puceron cendré du
pommier (Olvera-Vazquez et al., 2021 (chapitre 2)) pour sélectionner des individus
représentatifs de la structure des populations et de la diversité génétique, et nous
avons ajouté des individus du Canada et d'Israél. Nous avons également inclus
des échantillons des especes sceurs Dysaphis devecta Walker (Roumanie et Iran)
et Dysaphis pyri Boyer de Fonscolombe (France, Espagne et Iran). Nous avons
extrait 'ADN de chaque puceron et les avons envoyés pour un reséquencage des
extrémités appariées du génome entier (2*150 pb, 30X) a I'aide de la plateforme
lllumina (NovaSeq6000). A I'aide de SNPs, nous avons essayé de répondre aux
qguestions suivantes : Est-ce que les trois especes de pucerons forment des
groupes génétiques distincts? Quelle était la diversité génétique et la structure de
la population chez D. plantaginea ? Répondre ces questions est fondamental pour
éviter la détecter de faux positifs dans les genes candidats impliqués dans
I'adaptation (Li et al., 2012 ; Tiffin et Ross-Ibarra, 2014 ; Hoban et al., 2016). Enfin,
observe-t-on des signatures de sélection positive dans les génomes de chaque
population qui pourrait suggérer une adaptation ou une adaptation locale chez

Dysaphis spp.?

Les trois especes de pucerons, D. devecta, D. plantaginea et D. pyri, forment
trois groupes génétiques distincts. Chez D. plantaginea, nous avons trouvé quatre
groupes génétiques : nord-américain (Canada et Etats-Unis), israélien, marocain
et 'Espagne et un autre comprenant le reste des pays européens. Nous avons
également constaté une expansion récente des populations des groupes
génétiques de D. plantaginea. En plus du flux génétique entre le groupe génétique

Amérique et Maroc/Espagne et Europe et Maroc/Espagne. Nous avons ensuite



scanné les génomes des six populations pour des patrons de sélection positive
chez D. devecta, D. pyri, D. plantaginea d'Amérique d'lsraél, du Maroc et des pays
européens. Nous avons trouvé des signaux de balayages sélectifs en utilisant
deux statistiques (Alachiotis et Pavlidis, 2018) (Alachiotis et al., 2012). Nous avons
complété ces analyses par une analyses des bases écologiques de l'adaptation

locale chez les pucerons (Chapitre 4).

Chapitre 4 : Test expérimental de I'adaptation locale du puceron cendré du
pommier (Dysaphis plantaginea) lors de sa récente colonisation rapide sur

son héte, le pommier cultivé Malus domestica en Europe

Les interactions plantes-parasites sont utilisées comme modele pour
étudier les processus évolutifs impliqués dans |'adaptation locale (Garrido et al.,
2011). Les variations de sélection entre les environnements peuvent conduire a
I'adaptation locale du parasite a son héte (Kawecki et Ebert, 2004 ; Olazcuaga et
al., 2022). Des jardins communs ont été utilisés pour identifier les caractéristiques
clés qui sous-tendent I'adaptation locale et les facteurs écologiques qui
déterminent l'adaptation (Kaltz et Shykoff, 1998 ; Tiffin et Ross-lbarra, 2014 ;
Greischar et Koskella, 2007 ; Nuismar et Gandon, 2008 ; Nooten et Hughes, 2017).
Des patrons d'adaptation locale ont été découverts a l'aide d'expériences
d'infection croisée (Kaltz et Shykoff, 1998 ; Kawecki et Ebert, 2004 ; Greischar et
Koskella, 2007 ; Sicard et al., 2007), et dans dautre cas, des patrons de
maladaptation a leurs hétes (Kaltz et al., 1999). Cependant, les contributions de
I'environnement abiotique (c'est-a-dire I'environnement local) et biotique (c'est-a-
dire la plante hote locale) a 'adaptation locale du parasite sont encore inconnues.
L'étude des contributions de I'environnement abiotique et biotique local permet
de comprendre comment un nouvel environnement peut favoriser 'émergence

de parasites conduisant a l'extinction de I'hdéte, prédire les épidémies et



comprendre la migration des vecteurs vers de nouvelles niches écologiques. Pour
ces raisons, il est fondamental de réaliser des expériences de transplantation et
d'infection croisée multi-populations pour tester l'effet des environnements
biotiques et abiotiques reflétant un cline spatial (Gandon et al., 2008 ; Brown et
Tellier, 2011). Les tests expérimentaux disponibles d'adaptation locale aux plantes
hdtes se sont concentrés principalement sur les phytopathogénes (champignons
principalement). En effet, les champignons pathogenes sont plus faciles a
manipuler pour contréler les infections que d'autres grands groupes de parasites,
comme les insectes phytophages. Les expériences d'infection croisée et de
transplantation représentent un défi technique et en ressources humaines
nécessaires ; il est donc moins fréquent de trouver des études a ce sujet. L'une
des motivations de ce chapitre est d'utiliser des approches expérimentales pour
mieux comprendre les processus évolutifs derriere l'adaptation locale des
insectes phytophages aux conditions biotiques et abiotiques, ce qui est essentiel
au développement de stratégies de lutte antiparasitaire (Kawecki et Ebert, 2004 ;

Tiffin et Ross-lbarra, 2014).

Au cours de ce chapitre, nous avons étudié I'étendue de I'adaptation locale
des insectes phytophages a leur environnement abiotique local et biotique (le
pommier) en utilisant les populations de D. plantaginea comme modéles. Nous
avons exploré les réponses de différents génotypes de pommiers cultivés a
I'infestation de génotypes locaux et étrangers de pucerons cendré du pommier
d'origines différentes. L'expérience consistait en trois jardins communs
représentant un gradient environnemental : Espagne, France et Belgique. Nous
avons réalisé une expérience dinfestation croisée de pucerons du début du
printemps au début de I'été 2021. Nous avons utilisé 28 génotypes de pommiers
comprenant 15 génotypes de pommiers cultivés (cinq génotypes locaux de
chaque pays), neuf génotypes de pommiers sauvages (Malus sylvestris) et quatre

génotypes de pommiers avec différents niveaux de sensibilité face aux



infestations de pucerons : trois génotypes de pommiers tolérants (un 'Priscilla’, un
'Florina' et un génotype de I'espéce ornementale Malus floribunda Siebold ex Van
Houtte), et un génotype sensible, Malus domestica Golden Delicious. Nous avons
échantillonné neuf génotypes représentant trois populations de pucerons
cendrés du pommier d'un pays et les avons échangés entre les trois jardins
communs au printemps 2021. Nous avons placé trois pucerons adultes sur neuf
points d'infestation différents (représentés par une feuille sélectionnée au
hasard) sur chaque génotype de pommier et les avons protégés avec une cage a
pucerons développée dans |'équipe ECLECTIC. Apres 5 a 7 jours, nous avons
récupéré les colonies de pucerons et pris une photo de chaque colonie au
laboratoire. Le plan expérimental du chapitre 4 a été publié dans Peer Community
in Ecology pour améliorer notre expérience sur la base des suggestions de
chercheurs possédant une grande expertise dans le domaine

(https://forgemia.inra.fr/amandine.cornille/local_adaptation_dp).

Nous avons déterminé la valeur adaptative des colonies de pucerons en
obtenant le nombre d'individus dans chaque colonie, le nombre de stades
différents et la surface de chaque puceron. Nous avons créé une classification
utilisant la morphologie des pucerons de chaque stade de développement basé
sur l'intelligence artificielle. Nous avons donc utilisé des outils d'apprentissage
automatique pour classer chaque stade de puceron a partir de l'image de la
colonie échantillonnée sur le terrain en collaboration avec le laboratoire de
physique de l'université d'Angers, dirigé par le Dr David Rousseau, et développé

avec l'ingénieur de recherche Herearii Metuarea.

Nous avons d0 réduire notre univers de données, en éliminant le site belge
et les génotypes en raison du faible nombre de points d'infestation représentatifs
dans ce jardin commun dd a la complexité de I'expérimentation. Ensuite, nous

nous sommes concentrés uniquement sur les sites francais et espagnols. Nos


https://forgemia.inra.fr/amandine.cornille/local_adaptation_dp

résultats préliminaires ont montré une interaction entre la localisation commune
du jardin et I'origine des pucerons (France et Espagne) sur le fitness des pucerons.
Nous avons en outre étudié les différences de taux de croissance des colonies
dans chaque jardin commun et avons montré que cette derniére interaction
s'expliquait principalement par les différences de taux de croissance dans le site
francais entre les populations de pucerons espagnoles et francaises. Nous avons
également comparé la condition physique de chaque population de pucerons
parmi les jardins communs et avons montré des différences de condition
physique de la population francaise de pucerons, montrant une meilleure
condition physique dans son jardin commun étranger. Ces résultats préliminaires

suggérent une maladaptation du puceron francais.
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3. INTRODUCTION

Genomic and ecological bases of adaptation in phytophagous insects: In-
sight from the aphids

DIVERGENCE PROCESSES

Even since Darwin's time, evolutionary biologists have attempted to tackle
the evolutionary processes that shaped genetically differentiated populations or
species in response to the environment (Wolf and Ellegren, 2017). Elucidating
these questions also allows us to understand current and future threats to biodi-
versity (Pereira et al., 2010) and their consequences for ecosystem health and ser-

vices (Cardinale et al., 2012).

The process during which groups of individuals evolve different genes, al-
lele frequencies, and ultimately traits, and that can lead to new populations or
species, is called divergence. Divergence can result from demographic (drift
and/or gene flow) and/or adaptative (selection) processes (Figure 1). Over the past
15 years, the flourishing of sequencing data and the theoretical work and tools in
population and comparative genomics allowed investigations of the role of de-
mography and selection in the divergence of populations and species in response
to biotic or abiotic environments (Nosil and Schluter, 2011; Tiffin and Ross-lbarra,
2014). In particular, the local adaptive divergence of populations (or local adapta-
tion), which represents the initial phase of reproductive isolation and ecological
speciation (Lenormand, 2012; Karvonen and Seehausen, 2012; Figure 2), has been
used to evaluate the contribution of specific environmental factors to the adaptive
divergence (Savolainen et al., 2013). Local adaptation results from the spatial en-
vironmental variation of selection, which leads to locally adapted genotypes with
higher fitness in their local than in their foreign abiotic or/and biotic environments
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(Kawecki and Ebert, 2004; Salvolainen et al., 2007; Wadgymar et al., 2022 Figure
2). Several transplant experiments have been performed looking for patterns of
local adaptation, mainly to the abiotic environment and in plants (Leimu and
Fischer, 2008; Kawecki and Ebert, 2004; Blanquart et al., 2013; Sinclair et al., 2015;
Nooten and Hughes, 2017; Capblancq et al., 2023; Meek et al., 2023; Razaque et
al., 2023). Fitness estimates of three ecotypes of Andropogon gerardii Vitman (dry,
mesic, and wet ecotypes) in a transplant experiment across an environmental gra-
dient from dry to wet showed patterns of local adaptation in this species. Local
adaptation was represented by the higher performance of the ecotypes under lo-
cal conditions, with each ecotype exhibiting higher canopy cover (Johnson et al.,
2021). In Arabidopsis (Arabidopsis thaliana L.), genomic and phenotypic variations
associated with local adaptation to climate have been demonstrated. A study in
Italian and Swedish Arabidopsis populations detected higher fitness of local geno-
types at both sites and Delay Of Germination 1 (DOG1) genes as candidate loci for
local adaptation (Postma et al., 2016). In addition, a study analyzing a subset of
SNPs in A. thaliana found that 10% of candidate climate-related SNPs with func-
tions related to local adaptation, including photosynthetic active radiation, precip-
itation in the wettest month, precipitation in the driest month, length of the grow-
ing season, and relative humidity (Hancock et al., 2011). Despite the high number
of phenotypic and genomic studies to date (Savolainen et al., 2013), thereis a need
for additional knowledge about the genomic basis of local adaptation to both abi-
otic and biotic environments (Gianoli and Valladares, 2012) and beyond plants.
Therefore, some long-standing questions on the ecology and genomics of adap-
tation remain: What genomic architecture underlies (local) adaptive divergence
(number, locations, and effects of genomic regions)? What form do adaptive
changes take (amino-acid substitution, gene duplications, gene gains, gene losses,
positive and purifying selection involved)? How do abiotic or biotic factors contrib-

ute to (local) adaptive divergence? During my Ph.D., | investigated those questions
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using plant parasites as my biological system, as they are superb models for stud-

ying the process of divergence, and | combined comparative genomics, population

genomics, and experiments.
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Figure 1. Evolutionary processes that can shape species and population divergence: insight
from the aphids. Several evolutionary processes can shape the divergence of species and popu-
lations. Some genes related to response to biotic (e.g., chemosensory genes, salivary genes) or
abiotic environments can undergo positive or purifying selective pressures that make those re-
gions (genomic islands) less permeable to gene flow, ultimately leading to the divergence of spe-
cies or populations. Drift and gene flow can favor or limit divergence. During my Ph.D., | investi-
gated the role of selection, drift, and gene flow in the divergence of aphid species and populations.
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Figure 2. Expected patterns of local adaptation: An example from a plant parasite, the rosy
apple aphid (Dysaphis plantaginea Passerini), a major pest of the cultivated apple (Malus do-
mestica Borkh). Rosy apple aphid populations from three different origins (Sint-Truiden in Bel-
gium, Beaucouzé in France, and Villaviciosa in Spain) are infested on local apple trees and placed
under environmental conditions from the exact three origins. Patterns of local adaptation (the bar
plots on the map) are when colony growth (considered here as fitness, i.e., the reproductive suc-
cess of a genotype) is higher for the local rosy apple aphid populations infested on their local apple
tree host genotypes and/or local environmental conditions than those infested on foreign apple
host genotypes and/or environmental conditions.

44



PLANT PARASITES: A GOOD STUDY MODEL TO UNDERSTAND PROCESSES OF
DIVERGENCE

GLOBAL ADAPTIVE DIVERGENCE OF PLANT PARASITES TO THEIR HOST

Plant parasites are superb model systems for studying genomic and eco-
logical bases of divergence. A parasite reduces its host ability to produce offspring
(negative fitness effect) while spreading in the host population, positively impact-
ing the fitness of the parasite (Méthot and Alizon, 2014). Reciprocally, the host
counterattacks to overcome parasite attacks by evolving defense mechanisms.
Therefore, the genomes of the interacting host-parasite constantly adapt such
that each matches the change in the other (Van Valen, 1973). This reciprocal ad-
aptation cycle led to the evolution of a parasite molecular arsenal, called effectors,
to fight their host. Effectors help suppress the host defense and respond against
the host immune system (Koeck et al., 2011; Yates and Michel, 2018). The evolu-
tion of specific effectors by gene duplications is a hypothesis that can explain the
adaptive divergence of the parasites to their host by specialization (Méller and
Stukenbrock, 2017; Vilcinskas, 2019). Indeed, duplications can generate new func-
tions during species split that can be fixed by positive selection and contribute to
species divergence (Ohno, 1970). After a long time, some copies of duplicated
genes can be maintained by purifying selection (Yang, 2007; Cardoso-Moreira et
al.,, 2016; Persi et al., 2016). Alternatively, the duplicated genes, here effector
genes in case of parasite evolution, could present redundant functions, and a
pseudogenization event might take place. In that case, duplicated genes become
nonfunctional, resembling the original (in the structure), due to an accumulation
of deleterious mutations in one of the gene copies (Assis and Bachtrog 2013).
Thus, evaluating the selective pressures on the effector genes resulting from du-
plication can bring key information on evolutionary processes, the genomic bases

underlying parasite divergence, and host-parasite co-evolution.
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Transposable elements (TEs hereafter), DNA fragments that can replicate
and multiply within genomes (Lisch, 2013), can be drivers of the parasite adapta-
tion to their hosts. TEs enrichment and a high substitution rate close to effector
genes have been detected in plant pathogens, such as Zymoseptoria tritici (Rob-
erge ex Desm.) Quaedvl. & Crous (Hartman et al., 2017; review different fungi spe-
cies, Plissonneau et al., 2018). TEs can, therefore, fuel the host-parasite arms race
and parasite adaptation to their hosts. However, the role of TEs in driving the di-
versity and evolution of effector genes has been studied in plant pathogens (Du-
plessi et al., 2011; Plissonneau et al., 2017; Hartman et al., 2019; Rocafort et al.,
2022). Narrow information exists about the characterization, numbers, nature,
and mode of evolution of effector genes and the role of the TEs for other plant
parasites, such as phytophagous insects (Stergiopoulus and de Wit, 2009; Simon

et al., 2015; Torres et al., 2020; Seong and Krasileva, 2023).

LOCAL ADAPTATIVE DIVERGENCE IN PLANT PARASITES

Host-parasite coevolutionary dynamics are widely thought to lead to local
adaptation of the parasite (Gandon and Van Zandt, 1998; Moéller and Stukenbrock,
2017). Because the parasites have a shorter generation time than their hosts (La-
jeunesse and Forbes, 2001), they evolve quicker, giving them the edge in the co-
evolutionary race (Stahl and Bishop, 2000; Zhan et al., 2002; Capaul and Ebert,
2003; Brockhurst et al., 2014; Sironi et al., 2015; Sheppard et al., 2018; Papkuo et
al., 2019). However, local adaptation of the parasite is not always the rule; local
adaptation depends on which partner is in the upper hand in this arms race and,
therefore, on the respective generation times/evolutionary rates of the two part-
ners (Kaltz & Shykoff, 1998). The spatial distribution of the host species is another

factor that can impact the coevolutionary dynamics and, thus, local adaptation of
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the parasite (Brown & Tellier, 2011; Gandon et al., 2008). Different pressures on
the parasite arise from variable environments across space, resulting in spatial
heterogeneity in parasite infectivity and host resistance (Caicedo and Schaal,
2004; Thrall and Burdon, 2002). The expansion of species range and the coloniza-
tion of new habitats, for example, lead to the host encountering new parasites,
potentially promoting coevolutionary dynamics at new loci or alleles not involved
in coevolution in the original habitat (Lajeunesse and Forbes, 2002; Stam et al.,
2019; Karasov et al., 2020; Markel et al., 2021, Cornille et al. 2022). Therefore, local
adaptation of the parasites depends on the ecological context and the pressures

imposed by the host (Savolainen et al., 2007; Savolainen et al., 2013).

Because of this theoretical framework, host-parasite interactions have
been studied since a long time ago by evolutionary biologists to unravel the eco-
logical and genomic bases and evolutionary processes that can lead to local ad-
aptation (Badouin et al., 2017; Gladieux et al., 2014; Scott Nuismer & Sylvain Gan-
don, 2008). A handful of multi-species manipulative transplant experiments
across environments have shown that the parasite affects the host's fitness (Greis-
char & Koskella, 2007; Scott Nuismer & Sylvain Gandon, 2008). Common gardens
are also effective experimental designs to identify traits under local adaptation
and the underlying ecological factors that have shaped that adaptation (Kaltz and
Shykoff, 1998; Tiffin and Ross-Ibarra, 2014; Nooten and Hughes, 2017). However,
it has been demonstrated that local adaptation of the parasite is not a universal
phenomenon. Experimental approaches in the fungi Microbotryum violaceum
(Pers.) G. Deml & Oberw. on its host Silene latifolia Poi. revealed a lower infection
rate in sympatric groups (fungi populations infected in local populations) than in
allopatric groups (fungi populations infected in foreign populations; Kaltz et al.,
1999), suggesting maladaptation of the parasite, which has also been observed

recently on its Dianthus L. host (Koupilova et al., 2021). As stated above, the spatial
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distribution of the host species is crucial for coevolutionary dynamics (Gandon et
al., 2008; Brown and Tellier, 2011), and different patterns of local adaptation could
be seen across the host distribution, as local adaptation can depend on the host
(biotic factors) and the local environments. However, multi-population manipula-
tive transplant experiments across both host (i.e., biotic) and abiotic environments
reflecting a spatial heterogeneity, such as spatially varying climate, have never
been done to disentangle the role of both biotic and abiotic factors in local adap-
tation of the parasite. Additionally, scans for signatures of selection or at candi-
date loci in parasite genomes have recently been performed to determine which
partners are ahead in the game and which have achieved local adaptation. Ge-
nome scans applied to some parasites (Badouin et al., 2017), e.g., tsetse flies (At-
tardo et al., 2019), malaria (Gupta et al., 2010), and phytophagous parasites (Zhu
and Zhao, 2007; Bonin, 2008; Simon et al., 2015; Dalongeville et al., 2018), have
revealed candidate genes under selection involved in local adaptation (Simon et
al., 2015). Despite the current research contributions, the loci involved in local ad-
aptation still need to be studied. Identifying loci under recent positive selection in
populations is fundamental to elucidating adaptation mechanisms (Weigel &

Nordborg, 2015).

Therefore, the direct links among local selective forces, adaptive phenotypic
differentiation between populations, and the adaptive genomic variation under-
lying parasite local adaptation have yet to be fully elucidated (Gloss et al., 2016).
Particularly in phytophagous insects (Nooten and Hughes, 2017), the ecological

and genomics bases of the plant host divergence still need to be studied.
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PHYTOPHAGOUS INSECT ADAPTIVE DIVERGENCE

GLOBAL ADAPTIVE DIVERGENCE OF PHYTOPHAGOUS INSECTS TO THEIR HOSTS:
WHICH GENES INVOLVED AND MODE OF EVOLUTION? A COMPARATIVE GENOMICS
VIEW

Preliminary works have paved the way to identifying the number and na-
ture of genes involved in the adaptive divergence of phytophagous insects (Simon
etal., 2015; Sih et al., 2023). Not only genes but also key genomic features like the
transposable elements (TEs), which are repetitive regions of the genomes (Gilbert
etal., 2021), have retained attention to understand the genomic bases of adaptive
divergence in parasites. TEs have been proposed as a primary driver of genomic
variation at key loci (e.g., effectors genes), fueling the arms race between parasites
and their host. However, the genomic architecture and the role of TEs in the evo-
lution of key loci specifically involved in phytophagous insect divergence are still

unidentified.

The annotation of chemosensory and salivary genes revealed their mode
of evolution and potential role in adaptive divergence (Hogenhout and Bos, 2011;
Simon et al., 2015; ZUest and Agrawal, 2016; Nicolis et al., 2022; Shih et al., 2023).
The interactions between plant chemical defense and phytophagous insects are
processed by chemosensory receptors, including olfactory receptors (ORs) and
gustatory receptors (GRs; Nimura and Nei et al., 2007; Nei et al., 2008; Sanchez-
Garcia et al., 2009; Ramdya and Benton, 2010; Anderson et al., 2015; Benton,
2015). The ORs are seven-transmembrane domain proteins that participate in the
semiochemical conversion into an electrical signal and are expressed in the olfac-
tory neurons located within the olfactory sensilla (Clyne et al., 1999; Scott et al.,
2001; Benton et al., 2006; Leal, 2013). The GRs are also a seven-transmembrane

domain protein that responds to tastings (e.g., pheromones, bitter substances)
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and is situated within the gustatory sensilla (Chyb, 2004; Sparks et al., 2013; Jiang
et al., 2015; Mang et al., 2016). In lepidopterans, multiple OR/GR gene gains were
key in the adaptation of lepidopterans to their host plants (Engsontonia et al.,
2014). The annotation of chemosensory gene families in several Drosophila Fallén
genome assemblies revealed the rapid evolution of OR and GR gene families via
lineage-specific duplications and loss events (Guo and Kim, 2007). Analysis of the
correlation between genome size and duplication events of chemosensory gene
families in lepidopterans and dipterans revealed positive correlations in Drosoph-
ila spp (Gardien et al., 2008). These genes would be explained by duplication
events bringing novel functions in Drosophila spp, for instance, a new set of gus-
tatory receptors genes to taste sugar (Kent and Robertson, 2009). On the other
hand, negative correlations between genome size and chemosensory genes were
detected in lepidopterans, suggesting that other genome features would explain
the lepidopteran genome size and the current set of chemosensory genes is
enough to ensure survival and reproduction (Engsontia et al., 2014). In hemipter-
ans, recent and rapid expansion of the OR and GR genes were detected in the
model species Acyrthosiphon pisum (the pea aphid), with some loci under positive
selection (Smadja et al., 2009) and others under purifying selection. An additional
analysis of 172 GR and OR genes showed high genetic differentiation among A.
pisum biotypes (i.e., individuals with some differences in their genomes and highly
specialized to feed on different host legumes; Shih et al., 2023), resulting from
host specialization (Smadja et al., 2012). This suggests that GR and OR can be re-
sponsible for host specialization, the first stage of the speciation process (process
explained in Figure 1). Other important genes involved in host specialization are
the salivary genes. For example, the salivary effectors of Rhopalosiphumm padi
(RpC002, Rp1), Sitobion miscanthi (Sm9723), and Schizaphis gramium (5g2204) en-
hanced specific plant host susceptibility to aphid infestation (review in Muo et al.,

2023). Therefore, host preferences can be a strong selective agent leading to the
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differentiation of specific genes, which can head to speciation by adaptive diver-
gence by host specialization. Genetic drift can also drive the evolution of genes in
phytophagous insects. For instance, OR and GR in Drosophila Fallén spp are sup-
posed to evolve by drift (Hallem et al., 2006; McBride, 2007; Sanchez-Gracia et al.,
2009; Joseph and Carlson, 2016) and lead to divergence but not by adaptation.
However, the balance between selection and drift in the evolution of genes in-
volved in the divergence of phytophagous to their host still needs to be under-
stood beyond model species such as butterflies, drosophila, and A. pisum. The
time-consuming manual annotation and curation explain limited information
about the OR and GR evolution beyond model insect species due to the high di-
vergence among these genes. Moreover, the relationship between TEs and
chemosensory gene evolution is an attractive topic because TEs are abundant in
insect genomes (Mccullers and Steiniger, 2017; Gilbert et al., 2021), and the TE
content and type can vary among the genomes of insect species (Gilbert et al.,
2021). However, the role of TEs in the evolution of the chemosensory genes

(OR/GR) in phytophagous insects is not yet studied.

ON THE DEMOGRAPHY AND COLONIZATION HISTORY OF PHYTOPHAGOUS INSECTS:
A PRELIMINARY AND MANDATORY INFORMATION FOR INVESTIGATING LOCAL
ADAPTIVE DIVERGENCE

Before investigating the local adaptation of the target species, the
knowledge of its population structure, diversity, and demographic history (diver-
gence time, migration rates among populations, and effective population size) is
essential to avoid false positives while testing for local adaptation (Li et al., 2012;
Tiffin and Ross-Ibarra, 2014; Hoban et al., 2016). Studying population structure,
genetic diversity, and demographic history is also fundamental to understanding
evolutionary processes underlying rapid colonization and the range of geographic

expansion (Estoup & Guillemaud, 2010; Lawson Handley et al., 2011; Turcotte et
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al., 2017; Fraimout et al., 2017). The understanding of the routes of colonization
phytophagous can also generate information to protect crops against future out-
breaks and for pest management programs (Posada & Crandall, 2001; Bertorelle
et al., 2010; Bloomquist et al., 2010; Roux & Pannell, 2015; Hickerson et al., 2010).
Demographic models have been tested using Approximate Bayesian computation
methods (ABC) to understand the species history by comparing alternative demo-
graphic models and estimating their associated parameters (divergence time, mi-
gration rate, effective population size; Csilléry et al., 2010; Csilléry et al., 2012; Es-
toup et al., 2018; Raynal et al., 2019). The ABC approaches have been utilized to
elucidate the evolutionary history identifying source population, colonization
route, and geographic range expansion, like in Daktulosphaira vitifoliae Fitch (Rispe
et al., 2020). Recently, ABC has been recently combined with machine learning,
such as random forest and ABC approach, called ABC-RF (Estoup et al. 2018;
Raynal et al. 2019), which gave a higher power to reconstruct the colonization his-
tory than traditional ABC methods (Csilléry et al., 2010; Csilléry et al., 2012). For
example, ABC-RF approaches were utilized to reconstruct the colonization history
of African arid-adapted locus species, Schitocerca gregaria Forsskal, in Africa
through a major migration event by the last glacial climatic episodes (Chapuis et
al., 2020). Also, the invasion history of D. suzukii proposes a route from Japan to
Hawaii, Hawaii, and Southeast China to North America, and finally, an invasion to

Europe from northeast China (Fraimout et al., 2017).

Characterizing the microbiota of the phytophagous insects can also bring
information on the colonization history of their host. Indeed, phytophagous in-
sects often host endosymbiotic bacteria that help them survive (Moran et al.,
2008). Detecting variations in the microbiota composition of phytophagous in-
sects along their colonization routes could suggest a potential role of the microbi-

ota in the colonization of their phytophagous hosts. In the aphid populations of
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Aphis craccivora Koch, or cowpea aphid possess a mix of facultative symbionts,
and these bacteria composition can evolve rapidly in response to the environment
imposed by the different host plants (Lenhart and White, 2020). In the pea aphid,
different bacteria communities are associated with geographical variation
(Tsuchida et al. 2002; Russell et al. 2013; Zepeda-Paulo et al. 2018; Leclair et al.
2021).

So far, the power of ABC-RF approaches and the characterization of the di-
versity of the aphid endosymbiotic bacterial community still need to be applied to
other non-model phytophagous species. Results from these analyses bring essen-
tial information on the colonization history of the phytophagous insect and the

study of genes involved in local adaptation.

LOCAL ADAPTIVE DIVERGENCE IN PHYTOPHAGOUS INSECTS

The genomic and ecological bases of local adaptation have been much
more studied in plant pathogens than in phytophagous insects (Stukenbrock and
Bataillon, 2012). For example, the finding of loci of avirulence effectors (Avr) re-
lated to host infection in Zymoseptoria tritici (Roberge ex Desm.) Quaedvl. & Crous
(Croll and McDonald, 2017; Hartman et al., 2018), the diversification of effectors
in the fungal wheat pathogen Phaeosphaeria nodorum (E.MUll.) Hedjar (Richards et
al., 2019). In addition, 17% of the genome was under selective sweeps in the ge-
nome of M. lychnidis-dioicae, contrasting to 1% in the Microbotryium silenes-dioicae
genome; these sweeps were in candidate effectors genes involved in parasite ad-
aptation to its host (Badouin et al., 2017). In the crop pest Plutella xylostella (or
diamondback moth), 3,648 SNPs were associated with specific climate variables

(Chen et al., 2021) and, therefore, candidates for local adaptation to the abiotic
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environment. In hemipteran, genes related to cathepsin B-like proteins with pro-
teolytic activity to face the plant response in the midgut and saliva in the pea aphid
were detected under positive selection (Review in Simon et al., 2015). In orthop-
ters, 242 unique SNPs under selection related to latitude, mean annual tempera-
ture, and body size were detected in the grasshopper crop pest Phaulacridium vit-
tatum Sjostedt (Yadav et al., 2019). In the butterflies (or heliconia), genome scans
detected a circadian clock gene (Clk) and two targets of pesticides in the oriental
moth or Grapholita molesta Busck from Sichuan compared to the other two pop-
ulations in Yunnan in China (Cao et al., 2022). Despite those numerous studies,
the genomic regions underlying the local adaptation of phytophagous insects to
their environment are generally unidentified, if any, and the selective pressures
driving their evolution as well. Yet, phytophagous insects are ideal study subjects
in the rich theoretical framework for local adaptation in host-parasite interactions

(Gloss et al., 2016; Greischar & Koskella, 2007).

THE APPLE-APHID INTERACTION IS AN OUTSTANDING MODEL FOR INVESTIGATING
THE ECOLOGICAL AND GENOMIC BASES OF THE ADAPTIVE DIVERGENCE OF
PARASITES.

Studies of the mechanisms of adaptive divergence in the context of domes-
tication are particularly relevant to crop parasites, which display frequent host
shifts involving adaptation to new hosts (Gladieux et al., 2015; Powell et al., 2013;
Stuckenbrock and McDonald, 2008). Such host shifts are often followed by rapid
colonization by the parasite of new geographic regions. Has parasite rapid coloni-
zation of different environments led to local adaptive divergence in the host-par-
asite interaction? What are the genomic bases of local adaptation in this context?
Aphids are widely used as model organisms in evolutionary biology in studies of
population differentiation in sympatry (Simon et al., 2015). Aphids are unusual in

that they display cyclic parthenogenesis during their annual life cycle. Laboratory
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experiments have shown that abiotic conditions (e.g., temperature, humidity, pho-
toperiod) are crucial for passage between steps in the life cycle. Aphids also de-
pend on their host: they display plasticity for several characters, but many aphids
show specificity for a particular host species. This dependence on biotic and abi-
otic conditions and the recent identification of gene-for-gene interactions during
infestation (Zust & Agrawal, 2016) makes aphids a fascinating and relevant model
for evaluating the contribution of abiotic and biotic conditions to local host-para-

site adaptation.

Moreover, aphids have small genomes and can be reared in the laboratory.
They are, therefore, ideal organisms for experimental manipulation and investi-
gations of the experimental genomics of local adaptation in host-parasite interac-
tions. Aphids are under different pressures to exploit their host: they recognize
the chemical produced by their specific host, later they encounter additional phys-
ical and chemical barriers that avoid aphid feeding, and the ecological pressures
by the host spatial variation. The development of host specialization, host races,

and local adaptation could follow these pressures.

Dysaphis plantaginea, the rosy apple aphid, is the most harmful aphid pest
attacking cultivated apple trees, causing significant economic losses every year. In
cultivated apple orchards, this aphid species occurs across temperate regions
(Asia, North Africa, America, and Europe). The ecology and evolution of D.
plantaginea have been little explored to date (Guillemaud et al., 2011; Mifarro et
al., 2005; Pagliarani et al., 2016; Qubbaj et al., 2005; Wyss et al., 1999). Dysaphis
plantaginea probably colonized its cultivated apple host in Europe rapidly and re-
cently, about 1,500 years ago, when the Greeks brought the cultivated apple (Ma-
lus domestica) to Europe from Central Asia (Cornille et al., 2014). Photoperiod is a

crucial determinant of hatching, host colonization, and the induction of winged
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and sexual forms in the D. plantaginea life cycle (Figure 3). We have observed a
variation in hatching across Europe, with later and earlier hatching in Northern
and Southern Europe, respectively. Whether this phenotypic variation reflects a
local adaptation of D. plantaginea populations to the abiotic or biotic conditions
following its recent colonization of Europe remains unclear. Moreover, the culti-
vated apple displays considerable variation in sensitivity and resistance to D.
plantaginea attacks (Mifarro et al., 2005; Pagliarani et al., 2016), and D. plantaginea
is very rarely seen on its wild European relative, Malus sylvestris L. (Mill.). Then,
there is a need to evaluate the genomic architecture and the ecological bases be-
hind the phenological variation and potentially local adaptation of the rosy apple

aphid to its host, the apple tree, or its local environment.
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Figure 3. Dysaphis plantaginea life cycle. Dysaphis plantaginea has a cyclic parthenogenetic (or
holocyclic) life cycle (Blommers et al., 2004; Guillemaud et al., 2011). Mating occurs on apples dur-
ing the fall, and sexual females lay eggs that overwinter and then hatch at the beginning of spring.
During late spring and early summer, after 3 to 6 parthenogenetic generations on apple, parthe-
nogenetic females (virginiparae) produce winged morphs that migrate from the primary to the
secondary host, Plantago lanceolata L., on which about 3 to 8 successive parthenogenetic genera-
tions occur. In late summer to fall, parthenogenetic female aphids (virginiparae) cyclically give birth
to gynoparae (precursor forms of sexual females), followed by winged males. Both fly from the
herbaceous secondary host plant, P. lanceolata, to the primary host, apple trees, where the gyno-
parae give birth to sexual females. Mating then occurs. Thus, due to the annual pattern of host
alternation, two significant migration events occur in the biological cycle of D. plantaginea in the
fall and spring.
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OBJECTIVES OF THE PH.D. PROJECT: ON THE GENOMIC AND ECOLOGICAL BASES OF
ADAPTIVE DIVERGENCE OF APHIDS IN THE CONTEXT OF DOMESTICATION

In this thesis dissertation, | aimed to unravel the genomic and ecological
bases of adaptive divergence in the rosy apple aphid. | divided this thesis into four
chapters presented in an article format, followed by a discussion of the main find-

ings and a conclusion of the thesis project and perspectives of my work.

In the introduction section above, | presented the available information on
the ecological and genomic bases of divergence in plant parasites, specifically in
phytophagous insects. This section also introduced the biological model | worked
on for four years, the rosy apple aphid or Dysaphis plantaginea, which is ideal for
getting key information on phytophagous insect divergence. In Chapter 1, | inves-
tigated the adaptive divergence in aphids using comparative genomics. In Chapter
2, l inferred the colonization history of the rosy apple aphid using population ge-
netics and microsatellite markers. In Chapter 3, | used population genomics and
SNPs to understand the genomic bases of local adaptation in the rosy apple aphid.
In Chapter 4, | tested for local adaptation using ecological data collected in a vast

transplant and cross-infestation experiment.

Chapter 1: Chemosensory gene and transposable element evolutionary dy-
namics in aphids

This chapter aims to study the evolution of chemosensory genes during
aphid evolution, as well as the role of transposable elements, which could have
driven the evolution of chemosensory genes. We used comparative genomics ap-
proaches to confront different aphid species and one aphid-like species with var-
ious ecological preferences. Manual annotation of chemosensory genes was per-

formed to get information about the genomic architecture of the host adaptation
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in aphids. This manuscript will be submitted to the Molecular Biology and Evolu-

tion journal, for which | am the first author.

Chapter 2: Colonization history of the rosy apple aphid

Knowledge of the population structure and colonization history is crucial to
investigate local adaptation. |, therefore, studied the colonization history of the
rosy apple aphid using newly developed SSR markers. We detected recent and
rapid colonization of cultivated apples (Malus domestica) by D. plantaginea in about
600 aphid samples representing 52 geographic sites. Weakly differentiated popu-
lations and substantial gene flow among rosy apple aphid populations were also
detected. This work is published in the Peers in Community in Evolutionary Biol-
ogy journal, supporting the free and transparent preprint pre-review Peers in

Community in movement (https://doi.org/10.24072/pcjournal.26), in which | am

the first author.

Chapter 3: Genomic bases of local adaptation in the rosy apple aphid (Dys-
aphis plantaginea) to its host, the cultivated apple (Malus domestica)

This section presents signatures of local adaptation in the genomes of the
rosy apple aphid, which was investigated using SNP markers. The second manu-
script, in which | am the first author, is under development and will be published

in the fall of 2024.

Chapter 4. Experimental test for local adaptation of the rosy apple aphid
(Dysaphis plantaginea) during its recent rapid colonization on its cultivated
apple host (Malus domestica) in Europe

This chapter represents the experimental approach for seeking the ecolog-

ical bases of adaptation of the rosy apple aphid to its local host or environment.
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This chapter presents a common garden experiment repeated in Europe (Bel-
gium, France, and Spain) to test whether different rosy apple aphid populations
from Belgium, France, and Spain show differential fitness. Each common garden
comprised a panel of wild and cultivated apple genotypes from Belgium, France,
and Spain and previously reported tolerant and susceptible apple genotypes (Fig-
ure 2). The methodology of this chapter has been submitted as a pre-registration

paper in the Peers Community in Ecology journal (https://forge-

mia.inra.fr/amandine.cornille/local_adaptation_dp). The manuscript is progress-
ing and will be published in the PCl Ecology journal, for which | will be the first

author.

3.1 ANNEXES AND EXTRA ACTIVITIES

Olvera-Vazquez, S., G, ... Cornille, A., 2023. Participation in organizing the Young
Scientist ESEB Workshop, the Experimental and Theoretical Approaches to Coevo-
lution.

ChenX, ..., Olvera-VazquezS. G,, ..., Cornille A. 2023. Ecological and evolutionary
drivers of phenotypic and genetic variation in the European crabapple [Malus syl-
vestris (L.) Mill.], a wild relative of the cultivated apple. Annals of Botany.
https://doi.org/10.1093/acb/mcad061.

Cornille A.,and Olvera-Vazquez, S. G., 2021. Une colonisation récente du puceron
cendré du pommier dans les vergers en Europe, au Maghreb et en Amérique du
Nord. Passion Entomologie. https://passion-entomologie.fr/pommier-puceron-
cendre/ (Science outreach).

3.2 STUDENT SUPERVISION

2023. Lilian Brouillard Master 1. Université Paris Cité. « Réponses des pommiers

cultivés et sauvages au changement climatique et aux ravageurs ».
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2022. Imane Elfar Master student 2. Université Evry. « Role of transposable ele-
ments in thirteen aphid species' evolution and colonization processes (Hemiptera:

Aphididae) ».

2021. Ramon Gonzalez Master student 1. Universidad de Oviedo. «Practicum Il

Apple tree measurements and aphid cross infestation second part ».

2021. Cristina de Los Reyes Ramos Master student 2. Universidad de Oviedo.

«Practicum Il Apple tree measurements and aphid cross infestation ».
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4, OUTLINE CHAPTER 1: CHEMOSENSORY GENES AND
TRANSPOSABLE ELEMENTS EVOLUTIONARY DYNAMICS IN APHIDS

|dentifying the number and nature of genes involved in the adaptive diver-
gence of phytophagous insects to their host still needs to be studied. Plants offer
insects an extensive range of habitats, food resources, mating, and oviposition
sites (Lee and Lee, 2020) and are proposed to drive the diversification of phytoph-
agous insects (Abrahamson, 2008). So far, the identification of genes involved in
the adaptation of the phytophagous insects to their host and their mode of evo-
lution by drift (Barton, 1996; White et al., 2020; Lynch, 2023) and/or natural selec-
tion (Bustamantes et al., 2005; Fay and Wittkop, 2008; Karlsson et al., 2014; Arnab
et al., 2023; Culver et al., 2023) are topics of intense investigations. There is also
an increasing interest in understanding the role of repetitive regions of the ge-
nome, or transposable elements (TEs hereafter; Gilbert et al., 2010), in driving the
genomic variation fueling the adaptation of parasites, including phytophagous in-
sects, to their host (Fouché et al., 2022; Meslin et al., 2022; Oggenfuss and Croll,
2023).

Chemosensation (olfaction and taste) is crucial in the interactions between
phytophagous insects and their plant hosts. Phytophagous insects distinguish the
chemicals the plants produce by activating specific proteins that multigene fami-
lies encode (Simon et al., 2015; Robertson, 2019). Chemosensory genes are highly
diversified multigene families (Santamaria et al., 2018) proposed as crucial in the
adaptation of phytophagous insects to their host (Kambere and Lane, 2007; De
Bruyne and Baker, 2008; Brand et al., 2015; Rinker et al., 2019). The olfactory re-
ceptors (ORs) and gustatory receptors (GRs) are significant chemoreceptor super-
families in insects (Sanchez-Gracia et al., 2009; Robertson et al., 2019). The OR and

GR genes were proposed to evolve following a birth-and-death model, where gene
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duplications represent the births while the deaths are characterized by
pseudogenization and deletion events (Nimura and Nei et al., 2008; Sanchez-Gar-
cia et al., 2009; Ramdya and Benton, 2010; Anderson et al., 2015; Benton, 2015).
The studies have detected that the OR and GR genes have a high evolutionary
rate, leading to a vast number of gene numbers with evidence of expansion or
contraction, depending on the chemosensory genes and insect species (Halem et
al., 2006; McBride, 2007; Joseph and Carlson, 2016; Sanchez-Gracia et al., 2009).
The elements of the genomic architecture (i.e., transposable elements or TEs) and
the selective pressures (i.e., positive and negative selection) are among the signif-
icant drivers of the evolutionary dynamics of these chemosensory genes
(Whiteman and Pierce, 2008; Meslin et al., 2022). For instance, high densities of
TEs were related to duplication events in different insect species (Gilbert, Peccoud,
and Cordaux, 2021). In addition, selection signatures were reported in the
chemosensory genes (including ORs and GRs) of the pea aphid, which can be im-
plicated in the divergence of pea aphid host races (Smadja et al., 2009; Meslin et
al., 2022). Nevertheless, the evolution of OR and GR genes and the implication of

TEs in phytophagous insect host preference remains to be studied.

Aphids are phytophagous insect groups, including several crop pests (Stern
2008), and are used as models for exploring the evolutionary processes involved
in adaptation to the host and its associated genomic basis (Peccoud and Simon,
2010; Simon et al., 2015; i.e., TEs; Bouallégue et al., 2017; Ahmad et al., 2021).
Aphids have high intraspecific genetic and phenotypic diversity (Loxdale, 2008;
Zytynska et al., 2013; Leclair et al., 2016) and exhibit diverse life cycles presenting
polyphenism, sexual and asexual reproduction (Srinivasan and Brisson., 2012).
Aphids have a range of host preferences. For instance, aphids would have a par-

ticular host species or several host species from a plant family to complete their
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life cycle (Dixon, 1977; Williams and Dixon., 2007). Aphids rely on their chemosen-
sory system to perceive chemicals, obtain environmental information, and detect
their host (Robertson et al., 2019). These characteristics are essential for aphid
adaptation to different environments and hosts. Current available aphid genome
evolutionary genomics studies revealed that most species underwent extensive
gene duplication through aphid diversification (The International Aphid Genomics
Consortium, 2010: Mathers et al., 2017; Thorpe et al., 2018; Fernandez et al., 2020;
Julca et al., 2020; Biello et al., 2021). Moreover, rapid gene evolution and genes
enriched in essential functions for host selection and adaptation (e.g., chemosen-
sory receptors genes and genes related to detoxification) are suggested as key for
aphid specialization to their host (Smadja et al., 2009; Puinean et al., 2010; Nichol-
son et al., 2015; Quan et al., 2019).

In Chapter 1, we reconstructed the evolutionary history of two major
chemosensory multigene families in a comprehensive sample of aphid species
with various host breath to determine the mode of evolution of OR and GR genes
and gain insight into the selective forces that drive their evolution in major phy-
tophagous insects. We also characterized TE diversity and dynamics in the aphid
genomes to understand the role of TEs in the evolution of chemosensory genes
in aphids. We selected 11 aphid species (see details in the manuscript) whose ge-
nome was available. We also added the high-quality genome assembly genome
version 3 of the rosy apple aphid (Dysaphis plantaginea) assembled in the team.
We also added one aphid-like species of the Phylloxeridae family, Daktulosphaira

vitifoliae Fitch, which was used as an outgroup for our analyses.
We manually annotated 521 ORs and 399 GRs among nine aphid species

using three different software Exonerate (Slater and Birney, 2005), the InsectOR

pipeline (Karpe et al., 2021), and Scipio (Keller et al., 2008). We did not identify new
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OR and GR genes in A. pisum, A. glycines, and D. vitifoliae; we, therefore, used the
already published chemosensory genes 147 ORs and 181 GRs (Robertson et al.,
2019; Rispe et al., 2020). These genes followed the birth-and-death model, evolved
in tandem repeats, and under purifying selection. Only a few genes showed sig-
natures of positive selection, including gustatory receptor gene group GRO2 re-
lated to fructose detection (60% of the sites under positive selection). We also
showed that TEs did not have a role in fueling GR and OR gene evolution. However,
we found species-specific TE activities, with recent activity of transposable ele-

ments on aphids infesting fruit trees.

We obtained information on the molecular evolution of fundamental genes
involved in the aphid adaptation to their hosts. For the rosy apple aphid, we got
results suggesting a recent divergence of the species, very recent TE activity, and
TIR TEs related to olfactory receptor genes. This comparative genomics analysis
allowed us to better understand the evolutionary processes at play during the
evolution of aphids at a large evolutionary scale. This chapter is in the process of

submission to the journal Molecular Biology and Evolution.
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Abstract

Investigating the selection pressures on key genes following duplications and the role
of transposable elements (TEs) is key for understanding the evolutionary pace of host-parasite
interactions and the associated genomic bases. Chemoreception plays a crucial role in insect
adaptation to their plant host. The senses of olfaction and gustation are mediated by large
gene families whose evolution is still not fully understood in phytophagous insects. Likewise,
the role of TEs in driving the evolution of chemoreception genes still needs to be documented.
We characterized chemosensory receptor gene family evolution, TE diversity, and evolutionary
dynamics in aphids, which are model systems to understand genomic bases of adaptation of
phytophagous insects to their host. We annotated 521 olfactory and 399 gustatory receptor
genes (OR and GR) in the genomes of 12 aphid species and one aphid-like species, together
with their TE content. We observed a higher evolutionary rate in an aphid subfamily known for
its large host breadth and including significant crop pests, driven by the expansion and
contraction of genes with functions related to aphid adaptation to their hosts (lipid molecules,
immune responses, and transposase activity). Related to the chemosensory genes, we showed
low synteny conservation of OR and GR genes between the different species. They evolved by
tandem repeats, mainly under relaxed purifying selection compared to other genes in the
respective genomes. About 20% of the OR and GR genes evolved under recent positive
selection. A negative correlation between rates of evolution of GR/OR genes and species
divergence time indicated that recent positive selection is observed in recently diverged
sequences. Our results suggest that periods during which OR and GR genes evolve under
positive selection may occur episodically and be followed by prolonged episodes of purifying
selection. Our results indicated that TEs did not fuel OR nor GR gene evolution. However, we
revealed species-specific TE evolutionary dynamics, with major TE bursts in aphid species that
infest fruit trees. This study provides insight into the evolutionary processes shaping the
evolution of key genes involved in phytophagous insect—plant interactions. It also offers an

unprecedented database for studying aphid genome evolution and adaptation to their host.

Keywords: insect, aphid, adaptation, chemoreception, speciation, crop, transposable elements

92



—

O W 00 N O Ul M W N

—_ A
NN =

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

Introduction

Studying the genomic bases of parasite adaptation to their host can contribute to
understanding the evolutionary processes underlying population adaptation (Gladieux et al.,
2014; Simon et al., 2015; Méller and Stuckenbrock, 2017) and help tackle pressing issues such
as parasite outbreaks (Kirk et al., 2013; Caccio et al,, 2018; Desvignes et al., 2022; Gowler et al.,
2023). The questions related to parasite adaptation to their host pertain to the identification
of the number and nature of genes involved, their mode of evolution by drift (Barton, 1996;
White et al.,, 2021; Lynch, 2023), or natural selection (Bustamante et al., 2005; Fay and Wittkop,
2008; Karlsson et al., 2014; Arnab et al., 2023; Culver et al.,, 2023), and, recently, the role of
repetitive regions of the genomes called transposable elements (TEs hereafter; Gilbert et al,
2021) in driving the genomic variation at loci fueling the arms race between parasites and their

host.

Gene duplication is a source of genomic variation and novel gene functions (Wagner,
1998; Magadum et al,, 2013). Newly duplicated gene coding can have redundant functions
immediately, and one of the copies could accumulate deleterious mutations and become a
pseudogene (pseudogenization; Assis and Bachtrog 2013). A duplicated gene can also be fixed
by positive selection. When the parasite gene product is functionally divergent, the host
cannot recognize it, improving the parasite's fitness. However, periods during which genes
evolve under positive selection may occur episodically and be followed by prolonged episodes
of purifying selection (leading to an average rate of sequence evolution, dn/ds<1 (Yang, 2007;
Persi et al.,, 2016) on a long-term evolutionary time scale. Therefore, investigating the selection
pressures on genes following duplications can contribute to understanding the evolutionary
pace of host-parasite interactions and the associated genomic bases. In addition to duplicated
genes, TEs (mobile repetitive DNA sequences that can independently insert into new genomic
regions) can also be involved in parasite adaptation to their host. The selfish proliferation of
TEs drives their insertion dynamics, and their impact on host fitness ranges from beneficial to
deleterious (Chuong et al., 2017). The fate of TE success in eukaryote genomes depends on
past demographic history and selection regimes within species (Lockton et al., 2008; Bourgeois
and Boissinot, 2019). Demography can directly impact the efficiency of selection in controlling
TE activity and, therefore, genome expansion associated with TE burst (Lynch, 2007). In plant

pathogens, positive correlations between genome size and TE content are observed (Lynch,
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2007). The impact of both demography and selective regimes led to TE-rich genomes
displaying genome structure alternating gene-rich and TE-rich regions in plant pathogens. TE-
rich genomes have been suggested to facilitate the generation of variation that fuels the arms
race between parasites and their hosts (Seidl and Thomma, 2017; Frantzeskakis et al., 2019;
Frantzeskakis et al., 2020; Schrader and Schmitz, 2019; Torres et al., 2020). However, diverse
types of TEs and higher copies in larger genomes than in smaller genomes are not a universal
phenomenon (Elliot et al., 2015), and the correlation between demography, genome size, and
TE content remains to be tested in other model systems. Therefore, the numbers, nature, and
mode of gene evolution and the associated evolutionary dynamics and role of TEs have been
primarily studied in plant pathogens (Duplessi et al., 2011; Plissonneau et al., 2017; Hartmann
et al., 2017; Rocafort et al., 2022), but much less characterized in phytophagous insects
(Stergiopoulos and de Wit, 2009; Simon et al., 2015; Torres et al., 2020; Seong and Krasileva,
2023).

The olfactory and gustatory receptors (ORs and GRs, respectively) play a major role in
host recognition in phytophagous insects (Kambere and Lane, 2007; De Bruyne and Baker,
2008; Brand et al., 2015; Rinker et al., 2019; Robertson et al., 2019; Santamaria et al., 2018).
These transmembrane proteins are expressed in insect peripheral olfactory and taste neurons.
Upon interaction with odorants or tastants, they transform these chemical signals into
electrical signals transmitted to the central nervous system. ORs and GRs (Niimura and Nei et
al, 2008; Sanchez-Garcia et al, 2009; Ramdya and Benton, 2010; Andersson et al., 2015;
Benton, 2015) directly mediate insect interactions with plant cues and chemical defenses and,
therefore, are key players in the successful host plant colonization by insects. The ORs are
seven-transmembrane domain proteins that participate in the semiochemical conversion into
an electrical signal and are expressed in the olfactory neurons located within the olfactory
sensilla (Clyne et al., 1999; Scott et al., 2001; Benton et al., 2006; Leal, 2013). The GRs are also
a seven-transmembrane domain protein that responds to tastants (e.g., sugars, bitter
substances) and is situated within the gustatory sensilla (Chyb, 2004; Sparks et al., 2013; Jiang
et al.,, 2015; Mang et al,, 2016). OR/GR genes are reported as highly diversified gene families
whose rapid evolution is driven by gene duplication and whose fate depends on selection

(positive or purifying) and genetic drift (Hallem et al., 2006; McBride, 2007; Sanchez-Gracia et
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al., 2009; Joseph and Carlson, 2015). In lepidopterans, multiple OR/GR gene gains and a few
gene losses have occurred during their evolution, and it has been hypothesized that the gene
family expansions of ORs and GRs have helped the adaptation of lepidopteran species to their
host plants (Engsontia et al., 2014). Besides, GR expansion is associated with host breadth in
polyphagous Lepidoptera, and GR genes display a cryptic signature of positive selection
(Meslin et al., 2022). In dipterans, the variation of OR/GR repertoire sizes among Drosophila
species is explained by species endemism (Gardiner et al., 2008) and their associated small
effective population size and, therefore, genetic drift rather than selection by host specificity
(Hanson and Stemsmyr, 2011). The link between genome size and the duplication events in
chemosensory gene evolution has been tested in different species, e.g., a positive correlation
was found in Drosophila spp (Gardiner et al., 2008), but negative correlations were reported in
lepidopterans (Engsontia et al., 2014). In hemipterans, OR and GR genes show recent and rapid
expansion in the pea aphid (Smadja et al., 2009), and the high level of host specialization of
this aphid species possibly explains the footprint of positive selection. Studies on the evolution
of ORs and GRs in insects have been done on a few model species. This is mainly because
studying OR and GR evolution is challenging, requiring manual annotations and time-
consuming curations of these OR and GR genes because of their sequence divergence
between and within species. Subsequently, the relationship between TEs and chemosensory
gene evolution remains poorly studied. TEs are abundant in insect genomes (Mccullers and
Steiniger, 2017; Gilbert et al., 2021). TE content and type can vary among the genomes of insect
species (Gilbert et al., 2021). In several species, high transposon densities are associated with
duplicated genes involved in insect adaptation (Gilbert et al., 2021), such as insecticide
resistance. For instance, in the ant Cardiocondyla obscurior Wheeler, ORs are enriched in TE-
dense regions (TE islands), suggesting that TEs play an essential role in OR duplications in ants
(McKenzie and Kronauer, 2018). TEs are also close to insecticide resistance genes in
Helicoverpa armigera Hibner (Klai et al., 2020). Therefore, the relationship between TEs,
chemosensory genes, and insect host preference remains to be studied beyond a few insect
model species. The explosion of genome assembly makes the comparative studies of OR and
GR genes, and TE content and dynamics now reachable and timely in insect species with

various host preferences.
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Because of their plant host diversity, Aphids are an ideal system for exploring the
genomic bases involved in host adaptation (Peccoud and Simon, 2010; Simon et al., 2015) and
the role of TEs (Bouallégue et al., 2017; Ahmad et al., 2021). OR and GR genes are key receptors
for aphids, which use chemicals to screen their environmental landscape and detect their host
(Robertson et al., 2019). The sequencing of several genomes of aphid species and the
annotations of OR and GR genes in two aphid models, Acyrthosiphon pisum Harris and Myzus
persicae Sulzer, have provided first hints on the diversity and evolution of chemosensory genes
and TE content in aphids (Smadja et al., 2009; International Aphid Genomics Consortium, 2010:
Mathers et al., 2017; Thorpe et al., 2018; Li et al,, 2019; Fernandez et al., 2020; Julca et al., 2020;
Biello et al., 2021; Zhang et al., 2022; He et al,, 2023). However, comparative studies of ORs and
GRs evolution and their diversification rates among diverse aphid species with various host
breaths are lacking. Such comparative studies would help understand if host plant breadth
drives aphid speciation (Peccoud, 2010), and what are the associated genomic bases. One
challenge to address this question is that the degree of host breadth is complex to assess in
aphids. Aphids have various host breaths, from specialists depending on a particular host to
complete their life cycle to generalists with several hosts (Dixon, 1977; Williams and Dixon.,
2007). This scheme can be even more complex, with aphids, highly polyphagous in the summer
on herbaceous hosts, being monophagous on the winter primary host. The modality can also
change depending on the geographic region. One way to overcome the difficulty of defining
host breadth is to find a group of aphids with a large host breadth compared to another group.
In this context, the high species diversity and life cycle of aphids within the subfamily Aphidinae
compared to other aphid lineages such as Eriosomatinae (48 genera, most of the species have
the elm as a primary host) make them ideal models for correlating the evolution of OR and GR
genes with aphid adaptation to their host (Moran, 1992; Blackman and Eastop, 2008).
Aphidinae encompasses more than 200 genera; most species have a woody perennial species
and one or more herbaceous secondary hosts (Blackman and Eastop, 2008). Aphidinae also
includes polyphagous species, among which most agricultural aphid pests are found. A
comparative analysis of chemosensory genes (ie., OR and GR) in Aphidinae and close
subfamilies would help to test if increased diversification rates are observed and if it can be
associated with the expansion of specific gene families. Likewise, comparing TE content and
evolutionary dynamics among aphid species would help us understand the role of TEs in the

evolution of chemosensory genes in aphids. So far, TE annotations of available aphid genomes
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are available, but TE content and evolutionary dynamics comparisons are not possible because

of the use of different TE annotators/predictors.

In this study, we reconstructed the evolutionary history of OR and GR multigene
families in a comprehensive sample of aphid species with various host breadth to gain insight
into the selective forces that drive OR and GR evolution. We also characterized TE diversity
and evolutionary dynamics in the aphid genomes to understand the role of TEs in the evolution
of OR and GR genes in aphids. We relied on one genome of the rosy apple aphid, Dysaphis
plantaginea Passerini, that we newly assembled, and available genomes of 11 aphid species
belonging to two main subfamilies (Aphidinae and Eriosomatinae) and one aphid-like species.
From the 13 genome assemblies, we inferred single- and multiple-copy orthogroups, manually
annotated OR and GR genes, and annotated and classified TEs. We answered the following
questions: Are rates of evolution higher in the Aphidinae subfamily? Are they associated with
contraction and expansion for specific gene families, particularly the OR or GR gene families?
What evolutionary processes shape the molecular evolution of GR and OR genes (by
duplication, tandem repeat, and selection regimes)? Are there different TE content and
evolutionary dynamics among aphid species, ie., is there any correlation between aphid TE
content, genome size, and demographic history in aphids? Are TEs associated with OR/GR

gene evolution (e.g., enrichment in TEs next to OR and GR genes)?

Results
Genetic relationships among aphid

We confirm the relationships among the 12 aphid species (from the Aphidinae and
Eriosomatinae subfamilies) and one aphid-like species, Daktulosphaira vitifoliae Fitch
(Phyloxerinae subfamily) used as the outgroup, based on single-copy genes detected with
Orthofinder (Emms and Kelly, 2019) as a first step to analyze the evolutionary dynamics of
gene repertoires in aphids. We then characterized the OR and GR gene content of each
genome. To that aim, we used a newly assembled D. plantaginea genome (version 3, see details
in Text S1, Tables S1, and S2) and 12 genome assemblies available online, which had high

quality (BUSCO completed genes values > 95.7%, Table S3).
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From the 13 assemblies, OrthoFinder identified 5,868 orthogroups shared by all
species, including 891 single-copy orthogroups (Figure S1 and Table S4). The phylogenetic
tree built on the 891 single-copy orthogroups (representing 240,958 conserved amino-acid
residues) and time scaled with TimeTree was highly statistically supported (Figure 1). The
ultrametric tree showed that the woolly apple aphid, Eriosoma lanigerum Hausm, was the most
divergent species and formed a specific clade separated from the Aphidinae subfamily. In the
Aphidinae subfamily, Aphis Linneo and Rhopalosiphum Koch species formed a clade separated
from another clade, including Myzus spp Passerini, D. plantaginea, Diuraphis noxia Kurdjumov,
Sitobion miscanthi Takahashi, Acyrtosiphon pisum and Pentalonia nigronervosa Coquerel.
Within this latter clade, P. nigronervosa was the most ancestral species; A. pisum and S.
miscanthus formed a specific clade separated from Myzus spp., D. plantaginea, and D. noxia.

The two Myzus formed a monophyletic group.

Massive gene gains and losses in the Aphidinae subfamily and their Olfactory Receptors
(OR) and Gustatory Receptors (GR) gene content

We evaluated the evolutionary history of two major chemosensory genes (OR and GR)
that are key for adaptation to their host. Following a homology search and manual curation
of OR and GR genes in the 13 genomes (Figure S2), we identified 521 OR and 399 GR genes
in A. gossypii, E. lanigerum, D. noxia, D. plantaginea, M. cerasi, M. persicae, P. nigronervosa, R.
maidis, R. padi, and S. miscanthi (Table S3); we used 147 OR and 181 GR genes already
annotated in Aphis glycines Matsumura, A. pisum, and D. vitifoliae (no additional set of OR and
GR genes were detected for these three species). On average, we saw 44 + 16.85 GR and 51 +
12.78 OR genes per species (Table S3, Figure S3), and the number of OR and GR genes was
significantly lower only in D. noxia (P<0.001 Model 1, Table S5, Figure S3). There was no
significant correlation between genome size and OR or GR gene repertoires (Spearman'’s

correlation pgr= 0.23, non-significant NS hereafter, por= -0.02, NS).

Afterward, we used CAFE (Han et al,, 2013) to analyze the evolutionary dynamics of
gene repertoires in aphids, including OR and GR genes detected above. As inputs for CAFE,
we used the ultrametric tree inferred above and the multi-copy orthogroups detected with

OrthoFinder. On the 12 aphid species and D. vitifoliae, OrthoFinder identified 28,672 multi-
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copy orthogroups (Figure S1 and Table S4), with 42 orthogroups including 578 GR genes
characterized above, 47 orthogroups including 617 OR genes described above, and one
orthogroups included both GR and OR genes together with 460 genes. Following the
suggestions of the CAFE pipeline, we removed gene copies identified in more than a single
species or with less than 100 gene copies to avoid bias in inferences (using a customized
Python script from the CAFE pipeline). We, therefore, kept using 22,948 orthogroups, including
42 GR and 47 OR orthogroups.

We then statistically analyzed the evolutionary rates (gene gain and loss) among gene
families (orthogroups) across the phylogeny. We compared models assuming a single
evolutionary rate along the phylogeny or evolutionary rates depending on the taxonomic rank
(genus, subfamilies, families, species) or host preferences (see details in Table S6). CAFE
indicated the highest support for the model with subfamily-specific evolutionary rates (-InL =
243,475, £ = 0.02878, p-value < 0.05; Table S7). For this model, the Aphidinae subfamily
showed the highest evolutionary rate (or birth-and-death rate, A) per copy and million years
(A=0.0092, p-value < 0.05, Figure 1, Table S7), which was 3.8 times higher than that of the
Eriosomatinae subfamily (A=0.0024, p-value < 0.05, Figure 1). This result indicates that the
Aphidinae subfamily has a higher rate of gain and loss of genes than the Eriosomatinae and
Phyloxerinae subfamilies (Figure 1). The internal branch with the most significant number of
gene gains (expansions) and loss (contractions) corresponded to the most recent common
ancestor of all aphid species from the Aphidinae subfamily (Figure 1). We focused on 147 and
51 significantly expanded and contracted gene families (p-value < 0.01) in the Aphidinae
subfamily containing at least 50 genes for the gene ontology (GO) analysis. GO analysis of
expanded gene families revealed pathways related to metabolism, transcription, lipid
molecules and interaction, immune responses, and transposase activity (Figure S5, Table S8).
The GO analysis of contracted gene families presented general function (Figure S6, Table S9,
p-value < 0.05). Of the 42 GR orthogroups, 11 showed significant expansions and five
significant contractions along the 12 aphid species. Six of the 47 OR orthogroups showed
significant expansions and nine significant contractions. Specifically, we observed four
expanded chemosensory receptors (two GRs and two ORs) in the Aphidinae (Figure 1). We
observed the highest gain of GR and OR genes in A. pisum and Myzus cerasii Fabricius. Our

results indicated fewer OR and GR duplication or contraction events than for other gene
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Figure 1. Gene expansion and contraction events in the 12 aphid species and the outgroup
Daktulosphaira vitifoliae detected with CAFE software. AGLY = Aphids glycines clone BT1;
AGOS = Aphis gossypii; APIS = Acyrthosiphon pisum clone LSR1; DNOX = Diuraphis noxia;
DPLA = Dysaphis plantaginea; DVIT = Daktulosphaira vitifoliae; ELAN = Eriosoma lanigerum;
MCER = Myzus cerasi; MPER = Myzus persicae clone O; PNIG = Pentalonia nigronervosa; RMAI
= Rhopalosiphum maidis; RPAD = Rhopalosiphum padi; SMIS = Sitobion miscanthi. The figure
represents the number of genes lost or gained during the analyzed species' evolution. All
branches are supported with 100% bootstrap values.
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Molecular evolution of GR and OR genes: synteny, mode of evolution and selective
pressures

We investigated the molecular evolution of OR and GR genes using three approaches.
First, we investigated their synteny, then their mode of evolution, and third, the selective

pressures underlying their evolution.

We investigated microsynteny of OR and GR protein sequences across the 12 aphid
genomes with the syntenet R package (Almeida-Silva et al.,, 2023). This meant preserved order
of genes on the same chromosome (syntenic cluster; Duran et al., 2009) among the aphid
genomes. Syntenet indicated that 216 out of 668 ORs (33.8%) and 228 out of 580 GRs (39.5%)
belonged to syntenic clusters (37 and 60 clusters, respectively) across the 12 aphid species.
The phylogenomic profiles revealed that synteny clusters were not deeply conserved across
taxa, but the GR microsynteny was more conserved than the OR one within the Aphidinae
subfamilies (Figure 2). The syntenic clusters did not group specific species (Table S10). Note
that syntenet detected 101 genes with putative functions as chemosensory genes (Table S10).
Some of these detected genes were also clustered in orthogroups by OrthoFinder. We found
70 and 31 genes related to putative olfactory and gustatory functions, respectively (Table S10).
However, we did not consider them for further analyses as these genes were not detected

during the manual annotation of OR and GR genes.

To investigate the mode of evolution of OR and GR genes, we identified and classified
them as dispersed duplicates (generate gene copies neither neighboring nor colinear),
proximal duplicates (gene copies separated by 10 or fewer genes on the same chromosome),
tandem duplicates (gene copies closely adjacent to each other in the same chromosome), and
segmental duplicates (gene copies block with high sequence identity; Qiao et al, 2019;
Abdullaev et al., 2021), depending on their copy number and genomic distribution. Most OR
and GR genes originated from tandem and proximal duplications (Figure 2). For some species,
most genes originated from "dispersed duplication”, meaning they could not be classified into

any segmental, tandem, or proximal.
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Figure 2. Phylogenomic profile, syntenic network, and duplication evolution mode of OR and GR encoding genes in aphid. A) Gustatory
receptors encoding genes. B) Olfactory receptors encoding genes. The heatmaps represent the number of genes in each genome syntenic block
(clusters). Species are sorted according to the aphid subfamily; the species belong to syntenic blocks (clusters) and are grouped with Ward's
clustering on a matrix of Euclidean distances according to the phylogenomic profile of each cluster. Each gene in a syntenic block is represented
as a node, and syntenic relationships between nodes are represented as edges. The less conserved GR cluster (7,305) and OR cluster (13,314) are
found in 54% of Aphidineae, while the more conserved cluster (9,291 for GR and 7,461 for OR) are found in Aphidineae. C) Percentage of
duplication modes of each aphid species.
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We investigated the signatures of selection in OR and GR genes. To that aim, we
classified the subfamilies of OR and GR genes using a Maximum Likelihood tree on 373 OR
amino-acid sequences and 393 GR amino-acid sequences from 12 aphids and one aphid-like
genome. The GR clustered into 12 subfamilies (monophyletic groups with high bootstrap
values > 80%, Figure S7), and the OR clustered into 24 subfamilies (high bootstrap values >
80%, Figure S8). We detected two known GR subfamilies, the sugar and fructose receptors
(GRO1 and GRO2, respectively, Figure S7), based on the similarities with the already reported
ones in A. pisum and A. glycines. We also detected the conserved odorant co-receptor (Orco,
ORO1 in Figure S8) subfamily based on the clustering with the reported Orco genes of A. pisum,
A. glycines, and D. vitifoliae. The high number of OR subfamilies compared to GR subfamilies
and the star-like shape of the phylogenetic tree (Figure S8) indicated higher OR evolutionary

rates than GR genes.

We then used the codeml program in the PAML package v4 (Yang, 2007) to determine
whether the substitution rate of the protein sequences (w) of the 12 and 24 GR and OR
subfamilies, respectively, evolved neutrally or by natural selection (positive or purifying).
Codeml computes the ratio (w) of nonsynonymous (dN) on synonymous (dS) substitutions for
various models of sequence evolution (tree branch or/and codon-site). The most likely model
explaining the data is chosen based on a likelihood ratio test computed among models. Here,
we used the branch and site models. We did not use the branch-site model as we neither had
any previous information about the phylogeny of these genes nor an apparent chemosensory
gene family clustering to test for selection. We then retrieved the ratio (w) of nonsynonymous
(dN) and synonymous (dS) estimates from the most likely models and compared them between

GR and OR genes, as well as to the rest of the genomes (OG genes; see below).

For most GR and OR subfamilies, the free ratio (different w values, (Yang, 2007)) among
branches was the most statistically supported model (Table S11), indicating that within each
OR and GR subfamily, sequences evolved with their own w (Table S12). One of the exceptions
was the fructose receptor genes (GR02), which displayed a single evolutionary rate among
the sequences (Table S12). Of the 393 GR sequences analyzed, 57.7% evolved under purifying
selection, 21.62% under positive selection, and 20.61% under neutral selection. Of the 373 OR

sequences, 46.11% evolved under purifying selection, 25.47% under positive selection, and
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27.34% under neutral evolution. The signatures of selection were not subfamily specific: each
subfamily presented each of the three signatures of selection (Tables S11 and S12). However,
lineage-specific models (branch models) have limited ability to detect short episodes of
positive selection that affect only a few amino acids or amino acids under recurrent diversifying
selection. We therefore used site-specific models implemented in codeml| on sequences of
each GR and OR subfamily. The site-specific models can account for site rate variation and
detect recent episodes of positive selection (diversifying selection). We used three pairs of site-
specific models to test for recurrent, diversifying selection: MO (one ratio) and M3 (Discrete),
M1 (Neutral) and M2 (Selection), and M7 (Beta) and M8 (Beta & w). The likelihood ratio test
showed higher support for neutral or evolution by purifying selection (MO, M1a, and M7)
models than the alternative ones assuming diversifying selection (M3, M2a, and M8) (Tables
S13 and S14), except the gene groups GRO2 (fructose receptor) and OR03 (Table S14). Further
examinations of the posterior probability (PPs > 95%) using the Bayes empirical Bases (BEB)
distribution of the inferred positively selected sites under the M8 model in these two group
genes suggested 19 sites in the GR0O2 (seven overlapping sites between M2a and M8) and one
site in the ORO03 (this site overlapped in M2a and M8§; Table S15). These proposed sites should
be considered cautiously because the likelihood method used to infer them is known to falsely
detect positively selected sites (Suzuki and Nei, 2002; Zhang, 2004). Altogether, branch and

site models indicate that OR and GR genes mainly evolved under purifying selection.

We compared w values estimated with the branch models between OR and GR genes
and the rest of the genome. We represented the rest of the genome with 50 randomly chosen
single-copy genes detected with Orthofinder. A total of 14 % of the single-copy orthologous
gene groups evolved under the same w, while 86 % fitted the branch models with a specific
w (Tables S15 and S16). For the site models, sequences of 49 single-copy orthologous families
evolved under the same w (MO), including 72% evolving under purifying selection (w<1; Table
S17). We then compared the dN/dS ratio of the single-copy genes to the OR and GR gene
subfamilies. The OR and GR genes showed significantly weaker purifying selection than single-
copy genes (fittest model, Model 2, Figure S9, Table S20). Our results indicate that GR and OR
genes mainly evolve under purifying selection (Figure S9), with nonsignificant differences in
selection pressure on OR genes than on GRs. We also observed a negative correlation between

the dN/dS ratio and divergence among species, indicating that genes with the lower
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divergence were under the highest evolutionary rates (P<0.0004, r2= -0.09, Figure S10).

Our results indicate that OR and GR genes evolved mainly under purifying selection
but much weaker than the median strength of purifying selection affecting genes in the
respective genomes. About 20% of the OR and GR genes evolved under recent positive
selection. A negative correlation between rates of evolution of GR/OR genes and species
divergence time indicated that recent positive selection is observed in recently diverged

sequences.

Various TE content and evolutionary dynamics among aphid species

TE prediction and annotation were not significantly correlated with assembly quality
(Table S21 and S22). We did not find a correlation between TE content and genome size (r=0.02,
NS, Table S6). We observed variation in the proportion of TE types among species, but it was not
significant (Model 4, P-value > 0.005; Figure 3A). We observed nearly all known TE superfamilies
in at least one aphid or aphid-like species with type Il and | TEs. TIR TEs were the most abundant,
followed by LINE and LTR retrotransposons (Figure 3B). Note that a large "unclassified" portion
may mask other TE types. We also observed other TEs in low proportion, such as Crypton,

Helitron, and Maverick (Class Il), and DIRS, LARD, PLE, and TRIM (Class I).

We detected various Kimura distance-based copy divergences of each TE order, indicating
different TE evolutionary dynamics among aphid species (Figure 3B). The relative age of a TE
family can be seen as its distribution in the graph: the "older" TE families have a more extensive,
flatter distribution spreading to the right (higher levels of substitution) than the recent TE families,
which are on the left of the graph and have a restricted distribution (Parisot et al. 2021). The
Kimura distance represents the calculation between each annotated TE copy and the consensus
sequence of the respective TE family. High Kimura distance suggests a TE copy cluster with high
sequence divergence due to genetic divergence among TE copies. We found a contrasting peak
of low distance in DNA transposons in D. plantaginea followed by M. persicae (Figure 3B), which
indicates a recent TE activity and expansion in these species. The recent bursts of TE in the rosy
apple aphid and M. percisae mainly concerned TIR. In contrast, four aphid species presented low
values of TE divergence, indicating ancient TE dynamics. For instance, A. gossypii, D. noxia, A.
glycines, and R. padi displayed values from 0.025 to 0.100, reflecting ancient historical TE activity

in the genomes of these species (Figure 3). To analyze the relation between historical population
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dynamics and the transposable elements we tracked the historical fluctuations in species effective
population size (Ne) inferred with the pairwise sequentially Markovian coalescent approach
(PSMC; Li and Durbin, 2011) using masked and unmasked genomes (Figure S11). The estimates
of Ne for the masked genomes compared to the unmasked genomes were substantially different

for D. plantaginea, D. vitifolia, E. lanigerum, and M. persicae.

The intersection between TE copy cluster content among the different aphid species
revealed a phylogenetic signal in shared TE copy (Figure S12). The highest number of TE copies
was shared between M. persicae and D. plantaginea, with TIR being the most abundant, followed
by TRIM, LTR, Line, and Helitron. The aphids R. maidis and R. padi shared a higher TE content of
TRIM, followed by TIR, MITE, LINE, Helitron, and PLE (Figure S12).
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Figure 3. Transposable element (TE) content among twelve aphid species and the grape phylloxera. A) Proportion of TEs in the genome and
consensus TEs of Class | and Il of each analyzed species. B) TE kimura distribution among the analyzed species. AGLY = Aphids glycines clone BT1;
AGOS = Aphis gossypii; APIS = Acyrthosiphon pisum clone LSR1; DNOX = Diuraphis noxia; DPLA = Dysaphis plantaginea; DVIT = Daktulosphaira
vitifoliae; ELAN = Eriosoma lanigerum; MCER = Myzus cerasi; MPER = Myzus persicae clone O; PNIG = Pentalonia nigronervosa; RMAI =
Rhopalosiphum maidis; RPAD = Rhopalosiphum padi; SMIS = Sitobion miscanthi.
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A few TE enrichments but no depletion events near OR/GR genes

We investigated TE enrichment and depletion near OR and GR genes using the LOLA
R package (Sheffield and Bock, 2016) to assess the role of TEs in the evolution of the GR and
OR genes in aphids. We found significant TE enrichment (g-values < 0.05) in the surrounding
of chemosensory receptor genes in only 3.30% of OR and 0.5% of GR genes. Some notable
examples of TE enrichments are found in four species when extending the universe (genomic)
and query regions (OR and GR) to 10Kb: A. glycine, D. plantaginea, D. vitifoliae, and R. padi
(Table S22). In A. glycines, we found unclassified TE enrichment near three GR and two OR
genes. In D. plantaginea, we observed TIR enrichment near three OR genes. Rhopalosiphum
padi presented more TIR, LINE, and unclassified enrichment in twelve OR genes. Finally, we
found unclassified TE enrichment in OR genes in D. vitifoliae. We found a lack of TE depletion
near the OR/GR genes (Table S23). We also evaluated TEs that would be related to gene
regulation, limiting the universe (genomic) and query regions (OR and GR) to 2 Kb. In insect
gene studies, promoters were detected at 2Kb from the start codon (Liu and Zhang, 2002;
Simola et al., 2013; Chen et al., 2020; Liu et al., 2021). We detected TE enrichment of SINE/LINE,
unclassified, and TIR related to ORs in A. pisum. We also detected TE enrichment of unclassified
and TIR linked to ORs in D. plantaginea. We also found TEs related to unclassified close to ORs
in D. vitifoliae. In S. miscanthi, we found unclassified TEs associated with GRs and ORs. We also
found unclassified TE enrichment in the ORs of R. padi. On the other hand, we found support
for TIR TE depletion in R. maidis related to GRs (Table S24). Altogether, we found a few TE

enrichments near the GR and OR genes.

Discussion

We utilized comparative genomics to examine the evolution of genes putatively
involved in host-phytophagous insect interactions. We manually annotated olfactory and
gustatory receptor genes in 12 aphid species. These genes evolved in tandem repeats, mainly
under purifying selection at that long-term evolutionary timescale. We showed species-
specific TE content and evolutionary dynamics with a recent dynamic in species-infesting fruit

trees (D. plantaginea and M. persicae). We showed that TEs did not cluster near GR and OR
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genes, suggesting that TEs did not fuel the diversity of ORs and GRs at that evolutionary time
scale. This study provides insight into the evolutionary processes shaping the dynamic of key
genomic elements of major crop pest genomes to adapt to their host. It also offers an
unprecedented database for studying aphid genome evolution and aphid adaptation to their

host.

The Aphidinae subfamily shows a high evolutionary rate with an expansion of key genes
involved in interactions with their plant hosts.

Previous studies have hypothesized a relationship between the host range and
speciation rates (Nicholson et al., 2015; Robertson, 2019). Assessing the degree of host breath
or specialization in aphids is complex as it depends on the time of the year and the geographic
region. To overcome this limit, we studied the evolutionary history of aphid species from the
Aphidinae subfamily, which includes many highly polyphagous species with various host
breadths, to study whether host plant breath drove aphid speciation in this subfamily
(Peccoud, 2010). We considered aphid species reported as polyphagous or generalists with a
high host range to try to study gene evolution in a highly diversified family. For instance, A.
gossypii feeds on about 900 plants (Blackman and Eastop, 2000; Ma et al., 2019), M. persicae
on around 400 plant species, and D. noxia on at least 140 plant species (Blackman and Eastop,
2000). We also included polyphagous species with more host restriction, like the model species
A. pisum feeding on plants from the Fabaceae family and A. glycines feeding on Glycine Willd.
spp and Rhamnus L. spp (Ragsdale et al., 2004; Wang et al., 2019). We added aphid species
that infest mainly the Poaceae family, including essential cereal crops such as maize, barley,
oat, and wheat; these species were R. maidis (Chen et al., 2019), R. padi (Thorpe et al., 2018),
and S. miscanthi (this species also infests Cyperaceae members; Jiang et al., 2019). On the other
hand, we added more specialized aphids, D. plantaginea and E. lanigerum, whose primary host
is the apple tree (M. domestica Borkh); note that E. lanigerum has the elm as the main host in
the USA. Myzus cerasi (Dondini et al., 2018) infests a limited host range, including cherry trees
(Prunus avium L. and Prunus cerasus L.). The aphid P. nigronervosa infests Musa L. spp (Mathers
et al,, 2020), and we also included the aphid-like species D. vitifoliae, which feeds on different

species of the Vitis L. genus (Rispe et al.,, 2020).
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First, we obtained a phylogenetic tree that fits the taxonomy of the species like other
publications (Choi et al., 2018; Mather et al.,, 2020; Byrne et al., 2022; Huang et al., 2023). We
confirmed the monophyletic group of the tribe Macrosiphini (M. cerasi, M. persicae, D.
plantaginea, D. noxia, A. pisum, S. miscanthi, and P. nigronervosa), Aphidini (A. glycine, A.
gossypii, Rhopalosiphum maidis Fitch, and R. padi), Eriosomatini (E. lanigerum), and Phylloxerini
(D. vitifoliae). Second, we showed higher evolutionary rates driven by expansions and
contractions of gene families related to the interaction of aphids with their hosts (lipid
molecules and interaction, immune responses, and transposase activity) in the Aphidinae
subfamily known for its large host breadth. Clades encompassing species that exhibit large
host breadths in insects are expected to have higher speciation rates (Hardy and Otto 2014;
Weingartner et al. 2006). Our results, therefore, validate this hypothesis, albeit additional
genomes outside the Aphidinae family would reinforce our results. Besides, pseudogenisation
events could be further investigated across the phylogeny. These genomic fossils or
evolutionary relicts can help better understand each genome evolution rate, as they generally

evolve without selective constraints (Podlaha and Zhang, 2010).

The molecular evolution of the olfactory and gustatory receptors followed the birth-
and-death model of evolution and evolved mainly under purifying selection.

Chemosensory receptor genes play critical roles in detecting chemical cues in insects
(Benton et al., 2006; Smadja et al., 2009) and driving behaviors like mating, oviposition, and
feeding (Li et al., 2017). We, therefore, analyzed the evolutionary history and molecular
evolution of olfactory and gustatory receptors since they are involved in the host-aphid
interaction. Despite their variable host preferences, we did not find variation in the OR/GR
gene repertoire size among aphid species, but we found various evolutionary dynamics. We

also revealed the mode of evolution of OR and GR genes.

As we used a standardized pipeline on high-quality reference genomes, this lack of
differences may not be due to the missing OR and GR genes. Quan et al. (2019) showed a
lower number of GR genes in generalist species (A. gossypii 50 GRs, M. persicae 56 GRs, and D.

noxia 30 GRs) than in specialist aphid species (A. glycines 64 GRs and A. pisum 77 GRs), but
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there was no difference in OR repertoire size (A. gossypii 34 ORs, M. persicae 50 ORs, D. noxia
31 ORs, A. glycines 37 ORs, and A. pisum 79 ORs). Robertson et al. (2019) classified A. pisum as
a generalist and A. glycines as a specialist and showed a higher number of OR (87) and GR (78)
genes in A. pisum than in A. glycines (47 ORs and 61 GRs). They conclude that the numbers of
OR and GR genes are due to the host breadth of each aphid species. Various conclusions were
drawn in other insect species with different host specializations, such as the specialist fig wasp
Ceratosolen solmsi Mayr which displays 46 OR and 6 GR genes (Xiao et al., 2013), while the
specialized human body louse Pediculus humanus Haeckel has 10 ORs and 6 GRs (Kirkness et
al, 2010). Here, we used more aphid species than in previous studies and a standardized
annotation pipeline of OR and GR genes. We also stressed in the introduction the difficulty of
defining specialist and generalist species in aphids and, therefore, it is complicated to draw
conclusions related to host specialization in aphids as it relates to a vague definition of

specialization.

However, our results indicated various evolutionary dynamics of OR and GR genes. The
GR gene family is assumed to be the most ancient chemoreceptor family that has evolved in
insects (Robertson et al., 2003; Vieira and Rozas, 2011). The OR gene families evolved from an
ancestral GR family and are reported to be a highly diverged group (Brand et al., 2018). For
instance, highly divergent clades were detected by building a phylogenetic tree of 62 ORs and
68 GRs in D. melanogaster (Robertson et al., 2003). We confirmed this pattern in the OR start-
like phylogenetic tree. Our results also show species-specific OR and GR genes but not massive
GR and OR gain and losses, except for A. pisum. Our results suggest that GR and OR relay to
ancestral function were maintained. Various expansions of OR and GR genes were observed in
insects, sometimes associated with the adaptation to multiple hosts such as Apolygus lucorum
or Drosophila suzukii (Hickner et al., 2016; Liu et al., 2021). The significant chemosensory gene
expansion in D. suzukii is explained by the range of life history traits, from feeding on primitive
sap and slime to decaying and fermented fruits (Hickner et al., 2016). We found more
expansion and contractions of OR and GR in A. pisum, probably reflecting the large host
preferences, but analysis using more host representatives should be added. Our results
showed that in the Aphidinae family, which includes many species with large host breadth,

major expansions of gene families related to interactions of aphids with their hosts (lipid
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molecules, immune responses, and transposase activity) are observed. Several gene families
could, therefore, be studied in the future to further dig into the genomic bases of adaptation
in aphids. This would require a standard gene annotation pipeline for the concerned gene

families (e.g., effector families such as salivary effectors or transposon family).

We provided insights into the molecular evolution of OR and GR genes. We revealed
that OR and GR genes show low micro-synteny, evolved by tandem and proximal duplications,
and mainly under purifying selection. This duplication mode has suggested rapid divergence
and strong selective pressures (Qiao et al, 2019). This tandem duplication evolution was
observed in Drosophila yakuba Burla, and Drosophila simulans Sturtevant related to genes
involved in defense against pathogens, insecticide resistance, chorion development, cuticular
peptides, and lipases (Rogers et al.,, 2015). However, the mechanism is unclear; in Arabidopsis
thaliana L., it is proposed to facilitate gene coexpression via “gene block” improved RNA
polymerase transcription due to the physical proximity (Amoutzias and Van de Peer, 2008). We
also observed that the ancestral functions of the chemosensory genes have been maintained
by the retention of the sequences and by excluding deleterious mutations by purifying
selection (Diepeveen et al.,, 2013). A part of the OR and GR sequences in aphids, however,
evolved by positive selection, and we observed a negative correlation between dS, suggesting
that genes that evolve under positive selection may occur episodically and be followed by
prolonged episodes of purifying selection (leading to an average dN/dS<1). The timescale of
our studies among the aphid genus may explain the lack of detection of recent positive
selection, as observed, for instance, in A. pisum at the within-species level (Smadja et al., 2009).
A population-level study of the selection pattern in candidate genes or through genome scans

is needed further to understand the recent evolutionary dynamics of aphid genomes.

Few enrichments of TEs in OR and GR genes, but recent TE activities on aphids on fruit
trees

TE dynamics did not correlate with genome size, suggesting that not only demography
and purifying selection are shaping the TE landscape in aphids. As discussed in other studies,

several possible explanations for these complex patterns may require further investigations,
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including horizontal gene transfer (Elliot and Gregory, 2015).

Transposons may have fueled the diversity of one or a few OR/GR genes, but they are
most likely not the main source of chemosensory genes at the evolutionary scale of our study.
We tested the TE enrichment and depletion near OR and GR genes. We found very few, and
mostly in OR genes, enrichment of TEs. The evolutionary timescale of our study can explain
our lack of support for TE enrichment near OR and GR genes. TE could have played a role in
fueling the diversity of ORs and GRs, but they may have been eliminated by purifying selection
once their potential in driving OR/GR diversity was effective. This may explain the few signals
observed, mainly next to OR genes, which are known to be a more recent gene family than GR
genes, as indicated by the star-like phylogeny of the OR genes. It has recently been shown
that the proportion of unclassified TEs is high for A. pisum used in this study (Sproul et al,
2023). AlImost 50% of the TEs analyzed were unclassified in our research, which is close to what
is observed for non-model species. However, we may have missed TE families, particularly

short-length TEs.

We observed interspecies variation in TE evolutionary dynamics in aphids. The relative ages
of TE were heterogeneous among species, suggesting contrasting TE activity among species, with
very recent activity in species found on fruit trees, D. plantaginea, and M. persicae. The two species
are found on fruit trees and have recent evolutionary histories (Olvera-Vazquez et al., 2021; Singh
et al,, 2021). However, it is too early to link TE evolutionary dynamics and the species' ecology or
evolutionary history. Further studies at the population level are required. The TE heterogeneous
distribution along genomes may lead to SNPs masking in regions of low and high genetic
diversity, altering the PSMC. We made our PSMC inferences using a single individual per species;
the population genomics lens of the transposon insertion polymorphism within species,
particularly in the species showing recent activity, such as D. plantaginea, would help to see if
transposon insertion is observed near OR and GR genes. Therefore, more investigations of the
role of TEs in the evolution of each species using a population genomics lens would provide
insights into the role of TEs in aphid evolution and, more generally, on the balance between

demography and selection in insect evolution (Lockton et al., 2008; Oggenfus et al., 2021).
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Conclusion

Our comparative genomics analysis suggests that different evolutionary forces on OR
and GR genes may dominate different evolutionary scales. Purifying selection may dominate
on the long timescale, while positive selection may dominate on a short time scale.
Demography may influence recent TE evolution, while other processes may more strongly
determine phylogenetic-scale patterns in TE landscapes. This study, therefore, provides the
first insights into the evolutionary dynamics and molecular evolution of key genes possibly
involved in the adaptation of phytophagous insects to their host. We also provide a high-
quality genome assembly of the rosy apple aphid (D. plantaginea) and an unprecedented
database of annotated ORs, GRs, and TEs, as valuable supports for studying aphid genome
evolution and aphid adaptation to their host. Now, further studies are needed at the

population level.

Material and methods
Analyzed genomes

We assembled a high-quality reference genome of D.plantaginea, the rosy apple aphid
(see details in Text S1, Table S1, and S2). We retrieved the genomes of twelve aphid species
and one aphid-like species from previous publications (Table S3): Aphis glycines (bt1),
Acyrthosiphon pisum LSR1 (v2), Aphis gossypii, Diuraphis noxia, Eriosoma lanigerum, M. persicae
(clone O), Myzus cerasi, Pentalonia nigronervosa, Rhopalosiphum maidis, Rhopalosiphum padi,
and Sitobion miscanthi, and one aphid-like species of the Phylloxeridae family, Daktulosphaira
vitifoliae Fitch. The quality of the genomes was assessed with the N50 (shortest contig length
that needs to be included for covering 50% of the genome) and BUSCO (Benchmarking
Universal Single-Copy Orthologs) scores detailed in the publications (Table S3). We
downloaded the genome assemblies and annotations of the aphid species from the aphid
genome database AphidBase — Bioinformatics platform for Agroecosystem Arthropods (BIPAA;

Legeai et al,, 2010: https://bipaa.genouest.org/is/aphidbase/).
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Annotation of chemosensory genes

We used the previously reported annotated chemosensory genes (ORs and GRs) for A.
glycines, A. pisum, and D. vitifoliae (Robertson et al., 2019; Rispe et al., 2020; Table S3) as input
for Exonerate (Slater and Birney, 2005), the InsectOR pipeline (Karpe et al., 2021), and Scipio
(Keller et al., 2008) for gene prediction of both chemosensory gene families in the 13 genomes
described above (Figure S2). We manually curated and filtered the gene models predicted on
the Apollo server (Lee et al., 2013) installed on the BIPAA platform, blasting on NCBI to identify
similarity percentage with other already reported OR/GR gene sequences (Robertson et al.,
2019), confirming the conserved protein domain (Sayers et al., 2022). Once we annotated the
candidate OR/GR genes for each aphid species, we launched a second round of gene detection
using InsectOR (Karpe et al., 2021) to improve the final set of OR and GR gene annotations. As
a final validation, we aligned the protein sequences for each gene family using MAFFT v7.4
(Kuraku et al., 2013; Katoh et al., 2019) with the standard parameters and a gap-opening
penalty of 2. We split or eliminated the extremes in short or highly divergent sequence lengths
compared with protein sequences of GRs and ORs, using as references available sequences of

ORs and GRs in A. pisum and A. glycines already reported by Robertson et al. (2019).

We performed Spearman rank correlation tests between OR or GR repertoires and
genome size estimated from the assemblies. We statistically tested for differences in numbers
of OR and GR genes among aphid species using a generalized linear model (gIm. nb function)

as follows:

Gene countix = 1 + species; + families + g (Model 1)

Where ‘Gene county' is the number of genes of the species; from the OR or GR family
i ‘MU' is the overall mean, species and families are fixed effects, and ‘g’ is the residual. The
residual was fitted to a Negative Binomial according to the R package Mass, version 7.3-58.3

(Venables and Ripley, 2002R).
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Annotated GR and OR genes were added to the genome annotation files (gff) retrieved
before for the 12 aphid and one-aphid-like species. We used BCFTools 1.5v software to
eliminate overlapping regions (Danecek et al., 2021). These new files were the input to detect

the orthogroups and for the synteny analysis described below.

Ortholog identification and species tree inferences

We used the combined set of predicted proteins for the 13 species to infer orthogroups
using OrthoFinder v2.4 (Emms and Kelly, 2019). We then assumed a phylogenetic tree of the
13 species using a single-copy orthologous group detected with OrthoFinder v2.4 (Emms and
Kelly, 2019) for the 13 genomes. We aligned and concatenated the single-copy orthologs with
MAFFT (Kuraku et al., 2013; Katoh et al,, 2019). We used TrimAl (Capella-Gutiérez et al., 2009)
to remove the poorly aligned regions with a conservation threshold of 60% and a gap
threshold of 90%. We built a maximum likelihood phylogenetic tree with IQ-TREE v2.0.6 (Minh
et al, 2020) from the aligned single-copy orthologous sequences and performed 10,000
bootstrap replicates. We edited the phylogenetic tree with FigTree v1.4.4

( ) with D. vitifoliae as an outgroup.

Expansion and contraction of gene families

We used the computational analysis of gene family evolution (CAFE v5; Mendes et al.,
2020) to detect rapidly evolving gene families, which depict a fast rate of genomic turnover
(gains and losses per gene per million years). CAFE estimates the birth-death parameter A
(probability that any gene will be gained or lost at each node and terminal branch, accounting
for gene family expansions and contractions) along a provided phylogenetic tree scaled to
time with the same length of root tips and gene family count estimated with OrthoFinder

(Emms and Kelly, 2019).

First, we built an ultrametric species tree from the IQ-TREE mentioned above using r8s
software ( ). We used as inputs the divergence time and a

reference species tree built with the TimeTree website (www.timetree.org) and five available
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time references (Kim et al,, 2011; Ren et al., 2013; Hardy et al., 2015).

We ran the CAFE software using the ultrametric tree and gene family counting inferred
with Orthofinder. Using a Python script, we removed the gene families that presented gene
copies in only one species and with more than 100 gene copies in one or more species. This
correction on gene counting inferred by OrthoFinder avoids potential errors in evolutionary
rate estimations (Mendes et al., 2020; ). We ran
CAFE with several modes in which the net gain and loss rate are estimated as 1) a single (A)
and 2) multiple parameters for each gene family over the whole phylogeny. We defined a
single evolutionary rate (gene birth-death rate) as a null hypothesis along the different
orthogroups and, as an alternative hypothesis, different evolutionary rates on each branch in
the phylogeny. The evolutionary hypothesis consisted of testing the host preference (tree
versus herbaceous host), specialization (generalist vs. specialist), phylogeny, and taxonomy
rank (family, subfamily, tribe, and genus). Finally, we determined the better-fit model between
the alternative and null models, detecting significant differences in their log-likelihoods
distribution after launching a likelihood-ratio test (LRT; Magis et al., 2010; Thissen et al., 2013)

script on RStudio v1.3.1.

We launched a Gene Ontology (GO) enrichment analysis using the 283 expanded and
100 contracted group genes detected by CAFE. We used the TopGo package (Alexa et al.,
2006) to identify the detected genes relevant to biological processes or functions based on

GO and the elim method to understand the evolutionary history of gene families.

Selective pressures acting on OR and GR genes

We inferred selection within subfamilies defined from the phylogenetic trees of OR and
GR genes we built. OR and GR subfamilies were monophyletic groups supported by high
bootstrap values (>80%). We also visually inspected the tree topology. We then defined the

foreground and background branches for the selection analysis.

First, we built two phylogenetic trees for GR and OR genes. Fructose and Orco

genes were used as outgroups (Robertson et al., 2019) to root the trees. From the protein files
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obtained from each GR or OR gene, we retrieved their coding (CDS) sequence from the original
fasta file of the genome assembly of the respective species. We aligned the sequences using
MUSCLE (Edgar, 2004) with the default parameters and a maximum number of iterations of
16. We used Gblocks (Castresana, 2000) to curate the sequences, limiting contiguous non-
conserved positions. We also eliminated lines that introduced significant gaps in the
alignment. We converted the sequences to codon alignment with PAL2NAL (Suyama et al.,
2006). We built the phylogenetic trees (separately for OR and GR genes, respectively) with 1Q-
TREE v2.0 (Minh et al,, 2020) with the following parameters: model finder option, ultrafast
bootstrap 1,000, and branch support test (SH-aLRT) 1,000. OR and GR subfamilies were visually

defined on the phylogenetic trees as monophyletic groups supported by a bootstrap >80%.

We used the maximum likelihood approach implemented in codon-based analysis
(codeml) implemented in PAML version 4.2 (Yang, 2007) to infer evidence of positive and
purifying selection for each GR and OR subfamily. Codeml| computes the likelihood of a large
set of molecular evolution models that estimate w, the ratio of the non-synonymous mutation
rate (dN) over the synonymous mutation rate (dS) (Kimura, 1983). The most likely model of
molecular evolution explaining the data is chosen based on a likelihood ratio test (LTR) statistic
20L (with a x? distribution with degrees of freedom equal to the differences in the number of
parameters) computed among models. Once the most likely model is chosen, evidence of
positive selection is inferred from the estimates of w: w > 1 indicates positive selection, while

w < 1 indicates purifying selection.

We utilized the branch (free-ratio) and the site models. We did not use the branch-site
model as we neither had any phylogenetic background nor an apparent chemosensory gene
family clustering to test for selection. The branch model assumes different w ratios for different
branches on the phylogeny (Yang 1998; Yang and Nielsen 1998) and is used to detect positive
selection acting on particular sequences of the subfamilies without averaging w throughout
the phylogenetic tree. Using a Likelihood Ratio Test, the branch model is compared to a null

hypothesis (w=1, one-ratio MO; Nielsen and Yang, 1998).

We also tested the site models that can be used to identify positively selected sites in

a multiple-sequence alignment (Yang and Nielsen, 2002). The models can be site-class-
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specific, all of which assume that the w ratio is the same across branches of the phylogeny but
different among sites in the alignment. These codon substitution models are MO (one-ratio),
M1a (nearly neutral), M2a (positive selection), M3 (discrete), M7 (beta), M8 (beta and w > 1),
and M8a (beta and w = 1). We applied the LTR statistics to evaluate the fit of the nested models
to the data for positive selection (Nielsen and Yang, 1998) confronting MO vs. M3, M1a vs.
M2a, and M7 vs. M8 models. Support for positive selection can be identified if M2a provides
a better fit than M1a or M8 provides a better fit than M7 or M8a (Yang et al., 2000; Anisimova
et al,, 2001). We confirmed signals of positive selection when a better fit of the selected model

was supporting M2a and M8.

The dN/dS ratio estimated from the branch models for each gene of each subfamily of
each gene family (OR, GR, and the Orthologous Groups or OG) of each species was fitted to
three statistical models to compare the rate of evolution of ORs, GRs, and OGs. First dN/dS
ratio was fitted to a negative binomial distribution (function glm.nb in R package Ime4) as

follows :

dN/dS jju = u + species; + subfamily; + familyx + g5 (Model 1).

Where 'dN/dS;i’ is the dN/dS of the sequence from subfamily j from the OR/GR/OG
family k of the species i, ‘i’ is the overall mean, species and families are fixed effects, and ‘g’
is the residual. The residual was fitted to a Negative Binomial using the R package Mass, version
7.3-58.3 (Ripley et al,, 2013). Model 2 was like Model 1 but removed the subfamily effect. In
model 3, the dN/dS ratio was fitted to a negative binomial distribution (function glm.nb in R

package Ime4) as follows, but assuming the subfamily as a random effect :

dN/dS jju = u + species; + (1|subfamily); + familyx + g (Model 3).

We compared the fit of three models to the data using the anova function (aov R
package, Chambers et al., 1992). The statistical significance of an effect was assessed with an
ANOVA-type test and Tukey's Honest Significance Test (R function Tukey-HSD) to compare
dN/dS among gene families (OG, GR, OR) pairwise. Predicted dN/dS values from the best
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were then plotted with the plot_model function (sjPlot R package, Lidecke, 2018).
Micro-synteny analyses

Expanded gene families often occur as tandem arrays, a genomic architecture that can
contribute to increased gene birth and death rates, increasing copy number variation among
species (Ohno 1970). Therefore, we examined how genomic organization varies between GR
and OR subfamilies in aphid species to generate insights into the molecular evolutionary
mechanisms shaping OR and GR subfamily function. We built a synteny network using the
R/Bioconductor package syntenet (Almeida-Silva., et al, 2022). We used each species
chemosensory protein sequences and the genomic coordinates (gff files). We explored the
synteny relationships defining clusters containing only the chemosensory genes. We visualized
the phylogenomic profiles of the synteny genes as a heatmap. We also tested for whole-
genome duplications (WGD) and small-scale duplications (SSD) using the
Rpackage/bioconductor doubletrouble package (Almeida and Van de Peer, 2023). We
performed the protein alignment using DIAMOND (Buchfink et al., 2015) with the sensitive
mode (e-value = 1e-10, top hits = 5) to detect the WGD and SSD paralogous genes based on

the syntenic blocks.

Repetitive DNA element annotation

We used the REPET package light version (Quesneville et al., 2005; Flutre et al., 2011)
for de novo identification and annotation of TEs of the 13 genomes that consisted of utilizing
a single clustering software (GROUPER) instead of the three conventional REPET pipeline
(GROUPER, RECON, and PILER). REPET includes two main pipelines with a qualitative and
quantitative assessment, respectively. We utilized the TEs consensus to represent each type of
repetitive element inferred from the TEdenovo pipeline (Flutre et al. 2011) for the TE. We built
consensus sequences only containing at least three similar copies identified in the genome
using PASTEC (Hoede et al., 2014). We used the TEannot pipeline (Quesneville et al. 2005) to
annotate all repetitive elements in the genome utilizing the TEs consensus library and to

construct a library in which redundant consensuses were eliminated (length >98%, identity
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751  >95%). This library of TEs was finally used to annotate the aphids genomes with the TEannot
752  pipeline. First, TEdenovo detects repeated elements in a genome and builds a consensus
753  database. TEdenovo uses BLASTER (Quesneville et al., 2003) to compare each genome with
754  itself. Second, TEannot uses the consensus database to count all the TE copies in the genome.
755  The final product of this first stage of the REPET pipeline was a library of classified and non-
756  redundant consensus sequences. We used the TEs sequences library from TEdenovo to get
757  consensus sequences based on similarity using BLASTER, RepeatMasker (Smit et al., 2015), and
758  CENSOR (Jurka et al., 2005). We annotated the short, simple repeats (SSRs) using TRF (Benson,
759  1999) and RepeatMasker (Smit et al., 2015) and removed them. We applied the TEs joining
760  fragment pipeline (chain pipeline) using MATCHER (Quesneville et al., 2003, 2005). Finally, we

761  used the lengthy join procedure to connect distant fragments (Ahmed et al., 2011).
762

763 We test whether the TE content of each order among aphid species using a general
764  linear model (glm) with a quasipoisson distribution and ANOVA test with R/Rstudio
765 ( ) as follows:

766

767  TE countj = Species; + TE order; + gjx (Model 4).

768

769 We included the number of TE copies detected per family (TEs count), the analyzed
770  species (Species), and the type of the TEs order. We also retrieved the cluster of the TE copy
771  identified by REPET to prepare the consensus (Flutre et al., 2011). We compared the TE-copy
772  identity among species using an upset plot (UpSetR R package, Conway et al., 2017).

773
774 4.1.1 TE family divergence
775 We evaluated the TE's contribution the aphid and aphid-like genome due to the significant

776  variation of TE content. We calculated the Kimura distances (sequence divergence) using scripts
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of the RepeatMasker package (Flynn et al., 2019). We used the RepeatMasker annotation as input
to generate the aphid species TEs landscape. Kimura's two-parameter (K2P) model is a nucleotide
substitution model for estimating genetic distances and phylogenetic relationships, considering
transitional and transversional substitution rates (Kimura, 1980). We plot the proportion of base
pair repeats (Y-axis) at different levels of divergence (X-axis) calculated as a 2-p Kimura distance
using the ggplot2 R package (Wickham, 2016). We also utilized the ggplot2 R package to create
a plot describing the aphid TE content distribution using the Kimura substitution level as a
function of the percentage of the genome. We defined the TE content according to Wicker's TE
classification (Wicker et al., 2007) utilized in the PASTEC classifier pipeline from the REPET package
(Quesneville et al., 2005). We defined five orders for class | retrotransposons: LTR, DIRS, PLE, LINE,
and SINE. We represented the class Il TEs or DNA transposons by four orders: TIR, Crypton,
Helitron, and Maverick. We observed additional categories of non-autonomous TEs: LARD, TRIM,

and MITE.

Demographic history analysis

We investigated the demographic histories of the different aphid species with whole-
genome datasets (except the Aphis glycines genome, which has too low coverage, and Aphis
gossypii, for which no short reads data were available, Table S1) using the pairwise sequentially
Markovian coalescent (PSMC) approach (Li and Durbin, 2011), which can infer changes in
effective population size (Ne) within 10 000 to 1000 000 years. We performed PSMC (Li and
Durbin, 2011) with the heterozygous SNP loci produced by the BWA-MEM/Samtools pipeline
(Li et al,, 2009). Parameters were set to “N25 —t15 —r5 —p 4+25*2+4+6" and bootstrapping (100
times) was performed for each species to determine the variance in N, estimates. After
obtaining the PSMC output, the previously published (Mathers et al., 2023) mutation rate of
2.7e-10 per nucleotide per generation and a generation time of 1 year were used to generate
the scaled plot using the psmc_plot.pl script. For bootstrapping analyses, the psmcfa file was

first split into equal lengths of 0.5 MB and was used for 100 runs of PSMC.

One repeat class was unmasked at a time, keeping all the other repeat classes masked
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before PSMC analyses to evaluate the effect of each repeat class on the PSMC inference.

TE enrichment and depletion in the vicinity of OR and GR genes

We analyzed the genomic architecture of OR/GR genes. We used the locus overlap
analysis within the LOLA R package Bioconductor (Sheffield and Bock, 2016) to test for TE
enrichment and depletion near OR/GR genes in the 12 aphids and the one aphid-like genomes.
We created three different datasets to launch the analysis. The query set contained genomic
regions of 10 Kb around each OR/GR gene. The region universe (or the control genomic
region) comprised gene coordinates of all genic areas of the genome and expanded 10 Kb
around each gene. We extended this region because the chemosensory genes used to be
organized in clusters within the genome. The reference dataset contained the TE copy
coordinates from the REPET analysis. We also repeated the same procedure but restringing
the region to 2Kb. Promoters were suggested in 2Kb from the start codon in the gene
architecture (Liu and Zhang, 2002; Simola et al., 2013; Chen et al.,, 2020; Liu et al.,, 2021); we,
therefore, test to find TEs related to gene regulation. We tested for TE enrichment and
depletion within OR/GR regions compared to the control regions using the Fisher's Exact Test

with false discovery rate correction (g-value<0.1).

Data availability

The newly assembled genome of D. plantaginea is publicly available on the BIPAA
platform (https://bipaa.genouest.org/sp/dysaphis_plantaginea/) and NCBI (XXXX). The OR/GR
sequence databases are available SRAXXXX. TE annotations are also available on NCBI

(SRAXXXX).  All  analysis files and codes are available at Forgemia
( ).
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4.2 TexT S1. DNA EXTRACTION AND DYSAPHIS PLANTAGINEA GENOME
SEQUENCING AND ASSEMBLY

We used a clone (16-0042-0001) from a colony of Dysaphis plantaginea Pas-
serini that was collected on Malus domestica Borkh in 2016 in Torchefelon (France).
We reared on Plantago lanceolata L. under control conditions (16h light, 8h dark
at 20°C and 75% of humidity) at the Agence Nationale de Sécurité Sanitaire de I'Ali-
mentation, de I'Environnement et du Travail (ANSES, Lyon, France). We extracted
high molecular weight DNA from clone 16_042 at the Centre National de Ressources
Génomiques Végétales (CNRGV Toulouse, France). We sequenced it using Chro-

mium 10X Genomics technology (Genopole Toulouse, Toulouse, France).

We assembled the 10X reads using Supernova™ (Weisenfeld et al., 2017).
We defined two assemblies as 56X and 100X due to the number of fragments in-
volved during the process. We build the scaffolds using the ARCS (Assembly
Round-up by Chromium Scaffolding) algorithm (Yeo et al., 2018). We assessed the
quality of the D. plantaginea assembly version 1 using Benchmarking Universal
Single-Copy Orthologs BUSCO (Waterhouse et al., 2018). We confronted the two
assemblies (56X and 100X) with BWA (Li and Durbin, 2009) and Samtools (Li et al.,
2009) (Table S1). We utilized this first version of the D. plantaginea genome assem-
bly to extract the complete Buchnera aphidicola Munson and mitochondrial ge-
nomes. We reconstructed the B. aphidicola genome with two methods. First, we
identified the scaffolds by blasting the assemblages against the bacterium B. aphi-
dicola of Myzus persicae Sulzer reference library. Second, we filled the gaps using

the raw data, and the scaffolds aligned on the B. aphidicola genome of M. persicae.
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We improved the Dysaphis plantaginea genome assembly v1 using long
reads obtained from Pacific Biosciences (PacBio) and Oxford Nanopore Technolo-
gies (ONT). We used the wtdbg2 v2.5 (Ruan and Li, 2020) on long reads and ntEdit
(Warren et al., 2019) on the 10X Illumina sequences to search for inconsistencies
(e.g., local misassemblies). We constructed the scaffolds with Tigmint (Jackman et
al., 2018) and ARCS (Yeo et al., 2018) with the 10X data. Finally, we re-assembled
the genome using FLYE (Kolmogorov et al., 2019), filtering out the reads from B.
aphidicola. Afterward, we applied the software and procedure of the second ver-
sion of the D. plantaginea genome assembly to obtain the version 3 of the genome
(Table S1). We constructed the optical mapping using MapSolver (OpGen®) to un-
derstand the genomic structure and structural variation. We performed the gene
annotation using Maker2 (Holt and Yandell, 2011) and the TE annotation with
REPET (see details in the material and methods Repetitive elements annotation

section; Flutre et al., 2011).

We detected and removed the mitochondrial genome sequence based on
the similarity with M. persicae during genome assembly. The initial mitochondrial
scaffold was 18.8 Kbp in length. We performed the gene prediction on this scaffold
with MITOS (Bernt et al., 2013) and ARWEN v1.2 (Laslett and Canback, 2008).

Dysaphis plantaginea genome assembly and gene annotation

The D. plantaginea genome v3 represented the twelfth released genome in
the Aphidinae subfamily on the AphidBase-BIPAA platform. The D. plantaginea ge-
nome assembly version 3 summed a size of 485.98 Mb (The different version of
the D. plataginea new assembly were presented in Table S1a and the assembly
statistic of the D. plantaginea V3 were presented in Table S1b ). The genome as-
sembly comprised 2,366 scaffolds with a mean scaffold size of 205,401 bp and an
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N50 value of 17,731,133 bp. BUSCO analysis based on hemipteran conserved

genes indicated the presence of 99.4% complete genes. We detected a genomic

GC content of 30.14% and annotated 53,848 genes and 18,665 proteins.
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4.3 SUPPLEMENTARY MATERIAL

Text S1. DNA extraction and Dysaphis plantaginea genome sequencing and assembly
Table S1. Main statistics of the Dysaphis plantaginea assembly versions 1, 2 and 3

Table S2. Statistics for the Dysaphis plantaginea genome assembly version 3, and
transposable elements content.

Table S3. Details of the 13 genomes, genome sizes, assembly quality used in this study,
and associated chemosensory gene and transposable contents were estimated.

Table S4. Summary of the orthogroups in general and per species detected by
OrthoFinder V (Emms and Kelly, 2019).

Table S5. Statistical test of the differences in genes numbers among species and gene
family (OR and GR) annotated in the 13 aphid species. Gene count was fitted to a
Negative Binomial generalized linear model (glm.nb function).

Table S6. Information about the aphid host preferences and life cycle was used in this
study.

Table S7. Likelihood-ratio test of models with different evolutionary rates of the 12
aphid and one aphid-like species depending on the taxonomic ranks (genus,
subfamilies, families, species) or host preferences (see details in Table S5) or with a
single evolutionary rate along the phylogeny inferred with CAFE (Han et al., 2013).

Table S8. Enrichment analysis of expanded genes.
Table S9. Enrichment analysis of contracted genes.

Table S10. Gene detected by Syntenet (Almeida et al, 2023) clustering with
orthogroup (OrthoFinder, Emms and Kelly, 2019) and chemosensory gene.

Table S11. Chemosensory genes (Gustatory receptors - GR and Olfatory receptors -
OR) branch model summary statistics inferred from PAML v4 (Yang, 2007).

Table S12. Chemosensory genes (gustatory receptors GR and olfactory receptors OR)
were suggested under positive (w>0), purifying (w<0), and neutral (w=0) selection
based on the branch model analysis PAML v4 (Yang, 2007).

Table S13. Chemosensory genes (Gustatory receptors - GR and Olfactory receptors -
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OR) site model summary statistics inferred from PAML v4 (Yang, 2007).

Table S14. Chemosensory genes (gustatory genes-GR and olfactory genes-OR)
likelihood-rate test summary of the different selection test models.

Table S15. Chemosensory genes (gustatory receptors GR and olfactory receptors OR)
were suggested to evolve under positive and purifying selection based on the site
model analysis.

Table S16. Selection test summary based on the branch model using single-copy
orthologous groups were suggested under positive (w>0), purifying (w<0), and
neutral (w=0) selection based on the branch model analysis PAML v4 (Yang, 2007).

Table S17. Single-copy orthologous groups (OG) were suggested under positive
(w>0), purifying (w<0), and neutral (w=0) selection based on the branch model
analysis PAML v4 (Yang, 2007).

Table S18. Single-copy orthologous groups (OG) selection test summary based on the
branch model using single-copy orthologous groups were suggested under positive
(w>0), purifying (w<0), and neutral (w=0) selection based on the branch model
analysis PAML v4 (Yang, 2007).

Table S19. Single-copy orthologous groups (OG) likelihood-rate test summary of the
different selection test models.

Table S20. Single-copy orthologous groups (OG) suggested sites to evolve under
positive and purifying selection based on the site model analysis.

Table S21. Statistics of the genome assembly using for the REPET pipeline of the 13
aphid and aphid-like species.

Table S22. Statistics of the transposable elements consensus library from the REPET
pipeline of the 13 aphid and aphid-like species.

Table S23. General linear model (GLM) summary of different models to test the
distribution of the selection pressure among the different chemosensory genes and
the single-copy orthologous gene groups (OG).

Table S24. Locus Overlap Analysis (LOLA) transposable elements (TEs) enrichment

analysis in the Gustatory receptor (GR) and Olfactory receptor (OR) genes in a 10Kb
length. Excel file:
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Table S25. Locus Overlap Analysis (LOLA) transposable elements (TEs) depletion
analysis in the Gustatory receptor (GR) and Olfactory receptor (OR) genes in a 10Kb
length.

Table S26. Locus Overlap Analysis (LOLA) transposable elements (TEs) enrichment and
depletion analysis in the Gustatory receptor (GR) and Olfactory receptor (OR) genes in
a 2Kb length.

Figure S1. Gene orthology among aphid and one aphid-like species. Bars represent
the gene number of different types of orthologues: multi-copy orthologous genes in
all species, species-specific (unique genes to specific species); unassigned (genes
cannot be assigned to any orthogroups).

Figure S2. Chemosensory genes manual annotation workflow.
Figure S3. Number of olfactory and gustatory genes detected for the 12 aphid species
and one aphid-like species, and single copy orthologous groups used as references for

the genome background.

Figure S4. Number of olfactory and gustatory genes detected for the 12 aphid species
and one aphid-like species predicted with Model 1 (Table S5).

Figure S5. Enrichment analysis of genes underwent expansion during the aphid and
aphid-like species.

Figure S6. Enrichment analysis of genes underwent contraction during the aphid and
aphid-like species.

Figure S7. Twelve groups of the candidate gustatory receptors (GR) genes were
detected using a phylogenetic tree.

Figure S8. Twenty-four groups of the candidate olfactory receptors (OR) genes were
detected using a phylogenetic tree.

Figure S9. Chemosensory genes (OR and GR) and single-copy orthologous genes
dNdS distribution suggest purifying selection.

Figure S10. Correlation between dN/dS ratio and synonymous divergence (dS) among

Gustatory Receptors (GR), Olfactory receptors (OR), and single copy orthologous
groups (OG) for the 13 species.
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Figure S11. Changes in effective population size (Ne) estimates from pairwise
sequentially Markovian coalescent (PSMC; Li and Durbin, 2011) with unmasked and

masked genomes for repeat regions for each aphid species.

Figure S12. TE-copy identity number among the 12 aphid species using an upset plot

(UpSetR R package, Conway et al., 20
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288 Table S1. Main statistics of the Dysaphis plantaginea assembilies, versions 1, 2, and 3.
289
Dysaphis Scaffol Longest Complete and Complete and Missing
plantaginea Assembler :;::f:::: ds scaffold ('\I:IISIS) L50 Bl::(;:) single-copy BUSCOs | duplicated BUSCOs ;Lagcn;?}: BUSCOs
version (Mb) (Mb) 9 S) (D) (M)
1 S“ﬁgror‘;"a 24,694 | 4464 10.7 25 | 48 | 941% 22,655 NA 337 1,083
1 S“pseé;"va 24075 | 3892 152 2.1 41 | 92.9% 22,366 NA 554 1,156
2 Wtdbg 3,458 411.7 13.8 2.5 40 ~75% 1,188 48 14 117
3 FLYE 2,366 486 88.6 17.7 7 ~96% 1,251 63 10 43
290
291 N50: the sequence length of the shortest contig at 50% of the total assembly length; L50: count of the smallest number of contigs whose length sum makes up half of genome size;
292 BUSCO: Benchmarking Universal Single-Copy Orthologs.
293
294
295
296
297
298
299
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300

301 Table S2. Statistics for the Dysaphis plantaginea genome assembly version 3, assembly completeness assessed by BUSCO,
302 and transposable elements content

Genome size 485 Mb
Assembly information Contig information BUSCO analysis
Total :iszfmb'y 485,979,193 Num contigs 3,398 Completed BUSCOs (C) 2,495 (99.4%)
. 441,227,05 Completed and single-copy o
Num scaffolds 2,366 Total contig size 0 BUSCOS (S) 2,424 (96.6%)
. Completed and duplicated o
Longest scaffold 88,606,889 Longest contig 5,044,119 BUSCOs (D) 71 (2.8%)
Shorter scaffold 13 Shorter contigs 12 Fragmented BUSCOs (F) 4 (0.2%)
Mean scaffold size 205,401 Mean contig size 12,9849 Missing BUSCOs (M) 11 (0.4%)
N50 scaffold (bp) 17,731,133 N50 contig (bp) 539,163
L50 scaffold (bp) 7 L50 contig (bp) 186 Transposable elements content
GC (%) 27.37 GC (%) 30.14 TEs in genome (Mb) 255
TEs in genome (%) 63.78
303
304
305
306
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307 Table S3. Details of the 13 genomes, genome sizes, assembly quality used in this study, and associated chemosensory genes and
308 transposable contents estimated with REPET (Quesneville et al., 2005; Flutre et al., 2011).

309
Aphid species information
. L Raw data coverage for Genome Size
Species Common name Acronyms Publication
assembly (Mb)
Aphis glycines (clone BT1) Soybean aphid AGLY Mathers, 2020 5X 308
Aphis gossypii Cotton aphid AGOS Quan et al,, 2019 - 294
Acyrthosiphon pisum (clone The International Aphid Genomics Consortium,
4 i pisum Pea aphid APIS ! ph I " 541
LSR1) 2010 39X
Diuraphis noxia Russian wheat aphid ~ DNOX Nicholson et al., 2015 53X 393
Dysaphis plantaginea Rosy apple aphid DPLA ECLECTIC-GQE-INRAE-CNRS 19X 485
Daktulosphaira vitifoliae Grape phylloxera DVIT Rispe et al., 2020 26X 283
Eriosoma lanigerum Wolly apple aphid ELAN Biello et al., 2021 309X 335
Myzus cerasi Black cherry aphid MCER Thorpe et al.,, 2018 82X 406
Myzus persicae (clone O) Green peach aphid MPER Mathers et al., 2021 131X 391
Pentalonia nigronervosa Bannana aphid PNIG Mathers et al., 2020 100X 375
Rhopalosiphum maidis Maize aphid RMAI Chen et al,, 2019 21X 326
Bird-cherry oat
Rhopalosiphum padi h'dy RPAD Thorpe et al.,, 2018 761X 322
aphi
Sitobion miscanthi Indian grain aphid SMIS Jiang et al,, 2019 172X 398
310
311
312
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313  Table S3 continuation. Details of the 13 genomes, genome sizes, assembly quality used in this study, and associated chemosensory
314  genes and transposable contents estimated with REPET (Quesneville et al., 2005; Flutre et al., 2011).

315
Scaffold assembly information
Acronyms Total as(s::)lbly size Num scaffolds Longest scaffold Shorter scaffold Mean scaffold size N50 scaffold (bp) L50 scaffold (bp) scaffold GC (%)

AGLY 308,065,118 3,224 23,246,776 60 95,554 5,864,887 15 26.41
AGOS 294,278,726 4,718 5,574,629 889 2,91 437,96 195 25.78
APIS 541,137,574 21,92 170,740,645 200 24,687 132,544,852 2 29.63
DNOX 395,073,589 5,637 2,142,037 928 70,086 397,774 281 21.78
DPLA 485,979,193 2,366 88,606,889 13 205,401 17,731,133 7 2737
DVIT 282,671,353 10,492 2,080,308 141 26,942 341,59 236 26.63
ELAN 334,868,377 7,146 71,231,741 1 46,861 62,861,676 3 25.35
MCER 405,711,039 49,286 265,361 1,001 8,232 23,273 4472 29.86
MPER 390,790,610 360 105,178,091 5 1,097,619 69,480,500 3 30.21
PNIG 375,348,459 18,348 631,822 1 20,457 103,994 1038 28.64
RMAI 326,023,155 220 94,224,415 1,096 1,481,923 93,298,903 2 27.69
RPAD 321,589,008 2,172 4,088,110 1,131 148,061 652,723 140 27.81
SMIS 397,852,643 653 101,470,385 2,682 609,269 36,263,045 4 30.06

316

317

318

319
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320 Table S3 continuation. Details of the 13 genomes, genome sizes, assembly quality used in this study, and associated chemosensory
321 genes and transposable contents estimated with REPET (Quesneuville et al., 2005; Flutre et al., 2011).

Contigs assembly information

Acronyms Numbfer of Total size of contigs Long.est Short.est Mean' contig N50 contig L50 contig contig GC
contigs contigs contigs size (bp) (bp) (%)

AGLY 3,587 302,879,913 7,698,601 60 84,438 1,958,040 47 27.27
AGOS 12,144 278,291,622 709,413 415 22,916 77,914 960 27.26
APIS 68,185 499,739,085 424,12 1 73,29 25,858 4,765 29.65
DNOX 50,723 296,543,584 167,15 60 5,846 13,309 5772 29.01
DPLA 3,398 441,227,050 5,044,119 12 12,9849 539,163 186 30.14
DVIT 17,162 276,429,103 718,286 83 16,107 74,75 1,012 27.23
ELAN 9,919 327,134,977 2,875,571 3 32,981 60,282 163 25.95
MCER 51,353 405,518,793 209,856 1,001 7,897 19,719 5,425 29.88
MPER 914 394,755,899 18,090,249 2,301 43,1899 4,169,528 23 30.23
PNIG 20,87 375,096,534 400,055 1 3,822 64,061 1,681 28.66
RMAI 689 325,976,255 42,509,236 1,096 45,424 9,046,396 10 27.69
RPAD 2,172 321,589,008 4,088,110 1,131 14,8061 652,723 140 27.81
SMIS 1,145 397,803,443 10,203,765 2,682 34,7427 1,613,763 58 30.06

322

323

324

325

326
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327 Table S3 continuation. Details of the 13 genomes, genome sizes, assembly quality used in this study, and associated chemosensory
328 genes and transposable contents estimated with REPET (Quesneuville et al., 2005; Flutre et al., 2011).

329 -
BUSCO statistics
Number Completed and Completed and -
330 Acronyms of ;8:22?:3 %C single-copy %S Duplicated BUSCOs %D I:Gg?;:t(i;i %F BU'\;I?;I:?M) %M :-::als,z,:asrcc(l:: d
BUSCOs BUSCO:s (S) (D) group
331 AGLY 2510 2427 96.7 2404 95.8 23 0.9 0 0.0 83 33 2510
332 AGOS 2510 2442 97.3 2371 94.5 71 2.8 14 0.6 54 2.1 2510
APIS 2510 2486 99.0 2443 97.3 43 1.7 4 0.2 20 0.8 2510
333 DNOX 2510 2432 96.9 2413 96.1 19 0.8 38 1.5 40 1.6 2510
DPLA 2510 2495 994 2424 96.6 71 2.8 4 0.2 11 04 2510
334 DVIT 2510 2480 98.8 2428 96.7 52 2.1 7 0.3 23 0.9 2510
ELAN 2510 2484 99.0 2484 97.7 32 13 9 0.4 17 0.6 2510
335 MCER 2510 2472 96.8 2430 96.8 42 1.7 21 0.8 17 0.7 2510
336 MPER 2510 2484 99.0 2474 98.6 10 04 2 0.1 24 0.9 2510
PNIG 2510 2491 99.3 2477 98.7 14 0.6 7 0.3 12 04 2510
337 RMAI 2510 2489 99.1 2463 98.1 26 1.0 5 0.2 16 0.7 2510
RPAD 2510 2487 99.1 2462 98.1 25 1.0 7 0.3 16 0.6 2510
338 SMIS 2510 2402 95.7 2313 92.2 89 35 7 0.3 101 4.0 2510
339
340
341
342
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Table S3 continuation. Details of the 13 genomes, genome sizes, assembly quality used in this study, and associated chemosensory

genes and transposable contents estimated with REPET (Quesneville et al., 2005; Flutre et al., 2011).

Chemosensory Genes

Transposable elements (TE)

Acronyms GR OR TEs in genome (Mb) TE (%) TE Class | (%) TE Class 11(%)
AGLY 58 47 170 55.98 39.31 16.67
AGOS 49 55 57 43.07 18.98 24.09
APIS 71 70 150 46.10 21.40 24.70
DNOX 26 30 50 52.36 26.46 28.90
DPLA 40 35 255 53.42 12.94 40.48
DVIT 18 64 200 34.82 20.31 14.51
ELAN 23 43 225 4135 15.79 25.56
MCER 40 65 89 45.25 14.83 3042
MPER 56 48 192 53.79 20.78 33.01
PNIG 37 37 94 64.27 17.95 46.32
RMAI 47 52 160 43.24 22.23 21.01
RPAD 64 61 148 44.66 14.98 29.68
SMIS 51 61 184 43.46 19.38 24.58
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Table S4. Summary of the orthogroups in general and per species detected by OrthoFinder V (Emms and Kelly, 2019).

Summary of the orthologous groups detected

Number of species
Number of genes
Number of genes in orthogroups
Number of unassigned genes
Percentage of genes in orthogroups
Percentage of unassigned genes
Number of orthogroups
Number of species-specific orthogroups
Number of genes in species-specific orthogroups
Percentage of genes in species-specific orthogroups
Mean orthogroup size
Median orthogroup size
G50 (assigned genes)
G50 (all genes)
050 (assigned genes)
050 (all genes)
Number of orthogroups with all species present

Number of single-copy orthogroups

13
380653
334936
45717
88
12
28672
5713
28227
74
1.7
6
18
16
4405
5741
5868
891
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Table S4 continuation. Summary of the orthogroups in general and per species detected by OrthoFinder V (Emms and Kelly, 2019).

Orthologous groups statistics per species

AGLY AGOS APIS DNOX DPLA DVIT ELAN MCER MPER PNIG RMAI RPAD SMIS

Number of genes 42244 18504 28016 17484 53923 25794 28310 28793 31593 29706 19498 26551 30237

Number of genes in orthogroups 28489 18236 27416 17169 46719 23400 23108 24686 29943 27604 19376 22573 26217
Number of unassigned genes 13755 268 600 315 7204 2394 5202 4107 1650 2102 122 3978 4020
Percentage of genes in orthogroups 67,4 98,6 97,9 98,2 86,6 90,7 81,6 85,7 94,8 92,9 99,4 85 86,7
Percentage of unassigned genes 32,6 14 2,1 1.8 134 93 18,4 14,3 52 71 0,6 15 13,3

Number of orthogroups containing species 15567 10414 11495 10133 18085 10884 12308 14784 13863 13778 10036 13753 15142
Percentage of orthogroups containing species 54,3 36,3 40,1 35,3 63,1 38 42,9 51,6 48,4 48,1 35 48 52,8
Number of species-specific orthogroups 664 43 270 32 1550 719 660 186 288 540 35 280 446
Number of genes in species-specific orthogroups 4975 106 1153 71 5719 6067 3626 506 1272 1855 166 1357 1354
Percentage of genes in species-specific orthogroups 11,8 0,6 4.1 04 10,6 23,5 12,8 1,8 4 6,2 09 5,1 4,5
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Figure S1. Gene orthology among aphid and one aphid-like species. Bars represent the gene number of different types of
orthologues: multi-copy orthologous genes in all species, species-specific (unique genes to specific species); unassigned (genes
cannot be assigned to any orthogroups). MCER: Myzus cerasi; MPER: Myzus persicae; DPLA: Dysaphis plantaginea; DNOX: Diuraphis
noxia; APIS: Acyrthosiphon pisum; SMIS: Sitobion miscanthi; PNIG: Pentalonia nigronervosa; AGLY: Aphis glycines; AGOS: Aphis gossypii;
RMAI: Rhopalosiphum maidis; RPAD: Rhopalosiphum padi ; ELAN: Eriosoma lanigerum ; DVIT: Daktulosphaira vitifoliae.
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Figure S2. Chemosensory genes annotation workflow
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Figure S3. Number of olfactory and gustatory genes detected for the 12 aphid species and one aphid-like species, and single-copy
genes used as references for the genome background. MCER: Myzus cerasi; MPER: Myzus persicae; DPLA: Dysaphis plantaginea, DNOX:
Diuraphis noxia; APIS: Acyrthosiphon pisum; SMIS: Sitobion miscanthi; PNIG: Pentalonia nigronervosa; AGLY: Aphis glycines; AGOS:
Aphis gossypii; RMAI: Rhopalosiphum maidis; RPAD: Rhopalosiphum padi ; ELAN: Eriosoma lanigerum ; DVIT: Daktulosphaira vitifoliae.
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Table S5. Statistical test of the differences in genes numbers among species and gene family (OR and GR) annotated in the 13 aphid
species. Gene count was fitted to a Negative Binomial generalized linear model (glm.nb function).

Df Deviance Residuals Pr(>Chi)
species 12 102.341 <2e-16
family (GR/OR) 1 0.137 0.7109

Df: degree of freedom; Pr(>Chi): P-values.
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Figure S4. Number of olfactory and gustatory genes detected for the 12 aphid species and one aphid-like species predicted with
Model 1 (Table S5). MCER: Myzus cerasi; MPER: Myzus persicae; DPLA: Dysaphis plantaginea; DNOX: Diuraphis noxia; APIS:
Acyrthosiphon pisum; SMIS: Sitobion miscanthi; PNIG: Pentalonia nigronervosa; AGLY: Aphis glycines; AGOS: Aphis gossypii; RMAI:

Rhopalosiphum maidis; RPAD: Rhopalosiphum padi ; ELAN: Eriosoma lanigerum ; DVIT: Daktulosphaira vitifoliae.
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Table S6. Information about the aphid host preferences and life cycle was used in this study.

Aphid host preference information and life cycle

Family Subfamily Tribe Genera Species
Aphididae Aphidinae Aphidini Aphis Aphis glycines (clone BT1)
Aphididae Aphidinae Aphidini Aphis Aphis gossypii
Aphididae Aphidinae Macrosiphini Acyrthosiphon Acyrthosiphon pisum (clone LSR1)
Aphididae Aphidinae Macrosiphini Diuraphis Diuraphis noxia
Aphididae Aphidinae Macrosiphini Dysaphis Dysaphis plantaginea

Phylloxeridae Phyloxerininae Phylloxerini Daktulosphaira Daktulosphaira vitifoliae
Aphididae Eriosomatinae Eriosomatini Eriosoma Eriosoma lanigerum
Aphididae Aphidinae Macrosiphini Myzus Myzus cerasi
Aphididae Aphidinae Macrosiphini Myzus Myzus persicae (clone O)
Aphididae Aphidinae Macrosiphini Pentalonia Pentalonia nigronervosa
Aphididae Aphidinae Aphidini Rhopalosiphum Rhopalosiphum maidis
Aphididae Aphidinae Aphidini Rhopalosiphum Rhopalosiphum padi
Aphididae Aphidinae Macrosiphini Sitobion Sitobion miscanthi
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Table S6 continuation. Information about the aphid host preferences and life cycle used in this study.

Aphid host preference information and life cycle

Common name

Acronyms

Genome_publication

Genome Size (Mb) Genome_assembly_origin

Aphis glycines (clone BT1) Soybean aphid

Aphis gossypii Cotton aphid
Acyrthosiphon pisum (clone LSR1)
Diuraphis noxia Russian wheat aphid
Dysaphis plantaginea Rosy apple aphid
Daktulosphaira vitifoliae Grape phylloxera
Eriosoma lanigerum Wolly apple aphid
Myzus cerasi Black cherry aphid
Myzus persicae (clone O) Green peach aphid
Pentalonia nigronervosa Bannana aphid
Rhopalosiphum maidis
Rhopalosiphum padi Bird-cherry oat aphid

Sitobion miscanthi Indian grain aphid

AGLY
AGOS
APIS
DNOX
DPLA
DVIT
ELAN
MCER
MPER
PNIG
RMAI
RPAD
SMIS

Mathers, 2020
Quan et al,, 2019
The International Aphid Genomics Consortium, 2010
Nicholson et al., 2015
ECLECTIC-GQE-INRAE-CNRS
Rispe et al., 2020
Biello et al., 2021
Thorpe et al.,, 2018
Mathers et al., 2021
Mathers et al.,, 2020
Chen et al., 2019
Thorpe et al,, 2018
Jiang et al,, 2019

308
294
541
393
485
283
335
406
391
375
326
322
398

USA, Illinois Urbana
Shanghai, China
Itaca, New York

Biotype2_Oklahoma_USA
France
Bordeaux, France
United Kingdonm
UK
Norwich UK
Nairobi, Kenya
New York, USA
Henan, China
Hebei, China
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Table S6 continuation. Information about the aphid host preferences and life cycle used in this study.

*Developmental

Acronyms *Age stage *Sex *Host *Tissue *Origin Distribution
parthenogenic . Whole . . . . .
AGLY Adult Female  Glycine max . Asia Asia, North America, Australia, and Russia
adult aphid
AGOS Adult Adult Female NA \;V;}?if Europe (tentative) Tropical and temperate region in throughout the world
APIS  Adult Adult Female Medicago sativa NA Europe or Asia Temperate region in throughout the world
DNOX  Adult Adult Female Trm_cum Whgle Central Asia Widespread in southern I?urope, Middle East, antral Asia, Africa, South and North America
aestivum aphid and Australia, but apparently not in western or northern Europe.
Plantago Whole Middle-east
DPLA  Adult Adult Female lanceolata aphid  (under research) Europe, Africa, much of Asia and North and South America
DVIT  Adult Mixed leafgall Female Vitis vinifera thle North America North, Central and South America, E.urope, the Meqllterranean, the Middle East, Africa,
aphid China and Australia
Whol . Lo
ELAN  Adult Adult Female  Apple plant apP:cf North America Temperate region in throughout the world
Whole . Lo
MCER  Adult Adult NA  Barbarea verna aphid Mediterranean Temperate region in throughout the world
Single apterous . Whole . Lo
MPER  Adult Female  Brassica rapa . Asia Temperate region in throughout the world
female aphid
PNIG  Adult Adult Female Musa sp. \2/;:; Africa (tentative) Tropical and subtropical region in throughout the world
Whole . . . Lo
RMAI  Adult Adult Female Zea Mays aphid Asia Tropical and subtropical region in throughout the world
RPAD  Adult Adult Female Trltl_cum Who_le North America Temperate region in throughout the world
aestivum aphid
Triticum Whole .
SMIS  Adult Newborn nymph  Female aestivum aphid Asian Indian subcontinent, east and south-east Asia and Australasia

471
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472  Table S6 continuation. Information about the aphid host preferences and life cycle used in this study.

Host
A Lif | R i . H i H
cronyms ife cycle eproduction specialization ost_primary ost_secondary
. . biot Mainly Glyci b but al
AGLY Heteroecious Holocyclic otypes Rhamnus sp. ainly Liycine max (soybean) but also
reported Glycine sp. and other Fabaceae members
Catalpa bignonioides (Indian bean tree), Hibiscus syriacus
AGOS Monoecious Holocyclic/Anholocyclic in biotypes (Korean rose), Celastrus orbiculatus (oriental bittersweet), Cucurbitaceae, Malvaceae, and Rutaceae
tropics regions reported Rhamnus species (buckthorns) and Punica granatum species
(pomegranate)
. Hol lic/Anhol lici i Family F \ iall Medi , Melilotus,
APIS Monoecious olocyc 'IC/ nholocyclic in biotypes amily abaceée .but especially on edicago, Melilotus
mild climates reported Trifolium, Dorycnium and Lotus
DNOX Monoecious HoIocycllc/ma?lnIy biotypes Grasses and cereals (such as Agrgpyron, Bromus, Elymus,
Anholocyclic reported Hordeum, Triticum)
DPLA Dioecious Holocyclic not reported Malus domestica (cultivated apple) Plantago lanceolata (ribwort plantain)
DVIT Monoecious Anholocyclic not reported Vitis sp. (grape)
.|oeC|ous n . Anholocyclic/Holocyclic (in Ulmus americana (EIm) in America / Malus domestica . .
ELAN America/Monoecious . not reported Malus domestica (cultivated apple)
America) (other parts of the world)
most part of the world
L . . bedstraws (Galium), eyebrights
MCER Dioecious Holocyclic not reported Prunus cerasus/Prunus avium (cherry trees) oraw (Galium), eyebrig .
(Euphrasia) and speedwell (Veronica sp.)
Brassicaceae, Solanaceae, Poaceae,
. o . Leguminosae, Cypraceae,
. Holocyclic/Anholocyclic in biotypes . 9 yp .
MPER Heteroecious . - Prunus persica (peach) Convolvulaceae, Chenopodiaceae,
M. persicae nicotianae reported . .
Compositae, Cucurbitaceae, and
Umbelliferae
PNIG Monoecious Anholocyclic not reported Musaceae
Monoecious/Dioecious Anholocyclic/Holocyclic (in biotypes .
RMAI I ) /. roeciod yel /. yelic @ 'otyP Poaceae/ Prunus sp. (Asia) Poaceae
in Asia Asia) reported
Lo Holocyclic/Anholocyclic in .
RPAD Dioecious A not reported Prunus padus (bird cherry) Poaceae
mild climates
. . biot
SMIS Monoecious Anholocyclic 'otypes
reported
473 Holocyclic: reproduce both asexually and sexually; Anholocyclic: asexual reproduction only; Monoecious: same host throughout their life stages; Dioecious/Heteroecious: host alternates between sexual

474 and asexual stages (Hardy et al.,, 2015; Emden and Harrington, 2017).
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475 Table S7. Likelihood-ratio test of models with different evolutionary rates of the 12 aphid and one aphid-like species depending on
476  the taxonomic ranks (genus, subfamilies, families, species) or host preferences (see details in Table S5) or with a single evolutionary
477  rate along the phylogeny inferred with CAFE (Han et al., 2013).

Model Pvs.S FusS | Sfvs.S | Tvs.S | Gus.s | © ;s‘ st r"’ S | TusP | Pvs.G | Fus.sf | | ;s‘ Fvs.G | Sfvs.T | Sfvs.G | Tvs.G | Pvs.S | Svs.Gr | Svs.H | Pvs.Sp | Pvs.H | Hvs.Gr
(II:‘:_) 254806 247150 243475 24258 266625 24(7)1 > 243475 244584 254806 247150 24(7)1 > 247150 243475 243475 244584 267684 255490 267678 255490 267678 255490
(:‘7_) 255636 255636 255636 25263 255636 25280 254806 254806 266625 243475 24258 266625 244584 266625 266625 284810 255490 267684 284810 284810 267678
2AL 1660 16972 24322 22104 -21978 15—;’12 -22662 -20444 23638 7350 5132 -38950 -2218 -46300 -44082 34252 24388 12 58640 34264 24376

K 5 1 2 3 9 7 6 5 1 1 2 8 1 7 6 1 1 1 1 1 1

alpha 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.0500 0.0500 0.0500 0.0500 0.0500 0.0500

<2.2e- <2.2e- <2.2e- <2.2e- <2.2e- <2.2e 0.00053
p-value <2.2e-16 16 16 16 1 1 1 1 16 16 16 1 1 1 1 2.2e-16 2.2e-16 > 2.2e-16 2.2e-16 2.2e-16
> 14.06 5.991
X 11.07 3.8415 5.9915 7.8147 16.919 7 12.592 11.07 3.8415 3.8415 5 15.507 3.8415 14.067 12.592 3.8415 3.8415 3.8415 3.8415 3.8415 3.8415
Best

hypoth P F Ni T S F Sf T G St T F Sf Sf T P Gr H P P H

esis
4%9 Ho (InL) : Nule hypothesis ; Ha (InL) : Alternative hypothesis; K :Degrees of freedom; alpha : 0.05 ; p-value : <0.05 ; x : chi-square distribution; Hypotheses acronyms P=Phylogeny, S=single, F=Family, Sf=Subfamily, T=Tribe,
4 G=Genus, H=Host, Gr=Generalist, Sp : Specialist
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499  Figure S5. Enrichment analysis of genes underwent expansion during the aphid and aphid-like species.
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Figure S6. Enrichment analysis of genes underwent contraction during the aphid and aphid-like species.
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Table S8. Enrichment analysis of expanded genes.

Group GO.ID Term Annotated Significant Expected elim ontology
0G0000003 GO:0003676 nucleic acid binding 25443 220 68.47 < 1e-30 MF
G0:0110165 cellular anatomical entity 61766 10 9.59 0.0030 cC
0OG0000010 GO:0046872 metal ion binding 6937 7 427 0.0062 MF
0OG0000011 G0:0046983 protein dimerization activity 6236 151 6.5 < 1e-30 MF
GO:0003674 molecular_function 84894 181 88.5 0.00052 MF
G0:0016020 membrane 36345 9 7.12 0.00015 cC
G0:0043231 intracellular membrane-bounded organelle 16414 6 322 0.00632 cC
0OG0000013 71272 13 14.04 0.00015 MF
0OG0000015 GO:0003674 molecular_function 59329 23 14.78 0.0026 MF
G0:0005488 binding 39720 17 9.9 0.0082 MF
G0:0110165 cellular anatomical entity 38131 12 13.87 0.0005 cC
G0:0016021 integral component of membrane 17588 6 6.4 0.0011 cC
0OG0000016 0:0003676 nucleic acid binding 24203 108 384 <1e-30 MF
G0:0004190 aspartic-type endopeptidase activity 446 25 0.71 <1e-30 MF
0OG0000018 G0:0032508 DNA duplex unwinding 320 34 0.64 < 1e-30 BP
G0:0003678 DNA helicase activity 998 87 3.76 < 1e-30 MF
GO:0004386 helicase activity 1145 89 432 0.00055 MF
0OG0000019 G0:0042302 structural constituent of cuticle 808 171 1.14 < 1e-30 MF
G0:0005730 nucleolus 522 22 0.9 < 1e-30 cC
0G0000023 GO:0003676 nucleic acid binding 23945 9 6.74 0.00087 MF
GO:0003674 molecular_function 78123 19 22 0.00104 MF
0G0000025 G0:0046983 protein dimerization activity 6075 110 4.87 < 1e-30 MF
G0:0110165 cellular anatomical entity 54563 9 10.63 0.00094 CC
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Table S8 continuation. Enrichment analysis of expanded genes.

Group GO.ID Term Annotated Significant Expected elim ontology
0G0000026 GO:0003677 DNA binding 4665 65 44 < 1e-30 MF
G0:0003676 nucleic acid binding 25443 143 24 < 1e-30 MF
GO:0003674 molecular_function 84894 160 80.08 0.0035 MF
G0:0110165 cellular anatomical entity 61766 17 10.59 0.0053 cC
G0:0016020 membrane 36345 7 6.23 0.0078 cC
0G0000028 GO:0004803 transposase activity 762 64 1.5 < 1e-30 MF
G0:0003676 nucleic acid binding 22686 101 44.69 < 1e-30 MF
GO:0110165 cellular anatomical entity 50745 13 16.05 0.00179 cC
G0:0016020 membrane 29607 8 9.36 0.00230 cc
0G0000029 G0:0003676 nucleic acid binding 25443 160 36.71 < 1e-30 MF
0G0000030 G0:0046983 protein dimerization activity 6236 74 3.14 < 1e-30 MF
GO:0110165 cellular anatomical entity 61766 17 9.59 0.0018 cC
0OG0000031 GO:0003674 molecular_function 58064 17 20.07 0.0002 MF
0G0000032 GO0:0003674 molecular_function 84894 7 5.05 0.00145 MF
GO:0110165 cellular anatomical entity 61766 7 7.06 0.00403 cC
0G0000034 0:0046872 metal ion binding 7322 33 1.45 <1e-30 MF
G0:0005488 binding 55053 38 10.91 0.0014 MF
G0:0016021 integral component of membrane 28001 5 2.63 0.00081 cC
0G0000035 G0:0071704 organic substance metabolic process 10041 16 11.16 0.00057 BP
G0:0005515 protein binding 14711 80 20.23 < 1e-30 MF
0G0000036 G0:0005488 binding 55053 19 7.2 0.00032 MF
G0:0110165 cellular anatomical entity 61766 27 9.33 0.00022 CC
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Table S8 continuation. Enrichment analysis of expanded genes.

Group GO.ID Term Annotated Significant Expected elim ontology
0G0000038 GO:0003676 nucleic acid binding 20152 108 45.09 < 1e-30 MF
G0:0005634 nucleus 7961 5 2.51 0.00083 cc
G0:0005622 intracellular anatomical structure 17867 8 5.63 0.00410 cC
GO:0110165 cellular anatomical entity 42246 11 13.32 0.00427 cc
0G0000039 G0:0003676 nucleic acid binding 25443 81 38.72 < 1e-30 MF
G0:0004803 transposase activity 767 26 1.17 < 1e-30 MF
0G0000040 G0:0003676 nucleic acid binding 25443 8 5.55 0.00065 MF
GO:0005634 nucleus 11058 6 2.57 0.00018 cc
G0:0016021 integral component of membrane 28001 6 6.52 0.00296 cC
0G0000042 G0:0003676 nucleic acid binding 20851 155 36.11 <1e-30 MF
0G0000045 G0:0003676 nucleic acid binding 22097 96 43.89 <1e-30 MF
G0:0004803 transposase activity 702 34 1.39 <1e-30 MF
GO:0003677 DNA binding 4158 8 8.26 0.0042 MF
GO:0110165 cellular anatomical entity 50037 5 6.6 0.0011 cC
0G0000046 G0:0016021 integral component of membrane 22139 7 6.08 0.00081 cC
GO:0110165 cellular anatomical entity 48111 15 13.21 0.00173 cC
G0:0016020 membrane 28700 10 7.88 0.00291 cC
0G0000049 G0:0046983 protein dimerization activity 6075 110 4.69 < 1e-30 MF
GO:0110165 cellular anatomical entity 54563 6 5.82 0.00026 cCc
0G0000050 G0:0003676 nucleic acid binding 25443 63 19.77 < 1e-30 MF
G0:0003674 molecular_function 84894 79 65.95 0.00088 MF
GO:1901363 heterocyclic compound binding 30095 66 23.38 0.00395 MF
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521 Table S8 continuation. Enrichment analysis of expanded genes.

Group GO.ID Term Annotated Significant Expected elim ontology
0G0000053 GO:0110165 cellular anatomical entity 51496 5 6.01 0.0039 cC
0G0000054 G0:0003674 molecular_function 78861 18 12.31 0.00102 MF
0OG0000057 G0O:0005488 binding 47581 11 5.25 0.00012 MF
0OG0000058 GO:0003676 nucleic acid binding 25443 6 424 0.0015 MF

G0:0003674 molecular_function 84894 14 14.13 0.0093 MF
0G0000059 G0:0008150 biological_process 19881 14 23.52 0.0087 BP
G0:0015020 glucuronosyltransferase activity 247 30 0.16 < 1e-30 MF
G0:0008194 UDP-glycosyltransferase activity 289 31 0.18 0.0012 MF
G0:0016021 integral component of membrane 28001 109 46.54 < 1e-30 CcC
GO:0110165 cellular anatomical entity 61766 124 102.66 0.0018 cC
0OG0000060 G0:0008270 zinc ion binding 2161 94 1.99 < 1e-30 MF
GO:0110165 cellular anatomical entity 57948 5 6.5 0.0038 cC
0OG0000061 GO:0008152 metabolic process 11177 12 9.08 0.0074 BP
G0:0004252 serine-type endopeptidase activity 982 91 2.21 < 1e-30 MF
G0:0016020 membrane 36345 8 8.61 0.0015 cC
0G0000063 G0:0046983 protein dimerization activity 6236 81 5.04 < 1e-30 MF
GO:0110165 cellular anatomical entity 61766 8 9.33 0.0065 cC
0OG0000064 GO:0003676 nucleic acid binding 25443 5 2.62 0.00956 MF
0G0000065 G0:0046872 metal ion binding 7322 33 142 <1e-30 MF
GO0:0003674 molecular_function 84894 39 16.49 0.0032 MF
GO:0110165 cellular anatomical entity 61766 7 8.58 0.00025 cc
0G0000066 G0:0003676 nucleic acid binding 24538 116 40.54 < 1e-30 MF
GO0:0003674 molecular_function 80821 127 133.54 0.0012 MF
0OG0000068 0:0003674 molecular_function 71704 12 8.9 0.00032 MF
G0:0003824 catalytic activity 20039 6 2.49 0.00936 MF
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522 Table S8 continuation. Enrichment analysis of expanded genes.

Group GO.ID Term Annotated Significant Expected elim ontology
0OG0000069 GO:0003779 actin binding 614 27 0.27 <1e-30 MF
GO:0016459 myosin complex 304 88 043 <1e-30 CcC
0G0000070 G0:0004190 aspartic-type endopeptidase activity 450 30 0.88 < 1e-30 MF
G0:0003676 nucleic acid binding 23945 81 46.59 < 1e-30 MF
G0:0005488 binding 51222 96 99.67 0.00078 MF
GO0:0003674 molecular_function 78123 129 152.02 0.00304 MF
0G0000071 G0:0110165 cellular anatomical entity 61766 16 13.37 0.00014 cC
G0:0016020 membrane 36345 9 7.87 0.00027 cC
G0:0005575 cellular_component 63112 17 13.66 0.00735 cC
0G0000072 G0:0003676 nucleic acid binding 23945 71 32.8 <1e-30 MF
G0:0004803 transposase activity 766 28 1.05 <1e-30 MF
GO0:0003674 molecular_function 78123 104 107.01 0.0011 MF
0G0000073 G0:0046983 protein dimerization activity 6236 97 3.68 < 1e-30 MF
GO:0003674 molecular_function 84894 122 50.14 0.00052 MF
0G0000074 G0:0006355 regulation of DNA-templated transcriptio... 1915 42 1.27 < 1e-30 BP
G0:0044237 cellular metabolic process 8579 50 5.67 0.00012 BP
G0:0009059 macromolecule biosynthetic process 2695 44 1.78 0.00248 BP
OG0000075 GO0:0003674 molecular_function 72090 8 6.58 0.0038 MF
GO:0110165 cellular anatomical entity 50037 11 7.37 0.00051 cC
0G0000077 G0:0043170 macromolecule metabolic process 7535 8 2.28 0.00099 BP
G0:0044237 cellular metabolic process 8474 8 2.56 0.00163 BP
0G0000078 GO:0005886 plasma membrane 1859 113 3.84 <1e-30 CcC
0G0000079 G0:0003676 nucleic acid binding 23945 73 9.91 <1e-30 MF
0G0000080 G0:0003676 nucleic acid binding 23945 50 27.18 < 1e-30 MF
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Table S8 continuation. Enrichment analysis of expanded genes.

Group GO.ID Term Annotated Significant Expected elim ontology
0G0000082 G0:0046983 protein dimerization activity 6236 77 2.57 < 1e-30 MF
G0:0003674 molecular_function 84894 85 34.99 0.00011 MF
0G0000085 G0O:0005488 binding 51222 20 16.61 0.0061 MF
0G0000093 G0:0005488 binding 55053 7 3.05 0.0014 MF
0G0000094 G0:0003676 nucleic acid binding 22495 65 40.34 < 1e-30 MF
GO:0046872 metal ion binding 6505 9 11.67 0.0078 MF
GO:0110165 cellular anatomical entity 48111 6 7.87 0.00410 cC
0G0000097 G0:0003674 molecular_function 72090 53 30.94 0.00042 MF
G0O:0005634 nucleus 8629 5 2.15 0.0014 ccC
G0:0016021 integral component of membrane 23278 6 5.79 0.0022 cC
0G0000099 G0:0004623 phospholipase A2 activity 145 40 0.19 <1e-30 MF
G0:0003674 molecular_function 50861 47 65.02 0.0018 MF
0OG0000100 G0:0003674 molecular_function 78475 25 15 0.00993 MF
0G0000101 GO:0046983 protein dimerization activity 5843 50 2.79 < 1e-30 MF
0G0000103 G0:0031047 gene silencing by RNA 78 20 0.49 <1e-30 BP
G0:0000979 RNA polymerase Il core promoter sequence... 10 9 0.02 < 1e-30 MF
G0O:0000786 nucleosome 602 86 1.36 < 1e-30 cC
GO:0110165 cellular anatomical entity 61766 97 139.74 0.0061 cC
G0:0043229 intracellular organelle 20891 94 47.27 0.0090 cC
0G0000104 G0:0003676 nucleic acid binding 22495 65 29.38 < 1e-30 MF
G0:0004803 transposase activity 753 24 0.98 < 1e-30 MF
0G0000107 G0:0003674 molecular_function 71704 12 9.89 0.0077 MF
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525 Table S8 continuation. Enrichment analysis of expanded genes.

Group GO.ID Term Annotated Significant Expected elim ontology
0OG0000108 GO:0003676 nucleic acid binding 25443 13 124 0.00046 MF
GO:0003674 molecular_function 84894 46 4139 0.00052 MF
0OG0000110 G0O:0005488 binding 55053 9 349 0.00931 MF
GO:0110165 cellular anatomical entity 61766 6 3.53 0.0010 cC
0G0000113 G0:0003674 molecular_function 78123 22 11 0.0032 MF
0G0000118 0:0110165 cellular anatomical entity 54563 14 8.35 0.00178 cC
0G0000122 GO:0110165 cellular anatomical entity 61766 16 16.9 0.00076 cC
G0:0005622 intracellular anatomical structure 25380 12 6.94 0.00080 cC
0G0000123 G0:0046983 protein dimerization activity 5937 47 2.2 < 1e-30 MF
0G0000124 G0:0005488 binding 51412 13 6.99 0.0029 MF
G0:0016020 membrane 32671 5 6.12 0.0055 cC
0G0000126 G0:0046983 protein dimerization activity 6075 56 2.36 < 1e-30 MF
0G0000127 GO:0003674 molecular_function 78475 46 32.67 0.0032 MF
GO:0003676 nucleic acid binding 23993 11 9.99 0.0056 MF
0G0000130 G0:0003676 nucleic acid binding 18894 55 23.54 <1e-30 MF
G0:0004803 transposase activity 743 21 0.93 <1e-30 MF
0G0000132 G0:0003899 DNA-directed 5'-3' RNA polymerase activi... 339 19 0.31 < 1e-30 MF
GO:0003674 molecular_function 84894 26 78.06 0.00048 MF
G0:0000786 nucleosome 602 96 1.04 <1e-30 cC
0G0000137 G0:0005488 binding 46385 20 8.91 0.0026 MF
0OG0000138 G0:0005488 binding 51412 16 6.33 0.00061 MF
0G0000140 G0:0003676 nucleic acid binding 25443 81 17.14 < 1e-30 MF
0G0000141 G0:0046983 protein dimerization activity 6075 45 1.74 <1e-30 MF
G0:0005488 binding 51222 49 14.64 0.0015 MF
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526  Table S8 continuation. Enrichment analysis of expanded genes.

Group GO.ID Term Annotated Significant Expected elim ontology
0G0000142 G0:0046983 protein dimerization activity 6075 53 2.59 < 1e-30 MF
GO:0003674 molecular_function 78123 60 33.34 0.00099 MF
GO:0110165 cellular anatomical entity 54563 6 9.37 0.00026 cC
0G0000147 GO:0003676 nucleic acid binding 23595 75 27.38 < 1e-30 MF
0G0000150 G0:0003674 molecular_function 84894 14 11.78 0.0042 MF
G0:0003676 nucleic acid binding 25443 5 3.53 0.0096 MF
GO:0110165 cellular anatomical entity 61766 5 6.31 0.00404 cC
0G0000151 G0:0046982 protein heterodimerization activity 144 11 0.04 <1e-30 MF
G0O:0000786 nucleosome 602 112 1.26 <1e-30 cC
0G0000152 GO:0003677 DNA binding 4408 35 2.37 < 1e-30 MF
G0:0003676 nucleic acid binding 23945 44 12.87 0.0078 MF
G0O:0043229 intracellular organelle 18086 5 1.85 0.0097 cC
0G0000153 GO:0003676 nucleic acid binding 22686 6 3.58 0.0019 MF
0G0000155 G0:0016021 integral component of membrane 23278 7 5.08 0.00029 cC
0G0000159 G0:0003676 nucleic acid binding 25443 72 18.76 <1e-30 MF
0G0000161 G0:0004386 helicase activity 1163 25 1.06 <1e-30 MF
G0:0003674 molecular_function 84894 31 77.39 0.0014 MF
G0:0016021 integral component of membrane 28001 86 3499 <1e-30 cC
0OG0000167 G0:0005488 binding 46181 21 15.82 0.0015 MF
0G0000168 G0:0046983 protein dimerization activity 6236 65 2.3 < 1e-30 MF
GO:0003674 molecular_function 84894 72 31.29 0.00034 MF
GO:0110165 cellular anatomical entity 61766 13 11.6 0.0040 cC
0G0000169 G0:0046983 protein dimerization activity 6075 62 3.01 < 1e-30 MF
G0:0005488 binding 51222 71 25.36 0.0014 MF
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Table S8 continuation. Enrichment analysis of expanded genes.

Group GO.ID Term Annotated Significant Expected elim ontology
0OG0000171 GO:0003674 molecular_function 66918 10 13.36 0.00015 MF
0G0000178 G0:0016021 integral component of membrane 22491 5 3.22 0.00071 cC
0G0000185 GO0:0110165 cellular anatomical entity 41187 6 1.83 0.00032 cC
0OG0000186 G0:0008270 zinc ion binding 1874 71 1.02 <1e-30 MF

G0:0005488 binding 45991 78 25.12 0.0018 MF
G0:0046872 metal ion binding 5569 73 3.04 0.0088 MF
0G0000189 G0:0000943 retrotransposon nucleocapsid 13 9 0 <1e-30 cC
0G0000191 0:0046983 protein dimerization activity 6075 32 2.31 < 1e-30 MF
G0O:0005488 binding 51222 44 19.45 0.00017 MF
0G0000192 G0:0046983 protein dimerization activity 6075 42 2.28 < 1e-30 MF
GO0:0005515 protein binding 13118 45 4.93 0.004 MF
G0:0016021 integral component of membrane 24921 5 5.09 0.0031 cC
0G0000194 G0:0046983 protein dimerization activity 6079 42 2.22 < 1e-30 MF
0G0000196 GO:0046872 metal ion binding 5184 5 1.28 0.00023 MF
G0:0003676 nucleic acid binding 20152 7 497 0.00508 MF
G0:0016021 integral component of membrane 18242 5 3.91 0.0013 cC
0G0000197 G0:0003824 catalytic activity 22400 5 249 0.0036 MF
0G0000198 G0:0016021 integral component of membrane 18892 8 7.07 0.00013 cC
G0:0043229 intracellular organelle 16817 8 6.29 0.00136 cC
GO:0110165 cellular anatomical entity 45630 17 17.08 0.00476 cC
0G0000204 G0:0043231 intracellular membrane-bounded organelle 16414 8 3.69 0.00044 cC
G0:0016021 integral component of membrane 28001 7 6.29 0.00369 cC
G0:0005575 cellular_component 63112 19 14.18 0.00899 CC
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Table S8 continuation. Enrichment analysis of expanded genes.

Group GO.ID Term Annotated Significant Expected elim ontology
0G0000220 G0:0044238 primary metabolic process 7506 7 4.15 0.00011 BP
G0:0043170 macromolecule metabolic process 6162 6 341 0.00034 BP
G0:0004190 aspartic-type endopeptidase activity 396 30 0.57 < 1e-30 MF
G0:0003674 molecular_function 63067 62 91.07 0.0052 MF
0G0000222 G0:0003676 nucleic acid binding 22495 5 1.45 0.00104 MF
0G0000224 GO:0046983 protein dimerization activity 6236 42 1.68 <1e-30 MF
G0:0005488 binding 55053 52 14.84 0.0002 MF
G0:0003677 DNA binding 4665 5 1.26 0.0027 MF
0G0000230 G0:0005488 binding 55053 25 9.38 0.0002 MF
G0:0003676 nucleic acid binding 25443 20 434 0.0069 MF
0G0000231 G0:0006457 protein folding 319 18 1.39 < 1e-30 BP
G0:0005737 cytoplasm 9440 72 20.97 < 1e-30 cC
0G0000235 GO:0046872 metal ion binding 7322 22 447 <1e-30 MF
G0:0005488 binding 55053 25 336 0.0074 MF
G0:0000786 nucleosome 602 72 0.85 <1e-30 cC
0G0000237 G0:0042626 ATPase-coupled transmembrane transporter... 288 20 0.14 < 1e-30 MF
G0:0016021 integral component of membrane 28001 64 44.25 <1e-30 CcC
0G0000238 GO:0046983 protein dimerization activity 5995 62 2.89 < 1e-30 MF
0G0000240 G0:0008152 metabolic process 11177 7 5.61 0.00032 BP
G0:0003676 nucleic acid binding 25443 5 2.52 0.0029 MF
G0:0003674 molecular_function 84894 11 8.41 0.0047 MF
0G0000242 G0:0003674 molecular_function 72951 10 7.78 0.0044 MF
0G0000243 0:0046983 protein dimerization activity 6236 31 0.91 <1e-30 MF
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531 Table S8 continuation. Enrichment analysis of expanded genes.

Group GO.ID Term Annotated Significant Expected elim ontology
0G0000244 GO:0003674 molecular_function 71254 15 11.25 0.00030 MF
G0:0016021 integral component of membrane 21674 6 2.57 0.00063 cC
G0:0016020 membrane 29208 9 347 0.00116 cC
0G0000246 G0:0036374 glutathione hydrolase activity 9 9 0 <1e-30 MF
G0:0016021 integral component of membrane 25880 41 28.14 < 1e-30 cC
0G0000250 G0:0003676 nucleic acid binding 25443 45 12.61 < 1e-30 MF
GO:0003674 molecular_function 84894 58 42.06 0.00052 MF
0G0000256 GO:0003677 DNA binding 4158 52 1.63 < 1e-30 MF
G0:0043229 intracellular organelle 16275 14 5.62 0.0011 cC
0G0000259 G0:0005488 binding 39203 26 16.36 0.0091 MF
G0:0016020 membrane 21563 6 3.06 0.00042 cC
0G0000260 GO:0003677 DNA binding 4149 30 1.57 < 1e-30 MF
GO:0110165 cellular anatomical entity 52859 16 12.34 0.0022 cC
0G0000264 G0:1901363 heterocyclic compound binding 24847 7 35 0.00427 MF
G0:0097159 organic cyclic compound binding 24955 7 3.51 0.00435 MF
0G0000278 G0:0046983 protein dimerization activity 6236 47 1.75 <1e-30 MF
G0:0005488 binding 55053 53 15.49 0.0029 MF
GO:0003674 molecular_function 84894 56 23.89 0.0035 MF
G0:0016020 membrane 36345 5 4.45 0.0027 cC
0G0000285 G0:0003676 nucleic acid binding 25443 43 4.64 <1e-30 MF
0G0000287 G0:0004601 peroxidase activity 209 13 0.11 <1e-30 MF
GO0:0003674 molecular_function 84894 23 46.1 0.0031 MF
G0:0042600 egg chorion 122 40 0.16 <1e-30 CcC
0G0000292 G0:0016021 integral component of membrane 28001 55 14.07 < 1e-30 cC
0G0000297 G0:0046983 protein dimerization activity 6079 45 2.25 <1e-30 MF
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532 Table S8 continuation. Enrichment analysis of expanded genes.

Group GO.ID Term Annotated Significant Expected elim ontology

0G0000298 G0:0008270 zinc ion binding 2499 20 043 <1e-30 MF

G0:0005488 binding 55053 25 9.38 0.002 MF

G0:0016021 integral component of membrane 28001 5 2.74 0.00081 cC

GO:0110165 cellular anatomical entity 61766 8 6.05 0.00377 cC
0OG0000305 GO:0003676 nucleic acid binding 19458 5 2.16 0.00049 MF
0G0000307 GO:0003677 DNA binding 4486 28 0.67 <1e-30 MF
0OG0000308 G0:0016020 membrane 36345 6 2.23 0.0043 cC
0G0000310 G0:0003674 molecular_function 78475 21 10.67 0.0031 MF
0G0000311 G0:0003676 nucleic acid binding 17445 43 23.17 < 1e-30 MF
0G0000320 G0:0003950 NAD+ ADP-ribosyltransferase activity 84 32 0.03 <1e-30 MF
0G0000324 G0:0004697 protein kinase C activity 38 26 0.04 < 1e-30 MF

GO:0043167 ion binding 10596 7 12.47 0.0042 MF
0G0000325 G0:0015630 microtubule cytoskeleton 941 51 0.41 <1e-30 cC
0G0000326 G0:0003674 molecular_function 71704 9 6.59 0.00127 MF
0G0000333 GO:0003674 molecular_function 78475 5 333 0.0041 MF
0G0000334 GO:0003677 DNA binding 4408 5 2.8 0.0029 MF

GO:0110165 cellular anatomical entity 54563 6 5.57 0.008 cC
0G0000337 G0:0046983 protein dimerization activity 6236 42 143 < 1e-30 MF
0G0000338 GO0:0003674 molecular_function 58064 6 5.19 0.0017 MF
0G0000340 G0:0005488 binding 47581 31 26.91 0.0012 MF
0G0000342 GO0:0004683 calmodulin-dependent protein kinase acti... 86 56 0.13 < 1e-30 MF
0G0000347 G0:0046983 protein dimerization activity 6236 41 23 < 1e-30 MF
0OG0000351 GO0:0003674 molecular_function 76424 16 12.78 0.0014 MF
0G0000354 GO:0003676 nucleic acid binding 18894 10 5.29 0.00031 MF

G0:0110165 cellular anatomical entity 38427 6 6.94 0.0037 CcC
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Table S8 continuation. Enrichment analysis of expanded genes.

Group GO.ID Term Annotated Significant Expected elim ontology
0G0000356 G0:0005891 voltage-gated calcium channel complex 101 50 0.09 <1e-30 cC
0G0000361 G0:0003674 molecular_function 84894 16 8.41 0.00315 MF
0G0000371 G0:0005488 binding 55053 36 11.13 0.0022 MF
0G0000377 G0:0003674 molecular_function 58064 25 26.65 0.0013 MF
0G0000378 GO:0005634 nucleus 11058 33 9.44 <1e-30 cC
0G0000383 G0:0005488 binding 55053 24 30.33 0.0061 MF

G0:0070776 MOZ/MOREF histone acetyltransferase compl... 35 20 0.03 < 1e-30 cC
0G0000384 G0:0003674 molecular_function 84894 12 5.72 0.0076 MF

G0O:0042025 host cell nucleus 156 27 0.08 < 1e-30 cC
0G0000385 G0:0004672 protein kinase activity 2357 50 1.79 <1e-30 MF
0G0000386 G0:0046983 protein dimerization activity 6156 31 1.21 <1e-30 MF
0G0000401 G0:0005509 calcium ion binding 1112 35 0.61 <1e-30 MF
0G0000403 G0:0003676 nucleic acid binding 25443 41 12.91 <1e-30 MF

G0:0005488 binding 55053 46 27.93 0.0002 MF
0G0000408 G0:0042302 structural constituent of cuticle 808 43 1.01 < 1e-30 MF
0G0000409 G0:0005488 binding 44389 8 6.42 0.0047 MF
0G0000411 G0:0046983 protein dimerization activity 4462 5 1.08 0.00054 MF

GO:0110165 cellular anatomical entity 21659 7 6 0.00311 cC
0OG0000414 G0:0003674 molecular_function 58064 5 3.11 0.005 MF
0G0000415 GO:0016491 oxidoreductase activity 3049 34 1.33 < 1e-30 MF
0G0000417 G0:0003676 nucleic acid binding 23993 36 14.27 <1e-30 MF
0G0000422 G0:0090304 nucleic acid metabolic process 2611 13 1.61 0.00014 BP
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535 Table S8 continuation. Enrichment analysis of expanded genes.

Group GO.ID Term Annotated Significant Expected elim ontology

0G0000423 GO:0005515 protein binding 11387 7 1.55 0.0043 MF

G0:0003674 molecular_function 66532 16 9.03 0.0065 MF

GO:0110165 cellular anatomical entity 44293 7 7.29 0.00099 cC
0G0000425 GO:0003674 molecular_function 58064 6 4.85 0.0049 MF
0G0000426 G0:0046983 protein dimerization activity 6075 25 1.09 <1e-30 MF

G0O:0005488 binding 51222 28 9.18 0.0077 MF
0G0000430 GO:0003674 molecular_function 71704 39 18.8 0.0029 MF
0G0000433 G0:0046983 protein dimerization activity 6009 32 1.45 <1e-30 MF
0G0000444 G0:0046983 protein dimerization activity 6075 24 14 < 1e-30 MF
0G0000446 G0:0005488 binding 36717 7 479 0.0033 MF
0G0000447 G0:0003674 molecular_function 66532 13 8.7 0.0017 MF

GO0:0003676 nucleic acid binding 21236 5 2.78 0.0085 MF
0G0000449 G0:0016021 integral component of membrane 15812 6 2.14 0.0016 cC
0G0000452 G0:0005488 binding 55053 20 18.77 0.00049 MF

G0:0005515 protein binding 14711 5 5.01 0.00936 MF
0G0000471 G0:0008270 zinc ion binding 2499 21 0.31 <1e-30 MF
0G0000483 G0:0016021 integral component of membrane 28001 8 2.4 0.0015 cC
0G0000484 G0:0003824 catalytic activity 15658 5 173 0.00275 MF

GO:0110165 cellular anatomical entity 37157 7 9.65 0.00104 cC
0G0000493 GO:0005634 nucleus 8900 40 7.23 <1e-30 cC
0G0000494 G0:0003723 RNA binding 2622 33 0.74 <1e-30 MF
0G0000496 G0:0008270 zinc ion binding 2023 30 0.63 <1e-30 MF
0G0000499 G0:0020037 heme binding 442 19 0.23 <1e-30 MF

G0:0016020 membrane 36345 39 22.12 <1e-30 CcC
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Table S8 continuation. Enrichment analysis of expanded genes.

Group GO.ID Term Annotated Significant Expected elim ontology
0G0000512 G0:0008234 cysteine-type peptidase activity 824 30 0.35 <1e-30 MF
G0:0003676 nucleic acid binding 25443 10 10.89 0.0054 MF
0G0000523 GO0:0005515 protein binding 14711 30 1.92 <1e-30 MF
0G0000525 GO:0003674 molecular_function 64835 36 24.78 0.0036 MF
G0:0005488 binding 43034 33 16.45 0.0087 MF
0G0000528 G0:0097159 organic cyclic compound binding 30215 17 431 0.00013 MF
GO:1901363 heterocyclic compound binding 30095 16 4.29 0.00438 MF
G0:1990904 ribonucleoprotein complex 1381 31 0.35 <1e-30 cC
0G0000536 G0:0003676 nucleic acid binding 22734 9 4.09 0.0012 MF
G0:0005488 binding 48264 27 8.68 0.0018 MF
0OG0000541 GO:0003676 nucleic acid binding 22686 39 6.1 <1e-30 MF
0G0000546 G0:0005388 P-type calcium transporter activity 48 23 0.02 <1e-30 MF
0G0000548 G0:0016021 integral component of membrane 24921 6 1.39 0.00015 cC
0OG0000561 GO:0003677 DNA binding 4164 22 0.98 < 1e-30 MF
GO:0003674 molecular_function 72442 30 17.12 0.00032 MF
GO:0110165 cellular anatomical entity 50788 19 13.95 0.0023 cC
0G0000562 GO:0003674 molecular_function 78123 16 8.67 0.00033 MF
0G0000564 G0:0003723 RNA binding 2622 22 0.26 <1e-30 MF
0G0000575 G0:0046983 protein dimerization activity 6236 26 0.87 <1e-30 MF
0G0000577 G0:0016614 oxidoreductase activity, acting on CH-OH... 503 32 0.35 <1e-30 MF
G0:0050660 flavin adenine dinucleotide binding 472 19 0.33 <1e-30 MF
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Table S8 continuation. Enrichment analysis of expanded genes.

Group GO.ID Term Annotated Significant Expected elim ontology
0OG0000581 G0:0005488 binding 51222 31 12.24 0.00058 MF
G0:0097159 organic cyclic compound binding 28483 24 6.81 0.00529 MF
0G0000586 G0:0046983 protein dimerization activity 5852 32 1.04 <1e-30 MF
GO0:0003674 molecular_function 67631 36 11.99 0.0096 MF
0G0000590 G0:0110165 cellular anatomical entity 55314 6 5.06 0.00026 cC
0OG0000601 G0O:0005488 binding 21494 13 11.97 0.00025 MF
0G0000603 GO0:0006955 immune response 97 20 0.17 <1e-30 BP
0G0000624 G0:0016021 integral component of membrane 28001 40 14.41 <1e-30 CC
0G0000629 GO:0016765 transferase activity, transferring alkyl... 193 20 0.1 < 1e-30 MF
G0:0004310 farnesyl-diphosphate farnesyltransferase... 8 8 0 < 1e-30 MF
G0:0003824 catalytic activity 24890 29 12.73 0.0049 MF
G0:0016020 membrane 36345 20 19.15 0.0015 cC
0OG0000631 G0:0005488 binding 39203 17 5.61 0.00020 MF
G0:0097159 organic cyclic compound binding 21764 13 3.1 0.00025 MF
0G0000644 G0:0006629 lipid metabolic process 702 26 0.28 <1e-30 BP
0G0000645 G0:0030942 endoplasmic reticulum signal peptide bin... 23 11 0.01 < 1e-30 MF
0G0000653 GO0:0004714 transmembrane receptor protein tyrosine ... 15 9 0 <1e-30 MF
0G0000654 G0:0005488 binding 31317 16 10.96 0.00025 MF
G0:0016020 membrane 16119 6 5.53 0.00068 cC
GO:0110165 cellular anatomical entity 29181 10 10 0.00184 cC
0G0000661 G0:0004672 protein kinase activity 2357 24 1.21 < 1e-30 MF
0G0000663 G0:0003723 RNA binding 2622 21 03 <1e-30 MF
0G0000665 G0:0097159 organic cyclic compound binding 30215 27 5.15 0.00044 MF
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Table S8 continuation. Enrichment analysis of expanded genes.

Group GO.ID Term Annotated Significant Expected elim ontology
0G0000666 GO:0005856 cytoskeleton 1716 20 0.51 <1e-30 cC
0OG0000667 GO:0003677 DNA binding 4665 31 2.98 <1e-30 MF
0G0000668 G0:0006633 fatty acid biosynthetic process 226 15 0.13 < 1e-30 BP

G0:0006631 fatty acid metabolic process 244 16 0.14 0.00022 BP
G0:0016021 integral component of membrane 28001 34 27.22 <1e-30 CC
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Table S9. Enrichment analysis of contracted genes.

Group GO.ID Term Annotated Significant Expected elim ontology
0OG0000005 G0:0043170 macromolecule metabolic process 7729 13 24 0.0014 BP
G0:0044237 cellular metabolic process 8688 13 27 0.0025 BP
G0:0003676 nucleic acid binding 25443 10 9.18 0.00036 MF
G0:0016021 integral component of membrane 28001 7 1132 0.0026 cC
0G0000006 G0O:0006357 regulation of transcription by RNA polym... 459 39 044 <1e-30 BP
G0:0003690 double-stranded DNA binding 200 20 0.15 < 1e-30 MF
GO:0005634 nucleus 11058 274  53.15 <1e-30 CcC
0G0000007 GO:0005488 binding 42350 33 30 0.00018 MF
GO:0110165 cellular anatomical entity 42246 6 477 0.00392 CcC
0G0000014 GO:0005515 protein binding 13234 11 585 0.00049 MF
G0:0046983 protein dimerization activity 6079 5 269 0.00283 MF
GO0:0005575 cellular_component 56511 19 23.76 0.00632 CcC
G0:0005634 nucleus 9826 5 413 0.00741 cC
G0:0016020 membrane 32671 9 1374 0.00803 cC
0G0000017 G0:0003964 RNA-directed DNA polymerase activity 160 15 0.05 < 1e-30 MF
G0:0003674 molecular_function 78123 25 24 0.00015 MF
GO:0110165 cellular anatomical entity 54563 6 506 0.0010 CcC
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Table S9 continuation. Enrichment analysis of contracted genes.

Group GO.ID Term Annotated Significant Expected elim ontology
0G0000021 G0:0003676 nucleic acid binding 25443 54 14.82 < 1e-30 MF
GO:0110165 cellular anatomical entity 61766 20 227 0.00028 cc
G0:0016020 membrane 36345 10 1336 0.00251 cC
GO:0005634 nucleus 11058 5 4.06 0.00918 cC
0G0000024 G0:0003676 nucleic acid binding 25443 114 28.14 < 1e-30 MF
G0:0005488 binding 55053 122 60.88 0.00041 MF
0OG0000056 G0:0008234 cysteine-type peptidase activity 577 33 052 < 1e-30 MF
G0:0016021 integral component of membrane 15812 8 6.02 0.00160 cc
0G0000067 G0:0016020 membrane 33578 82 13.19 < 1e-30 CcC
0G0000083 GO:0110165 cellular anatomical entity 61766 20 27.24 0.0002 cC
G0:0043229 intracellular organelle 20891 15 9.21 0.0046 cc
0G0000084 G0:0003676 nucleic acid binding 25443 88 13.01 <1e-30 MF
G0:0005488 binding 55053 92 28.15 0.0013 MF
GO:0110165 cellular anatomical entity 61766 5 429 0.0040 cCc
0G0000086 G0:0003674 molecular_function 71704 56 54.74 0.00021 MF
0G0000088 G0:0003676 nucleic acid binding 22495 51 27 <1e-30 MF
G0:0003674 molecular_function 71704 56 86.06 0.0041 MF
G0:0016020 membrane 28700 6 621 0.0013 cC
0G0000089 G0:0046983 protein dimerization activity 6236 46 2.55 <1e-30 MF
GO:0110165 cellular anatomical entity 61766 9 9.08 0.00025 cCc
0G0000102 G0:0046983 protein dimerization activity 6075 48 257 < 1e-30 MF
GO:0110165 cellular anatomical entity 54563 6 6.84 0.0031 CC
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560 Table S9 continuation. Enrichment analysis of contracted genes.

561
562

Group GO.ID Term Annotated Significant Expected elim ontology

0G0000115 G0:0008152 metabolic process 9204 28 11.73 0.0005 BP
G0:0044238 primary metabolic process 7794 9 993 0.0033 BP
G0:0003676 nucleic acid binding 20350 64 26.52 < 1e-30 MF
G0:0003674 molecular_function 63780 72 83.11 0.00132 MF

0OG0000119 G0:0003676 nucleic acid binding 23993 50 18.86 < 1e-30 MF
GO:0110165 cellular anatomical entity 55314 9 986 0.0011 CcC

0G0000121 G0:0005488 binding 46655 10 674 0.00051 MF
GO:0110165 cellular anatomical entity 51078 10 9.51 0.0022 cC
G0:0016021 integral component of membrane 24237 5 451 0.0059 cC

0G0000144 G0:0003676 nucleic acid binding 21236 63 2082 <1e-30 MF
G0:0003674 molecular_function 66532 68 65.24 0.0042 MF
G0:0016021 integral component of membrane 19709 6 4.58 0.00027 cc

0G0000165 G0:0004197 cysteine-type endopeptidase activity 241 63 038 < 1e-30 MF
G0:0003674 molecular_function 84894 84 135.27 0.00096 MF
G0:0008234 cysteine-type peptidase activity 824 65 1.31 0.00109 MF

0G0000166 GO:0046872 metal ion binding 6890 5 141 0.0023 MF

0G0000174 G0:0003676 nucleic acid binding 21042 46 1577 <1e-30 MF
G0:0003674 molecular_function 65748 52 49.27 0.0003 MF
GO:0110165 cellular anatomical entity 44583 8 891 0.0017 cCc
G0:0016020 membrane 26404 5 528 0.0026 CcC
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Table S9 continuation. Enrichment analysis of contracted genes.

Group GO.ID Term Annotated Significant Expected elim ontology
0G0000177 G0:0003674 molecular_function 70920 74 4715 0.00047 MF
G0:0003676 nucleic acid binding 22301 33 1483 0.00505 MF
G0:0016020 membrane 29171 5 71 0.0058 cC
0G0000182 G0:0004252 serine-type endopeptidase activity 982 76 1.05 < 1e-30 MF
0G0000187 G0:0046983 protein dimerization activity 6236 63 3.06 < 1e-30 MF
G0:0005488 binding 55053 73 27.06 0.0058 MF
0G0000200 G0:0005488 binding 44433 17 1855 0.0015 MF
G0:0097159 organic cyclic compound binding 24955 11 1042 0.0060 MF
GO:0110165 cellular anatomical entity 44293 7 603 0.00098 CcC
0G0000209 GO:0110165 cellular anatomical entity 54563 5 6.58 0.0040 cc
0G0000214 G0:0016021 integral component of membrane 28001 72 73.19 < 1e-30 CC
G0:0016020 membrane 36345 75 95 0.00054 CcC
0G0000217 G0:0005488 binding 39203 14 1262 0.0036 MF
0G0000225 G0:0005488 binding 55053 32 21.82 0.0054 MF
0G0000236 GO:0110165 cellular anatomical entity 54563 6 1139 0.00026 cC
0G0000258 GO:0110165 cellular anatomical entity 44293 6 678 0.0047 cCc
0G0000268 G0:0004497 monooxygenase activity 290 46 0.32 < 1e-30 MF
0G0000269 GO0:0004190 aspartic-type endopeptidase activity 447 33 054 < 1e-30 MF
G0:0003676 nucleic acid binding 22686 14 2765 0.00074 MF
G0:0003674 molecular_function 72951 52 88.93 0.00116 MF
GO:0110165 cellular anatomical entity 50745 7 878 0.00025 cc
0G0000271 G0:0003676 nucleic acid binding 20350 45 10.94 < 1e-30 MF
G0:0003674 molecular_function 66345 50 35.68 0.00097 MF
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Table S9 continuation. Enrichment analysis of contracted genes.

Group GO.ID Term Annotated Significant Expected elim ontology
0G0000273 G0:0003824 catalytic activity 18054 7 228 0.00084 MF
0G0000274 G0:0003676 nucleic acid binding 18894 6 27 0.0017 MF
0G0000289 G0:0005615 extracellular space 465 69 0.53 <1e-30 cC
0OG0000300 GO:0046983 protein dimerization activity 6079 36 1.29 <1e-30 MF
0G0000302 G0:0046983 protein dimerization activity 6009 29 1.23 <1e-30 MF
0G0000346 G0:0003674 molecular_function 70005 7 959 0.0047 MF
0G0000376 G0:0003676 nucleic acid binding 22495 6 29 0.00018 MF
G0:0003674 molecular_function 71704 10 9.23 0.00406 MF
GO:0110165 cellular anatomical entity 48111 5 305 0.0042 CcC
0G0000388 G0:0003677 DNA binding 4665 26 1.1 < 1e-30 MF
0G0000389 G0:0003674 molecular_function 84894 6 37 0.00431 MF
0G0000410 G0:0003824 catalytic activity 14714 41 835 < 1e-30 MF
GO:0016740 transferase activity 4355 7 247 0.00057 MF
0G0000413 G0:0046983 protein dimerization activity 5686 22 08 <1e-30 MF
0G0000463 G0:0005488 binding 34490 19 924 0.0024 MF
0G0000491 G0:0005488 binding 39203 7 584 0.00087 MF
GO:0110165 cellular anatomical entity 38427 26 26.77 0.0019 cC
0G0000503 G0:0003674 molecular_function 66918 18 11.02 0.0098 MF
0OG0000509 G0:0005488 binding 39177 25 104 0.0039 MF
G0:0016020 membrane 22090 5 825 0.00729 cC
0G0000517 G0:0008234 cysteine-type peptidase activity 576 14 0.1 <1e-30 MF
0G0000524 G0:0005488 binding 44433 8 268 0.0067 MF
0G0000538 G0:0140096 catalytic activity, acting on a protein 4710 11 093 0.0058 MF
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Table S9 continuation. Enrichment analysis of contracted genes.

Group GO.ID Term Annotated Significant Expected elim ontology
0G0000544 G0:0003674 molecular_function 50861 14 979 0.00014 MF
G0:0003824 catalytic activity 13849 7 267 0.00070 MF
0G0000547 G0:0016021 integral component of membrane 28001 52 24.01 <1e-30 CcC
0G0000566 GO:0005488 binding 47727 16 52 0.0062 MF
0G0000589 GO:0110165 cellular anatomical entity 49474 10 11.75 0.00240 cc
0G0000591 G0:0003674 molecular_function 51167 5 22 0.0066 MF
G0:0005634 nucleus 6913 32 714 <1e-30 CcC
0G0000602 GO:0005575 cellular_component 34591 5 507 0.0041 cc
0G0000618 GO:0110165 cellular anatomical entity 46343 11 1244 0.00053 CcC
0G0000657 G0:0003674 molecular_function 53991 24 40.14 0.005 MF
0G0000670 G0:0005488 binding 44433 13 38 0.0022 MF
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Table S10. Gene detected by Syntenet (Almeida et al, 2023) clustering with
orthogroup (OrthoFinder, Emms and Kelly, 2019) and chemosensory gene. ND = No

defined.

OR clusters
Gene Cluster Orthogroups  Chemosensory gene group
DPL_DP3025912 389  0OG0000359 OR06/OR15/0OR16
AGL_AG6002812 4335 ND ND
AGL_AG6001477 4605 0G0002831 ND
AGL_AG6007490 6067 0G0005707 ND
AGL_AG6027301 9884  0G0000154 OR24
AGL_AG6002816 4336  ND ND
AGL_AG6007492 6067 0G0005707 ND
AGO_gene-LOC114125477 5228 0G0003362 ORO1
AGO_gene-LOC114121820 6067 ND ND
AGO_Agos_GR1 16430 0G0023414 ND
API_gene-LOC107882832 15982  OG0004751 OR19
API_gene-LOC103311408 15975  0OGO0011154 OR04
API_gene-LOC100569191 4377  0G0007294 OR02
API_gene-LOC107882864 8139  0G0008724 OR22
API_gene-LOC103309685 12259 ND ND
API_gene-LOC103308670 12269  OG0000767 OR08b
API_gene-LOC100573389 10730  OG0000183 OR11/OR13/OR14/OR15/0OR16
API_gene-LOC103310274 4336  OG0001690 ORO08a
API_gene-LOC107883681 8061 0OG0000858 OR12
API_gene-LOC115034222 11537  OG0001075 OR08a/OR20/0R21/0R21
API_gene-LOC115034182 6067 0G0004372 ND
API_gene-LOC115034156 6545 0G0010280 OR09
API_gene-LOC107884465 8818  0G0000183 OR11/OR13/OR14/0OR15/0OR16
API_gene-LOC107883935 6685  0G0000359 OR06/OR15/0R16
API_gene-LOC107884389 4605 0OG0002831 ND
API_gene-LOC100165095 5228 0G0003362 ORO1
API_gene-LOC107884062 7616  0G0008722 ORO05
API_gene-LOC115033244 16719  OG0000154 OR24
API_gene-LOC107882321 9498  0G0001689 ORO01/0OR03
API_gene-LOC100569439 16751  OG0019062 OR21
API_gene-LOC115033683 15982  0OG0008723 OR19
API_gene-LOC107882767 389  0G0000359 OR06/0OR15/0OR16
API_gene-LOC103309944 6091  0G0001257 OR23
API_gene-LOC107882641 11957  0OG0000183 OR11/OR13/OR14/0OR15/0OR16
API_gene-LOC115034045 7591  0G0006276 OR10
API_gene-LOC100572802 16890  OG0000767 OR08b
API_gene-LOC107883740 17023  OG0000154 OR24
API_gene-LOC107884467 17090  OG0001075 OR08a/OR20/0R21/0R21
API_gene-LOC107884145 17375  0G0001075 OR08a/OR20/0OR21/0OR21
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Table S10 continuation. Gene detected by Syntenet (Almeida et al., 2023) clustering

with orthogroup (OrthoFinder, Emms and Kelly, 2019) and chemosensory gene.

OR Clusters

Gene Cluster Orthogroups Chemosensory gene group
API_gene-LOC100569602 17423  0G0001690 ORO08a
API_gene-LOC107885062 16430  OG0000183 OR11/OR13/OR14/OR15/OR16
API_gene-LOC115034265 17507  OG0000359 OR06/0OR15/0OR16
DNO_gene-LOC107167125 5228 0G0003362 ORO1
DNO_gene-LOC107164648 11537  0G0001075 OR08a/OR20/0R21/0OR21
DPL_DP3016678 5228 0G0003362 ORO1
DPL_DP3027194 11957  OG0000183 OR11/OR13/OR14/OR15/OR16
DPL_DP3005108 10730  OG0000183 OR11/OR13/OR14/OR15/OR16
DPL_DP3003095 12269  OG0000767 OR08b
DPL_DP3003112 12259  0G0008721 OR04
DPL_DP3001802 4377  OG0007294 OR02
DPL_DP3024204 15982  OG0001691 OR18
DPL_DP3024229 15975  OGO0011154 OR04
DPL_DP3004842 9498 ND ND
DPL_DP3025151 7616  0G0008722 ORO05
DPL_DP3017402 4605 0G0002831 ND
DPL_DP3025439 17829  0G0000183 OR11/OR13/0OR14/OR15/OR16
DPL_DP3026137 6545  0G0013185 OR09
DPL_DP3019081 6091  0G0001257 OR23
DPL_DP3018440 6067 0G0004372 ND
DPL_DP3019609 17860 OG0001578 OR18
DPL_DP3024494 8139  0G0008724 OR22
DPL_DP3024775 8061  0OG0000858 OR12
DPL_DP3024194 15982  0OG0004751 OR19
DPL_DP3024228 15975 ND ND
DPL_DP3023139 7591  0G0006276 OR10
DPL_DP3019573 18868 0OG0001578 OR18
DPL_DP3007492 16751  OG0001075 OR08a/OR20/0R21/0OR21
DPL_DP3024205 19181  0OG0001691 OR18
DPL_DP3039696 16719  OG0000154 OR24
ELA jg6844 11537 ND ND
ELA jg11877 15975  0OG0011154 OR04
ELA_jg19105 19552 0G0011826 ORO7
MPE_g16576 15975  OGO0011154 OR04
MPE_g26049 4336  OG0001690 ORO08a
MPE_g16623 14204  OG0000154 OR24
PNI_g23800 6067 0G0004372 ND
PNI_g19423 17059 ND ND
RMA_gene-LOC113561217 6067 ND ND
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Table S10 continuation. Gene detected by Syntenet (Almeida et al., 2023) clustering
with orthogroup (OrthoFinder, Emms and Kelly, 2019) and chemosensory gene.

OR Clusters

Gene Cluster Orthogroups Chemosensory gene group
DPL_DP3052799 389  0OG0000359 OR06/OR15/0OR16
DPL_DP3052805 389  0G0000359 OR06/OR15/0R16
DPL_DP3024766 8061 OG0000858 OR12
DPL_DP3024288 14205 ND ND
ELA_jg6846 14606  ND ND
RPA_g1216 6067 0OG0004372 ND
SMI_SMIS_genome.masked024709 4336  ND ND
SMI_SMIS_genome.masked013819 6067 0G0004372 ND
SMI_SMIS_genome.masked014025 6067  0OG0005707 ND
DPL_DP3024312 16715  OG0000154 OR24
DPL_DP3024324 16717  OG0000154 OR24
DPL_DP3024298 16718  OG0000154 OR24
DPL_DP3025904 389  0OG0000359 OR06/OR15/0OR16
DPL_DP3019084 16804 OG0001257 OR23
DPL_DP3006992 17538  0G0000183 OR11/OR13/OR14/OR15/OR16
MPE_g8463 18318  OG0000154 OR24
SMI_SMIS_genome.masked020211 14204  OG0016760 ND
RPA_g1213 6067  0G0004372 ND
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Table S10 continuation. Gene detected by Syntenet (Almeida et al,, 2023) clustering
with orthogroup (OrthoFinder, Emms and Kelly, 2019) and chemosensory gene.

GR Clusters

Gene Cluster  Orthogroup Chemosensory gene group
AGL_AG6001192 4860 0G0021379 ND
AGL_AG6004420 13256  ND ND
AGL_AG6011285 14067 OG0010875 ND
AGO_gene-LOC114122052 11241 ND ND
AGO_gene-LOC114122707 9723 ND ND
AGO_gene-LOC114126236 9172 ND ND
API_gene-LOC100162516 7856 0G0000952  GRO1/GR0O7
API_gene-LOC100166624 7856  0G0000952  GRO1/GR0O7
API_gene-LOC100570455 16180 0OG0008718  GRO2
API_gene-LOC100570505 7856 0G0000952  GRO1/GR0O7
API_gene-LOC100571929 9723  0G0004749 ND
API_gene-LOC100573741 11241 0OG0001969  GRO8/GR10
API_gene-LOC100574450 14721  0G0010277  GR11
API_gene-LOC100574455 5471  OG0005411 GRO1
API_gene-LOC100575410 9509 0G0001418  GRO7
API_gene-LOC100575495 14067 OG0010875 ND
API_gene-LOC103307698 5348 0G0003048  GR09
API_gene-LOC103309266 11241 0G0015402 ND
API_gene-LOC107882751 9172  0G0005412  GRO1
API_gene-LOC107882782 7894  0G0000694  GRO5
API_gene-LOC107883586 11981 0OG0000282  GRO4
API_gene-LOC107883663 16179  0OG0005442 ND
API_gene-LOC107884112 17135  OG0010361 GR06
API_gene-LOC107884336 6040 0G0002789  GRO7
API_gene-LOC107884492 9509 0G0006275  GRO7
API_gene-LOC107884679 10569 0OG0000282  GRO4
API_gene-LOC107885062 16430  OG0000183 OR11/OR13/OR14/0OR15/OR16
API_gene-LOC115033181 10569 0OG0000282  GRO4
API_gene-LOC115033906 7856  0G0015319 ND
API_gene-LOC115034294 13822  0G0010277  GR1M1
DPL_DP3003222 8608 0G0010276 ND
DPL_DP3006121 13256  OG0011058 ND
DPL_DP3013752 18165 ND ND
DPL_DP3020709 7247  OG0000745 ND
DPL_DP3020716 7247  OG0000745 ND
DPL_DP3024538 16179  0G0005442 ND
DPL_DP3026652 17838 OG0000282  GR04
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Table S10 continuation. Gene detected by Syntenet (Almeida et al., 2023) clustering
with orthogroup (OrthoFinder, Emms and Kelly, 2019) and chemosensory gene.

GR Clusters
Gene Cluster Orthogroup Chemosensory gene group

ELA_jg16045 13256  OG0011058 ND
ELA_jg17687 8608 0G0010276 ND
ELA_jg20410 14067 OG0010875 ND
ELA_jg20749 13822  0G0003048 GR09
ELA_jg20906 16180 OG0008718 GRO2
MCE_Mca06485 11241 0OG0003048 GR09
MCE_Mca07992 14067 0OG0010875 ND
MCE_Mca09929 16179  0OG0005442 ND
MCE_Mca09930 16180 OG0008718 GRO2
MPE_g12505 17838  0OG0000282 GR04
MPE_g14270 9509  0G0006275 GRO7
MPE_g19340 16179  0OG0005442 ND
PNI_g21031 14129  0G0010279 GRO6
PNI_g23951 9723  0G0004749 ND
RMA_gene-LOC113550714 7247  0G0000745 ND
RMA_gene-LOC113554567 14067 0OG0010875 ND
RMA_gene-LOC113555031 15022  OG0000282 GR04
RMA_gene-LOC113558094 9723 ND ND
RMA_gene-LOC113558297 7218  0G0001074 GRO3
RPA_g18293 4860 ND ND
RPA_g25374 9723  0G0004749 ND
RPA_g25376 9723  0G0004749 ND
SMI_SMIS_genome.masked001507 13256  OG0011058 ND
SMI_SMIS_genome.masked001508 13256 ND ND
SMI_SMIS_genome.masked012442 7218 ND ND
SMI_SMIS_genome.masked019221 7856 ND ND
SMI_SMIS_genome.masked019222 15566  OG0015319 ND
SMI_SMIS_genome.masked019804 6040 0G0002789 GRO7
SMI_SMIS_genome.masked023058 3907 ND ND
SMI_Smis_OR33 16430 OG0000183 OR11/OR13/OR14/OR15/OR16
DPL_DP3037636 7856 ND ND
DPL_DP3040769 14067  0OG0010875 ND
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Figure S7. Twelve groups of the candidate gustatory receptors (GR) genes were detected using a phylogenetic tree. Sequences were
aligned using MAFFT, and the phylogenetic tree was reconstructed using IQTree software. The sugar and fructose gustatory receptors
genes were represented in red and green circles, respectively. Bootstrap values were represented in the branches from the lowest
80% in red to the highest 100% in blue.
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Figure S8. Twenty-four groups of the candidate olfactory receptors (OR) genes were detected using a phylogenetic tree. Sequences

were aligned using MAFFT, and the phylogenetic tree was reconstructed using IQTree. The Orco olfactory receptors are represented
in red color. Bootstrap values were represented in the branches from the lowest 80% in red to the highest 100% in blue.
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669 Table S11. Chemosensory genes (Gustatory receptors - GR and Olfatory receptors - OR) branch model summary statistics inferred

670 from PAML v4 (Yang, 2007).

671
GR1 GR2 GR9 GR10 GR11 GR12
Sugar Fructose
N 44 5 22 32 19 10
S 354 285 441 639 858 789
w 0.56463 0.88726 1.28869 0.93441 0.48488 0.56346
HoInL -5231.688326 -1216.789547 -12088.855011 -4445296008 -9732.432759 -8102.421100 -4029.935943
HgInL -5185.375442 -1213.859064 -12017.378990 -4418.048900 -9701.739763 -8074.971065 -4023.319379
24L  92.62577 5.860966 54.49 61.386 54.9 13.233
K 43 4 21 31 18 9
alpha 0.050 0.050 0.050 0.050 0.050 0.050
P 1.702e-05 0.2098 8.374e-05 0.0009238 1.327e-05 0.1523
ye 59.304 9.4877 32.671 44.985 28.869 16.919
871 N= number of genes; S = number of sites; w= dN/dS value; Ho (InL) : One ratio hypothesis likelihood score; Ha (InL) : Free ratio hypothesis likelihood score; K :Degrees of freedom; alpha : 0.05 ; p-value : <0.05; x2 : chi-square
73 distribution; GR = Gustatory receptor group
674
675
676
677
678
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Table S11 continuation. Chemosensory genes (Gustatory receptors - GR and Olfatory receptors - OR) branch model summary
statistics inferred from PAML v4 (Yang, 2007).
OR1
orco OR2 OR3 OR4 OR5 OR6 OR7 OR8a OR8b OR9 OR10 OR11 OR12
N 10 11 5 9 9 37 8 15 31 12 10 8 25
s 270 1128 1104 795 795 312 1002 444 60 939 1011 579 468
w 094407 067866 043454 124689 150124  0.84971 0.68829 147700 187058  1.73311 1.03558  0.99001 1.20879
HelnL 1268.682720 4855.073809 3317.411588 3848.094699 3564.354753 3407.882779 ~4468.344612 -3627.976230 -856.474042 5318.031193 ~3850311741 2047.397742 ~3586.931783
HalnL 1259.470606 4839.687812 3312.508079 3842.027866 3557.624712 3362.358362 ~4459.555754  -3616.782859 -834.696518 5313.399292 ~3844.135355 2043.921807 ~3569.650301
2AL 18424 30.772 9.807 12.134 13.46 91.049 17.578 22387 43.555 9.2638 12.353 6.9519 34.563
K 9 10 4 8 8 36 7 14 30 11 9 7 24
alpha  0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050
p 003056 0.0006398 0.04381  0.1453 009697 1.156e-06  0.01403 007101 005231 05976 0.1941 04339 0.07515
¥ 16.919 18.307 9.4877 15.507 15.507 50.998 14.067 23.685 43.773 19.675 16.919 14.067 36.415

N= number of genes; S = number of sites; w= dN/dS value; Ho (InL) : One ratio hypothesis likelihood score; Ha (InL) : Free ratio hypothesis likelihood score; K :Degrees of freedom; alpha : 0.05 ; p-value : <0.05 ; 2 : chi-square

distribution; OR = Olfactory receptor group
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689 Table S11 continuation. Chemosensory genes (Gustatory receptors - GR and Olfatory receptors - OR) branch model summary
690 statistics inferred from PAML v4 (Yang, 2007).

691
OR13 OR14 OR15 OR16 OR17 OR18 OR19 OR20 OR21 OR22 OR23
N 11 17 14 15 25 21 21 14 15 8 22
S 885 306 678 378 387 702 1062 1086 195 618 300
w 044286 1.29363 0.84264 0.77929 0.50600 0.92750 0.45569 0.76303 0.87819 1.11350 1.35136
HoinL 5745 413397 -2194.749421 -5204.634667 -2238.207750 -4932.915224 -8533.306542 -8986.854202 -6162.496007 -2123.429093 -3328.270610 -2677.570631
HginL é704 800841 -2179.939307 -5187.516447 -2227.199444 -4898.485935 -8510.967430 -8939.307333 -6147.827618 -2109.404275 -3320.568051 -2656.982334
2AL  81.225 29.62 34.236 22.017 68.859 44.678 95.094 29.337 28.05 15.405 41177
K 10 16 13 14 24 20 20 13 14 7 21
alpha 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050
p ?'5876_ 0.02007 0.001108 0.07827 3.251e-06 0.00122 9.411e-12 0.005862 0.01401 0.03114 0.005332
ye 18.307 26.296 22.362 23.685 36.415 31.41 31.41 22.362 23.685 14.067 32.671
692
883 N= number of genes; S = number of sites; w= dN/dS value; Ho (InL) : One ratio hypothesis likelihood score; Ha (InL) : Free ratio hypothesis likelihood score; K :Degrees of freedom; alpha : 0.05 ; p-value : <0.05 ; 2 : chi-square
4 distribution; OR = Olfactory receptor group
695
696
697
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698 Table S12. Chemosensory genes (gustatory receptors GR and olfactory receptors OR) were
699  suggested under positive (w>0), purifying (w<0), and neutral (w=0) selection based on the
700  branch model analysis PAML v4 (Yang, 2007).

701
Number of Number of Number of
Numer of . Free . . .
Genes Sites sequences with sequences with sequences with Saturated
genes Omega
w>0 w<0 w=0

GRO1 44 354 Yes 1 29 14 0
GR0O2 5 285 No 0 4 1 0
GRO3 56 234 Yes 15 22 19 0
GRO4 57 408 Yes 12 34 11 0
GRO5 25 519 Yes 5 14 6 0
GRO6 32 456 Yes 10 16 6 0
GRO7 67 441 Yes 14 40 13 0
GRO8 24 822 Yes 5 17 2 0
GRO9 22 441 Yes 10 6 6 0
GR10 32 639 Yes 12 17 3 0
GR11 19 858 Yes 0 19 0 0
GR12 10 789 No 1 9 0 0
Total 393 6246 85 227 81 0

702

703

704

705

706

707

708

709

710

711

712

713

714
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715 Table S12 continuation. Chemosensory genes (gustatory receptors GR and olfactory
716  receptors OR) were suggested under positive (w>0), purifying (w<0), and neutral (w=0)
717  selection based on the branch model analysis PAML v4 (Yang, 2007).

718
719
Numer Free Number of Number of Number of Saturated
Genes of Sites omega sefluences sefquences sef:|uences
genes with w>0 with w<0 with w=0
ORO1
(Orco) 10 270 Yes 1 4 3
OR02 11 1128 Yes 2 8 1 0
ORO3 5 1104  Yes 1 4 0 0
OR04 9 795 No 7 0 2 0
OR05 9 795  Yes 2 3 4 0
ORO06 37 312 Yes 7 19 11 0
ORO07 8 1002 Yes 1 4 3 0
OR08a 15 444 No 6 3 5 1
OROBb 31 60 No 1 3 27 0
OR09 22 939 No 7 1 4 0
OR10 10 1011 No 2 5 3 0
OR11 8 579 No 2 4 2 0
OR12 25 468  No 8 11 6 0
OR13 11 885  Yes 1 9 1 0
OR14 17 306  Yes 4 10 3 0
OR15 14 678  Yes 4 10 0 0
OR16 15 378 No 6 6 2 1
OR17 25 387  Yes 3 15 7 0
OR18 21 702 Yes 10 10 1 0
OR19 21 1062 Yes 2 18 1 0
OR20 14 1086  Yes 2 12 0 0
OR21 15 195  Yes 4 8 3 0
OR22 8 618 Yes 3 3 2 0
OR23 22 300 Yes 9 2 11 0
Total 373 15504 95 172 102 2
720
721
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729

730

731

Table $S13. Chemosensory genes (Gustatory receptors - GR and Olfactory receptors - OR) site model summary statistics inferred from

PAML v4 (Yang, 2007).

Model GR1 GR2 GR3 GR4 GR5 GR6 GR7 GR8 GR9 GR10 GR11 GR12
Sugar Fructose
N 44 5 56 57 25 32 67 24 2 32 19 10
MO s 354 285 234 408 519 456 441 822 441 639 858 789
w 056979 088676 103516 076955 094636  0.89746 0.77104 0.80583 129361 093989 048382 0.57127
InL -5231.825340 -1216.789767 -5789.152113 -9998.205966 -5479.083036 -6049.200897 -12089.821784 -9356.298793 -4445.435595 -9732.621983 -8102.433935 -4030.348531
p0 083458 030857 083073 086967 076096  0.80609 0.86730 0.69101 061788 075584  0.82457 0.69644
Mla  p7 016542 069143 016927 013033  0.23904 019391  0.13270 0.30899 038212 024416  0.17543 030356
InL 5077671870 1212.480402 -5490.213977 -9402.039709 -5353.305732 -5767.175345 -11420.967944 -9101.153882 -4366.772067 -9296.978281 -7794.902158 -3961.899495
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Table S13 continuation. Chemosensory genes (Gustatory receptors - GR and Olfactory receptors - OR) site model summary statistics
inferred from PAML v4 (Yang, 2007).

Model S:;ar g:zctose GR3  GR4 GR5 GR6 GR7 GRS GR9 GR10 GR11  GRI12
po 081467 058851 076326 082639 065602 075180 0.82921 062212 058002 069137 081508 0.76591
p: 018122 000000 021946 0.15170 030452 020453 0.14031 033966 027455 025551 0.16766 0.15610
p2 000410 041149 001729 002191 003946 004366 003048 003822 0.14543 005312 001726  0.07799

M2a ;397984 151071 376954 285535 396042 287054 234407 304424 282700 267130 265679  2.12447
InL 5»5059‘921483 ;211.381107 5-5397.045087 5304.423044 5»5289‘395383 ;713.611109 :11342.326713 5053‘610777 ;1315.948000 5222.323267 _7772.779594 ;953.982877
po 058332 058851 076552 080958 073032 078935 076004 053892 0.62849 068595 076264 0.80718
pr 035161 013611 021827 016392 023582 019702 0.17272 036640 026443 025517 0.19963  0.18940
p2 006507 027538 001622 002650 003386 001363 006724 009467 0.10708 0.05887 0.03773  0.00341

M3  wo 004657 029695 008337 006080 026344 009879 004973 002481 008967 003038 004025  0.15817
w; 045267 151071 1.13408 079733 121337 138720 058398  0.64228 130665 094832 070367 152521
w> 172582 151072 416281 250663 427373 426718 178145 216544 3.07725 2.56541 2.13370 4.41213
InL

5052.892647 1211.381107 5396.002334 9300.606905 5289.011093 5710.513088 11335.539722 9049.122334 4315.713162 9222.209445 7770.677152 3953.943748
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Table S13 continuation. Chemosensory genes (Gustatory receptors - GR and Olfactory receptors - OR) site model summary statistics

inferred from PAML v4 (Yang, 2007).

Model GR1 GR2 GR 3 GR4 GR5 GR6 GR7 GR8 GR9 GR10 GR11 GR12
Sugar Fructose
p 017455 0.03469 0.05396 0.04292 0.14846 0.01359 0.04789 0.09230 0.01421 0.01600 0.07647  0.11235
q 0.56922 0.01280 0.27935 0.26699 0.28807 0.04376 0.29159 0.19519 0.01886  0.05103 0.29329 0.18386
M7 . B B N B} . B B B . B
InL 5577945793 1212499290 5480009432 9379.699699 5365.565151 5773318298 20178429 9100108002 4367.195585 9293315424 7804778381 3966461479
po 095375 0.59059 0.98039 0.97635 0.95253 0.92994 0.95670 0.94099 0.84540 0.93706 096119  0.86209
pr 004625 040941 0.01961 0.02365 0.04747 0.07006 0.04330 0.05901 0.15460 0.06294  0.03881  0.13791
p 043013 4238437 0.01815 0.10074 0.46429 0.15777 0.12647 0.18259 0.12182 0.07722 0.17162  1.22942
M3
q 149525 99.00000 0.05848 0.50118 0.60192 0.53504  0.63448 0.38289 0.22543 0.22473  0.79586  4.67910
1.89569  1.51316  3.58829 2.50414 3.69320 2.51872 1.97278 247927 278821 242426  2.09829  1.83933
InL 553904057 1211382858 5304753409 9290460615 5290.583339 5716276926 11327.505439  9048.607034 4316436398 9221616983 7771.030353 3954014079
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757  Table S13 continuation. Chemosensory genes (Gustatory receptors - GR and Olfactory receptors - OR) site model summary statistics
758 inferred from PAML v4 (Yang, 2007).

759
OR1
Orco OR2 OR3 OR4 OR5 OR6 OR7 OR8a OR8b OR9 OR10 ORM1
N 10 11 5 9 9 37 8 15 31 12 10 8
S 270 1128 1104 795 795 312 1002 444 60 939 1011 579
Mo
w 071014 067310 047414 1.24881 139432 0.85984 0.75226 1.50944 1.87082 1.81900 0.94383 0.98620
InL 1277419980 4855183000 3324042385 3848105608 3568.098925 3408200158 4479.693944 3631526679 856.474056 5319.972747 3857677939 2047.402217
Mla po 036814 055993 0.71671 034264 047116 0.76251 0.60290 0.57692 0.72571 0.52422 044514 0.39714
pr 063186 044007 0.28329 0.65736 0.52884 0.23749 039710 0.42308 0.27429 047578 0.55486 0.60286
InL 1550699478 4797.820008 3308.891909 3832394693 3543.684662 2203482 4396515633 3570720139 827.407331 5267.011477 3823.483550 2037.472383
760
761
762
763
764
765
766
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Table S13 continuation. Chemosensory genes (Gustatory receptors - GR and Olfactory receptors - OR) site model summary statistics

inferred from PAML v4 (Yang, 2007).

g::l OR2 OR3 OR4 OR5 OR6 OR7 OR8a OR8b OR9 OR10 OR11
po 021281 053032 0.71671 0.67958 030517 0.71475 0.65679 0.53348 050886 0.27401 0.38696 0.63895
pr 074794 046054 0.15964 0.12322 0.61663 0.24850 0.26918 0.25713 041403 0.60330 0.54882 0.18189
M2a p: 003925 0.00914 0.12365 0.19720 0.07820 0.03676 0.07403 0.20939 0.07711 0.12270 0.06423 0.17916
wz 7.15980 578168 1.00000 3.11829 6.07725 277295 272780 298276 6.40163 540352 457668 2.77583
InL 1251776345 4781.144351 3308.891909 3801.445999 3497.405393 3276.383988 4382.104041 3522.928259 786.311979 5179.266618 3799.778882 2031.484327
po 032170 0.71351 0.31804 0.05548 0.72186 0.74631 0.74238 0.59648 0.51417 041306 0.65438 0.19889
p1 064604 028469 0.67990 0.74503 0.27074 0.23425 0.24481 0.29658 0.40955 048803 0.32655 0.62448
p> 003227 0.00180 0.00206 0.19949 0.00740 0.01944 0.01282 0.10694 0.07628 0.09891 0.01907 0.17663
M3 woe 025649 0.12934 0.00000 0.00000 0.31501 0.08512 0.13582 0.10659 0.00000 0.11346 0.19958  0.00000
w; 125267 151353 0.60434 0.58481 3.03382 1.27091 155645 1.63950 1.04134 136181 1.80986 0.59144
w2 823044 10.27914 554959 3.11919 1495929 340857 4.21949 3.66459 6.52613 6.01030 6.72778 2.81656
InL 1251.614549 4779.219529 3307.756934 3801.408614 3495.220514 3275.335808 4382.009169 3522.071847 786.305067 5179.035727 3799.432971 2031.469449
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Table S13 continuation. Chemosensory genes (Gustatory receptors - GR and Olfactory receptors - OR) site model summary statistics

inferred from PAML v4 (Yang, 2007).

g::) OR2 OR3 OR4 OR5 OR6 OR7 OR8a OR8b OR9 OR10 OR11

p 056952 0.00534 0.53125 0.03523 4.36286 0.06430 0.01469 0.01169 0.01581 0.01886 0.00751 0.00726

M7 9 0.22355 0.00663 0.72315 0.01998 0.00500 0.16543 0.01920 0.00500 0.09509 0.01688 0.00500 0.00500
InL 126071066 -4798.331056 -3308.277304 -3833.774262 -3569.585274 -3303.021239 -4396.427598 -3589.963693 -827.608477 -5267.344755 -3823.955115 -2037.473281

8

po 0.95789 0.99135 0.99906 0.80324 0.92481 0.94742 0.90001 0.77658 0.92524 0.87820 0.93845 0.82429

p1 0.04211 0.00865 0.00094 0.19676 0.07519 0.05258 0.09999 0.22342 0.07476 0.12180 0.06155 0.17571

p 045550 0.00516 0.59207 3.49022 0.01159 0.13305 0.27595 0.15528 0.01774 0.01159 0.00739 0.97790

M8 q 011128 0.00502 0.82021 2.84556 0.00500 0.32512 0.60179 0.28619 0.02063 0.00500 0.00500 1.17869

6.96738 6.08225 6.10592 3.12781 6.31042 2.55244 2.51752 2.94391 6.46621 5.46641 4.69363 2.80853
InL 125186649 -4781.370179 -3308.148161 -3801.432365 -3497.460429 -3279.169203 -4382.169578 -3523.414754 -786.377213 -5179.281417 -3799.798015 -2031.476879

2
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Table S13 continuation. Chemosensory genes (Gustatory receptors - GR and Olfactory receptors - OR) site model summary statistics
inferred from PAML v4 (Yang, 2007).

OR12 OR13 OR14 OR15 OR16 OR17 OR18 OR19 OR20 OR21 OR22 OR23
25 11 17 14 15 25 21 21 14 15 8 22
s 468 885 306 678 378 387 702 1062 1086 195 618 300
Mo w 1.16038 0.44317 1.29761 0.93656 0.84268 0.53613 1.04444 0.47798 0.75217 0.92974 1.13172 1.29806
InL  -3588.139836 -3745413691 -2194.753612 -5214.486356 -2242.826138 -4940.105104 -8552.735563 -8993.558702 -6162.761013 -2125.005660 -3330.081615 -2678.888227
Po 0.68868 0.79216 0.59661 0.70533 0.69271 0.83371 0.75104 0.81679 0.67477 0.73123 0.38003 0.67300
M1a pP1 0.31132 0.20784 0.40339 0.29467 0.30729 0.16629 0.24896 0.18321 0.32523 0.26877 0.61997 0.32700
InL  -3486.586634 -3681.069046 -2158.354702 -5063.053386 -2186.389432 -4711.510404 -8191.950929 -8678.778617 -6020.326260 -2036.359161 -3304.977694 -2617.608997
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802 Table S13 continuation. Chemosensory genes (Gustatory receptors - GR and Olfactory receptors - OR) site model summary statistics
803 inferred from PAML v4 (Yang, 2007).

804

805

806 OR12 OR13 OR14 OR15 OR16 OR17 OR18 OR19 OR20 OR21 OR22 OR23
po 0.59234  0.83799 0.42401 0.64662 0.59354  0.82025 0.64308 0.80504 0.61277 0.64163 0.31707 0.53927

807 p: 031969  0.14657 0.51653 0.29392 0.38315 0.17491 0.30966 0.18309 0.36564  0.33663 0.61026  0.36370

M2a p> 0.08797 0.01544 0.05945 0.05946 0.02331 0.00484 0.04725 0.01187 0.02159 0.02174 0.07267 0.09703

808 w; 3.77467  4.40582 4.43938 3.07580 5.99272 3.49845 3.49847 2.79929 495223 3.60716 3.85225 3.97549

809 InL 3438.453620 3662.868100 2131.706907 5031.428120 2156.215036 4701.791333 8097.582281 8663.562640 5963.486385 2021.667637 3284.332897 2574.028379

810 po 0.67486  0.58639 0.58207 0.65284 0.52051 0.64560 0.63140 0.73960 0.73515 0.64471 0.37781 0.60685
p1 0.26661 0.39277 0.39502 0.29005 0.45173 0.27770 0.31566 0.23038 0.25744  0.33664 0.57315 0.31410

811 p2 0.05853  0.02084 0.02291 0.05711 0.02776 0.07670 0.05294  0.03002 0.00741 0.01865 0.04904  0.07905

M3 woe 004735 004683 0.10372 0.10828 0.00000 0.00435 0.04540 0.03742 0.07173 0.00000 0.04229 0.13042

812 w; 145850 0.54834 161123 1.02520 0.82450 0.39270 0.91872 0.67852 1.48937 1.07150 1.17034 1.28588
w; 441467 399716 6.64091 3.11859 5.48638 1.38536 3.28300 2.12257 7.27234 3.96416  4.43243 4.34745

813 » : : » : : : » : : : :
InL 3437.771521 3662.608215 2130.789706 5031.424098 2155.939738 4695.518331 8097.321728 8659.143002 5961.340929 2021.568078 3284.228800 2573.756787

814

815

816

817
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818 Table S13 continuation. Chemosensory genes (Gustatory receptors - GR and Olfactory receptors - OR) site model summary statistics
819 inferred from PAML v4 (Yang, 2007).

820

OR12 OR13 OR14 OR15 OR16 OR17 OR18 OR19 OR20 OR21 OR22 OR23

p 000945 0.06887 0.00856  0.09476  0.01392 0.09327 0.06380 0.09623  0.01291  0.01452  0.02078  0.01675

M7 q 00186 0.17861 0.00576  0.17918  0.02706 042014 0.19649 036116  0.02602  0.02855 0.01255  0.03282

InL -3486.779859 -3684.323225 -2164.038648 -5071.873297 -2186.708961 -4703.931918 -8190.929871 -8685.315986 -6020.805255 -2034.553460 -3305.056752 -2621.680496

po 090256  0.98037 093716 091468 097500 098193 0.94664 0.97281 097938 098072 091736 0.89775

p1 009744  0.01963 0.06284 0.08532) 0.02500 0.01807 0.05336  0.02719  0.02062  0.01928  0.08264  0.10225

M8 p 001433 043423 0.00597 0.29272  0.09010  0.13751  0.13389  0.17680  0.00500  0.01672  0.03341  0.18363

q 0.02810 128183  0.00500 0.58188  0.13759  0.61739 029295 0.73183  0.00758  0.03256  0.01869  0.22021

w 358020 4.07223 423499 271380 573082 2.05538 3.11261  2.15466 515913  3.52442  3.63801  3.93879

InL -3438.692997 -3662.634207 -2131.892309 -5031.964759 -2156.051260 -4693.116033 -8097.050353 -8659.506895 -5963.772860 -2021.029561 -3284.481367 -2574.659541
821
822
823
824
825
826
827
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828 Table S14. Chemosensory genes (gustatory genes-GR and olfactory genes-OR) likelihood-rate test summary of the different selection test
829 models.

Model GR1 GR2 GR3 GR4 GR5 GR6 GR7 GRS GR9 GR10 GR11 GR12
Sugar Fructose

InL  -5231825340 1516789767 -5789.152113 -9998.205966  -5479.083036 -6049.200897 -12089.821784 -9356.298793 -4445435595 -9732.621983 -8102433935 -4030.348531

InL -5052.892647 -1211.381107 -5396.002334 -9300.606905 -5289.011093 -5710.513088 -11335.539722 -9049.122334 -4315.713162 -9222.209445 -7770.677152 -3953.943748

2AL 35787 10.817 786.3 1395.2 380.14 677.38 1508.6 614.35 259.44 1020.8 663.51 152.81
MOvs M3 K 4 4 4 4 4 4 4 4 4 4 4 4

alpha (05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

P 2.2e-16 0.0287 22e-16  2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16

¥ 94877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877

InL  -5077.671870 1512480402 -5490.213977 -9402.039709 -5353305732 -5767.175345 -11420.967944 -9101.153882 -4366.772067 -9296.978281 -7794.902158 -3961.899495

InL -5059.921483 1511381107 -5397.045087 -9304.423044 -5289.395383 -5713.611109 -11342326713 -9053.610777 -4315948000 -9222.323267 -7772.779594 -3953.982877

2AL 35501 2.1986 186.34 195.23 127.82 107.13 157.28 95.086 101.65 149.31 44,245 15.833
M1avs M2a K 2 2 2 2 2 2 2 2 2 2 2 2
alpha 005 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
1.954811e-
P 08 0.6992874 1 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.468e-10  0.0003646
¥ 59915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915

InL -5077.945793  -1212.499290 -5480.009432 -9379.699699 -5365.565151 -5773.318298 -11401.784294 -9100.108902 -4367.195585 -9293.315424 -7804.778381 -3966.461479

InL -5053.994057 -1211.382858 -5394.753409 -9290.460615 -5290.583339 -5716.276926 11327.505439 -9048.607034 -4316.436398 -9221.616983 -7771.030353 -3954.014079
2AL 47903 2.2329 170.51 178.48 149.96 114.08 148.56 103 101.52 143.4 67.496 24.895
M7vs M8 K 2 2 2 2 2 2 2 2 2 2 2 2
alpha 05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
3.961806e- 9.414119e- 1.753712e- 2.727802e- 1.687512e- 5.509385e- 4.295591e- 9.027452e- 7.273823e- 2.205046e- 3.927922e-
P 11 0.327446 38 39 33 25 33 23 23 32 15 06
ya 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915

224



Table S14 continuation. Chemosensory genes (gustatory genes-GR and olfactory genes-OR) likelihood-rate test summary of the different

830
831 selection test models.
OR1
Model Orco OR2 OR3 OR4 OR5 OR6 OR7 ORSa ORSb OR9 OR10  OR11
InL -1277.419980 4855183909 -3324.042385 3848105608 -3568.098925 3408.209158 -4479.693944 -3631.526679 -856.474056 -5319.972747 3857.677939 2047402217
InL -1251.614549 4779.219529 -3307.756934 3801408614 -3495.220514 3275335808 -4382.009169 -3522.071847 -786.305067 -5179.035727 3799432971 2031469449
2AL 51611 151.93 32.571 93.394 145.76 265.75 19537 218.91 140.34 281.87 11649  31.866
MOvsM3 K 4 4 4 4 4 4 4 4 4 4 4 4
alpha 005 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
1‘66ig67e' 2.2-16 1‘46316756' 22e-16  22e-16  22e-16  22e-16 2.2e-16 2.2e-16 22e-16  22e-16  2.038e-06
7 9.4877 9.4877 9.4877 94877  -380.14  9.4877 9.4877 9.4877 9.4877 9.4877 94877  9.4877
InL -1259.699478 4797 822208 -3308.891909 3832.394693 -3543.684662 -3296.34482 -4396.215633 -3570.720139 -827.407331 -5267.011477 3823483550 2037472383
InL -1251.776345 4781.144351 -3308.891909 3801445999 -3497.405393 3276383988 -4382.104041 -3522.928259 -786.311979 -5179.266618 3799.778882 2031484327
2AL  15.846 33.356 0 61.897 92.559 39.922 28.223 95.584 82.191 175.49 47.409  11.976
Mlavs M2a K 2 2 2 2 2 2 2 2 2 2 2 2
alpha 005 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
p 00003623 5713e-08 1 3.624e-14 7‘96:?89'3' 2.143e-09  7.437e-07 1'75:?91 € 1'42%436' 7‘81‘;;3 3¢ 5072e-11 0.002509
7 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 59915 59915
InL -1260.710668 4798331056 -3308.277304 3833774262 -3569.585274 3303.021239 -4396.427598 -3589.963693 -827.608477 -5267.344755 3823.955115 2037473281
InL -1251.866492 4781370179 -3308.148161 3801.432365 -3497.460429 3279.169203 -4382.169578 -3523.414754 -786.377213 -5179.281417 3799798015 2031476879
2AL  17.688 33922 025829  64.684 144.25 47.704 28.516 133.1 82.463 176.13 48314 11.993
M7vsM8 2 2 2 2 2 2 2 2 2 2 2 2
alpha 005 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
p 00001442 4305e-08 08788  8997e-15 22e-16  4377e-11  6.424e-07 2.2e-16 2.2e-16 22e-16  3.226e-11 0.002488
7 5.9915 5.9915 5.9915 5.9915 5.9915 59915 59915 59915 59915 5.9915 5.9915 59915 59915
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Table S14 continuation. Chemosensory genes (gustatory genes-GR and olfactory genes-OR) likelihood-rate test summary of the different

832
833  selection test models.
Group 12 Group 13 Group 14 Group 15 Group 16 Group 17 Group 18 Group 19 Group 20 Group 21 Group 22 Group 23
InL  -3588139836  -3745.413691 2194753612 5214486356 2242826138 4940105104 0202739903 go93 55870y 6162761013 5150 hosee0 3330.081615 2078888227
InL  -3437.771521  -3662608215 130769706 5031424098 2155939738 4695518331 0027321728 geeq 1a3000 5961340929 551 ses078 3284228800 2073756787
2AL 300.74 165.61 127.93 366.12 173.77 489.17 910.83 668.83 402.84 -206.88 91.706 210.26
MOvsM3 4 4 4 4 4 4 4 4 4 4 4 4 4
alpha 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
p 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16
ya 9.4877 9.4877 94877 9.4877 94877 9.4877 94877 9.4877 94877 94877 9.4877 94877
InL  -3486.586634  -3681069046 100300707 5063.053386 2186389432 4711510404 0191990929 geog 17gg7 6020326260 a0 aco161 3304977604 2017608997
InL  -3438453620  -3662868100 151 766907 5031428120 2156215036 4701791333 0097982281 gees cooeag 2903486385 o1 667637 3284330807 2074028379
2AL 96.266 36.402 53.296 63.251 60.349 19.438 188.74 30432 113.68 29.383 41.29 87.161
Mlavs M2a K 2 2 2 2 2 2 2 2 2 2 2 2
alpha 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
1.247664e- 1.2457468- ) (130 12 1842e-14 7.86e-14 6.013e-05 03004 5 sese-07 2004228 4164007 1082e-09 1E3227€
21 08 41 25 19
y 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915
InL  -3486779859  -3684323225 10/ 35645 5071873297 2186708961 4703931918 ©190929871 geac 3159gg 0020805255 504 ceaag0 3305056752 2021680496
InL  -3438692997  -3662634207 11 69309 5031.964759 2156051260 4693116033 0027020353 geeqgcogges 9963772860 oot 000561 3084481367 2074659541
24AL 96.174 43.378 64.293 79.817 61.315 21.632 187.76 51.618 114.06 27.048 41.151 94.042
M7vs M8 g 2 2 2 2 2 2 2 2 2 2 2 2
alpha 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
P 2.2e-16 3.807e-10 1.094e-14 2.2e-16 4.848e-14 2.008e-05 2.2e-16 6.184e-12 2.2e-16 1.339e-06 1.159e-09 2.2e-16
y 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915
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Table S15. Chemosensory genes (gustatory receptors GR and olfactory receptors OR) were
suggested to evolve under positive and purifying selection based on the site model

analysis.
Number M0 M1a M7 Positively selected sites*
Genes of Sites vs vs vs
genes M3 M2a M8
GRO1 44 354 MO M1la M7
GR0O2 5 285 MO M2a M8 1S.2T.3F4T,11C13Y,16F,211,26K,29N,39Q,41T,44S,45K,46C,48K,72G,73E,93L
GRO3 56 234 MO0 M2a M7
GR0O4 57 408 MO Mla M7
GRO5 25 519 MO Mla M7
GRO6 32 456 MO M1la M7
GRO7 67 441 MO0 Mla M7
GRO8 24 822 MO M1la M7
GR09 22 441 MO0 Mla M7
GR10 32 639 MO M1la M7
GR11 19 858 MO Mla M7
GR12 10 789 MO Mla M7
Total 393 6246

*Positive selection sites estimated under model M8 by Bayes empirical Bayes (BEB) approach with posterior probabilities (PPs) > 95%. The

overlapping sites between M8 and M2a are underlined.
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853 Table S15 continuation. Chemosensory genes (gustatory receptors GR and olfactory
854  receptors OR) were suggested to evolve under positive and purifying selection based on
855  the site model analysis.

856
Genes Number of genes Sites MO vs M3 Mlavs M2a M7 vs M8 Positively Selected Sites
(Cé)RrE:)(l) 10 270 MO M1a M7
OR02 11 1128 MO M1a M7
OR03 5 1104 MO M2a M8 345R
OR0O4 9 795 MO M1a M7
ORO05 9 795 MO M1a M7
ORO06 37 312 MO M1a M7
ORO7 8 1002 MO M1a M7
ORO08a 15 444 MO M1a M7
ORO08b 31 60 MO M1a M7
OR09 12 939 MO M1a M7
OR10 10 1011 MO M1a M7
OR11 8 579 MO M1a M7
OR12 25 468 MO M1a M7
OR13 11 885 MO M1a M7
OR14 17 306 MO M1a M7
OR15 14 678 MO M1a M7
OR16 15 378 MO M1a M7
OR17 25 387 MO M1a M7
OR18 21 702 MO M1a M7
OR19 21 1062 MO M1a M7
OR20 14 1086 MO M1a M7
OR21 15 195 MO M1a M7
OR22 8 618 MO M1a M7
OR23 22 300 MO M1a M7
Total 373 15504

857 *Positive selection sites estimated under model M8 by Bayes empirical Bayes (BEB) approach with posterior probabilities (PPs) > 95%. The
858 overlapping sites between M8 and M2a are underlined.

859
860

861
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877

Table S16. Selection test summary based on the branch model using single-copy orthologous groups were suggested under positive (w>0),

purifying (w<0), and neutral (w=0) selection based on the branch model analysis PAML v4 (Yang, 2007).

0Go1 0G02 0G03 0G04 0G05 0G06 0G07 0G08 0G09 0G10
13 13 13 13 13 13 13 13 13 13
s 477 3060 1371 450 738 2679 1380 159 192 930
2.24858  0.12296 0.50758 0.28491 049332  0.06533 091522 061627  2.26590  1.83966

InL -2160.159209  -12064.036465  -5078.987736 -3104.222491  -5169.454320  -10524.953899  -9353.560017  -763.114795  -556.016689  -6222.568903

InL -2151.066978  -12046.973192  -5060.117689 -3010.991489  -5144.933406  -10221.358852  -9340.036163  -754.339339  -552.390548  -6205.533917

24L 18.184 34.127 37.74 186.46 170.02 607.19 27.048 17.551 7.2523 34.07
K 12 12 12 12 12 12 12 12 12 12
alpha 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05
4 0.1102 0.0006442  0.0001693 2.2e-16 2.2e-16 2.2e-16 0.007606 0.13 0.8405 0.0006576
X 21.026 21.026 21.026 21.026 21.026 21.026 21.026 21.026 21.026 21.026
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878 Table S16 continuation. Selection test summary based on the branch model using single-copy orthologous groups were suggested under
879  positive (w>0), purifying (w<0), and neutral (w=0) selection based on the branch model analysis PAML v4 (Yang, 2007).

880
0G11 0G12 0G13 0G14 0G15 0G16 0G17 0G18 0G19 0G20
13 13 13 13 13 13 13 13 13 13
s 1617 1512 474 2178 813 945 1296 1005 678 939
1.22681 0.09122 2.69628 0.31425 0.03437 0.09813 0.10343 0.06158 0.06811 0.30141
InL  -13934579561  -6346.701804  -2279.718515  -12827.691404  -2882.013677  -3921.725208  -5865.130797  -3778.694526  -2451.561446  -5439.865077
InL  -13926456658  -6329.805317  -2268.388919  -12797.149749  -2871.227283  -3910.795705  -5588.520143  -3746.812685 -2438.768897  -5407.142548
2AL 16.246 33.793 22.659 61.083 21.573 21.859 553.22 63.764 25.585 65.445
K 12 12 12 12 12 12 12 12 12 12
alpha 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05
p 0.1802 0.0007271 0.03076 1.432e-08 0.0426 0.03913 2.2e-16 4.611e-09 0.01228 2.256e-09
X 21.026 21.026 21.026 21.026 21.026 21.026 21.026 21.026 21.026 21.026
881
882
883
884
885
886
887
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888 Table S16 continuation. Selection test summary based on the branch model using single-copy orthologous groups were suggested under

889  positive (w>0), purifying (w<0), and neutral (w=0) selection based on the branch model analysis PAML v4 (Yang, 2007).

890
0G21 0G22 0G23 0G24 0G25 0G26 0G27 0G28 0G29 0G30
13 13 13 13 13 13 13 13 13 13
s 1317 537 435 600 909 336 606 1575 477 702
3.27177 0.06587 0.25804 0.02001 0.29891 0.05698 0.63361 0.38606 2.24858 0.23299
InL . oo -1972.640187 -2845.469017 -1942.623794 -6987.667834 -1181.017753 -4152.181626 -11145.162243 -3419.975689 -4661.712646
InL .. 1'28098 -1959.182468 -2799.426152 -1927.852835 -6868.104794 -1171.684502 -4118.493890 -10923.892619 -3299.384156 -4457.970644
2AL 80.465 26.915 92.086 29.542 239.13 18.667 67.375 442.54 241.18 407.48
K 12 12 12 12 12 12 12 12 12 12
alph
a 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05
p 3.365e-12 0.007947 1.946e-14 0.003271 2.2e-16 0.0969 9.888e-10 2.2e-16 2.2e-16 2.2e-16
v 4 21.026 21.026 21.026 21.026 21.026 21.026 21.026 21.026 21.026 21.026
891
892
893
894
895
896
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Table S16 continuation. Selection test summary based on the branch model using single-copy orthologous groups were suggested under
positive (w>0), purifying (w<0), and neutral (w=0) selection based on the branch model analysis PAML v4 (Yang, 2007).

0G31 0G32 0G33 0G34 0G35 0G36 0G37 0G38 0G39 0G40
13 13 13 13 13 13 13 13 13 13
s 1527 435 1854 1800 1029 879 1707 480 840 1425
0.46942 1.12776 0.78526 0.22210 2.81737 0.04742 0.27643 0.93398 0.24967 0.13977
InL 8759.94630 -2848.854168 -14544.838549 -8886.695081 -3913.272980 -2874.368149 -13163.628869 -3897.522790 -5862.293072 -6962.314369
3
InL 8751.41631 -2840.262743 -14508.528505 -8867.252088 -3902.348755 -2858.457621 -12674.445587 -3885.905342 -5699.290353 -6772.689588
7
2AL 17.06 17.183 72.62 38.886 21.848 31.821 978.37 23.235 326.01 379.25
K 12 12 12 12 12 12 12 12 12 12
alph
a 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05
p 0.1474 0.1428 1.033e-10 0.0001099 0.03925 0.001475 2.2e-16 0.0258 2.2e-16 2.2e-16
& 21.026 21.026 21.026 21.026 21.026 21.026 21.026 21.026 21.026 21.026

232



906
907

908

909

910

911

912

913

914

Table S16 continuation. Selection test summary based on the branch model using single-copy orthologous groups were suggested under
positive (w>0), purifying (w<0), and neutral (w=0) selection based on the branch model analysis PAML v4 (Yang, 2007).

0G41 0G42 0G43 0G44 0G45 0G46 0G47 0G48 0G49 0G50
13 13 13 13 13 13 13 13 13 13
s 1425 609 795 912 1434 948 696 297 1806 495
3.00446 1.16905 4.06583 5.07984 0.21805 0.02876 0.23508 1.81814 0.03415 0.11660
InL 1708‘7'253 61 -2766.130509 -3105.508058 -3766.866329 -9067.084798 -3342.235869 -3052.410174 -1334.131281 -6072.369179 -2532.568823
InL 1695_5' 93096 -2755.461167 -3092.621569 -3756.804592 -8838.336867 -3317.490890 -3035.356911 -1324.903251 -6057.761169 -2478.000576
2AL 26.265 21.339 25.773 20.123 457.5 49.49 34.107 18.456 29.216 109.14
K 12 12 12 12 12 12 12 12 12 12
a?;h 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05
p 0.009846 0.04564 0.01156 0.06479 2.2e-16 1.717e-06 0.0006489 0.1025 0.003659 2.2e-16
%4 21.026 21.026 21.026 21.026 21.026 21.026 21.026 21.026 21.026 21.026
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915

Table S17. Single-copy orthologous groups (OG) were suggested under positive (w>0),

916  purifying (w<0), and neutral (w=0) selection based on the branch model analysis PAML v4

917  (Yang, 2007).

918
Genes Number of Sites Free Omega w>0 w<0 w=0 Saturated

genes

0G01 13 477 No 4 1 (]
0G02 13 3060 Yes 0 13 0 0
0G03 13 1371 Yes 1 11 0 1
0G04 13 450 Yes 1 1 0 1
0GO05 13 738 Yes 1 11 0 1
0G06 13 2679 Yes 0 13 0 0
0G07 13 1380 Yes 2 9 0 2
0GO08 13 159 No 1 8 0 4
0G09 13 192 No 4 3 0 6
0G10 13 930 Yes 4 2 0 7
0oG11 13 1617 No 10 2 0 1
0G12 13 1512 Yes 0 13 0 0
0G13 13 474 Yes 4 1 (] 8
0G14 13 2178 Yes 1 12 0 0
0G15 13 813 Yes 0 13 0 0
0G16 13 945 Yes 0 13 0 0
0G17 13 1296 Yes 1] 13 0 0
0G18 13 1005 Yes 1 12 0 0
0G19 13 678 Yes 0 13 0 0
0G20 13 939 Yes 0 13 0 0
0G21 13 1317 Yes V] 3 0 10
0G22 13 537 Yes 1 12 0 0
0G23 13 435 Yes 1] 1 0 2
0G24 13 600 Yes V] 12 0 1
0G25 13 909 Yes 1 12 0 0
0G26 13 336 Yes 1] 13 0 0
0G27 13 606 Yes 2 11 0 0
0G28 13 1575 Ha 0 1 0 2
0G29 13 477 Yes 2 9 0 2
0G30 13 702 Yes 1 12 0 0

919

920

921
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922  Table S17 continuation. Single-copy orthologous groups (OG) were suggested under positive
923  (w>0), purifying (w<0), and neutral (w=0) selection based on the branch model analysis PAML
924  v4 (Yang, 2007).

925
Genes Number of Sites Free Omega w>0 w<0 w=0 Saturated
genes
0G31 13 1527 No 1 12 0 0
0G32 13 435 No 6 0 5
0G33 13 1854 Yes 2 1 0 0
0G34 13 1800 Yes 0 13 0 0
0G35 13 1029 Yes 2 1 0 10
0G36 13 879 Yes 0 13 0 0
0G37 13 1707 Yes 1 12 0 0
0G38 13 480 Yes 3 9 0 1
0G39 13 840 Yes 0 13 0 0
0G40 13 1425 Yes 1 12 0 0
0G41 13 1425 Yes 3 1 0 9
0G42 13 609 Yes 5 4 0 4
0G43 13 795 Yes 1 0 0 12
0G44 13 912 No 1 0 0 12
0G45 13 1434 Yes 1 12 0 0
0G46 13 948 Yes 0 13 0 0
0G47 13 696 Yes 1 10 0 2
0G48 13 297 Yes 1 4 0 8
0G49 13 1806 Yes 0 13 0 0
0G50 13 495 Yes 0 13 0 0
Total 650 51780 70 461 0 119
926
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927

Table S18. Single-copy orthologous groups (OG) selection test summary based on the branch model using single-copy orthologous groups were

928  suggested under positive (w>0), purifying (w<0), and neutral (w=0) selection based on the branch model analysis PAML v4 (Yang, 2007).
929
Model Statistics 0GO01 0G02 0GO03 0G04 0GO05 0G06 0G07 0GO08 0G09 0G10
N 13 13 13 13 13 13 13 13 13 13
S 477 3060 1371 450 738 2679 1380 159 192 930

MO w 2.03903 0.12625 0.49153 0.31310 0.58051 0.06688 0.96506 0.63003 1.98810 2.06902
InL 2162 9-48435 -12069.630996 5080 5;33417 -3121.452981 -5223.453997 10548 _369935 -9359.540371 -763.252274 -557.219077 -6236.572796

M1a po 0.25982 0.93998 0.66882 0.84218 0.77591 0.96046 0.69863 0.69878 0.00001 0.68480
p1 0.74018 0.06002 0.33118 0.15782 0.22409 0.03954 0.30137 0.30122 0.99999 0.31520
InL 2169 2_35915 -11808.787819 2986 578991 -3034.793061 -4977.844425 10364 _330361 -9050.292984 -748.377623 -558.740901 -6083.510086

M2a po 0.53529 0.93998 0.70344 0.84029 0.76595 0.96046 0.65404 0.77167 0.48256 0.62337
p1 0.33891 0.06002 0.25842 0.15850 0.19908 0.00841 0.27025 0.18466 0.00000 0.21548
p2 0.12580 0.00000 0.03814 0.00122 0.03497 0.03113 0.07571 0.04367 0.51744 0.16115
w2 7.63607 27.59557 3.00940 4.36479 2.65723 1.00000 3.64310 3.88546 4.01022 5.72098
InL 2120 7_42582 -11808.787825 4977 4_52908 -3033.125159  -4963.865531 10364 :’;30360 8947 2_96962 -743.102722 -553.225759 -5937.927170

M3 po 0.83666 0.84481 0.77514 0.70166 0.76994 0.87104 0.70207 0.87603 0.48256 0.70541
p1 0.16304 0.14619 0.21972 0.29002 0.20264 0.01563 0.24234 0.12193 0.11207 0.19961
p2 0.00030 0.00900 0.00515 0.00831 0.02742 0.11333 0.05559 0.00204 0.40537 0.09499
w0 0.96768 0.01450 0.06293 0.00000 0.00000 0.00000 0.04499 0.19065 0.00000 0.01740
wT 6.52139 0.41428 1.45284 0.54568 1.06355 0.00000 1.28657 227276 4.01022 2.43871
w2 82.49708 1.96107 5.42739 2.60606 2.84132 0.42166 4.04399 11.24185 4.01022 6.94049
Inl 2112487363 11800164060 4977163013 020144815 4963837236 4355578162 godesszsss  (0-909191  ©553.225759  -5937.036209
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930
931
932

933

Table S18 continuation. Single-copy orthologous groups (OG) selection test summary based on the branch model using single-copy orthologous
groups were suggested under positive (w>0), purifying (w<0), and neutral (w=0) selection based on the branch model analysis PAML v4 (Yang,

2007).
Model Statistics 0G11 0G12 0G13 0G14 0G15 0G16 0G17 0G18 0G19 0G20
N 13 13 13 13 13 13 13 13 13 13
s 1617 1512 474 2178 813 945 1296 1005 678 939

Mo w 1.27020 0.09304 251172 031578 0.03617 0.09932 0.10720 0.06236 0.10720 0.06236
InL -14004.587976 -6347.668937 -2282.294164 -12827.962628 -2885.791887 -3922.364464 -5887.196356 -3779.892485 -5887.196356 -3779.892485

M1a pO 0.63453 0.95844 0.25594 0.83268 0.98920 0.95672 0.92350 0.96656 0.92350 0.96656
p1 0.36547 0.04156 0.74406 0.16732 0.01080 0.04328 0.07650 0.03344 0.07650 0.03344
InL -13663.361889 -6211.419555 -2297.410342 -12519.847267 -2836.443831 -3834.113964 -5765.926799 -3693.393850 -5765.926799 -3693.393850

M2a poO 0.59730 0.95844 0.49500 0.83268 0.99005 0.95672 0.92350 0.96656 0.92350 0.96656
p1 0.29631 0.04156 0.29370 0.09452 0.00926 0.04328 0.04754 0.01417 0.04754 0.01417
p2 0.10640 0.00000 0.21130 0.07280 0.00069 0.00000 0.02896 0.01926 0.02896 0.01926
w2 3.78312 29.83620 30.60936 1.00000 2.17707 35.25915 1.00000 1.00000 1.00000 1.00000
InL -13467.529096 -6211.419555 -2245.293250 -12519.847267 -2836.296475 -3834.113964 -5765.926798 -3693.393850 -5765.926798 -3693.393850

M3 poO 0.65100 0.21929 0.68509 0.57719 0.67016 0.75483 0.87749 0.90476 0.87749 0.90476
p1 0.30146 0.72816 0.31003 0.35780 0.32330 0.22457 0.07794 0.09465 0.07794 0.09465
p2 0.04754 0.05255 0.00488 0.06500 0.00653 0.02060 0.04457 0.00059 0.04457 0.00059
w0 0.00855 0.02486 0.92539 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
wl 1.57218 0.02486 5.61221 0.33608 0.05044 0.19885 0.60403 0.39796 0.60403 0.39796
w2 5.02400 0.80591 30.60936 1.43687 1.32205 1.11094 0.60404 4.69666 0.60404 4.69666
InL -13464.492160 -6209.966418 -2241.487657 -12510.085125 -2836.115816 -3825.078218 -5754.333055 -3682.333934 -5754.333055 -3682.333934
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934  Table S18 continuation. Single-copy orthologous groups (OG) selection test summary based on the branch model using single-copy orthologous
935  groups were suggested under positive (w>0), purifying (w<0), and neutral (w=0) selection based on the branch model analysis PAML v4 (Yang,
936  2007).

Model Statistics 0G21 0G22 0G23 0G24 0G25 0G26 0G27 0G28 0G29 0G30
N 13 13 13 13 13 13 13 13 13 13
S 1317 537 435 600 909 336 606 1575 477 702
Mo w 3.15645 0.06869 0.32988 0.02128 0.37197 0.05701 0.75611 0.48197 0.17739 0.24196
InL -7173.277608 -1973.476058 -2893.070677  -1945235038  -7079.463353  -1181331501  -4165.726469  -11255347165  -3447.167177  -4718.510529
M1a po 0.34621 0.97365 0.87254 0.98696 0.84245 0.98405 0.76337 0.80323 0.89282 0.94565
p1 0.65379 0.02635 0.12746 0.01304 0.15755 0.01595 0.23663 0.19677 0.10718 0.05435
InL -7228.052639 -1943.028431 -2749.813253  -1919.354366  -6804.813715  -1169.588702  -4009.024521  -10796.382824  -3363.304373  -4647.758019
M2a po 0.25129 0.97365 0.87022 0.98696 0.83854 0.98405 0.74170 0.79261 0.89281 0.94565
p1 0.53641 0.02635 0.12640 0.00219 0.15942 0.00105 0.21948 0.19533 0.10719 0.01669
p2 0.21230 0.00000 0.00338 0.01084 0.00204 0.01490 0.03882 0.01206 0.00000 0.03766
w2 8.43115 43.72036 3.61611 1.00000 4.04644 1.00000 3.84791 3.81021 13.80350 1.00000
InL -7015.381481 -1943.028431 -2747641931  -1919354367  -6801.142675  -1169.588702  -3981442258  -10767.549294  -3363.304385  -4647.758019
M3 po 0.52851 0.52210 0.8101 0.03091 0.65664 0.11535 0.79904 0.76887 0.74728 0.56162
p1 0.37439 0.45088 0.18157 0.95034 0.32681 0.86845 0.18712 0.21466 0.25199 0.32317
p2 0.09710 0.02702 0.00831 0.01876 0.01655 0.01621 0.01384 0.01647 0.00073 0.11521
w0 0.48277 0.00000 0.02082 0.00000 0.00000 0.02986 0.04974 0.01540 0.00000 0.00000
wl 3.44893 0.05436 0.66638 0.00000 0.45069 0.02986 1.52866 0.88168 0.44942 0.40801
w2 11.61563 0.90949 2.83159 0.72032 2.10823 0.98764 5.53708 3.46481 3.96368 0.40801
InL -7012.525052 -1942.808084 -2746.114847  -1918.986824  -6782.359176  -1169.588354  -3980.362094 -3347.711898  -4625.850279

10767.412053
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938 Table S18 continuation. Single-copy orthologous groups (OG) selection test summary based on the branch model using single-copy orthologous

939  groups were suggested under positive (w>0), purifying (w<0), and neutral (w=0) selection based on the branch model analysis PAML v4 (Yang,
940  2007).
Model Statistics 0G31 0G32 0G33 0G34 0G35 0G36 0G37 0G38 0G39 0G40
N 13 13 13 13 13 13 13 13 13 13
S 1527 435 1854 1800 1029 879 1707 480 840 1425
MO w 0.45877 1.34443 0.92485 0.23130 2.36009 0.04643 0.32492 1.13044 0.28521 0.15448
InL -8768.449410 -2868.612793 -14621.285148 -8894.045372 -3929.296093 -2874.910280 -13312.710408 -3928.586702 -5930.825560 -7009.639226
M1a po 0.76233 0.73731 0.68654 0.89133 0.17106 0.98330 0.92134 0.72567 0.91023 0.92920
p1 0.23767 0.26269 0.31346 0.10867 0.82894 0.01670 0.07866 0.27433 0.08977 0.07080
InL -8564.647612 -2752.368582 -14140.983283 -8644.277513 -3942.697472 -2853.656918 -13093.487688 -3756.388973 -5805.481261 -6890.667418
M2a po 0.75935 0.65871 0.63893 0.88985 0.21863 0.98330 0.92134 0.66751 0.91022 0.92920
p1 0.23161 0.28368 0.30690 0.10982 0.61608 0.00645 0.05631 0.26635 0.04861 0.07080
p2 0.00904 0.05761 0.05417 0.00033 0.16529 0.01025 0.02235 0.06614 0.04116 0.00000
w2 3.98219 5.98054 3.35478 9.17946 8.67694 1.00000 1.00000 3.93325 1.00000 16.97923
InL -8545.108356 -2690.644641 -14061.772045 -8635.257293 -3856.077852 -2853.656918 -13093.487688 -3712.184796 -5805.481261 -6890.667420
M3 po 0.77399 0.74277 0.59986 0.82584 0.58799 0.79781 0.49340 0.75091 0.53446 0.70661
p1 0.21901 0.24127 0.32875 0.16955 0.37949 0.19925 0.50364 0.23725 0.46308 0.28955
p2 0.00700 0.01596 0.07139 0.00462 0.03252 0.00294 0.00296 0.01184 0.00246 0.00384
w0 0.08158 0.00072 0.00097 0.03691 0.83729 0.00000 0.00000 0.03166 0.00000 0.00000
w1 1.06919 2.21512 0.83809 0.63693 4.26197 0.16510 0.41658 1.88447 0.37786 0.34956
w2 4.33771 10.76177 3.05736 3.06968 20.76164 2.04210 2.90455 7.17490 453184 1.99404
InL -8544.994586 -2687.374379 -14061.496172 -8630.576510 -3850.677314 -2853.074629 - -3710.943836 -5773.580811 -6872.342203
13065.035639
941
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942
943
944

945

Table S18 continuation. Single-copy orthologous groups (OG) selection test summary based on the branch model using single-copy orthologous
groups were suggested under positive (w>0), purifying (w<0), and neutral (w=0) selection based on the branch model analysis PAML v4 (Yang,

2007).
Model Statistics 0G41 0G42 0G43 0G44 0G45 0G46 0G47 0G48 0G49 0G50
N 13 13 13 13 13 13 13 13 13 13
S 1425 609 795 912 1434 948 696 297 1806 495

Mo w 3.01909 1.15538 3.53209 4.26656 0.25442 0.03075 0.24336 1.64748 0.03449 0.14152
InL -1708.733339 -2773.327806 -3118.301126 -3785.486916 -9144.155714 -3347.179895 -3053.244689 -1345.203631 -6073.114803 -2544.769522

M1a po 0.33890 0.35150 0.06555 0.00001 0.89824 0.98803 0.88764 0.29450 0.98742 0.92757
p1 0.66110 0.64850 0.93445 0.99999 0.10176 0.01197 0.11236 0.70550 0.01258 0.07243
InL -1719.991061 -2753.946889 -3152.415326 -3843.277682 -8919.315424 -3303.994599 -3004.787145 -1335.653420 -6008.522814 -2505.373631

M2a po 0.37669 0.39400 0.71781 0.03567 0.89824 0.98803 0.89076 0.75688 0.98742 0.92757
p1 0.44150 0.33095 0.02892 0.67106 0.04521 0.01197 0.10743 0.00000 0.00385 0.00796
p2 0.18181 0.27505 0.25328 0.29327 0.05655 0.00000 0.00181 0.24312 0.00873 0.06447
w2 7.16173 237170 8.59261 10.38207 1.00000 1.00000 3.06773 4.20740 1.00000 1.00000
InL -1676.231683 -2741.944017 -3069.716063 -3713.752060 -8919.315424 -3303.994599 -3004.514350 -1315.858938 -6008.522814 -2505.373631

M3 po 0.32369 0.42989 0.72723 0.16197 0.63657 0.98235 0.83758 0.70683 0.00002 0.36931
p1 0.61593 0.55964 0.21808 0.70016 0.35649 0.00000 0.14373 0.05005 0.98385 0.41799
p2 0.06038 0.01046 0.05469 0.13786 0.00694 0.01765 0.01870 0.24312 0.01613 0.21270
w0 0.00000 0.00000 1.80838 0.00000 0.00000 0.00735 0.06465 0.59565 0.01229 0.00615
w1 2.80261 1.64296 6.37883 3.08324 0.37640 0.04821 0.65885 0.59565 0.01324 0.00621
w2 12.47007 6.90660 19.93826 17.55211 2.23659 0.71720 1.82138 4.20740 0.82041 0.39239
InL -1673.816166 -2741.298992 -3064.991199 -3709.550828 -8887.890899 -3303.396341 -3004.355660 -1315.858938 -6008.146911 -2494.922373
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947
948

949

950

951

952

953

954

955

Table S18 continuation. Single-copy orthologous groups (OG) selection test summary based on the branch model using single-copy orthologous
groups were suggested under positive (w>0), purifying (w<0), and neutral (w=0) selection based on the branch model analysis PAML v4 (Yang,

2007).
Model Statistics 0Go1 0G02 0GO03 0G04 0GO05 0G06 0G07 0GO08 0G09 0G10
M7 P 3.99238 0.07707 0.00581 0.09053 0.00500 0.02946 0.01058 0.00563 7.28889 0.00500
q 0.00500 0.72204 0.01124 0.42311 0.01944 0.53253 0.02130 0.00707 0.00500 0.01165
InL -2174312191  -11814.932584  -4987.502003 -3032.430812 -4978.958372  -10329.253345 -9050.732544 -748.936935 -558.740903 -6083.778050
M8 po 0.87420 0.99124 0.95553 0.99660 0.96159 0.99929 0.92585 0.93849 0.48256 0.83322
p1 0.12580 0.00876 0.04447 0.00340 0.03841 0.00071 0.07415 0.06151 0.51744 0.16678
2.75653 0.12909 0.05686 0.12628 0.00502 0.02987 0.01847 0.58485 0.00500 0.01733
q 0.00500 1.50574 0.14691 0.60838 0.02101 0.55288 0.03754 1.55468 2.06968 0.05382
7.63607 1.96894 2.89305 3.26448 2.57060 1.61632 3.69431 343188 4.01022 5.63760
InL -2120.742584  -11800.268657  -4977.528737 -3029.343683 -4963.886655  -10328.535146 -8947.455539 -743.192940 -553.225759 -5938.151822
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956
957
958

959

960

961

962

963

964

965

Table S18 continuation. Single-copy orthologous groups (OG) selection test summary based on the branch model using single-copy orthologous
groups were suggested under positive (w>0), purifying (w<0), and neutral (w=0) selection based on the branch model analysis PAML v4 (Yang,

2007).
Model Statistics 0G11 0G12 0G13 0G14 0G15 0G16 0G17 0G18 0G19 0G20
M7 p 0.00500 0.07424 64.77837 0.12198 0.04111 0.07992 0.01493 0.01399 0.01493 0.01399
q 0.00749 0.91728 0.00500 0.46995 1.04170 0.97517 0.23436 0.27037 0.23436 0.27037
InL 13665327862 0218707134 -2303037618  -12521.830412  -2846434892  -3829.332524 -5755.809986 -3688.029348 (o og0ac -3688.029348
M8 po 0.88231 0.96369 0.78870 0.97109 0.99347 0.98088 0.99999 0.99938 0.99999 0.99938
p1 0.11769 0.03631 0.21130 0.02891 0.00653 0.01912 0.00001 0.00062 0.00001 0.00062
p 0.00500 0.46232 98.99668 0.20687 0.31352 0.13805 0.01230 0.00550 0.01230 0.00550
q 0.01164 13.24185 0.00500 1.01252 17.22106 2.50834 0.19903 0.10876 0.19903 0.10876
w 3.61834 1.00000 6.86935 1.76407 1.32106 1.11066 1.69552 4.60556 1.69552 4.60556
InL 13467984638 0210890798 -2245293250  -12510567346  -2836.132958  -3825.849050 -5755.813062 -3682383972 oo gia0c -3682.383972
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966
967
968

969

970

971

972

973

974

975

Table S18 continuation. Single-copy orthologous groups (OG) selection test summary based on the branch model using single-copy orthologous
groups were suggested under positive (w>0), purifying (w<0), and neutral (w=0) selection based on the branch model analysis PAML v4 (Yang,

2007).
Model Statistics 0G21 0G22 0G23 0G24 0G25 0G26 0G27 0G28 0G29 0G30
M7 P 2.14132 0.06406 0.06593 0.01157 0.11791 0.09797 0.00500 0.01324 0.12438 0.39905
q 0.00500 1.03157 037167 0.29128 0.55212 1.71366 0.01043 0.04401 0.91871 1.75626
InL -7260.652141 -1945.359118 -2750.956795 -1925.351999 6793559395 -1171.791179 -4011.459227 -10797.123547 3351699957 -4631.216856
M8 po 0.78768 0.97751 0.99254 0.98709 0.99358 0.98435 0.95524 0.98419 0.99947 0.99980
p1 0.21232 0.02249 0.00746 0.01291 0.00642 0.01565 0.04476 0.01581 0.00053 0.00020
P 3.80620 0.37626 0.11086 0.01337 0.17085 3.12902 0.04091 0.05149 0.13684 0.42276
q 0.00500 12.46098 0.66878 1.53760 0.83982 99.00000 0.13223 0.19849 1.02612 1.87258
8.43172 1.00000 2.88271 1.00000 2.75890 1.00000 3.66200 3.49762 4.13548 5.57258
InL -7015.381484 -1942.826664 -2746.445973 -1919.346836 -6785.007090 -1169.662614 -3981.889340 -10767.435440 3350794888 -4630.941590
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977
978

979

980

981

982

983

984

985

Table S18 continuation. Single-copy orthologous groups (OG) selection test summary based on the branch model using single-copy orthologous
groups were suggested under positive (w>0), purifying (w<0), and neutral (w=0) selection based on the branch model analysis PAML v4 (Yang,

2007).
Model Statistics 0G31 0G32 0G33 0G34 0G35 0G36 0G37 0G38 0G39 0G40
M7 P 0.09682 0.00500 0.01361 0.12853 2.93311 0.05823 0.42458 0.00500 0.27664 0.15619
q 0.23303 0.01169 0.02728 0.71945 0.00500 1.15745 1.52297 0.01164 1.18964 1.22612
InL -8574.059132 -2753.230060 14141.789697 -8646.652568 3947 301727 -2855.538348 -13079.471158 -3756.977191 5794.915321 -6875.501372
M8 po 0.97856 0.94224 0.94255 0.99376 0.83471 0.99740 0.99922 0.93748 0.99805 0.99865
p1 0.02144 0.05776 0.05745 0.00624 0.16529 0.00260 0.00078 0.06252 0.00195 0.00135
P 0.19284 0.00500 0.02227 0.18461 5.34057 0.11980 0.51350 0.00500 0.43635 0.17342
q 0.53024 0.01181 0.04396 1.14440 0.00500 2.99264 1.86388 0.01182 1.94329 1.40620
2.99660 5.96985 3.27229 2.75081 8.67694 2.14111 4.67567 4.05177 4.92497 242542
InL -8547.602397 -2690.644795 14061.493950 -8630.991740 -3856.077856 -2853.096431 -13070.395831 -3712.245453 5779817707 -6874.751966
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987
988

989

990

991

992

993

994

995

Table S18 continuation. Single-copy orthologous groups (OG) selection test summary based on the branch model using single-copy orthologous
groups were suggested under positive (w>0), purifying (w<0), and neutral (w=0) selection based on the branch model analysis PAML v4 (Yang,

2007).

Model Statistics  OG41 0G42 0G43 0G44 0G45 0G46 0G47 0G48 0G49 0G50
M7 p 2.75291 275463  13.81559 5.88250 0.17780 0.01270 0.16541 1857656  0.02479 0.13611
q 0.00500 0.00500 0.00500 0.00500 0.98920 0.30150 0.73963 0.00500 0.60206 134146

InL 1727.6_28142 -2767.010532 -3152.738153 -3843.277680 -8900.392501 -3308.237776 -3007.209124 -1340.019158 6016.(;02738 -2495.413217
(VE: po 0.81819 0.68841 0.74672 0.70673 0.99690 0.99170 0.95382 0.75717 0.98870 0.99999
p1 0.18181 0.31159 0.25328 0.29327 0.00310 0.00830 0.04618 0.24283 0.01130 0.00001
p 1.68251 0.01415 273622 1.08685 0.23483 0.01760 0.48285 99.00000 0.35122 0.13612
q 0.00500 0.01909 0.00500 0.00500 137695 0.63598 3.34051 66.97474  20.92990 1.34165
w 7.16174 2.26902 8.59261 10.38204 277638 100000 143038 4.20947 1.00000 100000

InL -1676.231688 -2741.965899 -3069.716070 -3713.752084 -8891.840868 -3303.653754 -3004.453461 -1315.860983 6008.3_61 196 -2495.413624
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996 Table S19. Single-copy orthologous groups (OG) likelihood-rate test summary of the different selection test models.
Model 0G01 0G02 0G03 0G04 0G05 0G06 0G07 0G08 0G09 0G10
InL -2162.948435  -12069.630996 -5080.833417  -3121.452981 -5223.453997  -10548.369935  -9359.540371 -763.252274 -557.219077  -6236.572796
InL -2112.487363  -11800.164060 -4977.163013  -3028.144815  -4963.837256  -10328.578162 -8946.887586 -742.909191 -553.225759  -5937.036209
2AL 10092 538.93 207.34 186.62 519.23 439,58 825.31 40.686 7.9866 599.07
MO vs M3 K 4 4 4 4 4 4 4 4 4 4
alpha 05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
P 22e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 3.122e-08  0.09207  2.2e-16
X 94877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877
InL -2169.235915  -11808.787819 -4986.978991 -3034.793061 -4977.844425  -10364.330361 -9050.292984 -748.377623 -558.740901 -6083.510086
InL -2120.742582  -11808.787825 -4977.452908  -3033.125159  -4963.865531 -10364.330360  -8947.296962 -743.102722 -553.225759  -5937.927170
2L 96,987 -1.2e-05 19.052 3.3358 27.958 2,00E-06 205.99 10.55 11.03 291.17
M1a vs M2a K 2 2 2 2 2 2 2 2 2 2
alpha 05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
P 22e-16 1 7.292e-05 0.1886 8.493e-07 1 22e-16 0.005118  0.004025 2.2e-16
X 59915 5.9915 59915 5.9915 59915 5.9915 5.9915 5.9915 5.9915 59915
InL -2174.312191 -11814.932584 -4987.502003  -3032.430812  -4978.958372  -10329.253345  -9050.732544 -748.936935 -558.740903 -6083.778050
InL -2120.742584  -11800.268657 -4977.528737  -3029.343683  -4963.886655 -10328.535146  -8947.455539 -743.192940 -553.225759  -5938.151822
2L 107.14 29.328 19.947 6.1743 30.143 14364 206.55 11.488 11.03 291.25
M7 vs M8 K 2 2 2 2 2 2 2 2 2 2
alpha 5 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
P 22e-16 4281e-07  4.663e-05 0.04563 2.847e-07  0.4876 2.2e-16 0.003202  0.004025 2.2e-16
X 59915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915
997
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998 Table S19 continuation. Single-copy orthologous groups (OG) likelihood-rate test summary of the different selection test models.
Model 0G11 0G12 0G13 0G14 0G15 0G16 0G17 0G18 0G19 0G20
InL 14004.587976  -6347.668937 -2282.294164 12827.962628  -2885.791887 -3922.364464 -5887.196356 3779.892485 5887.196356  -3779.892485
InL 13464492160 -6209.966418 -2241.487657 12510.085125 -2836.115816  -3825.078218 -5754.333055 3682.333934 5754.333055 -3682.333934
2AL 10802 275.41 81.613 635.76 99.352 194.5 265.73 195.12 265.73 195.12
MO vs M3 K 4 4 4 4 4 4 4 4 4
alpha (5 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
p 2216 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 22e-16  22e-16
x 94877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877
InL 13663.361889 -6211.419555 -2297.410342 12519.847267  -2836.443831 -3834.113964 -5765.926799 3693.393850 5765.926799 -3693.393850
InL 13467.529096  -6211.419555 -2245.293250 12519.847267  -2836.296475 -3834.113964 -5765.926798 3693.393850 5765.926798  -3693.393850
2AL 39167 0 104.23 0 0.29471 0 2,00E-06 0 2,00E-06 0O
M1a vs M2a K P P > P > > P >
alpha (05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
P 22e-16 2.2e-16 1 0.863 1 1 1 1 1
X 59915 5.9915 5.9915 59915 5.9915 59915 59915 59915 59915 5.9915
InL 13665.327862 -6218.707134 -2303.037618 12521.830412  -2846.434892  -3829.332524 -5755.809986 3688.029348 2406.888553  -3688.029348
InL 13467.984638 -6210.890798 -2245.293250 12510.567346  -2836.132958 -3825.849050 -5755.813062 3682.383972 2396.599605 -3682.383972
2AL 394.69 15.633 115.49 22.526 20.604 6.9669 -0.006152 11.291 20.578 11.291
M7 vs M8 K 2 2 2 2 2 2 2 2 2
alpha (5 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
3.407e-
P 52e16 0.0004031  2.2e-16 1.284e-05 3.357e-05 0.0307 1 0.003534 05 0.003534
X 59915 5.9915 5.9915 59915 5.9915 59915 59915 59915 5.9915 5.9915
999
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1000  Table S19 continuation. Single-copy orthologous groups (OG) likelihood-rate test summary of the different selection test models

Model 0G21 0G22 0G23 0G24 0G25 0G26 0G27 0G28 0G29 0G30
InL -7173.277608  -1973.476058 -2893.070677  -1945.235038  -7079.463353  -1181.331501 -4165.726469 ; 1255.347165 ;447,1671 77 -4718.510529
InL -7012.525052  -1942.808084 -2746.114847  -1918.986824  -6782.359176  -1169.588354 -3980.362094 ;0767.41 2053 5347.71 1898 -4625.850279
20L 32157 61.336 293.91 52.496 594.21 23.486 370.73 975.87 198.91 185.32
MO vs M3 K 4 4 4 4 4 4 4 4 4
alpha (05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
P 22e-16 1519e-12  2.2e-16 1.086e-10  2.2e-16 0.0001012  2.2e-16 2.2e-16 2.2e-16 2.2e-16
X 94877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877
InL _7228.052639 -1943.028431 -2749.813253  -1919.354366  -6804.813715  -1169.588702 -4009.024521 ;0796.382824 ;363,304373 -4647.758019
InL -7015.381481 -1943.028431 é747.641931 -1919.354367  -6801.142675  -1169.588702 -3981.442258 ;0767.549294 5363.304385 -4647.758019
2AL 42534 0 43426 -2,00E-06  7.3421 0 55.165 57.667 24e-05 0
MilavsM2a g 2 2 2 2 2 2 2 2 2
alpha 05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
P 22e-16 0.114 1 0.02545 1 1.05e-12  3.004e-13 1 1
X 59915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915
InL -7260.652141  -1945.359118 -2750.956795 ;925.351999 _6793559395 -1171.791179 -4011.459227 ;0797123547 ;351.699957 -4631.216856
InL -7015.381484  -1942.826664 -2746.445973  -1919.346836  -6785.007090 -1169.662614 -3981.889340 ; 0767.435440 5350,794888 -4630.941590
2L 490.54 5.0649 9.0216 12.01 17.105 4.2571 59.14 59.376 1.8101 0.55053
M7 vs M8 K 2 2 2 2 2 2 2 2 2
alpha (05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
P 22e-16 0.07946 0.01099 0.002466  0.0001931 0.119 1439e-13  1.278e-13  0.4045 0.7594
X 59915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915
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1001  Table S19 continuation. Single-copy orthologous groups (OG) likelihood-rate test summary of the different selection test models
Model 0G31 0G32 0G33 0G34 0G35 0G36 0G37 0G38 0G39 0G40
InL -8768.449410 -2868.612793 14621.285148 -8894.045372 -3929.296093 -2874.910280 13312.710408 3928.586702 5930.825560 -7009.639226
InL -8544.994586  -2687.374379 14061496172  -8630.576510  -3850.677314  -2853.074629 13065.035639 3710.943836 5773.580811 -6872.342203
2L 44691 362.48 1119.6 526.94 157.24 43,671 49535 43529 314.49 274.59
MO vs M3 K 4 4 4 4 4 4 4 4 4 4
alpha 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
P 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 7.508e-09  2.2e-16 2.2e-16 2.2e-16 2.2e-16
X 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877
InL -8564.647612 -2752.368582 14140.983283 -8644.277513 -3942.697472 -2853.656918 13093.487688 3756.388973 5805.481261 -6890.667418
InL -8545.108356 -2690.644641 14061.772045 -8635.257293 -3856.077852 -2853.656918 13093.487688 3712.184796 5805.481261 -6890.667420
2AL 39079 123.45 158.42 18.04 173.24 0 0 88.408 0 -4,00E-06
MlavsM2a g 2 2 2 2 2 2 2 2 2 2
alpha (05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
P 3.267e-09 22e-16  2.2e-16 0.0001209 2.2e-16 1 1 2.2e-16 1 1
X 5.9915 5.9915 5.9915 5.9915 5.9915 59915 59915 59915 59915 59915
InL -8574.059132 -2753.230060 14141789697 8646.652568 3947.301727 -2855.538348 13079.471158 3756.977191 5794.915321 6875.501372
InL -8547.602397 -2690.644795 14061493950 -8630.991740 -3856.077856 -2853.096431 13070.395831 3712.245453 5779.817707 -6874.751966
2AL 52913 125.17 160.59 31.322 182.45 4.8838 18.151 89.463 30.195 1.4988
M7 vs M8 K 2 2 2 2 2 2 2 2 2 2
alpha (05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
2.775e-
p 3.236e-12  2.2e-16 2.2e-16 158e-07  2.2e-16 0.08699 0.0001145  2.2e-16 07 0.4726
X 5.9915 59915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915 5.9915
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1002  Table S19 continuation. Single-copy orthologous groups (OG) likelihood-rate test summary of the different selection test models
Model 0G41 0G42 0G43 0G44 0G45 0G46 0G47 0G48 0G49 0G50
InL -1708.733339  -2773.327806 -3118.301126  -3785.486916  -9144.155714  -3347.179895 -3053.244689 1345.203631 6073.114803 -2544.769522
InL -1673.816166  -2741.298992 -3064.991199  -3709.550828  -8887.890899  -3303.396341 -3004.355660 1315.858938 6008.146911 -2494.922373
20L 69.834 64.058 106.62 151.87 512.53 87.567 97.778 58.689 129.94 99.694
MO vs M3
K 4 4 4 4 4 4 4 4 4 4
alpha 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
/] 2.46e-14 4.064e-13 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 5.468e-12 2.2e-16 2.2e-16
X 94877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877 9.4877
InL -1719.991061 -2753.946889 -3152.415326  -3843.277682  -8919.315424  -3303.994599 -3004.787145 1335.653420 6008.522814 -2505.373631
InL -1676.231683  -2741.944017 -3069.716063  -3713.752060  -8919.315424  -3303.994599 -3004.514350 1315.858938 6008.522814 -2505.373631
M1a vs M2a 2AL  87.519 24.006 165.4 259.05 0 0 0.54559 39.589 0 0
K 2 2 2 2 2 2 2 2 2 2
alpha 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
P 2.2e-16 6.127e-06 2.2e-16 2.2e-16 1 1 0.7612 2.531e-09 1 1
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1003

M7 vs M8

InL

InL

2AL

alpha

5.9915

1727.628142

-1676.231688

102.79

0.05
2.2e-16

5.9915

5.9915

-2767.010532

-2741.965899

50.089

0.05

1.328e-11

5.9915

5.9915

-3152.738153

-3069.716070

166.04

0.05

2.2e-16

5.9915

5.9915

-3843.277680

-3713.752084

259.05

0.05

2.2e-16

5.9915

5.9915

-8900.392501

-8891.840868

17.103

0.05

0.0001932

5.9915

5.9915

-3308.237776

-3303.653754

9.168

0.05

0.01021

5.9915

5.9915

-3007.209124

-3004.453461

5.5113

0.05

0.06357

5.9915

5.9915

1340.019158

1315.860983

48.316

0.05
3.223e-11

5.9915

5.9915

6016.002738

6008.361196

15.283

0.05
0.0004801

5.9915

5.9915

2495.413217

-2495.413624

-0.000814

0.05

5.9915
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1004
1005

1006

1007

1008

1009

Table S20. Single-copy orthologous groups (OG) suggested sites to evolve under
positive and purifying selection based on the site model analysis.

Genes Number of Sites MOvsM3 MilavsM2a M7 vs M8
genes
0GO1 13 477 MO M1a M7
0602 13 3060 MO M2a M7
0G03 13 1371 MO M1a M7
0G04 13 450 MO M1a M7
0G05 13 738 MO M1a M7
0G06 13 2679 MO M2a M7
0G07 13 1380 MO M1a M7
0G08 13 159 MO M1a M7
0G09 13 192 M3 M1a M7
0G10 13 930 MO M1a M7
0G11 13 1617 MO M1a M7
0G12 13 1512 MO . M7
0G13 13 474 MO M1a M7
0G14 13 2178 MO - M7
0G15 13 813 MO M2a M7
0G16 13 945 MO . M7
0G17 13 1296 MO M2a M8
0G18 13 1005 MO - M7
0G19 13 678 MO M2a M7
0620 13 939 MO - M7
0G21 13 1317 MO M1a M7
0622 13 537 MO . M7
0G23 13 435 MO M1a M7
0G24 13 600 MO M2a M7
0G25 13 909 MO M1a M7
0G26 13 336 MO - M8
0G27 13 606 MO M1a M7
0G28 13 1575 MO M1a M7
0G29 13 477 MO M2a M8
0G30 13 702 MO - M8
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1010

1011
1012

1013

1014

1015

Table S20 continuation. Single-copy orthologous groups (OG) suggested sites to

evolve under positive and purifying selection based on the site model analysis.

Genes Number of Sites MOvsM3 MilavsM2a M7 vs M8
genes
0G31 13 1527 MO M7
0G32 13 435 MO M1a M7
0633 13 1854 MO M1a M7
0G34 13 1800 MO M1a M7
0G35 13 1029 MO M1a M7
0G36 13 879 MO - M8
0G37 13 1707 MO . M7
0G38 13 480 MO M1a M7
0G39 13 840 MO - M7
0G40 13 1425 MO M2a M8
0G41 13 1425 MO M1a M7
0G42 13 609 MO M1a M7
0G43 13 795 MO M1a M7
0G44 13 912 MO M1a M7
0G45 13 1434 MO - M7
0G46 13 948 MO . M7
0G47 13 696 MO M2a M8
0G48 13 297 MO M1a M7
0G49 13 1806 MO . M7
0G50 13 495 MO - M8
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1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

Table S21. Statistics of the genome assembly using for the REPET pipeline of the 13 aphid and aphid-like species.

Species

AGLY

AGOS

APIS

Sequences size (nb)
Cum sequence lengths
mean sequence length
Var
Sd

cv

Q1

median

Q3

max

N50

L50

N75

L75

N90

L90
GC content
occurrences of A
occurrences of T
occurrences of G
occurrences of C
occurrences of N

occurrences of other

3224
308065118 bp (308 Mb)
95553 bp
706925616106.20
840788.69

8.80

3224

60

1912

2958

5141

23246776

15

5864887nt

34

2348885nt

68

645927nt

82597793 (26.81%)
110206015 (35.77%)
110076105 (35.73%)
41308777 (13.41%)
41289016 (13.40%)
5185205 (1.68%)

4718

294278726 bp (294 Mb)
62373 bp
3543814542437
188250.22

3.02

4718

889

1264

2910

22426

5574629

195

437960nt

442

198105nt

795

69749nt

82597793 (26.81%)
110206015 (35.77%)
110076105 (35.73%)
41308777 (13.41%)
41289016 (13.40%)
5185205 (1.68%)

21920

541137574 bp (541 Mb)
24686 bp
2864951237004.97
1692616.68

68.56

21920

200

812

994

1557

170740645

2

132544852nt

3

119541763nt

285

43182nt

148699570 (27.48%)
175553482 (32.44%)
175485970 (32.43%)
74343043 (13.74%)
74356527 (13.74%)
41398550 (7.65%)

2 (0.00%)
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1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

Table S21 continuation. Statistics of the genome assembly using for the REPET pipeline of the 13 aphid and aphid-like species.

Species

DNOX

DPLA

DVIT

Sequences size (nb)

Cum sequence
lengths
mean sequence
length
Var

Sd

cv

Q1
median

Q3

max

N50

L50

N75

L75

N90

L90

GC content

occurrences of A
occurrences of T
occurrences of G
occurrences of C
occurrences of N

occurrences of other

5637

395073589 bp (395 Mb)

70085 bp

3045611437067
174516.80
249
5637
928
2242
10659
24771
2142037
281
397774nt
661
169433nt
1362
37041nt
86035086 (21.78%)
104953206 (26.57%)
104986705 (26.57%)
43027042 (10.89%)
43008044 (10.89%)
98535224 (24.94%)
563368 (0.14%)

1457

416559878 bp (416 Mb)

285902 bp

180777758121.01
425179.68
1.49
1457
50051
80625
146084
296839
5044119
184
518248nt
504
218156nt
900
109054nt
125473212 (30.12%)
145476040 (34.92%)
145610626 (34.96%)
62727755 (15.06%)
62745457 (15.06%)
0 (0%)

10492

282671353 bp (282 Mb)

26941 bp

10953827094.39
104660.53
3.88
10492
141
732
1077
3389
2080308
236
341590nt
557
129057
1164
36802
75293698 (26.64%)
100560015 (35.57%)
100538992 (35.57%)
37634441 (13.31%)
37659257 (13.32%)
6278648 (2.22%)
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1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

Table S21 continuation. Statistics of the genome assembly using for the REPET pipeline of the 13 aphid and aphid-like species.

Species

ELAN

MCER

MPER

Sequences size (nb)

Cum sequence
lengths
mean sequence
length
Var

Sd
cv
n
min
Q1
median
Q3
max
N50
L50
N75
L75
N90
L90
GC content
occurrences of A
occurrences of T
occurrences of G
occurrences of C

occurrences of N

7146

334868377 bp (334 Mb)

46860 bp

2403432991129.35
1550300.94
33.08
7146
1000
1380
2195
3792
71231741
3
62861676nt
5
33516867nt
6
29687234nt
84889544 (25.35%)
121136053 (36.17%)
121083850 (36.16%)
42454008 (12.68%)
42435536 (12.67%)
7758930 (2.32%)

49286

405711039 bp (405 Mb)

8231 bp

208480886.95
14438.87
1.75
49286
1001
1599
2957
7384
265351
4472
23273nt
12033
7629nt
25289
2853nt
121142808 (29.86%)
142161864 (35.04%)
142206642 (35.05%)
60572748 (14.93%)
60570060 (14.93%)
199725 (0.05%)

360

395142899 bp (395 Mb)

1097619 bp

79614281131038.03
8922683.52
8.13
360
5000
9881
17275
32495
105178091
3
69480500nt
4
62328371nt
6
29865500
119241258 (30.18%)
137745117 (34.86%)
137769523 (34.87%)
59645355 (15.09%)
59595903 (15.08%)
387001 (0.10%)
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1061

1062

Table S21 continuation.

Statistics of the genome assembly using for the REPET pipeline of the 13 aphid and aphid-like species.

Species

PNIG

RMAI

RPAD

SMIs

Sequences size (nb)

Cum sequence
lengths
mean sequence
length
Var

Sd
cv
n
min
Q1
median
Q3
max
N50
L50
N75
L75
N90
L90
GC content
occurrences of A
occurrences of T
occurrences of G
occurrences of C

occurrences of N

18348

375348459 bp (375 Mb)

20457 bp

2203736131.51
46943.97
2.29
18348
1000
1522
3033
11969
631822
1038
103994nt
2410
42723nt
4986
9877nt
107489442 (28.64%)
133781559 (35.64%)
133825498 (35.65%)
53753361 (14.32%)
53736081 (14.32%)
251960 (0.07%)

220

326023155 bp (326 Mb)

1481923 bp

119546129129072.09
10933715.25
7.38
220
1096
7495
20497
33477
94224415
2
93298903nt
3
76887858nt
4
56292413nt
90270308 (27.69%)
117853279 (36.15%)
117852668 (36.15%)
45115152 (13.84%)
45155156 (13.85%)
46900 (0.01%)

2172

321589008 bp (321 Mb)

148061 bp

104523010136.11
323300.19
2.18
2172
1131
7982
19633
123870
4088110
140
652723nt
321
298224nt
583
101141nt
89439794 (27.81%)
116094666 (36.10%)
116054548 (36.09%)
44701984 (13.90%)
44737810 (13.91%)
0 (0%)

653

397852643 bp (397 Mb)

609268 bp

30160399665805.68
549184847
9.01
653
2682
16972
29917
45044
101470385
4
36263045nt
7
32651544nt
9
28943255nt
119611961 (30.06%)
139175655 (34.98%)
139015827 (34.94%)
59809085 (15.03%)
59802876 (15.03%)
49200 (0.01%)
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1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

Table S22. Statistics of the transposable elements consensus library from the REPET pipeline of the 13 aphid and aphid-like species.

Species AGLY AGOS APIS

Sequences size (nb) 1161 240 1604

Cum sequence lengths 2933887 bp (2 Mb) 208307 bp 1310621 bp (1 Mb)

mean sequence length 2527 bp 867 bp 817 bp

Var 6686596.36 310162.68 39165636

sd 2585.85 556.92 625.82

o 1.02 0.64 077

n 1161 240 1604

min 347 326 331

Qi 718 535 542

median 1483 663 694

Q3 3445 979 938

max 16899 3996 18580

N50 215 68 512

L50 4159nt 945nt 858nt

N75 441 137 963

L75 2545nt 622nt 611nt

N90 712 193 1314

L90 9453nt 500nt 510nt

GC content

occurrences of A
occurrences of T
occurrences of G
occurrences of C

occurrences of N

803274 (27.38%)
1093377 (37.27%)
1037236 (35.35%)
403085 (13.74%)
400189 (13.64%)
0 (0%)

59362 (28.50%)
74140 (35.59%)
74805 (35.91%)
29798 (14.30%)
29564 (14.19%)
0 (0%)

390102 (29.76%)
461661 (35.22%)
458858 (35.01%)
194026 (14.80%)
196076 (14.96%)
0 (0%)
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1078
1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

Table S22 continuation. Statistics of the transposable elements consensus library from the REPET pipeline of the 13 aphid and aphid-

like species.

Species

DNOX DPLA DVIT
Sequences size (nb) 1262 2965 3535
Cum sequence lengths 893004 bp 6321378 bp (6 Mb) 4620002 bp (4 Mb)
mean sequence length 707 bp 2131 bp 1306 bp
Var 120586.28 5170311.22 1170010.58
sd 347.26 2273.83 1081.67
o 0.49 1.07 0.83
n 1262 2965 3535
min 341 327 329
Qi 511 640 566
median 610 1190 916
Q3 794 2746 1602
max 5409 18499 8462
N50 437 515 775
L50 709nt 3869 12759nt
N75 796 1108 1669
L75 551nt 1886nt 971nt
N90 1056 1873 2609
L90 478nt 824nt 572nt
GC content

occurrences of A
occurrences of T
occurrences of G
occurrences of C

occurrences of N

281641 (31.54%)
311582 (34.89%)
299605 (33.55%)
138254 (15.48%)
143387 (16.06%)
176 (0.02%)

1946135 (30.79%)
2247668 (35.56%)
2127575 (33.66%)
975599 (15.43%)
970536 (15.35%)
0 (0%)

1417030 (30.67%)
1634296 (35.37%)
1568638 (33.95%)
708796 (15.34%)
708234 (15.33%)
38 (0.00%)
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1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

Table S22 continuation. Statistics of the transposable elements consensus library from the REPET pipeline of the 13 aphid and aphid-

like species.

Species

ELAN

MCER

MPER

Sequences size (nb)
Cum sequence lengths
mean sequence length
Var
Sd

cv

median

Q3

max

N50

L50

N75

L75

N90

L90
GC content
occurrences of A
occurrences of T
occurrences of G
occurrences of C

occurrences of N

1157

2005004 bp (2 Mb)
1732 bp
3739808.02
1933.86

1.12

1157

343

629

1032

1989

16846

199

2612
477

1273nt

796
701nt

575011 (28.68%)
735765 (36.70%)
694168 (34.62%)
287026 (14.32%)
287985 (14.36%)
60 (0.00%)

1571

1172626 bp (1 Mb)
746 bp
163345.43
404.16

0.54

1571

332

515

619

851

5297

515

751nt

966

567nt

1302
A477nt

349195 (29.78%)
415464 (35.43%)
407966 (34.79%)
173180 (14.77%)
176015 (15.01%)
1 (0.00%)

1806

3758845 bp (3 Mb)
2081 bp
5839490.59
241650

1.16

1806

325

626

1038

2580

20355

281
4092nt

632

1691nt

1133

745nt

1179331 (31.37%)
1326250 (35.28%)
1253264 (33.34%)
586879 (15.61%)
592452 (15.76%)
0 (0%)
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1110  Table S22 continuation. Statistics of the transposable

1111 aphid-like species.

elements consensus library from the REPET pipeline of the 13 aphid and

Species

PNIG

RMAI

RPAD

SMiIs

Sequences size (nb)

Cum sequence
lengths
mean sequence
length
Var

Sd
cv
n
min
Q1
median
Q3
max
N50
L50
N75
L75
N90
L90
GC content
occurrences of A
occurrences of T
occurrences of G
occurrences of C

occurrences of N

920

1065104 bp (1 Mb)

1157 bp

786654.68
886.94
0.77
920
360
566
809
1400
5831
213
1467nt
458
812nt
698
564nt
343763 (32.28%)
372134 (34.94%)
349207 (32.79%)
166441 (15.63%)
177322 (16.65%)
0 (0%)

830

1597414 bp (1 Mb)

1924 bp

9038410.91
3006.40
1.56
830
340
629
851
1633
23314
85
4206nt
276
1212nt
551
668nt
475307 (29.75%)
567035 (35.50%)
555072 (34.75%)
233886 (14.64%)
241421 (15.11%)
0 (0%)

1018

1408656 bp (1 Mb)

1383 bp

2499614.73
1581.02
1.14
1018
347
576
764
1451
124843
166
2173nt
434
842nt
735
591nt
422297 (29.98%)
502243 (35.65%)
484116 (34.37%)
209464 (14.87%)
212833 (15.11%)
0 (0%)

1516

2458830 bp (2 Mb)

1621 bp

4049563.55
2012.35
124
1516
329
596
877
1649
17379
231
2500nt
605
1128nt
1047
630nt
774646 (31.50%)
859947 (34.97%)
824237 (33.52%)
380314 (15.47%)
394332 (16.04%)
0 (0%)

1112
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1127  Figure S9. Chemosensory genes (OR and GR) and single-copy orthologous genes dNdS distribution suggest purifying selection.
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Figure $10. Correlation between dN/dS ratio and synonymous divergence (dS) among Gustatory Receptors (GR), Olfactory receptors

(OR), and single copy orthologous groups (OG) for the 13 species.
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Figure S11. Changes in effective population size (N.) estimates from pairwise
sequentially Markovian coalescent (PSMC; Li & Durbin, 2011) with unmasked and
masked genomes for repeat regions for each aphid species. For Aphis gossypii, no
short reads data were available and for Aphis glycines, the sequencing depth was not
sufficient to allow a reliable inference. PSMC curve for Acyrthosiphon pisum after
masking all of the repeat regions in the genome (black, yellow, LTR, SINE, TIR, one
repeat class was unmasked at a time, except the black line which represents all TE class
masked) and without masking (purple line). Plots were scaled using one year per
generation and mutation rate of 2.7e-10 mutation per site per generation for each
aphid species. Ice ages LGM (last glacial maximum: -26.5 to -20 kYears), Riss (-240 to
-180 kYears), Mindel (-480 to -430 kYears) and Giinz (-600 to -540 kYears) are indicated
as grey areas.
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Figure S12. TE-copy identity number among the 12 aphid species using an upset plot (UpSetR R package, Conway et al., 2017).
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Table S23. General linear model (GLM) summary of different models to test the distribution of the selection pressure among the
different chemosensory genes and the single-copy orthologous gene groups (OG).

DEGREE OF
Model VARIABLE GENES EFFECT (ESTIMATE) FREEDOM P-VALUES FILE
1 dN/dS oG Groups 10.987 49 2.2e-16 OG_statistics.txt
2 dN oG Groups 1.6818 49 0.003667 OG_statistics.txt
3 ds oG Groups 0.4776 49 0.999 OG_statistics.txt
4 dN/dS oG Species 1.9703 12 0.02499 OG_spp_statistics.txt
5 dN oG Species 114.35 12 2.2e-16 OG_spp_statistics.txt
6 ds oG Species 337.72 12 2.2e-16 OG_spp_statistics.txt
7 dN/dS OG, OR, and GR  Type 119.21 2 2.2e-16 OG_chemo_statistics.txt
8 dN OG, OR, and GR  Type 12.498 2 4.122e-06 OG_chemo_statistics.txt
9 ds OG, OR, and GR  Type 8.1958 2 0.0002878 OG_chemo_statistics.txt
10 dN/dS GR Groups 3.8772 11 2.509e-05 Genes_GR_dNdS_distribution.txt
11 dN/dS OR Groups 3.6779 23 6.749e-08 Genes_OR_dNdS_distribution.txt
12 dN/dS GR Species 1.3713 12 0.177 Species_GR_genes_dNdS_distribution.txt
13 dN/dS OR Species 0.6161 11 0.8153 Species_OR_genes_dNdS_distribution.txt
14 dN GR Groups 0.6372 11 0.7969 Genes_GR_dN_distribution.txt
15 dN OR Groups 3.2191 23 1.661e-06 Group_OR_dN_distribution.txt
16 dN GR Species 9.0368 12 2.546e-15 Species_GR_genes_dN_distribution.txt
17 dN OR Species 3.3247 11 0.0002241 Species_OR_genes_dN_distribution.txt
18 ds GR Groups 0.8479 11 0.5921 Genes_GR_dS_distribution.txt
19 ds OR Groups 3.9413 23 1.05e-08 Genes_OR_dS_distribution.txt
20 ds GR Species 10.508 12 2.2e-16 Species_GR_genes_dS_distribution.txt
21 ds OR Species 3.818 11 3.283e-05 Species_OR_genes_dS_distribution.txt
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Table S23 continuation. General linear model (GLM) summary of different models to test the distribution of the selection pressure

among the different

DEGREE OF
Model VARIABLE GENES EFFECT (ESTIMATE) FREEDOM P-VALUES FILE
22 dN/dS GR, OR Chemo 0.6358 1 0.4255 Chemosensory_genes_dNdS_distribution.txt
(Type)
23 dN GR, OR Chemo 0.344 1 0.5577 Chemosensory_genes_dN_distribution.txt
(Type)
24 ds GR, OR Chemo 0.2427 1 0.6224 Chemosensory_genes_dS_distribution.txt
(Type)
25 dN/dS GR, OR Groups 3.8252 35 3.82e-12 Species_chemosensory_genes_dNdS_distribution.txt
26 dN GR, OR Groups 1.3409 35 0.09247 Group_chemosensory_genes_dN_distribution.txt
27 dsS GR, OR Groups 2.0059 35 0.0005995 Group_chemosensory_genes_dS_distribution.txt
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Table S24. Locus Overlap Analysis (LOLA) transposable elements (TEs) enrichment analysis in the Gustatory receptor (GR) and
Olfactory receptor (OR) genes in 10Kb length. Excel file:

a LOLA_summary Overall summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment
analysis in the Gustatory receptor (GR) and Olfatory receptor (OR) genes

b AGLY_GR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for Aphis
glycine (AGLY) in the Gustatory receptor genes (GR)

C AGLY_OR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for Aphis
glycine (AGLY) in the Olfatory receptor genes (OR)

d DPLA_GR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for
Dysaphis plantaginea (DPLA) in the Gustatory receptor genes (GR)

e DPLA_OR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichmentanalysis for
Dysaphis plantaginea (DPLA) in the Olfactory receptor genes (OR)

f AGOS_GR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for Aphis
gossypii (AGOS) in the Gustatory receptor genes (GR)

g AGOS_OR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for Aphis
gossypi (AGOS) in the Olfactory receptor genes (OR)

h APIS_GR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for
Acyrthosiphon pisum (APIS) in the Gustatory receptor genes (GR)

[ APIS_OR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for
Acyrthosiphon pisum (APIS) in the Olfactory receptor genes (OR)
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J DNOX_OR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for
Diuraphis noxia (DNOX) in the Olfactory receptor genes (OR)

k DNOX_GR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for
Diuraphis noxia (DNOX) in the Gustatory receptor genes (GR)

I DVIT_GR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for
Daktulosphaira vitifoliae (DVIT) in the Gustatory receptor genes (GR)

m DVIT_OR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for
Daktulosphaira vitifoliae (DVIT) in the Olfactory receptor genes (OR)

n ELAN_GR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for
Eriosoma lanigerum (ELAN) in the Gustatory receptor genes (GR)

o ELAN_OR ummary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for
Eriosoma lanigerum (ELAN) in the Olfactory receptor genes (OR)

p MCER_GR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for Myzus
cerasii (MCER) in the Gustatory receptor genes (GR)

q MCER_OR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for Myzus
cerasii (MCER) in the Olfactory receptor genes (OR)

r PNIG_GR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for
Pentalonia nigronervosa (PNIG) in the Gustatory receptor genes (GR)

S PNIG_OR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for
Pentalonia nigronervosa (PNIG) in the Olfactory receptor genes (OR)
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t RPAD_GR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for
Rhopalosiphum padi (RPAD) in the Gustatory receptor genes (GR)

u RPAD_OR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for
Rhopalosiphum padi (RPAD) in the Olfactory receptor genes (OR)

v RMAI_GR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for
Rhopalosiphum maidis (RMAI) in the Gustatory receptor genes (GR)

w RMAI_OR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for
Rhopalosiphum maidis (RMAI) in the Olfactory receptor genes (OR)

X SMIS_GR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for
Sitobion miscanthi (SMIS) in the Gustatory receptor genes (GR)

y SMIS_OR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for
Sitobion miscanthi (SMIS) in the Olfactory receptor genes (OR)

z MPER_GR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for Myzus
persicae (MPER) in the Gustatory receptor genes (GR)

aa MPER_OR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis for Myzus
persicae (MPER) in the Olfactory receptor genes (OR)
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Table S25. Locus Overlap Analysis (LOLA) transposable elements (TEs) depletion analysis in the Gustatory receptor (GR) and Olfactory
receptor (OR) genes in 10Kb length.. Excel file:

a AGLY_GR  Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Aphis glycine
(AGLY) in the Gustatory receptor genes (GR)

b AGLY_OR  Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Aphis glycine
(AGLY) in the Olfatory receptor genes (OR)

C DPLA_GR  Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Dysaphis
plantaginea (DPLA) in the Gustatory receptor genes (GR)

d DPLA_OR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletionanalysis for Dysaphis
plantaginea (DPLA) in the Olfactory receptor genes (OR)

e AGOS_GR  Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Aphis gossypii
(AGOS) in the Gustatory receptor genes (GR)

f AGOS_OR  Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Aphis gossypi
(AGOS) in the Olfactory receptor genes (OR)

g APIS_GR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Acyrthosiphon
pisum (APIS) in the Gustatory receptor genes (GR)

h APIS_OR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Acyrthosiphon
pisum (APIS) in the Olfactory receptor genes (OR)
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[ DNOX_OR  Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Diuraphis noxia
(DNOX) in the Olfactory receptor genes (OR)

j DNOX_GR  Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Diuraphis noxia
(DNOX) in the Gustatory receptor genes (GR)

k DVIT_GR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Daktulosphaira
vitifoliae (DVIT) in the Gustatory receptor genes (GR)

I DVIT_OR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Daktulosphaira
vitifoliae (DVIT) in the Olfactory receptor genes (OR)

m ELAN_GR  Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Eriosoma
lanigerum (ELAN) in the Gustatory receptor genes (GR)

n ELAN_OR ummary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Eriosoma
lanigerum (ELAN) in the Olfactory receptor genes (OR)

o) MCER_GR  Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Myzus cerasii
(MCER) in the Gustatory receptor genes (GR)

p MCER_OR  Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Myzus cerasii
(MCER) in the Olfactory receptor genes (OR)

q PNIG_GR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Pentalonia
nigronervosa (PNIG) in the Gustatory receptor genes (GR)

r PNIG_OR  Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Pentalonia
nigronervosa (PNIG) in the Olfactory receptor genes (OR)
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S RMAI_GR  Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Rhopalosiphum
maidis (RMAI) in the Gustatory receptor genes (GR)

t RMAI_OR  Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Rhopalosiphum
maidis (RMAI) in the Olfactoryreceptor genes (OR)

u RPAD_GR  Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Rhopalosiphum
padi (RPAD) in the Gustatory receptor genes (GR)

v RPAD_OR  Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Rhopalosiphum
padi (RPAD) in the Olfactory receptor genes (OR)

w SMIS_GR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Sitobion
miscanthi (SMIS) in the Gustatory receptor genes (GR)

X SMIS_OR Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Sitobion
miscanthi (SMIS) in the Olfactory receptor genes (OR)

y MPER_GR  Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Myzus persicae
(MPER) in the Gustatory receptor genes (GR)

z MPER_OR  Summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis for Myzus persicae
(MPER) in the Olfactory receptor genes (OR)
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Table S26. Locus Overlap Analysis (LOLA) transposable elements (TEs) enrichment and depletion analysis in the Gustatory receptor
(GR) and Olfactory receptor (OR) genes in a 2Kb length.

a LOLA_summary Overall summary of the Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment
analysis in the Gustatory receptor (GR) and Olfactory receptor (OR) genes in 2Kb length.

b LOLA_summary Locus Overlap Analysis (LOLA) Transposable Elements (TEs) enrichment analysis in the Gustatory
receptor (GR) and Olfactory receptor (OR) genes among the 13 species in 2Kb length.

C LOLA_summary Locus Overlap Analysis (LOLA) Transposable Elements (TEs) depletion analysis in the Gustatory
receptor (GR) and Olfactory receptor (OR) genes among the 13 species in 2Kb length.
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5. OUTLINE CHAPTER 2 : COLONIZATION HISTORY OF THE ROSY APPLE
APHID

Understanding the evolutionary processes underlying the colonization of
new environments and the range expansion of species is a key goal in
evolutionary biology (Austerlitz et al., 1997; Excoffier et al., 2009; Rius and Darling,
2014; Hoffman and Courchamp, 2016; Angert et al., 2020). Crop parasites
frequently present the colonization of new hosts (host shift) across large
geographic ranges and are good models for studying the mechanisms of rapid
colonization and range expansion (Stuckenbrock and McDonald, 2008; Gladieux
etal., 2014; Garnas et al., 2016). Understanding diversity and population structure
is also critical to studying reliable genes involved in adaptation (Tiffin and Ross-

Ibarra, 2014), which was the following goal of my Ph.D. project (Chapters 3 and 4).

Using microsatellite markers, we described population structure and
diversity and inferred the colonization history of the rosy apple aphid Dysaphis
plantaginea. The rosy aphid is one of the major pests of the cultivated apple in
Europe, North America, and the Middle East. Previous population genetics studies
showed that the cultivated apple tree was domesticated in Central Asia,
introduced to Europe by the Greeks, and disseminated worldwide by humans
(Cornille et al., 2012 and 2014). Nevertheless, there was no information on when
and how the colonization of the rosy apple aphid occurred on its primary host,
the cultivated apple (Guillemaud et al., 2011), during its domestication. Besides,
whether colonization occurred by population contraction followed by expansion,
a typical pattern associated with colonization of a new environment, was
unknown. Eventually, as aphids are known to be big dispersers (Roderick, 1996),

the occurrence of gene flow among aphid populations during colonization was a
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central question still unresolved. In addition, endosymbiotic bacteria hosted by
aphids are known to play a role in the colonization of new habitats (Tsuchida et
al., 2002; Russell et al., 2013; Zepeda-Paulo et al., 2018; Lenhart and White, 2020;
Leclair et al., 2021), and in the degree of gene flow among populations (Leonardo
and Mondor, 20006). The bacteria community can, therefore, have a role during
the colonization of the rosy apple aphid, but we needed to figure it out at the

beginning of my Ph.D.

Thus, in this chapter, | present the demographic history of the rosy apple
aphid in North Africa, North America, and Europe reconstructed using
mitochondrial (CytB and COT), bacterial (76s rRNA and TrnpB), and 30 newly
developed microsatellites (or simple sequence repeats, SSR hereafter) markers.
Note that the SSR markers were developed upon my arrival. We utilized over 650
rosy apple aphid colonies representing 52 orchards in 13 countries genotyped for
the 30 microsatellite markers, a dataset already available before starting my Ph.D.
thesis. We evaluated the rosy apple aphid genetic diversity and population
structure and characterized the endosymbiont bacteria community diversity. We
detected five weakly genetically differentiated rosy apple aphid populations,
isolated by distance, with high levels of gene flow. The ABC-RF framework further
confirmed the substantial gene flow among populations. We also observed an
Eastern-Western decreasing gradient of genetic diversity in Europe, suggesting
colonization from Eastern to Western Europe, followed by colonization of North
America and Morocco. We tried to infer the population sources and routes of
colonization with the ABC-RF framework. However, our power to distinguish
among scenarios could have been higher due to the large degree of gene flow
among populations and the lack of samples from the Middle East, which is
suspected to be a source population. We also found that only the obligatory

endosymbiont bacteria Buchnera aphidicola Munson was presentin D. plantaginea

276



populations across the sampling area, suggesting that secondary endosymbionts

did not have a central role during the colonization of the rosy apple aphid.

Our work demonstrated that the recent range expansion of a major fruit
tree aphid pest involved high levels of gene flow among genetically diverse
populations. The consequences of substantial gene flow within and between
populations of the rosy apple aphid remain to be explored with additional
genomic markers (e.g., Single Nucleotide Polymorphism or SNPs). Local
adaptation results from balancing gene flow and selection (Savolainen et al., 2013;
Briscoe et al., 2020). The dependence of aphids on their hosts, as well as certain
abiotic factors (Simon et al., 2002; Braendle et al., 2006; Simon et al., 2010), and
the recent identification of genes involved in aphid infestation success (Nouhaud
et al.,, 2018, Vazquez et al. 2024 in prep), make aphids a fascinating and relevant
model to study the genomic bases of local adaptation. In chapters 3 and 4, |
investigate the local adaptation of the rosy apple aphid in the context of recent

colonization (Olvera-Vazquez et al., 2021).

Chapter 2, reconstructing the evolutionary history of the rosy apple aphid
using SSR markers, has been published in the Peers Community in Evolutionary

Biology (https://doi.org/10.24072/pcjournal.26). In addition, this work was part of

an article supporting science outreach prepared with my supervisor Amandine

Cornille and me in the online journal “Passion Entomologie” (https://passion-

entomologie.fr/pommier-puceron-cendre/).
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Abstract

With frequent host shifts involving the colonization of new hosts across large geographical ranges, crop pests are good models
for examining the mechanisms of rapid colonization. The microbial partners of pest insects may also be involved in or affected
by colonization processes, which has been little studied so far. We investigated the demographic history of the rosy apple aphid,
Dysaphis plantaginea, a major pest of the cultivated apple (Malus domestica) in Europe, North Africa and North America, as well as
the diversity of its microbiota. We genotyped a comprehensive sample of 714 colonies from Europe, Morocco and the US using
mitochondrial (CytB and CO1), bacterial (16s rRNA and TrnpB), and 30 microsatellite markers. We detected five populations
spread across the US, Morocco, Western and Eastern Europe and Spain. Populations showed weak genetic differentiation and
high genetic diversity, except the ones from Morocco and North America that are likely the result of recent colonization events.
Coalescent-based inferences revealed high levels of gene flow among populations during the colonization but did not allow
determining the sequence of colonization of Europe, North America and Morroco by D. plantaginea, likely because of the weak
genetic differentiation and the occurrence of gene flow among populations. We found that D. plantaginea rarely hosts other
endosymbiotic bacteria than its obligate nutritional symbiont Buchnera aphidicola. This suggests that secondary endosymbionts
did not play an important role in the rapid spread of the rosy apple aphid. These findings have fundamental importance for
understanding pest colonization processes and implications for sustainable pest control programs.
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Introduction

Understanding the evolutionary processes underlying the colonization of new environments and the
range expansion of species is a key goal in evolutionary biology (Austerlitz et al. 1997; Excoffier et al. 2009;
Rius & Darling 2014; Hoffmann & Courchamp 2016; Angert et al. 2020). Crop pests in agro-ecosystems,
with their frequent colonization of new hosts across large geographic ranges, are good models to study the
mechanisms of rapid colonization and range expansion (Stukenbrock & McDonald 2008; Gladieux et al.
2014; Garnas et al. 2016). The key questions relating to the evolutionary processes underlying the
colonization, spread and success of crop pests pertain to the geographic origin of the source population,
the location of the colonization routes, the extent to which genetic diversity is reduced via founder effects
(Blakeslee et al. 2020) and the extent of gene flow among populations during the spread of the plant
parasite (Stukenbrock 2016). Current and future threats to biodiversity and their consequences on
ecosystem health and services make these questions more relevant than ever. Understanding the routes
of pest colonization contributes greatly to the efforts to protect crops against future pest emergence and
therefore has direct implications for breeding and agronomic programs that develop biological methods of
parasite control (Estoup & Guillemaud 2010; Lawson Handley et al. 2011; Turcotte et al. 2017; Fraimout et
al. 2017).

Historically, gene genealogies have been a rich source of information into a species’ evolutionary
history that could be applied to the study of colonization (Posada & Crandall 2001; Hickerson et al. 2010;
Bloomquist et al. 2010). The characterization of population structure, genetic diversity and demographic
history (divergence time, migration rates among populations and effective population size) are also
essential to understand the evolutionary processes underlying rapid colonization and range of geographic
expansion (Excoffier et al. 2009). Approximate Bayesian computation methods (referred to as “ABC”
hereafter) provide a robust framework for inferring a species’ history by allowing the comparison of
alternative demographic models and the estimation of their associated parameters (divergence time,
migration rate, effective population size) (Bertorelle et al. 2010; Csilléry et al. 2010, 2012; Roux & Pannell
2015; Estoup et al. 2018; Raynal et al. 2019). The power of the ABC methods has made it possible to retrace
the evolutionary history of notorious plant parasites (e.g., Plasmopara viticola (Berk & Curtis) Berl. & de
Toni (Fontaine et al. 2021), Microbotryum lychnidis-dioicae (DC. Ex Liro) G. Dem| & Oberw. (Gladieux et al.
2015)), insect crop pests (e.g., Batrocera dorsalis Hendel (Aketarawong et al. 2014), Drosophila suzukii
Matsumura (Fraimout et al. 2017), Daktulosphaira vitifoliae Fitch (Rispe et al. 2020) and invasive alien
species posing a threat to the native fauna (e.g., Harmonia axyridis Pallas (Lawson Handley et al. 2011)).
These studies have identified the source populations, reconstructed complex colonization routes, and
determined the pace of geographic range expansion, often emphasizing the role of human transportation
in the spread of these noxious species. Recently, the ABC approach, combined with machine learning (i.e.
, random forest, referred to as “ABC-RF” hereafter (Estoup et al. 2018; Raynal et al. 2019), was used to
demonstrate that the African arid-adapted locust pest species Schistocerca gregaria Forsskal colonized
Africa through major migration events driven by the last glacial climatic episodes (Chapuis et al. 2020). Yet,
ABC methods are underused for estimating the extent of gene flow during parasite colonization (but see
(Fraimout et al. 2017)). Most studies assume punctual admixture events among populations, but rarely
continuous gene flow among populations. Only recently has the new ABC-RF approach been used to infer
the invasion routes, evolutionary history and extent of gene flow in the spotted-wing D. suzukii Matsumura
from microsatellite markers (Fraimout et al. 2017) (referred to as SSR for simple sequence repeat
hereafter). Beyond population genomics approaches, and in the special case of insect pests, the
investigation of colonization history could also benefit from the characterization of insect endosymbiotic
bacterial communities. Indeed, many insect pests host a consortium of endosymbiotic bacteria that
mediate their adaptation to new environmental conditions (Frago et al. 2020). Variations in the
endosymbiotic consortium along colonization routes could facilitate the rapid adaptation of insect pests to
different environments (Lenhart & White 2020) and, in consequence, its spread. Alternatively, if the
colonization stems from only a few populations, it might be accompanied by a loss of endosymbiont
diversity along the colonization routes.

Aphids are a good study system to investigate the evolutionary processes involved in range expansion
and the colonization of new environments. Aphids infest a wide range of host species and can be major
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pests of many crop plants (Blackman & Eastop 2000). Some aphid species have now become cosmopolitan
following the dissemination of crops around the globe (Zepeda-Paulo et al. 2010; Kirk et al. 2013; Brady et
al. 2014; Zhang et al. 2014). The clonal reproduction of aphids during spring and summer is one of the
reasons put forward to account for their remarkable success worldwide. Indeed, asexual reproduction
allows for a rapid increase in population size after the colonization of a favorable new environment (Simon
et al. 2002, 2010; Figueroa et al. 2018). So far, only a handful of studies have reconstructed the colonization
history of aphid crop pests by combining population genetics approaches using the information from SSR,
sequence or single nucleotide polymorphism (SNP) markers (Peccoud et al. 2008; Zepeda-Paulo et al. 2010;
Piffaretti et al. 2013; Zhang et al. 2014; Zhou et al. 2015; Kim et al. 2016; Fang et al. 2018; Morales-Hojas
et al. 2020; Giordano et al. 2020; Leclair et al. 2021). These studies demonstrated that aphid species can
spread very quickly across the world, probably via plants transported by humans and/or wind. These
investigations detected a colonization involving several populations with high genetic diversity, possibly
with gene flow (Wei et al. 2005; Wang et al. 2015) and/or a few “super-clones”, i.e., predominant
genotypes widespread in space and time (Vorburger et al. 2003; Piffaretti et al. 2013; Figueroa et al. 2018).
Assessing the genetic diversity, genetic structure and the extent of gene flow among populations in aphids
are therefore central to determining the evolutionary processes that have occurred during aphid
colonization.

Associating the reconstruction of aphid colonization history with the characterization of their
endosymbiotic bacterial community can shed light on the processes of their dispersal. Aphids harbor both
obligate symbionts that supply them with the nutrients missing from their diet (Buchner 1965) and
facultative symbionts that can provide various selective advantages in specific environmental conditions
(Haynes et al. 2003; Oliver et al. 2009). The obligate aphid endosymbiont bacterium Buchnera aphidicola
has strictly codiverged with most aphid species (Jousselin et al. 2009). Bacterial markers (e.g., TrpB), along
with other typical markers (e.g., CO1 or CytB), can be used to infer the phylogenetic history of aphid species
and to investigate signals of recent range expansions (Zhang et al. 2014; Popkin et al. 2017). Beyond the
use of bacterial genomes to help reconstruct aphid phylogeography, the composition of the bacterial
populations in aphids might also help to assess the importance of facultative bacteria for colonizing new
geographic regions. Many studies have investigated variation in bacterial communities associated with the
pea aphid (Acyrthosiphon pisum Harris), revealing geographical variation, host-specific differentiation and
associations with environmental factors such as temperature, host plants, and natural enemies (Tsuchida
et al. 2002; Russell et al. 2013; Zepeda-Paulo et al. 2018; Leclair et al. 2021). The effect of endosymbionts
on aphid fitness has been confirmed experimentally in certain cases (Leclair et al. 2016; Frago et al. 2017).
Nevertheless, studies on a global scale in non-model aphid species are still scarce (Zytynska & Weisser
2016), and there are as of yet no studies simultaneously investigating the colonization routes of an aphid
species and the changes in symbiotic associations along this route.

Dysaphis plantaginea Passerini, the rosy apple aphid, is one of the most harmful aphid pests attacking
cultivated apple trees (Malus domestica Borkh), causing major economic losses every year, especially in
Europe, North Africa and North America (Wilkaniec 1993; Guillemaud et al. 2011; Warneys et al. 2018).
This aphid species occurs across temperate regions (Central and Southwest Asia, North Africa, North
America, and Europe) (Blackman & Eastop 2000) in cultivated apple orchards. The rosy apple aphid
completes its life cycle on two successive host plants: the cultivated apple trees as its sole primary host
plant, from early autumn to late spring, and the plantain herb Plantago spp. as a secondary host plant
during summer (Bonnemaison 1959). The rosy apple aphid reproduces through cyclical parthenogenesis
whereby clonal reproduction alternates with a sexual reproduction, the latter taking place in autumn when
females lay fertilized overwintering eggs on apple trees. Eggs hatch in early spring (Blommers et al. 2004).
While its phylogenetic relationships with other aphid species are quite well resolved, the evolutionary
history of D. plantaginea has been little explored to date (but see (Guillemaud et al. 2011)). The native
geographical range of D. plantaginea and its ancestral host range are not known. It might have been
associated with Malus sieversii, the primary ancestor of the cultivated apple (M. domestica) (Harris et al.
2002), and then colonized Europe during the journey of the cultivated apple along the Silk Routes from
Asia to Europe. Alternatively, the rosy apple aphid may have colonized its cultivated apple host in Europe
rapidly and recently, about 1,500 years ago when the Greeks brought the cultivated apple to Europe from
Central Asia (Cornille et al. 2014, 2019). These scenarios are derived from our knowledge of the
domestication history of apples; there are no data on the rosy apple aphid that would support any of these
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scenarios. The colonization routes of the rosy apple aphid are unknown, except those historical records
document the introduction of the rosy apple aphid in North America was recent (ca. 1890s) (Foottit et al.
2006). More generally, the population structure and the extent of gene flow among populations
throughout the geographic distribution of D. plantaginea are largely unknown, including the regions where
it causes the most damage in apple orchards, i.e., North America, North Africa and Europe. There are also
no data so far regarding the diversity of endosymbionts across a large geographical range in aphids. Here,
we investigate the colonization history of this major fruit tree pest using multiple approaches and genetic
datasets, drawn from comprehensive samples taken from the primary host, the cultivated apple in Europe,
North America and Morocco. Note that, despite repeated attempts, we failed to collect D. plantaginea in
its putative source region where apple trees originated in Central Asia, preventing us from fully addressing
its earliest colonization history. Therefore, we aimed to answer the following questions focusing on regions
most negatively affected by the rosy apple aphid, i.e., Europe, North America and North Africa: i) What is
the spatial genetic diversity and population structure of D. plantaginea across Europe, the US and
Morocco? Can we detect genetically differentiated populations, and/or recent bottlenecks in colonizing
populations? ii) Did gene flow occur among populations during colonization? iii) Did D. plantaginea
populations lose or gain symbionts during their colonization?

Material and methods

Samples and DNA extraction

Each sample described hereafter consisted of a single aphid colony of 10-15 females collected on a host
plant during the spring of 2017 and 2018. Sampling only one colony per tree ensured that the sample did
not contain different clones, which can occur on the same tree. Each colony was kept in ethanol (96%) at -
20°C until DNA extraction. For the three methods described below (i.e., SSR genotyping, Sanger sequencing
of the aphid mitochondrial CO1, CytB markers, and TrpB bacterial marker, and metabarcoding of the 16S
rRNA bacterial marker), DNA was isolated from a single individual per colony using a new standardized
protocol (Supplementary material Text S1). We used different individuals to obtain DNA for the
amplification of the different markers. For the sake of simplicity, colonies are referred to as ‘individual’ or
‘samples’ hereafter. Note that samples used for 16S rRNA sequencing underwent two extra chemical
washes before DNA extraction to remove the external bacteria that could be present on the aphid’s cuticle.
The extra chemical washes consisted of a first wash with dithiothreitol/DTT (50 mM) for 4 minutes,
followed by a second wash with potassium hydroxide/KOH (200 mM) for 4 minutes. The KOH wash was
performed twice. Five negative controls were also included ((Jousselin et al. 2016), Table S1).

Different sample sizes were used for each of the three methods (i.e., SSR genotyping, metabarcoding
of the 16S rRNA bacterial marker, Sanger sequencing of the aphid CO1, CytB and TrpB markers). For each
sample, the locality, sample collector identity, host plant species, latitude, longitude and use in this study
(genotyping, Sanger sequencing and/or metabarcoding) are given in Table S1.

The largest sample was collected for SSR genotyping, comprising 667 D. plantaginea samples (colonies)
from Europe, Morocco and the US, from three hosts: M. domestica (50 sites, i.e., orchards, N = 654), but
also M. sylvestris (one site, Alta Ribagorca in Spain, N = 7), the European wild apple, and P. lanceolata, the
secondary host (one site, Loos-en-Gohelle in France, N = 6). The 667 samples originated from 52 different
geographic sites (i.e., 52 orchards) spread over 13 countries; seven to 15 individuals were collected at each
site (Table S1, Figure S1). We tried to obtain samples from Eastern Asia and Central Asia during fieldwork
in 2017 and 2018, and through our collaborative network. However, despite our attempts and although D.
plantaginea is referenced in the literature on various hosts in several Central Asian countries (Aslan &
Karaca 2005; Holman 2009; CAB International 2020), it was not observed in these areas.

For the investigation of the bacterial 16S rRNA region, we used 178 D. plantaginea individuals out of
the same 667 colonies used for SSR genotyping (Table S1). We selected two to three samples (colonies) per
site to cover a wide and even spatial distribution across Europe and North America. The selected 178
individuals were collected across 12 countries on M. domestica, except eight on M. sylvestris (Table S1).
Morocco was the only country not represented for the bacterial 16S rRNA analysis.

For Sanger sequencing of CO1, TrpB and CytB, we used a total of 84 samples belonging to eight aphid
species (D. plantaginea, Dysaphis sp., Aphis citricola van der Goot, Aphis pomi de Geer, Aphis spiraecola
Patch, Melanaphis pyraria Passerini, Myzus persicae Sulzer, Rhopalosiphum insertum Walker) sampled on
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five host plant species (M. domestica, M. sylvestris, Sorbus aucuparia, Prunus persica, Pyrus communis).
The species were chosen to represent the aphid genera known to be closely related to the rosy apple aphid
(Choi et al. 2018). One to three individuals from each of the geographic sites listed above and in Table S1
were sampled, for a total of 67 samples for D. plantaginea. The 17 additional samples from seven other
aphid species (one to two samples per aphid species) were collected on the cultivated apple and other fruit
tree species (Table S1).

PCR and Sanger sequencing

We amplified the coding regions from the aphid mitochondrial cytochrome c oxidase subunit | (CO1)
gene and the cytochrome B (CytB) gene, as well as the Tryptophan synthase subunit B (TrpB) from
Buchnera. Fragments were amplified following the protocol reported in Popkin et al. (2017) with some
modifications (Table S2). The final PCR volume was 30 L, containing Buffer (1X), MgCI2 (1.5 mM), dNTP
(0.1 mM), Forward and Reverse primers (0.7 uM), 5 uL of Taq polymerase (1 U), and 5 pL of DNA (1/10
dilution). Amplification products were visualized on an agarose gel 1.5% stained with ethidium bromide
under ultraviolet light. We prepared four 96-well plates with 15 pL of PCR products and a negative control.
Plates were sent to Eurofins Genomics France SAS for sequencing.

Chromatograms were inspected and corrected manually with CodonCode Aligner version 8.0.1
(www.codoncode.com), assigned as an ‘N’ when two peaks overlapped. Alignment, evaluation of all coding
genes for frameshifts and elimination of pseudogenes were performed with MEGA version 7.0.26 (Kumar
et al. 2016). The neutral evolution of each gene, and thus its suitability for phylogenetic and population
genetic analyses, was assessed with the McDonald and Kreitman test (McDonald & Kreitman 1991; Egea
et al. 2008) (Table S3). Two samples of Brachycaudus helichrysi Kaltenbach, a pest of Prunus, for which
sequences of CO1 (NCBI sequence identifiers: KX381827.1, KX381828.1), CytB (KX381989.1, KX381990.1),
and TrpB (KX382153.1, KX38215.1) were available (Popkin et al., 2017), were added in the phylogenetic
analyses. Sequences were concatenated, resulting in a data matrix of 86 concatenated sequences.

Phylogenetic tree and taxonomic assignation

We checked the taxonomic assignation of the samples used in this study by running phylogenetic
analyses including D. plantaginea and other aphid species found on fruit trees with a Bayesian approach
implemented in MrBayes v3.2.7 (Huelsenbeck & Ronquist 2001) and Randomized Axelerated Maximum
Likelihood-RAXML (Stamatakis 2014), using the GTR “Generalized time-reversible” mutational model. The
two M. pyraria individuals were used as an external group. We chose the default parameters (unlink
statefreq = (all) revmat = (all) shape = (all); prset applyto = (all) ratepr = variable; mcmcp ngen = 1000000
nruns = 2 nchains = 4 samplefreq = 1000 printfreq = 1000). Inferred trees were visualized with FigTree v1.4
(http://tree.bio.ed.ac.uk/software/figtree/).

SSR genotyping

We used 30 SSR markers, including one that was previously used for D. plantaginea (Guillemaud et al.
2011), and 29 that were newly developed from the sequencing of a low coverage genome (see details of
the protocol in supplementary material Texts S2 and S3). We tested the neutrality, and the absence of
linkage disequilibrium, of the 29 SSR markers using the Ewens-Watterson neutrality test ((Watterson
1978)); Text S3 and Table S4). Each SSR was amplified separately by PCR. PCR was performed in a final
volume of 20 pL (0.2 uM of each forward and reverse primer, with the forward primer labeled with a
fluorescent dye, 0.2 uM of dNTPs, between 1 and 1.5 mM of MgCl2, 1X Buffer (5X), 2 pL of a homemade
Taq, 5 pL of DNA (1/30 dilution) and sterile H,0 to reach the final volume). We used the following PCR
program: 94°C for 5 minutes, followed by 35 cycles of 30s at 94°C, 30s at 60 to 65°C and 45s at 72°C, then
5 minutes at 72°C and finally 10 minutes at 4°C. In the PCR program, the annealing temperature varied
between 55°C and 65°C. Annealing temperatures for each SSR marker are detailed in Table S5. PCR
products were then pooled according to the four multiplexes described in Table S5.

SSR genotyping was performed at the GENTYANE platform (INRAE, Clermont-Ferrand, France). Alleles
of each SSR marker were identified, and their size scored with Genemapper v.4.0 (Applied Biosystems TM,
Foster City, USA) by two people independently. In case of discrepancy, the electropherogram was triple
checked for a final decision. Allele scoring resulting from Genemapper® was then processed with the
Autobin Excel Macro (https://www6.bordeaux-aquitaine.inra.fr/biogeco eng/Scientific-
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Production/Computer-software/Autobin). We retained only multilocus genotypes with less than 30%
missing data and containing less than 5% null alleles. Null alleles were detected with GENEPOP v4.7
(Rousset 2008).

Clonal population structure

Each individual was classified according to its multilocus genotype (MLG) with GenoDive 2.0b23
((Meirmans & Tienderen 2004)), Table S1). We used the stepwise mutation model with a threshold of 0
and the corrected Nei’s diversity index as a statistic to test clonal population structure. To reduce the
influence of clonal copies produced by asexual reproduction on Hardy—Weinberg equilibrium, allele
frequency and genetic differentiation estimates, the dataset was pruned to include only one copy of each
MLG for further analyses.

Population genetics descriptive statistics

Observed and expected heterozygosity (Ho and He) and inbreeding coefficient (Fis) were calculated with
GENEPOP v4.7 (Rousset 2008) from the SSR dataset for each SSR marker, each site (i.e., geographic
location/orchard) and each population (i.e., clusters inferred with the STRUCTURE software, to comprise
individuals with a membership coefficient of at least 62.5% to the given cluster, see results). The 62.5%
cut-off was chosen based on the distribution of individual membership coefficients across the clusters
detected for the most likely K value (see results). Pairwise genetic differentiation (Fsr) between sites and
between populations was also calculated with GENEPOP (Rousset 2008). Only sites with at least five
successfully genotyped samples were included for the site-specific computations. Allelic richness and
private allelic richness for each site and each population were calculated with ADZE (Szpiech et al. 2008)
using a sample size corresponding to the smallest number of observations per site or population, multiplied
by two chromosomes (e.g., a sample size of 20 represents ten individuals x two chromosomes).

We also estimated Nei’s nucleotide diversity index it (Nei 1987), Watterson’s index g (Watterson 1975),
haplotype diversity, Tajima’s D (Tajima 1989) and Fu’s Fs (Fu 1997) with DNAsp (Rozas et al. 2017) using
the concatenated three-marker dataset (i.e., CO1, TrpB and CytB) for each population (i.e., cluster inferred
with STRUCTURE including individuals with membership coefficient > 62.5% to this cluster, see results).

Detecting recent bottlenecks during population range expansion

We tested whether a bottleneck occurred during the range expansion of each population with the
method implemented in BOTTLENECK (Cornuet & Luikart 1996; Piry et al. 1999). Inferences regarding
historical changes in population size are based on the principle that the expected heterozygosity estimated
from allele frequencies decreases faster than the expected heterozygosity estimated under a given
mutation model at mutation-drift equilibrium in populations that have experienced a recent reduction in
size. The tests were performed under the stepwise-mutation model (SMM) and a two-phase model (TPM)
allowing for 30% multi-step changes.

Spatial distribution of allelic richness and observed heterozygosity

Spatial patterns of allelic richness and observed heterozygosity were visualized by mapping the
variation in allelic richness and observed heterozygosity at 48 sites in total (i.e., sites with at least five
individuals) with the geometry-based inverse distance weighted interpolation in QGIS (Quantum GIS,
GRASS, SAGA GIS). The correlation between genetic variability (Ho) and latitude, and between Hp and
longitude, was tested using a linear model.

Population subdivision

We inferred the finest population structure by comparing the results obtained with three population
genetic tools: STRUCTURE v2.3.2 (Pritchard et al. 2000), TESS v2.3.1 (Chen et al. 2007), and a discriminant
analysis of principal components (DAPC) (Jombart et al. 2010). STRUCTURE is based on the use of Markov
chain Monte Carlo (MCMC) simulations to infer the assignment of genotypes to K distinct clusters. In
addition to this, TESS also considers a spatial component, so that genotypes from sites that are
geographically closer to each other are considered more likely to be in the same cluster. For both
STRUCTURE (using admixture model with correlated allele frequencies) and TESS (using hierarchical
mixture model), ten independent analyses were carried out for each value of K (1 < K<10and 2 <K< 10,
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respectively) with 500,000 MCMC iterations after a burn-in of 50,000 steps. STRUCTURE and TESS outputs
were processed with CLUMPP 1.1.2 (Jakobsson & Rosenberg 2007) to identify potential distinct modes (i.e.,
clustering solutions) in replicated runs (10) for each K. We also assessed the population subdivision with
DAPC with the R package ‘adegenet’(Jombart & Collins 2015), which does not rely on any assumption about
the underlying population genetics model, in particular concerning Hardy-Weinberg equilibrium or linkage
equilibrium. The number of genetic clusters was investigated with the find.cluster function (Jombart &
Collins 2015; Ripley & Ripley), which runs successive K-means for clustering. The automatic cluster selection
procedure ‘diffNgroup’ was used with n.iter set to 106 and n.start set to 103. The ordination analysis (DAPC)
was performed using the dapc function. The statistically optimal number of principal components was
assessed using the optim.a.score function. Assessment of the samples assigned to a genetic cluster was
performed using the compoplot function.

We used Pophelper (Francis 2016) to run the Evanno method on the STRUCTURE outputs. The Evanno
method detects the strongest level of population subdivision (Evanno et al. 2005). For TESS, we used the
rate of change of the deviation index criterion (DIC) to determine the amount of additional information
explained by increasing K. For DAPC, we looked at the Bayesian information criterion (BIC) obtained with
the adegenet package to estimate the optimal K value. However, the K identified with the DIC, BIC and AK
statistics does often not correspond to the finest biologically relevant population structure (Kalinowski
2011; Cornille et al. 2015; Puechmaille 2016). We therefore visualized the bar plots with Pophelper (Francis
2016) and chose the K value for which all clusters had well assigned individuals while no further well-
delimited and biogeographically relevant clusters could be identified for higher K values. For further
analyses, we considered an individual to be assigned to a cluster when its membership coefficient was >
62.5% to this cluster (see results below).

The spatial pattern of genetic structure was visualized by mapping the mean membership coefficients
for each site, as inferred from each of the three population genetics structure analyses, with QGIS 3.12 ‘Las
Palmas’ (https://qgis.org). We further explored relationships among populations with a principal
component analysis performed on a table of standardized alleles frequencies (PCA, dudi.pca, ade4 R
package (Dray & Dufour 2007).

Isolation-by-distance

We tested whether there was a significant isolation-by-distance (IBD) pattern. A Mantel test with
10,000 random permutations was performed between the individual coefficient of relatedness Fj(Loiselle
et al. 1995) and the matrix of the natural logarithm of geographic distance. We also performed a correlation
between Fsr/(1-Fs7) and the natural logarithm of geographic distance. These analyses were performed using
SPAGeDI 1.3 (Hardy & Vekemans 2002) separately for each D. plantaginea panmictic population (i.e.,
cluster containing individuals with a membership coefficient > 0.625) identified with TESS, STRUCTURE, and
DAPC.

Demographic and divergence history using ABC-RF

We used ABC to investigate whether the spatial patterns of genetic clustering, diversity and
differentiation observed in D. plantaginea resulted from the occurrence of gene flow among populations
during colonization. We also attempted to infer the sequence of colonization events in each population.
We used the recently developed ABC method based on a machine learning tool named “random forest”
(ABC-RF) to perform model selection and parameter estimations (Pudlo et al. 2016; Estoup et al. 2018;
Raynal et al. 2019). In brief, this method creates a “forest” of bootstrapped decision trees to classify
scenarios based on the summary statistics of the datasets. Some simulations are not used to build the trees
and can thus be used to cross-validate the analysis by computing a prior error rate. This approach allows
the comparison of complex demographic models (Pudlo et al. 2016) by comparing groups of scenarios with
a specific type of evolutionary event with other groups with different types of evolutionary events (instead
of considering all scenarios separately) (Estoup et al. 2018).

We used a nested ABC approach with two key steps. First, we inferred the divergence and demographic
history of the rosy apple aphid in Europe (step 1). Then, we tested the divergence and demographic history
of the rosy apple aphid outside of Europe (step 2). Each ABC step compared different sequences of
colonization events, with and without bidirectional gene flow among populations (Figure S2). This two-step
nested approach avoids the need to compare models that are too complex, which would require the
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simulation of too many populations and parameters and is more powerful than testing all scenarios
individually to determine the main evolutionary events that characterize demographic history and
divergence (Estoup et al. 2018). Populations were defined as the clusters detected with STRUCTURE (see
results), removing putative admixed individuals (i.e., individuals with a membership coefficient < 0.625 to
any given cluster). The model parameters used were the divergence time between X and Y populations (Tx-
v), the effective population size of population X (Nex), the migration rate per generation between X and Y
populations (my.y). Prior values for divergence time were drawn for the log-uniform distribution bounded
between the distributions used in the ABC and are given in Table S6.

For all models, identical SSR datasets were simulated for 29 out of the 30 markers that had perfect
repeats (we excluded the L4 marker because it did not have perfect repeats, Tables S4 and S5), increasing
confidence in the simulated model. We preliminarily checked that the population structure inferred with
29 SSR markers did not differ significantly from the inferences obtained with 30 SSR markers (data not
shown). We assumed a generalized stepwise model of SSR evolution. Mutation rates were allowed to vary
across loci, with locus-specific mutation rates drawn from a gamma distribution (o, a/u) where u is the
mutation rate per generation and a is a shape parameter. We assumed a log-uniform prior distribution for
U (1e-4, 1e-3) and a uniform distribution for o (1.30).

We used ABCtoolbox (Wegmann et al. 2010) with fastsimcoal 2.5 (Excoffier & Foll 2011) to simulate
datasets, using model parameters drawn from prior distributions (Table S6). We performed 10,000
simulations per scenario how has been suggested (Pudlo et al. 2016). For each simulation, we calculated
six summary statistics per population with arlsumstats v3.5 (Excoffier & Lischer 2010): H, the mean
heterozygosity across loci, sd(H), the standard deviation of the heterozygosity across loci, GW, the mean
Garza-Williamson statistic across loci (Garza & Williamson 2001), sd(GW), the standard deviation of the
mean Garza-Williamson statistic over populations, NGW, the mean modified Garza-Williamson statistic
over loci, sd(NGW), the standard deviation of the mean modified Garza-Williamson statistic over
populations. We also computed pairwise Fsr (Weir & Cockerham 1984) and genetic distances (6u)2
(Goldstein et al. 1995) between pairs of populations.

We used the abcrf v.1.7.0 R statistical package (Pudlo et al. 2016) to carry out the ABC-RF analysis. This
analysis provides a classification vote that represents the number of times a scenario is selected as the best
one among n trees in the constructed random forest. For each ABC step, we selected the scenario, or the
group of scenarios, with the highest number of classification votes as the best scenario, or best group of
scenarios, among a total of 500 classification trees (Breiman 2001). We then computed the posterior
probabilities and prior error rates (i.e., the probability of choosing a wrong group of scenarios when
drawing model index and parameter values from the priors of the best scenario) over 10 replicate analyses
(Estoup et al. 2018). We also checked visually that the simulated models were compatible with the
observed dataset by projecting the simulated and the observed datasets onto the two first linear
discriminant analysis (LDA) axes (Pudlo et al. 2016), and checking that the observed dataset fell within the
clouds of simulated datasets.

We calculated parameter inferences using the final selected model following the two-step ABC
procedure. Note that the ABC-RF approach includes the model checking step that was performed a
posteriori in previous ABC methods.

Characterization of the bacterial community associated with the rosy apple aphid using the 16S rRNA
bacterial gene

In order to investigate the bacterial diversity in D. plantaginea populations, we amplified a 251 bp
portion of the V4 region of the 16S rRNA gene (Mizrahi-Man et al. 2013) and used targeted sequencing of
indexed bacterial fragments on a MiSeq (lllumina) platform (Kozich et al. 2013) following the protocol
described in (Jousselin et al. 2016). We used 178 aphid DNA extracts (Table S1), comprising 175 D.
plantaginea individuals and three M. pyraria individuals (Table S1). We wanted to represent a range as
large as possible from our samples. We also added eight randomly chosen samples that did not undergo
the two extra chemical washes (see Materials and methods, and Table S1). Each sample was amplified
twice along with negative controls (DNA extraction and PCR controls). PCR replicates were conducted on
distinct 96-well microplates. We obtained a total of 390 PCR products (186 DNA extracts, by 2 for PCR
duplicates, plus PCR controls), which were pooled and then separated by gel electrophoresis. Bands based
on the expected size of the PCR products were excised from the gel, purified with a PCR clean-up and gel
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extraction kit (Macherey-Nagel), and quantified with the Kapa Library Quantification Kit (Kapa Biosystems).
Paired-end sequencing of the DNA pool was carried out on a MISEQ (Illumina) FLOWCELL with a 500-cycle
Reagent Kit v2 (Illumina).

We first applied sequence filtering criteria following lllumina’s quality control procedure. We then used
a pre-processing script from (Sow et al. 2019) to merge paired sequences into contigs with FLASH V.1.2.11
(Magoc & Salzberg 2011) and trim primers with CUTADAPT v.1.9.1 (Martin 2011). We then used the FROGS
pipeline (Escudié et al. 2018) to generate an abundance table of bacterial lineages across samples. In brief,
we first filtered out sequences > 261 bp and < 241 bp with FROGS, then we clustered variants into
operational taxonomic units (OTUs) with SWARM (Mahé et al. 2014) using a maximum aggregation
distance of three. We identified and removed chimeric variants with VSEARCH (Rognes et al. 2016). We
only kept OTUs that were present in both PCR replicates of the same sample and then merged the number
of reads for each OTU for each aphid sample.

Taxonomic assignment of OTUs was carried out using RDPtools and Blastn (Altschul et al. 1990) against
the Silval38-16s database (https://www.arb-silva.de) as implemented in FROGS. From the abundance
table of OTUs across samples, we transformed read numbers per aphid sample into frequencies
(percentages); sequences accounting for < 0.5 % of all the reads for a given sample were excluded following
(Jousselin et al. (2016). All filters resulted in excluding reads found in low abundance that could represent
sequencing errors and which were also often found in the negative controls.

Results

Taxonomic status of aphid samples

The Bayesian phylogenetic tree built with the 86 sequences representing nine aphid species resulted
in a polytomy for the 67 D. plantaginea samples from Europe, Morocco and the USA (Figure S3), showing
very little sequence variation at the intraspecific level (low bootstrap values < 0.6, Figure S3a). We
therefore kept only two representatives out of the 67 D. plantaginea individuals in subsequent
phylogenetic analyses. Bayesian analysis of this pruned dataset comprising 19 individuals, representing
nine aphid species, confirmed known phylogenetic relationships in Aphidinae ((Choi et al. 2018), Figure
S3b). The species A. pomi, A. citricola and A. spiraecola were grouped in the same clade, the three species
appearing polyphyletic (Figure S3b). Dysaphis plantaginea appeared closely related to other
representatives of the Macrosiphini tribe (B. helichrysi and M. persicae). Interestingly, the samples from
Iran clustered apart from the D. plantaginea clade, the former belonging to the Dysaphis sp. species. This
result suggests that the two Dysaphis sp. Iranian samples belong to a yet unidentified species or population
exhibiting strong differentiation from European populations. Those two samples were not included in the
population genetics analyses using SSR, as we only had two representatives from Iran (Table S1).

Clone detection

Overall, the proportion of unique genotypes was variable among sites. We found 582 unique
genotypes, among which 29 were repeated (12.7% of the total dataset, Table S7) and involved 85
individuals, mainly coming from Belgium (86% of the clones, eight sites; mean proportion of unique
genotypes (mean G/N) =0.36 + 0.2), Bulgaria (6%, one site, G/N = 0.67), France (5%, three sites, mean G/N
=0.87 £ 0.05), the USA (1 %, one site; G/N = 0.93), Spain (1%, one site; G/N = 0.91) and from the lab-reared
aphids (1%, G/N = 0.09). We kept only the 582 unique genotypes for the analyses presented below.

Spatial distribution of allelic variation

The map of allelic richness (Figure 1a) showed that genetic diversity decreased along a northeast to
southwest gradient, with the highest allelic richness found in northeastern Europe and the lowest in
Morocco and the USA, except for Belgium that showed a lower level of genetic diversity. We found a
significant correlation between allelic richness and longitude (r = 0.229, P-value = 0.001), as well as
between allelic richness and latitude (r = 0.268, P-value = 0.001). The map of observed heterozygosity
(Figure 1b) confirmed that genetic diversity decreased along a northeast to southwest gradient, with the
highest allelic richness in Denmark and the lowest in Morocco. We found a significant correlation between
observed heterozygosity and longitude (r = 0.173, P-value = 0.003), and between observed heterozygosity
and latitude (r = 0.499, P-value = 1.95e-08).
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Figure 1. Spatial genetic diversity of Dysaphis plantaginea in Europe, Morocco and North America (N
=582, clonal copies were excluded, 52 sites, 30 SSR markers). a. Map of allelic richness per site. b. Map of
observed heterozygosity. Sites with a sample size below five individuals are not represented on this map.

Each dot is a site (i.e., orchard). Red means high allelic richness, blue means low.

Population structure and subdivision

The spatial genetic structures inferred for D. plantaginea with TESS, DAPC and STRUCTURE, and the
respective DIC, BIC and AK, are shown in Figure 2 and supplementary material Figures S4 to S9. For each K
value, CLUMPP analyses produced highly similar clustering patterns among the 10 repetitions (average G
> 95%). We therefore only presented here the major modes.

With TESS, increasing K above 3 did not reveal any additional cluster (Figure S4). For K = 3, TESS analyses
revealed a clear partition between the Moroccan samples (blue), and other samples (European and North
American, orange). An additional cluster was identified comprising only one Italian individual (yellow)
(Figure 2a). With DAPC, increasing K above 4 did not reveal well-delimited new clusters, i.e., only individuals
with multiple admixtures were assigned to the new clusters (Figure S5). For K = 4, DAPC identified three
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well-delimited clusters (Figure 2b): one in Eastern Europe (i.e., Bulgaria, Italy and Romania, in yellow), one
in Morocco (blue), one in the USA (orange), plus another cluster that comprised the rest of the Western
European (Spain, France, Belgium, the UK) and Danish samples (pink). With STRUCTURE, increasing K above
5 did not reveal additional clusters. For K = 5 (Figure 2c), samples were partitioned as follows: Morocco
(blue), the USA (orange), Spain (pink), Eastern Europe and Italy (green), and Western Europe and Denmark
(yellow).

We used the inferences from STRUCTURE in subsequent analyses because it revealed the finest
population genetic structure. Genotypes were then assigned to a given population if their membership
coefficient for that population exceeded 0.625 (Tables 1 and S1). We chose this threshold based on the
bimodal distribution of cumulative coefficients inferred with STRUCTURE for K = 5 (Figure S10). A total of
175 admixed individuals (30% of the dataset) could not be assigned to any population and were not
included in subsequent analyses. Most of the admixed individuals were located in Western and Northern
Europe; the spatial distribution of the mean number of admixed individuals per site is represented in Figure
S11.

We further visualized and quantified the genetic differentiation among populations with a principal
component analysis (3D-PCA Figures 2d and S12) and Fsr estimates (Figure 2e), respectively. Among all
populations, Fsr values were low but all significant (Figure 2e). Pairwise genetic differentiation was the
lowest between the European populations (Fsy = 0.02, P-value < 0.0001, Figure 2e); the Moroccan and the
USA populations were the most differentiated (Figure 2e). The PCA showed similar genetic relationships
among the five populations (Figure 2d).

K=4, DAPC
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Figure 2. Spatial population structure and differentiation of the rosy apple aphid Dysaphis
plantaginea in Europe, Morocco and North America (N = 582 individuals, 52 sites, 30 SSR markers).
Population structure inferred with a. TESS (K = 3), b. Discriminant Analysis of Principal Components (K =
4), c. STRUCTURE (K = 5). Each figure includes a map with each pie chart representing the mean
membership coefficients for each site. d. Principal component analysis including the 582 individuals used
for running STRUCTURE analyses; each individual is colored according to its membership > 0.625 to one
of the five D. plantaginea populations detected with STRUCTURE (individuals with a membership
coefficient < 62.5% to a given cluster is referred as “admixed”). The size of each pie chart is equivalent to
the number of individuals sampled at each site. e. Genetic differentiation (Fsr) estimates among the five
populations detected with STRUCTURE. The highest Fsr values are highlighted by circles (Morocco and the
US has the highest value). US: United States of America; MOR: Morocco; SP: Spain; EasternEU_IT: Eastern
Europe and Italian population (Bulgaria, Italy, Romania); WestEUR_DA: Western Europe and Danish
population (France, Germany, Belgium, United Kingdom, and Denmark).
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Genetic diversity, bottleneck and range expansion

The mean expected heterozygosity was relatively high (average = 0.74 with values ranging from 0.55
to 0.75, Table S8). The mean Fsracross all loci was low (mean Fsr= 0.08, range: -0.006 - 0.5) but significant
for all pairs of sites (P-value < 0.001). Allelic richness and private allelic richness were significantly different
among the five populations, except between the North American and Moroccan populations for allelic
richness, and among the Spanish, Moroccan and Eastern European populations for private allelic richness
(Table S9). The North American and Moroccan populations showed significantly lower levels of allelic
richness and private allelic diversity than the European populations (i.e., Spanish, Eastern and Western
European populations; Tables 1 and S9). In Europe, the Eastern European/Italian population had the
highest level of allelic richness and private allelic diversity, followed by the Western European/Danish
population, and lastly the Spanish population.

We also tested whether a strong and recent bottleneck occurred for each population. BOTTLENECK
analyses showed no significant deviation from the mutation-drift equilibrium in any of the populations
(Table S10). Tajima’s D and Fu’s Fs statistics did not reveal any signature of demographic range expansion
either (Table 1).

Isolation-by-Distance (IBD)

A significant but weak IBD pattern was observed for the rosy apple aphid, using the 52 sampling sites
(r?=0.057, P-value < 0.05), or, excluding the USA sampling sites (i.e., 50 sites, r2= 0.041, P-value < 0.05),
or, using only the European populations (i.e., 45 sites, 2= 0.047, P-value < 0.05 (Figure S13). The Sp statistic
can be used to quantify spatial structure and is useful for comparing populations and/or species. Low Sp
values are associated with greater dispersal capacities and/or effective population sizes. Here, Sp values
were extremely low (close to 0) and were only significant for the Moroccan and the Western
European/Danish populations (Table 1). These results suggest that D. plantaginea has high dispersal
capacities and/or large effective population sizes.

Inference of the divergence and demographic history of the rosy apple aphid

First, we reconstructed the divergence and demographic history of the rosy apple aphid in Europe (i.e.,
including only the Spanish, Eastern European/Italian and Western European/Danish populations). We
defined 12 scenarios assuming different divergence histories of the Eastern European/Italian, Western
European/Danish and Spanish populations (Figure S2). The 12 scenarios were tested with and without gene
flow among populations. We therefore ended up comparing 24 scenarios. Classification votes from the first
round were the highest ten times out of ten for the group of scenarios that assumed gene flow among the
three populations (295 votes out of the 500 RF trees, posterior probability P =0.61, prior error rate = 3.04%,
Table S12, Figure S14). Projection of the reference table datasets and the observed dataset on a single axis
showed that the observed data fell within the distribution of the simulated summary statistics of the group
of scenarios that assumed gene flow among the three populations, suggesting this analysis had the power
to discriminate between the two groups of scenarios and to identify the most likely scenario (Figure S14).
The second round of ABC inferences testing the sequence of colonization of the European populations
requires caution in interpretation as prior error rates were high and posterior probabilities low (Figure S14
and Table S15).
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We then investigated the colonization history of the rosy apple aphid outside of Europe, i.e., of the
Moroccan and North American populations. Given the lack of power to discriminate between different
scenarios of colonization sequence of the rosy apple aphid in Europe, and the weak genetic differentiation
among the three European populations (mean Fsr = 0.02, Figure 2e), we merged the three European
populations into a single European population (N = 316) for this analysis. We then defined six scenarios of
sequence of colonization starting either from Europe or Morocco (Figure S2). We excluded the hypothesis
that the rosy apple aphid originated in North America. Indeed, historical records show that the introduction
of the rosy apple aphid was very recent in America (ca. 1890s) (Foottit et al. 2006). Furthermore, the North
American population had the lowest levels of private allelic diversity and allelic richness, and the North
American samples clustered with the European samples in the DAPC and TESS analyses. For each of the six
scenarios, five scenarios of gene flow among populations were tested: no gene flow, gene flow among all
populations and gene flow between each population pair (i.e., Europe/Morocco, Europe/the USA, and
Morocco/the USA). We simulated these specific models of gene flow among specific pairs of populations
for the ABC-RF as we observed variable admixture levels among populations (Figure 2c). In total, 30
scenarios were compared (six colonization sequences x five gene flow modes, Figure S2). ABC-RF analyses
showed relatively high support for scenarios assuming gene flow (ABC-RF round 1, 10 out of the 10
replicates for the groups of scenarios assuming gene flow, 337 votes out of the 500 RF trees, posterior
probability P = 0.65, prior error rate = 6.55%, Table S14, Figure S15). Projection of the reference table
datasets and the observed dataset on a single axis showed that the observed data fell within the
distribution of the simulated summary statistics of the group assuming gene flow, suggesting the
occurrence of gene flow (Figure S15). However, although the observed dataset fell within the distribution
of simulated summary statistics (Figure 515), we lacked the power to infer the sequence of colonization of
the rosy apple aphid outside of Europe (i.e., posterior probability P =0.65, and high prior error rate = 73.8%,
Table S15).

Altogether, ABC-RF inferences supported the occurrence of gene flow during the colonization history
of D. plantaginea. However, ABC-RF did not allow to determine the sequence of colonization of Europe,
North America and Morroco by the rosy apple aphid.

16S rRNA amplicon sequencing

After sequence filtering using the FROGS pipeline, high-throughput sequencing of 16S rRNA bacterial
genes from 186 aphids resulted in 5.7 M sequencing reads with an average of 30,800 reads per aphid
sample. We found an extremely low bacterial diversity in D. plantaginea. The 5.7 M sequencing reads were
clustered into 18 OTUs (Figure S16, Table S1). Seven OTUs were assigned to B. aphidicola and made up
97.8% of the sequencing reads, 92 % of the reads were assigned to a single B. aphidicola OTU, which was
found associated with all D. plantaginea individuals, the remaining B. aphidicola OTUs were found
associated with “outgroups”. The remaining reads were mainly assigned to two known aphid
endosymbionts, Serratia symbiotica and Regiella insecticola, which were found in eight and three aphid
specimens, respectively. The three aphids hosting Regiella belonged to a population of M. pyraria collected
in Switzerland, while aphids hosting Serratia were found in distantly related populations including D.
plantaginea collected on M. domestica from various apple orchards in France, and P. communis in Iran
(Table S1). These results highlight the extremely limited diversity of symbionts in the rosy apple aphid
across a large geographical scale.

Discussion

We investigated the demographic history of a major fruit tree pest, the rosy apple aphid, in the regions
where it impacts the most cultivated apple orchards (i.e., Europe, North Africa and North America). Using
multiple approaches, we showed that the colonization of Europe by the rosy apple aphid is likely recent,
was not accompanied by strong bottlenecks and involved gene flow between and within populations. The
high level of gene flow among populations and within populations was supported by the weak spatial
genetic structure observed across Europe, and coalescent-based simulations combined with ABC-RF. We
also found that D. plantaginea rarely hosts endosymbiotic bacteria other than their primary symbiont, B.
aphidicola in North America and Europe. Our results provide further understanding of the evolutionary
processes at play during pest range expansion.
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Colonization of apple trees by the rosy apple aphid is recent, and did not involve drastic bottlenecks

After removing clonal copies from our analyses, we detected with STRUCTURE five main panmictic
populations of the rosy apple aphid: three in Europe, one in Morocco and one in the USA. The genetic
diversity for each population was within the same range as other aphid species such as B. helichrysi (Popkin
et al. 2017), Eriosoma lanigerum (Zhou et al. 2015) and M. persicae nicotianae (Zepeda-Paulo et al. 2010).
However, genetic diversity (private alleles and allelic richness) in D. plantaginea was higher in Europe and
lower in the USA and Morocco. More generally, patterns of genetic structure and diversity suggest different
demographic histories for the European, Moroccan and American populations of D. plantaginea.

Individuals from the European populations had partial memberships to multiple clusters, with similar
membership coefficients for most individuals. This pattern of high admixture along a spatial transect might
reflect a continuous gradation in allele frequencies (i.e., a cline) across regions that cannot be detected by
the methods used in this study. Indeed, a major limitation of all clustering approachesis the risk of inferring
artefactual discrete groups in populations where genetic diversity is distributed continuously. DAPC and
STRUCTURE are not immune to this bias and may erroneously identify clusters within a cline (Jombart et
al. 2010). TESS is more sensitive to allelic gradient; this program includes a decay of the correlation
between membership coefficients and distance within clusters (Chen et al. 2007). In the presence of clines
and with evenly distributed sampling, TESS may detect fewer clusters than STRUCTURE (Durand et al.
2009). The larger admixed clusters found with DAPC and STRUCTURE may therefore reflect a cline of allele
frequency across Europe for the rosy apple aphid. Allele frequency clines can result from admixture
between genetically distinct populations (Menozzi et al. 1978; Currat & Excoffier 2005) and/or from
subsequent founder events during range expansion (Barbujani et al. 1995; Fix 1997; Currat & Excoffier
2005). Genetic diversity is also expected to decrease along the expanding range (Prugnolle et al. 2005;
Francois et al. 2008). Founder events associated with a recent range expansion may have resulted in the
decreasing east-west gradient of genetic diversity and the large number of admixed individuals observed
in Europe. It is therefore possible that the European populations of the rosy apple aphid underwent a
recent expansion. Note that we did not detect any signature of range expansion with the three-markers
dataset (CO1, CytB and TrpB). This lack of signature of range expansion may be due to limited number of
samples used in our test (at least for the Moroccan and North American populations), but also that the
range expansion is so recent that we cannot catch its footprint with our sequence markers. Several
preliminary ABC-RF tests of range expansion of the rosy apple aphid in Europe that failed (i.e., very low
posterior probabilities and prior error rates, data not shown) suggest that the second hypothesis is
possible.

The Moroccan and North American populations displayed a different pattern of genetic differentiation
and diversity compared to the European populations, suggesting an even more recent colonization history.
The two populations were well circumscribed and had the highest level of genetic differentiation from the
European populations, the lowest genetic diversity and the lowest number of private alleles. In the TESS
analysis, the North American samples did not cluster separately from the European samples, and in the
DAPC analysis, samples from North America and Western Europe clustered together, suggesting that the
North American population originated recently from Europe. This agrees with the earliest record of D.
plantaginea in the Eastern US dating back to 1890 (Foottit et al. 2006). Since then, there have probably
been multiple introductions into the USA that prevented genetic differentiation from Europe. Similar
scenarios have been described for the tobacco aphid, which was introduced into America from different
European gene pools (Zepeda-Paulo et al. 2010), and the leaf-curl plum aphid B. helichrysi (Piffaretti et al.
2013), for which population genetic tools showed very little differentiation between European and North
American populations. As for the Moroccan population, we lacked the power to infer its origin with the
ABC-RF method. However, the significantly lower genetic diversity and number of private alleles in this
population compared with that of Europe, the high level of admixture and the close genetic relationship
with the Spanish population, suggest that the Moroccan population resulted from a recent colonization
event from Southern Europe. Nevertheless, the history of the rosy apple aphid in North Africa deserves
further investigation requiring additional sampling in this region. Altogether, the significantly lower genetic
diversity observed in the Moroccan and North American populations suggest that these originated recently
through founder events. Indeed, we did not find any evidence that these two populations underwent a
recent strong bottleneck despite having significantly lower diversity in both SSR and sequence markers.
Thus, the founder effect underlying the colonization of North America and Morocco may involve genetic
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drift in small populations rather than severe bottlenecks at the introduction event. Genetic diversity was
also found to be higher in native populations within their native range in the tobacco aphid (Zepeda-Paulo
et al. 2010) and the Russian wheat aphid (Zhou et al. 2015).

Altogether, a recent range expansion of the rosy apple aphid on its cultivated apple host is a plausible
explanation of the observed spatial genetic structure and diversity. Rapid range expansion has also been
described in the Russian wheat aphid (Zhang et al. 2014). Unfortunately, the ABC-RF method was not
powerful enough to disentangle the different scenarios of colonization of the rosy apple aphid. However,
the ABC-RF method was powerful enough to identify the occurrence of gene flow within and outside
Europe. Another recent study on the main invasion routes of D. suzukii also reported a moderate level of
confidence in model choice (i.e., low posterior probabilities between 0.50 to 0.63) and high prior error
rates (ranging from 0.30 to 0.40; using ABC-RF (Fraimout et al. 2017)). The absence of samples from key
places during the species colonization and individuals of the species ancestral group have been discussed
to impactin the resolution of the colonization history analysis using ABC approaches (Lombaert et al. 2014).
This might account for the lack of support for some of our colonization scenarios using ABC-RF. Additional
information on the mutation rates of the newly developed SSR in the present study may also improve
support to some of our colonization scenarios. The mutation rate of transcribed and untranscribed SSR was
indeed successfully used to reconstruct the main migration routes of S. gregaria to Africa using ABC-RF
(Chapuis et al. 2020).

Colonization with gene flow, likely driven by humans

We found that the expansion of the rosy apple aphid involved several populations with high genetic
diversity each, and a high extent of historical gene flow for D. plantaginea across Europe, North America
and Morocco. Population structure analyses indicated that 30 % of the individuals was a product of recent
admixture. Once recently admixed individuals removed, ABC-RF inferences strongly support scenarios with
bidirectional gene flow among populations. Both population structure and coalescent-based method
inferences therefore indicate the occurrence of recent and ancient gene flow among D. plantaginea
populations. In addition, the Sp parameter estimates revealed large extent of historical gene flow within
population. We used the Sp parameter estimates to compare the dispersal capacities of D. plantaginea
with existing estimates in plants (Vekemans & Hardy 2004). The rosy apple aphid showed dispersal
capacities equivalent to or even higher than that of wind-dispersed trees. The rosy apple aphid can
therefore spread over long distance, as suggested previously (Guillemaud et al. 2011), and as frequently
found in aphids (Loxdale et al. 1993). However, despite its high dispersal capacities and the large amount
of gene flow among and within populations, we can still observe a significant (but weak) spatial genetic
structure across its distribution. The observed subtle spatial genetic structure may be associated with
agricultural practices. The interchange of apple materials (i.e., cultivars in the form of scions and/or trees)
is nowadays, and probably has been historically, frequent and a potential way of moving the rosy apple
aphid in the form of overwintering eggs among regions where apple is cultivated. This hypothesis agrees
with the differentiated population of D. plantaginea observed in Asturias (Northwestern Spain). This region
is known for the main utilization of the apple for cider production and is based on local cider cultivars
(Tardio et al. 2021). Most of our samples from Spain are from Asturias, except the Catalan samples that
clustered with the European ones. The exchange of apple material within Asturias, and within other regions
in Europe, may have occurred, implying higher risk of aphid movement within regions than between
regions. Of course, this is not the only explanation of the spatial genetic structure observed, physical
barriers (i.e., Atlantic Ocean) could also explain the higher genetic differentiation of the Moroccan and
North American populations.

Putative center(s) of origin of the rosy apple aphid

The geographical origin of D. plantaginea remains unresolved. Our phylogenetic analyses confirmed
previous relationships between the rosy apple aphid and other aphids (BaSilova & Rakauskas 2012; Rebijith
et al. 2017). However, estimates of the divergence time of D. plantaginea from closely related species is
now required, with denser sampling of the Dysaphis genus across several regions in Eurasia and molecular
dating analyses.

Genetic diversity estimates from SSR markers suggest that the source population came from Eastern
Europe, but it may also have originated even further east in Central Asia where its fruit tree host was
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originally domesticated (Harris et al. 2002; Cornille et al. 2014). Our failure to collect D. plantaginea
samples in this area, despite our attempts in China and Kazakhstan, prevents us from testing this scenario.
However, note that, while D. plantaginea has been recorded in Central Asia according to several faunistic
surveys (Kadyrbekov 2002), it is hard to find in these regions. Furthermore, a lack of records of this species
in the Global Biodiversity Information Facility (GBIF 2020) suggests D. plantaginea is uncommon in this
area.

Alternatively, D. plantaginea may have originated in the Caucasus or Asia Minor, maybe through a host
jump from Pyrus to Malus. Dysaphis plantaginea, D. radicola, D. devecta, D. brancoi, D. anthrisci, D.
chaerophylli are Dysaphis species reported to feed on the cultivated apple, M. domestica, as their primary
host (Blommers et al. 2004; Stekolshchikov 2006), but many aphid species also feed on pears, including, D.
reaumuri Mordvilko and D. pyri Boyer de Fonscolombe (Barbagallo et al. 2007). The Pyrus genus is known
to have diverged a long time ago from the genus Malus probably in the Caucasus(Celton et al. 2009; Xiang
et al. 2017). Therefore, the ancestral group from which D. plantaginea diverged might have had a Pyrus
species as host. Analysis of samples from these regions is required to test this hypothesis.

Low endosymbiont bacterial diversity associated with D. plantaginea

Our results showed that bacterial diversity was strikingly low in D. plantaginea across Europe and North
America. As expected, B. aphidicola was the predominant bacterial species (97% of our reads). We also
distinguished different variants of B. aphidicola in the Iranian D. plantaginea samples which fits with the
genetic differentiation observed in the corresponding aphid hosts. At least nine secondary endosymbionts
have been reported among aphid species (reviewed in Zytynska & Weisser 2016), including Arsenophonus
Gherma, Hamiltonella defensa Moran, Regiella insecticola, Rickettsia Da Rocha-Lima, Rickettsiela Drobne,
Serratia symbiotica, Spiroplasma Saglio and Wolbachia Hertig & Wolbach, and Fukatsuia symbiotica. These
bacteria have been reported to be aphid facultative symbiont, potential pathogens, or plant-associated
microbiota (Gauthier et al. 2015). Here, we detected the presence of secondary symbionts only in a few
samples. The Serratia bacteria was the only secondary symbiont identified and it was found in only eight
samples of D. plantaginea, collected on Pyrus communis in Iran, France and Spain on M. domestica. Regiella
symbiont was found in three samples from another aphid species, M. pyraria collected on M. domestica.
At least seven endosymbionts (H. defensa, R. insecticola, Rickettsia sp., Rickettsiella sp., S. symbiotica,
Spiroplasma sp. and Wolbachia sp.) have been reported across a narrower spatial distribution in the model
species Acyrthosiphon pisum and several other well-studied aphid species (Zytynska & Weisser 2016). By
contrast, another study (Henry et al. 2015) found that neither D. plantaginea nor other Dysaphis species
hosted any secondary symbionts, although it relied on a small number of individuals. This low
endosymbiont bacterial diversity in D. plantaginea shows that its likely fast expansion is not the result of
an association with different mutualistic endosymbionts.

Concluding remarks

This study has demonstrated that the colonization of a major fruit tree aphid pest occurred without a
strong bottleneck, maintaining high genetic diversity, and generated differentiated populations exchanging
gene flow, with an isolation-by-distance pattern. The lack of demographic changes in the populations of D.
plantaginea in Europe, except for the Belgian populations, indicates that seasonal selective pressures, such
as insecticide application, have little impact on the genetic diversity of the species. These results may have
implications in control and management of D. plantaginea, but further studies are needed to fully
understand how selective pressures have impacted D. plantaginea adaptation. In addition, the use of other
genetic markers, such as SNPs, promises to make great strides to elucidate the demographic history of the
rosy apple aphid. Finally, the origin of the rosy apple aphid is still unknown. Our results suggest it may have
originated in Eastern Europe, the Caucasus or Asia Minor. However, the domestication of the rosy apple
aphid primary host (the cultivated apple) in this region remains unknown (Cornille et al. 2014, 2019;
Spengler 2019). Further investigations on the history of apple domestication, additional sampling of D.
plantaginea in the Caucasus or Asia Minor, and sampling related aphid species are required to better
understand the origin of this major fruit tree pest.
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6. OUTLINE CHAPTER 3 : GENOMIC BASES OF LOCAL ADAPTATION IN
THE ROSY APPLE APHID (DYSAPHIS PLANTAGINEA) TO ITS HOST, THE
CULTIVATED APPLE (MALUS DOMESTICA)

The genomic patterns of local adaptation have been analyzed by scanning
for highly diverged genomic regions among populations from different environ-
ments (Andolfatto, 2001; Nielsen, 2005). This pattern of genomic divergence can
be due to the spread of advantageous alleles in a given population, generating a
transient reduction in neutral genetic diversity at sites close to the selected locus
(selective sweep; Stephan, 2019), leading to the divergence in these regions of this
population from other populations. Genomic patterns of local adaptation have
been investigated in plant pathogens (Stukenbrock and Bataillon, 2012), such as
in the model systems Microbotryum lychnidis-dioicae and Microbotryum silenes-di-
oicae (Badouin et al., 2017). Genomic footprints of local adaptation were also eval-
uated in crop pests, like Plutella xylostella L. (Chen et al., 2021), Phaulacridium vit-
tatum Sjéstedt (Yadav et al., 2019), or Grapholita molesta (Cao et al., 2022), reveal-
ing candidate regions under positive selection. In aphids, studies on the model
species Acyrthosiphon pisum revealed candidate genes under positive selection re-
lated to cathepsin B-like proteins with proteolytic activity to face the plant response
(Review in Simon et al., 2015). In another study on A. pisum, signatures of recent
positive selection are also observed in olfactory and gustatory receptors related
to host specialization (Smadja et al., 2009). Genome scans in different soybean
aphid biotypes (Aphis glycines Matsumura) revealed selective sweeps in effector
genes (Coates et al., 2020). However, there is limited information on the genomic

pattern of local adaptation of aphids to their environment.
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In Chapter 3, | investigated the genomic bases of (local) adaptation in the
rosy apple aphid. We used a representative sample (126 individuals) of D.
plantaginea samples representing the population structure and diversity observed
in Vazquez et al. 2021 (Chapter 2) and added individuals from Canada and Israel.
We also included samples of D. devecta (Romania and Iran) and D. pyri (France,
Spain, and Iran), two related species found on the apple and pear trees, respec-
tively. We extracted the DNA of each aphid individual and sequenced them using
the lllumina platform (2*150 bp, 30X, NovaSeq6000). SNPs were then called after
mapping onto the rosy apple aphid reference genome available in the team. We
aimed to answer the following questions: Do the three species, D. plantaginea, D.
devecta, and D. pyri, form distinct genetic groups? What is the population genetic
diversity and structure in D. plantaginea? We ask these two questions as the
knowledge of the population genetic structure and diversity is essential to avoid
false positive signals of candidate genes for adaptation (Li et al., 2012; Tiffin and
Ross-Ibarra, 2014; Hoban et al., 2016). Eventually, is there any signature of positive
selection in the genomes in each population that could reflect adaptation or local

adaptation?

After severalfiltering steps, we used a Variant Calling File (VCF) file excluding
SNPs in linkage disequilibrium to infer the aphid population genetic structure. We
obtained 49,965 unlinked SNPs and found a clear genetic structure separating the
three aphid species: D. devecta, D. plantaginea, and D. pyri. We then explored the
population structure only in D. plantaginea. We found four genetic groups: North
American (Canada and the US), Israeli, Moroccan, and Spanish, and another group
including European countries. | detected a recent population expansion corre-
sponding to the Holocene period and the occurrence of gene flow among the D.
plantaginea genetic groups. We then scanned for positive selection (particularly

selective sweeps) in the genomes of the six populations: D. devecta, D. pyri, and D.
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plantaginea from North America, Israel, Morocco/Spain, and European countries.
We found signals of selective sweeps with the p statistic estimated with RAISD
(Alachiotis and Pavlidis, 2018) along the genomes of each population detected
above. However, demographic scenarios, signals of selective sweeps using differ-
ent statistics, and environmental association analysis should be performed to elu-

cidate the genomic signals adaptation of the rosy apple aphid.

$ Dysaphis pyri 4 Dysaphis plantaginea
| 20 samples A 136 samples

”4

Figure 1. Samples of Dysaphis spp. used to scan the genomes for patterns of positive selec-
tion suggestive of (local) adaptation. We included 18 samples of Dysaphis devecta (green) from
Romania and Iran, 136 individuals of Dysaphis plantaginea (blue) from Canada, Belgium, Bulgaria,
Denmark, France, Germany, Italy, Israel, Morocco, Romania, Sweden, Spain, UK, and the US, and
20 Individuals of Dysaphis pyri (pink) from Spain, France, and Iran.
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PERSPECTIVES

| will dig deeper into the rosy apple aphid demographic history compared
to Chapter 2 (SSR markers study). | plan to use demography inferences using mul-

tiple sequential Markovian coalescents (MSMC2; Schiffels and Durbin, 2014).

We will confront the signatures of positive selection between the three sta-
tistics, RaisD, OmegaPlus (Alanchiotis et al., 2012), and SweeD (Pavlidis et al.,
2013), and seek signatures of balancing selection in the genomes (Fijarcyk and
Babik, 2015). We will also associate the SNP allele frequency with climate variables
to detect SNPs associated with local adaptation to climate (Duruz et al., 2019). We
will also test for the accumulation of deleterious mutations along the colonization
front (Peischl et al., 2013). We are preparing these analyses for further publication

in a journal.

These findings represent significant information about the genomic bases
of adaptation in phytophagous insects (i.e., crop pests). We also complement the
results of the rosy apple aphid genomic signals of adaptation at a micro-evolu-
tionary scale with the ecological bases of local adaptation in aphids | evaluated in

Chapter 4 of this Ph.D. thesis.
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6.1 GENOMIC BASES OF LOCAL ADAPTATION IN THE ROSY APPLE APHID (DYSAPHIS
PLANTAGINEA) TO ITS HOST, THE CULTIVATED APPLE (MALUS DOMESTICA)
(MANUSCRIPT IN PREPARATION)

Olvera-Vazquez Sergio Gabriel, Xilong Chen, Christelle Buchard, Nathalie
Rodde, Claire Mottet, Alexandre Degrave, Elorri Segura, Lior Gur, Moshe Reuveni,
Ammar Ahlmedi, AnaMaria Roman, Vincent Arnaud, Michel Dron, Kim H., Lauren
W., Elisa Marchetti, Stefano Tartarini, Neus Rodriguez-Gasol, Jean Engelman,
Jabraeil Razmjou, Karsten Mody, Ludovic Tournant, Marcos Minarro Prado, Mor-
gane Roth, Pierre Franck, Radoslav Andreev, Stine Kramer Jacobsen, Youssef
Khachtib, Georgina Alins, William Marande, Fabrice Legeai, Amandine Cornille

ABSTRACT

Assessing the population genetic diversity, structure, and demographic his-
tory is critical to understanding the evolutionary processes underlying rapid colo-
nization and range shifts or phytophagous insets. Detecting genomic regions re-
lated to the adaptation to the abiotic (i.e., light, temperature) and/or biotic (i.e.,
host) environment of phytophagous insects is crucial to mitigate current and fu-
ture pest outbreaks. Candidate genes related to biotic or abiotic environments
through different genomic patterns (e.g., hard sweep, soft sweep, balancing selec-
tion) have been reported in phytophagous insect genomes. However, limited
studies are available for aphids, one of the phytophagous insects that contain im-
portant crop pests. Moreover, more information is needed on the genes involved
in the adaptation of the Dysaphis genus to their hosts and environment. Dysaphis
genus includes Dysaphis devecta, Dysaphis plantaginea, and Dysaphis pyri, im-
portant pests of the cultivated apple and pear. Here, we investigated genomic sig-
natures of adaptation using population genomics on short-read sequenced sam-
ples of the three species for the first time. We detected a clear split among D.
devecta, D. plantaginea, and D. pyri and four main panmictic groups within D.
plantaginea (American, Moroccan/Spanish, Israeli, and European). We detected a

recent population expansion of the D. plantaginea genetic groups with gene flow
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between the European and Moroccan/Spanish group and the American and Eu-
ropean group. We present preliminary results of genome scans of the six genetic
groups, which revealed candidate outlier SNPs, but further investigations are
needed. We will also seek SNPs associated with the climate variables. Besides, ad-
ditional information about the demography history are need to confirm coloniza-
tion scenarios. The findings of this study will bring insight into the role of selection
and demography in shaping the divergence of aphid populations and species in
response to their abiotic and biotic environments. This information will help to
develop strategies for sustainable pest management and understand the migra-

tion of crop pests.

Keywords: local adaptation, aphid, genome scans, positive selection, gene
flow, pest, divergence.

6.2 INTRODUCTION

Elucidating the effect of demography and selection in modeling population
genetic variation allows us to understand the evolutionary processes involved in
divergence (Via, 2009). Assessing population genetic diversity, structure, and de-
mographic history is also critical to understanding the evolutionary processes un-
derlying rapid colonization and range shifts (Estoup & Guillemaud, 2010; Lawson
Handley et al., 2011; Li et al., 2012; Tiffin and Ross-Ibarra, 2014; Hoban et al., 2016;
Fraimout et al., 2017; Turcotte et al., 2017). The knowledge of population structure
is also preliminary information needed to avoid the detection of false positives
when inferring the role of selection in shaping population divergence Li et al.,
2012; Tiffin and Ross-Ibarra, 2014; Hoban et al., 2016). The role of selection in the
adaptation of populations to their environment can then be assessed by detecting

genomic regions under selection related to their abiotic (i.e., light, temperature)
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and/or biotic (i.e., host) environments (Li et al., 2012; Tiffin and Ross-Ibarra, 2014;

Hoban et al., 2016; Nooten and Hughes, 2017).

Positive selection, resulting in a pattern of hard and soft sweeps and bal-
ancing selection, can shape the architecture of parasite genomes (Ebert and
Fields, 2020; Markle and Tellier, 2020), including phytophagous insects (Simon et
al., 2015). Episodes of a quick spread of an advantageous allele in a population,
called a selective sweep, can generate a transient reduction in genetic diversity at
loci close to the locus under selection (Cutter and Payseur, 2013; Stephan, 2019).
The quick fixation of a new beneficial mutation from a single haplotype in a pop-
ulation is called a hard sweep (Burke, 2012). A soft sweep occurs when multiple
copies of a beneficial mutation become established and fixed together in a popu-
lation (Messer and Petrov, 2013; Hahn, 2019). The main difference between hard
and soft selective sweep is the expected number of different haplotypes present-
ing the beneficial mutation (Hermisson and Pennings, 2017; Jensen, 2014). Balanc-
ing selection implies that more than one allele is kept at a locus due to the fitness
of the heterozygotes being higher than the homozygote at a locus (called over-
dominance) or from frequency-dependent selection with the advantage of rare
alleles (Charlesworth, 2006; Siewert and Voight, 2017). Scanning the genomes for
these footprints is a way to understand their relative contribution of positive and
balancing selection to parasite adaptation. Note that in this preliminary draft, | will
only focus on the selective sweep, but | plan to investigate soft and balancing se-

lection patterns, too.

Phytophagous insects are ideal study subjects in the rich theoretical frame-
work for local adaptation in host-parasite interactions (Gloss et al., 2016; Greis-
char & Koskella, 2007). Genomic patterns of local adaptation have been investi-

gated in phytophagous insects (Song et al., 2015; Crossley et al., 2017; Fiteni et al.,
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2022). In the lepidopteran crop pests such as diamondback moth or Plutella xy-
lostella L., 3,648 SNPs associated with climatic variables are candidate loci for local
adaptation to climate (Chen et al., 2021). Genome scans in the lepidopteran pest,
the oriental moth or Grapholita molesta Busck, detected mutations in the circadian
clock gene (C/k) and target-sites pesticide candidate genes comparing populations
from Sichuan with two other populations in Yunnan in China (Cao et al., 2022). In
the grasshopper crop pest Phaulacridium vittatum Sjéstedt, genomic patterns of
local adaptation were found with 242 unique SNPs associated with latitude, mean
annual temperature, and body size (Yadav et al., 2019). In the aphid crop pest
Acyrthosiphon pisum Harris, candidate genes under selection in different biotypes
were detected, some related to olfactory receptors (65% outliers SNPs) and gus-
tatory receptors (30% outliers SNPs; Smadja et al., 2012). In another study on soy-
bean aphid, Aphis glycines Matsumura, selective sweeps were detected in effectors
genes in different aphid biotypes and related to the interaction between these
phytophagous insects and their host, the soybean (Coates et al., 2020). Therefore,
these studies indicate footprints of positive selection in the genomes of phytoph-
agous insects associated with host or abiotic environments. In addition, the pop-
ulation genetic structure of phytophagous insects can be due to the host specific-
ity (Berlocher and Feder, 2002; Dres and Mallet, 2002), spatial variation, or abiotic
parameters (McPheron et al., 1988; Manel et al., 2009; MacDonald et al., 2022),
suggesting the role of the local host and abiotic environment in phytophagous
insect evolution. However, studies on genomic footprints of local adaptation
across a large geographic distribution are needed to understand better genes in-
volved in the local adaptation of phytophagous insects to their host and/or envi-
ronmental factors. To disentangle the role of selection in the evolution of phy-

tophagous insects, the knowledge of its population structure, diversity, and de-
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mographic history (divergence time, migration rates among populations, and ef-
fective population size) is also essential (Li et al., 2012 Tiffin and Ross-lbarra, 2014;

Hoban et al., 2016) to avoid false positives while testing for local adaptation.

The genus Dysaphis Borner contains species that are important pests of the
subfamily Maloideae C. Weber (Blackman and Eastop, 2000), which includes im-
portant agricultural fruit trees, such as the cultivated apple and pear (Phipps et
al., 1990; Evans and Campbell, 2002). The rosy apple aphid or Dysaphis plantaginea
Passerini represents the major pest of the cultivated apple, while the pear-bed-
straw or Dysaphis pyri Boyer de Fonscolombe is an important pest of the cultivated
pear (Kehrli and Wyss, 2001; Evans et al., 2008). These species present host alter-
nate (heteroecious life cycle) between a woody primary host and an herbaceous
secondary host, giving one sexual generation and several asexual generations per
year (holocyclic cycle; Blackman and Eastop, 2000). For D. plantaginea, the culti-
vated apple is the primary host, while Plantago L. is the secondary host (Bloomers
et al., 2004). In the case of D. pyri, the cultivated pear is the primary host, while the
Galium L. species represent the secondary host (Atlihan et al., 2017). On the other
hand, the rosy leaf-curling apple aphid or Dysaphis devecta Walker represents a
minor pest to the apple tree and presents a monoecious cycle staying in the apple
tree (Gratwick, 1992), infesting older apple trees, producing characteristics of red
pseudo galls by rolling the apple leaf laterally (apex to the leaf base), usually stay-
ing in the same tree after a year (Forrest and Dixon, 1975). Previous population
genetics studies used microsatellite markers and revealed the population struc-
ture and demographic history of the rosy apple aphid in Europe, the Maghreb,
and the US (Guillemaud et al., 2011; Olvera-Vazquez et al., 2021). The rosy apple
aphid colonized quickly and recently cultivated host in Europe, the Maghreb, and
the US, exchanging substantial gene flow among populations. However, samples

from the Middle East, a supposed origin of the rosy apple aphid, were lacking, as
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well as related Dysaphis species found on other hosts to track the evolutionary
travel of this aphid species. The rosy apple aphid may result from a host shift from
another host, the cultivated pear, on which a sister species, Dysaphis pyri, is cur-
rently found. The scan of genomes for islands of differentiation among Dysaphis
species could help us to understand the genes involved in speciation in aphids
and the origin of D. plantaginea. In addition, we have observed a variation in hatch-
ing across Europe in D. plantaginea, with later and earlier hatching in Northern
and Southern Europe, respectively. Whether this phenotypic variation reflects a
local adaptation of D. plantaginea populations to the abiotic or biotic conditions
following its recent colonization of Europe remains unclear. Moreover, the culti-
vated apple displays considerable variation in sensitivity and resistance to D.
plantaginea attacks (Mifarro et al., 2005; Pagliarani et al., 2016), and D. plantaginea
is very rarely seen on its wild European relative, Malus sylvestris. Then, there is a
need to evaluate the genomic bases behind the phenological variation and poten-
tially local adaptation of the rosy apple aphid to its host, the apple tree, or its local

environment.

Here, we investigated the genomic bases of (local) adaptation in a major
aphid pest of the cultivated apple using a comprehensive sampling of the species
and populations across their distribution and sequenced using short-read lllu-
mina. We aimed to answer the following questions: Do the three species form
distinct genetic groups? What is the population genetic diversity and structure in
D. plantaginea? We described the population structure and diversity as it is essen-
tial to avoid detecting false positive candidate genes for adaptation (Li et al., 2012;
Tiffin and Ross-Ibarra, 2014; Hoban et al., 2016). Eventually, is there any signature
of positive selection in the genomes of the different aphid populations that could

reflect adaptation or local adaptation?
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6.3 MATERIAL AND METHODS

SAMPLING, AMPLIFICATION, AND SEQUENCING

The 174 aphid colonies used in this study were sampled in North America,
Europe, and the Middle East and on two hosts (Table S1). We sampled 20 colonies
of the pear-bedstraw aphid (D. pyri) on cultivated pear trees (Pyrus communis L)
from Spain, France, and Iran, 18 colonies of the rosy leaf-curling apple aphid (D.
devecta) from Romanian and 136 colonies of the rosy apple aphid (D. plantagine)
colonies on cultivated apples (Malus domestica Borkh) trees in North America (Can-
ada and USA), Europe (Belgium, Bulgaria, Denmark, France, Germany, Italy, Roma-
nia, Spain, Sweden, and the UK), North Africa (Morocco), and Iran (see details in
Table S1). We sampled only one colony per tree to ensure that the sample did not
contain different clones, which can occur on the same tree. Each colony was kept
in ethanol (96%) at -20°C until DNA extraction. We isolated the DNA from a single
apterous adult individual per colony using a previously standardized protocol
(Olvera-Vazquez et al., 2021), with the addition of putting our samples under -80°C
one night before the DNA extraction. We sent the DNA samples to Novogene®© for
whole genome paired-end resequencing (2*150 bp, 30X) using the Illumina plat-

form (NovaSeq6000).

SINGLE NUCLEOTIDE POLYMORPHISM (SNP) MAPPING AND CALLING

We checked the quality of the raw reads using FastQC v0.11.17 (Andrews,
2010). We trimmed the sequences to bp and removed the sequences with a length
of less than 70 bp using the fastp pre-processing tool v0.19.4 (Chen et al., 2018).
We aligned the individual reads to the reference genome v4 of the new genome

chromosome-level assembly of D. plantaginea (https://bipaa.genouest.org/is/; de-

tails about the assembly using the bwa-mem2 -t 4. We removed the redundant

reads (i.e., PCR or optical duplicates) from the Binary Alignment Maps (BAM) file
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with MarkDuplicates from the Genome Analysis Toolkit (GATK v41.7.0; Van der
Auwera et al., 2013) and SAMtools v1.9 (Li, 2011). We performed the SNP calling
using HaplotypeCaller from the GATK pipeline, setting the ploidy on two (Supple-
mentary text S1 Figure 1). We combined the outputs and obtained the raw variant
call format (VCF) file for the aphid dataset with CombineGCVFs and Geno-
typeGVCFs from the GATK pipeline. We applied this pipeline separately to call the
raw SNP VCF file for the obligate bacteria Buchnera aphidicola (121,311 SNPs and
174 individuals) and mitochondrial (2,654 SNPs and 174 individuals) genomes and
obtained two VCF files. For the aphid genome VCF file, we filtered SNPs corre-
sponding to the bacteria and the mitochondria genomes, and also with high miss-
ing rates, low-quality variants (i.e., sites with missing information), and indels (in-
sertion-deletions) with BCFtools v1.14 (Danecek et al., 2021) and the VariantFiltra-
tion and SelectVariants modules of the GATK pipeline. We defined the cut-off for
missing SNPs by plotting the distribution of missing rate per sample using the R
packages ggplot2 (Wickham, 2016), dplyr (Wickham et al., 2022), and cowplot
(Wilke, 2020) in the R software v. 4.1.2 (R Core Team, 2021). We used a missing
rate cut-off of 10% and removed samples with a depth of coverage below five or
above 100 using BCFtools to minimize the occurrence of unreliable genotypes. We
did further SNP filtering for population structure and genetic diversity analyses to
keep only SNPs reflecting population history to avoid bias associated with con-
founding effects between demography and selection. We removed non-informa-
tive SNPs, with > 20% of missing data or with minor allele frequency (MAF) < 0.05
using BCFtools. We used the pairwise KING-robust kinship cut-off to detect dupli-
cate or closely genetically related individuals, setting a value of 0.354 with
BCFtools. We also filtered non-synonymous and linked SNPs. To that aim, we first
annotated SNPs with SnpEff v5.1 (Cingolani et al., 2012) and then filtered the non-
synonymous SNPs using BCFtools v1.9 and SAMtools v1.9 (Danecek et al., 2021).

We also removed the remaining SNPs in linkage disequilibrium (LD). We estimated
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the LD decay with PopLDdecay (Zhang et al., 2018) using the squared correlation
coefficient (r?) between pairs of SNPs. We evaluated the decayed physical distance
between SNPs as the distance at which the maximum r?is halved. We plotted the
decay of r? with R (Figure S1). We, therefore, set an average LD decay of 1 Kb to
filter the potentially linked SNPs and retain SNPs separated by a higher distance

than the estimated LD decay.

POPULATION STRUCTURE INFERENCES, GENETIC DIFFERENTIATION, AND DIVERSITY

We inferred the aphid population genetic structure using a Bayesian frame-
work to infer panmictic groups for a predefined number of genetic clusters (K)
implemented in the fastSTRUCTURE software v1.0 (Raj et al.,, 2014). We ran
fastSTRUCTURE using the logarithm function, including the three species (N=143)
and only D. plantaginea, as we had more samples for this species (N=118). We set
the number of populations from K=2 to K=20 with 20 repetitions per K. We gener-
ated a consensus solution for each K value using CLUMPAK (Kopelman et al,,
2015). We used StructureSelector (http://Imme.qdio.ac.cn/StructureSelector/; Li
and Li, 2017) to select the optimal K value and use the Puechemaille threshold
value 0.5. We plot the spatial genetic structure with QGIS 3.12 “Las Palmas”
(http://qgis.org/) using the membership coefficients inferred with fastSTRUCTURE
averaged per sampled sites. The bar plots were obtained with PopHelper Shiny

(Francis, 2017).

We evaluated the genetic differentiation among populations detected by
fastSTRUCTURE using three analyses. First, we used a principal component analy-
sis (PCA), generating the eigenvalues using the Plink v2 (Chang et al., 2015). Then,
we plot the first three principal components with the R package ggplot2 (Wickham,

2009). Individuals assigned to a given cluster with a membership coefficient >0.90
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were color-coded according to the respective color of each group detected with
fastSTRUCTURE. We chose this threshold based on the distribution of the maxi-
mum membership coefficients inferred with fastSTRUCTURE (see Results). We
then analyzed the genetic relationships among individuals using two approaches.
We estimated the Nei's distance between individuals to compute the neighbor-
net tree using SplitsTree v4 (Huson and Bryant, 2005). We used IQ-TREE software
(Minh et al., 2020) to infer the genetic relationships using a maximum likelihood
tree model finder option, ultrafast bootstrap 1,000, and 1,000 branch support
tests (SH-aLRT).

We computed descriptive population genetic estimates for each population
(i.e., each cluster inferred with fastSTRUCTURE, excluding admixed individuals
with a membership coefficient <0.90 to a given cluster; see results for details). We
utilized Stacks v2.61 (Catchen et al, 2013) to estimate genetic differentiation
among populations with Fsr (genetic differentiation between populations), as well
as genetic diversity indices for each population, including T (Nei's diversity, or nu-
cleotide diversity within the population), F;s (inbreeding coefficient), H, (observed

heterozygosity) and He (expected heterozygosity).

DEMOGRAPHIC ANALYSIS

We obtained the effective population size (N.) and splitting time of the D.
plantaginea, D. pyri, and D. devecta populations using the sequentially Markovian
coalescent software SMC++ that incorporates estimates of recombination and LD
in a site frequency spectrum framework (Terhorst et al., 2017). We utilized the
reported mutation rate of A. pisum 2.7 x 10'° substitutions per site (Mathers et al.,

2023) and one generation time per year.
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SPECIES TREE ESTIMATION AND GENE FLOW AMONG THE APHID POPULATIONS

We used SVDQuartets (Chifman and Kubatko, 2014) implemented in PAUP
v.4* (Swofford, 2002) to evaluate support for all possible quartets from the da-
tasets (49,965 unlinked SNPs), and uncertainty in relationships was quantified
using 1,000 bootstrapping replicates. We also utilize this approach to gain insight
into the gene flow among the aphid genetic groups that we further explore with

the D-suite.

We estimated Patterson’s D and f-4 ratio with the software D-suite (Malinsky
etal., 2021) to infer patterns of historical gene flow between lineages. This method
was based on the ABBA-BBA test, which utilizes a tree with (((P1, P2), P3), P4)
shapes, the relative proportions of derived traits (B) shared by two lineages are
compared. A form of BBAA represents a derived trait shared due to common an-
cestry (i.e., synapomorphy), BABA incomplete lineage sorting, and ABBA gene flow
between P1-P3 or P2-P3. Incomplete lineage sorting ABBAs and BABAs should oc-
cur in the same proportion across the genome while increasing ABBAs indicates
gene flow between the P2 and P3 lineages. We tested two hypotheses, first gene
flow among D. plantaginea populations (America N = 7, Israel N = 6, Europe N = 21,
and Morocco and Spain N = 14) using the Israel group as an outgroup based on
the genetic differentiation. The second hypothesis tested gene flow between D.

plantaginea populations and D. pyri (N = 11) as an outgroup.

DETECTION OF SIGNATURES OF POSITIVE SELECTION

We seek genomic signatures of recent positive selection (i.e., selective
sweep) in the populations detected above (i.e., cluster inferred with fastSTRUC-
TURE, excluding admixed individuals with a membership coefficient <0.90; see re-

sults for details). We define a selective sweep as a signal of the recent signature
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of positive selection; the signal is represented by the rise in frequency of a bene-
ficial allele in a population, resulting in lower allelic diversity and frequencies with
one abundant allele (the selected variant) and an increase of LD around the se-
lected locus. To avoid skew allelic frequencies and biased selection analyses, we
removed admixed individuals (i.e., individuals with a membership coefficient
<0.90 to a given cluster detected with fastSTRUCTURE) with BCFtools v1.9
(Danecek et al., 2021). We used a complete set of SNPs for selection analyses
(7,622,598 SNPs, Supplementary text S1). We used the composite measure u sta-
tistics implemented in RAISD based on the expected effects of selective sweeps
on nucleotide diversity, LD, and the site frequency spectrum (Alachiotis and
Pavlidis, 2018). We also used Omega Plus v2.3 software to get the o statistics that
measure the changes in LD for a defined genomic region from an empirical ex-
pectation estimated from the magnitude of the genome-wide LD (Alachiotis et al.,
2012). Plots were generated with the ggplot2 (Wickham, 2016), cowplot (Wilke,
2020), and dplyr (Wickham et al., 2022) R packages. The perspective section below

describes the future work of positive selection and demography history analyses.

6.4 RESULTS

SNP DATASET

We had 174 individuals initially; after applying VCF filtering (Supplementary
text 1), we obtained 7,622,598 SNPs for 143 individuals, including 14 D. devecta, 11
D. pyri, and 118 D. plantaginea (Figure S2). After filtering for linked and non-synon-
ymous SNPs, we obtained 49,965 unlinked synonymous SNPs for 143 individuals

to infer the aphid population genetic structure and relationships.
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INTERFERENCES OF THE APHID POPULATION GENETIC STRUCTURE

fastSTRUCTURE revealed a clear population genetic structure among the
three species D. plantaginea, D. pyri, and D. devecta samples (Figures 1A and S3) at
K=3. The structure Selector further confirmed the optimal K value (Figure S4). In-
dividuals were then assigned to their respective population (i.e., individuals with a
membership coefficient >0.90 to a given cluster detected with fastSTRUCTURE,
Figure S5). Once individuals were assigned to their respective populations, we fur-
ther confirmed the three main clusters in the neighbor net, phylogenetic tree, and
PCA (Figures 1B, C, and Figure S6). The mitochondrial and bacterial SNPs dataset
also indicated that the three species formed distinct genetic groups (Figures S7

and S8).

0
¥saphis plantag e

Figure 1. Population structure of Dysaphis plantaginea, Dysaphis pyri, and Dysaphis devecta (N=143
individuals and 49,965 unlinked synonymous SNPs). A) D. plantaginea (purple), D. pyri (agua), and
D. devecta (dark blue) detected with fastSTRUCTURE (Raj et al., 2014) at K = 3 based on Structure-
Selector (Li and Li, 2017). B) Neighbour net among individuals built with SplitsTree (Huson and
Bryant, 2005). C) Genetic relationships represented with a circular tree using IQ-TREE (Minh et al.,
2020). Individuals were colored according to the respective color of each cluster detected with
fastSTRUCTURE.
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In D. plantaginea only (N=118), fastSTRUCTURE revealed four main genetic
clusters spread in North America (teal), Morocco and Spain (yellow), Western and
Eastern Europe (cyan), and Israel (light green; Figure 2A and Figures S9). The struc-
ture selector indicated an optimal K = 9 (Figure S10), at which four main genetic
groups were observed. Individuals were then assigned to their respective popula-
tion (i.e., individuals with a membership coefficient >0.90 to a given cluster de-
tected with fastSTRUCTURE at K=9, Figure S5). The neighbor net analysis and phy-
logenetic tree (Figures 2B and C) further validated the population genetic struc-
ture in D. plantaginea, as well as the genetic relationships among individuals built
with mitochondria (Figure S11) and bacterial SNPs (Figure S12). Therefore, we as-
sumed four main populations in D. plantaginea distributed in North America, Is-
rael, Morocco and Spain, and Western and Central Europe. We further investi-
gated the substructure within the European populations (Figure 2D), excluding the
American and Israeli groups (Figure 2E). The PCA further confirmed a clustering of
Moroccan and some Spanish individuals while other Europeans clustered homo-
geneously. A stubble clustering of Bulgarian, Romanian, and Italian individuals
from the rest of the countries was observed, with a low percentage of variation
explained by the axes of the PCA. The weak genetic structure in the European
countries was further confirmed with an additional fastSTRUCTURE analysis, in-
cluding European samples (Figures S13 and S14). The observed patterns suggest

a cline in Europe, as suggested in Olvera-Vazquez et al. 2021.
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Figure 2. Dysaphis plantaginea population structure in the Middle East, North America, and Europe.

A) Aphid genetic structure inferred with FastSTRUCTURE at K = 9 (N=118 individuals, 49,965 unlinked synonymous SNPs). B) Neighbour net among
individuals built with SplitsTree. Individuals assigned to a given cluster with a membership coefficient >0.90 were color-coded according to the respective
color of each cluster, and admixed individuals (i.e., individuals with a membership coefficient to any given cluster < 0.90) were colored in grey. In teal
color: North America; yellow: Morocco, Spain, and Italian individuals; light green: Israel; and cyan: rest of the European countries. Genetic relationships
are represented by a circular tree built with 1Q-Tree (Minh et al., 2020). Individuals were colored as for the SplitsTree. D) Principal component analysis
(PCA) representing the genetic variation among D. plantaginea individuals. The same color is used for the SplitsTree. E) Principal component analysis
(PCA), representing the genetic variation excluding the Israeli D. plantaginea individuals. The code of the countries is the following: CA: Canada; BE:
Belgium; BG: Bulgaria; DE: Germany; DK: Denmark; ES: Spain; FR: France; GB: UK; IL: Israel; IT: Italy; RO: Romania; SE: Sweden; US: The US.
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GENETIC DIVERSITY IN THE DYSAPHIS POPULATION

We detected the lowest genetic diversity in D. devecta and the highest pri-
vate alleles (Table 1), which may suggest that D. devecta is the most ancient species
of the three species. Dysaphis pyri showed the highest genetic diversity, suggesting
it may be a potential source of colonization of D. plantaginea. Within D. plantaginea,
the Israeli group showed the lowest genetic diversity estimates and number of
private alleles (Table 1), followed by Moroccan/Spanish and American popula-
tions. In contrast, the highest genetic diversity and number of private alleles were
observed in the European population (Table 1). This may suggest waves of coloni-
zation of D. plantaginea out of Europe. We also found low levels of inbreeding
(Mean F; =-0.015), suggesting an excess of heterozygotes and potentially a clonal

population structure.

We showed that D. devecta was the more genetically differentiated species,
followed by D. pyri. Within D. plantaginea, we observed a low genetic differentia-
tion of the European populations against the other three populations (North
America, Israel, Morocco, and Spain; Table 1). The Israeli population was the most

genetically differentiated among the D. plantaginea groups (Table 1).

RECENT POPULATION EXPANSION AND SPLIT OF D. PLANTAGINEA GENETIC GROUPS

We obtained a recent N. of the four D. plantaginea (Figure 15) and D. pyri
and D. devecta genetic groups (Figure 16). We observed population expansion
about ten thousand years ago for the D. plantaginea groups from America, Israel,

Morocco and Spain and D. pyri groups with subsequent bottlenecks.
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Table 1. Genetic diversity estimates of Dysaphis plantaginea populations detected with fastSTRUCTURE (N = 103, admixed indi-

viduals were removed; 49, 965 unlinked synonymous SNPs). The calculations were computed with Stacks v2.61 (Catchen et al.,

2013).
Aphid population N Sites VS Ap Ho He n Fis Fsr DVEC DPYR Israel Europe Morocco and Spain America
Dysaphis devecta 14 46,870 46,870 20,091 0.014 0.017 0.018 0.015 DVEC 0.864 0.932 0.884 0.904 0.905
Dysaphis pyri 11 47,722 47,722 11,253  0.035 0.054 0.057 0.063 DPYR 0.786 0.753 0.772 0.776
Israel 6 49,947 Israel
49,947 2 0.021 0.016 0.017 0.007 0.038 0.079 0.090
Europe 42 49,965 Europe
49,965 72 0.044 0.033 0.033 0.026 0.025 0.029
Morocco and Spain 19 49,965 Morocco and Spain 0.058
49,965 1 0.029 0.024 0.025 0.008
America 23 49,965 America
49,965 26 0.036 0.028 0.029 0.017

N:number of individuals assigned to the population with a membership coefficient > 0.9; VS: Variant sites; A,: private alleles; H,: observed heterozygosity;
He: expected heterozygosity; m: nucleotide diversity within the population; Fis: inbreeding coefficient; %P: percentage of polymorphism; Fsr: differentiation
coefficient. DVEC: Dysaphis devecta; DPYR: Dysaphis pyri; Israel, Europe, Morocco and Spain, and America correspond to Dysaphis plataginea groups.
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The exception was the D. devecta group, which presented a bottleneck fol-
lowed by a population expansion event with a second drastic bottleneck. We also
detected the D. plantaginea group from Europe displayed a higher population ex-

pansion in 10° with a subsequent bottleneck event in short periods.

We also explored the splitting time among the aphid genetic groups. We
found issues plotting the correct split time among the D. plantaginea genetic
groups. We found the lowest event split time was 29 generations in the group
from America and Europe and the highest was 113 generations from Europe and
Israel. On the contrary, we found the recent split time of D. pyri less than 10° years

ago and D. devecta more than 10° years ago (Figure S17).

GEN FLOW AMONG THE D. PLANTAGINEA GENETIC GROUPS

We obtained high bootstrap support in the aphid species tree with the
SVDQuartets (Figure S18). The exception was the clade of D. plantaginea from
America, Morocco and Spain, and Israel, presenting a low value. We detected gene
flow among D. plantaginea groups corresponding to our hypothesis 1 (Figure S19
and Table S2). We saw gene flow between D. plantaginea genetic groups from
Europe and Morocco and Spain, and Morocco and Spain with the American group.
We also identified gene flow between D. plantaginea and D. pyri groups related to
our hypothesis 2 (Figure S19 and Table S3). We found gene flow between D.
plantaginea from America and D. pyri and D. plantaginea from Morocco and Spain

and D. pyri.
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GENOMIC SIGNATURES OF POSITIVE SELECTION OF THE SIX APHID POPULATIONS

We detected some candidate outliers suggesting positive selection using
RAISD exploring the six aphid populations (Figure 3). We observed higher signals
in the six chromosomes among the different aphid populations. We also launched
OmegaPlus software for each of the six populations to detect SNP candidate out-
liers; however, we are still defining the threshold to plot the results.
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Figure 3. Signatures of positive selection in the six Dysaphis populations were inferred from the u
statistics estimated with RAISD (Alanchiotis and Pavlidis, 2018; 7,622,598 SNPs). American group:
DPLA_CA; European countries: DPLA_EU; Israeli group: DPLA_IL; Dysaphis plantaginea from Mo-
rocco and Spain: DPLA_MA_ES; Dysaphis pyri: DPYR; Dysaphis devecta: DVEC. The threshold value
was defined as 1%, and all the SNP outliers are represented over the aqua line color
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6.5 DISCUSSION AND PERSPECTIVES

In Chapter 2, we first provided insight into the D. plantaginea population
genetic structure using microsatellite markers (Olvera-Vazquez et al., 2021). Here,
we subsampled colonies representatives of this population genetic structure. We
also included additional aphid individuals from North America and the Middle East
to represent better the geographic distribution of D. plantaginea and added two
sister species. We sequenced the samples using short-read lllumina technology.
SNP markers combined with population genetics methods allow us to detect six
main populations in our dataset. Dysaphis devecta, D. pyri, and D. plantaginea
formed distinct populations. The clear pattern of genetic structure among the
three species can result from demography and/or selection. The population ge-
netic structure can reflect the different life cycles, heteroecious (D. plantaginea
and D. pyri) and monoecious cycle (D.devecta) or hosts affinity D. plantaginea and
D. devecta the cultivated apple and D. pyri cultivated pear, that lead to barrier to

gene flow among species.

We could find support for this finding of the genetic structure if we detect
genomic islands of differentiation among species using genome scans. My prelim-
inary results using the u statistics may indicate various islands of differentiation,
but | need to dig into the details of those results to draw further conclusions. Such
genomic islands of divergences have already been observed, for instance, be-
tween two ecotypes of the phytophagous insect Timema cristinae Vickery (Soria-
Carrasco et al., 2014) found on two different plant hosts, Adenostoma fasciculatum
Hook. & Arn. and Ceanothus spinosus Nutt. We will also further understand the
process shaping the divergence of the three species by analyzing their speciation

history and degree of gene flow among species.
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Within D. plantaginea, we found weak genetic differentiation among the D.
plantaginea populations. We observed a lower genetic diversity in the lIsraeli,
North American, and Moroccan/Spanish populations, which suggests these pop-
ulations are from recent colonization events. The Middle East may not be the cen-
ter of origin of D. plantaginea. Europe seems to be a better candidate. This coloni-
zation scenario, however, needs to be further validated by investigating the de-
mographic history of the species. We found a recent population expansion and
split among the D. plantaginea genetic groups. However, to confirm this infor-
mation we should try a complementary software because underestimations could
occur with SMC++ with very recent demographic changes (Pattons et al., 2019;
Wang et al; 2023). We will dig into the demography history of D. plantaginea using
MSMC2 (Schiffels and Durbin, 2014). We will also add D. pyri and D. devecta to test
their role in the colonization history of D. plantaginea. Indeed, diversity estimates
showed that D. pyri had the highest genetic diversity and was the closest to D.
plantaginea, suggesting a host jump from the pear tree in Europe. Another sup-
port for this hypothesis was the detection of the recent splitting from these two
species but a more recent splitting from D. pyri than D. devecta. Moreover, the
gene flow found between D. plantaginea groups and D. pyri. However, further in-
ferences of the demographic history are needed (such as ABC-RF inferences). We
will also estimate the degree of gene flow among populations with the software
D-suite (Malinsky et al., 2021). Our search for selection signals in the four popula-
tions will also allow us to determine the local selective pressures related to abiotic
and biotic factors that could have shaped the architecture of aphid genomes (Foll
and Gaggiotti, 2006). Still, | need to dig into those results to draw further conclu-
sions. To that end, | will compare our candidate SNPs found using the two statis-
tics presented in Materials and Methods. | will also scan the genomes for signa-

tures of balancing selection (Fijarcyk and Babik, 2015). | will also associate SNP
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allele frequency with climate variables to detect candidate loci related to local ad-
aptation to the abiotic environment (Duruz et al., 2019). These analyses would
bring insights into key loci involved in the adaptation of aphids to the local biotic
environment (i.e., host) and abiotic environment. The analyses and results in this
section will be complemented with the ecological patterns of local adaptation

(Chapter 4).

6.6 CONCLUSION

Here, we provided preliminary insights into the role of selection and de-
mography in the divergence of populations and species belonging to the Dysaphis
genus (Blackman and Eastop, 2000). This genus includes significant fruit pest trees
belonging to the Rosaceae family. We focus on two major crop pests, D.
plantaginea, the rosy apple aphid, and D. pyri, or pear-bedstraw aphid, and one
minor apple pest, the rosy leaf-curling apple aphid, D. devecta. We provided in-
sights into the population genetic structure and candidate genes under positive
selection in these species. These loci may be involved in the colonization success
and adaptation of these pests to their host or local environments. However, | must
dig into the results to draw further conclusions. This study represents an excellent
opportunity to get an insight into the genes involved in speciation and coloniza-
tion success in aphids, which is also relevant to preventing an outbreak in the cul-
tivated apple due to the impact of global warming (Kirk et al., 2013; Pélissié et al.,

2018).
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6.9 SUPPLEMENTARY TEXT

Supplementary text 1: Filtering pipeline to obtain the Dysaphis devecta, Dys-
aphis plantaginea, and Dysaphis pyri genome variant call format (VCF).

The SNPs were called following the best practices of the Genome Analysis
ToolKit pipeline (GATK; Van der Auwera et al., 2013). We first removed the SNPs
corresponding to Buchnera aphidicola endosymbiont and the aphid mitogenome.
We combined the gVCF files of each of the 174 aphid individuals. The gVCF con-
tains information about every position in the genome (existing variant or not). We
used the GATK to get a VCF file. We then applied hard filtering step removing low-
quality variants (i.e., variants with a low read depth) using a Quality by Depth (QD)
<2.0, Fisher Strand (FS) >60, Strand Odd Ratio (SOR) >3, RMS Mapping Quality (MQ)
<40, Mapping Quality Rank Sum Test (MQRankSum) <- 12.5, resulting in
41,706,601 SNPs for the 174 aphid individuals. We had a checkpoint to identify the
individuals to remove with a high proportion of missing data based on the read
depth (DP) between DP< 5 and DP >100 and remove individuals with less than
30% of missing SNPs. We removed six individuals, keeping 168 individuals. We
applied filtering of variants and invariants using BCFtools (Li et al., 2009) and
VCFtools (Danecek et al., 2011), keeping 16,377,788 SNPs. We excluded SNPs with
> 20% of missing genotypes and filtered for minor allele frequency (maf<0.05),
keeping a total of 7,622,598 SNPs. We then sought clones using a kinship cut-off
of 0.354 (Kelmemi et al., 2015) implemented in Plink software (Purcell et al., 2017),
leaving 7,622,598 SNPs for 148 individuals. We applied a non-synonymous filtering
step. We finally removed SNPs that were in Linkage Disequilibrium (LD) in a win-
dow size of 1Kb using VCFtools, which has a final genome VCF file of 49,964 SNPs
with 148 individuals.
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Aphids VCF filtering pipeline summary: Dysaphis plantaginea, Dysahis devecta, and Dysaphis pyrii
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Figure 1. Filtering pipeline to obtain the Dysaphis devecta, Dysaphis plantaginea, and Dysaphis pyri genome variant call format (VCF). 1) SNPs
GATK mapping and removal of mitochondria and bacteria scaffolds. 2) Combination of all samples gVCF files and generation of VCF file using GATK,
resulting in 174 individuals and 45,504,255 SNPs. 3) VCF hard filtering resulted in 174 individuals and 41,706,601 SNPs. 4) Checkpoint to detect the
individuals based on read depth (DP) between DP< 5 and DP >100 and individuals with less than 30% of missing SNPs. 5) Filtering of variant and invariant
filtering step resulting in 168 individuals and 16,377,788 SNPs. 6) Filtering step removing > 20% of missing genotypes and filtered for minor allele
frequency (maf<0.05), keeping a total of 7,622,598 SNPs. 7) Clone detection and removing step resulting in 148 individuals and 7,622,598 SNPs. This file
was used for selection test analysis. 8) Filtering for non-synonymous sites resulted in 148 individuals and 440,765 SNPs. 9) Filtering 1Kb windows to
remove linkage disequilibrium (LD) sites, giving 148 individuals and leaving 49,965 SNPs. This file was utilized for evaluating the aphid population

321



REFERENCES

Danecek, P., Auton, A., Abecasis, G., Albers, C. A., Banks, E., DePristo, M. A,, ... &
1000 Genomes Project Analysis Group. (2011). The variant call format and
VCFtools. Bioinformatics, 27(15), 2156-2158. https://doi.org/10.1093/biocinformat-
ics/btr330

Kelmemi, W., Teeuw, M. E., Bochdanovits, Z., Ouburg, S., Jonker, M. A., AlKuraya,
F., ... & Cornel, M. C. (2015). Determining the genome-wide kinship coefficient
seems unhelpful in distinguishing consanguineous couples with a high versus low
risk for adverse reproductive outcome. BMC Medical Genetics, 16, 1-11.
https://doi.org/10.1186/s12881-015-0191-0

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., ... & 1000 Ge-
nome Project Data Processing Subgroup. (2009). The sequence alignment/map
format and SAMtools. bioinformatics, 25(16), 2078-2079.
https://doi.org/10.1093/bioinformatics/btp352

322


https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1186/s12881-015-0191-0
https://doi.org/10.1093/bioinformatics/btp352

6.10 SUPPLEMENTARY MATERIAL

Table S1. Aphid general information showing the number of individuals, se-
quence ID, Data ID, Site ID, pest species name, hostname, country, locality, lati-
tude, longitude, apple variety, sampler, information about the resequencing ge-
nome (library name, flowcell/lane, raw reads, raw data, percentage of effective
reads, percentage of errors, percentage of quartile 20, percentage of quartile 30,
percentage of GC content, mar reads, map base), and the information of the mem-

bership assignation K9 using FastStructure (Raj et al., 2014). Excel file.

Table S2. Summary of D-statistic of testing gene flow among D. plantaginea genetic

groups (Hypothesis 1).

Table S3. Summary of D-statistic of testing gene flow between D. plantaginea and

D. pyri genetic groups (Hypothesis 2).

Figure S1. Linkage disequilibrium decay using PopLDdecay (Zhang et al., 2018) of
the three aphid populations showing a windows distance of 300Kb (left) and in-
creasing the windows to 10 Kb (right) the plots were built using R software v. 4.1.2

(R Core Team, 2021).

Figure S2. Samples used to scan the genomes of Dysaphis spp. for positive selec-
tion and pattern of adaptation and local adaptation. After filtering, we included 14
samples of Dysaphis devecta from Romania and Iran, 118 individuals of Dysaphis
plantaginea from Canada, Belgium, Bulgaria, Denmark, France, Germany, Italy, Is-
rael, Morocco, Romania, Sweden, Spain, UK, and the US, and 11 Individuals of Dys-

aphis pyri from Spain, France, and Iran.
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Figure S3. Population genetic structure for Dysaphis devecta (N = 118), Dysaphis
plantaginea (N = 14), and Dysaphis pyri (N = 11) inferred using fastSTRUCTURE with
logarithm function (Raj et al., 2014) from K=2 to K=20. CA: Canada; US: the US; MA:
Morocco; IL: Israel; ES: Spain; FR: France; DE: Germany; BE: Belgium; GB: Great
Britain; SE: Sweden; DK: Denmark; BG: Bulgaria; IT: Italy; RO: Romania; Dv: Dys-
aphis devecta, Dpi: Dysaphis pyri.

Figure S4. Optimal K value assessed using StructureSelector with a Puechemaille
threshold value of 0.5 (Li and Li, 2017) from fastSTRUCTURE outputs ran from K=2
to K=20 for Dysaphis devecta (N = 118), Dysaphis plantaginea (N = 14) and Dysaphis
pyri (N=11).

Figure S5. Membership coefficient of the Dysaphis devecta, Dysaphis plantaginea,
and Dysaphis pyri. The plot of the membership coefficient of the three aphid spe-
cies clusters, D. devecta, D. pyri, and D. plantaginea, using K=19 optimal value based
on the structure selector, is presented on the left side of the figure. All the individ-
uals present assignation values >90 (N=143). The plot of the membership coeffi-
cient only for D. plantaginea individuals using K = 9 optimal values based on the
structure selector is presented on the right side of the figure. The number of indi-

viduals <90 was 90 (N = 118).

Figure S6. Principal component analysis (PCA) of the genetic variation of Dysaphis
plantaginea (N = 118, blue), Dysaphis devecta (N = 14, green), and Dysaphis pyri (N =
11, red) samples (49,965 unlinked synonymous SNPs). The eigenvalues obtained
with Plink v2 (Chang et al., 2015) were plotted using the R package ggplot2 (Wick-
ham, 2009).
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Figure S7. Genetic relationships between Dysaphis plantaginea (N = 118, blue), Dys-
aphis devecta (N = 14, green), and Dysaphis pyri (N = 11, red) based on the mito-
chondrial genomes (2,654 SNPs) built with A) with IQ-Tree (Minh et al., 2020) using
maximum likelihood tree model finder option, ultrafast bootstrap 1,000, and
1,000 branch support tests (SH-aLRT), the tree was built using iTOL v5 (Letunic and
Bork, 2021); B) Neighbour net using with Splistree v4 (Huson and Bryant, 2005).

Figure S8. Genetic relationships between Dysaphis plantaginea (N =118, blue), Dys-
aphis devecta (N = 14, green), and Dysaphis pyri (N =11, red) based on the Buchnera
aphidicola genomes (121,311 SNPs) built with A) with IQ-Tree (Minh et al., 2020)
using maximum likelihood tree model finder option, ultrafast bootstrap 1,000,
and 1,000 branch support tests (SH-aLRT), the tree was built using iTOL v5 (Letunic
and Bork, 2021); B) Neighbour net using with Splistree v4 (Huson and Bryant,
2005).

Figure S9. Dysaphis plantaginea genetic structure inferred with fastSTRUCTURE
(Raj et al., 2014) with logarithm option standard option (left side of the figure N =
118) and from K=2 to K=10.

Figure S10. Analysis for detecting the optimal K value using StructureSelector with
a threshold value of 0.5 (Li and Li, 2017) from K=2 to K=10 for Dysaphis devecta (N
=118).

Figure S11. Genetic relationships for Dysaphis plantaginea (N = 118) based on the
mitochondrial genome (2,654 SNPs). A) Genetic relationships with 1Q-Tree (Minh
et al., 2020) using maximum likelihood tree model finder option, ultrafast boot-
strap 1,000, and 1,000 branch support tests (SH-aLRT), the tree was built using

iTOL v5 (Letunic and Bork, 2021), showing a clear group for America, Israel, and
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Morocco. A lack of geographical genetic structure was detected among the differ-
ent European countries. B) Neighbour net built with Splistree v4 (Huson and Bry-

ant, 2005) among the D. plantaginea countries.

Figure S12. Genetic relationships for Dysaphis plantaginea samples (N = 118) based
on the Buchnera aphidicola genome (121,311 SNPs). A) Genetic relationships with
IQ-Tree (Minh et al., 2020) using maximum likelihood tree model finder option,
ultrafast bootstrap 1,000, and 1,000 branch support tests (SH-aLRT), the tree was
built using iTOL v5 (Letunic and Bork, 2021). B) Neighbour net built with Splistree

v4 (Huson and Bryant, 2005) among the different D. plantaginea countries.

Figure S13. European Dysaphis plantaginea genetic structure using fastSTRUC-
TURE (Raj et al., 2014) logarithm option (N = 77) from K=2 to K=20.

Figure S14. European Dysaphis plantaginea genetic structure using fastSTRUC-
TURE (Raj et al., 2014) logarithm option (N = 77) from K=2 to K=20.

Figure S15. Demographic changes of N. for four D. plantaginea genetic groups in
the recent 108 years using SMC++ (Terhorst et al., 2017). The orange line corre-
sponds to the Holocene period. N_America = D. plantaginea from Canada and the
US; N_Israel = D. plantaginea from Israel; N_Europe = D. plantaginea from Belgium,
Denmark, France, Germany, Romania, Spain, Sweden, and the UK; N_MA_ES = D.

plantaginea from Morocco and Spain.

Figure S16. Demographic changes of N. for A) D. pyri (N_DPYR) and B) D. devecta
(D_DVEC) genetic groups in the recent 108 years using SMC++ (Terhorst et al.,

2017). The orange line corresponds to the Holocene period.
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Figure S17. Splitting time of the aphid population genetic groups inferred for A)
D. pyri and B) D. devecta genetic groups in the recent 10% years using SMC++ (Ter-
horst et al., 2017). The blue line corresponds to the split time. The aphid genetic
groups are: N_America = D. plantaginea from Canada and the US; N_lIsrael = D.
plantaginea from Israel; N_Europe = D. plantaginea from Belgium, Denmark,
France, Germany, Romania, Spain, Sweden, and the UK; N_MA_ES = D. plantaginea

from Morocco and Spain; N_DPYR = D. pyri; N_DVEC = D. devecta.

Figure S18. Aphid species-tree inference with the single value decomposition
quartets (SVDQuartets) score (Chifman and Kubatko, 2014). Bootstrap values are

described in the branches of the tree.

Figure S19. Heatmap of D-statistic values (Malinsky et al., 2020) of the tested hy-
potheses: A) Gene flow among D. plantaginea genetic groups. B) Gene flow be-
tween D. plantaginea and D. pyri genetic groups. The lower right panel shows the

absolute D-statistic value in red color the higher while the lower in blue color.

327



LD decay

=
W) =
=1
(48]
u -
=1
=
[Ty]
=1
™
o
=+
o]
w0
=+
=
-+ o Pt - —
=
= I T ) T T T 1
0 a0 100 150 200 250 300
Distance(Kb)
LD decay
3
< [ T | T T 1
0 2 4 6 8 10

Distance(Kb)

Figure S1. Linkage disequilibrium decay using PopLDdecay (Zhang et al., 2018) of the three aphid
populations showing a windows distance of 300Kb (up) and increasing the windows to 10 Kb
(down) the plots were built using R software v. 4.1.2 (R Core Team, 2021).
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Figure S2. Samples used to scan the genomes of Dysaphis spp. for positive selection and pattern
of adaptation and local adaptation. After filtering, we included 14 samples of Dysaphis devecta from
Romania and Iran, 118 individuals of Dysaphis plantaginea from Canada, Belgium, Bulgaria, Den-
mark, France, Germany, Italy, Israel, Morocco, Romania, Sweden, Spain, UK, and the US, and 11
Individuals of Dysaphis pyri from Spain, France, and Iran.
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Figure S3. Population genetic structure for Dysaphis devecta (N = 118), Dysaphis plantaginea (N =
14), and Dysaphis pyri (N = 11) inferred using fastSTRUCTURE with logarithm function (Raj et al.,
2014) from K=2 to K=20. CA: Canada; US: the US; MA: Morocco; IL: Israel; ES: Spain; FR: France; DE:
Germany; BE: Belgium; GB: Great Britain; SE: Sweden; DK: Denmark; BG: Bulgaria; IT: Italy; RO:
Romania; Dv: Dysaphis devecta, Dpi: Dysaphis pyri.
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Figure S4. Optimal K value assessed using StructureSelector with a Puechemaille threshold value of 0.5 (Li and Li, 2017) from fastSTRUCTURE outputs
ran from K=2 to K=20 for Dysaphis plantaginea (N = 118), Dysaphis devecta (N = 14) and Dysaphis pyri (N = 11).
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Figure S5. Distribution of the maximum membership coefficients inferred with fastSTRUCTURE for the full dataset (3 species, N=143, left
figure), and Dysaphis plantaginea only (N=118, right figure). Distribution of the maximum membership coefficient of the three aphid species, D.
devecta, D. pyri, and D. plantaginea, inferred at K=3. All the individuals present assignation values >90 (N=143). The distribution of the maximum mem-
bership coefficient for D. plantaginea only inferred at K = 9. The number of individuals <90 was 90 (N = 118).
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Figure S6. Principal component analysis (PCA) of the genetic variation of Dysaphis plantaginea (N = 118, blue), Dysaphis devecta
(N =14, green), and Dysaphis pyri (N = 11, red) samples (49,965 unlinked synonymous SNPs). The eigenvalues obtained with

Plink v2 (Chang et al., 2015) were plotted using the R package ggplot2 (Wickham, 2009).
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Figure S7. Genetic relationships between Dysaphis plantaginea (N = 118, blue), Dysaphis devecta (N
=14, green), and Dysaphis pyri (N =11, red) based on the mitochondrial genomes (2,654 SNPs) built
with A) with IQ-Tree (Minh et al., 2020) using maximum likelihood tree model finder option, ultra-
fast bootstrap 1,000, and 1,000 branch support tests (SH-aLRT), the tree was built using iTOL v5
(Letunic and Bork, 2021); B) Neighbour net using with Splistree v4 (Huson and Bryant, 2005).

334



Tree scale: 1

A

Dysgphisdevecta
Iranand Romenia
Dyssphisplartaginea
Ammerican, Moroooo, Eurgpean countries
andlgad.
B)
Dysephisplartaginea o Dysphispyri
Anerican, Moroooo, Eurgpean countries Pipsoonii French, Iranian, and Spanish

and|gadl.

Figure S8. Genetic relationships between Dysaphis plantaginea (N = 118, blue), Dysaphis devecta (N
= 14, green), and Dysaphis pyri (N = 11, red) based on the Buchnera aphidicola genomes (121,311
SNPs) built with A) with 1Q-Tree (Minh et al., 2020) using maximum likelihood tree model finder
option, ultrafast bootstrap 1,000, and 1,000 branch support tests (SH-aLRT), the tree was built
using iTOL v5 (Letunic and Bork, 2021); B) Neighbour net using with Splistree v4 (Huson and Bry-
ant, 2005).
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Figure S9. Dysaphis plantaginea genetic structure inferred with fastSTRUCTURE (Raj et al., 2014)
with logarithm option standard option (left side of the figure N = 118) and from k=2 to K=10. CA:
Canada; US: the US; MA: Morocco; IL: Israel; ES: Spain; FR: France; DE: Germany; BE: Belgium; GB:
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Figure S10. Analysis for detecting the optimal K value using StructureSelector with a threshold value of 0.5 (Li and Li, 2017) from K=2 to K=10 for Dysaphis
devecta (N =118)
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Figure S11. Genetic relationships for Dysaphis plantaginea (N = 118) based on the mitochondrial
genome (2,654 SNPs). A) Genetic relationships with 1Q-Tree (Minh et al., 2020) using maximum
likelihood tree model finder option, ultrafast bootstrap 1,000, and 1,000 branch support tests (SH-
aLRT), the tree was built using iTOL v5 (Letunic and Bork, 2021), showing a clear group for America,
Israel, and Morocco. A lack of geographical genetic structure was detected among the different
European countries. B) Neighbour net built with Splistree v4 (Huson and Bryant, 2005) among the
D. plantaginea countries.
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Figure S12. Genetic relationships for Dysaphis plantaginea samples (N = 118) based on the Buchnera
aphidicola genome (121,311 SNPs). A) Genetic relationships with 1Q-Tree (Minh et al., 2020) using
maximum likelihood tree model finder option, ultrafast bootstrap 1,000, and 1,000 branch support
tests (SH-aLRT), the tree was built using iTOL v5 (Letunic and Bork, 2021). B) Neighbour net built
with Splistree v4 (Huson and Bryant, 2005) among the different D. plantaginea countries.
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Figure S13. Population genetic structure of Dysaphis plantaginea of Europe only using fastSTRUC-
TURE (Raj et al., 2014) logarithm option (N = 77) from K=2 to K=20. ES: Spain; FR: France; DE: Ger-
many; BE: Belgium; GB: Great Britain; SE: Sweden; DK: Denmark; BG: Bulgaria; IT: Italy; RO: Roma-
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Figure S14. Principal component analyses of Dysaphis plantaginea samples from Europe (N = 77, 49,965 SNPs).
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Figure S15. Demographic changes of N, for four D. plantaginea genetic groups in the recent 108 years using SMC++ (Terhorst et al., 2017). The orange
line corresponds to the Holocene period. N_America = D. plantaginea from Canada and the US; N_Israel = D. plantaginea from Israel; N_Europe = D.
plantaginea from Belgium, Denmark, France, Germany, Romania, Spain, Sweden, and the UK; N_MA_ES = D. plantaginea from Morocco and Spain.
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Figure S16. Demographic changes of N. for A) D. pyri (N_DPYR) and B) D. devecta (N_DVEC) genetic groups in the recent 108 years using SMC++ (Terhorst
et al., 2017). The orange line corresponds to the Holocene period.
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Figure S17. Splitting time of the aphid population genetic groups inferred for A) D. pyri in less than 10° years and B) D. devecta in later than 10° years
using SMC++ (Terhorst et al., 2017). The blue line corresponds to the split time. The aphid genetic groups are N_America = D. plantaginea from Canada
and the US; N_Israel = D. plantaginea from Israel; N_Europe = D. plantaginea from Belgium, Denmark, France, Germany, Romania, Spain, Sweden, and
the UK; N_MA_ES = D. plantaginea from Morocco and Spain; N_DPYR = D. pyri; N_DVEC = D. devecta.
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Figure S18. Aphid species-tree inference with the single value decomposition quartets (SVDQuartets) score (Chifman and Kubatko, 2014). Bootstrap
values are described in the branches of the tree.
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Figure S19. Heatmap of D-statistic values (Malinsky et al., 2020) of the tested hypotheses: A) Gene flow among D. plantaginea genetic groups. B) Gene
flow between D. plantaginea and D. pyri genetic groups. The lower right panel shows the absolute D-statistic value in red color the higher while the lower

in blue color.
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Table S2. Summary of D-statistic of testing gene flow among D. plantaginea genetic groups (Hypothesis 1).

BBAA
P1 P2 P3 Dstatistic ~ Z-score p-value fd-ratio ABBA BABA BBAA D_calculated g_value Stdv
Israel America Europe 0,003 0,178 0,859 0,000 244,587 243,009 252,244 0,003 0,859 0,162
America Morocco_Spain Europe 0,060 4,339 0,000 0,000 252,046 223,628 261,120 0,060 0,000 0,133
Israel Morocco_Spain America 0,071 3,666 0,000 0,403 225,725 195,699 250,932 0,071 0,001 0,205
Israel Morocco_Spain Europe 0,070 3,935 0,000 0,000 232,064 201,845 266,313 0,070 0,000 0,185
Dmin
P1 P2 P3 Dstatistic ~ Z-score p-value fd-ratio ABBA BABA BBAA D_calculated q_value
Israel America Europe 0,003 0,178 0,859 0,000 244,587 243,009 252,244 0,003 0,859
Europe America Morocco_Spain 0,018 1,782 0,075 0,079 261,120 252,046 223,628 0,018 0,100
America Israel Morocco_Spain 0,053 2,517 0,012 0,240 250,932 225,725 195,699 0,053 0,019
Europe Israel Morocco_Spain 0,069 3,650 0,000 0,297 266,313 232,064 201,845 0,069 0,001
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Table S3. Summary of D-statistic of testing gene flow between D. plantaginea and D. pyri genetic groups (Hypothesis 2).

BBAA
P1 P2 P3 Dstatistic ~ Z-score  p-value  f4-ratio  ABBA BABA BBAA D_calculated  qvalue Stdv
11383,40
Europe America DPYR 0,052 1,929 0,054 0,001 57,395 51,762 0 0,052 0,107 0,456
11382,80
Israel America DPYR 0,007 0,140 0,888 0,000 51,543 50,852 0 0,007 0,891 0,541
11417,40
America Morocco_Spain DPYR 0,005 0,136 0,891 0,000 50,468 50,008 0 0,005 0,891 0,497
228,18 224,51
Israel America Europe 0,008 0,397 0,691 0,000 3 8 241,785 0,008 0,891 0,177
23557 210,32
America Morocco_Spain Europe 0,057 3,956 0,000 0,000 5 9 251,655 0,057 0,001 0,138
212,81 184,89
Israel Morocco_Spain America 0,070 3,400 0,001 0,391 3 8 234,764 0,070 0,003 0,216
11371,30
Europe Israel DPYR 0,046 1,152 0,249 0,001 55,713 50,771 0 0,046 0,416 0,552
11405,70
Europe Morocco_Spain DPYR 0,059 2,343 0,019 0,001 54,713 48,619 0 0,059 0,055 0,522
11427,10
Israel Morocco_Spain DPYR 0,012 0,269 0,788 0,000 48,028 46,876 0 0,012 0,891 0,527
216,78 187,64
Israel Morocco_Spain Europe 0,072 3,790 0,000 0,000 2 8 254,781 0,072 0,001 0,196
DPYR = D. pyri
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Table S3 continuation. Summary of D-statistic of testing gene flow between D. plantaginea and D. pyri genetic groups (Hypothesis 2).

Dmin
P1 P2 P3 Dstatistic  Z-score p-value f4-ratio ABBA BABA BBAA D_calculated qvalue
11383,40
Europe America DPYR 0,052 1,929 0,054 0,001 57,395 51,762 0 0,052 0,107
11382,80
Israel America DPYR 0,007 0,140 0,888 0,000 51,543 50,852 0 0,007 0,891
11417,40
America Morocco_Spain DPYR 0,005 0,136 0,891 0,000 50,468 50,008 0 0,005 0,891
228,18 224,51
Israel America Europe 0,008 0,397 0,691 0,000 3 8 241,785 0,008 0,891
251,65 235,57
Europe America Morocco_Spain 0,033 3,219 0,001 0,140 5 5 210,329 0,033 0,005
234,76 212,81
America Israel Morocco_Spain 0,049 2,149 0,032 0,222 4 3 184,898 0,049 0,079
11371,30
Europe Israel DPYR 0,046 1,152 0,249 0,001 55,713 50,771 0 0,046 0,416
11405,70
Europe Morocco_Spain DPYR 0,059 2,343 0,019 0,001 54,713 48,619 0 0,059 0,055
11427,10
Israel Morocco_Spain DPYR 0,012 0,269 0,788 0,000 48,028 46,876 0 0,012 0,891
216,78 187,64
Israel Morocco_Spain Europe 0,072 3,790 0,000 0,000 2 8 254,781 0,072 0,001
DPYR = D. pyri
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7. OUTLINE CHAPTER 4: AN EXPERIMENTAL TEST FOR LOCAL
ADAPTATION OF THE ROSY APPLE APHID (DYSAPHIS PLANTAGINEA)
DURING ITS RECENT RAPID COLONIZATION ON ITS CULTIVATED APPLE
HOST (MALUS DOMESTICA) IN EUROPE

Plant-parasite interactions have been seen as a major driver of local adap-
tation and, therefore, used as a model for studying the evolutionary processes
involved in local adaptation (Garrido et al., 2012). Theoretical work predicts that
variations in selection between environments can lead to patterns of local adap-
tation of the parasite (Kawecki and Ebert, 2004; Olazcagua et al., 2022). Parasite
population is locally adapted when the sympatric populations (e.g., parasite in-
fested on local host) have higher survival or performance (fitness) compared with
allopatric populations (e.g., parasite infested on foreign host; Kaltz and Shykoff,
1998). A handful of experiments tested these theoretical expectations. In particu-
lar, common gardens are effective experimental designs to identify key traits un-
derlying local adaptation and the ecological factors shaping the adaptation (Kaltz
and Shykoff, 1998; Tiffin and Ross-lbarra, 2014; Greischar and Koskella, 2007;
Nuismar and Gandon, 2008; Nooten and Hughes, 2017). Cross-infection experi-
ments with the fungal pathogens Colletotrichum lindemuthianum (Sacc. & Magnus)
Briosi & Cavara (Sicard et al., 2007) and Microbotryum violaceum (Persoon) Deml &
Oberwinkler (Kaltz and Shykoff, 1998; Kawecki and Ebert, 2004; Greischar and Ko-
skella, 2007) revealed various patterns, from local adaptation (Kaltz et al., 1999) to
maladaptation to their hosts. However, the contributions of the abiotic and biotic
(i.e., plant host) environment to parasite local adaptation are still unknown. Multi-
population manipulative transplant and cross-infection experiments to test the
effect of the host (i.e., biotic) and the abiotic environments reflecting a spatial het-
erogeneity (e.g., spatially varying climate) of the parasite environments, therefore,

remain to be done (Gandon et al., 2008; Brown and Tellier, 2011). In addition, the
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handful of experimental tests of local adaptation to plant hosts focused on phy-
topathogens (fungi mostly) as they are easier to manipulate for controlled infec-
tions than other major parasite groups, such as phytophagous insects. Cross-in-
fection and transplant experiments are also technically and human-challenging,
making them rarely settled. Therefore, there is a need to understand better the
evolutionary process behind the local adaptation of phytophagous insects to both
biotic and abiotic conditions, which is essential to developing strategies for pest

control (Kawecki and Ebert, 2004; Tiffin and Ross-Ibarra, 2014).

During my Ph.D., using aphids as models, | investigated the extent of adap-
tation of phytophagous insects to their local hosts and environments. As | stated
in my introduction, aphids represent an ideal model for studying host-parasite
interactions because of their strong connection with their host (Simon et al., 2015).
Their host is their biotic environment, food provider, and habitat throughout their
life cycle (Lee and Lee, 2020). Their life cycle depends on abiotic factors such as
photoperiod to promote hatching, winged induction, and sexual aphid forms
(Braedle et al., 2006). Other abiotic factors (e.g., temperature, light) determined
asexual dominance or exclusivity in the aphid life cycle (Simon et al., 2002; Simon
et al., 2010). However, more studies are needed about the ecological bases of the
aphid local adaptation to their abiotic (i.e., local environment) and biotic (i.e., plant

host).

In Chapter 4, we explore the responses of different cultivated apple tree
genotypes to the infestation of local and foreign rosy apple aphid (Dysaphis
plantaginea Passerini) genotypes from different origins. The experiment initially
consisted of three common gardens representing an environment gradient: Bel-
gium (mean annual temperature of 9.6°C and annual precipitation of 823 mm),

France (mean annual temperature of 11.4°C and annual precipitation of 675 mm
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annual precipitation), and Spain (mean annual temperature of 11.8°C and annual
precipitation of 869 mm). We performed an aphid cross-infestation experiment
from early spring to early summer 2021. We utilized 28 apple tree genotypes com-
prising 15 cultivated apple genotypes (five local genotypes from each country),
nine wild apple genotypes (Malus sylvestris L. Mill., six from Belgium and three
from Spain), and four apple genotypes with different susceptibility levels against
aphid infestations: three tolerant apple genotypes (one ‘Priscilla’, one ‘Florina’, and
one genotype of the ornamental species Malus floribunda Siebold ex Van Houtte),
and one susceptible genotype, the M. domestica Golden Delicious. We sampled
nine genotypes representing three rosy apple aphid populations from a country
and exchanged them among the three common gardens during spring 2021. Note
that the experiment was initially planned for 2020, but because of the COVID-19
lockdown, we postponed it to 2021, and | obtained a one-year extension for my
Ph.D. thesis. We, therefore, performed the aphid infestation during the early sum-
mer of 2021. | was in Spain and led the experiment there, while other teams were
on the two other sites | interacted with daily to synchronize the experiments. We
placed three adult aphids on each apple genotype on nine different infestation
spots (represented by a randomly selected leaf). We protected them with an aphid
cage developed by the ECLECTIC team. After around 5 to 7 days, we recovered the
aphid colonies and took a picture of each colony at the laboratory. The experi-
mental design was published in Peer Community in Ecology to improve our exper-

iment based on the suggestions of researchers with high expertise in the area

(https://forgemia.inra.fr/amandine.cornille/local_adaptation_dp).

We had the opportunity to collaborate with the physics laboratory of Angers
University, led by Dr. David Rousseau, and exchanged with the research engineer
Herearii Metuarea to develop machine-learning tools to classify each aphid stage

from the picture of the colony we sampled on the field. We defined a classification
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based on the aphid morphology to detect the colony growth, the number of in-

stars, and the surface of each individual in the colony.

Chapter 4 is in the process of writing and analysis as it took time to obtain
the counting and measures for each colony from the machine learning tools de-
veloped with our colleagues from Angers University. Note that the experiment in
Belgium is not included, as a big storm destroyed the infestation spots on this site
in 2021. Therefore, we focused on the Spanish and French sites. | am presenting
preliminary analyses to fulfill the deadline for the thesis submission. However, |

will process the data to prepare a manuscript to publish this work in a journal.
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ABSTRACT

Plant-parasite interactions have been seen as a major driver of local adap-
tation and, therefore, used as a model for studying the evolutionary processes
involved in local adaptation. The relative contributions of biotic and abiotic factors
to parasite local adaptation still need to be determined. Here, we investigated
whether local adaptation occurred during the recent rapid colonization of culti-
vated apples by Dysaphis plantaginea, the major aphid pest of cultivated apple or-
chards in Europe. We experimental test for local adaptation of D. plantaginea by
quantifying the fitness of three aphid populations from Belgium, France, and
Spain infested in three common garden orchards in Belgium, France, and Spain.
Each common garden comprised a panel of cultivated apple varieties from Bel-
gium, France, and Spain. The results of the present work will generate original
results to understand how the biotic (the host) and abiotic conditions can shape
local adaptation in crop parasites. Understanding local parasite adaptation pro-
cesses is essential for guiding pest management and breeding programs in the

context of global changes.

Keywords: local adaptation, aphid, fruit trees, common garden, G*G*E interac-

tion, host-parasite interaction, domestication
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7.2 INTRODUCTION

The mode of action of natural selection in shaping the genetic diversity of
the individuals of a population to allow them to adapt to their local environment
is a central question in evolutionary biology. Populations are locally adapted to
their environment when their fitness is higher in their local environment than else-
where (Mopper and Strauss, 2013). However, it is also possible to observe mala-
daptation patterns when local populations show lower fitness in their local envi-
ronment compared with foreign environments (Galloway and Fenster, 2000; Her-
eford and Winn, 2008). Common gardens experiments have been a tool to detect
key traits underlying local adaptation and the ecological factors shaping the adap-
tation, mainly in plants to their abiotic environment (Kaltz and Shykoff, 1998; Tiffin
and Ross-lIbarra, 2014; Greischar and Koskella, 2007; Nuismar and Gandon, 2008;

Nooten and Hughes, 2017). However, a few studies also focused on parasites.

Plant-parasite interactions have been seen as a major driver of local adap-
tation and are an important model for studying the evolutionary processes in-
volved in local adaptation (Garrido et al., 2012). Theoretical work predicts that spa-
tiotemporal fluctuations in selection pressures would lead to patterns of local ad-
aptation of the parasite to its host (Kawecki and Ebert, 2004; Olazcagua et al.,
2022). Evidence of local adaptation to the host has been detected using cross-
infection experiments in plant pathogens. Patterns of local adaptation of Colleto-
trichum lindemuthianum (Sacc. & Magnus) Briosi & Cavara to its host Phaseolus vul-
garis L. (Sicard et al., 2007) have been observed using fungi infectivity and aggres-
sivity as fitness estimates. Patterns of local adaptation but also maladaptation to
their host were identified in the plant fungal model system Microbotryum vio-
laceum (Persoon) Deml| & Oberwinkler (Kaltz and Shykoff, 1998; Kaltz et al., 1999;

Kawecki and Ebert, 2004; Greischar and Koskella, 2007; Koupilova et al., 2021).
360



Local maladaptation was detected at the host species level in the phytoph-
agous insect parasite, the soft-scale insect Saissetia coffeae Walker, using fecundity
as a measure of fitness (Hanks et al., 1994). Populations of S. coffeae fit better on
the original host, Witheringia L'Her spp, than on their novel host, Lomariopsis Fée
spp (Spitzer et al., 2006). All those studies tested parasites local adaptation to their
host but not to their biotic environment. But so far, the contributions of the abiotic
(i.e., local environment) and biotic (i.e., local plant host) environments to parasite
local adaptation are still unknown. Understanding the evolutionary process be-
hind the local adaptation of parasites to both biotic and abiotic conditions is es-
sential to developing strategies for pest control (Kawecki and Ebert, 2004; Tiffin

and Ross-Ibarra, 2014).

Aphids are phytophagous parasites ideal for studying host-parasite inter-
actions (Simon et al., 2015). The aphid host represents their biotic environment,
the food source, and where their life cycle is developed (Lee and Lee, 2020). The
abiotic factors are essential for transition among the different instars in the aphid
life cycle; for instance, photoperiod is key for the hatching, winged induction, and
sexual aphid forms (Braedle et al., 2006). Temperature and light are essential de-
terminants of asexual predominance or exclusivity in the aphid life cycle (Simon
et al., 2002; Simon et al., 2010). Nevertheless, the ecological bases of the aphid
local adaptation to their abiotic (i.e., local environment) and biotic (i.e., plant host)

must be clarified.

The rosy apple aphid or Dysaphis plantaginea Passerini is a major pest of
the cultivated apple, causing up to 30% of annual economic losses, causing crin-
kled yellowish pseudogalls on leaves, small and malformed fruits (Ismail et al.,

2022). Population genetics evidence (Olvera-Vazquez et al. 2021) showed quick
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and recent colonization of the rosy apple aphid on its cultivated apple host in Eu-
rope when this fruit tree was brought there from Central Asia by the Romans and
Greeks about 1,500 years ago (Cornille et al. 2014, 2019). Previous studies sug-
gested that the apple genotypes tolerant to the rosy apple aphid infestations (Ma-
lus floribunda Siebold ex Van Houtte, Malus domestica Borkh Florina, and M. do-
mestica Priscila) induced lower fitness of the rosy apple aphid compared to sus-
ceptible genotype M. domestica Golden Delicious (Mifiarro and Dapena, 2007;

Pagliarani et al., 2016; Dall'Agata et al., 2018).

Our question was, is there a pattern of local adaptation of the rosy apple
aphid (D. plantaginea) to its local environment and/or cultivated apple host (M. do-
mestica)? For this aim, we defined the following questions: do the rosy apple aphid
genotypes from three different origins (Belgium, France, and Spain) show higher
or lower fitness in their local environment (i.e., Belgium, France, and Spain, respec-
tively) compared to the fitness in their foreign environment? Do the rosy apple
aphid genotypes from three different origins (i.e., Belgium, France, and Spain)
show higher or lower fitness on their respective local apple host genotypes (i.e.,
local Belgian, French, and Spanish apple genotypes, respectively) compared to the

fitness on their foreign apple genotypes?

7.3 MATERIAL AND METHODS

The present experiment was submitted for review by experts in the ecology
of evolution subject for its improvement before its execution. The experimental
design publication Olvera-Vazquez et al. (2021) describes more details of the pre-

sent experiment.
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COMMON GARDENS

The experiment was located at three common garden orchards at 1) Sint-
Truiden in Belgium (50°48°0” N, 5° 11°0” E), presenting a mean annual tempera-
ture of 9.6°C and annual precipitation of 823 mm, 2) Beaucouzé in France
(47°28'57" N, 0°36'52" W), presenting a mean annual temperature of 11.4°C and
annual precipitation of 675 mm annual precipitation, and 3) Villaviciosa in Asturias
in Spain (43°28'45" N, 5° 26°32" W), presenting a mean annual temperature of

11.8°C and annual precipitation of 869 mm. The bioclimatic information was ex-

tracted from the WorldClim - Global Climate database (https://www.world-
clim.org/, Fick et al., 2017) with the raster R package (Hijmans and van Etter, 2012).
Each common garden orchard contained 10 to 12 clones of 28 apple genotypes
(described below). These were planted in 10 to 12 rows, each comprising the avail-

able genotypes placed randomly.

APHID SAMPLES

We sampled nine aphid genotypes (three from each country, i.e., Belgium,
France, and Spain) on locally cultivated apple trees in each experimental field dur-
ing spring 2021. We got clonal offspring of a single female (called hereafter matri-
line) with three matrilines from each country. We kept the aphids in a greenhouse
infesting apple Jonagold and Golden delicious genotypes provided by the CRA-W
company (Micropropagation laboratory, Biological Engineering Unit, Gembloux,
Belgium). We kept a single aphid genotype per Jonagold or Golden Delicious tree
under the following conditions: 18°-20°C, 60-65% relative humidity, and natural
light conditions (about 16 hours of light and 8 hours of dark). The apple genotype
used for aphid rearing was chosen to be different from any cultivars in the infes-
tation experiment of the Spring of 2021 to avoid any aphid acclimatization to a

specific apple genotype.
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In March 2021, we sent to each local laboratory in Belgium, France, and
Spain some progeny of each of the nine-matriline rosy apple aphid colonies. Lo-
cally, each lab was rearing and synchronizing the nine colonies in a greenhouse
onto Jonagold and Golden Delicious genotypes for the infestation experiment. For
the synchronization, we placed each of the nine aphid genotypes on Golden Deli-
cious trees grafted onto an M9 Pajam® under the same conditions as the rearing.
After six days of colony growth, we started the aphid synchronization for each
aphid genotype using a single adult aphid. The aphid synchronization aimed to
ensure the same developmental stage of the females and larvae infested on a

plant. We were recovering the synchronized aphids every three to four days.

APPLE TREES

Each common garden comprised 28 apple genotypes (Malus sp Mill., Figure
1, Table S1). The selection of the apple genotypes is described in the supplemen-
tary material text 1. These apple genotypes comprised 15 cultivated apple geno-
types (five local genotypes from each country), nine wild apple genotypes (Malus
sylvestris L. Mill., six from Belgium and three from Spain), and four apple genotypes
with different susceptibility levels against aphid infestations: three tolerant apple
genotypes (one ‘Priscilla’, one ‘Florina’, and one genotype of the ornamental spe-
cies Malus floribunda Siebold ex Van Houtte), and one susceptible genotype, the
M. domestica Golden Delicious. We grafted 10 to 12 clonemates for each of the 28
apple genotypes in 2018 (Figure 1, Table S1). We also grafted 206 clonemates of
the Golden Delicious genotype to get at least 60 trees per locality available for
aphid rearing. In total, 1,157 apple trees were grafted in early 2019 on an M9 Pa-
jam 2® apple rootstock and maintained for one year (February 2019-2020) at an

outdoor nursery at La Retuziére, Beaucouzé, Angers, France (47°28'57" N, 0°36'52"
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W). In early February 2020, the trees were transferred and planted in the three
common garden orchards (Figure 1). Each tree was sprayed with Teppeki® (floni-
camida 50%) insecticide, a Bordeaux mixture (20% copper) fungicide, DELFIN®
(Bacillus thuringiensis sp. Kurstaki) anti-lepidopterous, Essen’ciel (orange essen-
tial oil) insecticide and fungicide, Karate Zeon® (Lambda cihalotrin 1.5%) and
Movento® (Spirotetramat 15% p/v OD) insecticides, and Sokalcarbio WP® (cal-
cined kaolin), a physical mineral barrier between pest and plants. These treat-

ments were applied until the beginning of the experiment (March 2021).
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Figure 1. General scheme of the aphid cross-infestation experiment performed in the Spring of 2021 at the three common garden orchards in
Belgium, Spain, and France. At each common garden orchard, 28 clonally propagated apple genotypes were grown with 10 to 12 replicates per geno-
type, depending on the survival of the grafted trees at each common garden. The apple genotypes included 1) Malus domestica genotypes from Belgium
(five genotypes, red color), France (five genotypes, dark blue color), and Spain (five genotypes, yellow color). Additionally, 2) nine wild apple genotypes
(Malus sylvestris), including six from Belgium and three from Spain (light green color), 3) M. domestica genotypes (Priscilla and Florina cultivars), and Malus
floribunda Siebold ex Van Houtte, used as “tolerant to aphid infestation” controls (light blue color), and 4) the Golden delicious M. domestica genotype
was used for aphid rearing as well as the “susceptible to aphid infestation” control (purple). Meanwhile, nine rosy apple aphid genotypes (Dysaphis
plantaginea) were collected and clonally propagated: three from Belgium (red color), three from France (dark blue color), and three from Spain (yellow
color). A total of 10-12 replicates of each of the 28 apple genotypes were transferred in February 2020 to each of the three common gardens. The aphid
genotypes were transferred for rearing locally in February 2021 at each site.
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GLOBAL DESIGN AND SAMPLING SIZE

We performed the aphid cross-infestation experimentin the spring of 2021.
The planted apple genotypes were two years old since their transplantation, hav-
ing acclimatized to their field conditions in the common garden for one year. We
infested an apple leaf with two adult aphids and two larvae (aphids from the same
colony previously reared and synchronized as we described in the aphid sample
section). Each of the nine rosy apple aphid genotypes was placed on a different
leaf on the same apple tree of each of the 28 apple genotypes in the three com-
mon garden orchards. The infestation was performed at the apple phenological
stage E2 when the development of the inflorescences occurs (Bloesch et al., 2013).
Aphid genotypes were placed on the leaves randomly for each level of the tree
(upper, middle, lower). The infested leaf was protected with an aphid clip cage we
developed for the experiment (Text S1). We performed the infestation in 18 days
in each common garden. We recorded the date of initiation of each infestation
and included these in the analyses as temporal blocks and the time within the
days as a covariate. We tested for local adaptation of the rosy apple aphid to the
cultivated apple and its local environment confronting the aphid fitness against 1)
five cultivated apple genotypes from its native range, 2) 10 cultivated apple geno-
types from two different non-native ranges, 3) nine wild apple genotypes, and 4)
three apple genotypes tolerant to rosy apple aphid infestations (two M. domestica
and one M. floribunda). In addition, each aphid genotype experienced climatic con-
ditions from its native origin and two different local environmental conditions (in-
cluding abiotic and biotic factors, such as climate or soil composition, and attacks

of local parasites, respectively).

The experiment was divided into two modalities: Modality 1 with aphid in-

festation and free of treatment against aphids. This modality comprised one apple

367



genotype infested by the rosy apple aphid genotypes from different origins and
seven to nine replicates of the 28 genotypes. The infestation was represented by
a mini colony (two females and two larvae) by each of the nine aphid genotypes
on nine different leaves on each of the 28 apple genotypes. Each mini colony was
isolated and protected using an aphid clip cage. Each leaf was infested with a sin-
gle aphid genotype from either Belgium, France, or Spain. Because the aphid life
cycle varied with the climatic conditions among sites at each location, we utilized
the duration of the aphid life cycle from adult to daughter-adult on a “time infes-
tation control” cultivated apple genotype, i.e., a susceptible Golden Delicious gen-
otype (Mifiarro and Dapena, 2008). We started the Golden Delicious apple tree
infestation as a “reference” to determine the site’s standard duration of an aphid
infestation (time to wait after an infestation to collect the colonies for each loca-
tion). As previously published, this duration was usually between seven to 12 days
after the initial infestation (Warneys et al., 2018). After reaching the colony growth
time, we cut off each infested leaf with the clip cage. Then, we disassembled the
clip cage to take the leaves with the aphid colony and transferred them into a
Falcon tube previously labeled and filled with isopropanol. The second modality
(Modality 2 hereafter) consisted of apple genotypes free of rosy apple aphid infes-

tations and three replicates of the 28 genotypes used as non-infested controls.

From the beginning of the experiment, we defined 216 sympatric combina-
tions and 423 allopatric combinations, which provides adequate power for testing
local adaptation (Kaltz and Shykoff, 1998; Kaltz et al., 1999): we had 2/3 of allopat-
ric comparisons (i.e., aphid genotypes infested on their foreign apple genotypes
and environments) against 1/3 sympatric comparisons (i.e., aphid genotypes in-
fested on their local apple genotypes and environments). However, natural events

during the experiment reduced the number of infestations (see results section).
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MEASUREMENTS AND STATISTICS

APHID MEASUREMENTS

For each aphid colony of each of the nine rosy apple aphid genotypes in-
fested on the 28 apple genotypes, we counted the different insect life stages (i.e.,
aphid larvae (L1 to L5)), apterous adults, and winged forms (Angeli and Simoni,
2006) using a method based on Napari-Image] (Selzer et al., 2023) in collaboration
with the physics laboratory of Angers University, led by Dr. David Rousseau and
developed with the research engineer Herearii Metuarea (Text S2).

We then defined aphid fitness estimates (W) calculated as follows (Warneys et al.,

2018):

n(nymphs at end of infestation)—naphid (nymphs at beginning of infestation)
total number of day of infestation

WgrowthRate =

We used a generalized linear mixed model (GLMM) with different factors to
test our scientific question as follows (Table S2 describes the indexes, terms, and
effects of our proposed GLMM Where):

Whiimnott2z = Mw+ aphid_origin, + apple_origin; + site; + sitej(blocky) + Ghi(leafm(Gpn))
+ day_of_infestation, + hour_of_infestation, + leaf_level, + tree_clone, +
aphid_originn*site; + aphid_originy*  apple_origini + aphid_origin,*ap-

ple_origini*site; + Enjumnott2z

(Model 1)

Whiumntez: 1S the absolute fitness value of an aphid genotype Gp (i.e., parasite
genotype) from the country of origin n infested on the apple genotype /, apple tree

clone o, in block k on leaf level m and the common garden j infested at day t and
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hour t2, leaf level, is the position of the infested leaf in the apple tree (upper, mid-
dle or lower), tree_clone, is the clone o of the apple genotype /, yw is the mean
absolute fitness, site; is the common garden location (Belgium, Spain, France),
block is the block effect within each site for modality 1, aphid_origin, is the country
of origin of the aphid (Spain, France, Belgium), apple_origin; is the country of origin
of the apple genotype (Spain, France, Belgium), Gh;, is the apple genotype (i.e., ap-
ple cultivar name) and &njkmnor2- IS the residual term. Block is random and nested
within the site, aphid genotype, is nested within leaf level,, and leaf level, is nested
within apple genotype Gh, and they were added to the models as random-effect
terms. The leaf level, effect is also counted as a random factor to account for the
global variability in aphid fitness explained by the levels at which each aphid col-
ony was infested, whatever the apple genotypes. The site term measures the qual-
ity or suitability of the common garden locations, aphid_origin and apple_origin ac-
count for differences in fitness intrinsic to each local aphid genotype and apple
genotype country of origin, aphid_origins*site; accounts for differences in local ad-
aptation to the environment among the three aphid origins, aphid_origin,* ap-
ple_origin; account for differences in local adaptation to the host among the three
aphid origins, aphid_origin,*apple_origini*site; accounts for differences in local ad-
aptation to the host and environment among the three aphid origins. The
day_of_infestation; and the hour_of_infestation:, consider the effect of the infes-
tation time of the aphid genotype Gp from the country-of-origin n on the apple
genotype /in block k on leaf m and in the common garden j. We run our proposed
model using one absolute fitness (W) measure: colony growth rate. We gradually
removed interactions and effects according to their significance. In addition, we

evaluated the differences in the effect on aphid fitness using a contrast analysis.
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7.4 PRELIMINARY RESULTS

From the initial targeted 6,408 infestation spots, we had 2,679 infestation
spots (two adult apterous and two larvae on a single apple genotype leaf) in the
three common gardens: 257 in Belgium, 1,036 trees in France, and 1,386 in Spain.
This decrease in the number of infestations reflects the challenge of this ambi-
tious experiment. During the aphid cross-infestation experiment from early spring
to early summer 2021, we faced unpredictable extreme local weather conditions
and the presence of other insect organisms such as earwigs, predators of the
aphids, and other species of aphid species among the three common gardens that
impacted our aphid clip cages. Cold spells, heat waves, storms, or floods were
reported in 2021 because of the climatic change reported by the European Geo-
sciences Union (Faranda et al., 2022) and the World Meteorological Organization
(World Meteorological Organization, 2022). As a result of this situation, we had to
reduce our data universe, eliminating the Belgian site and genotypes because of
the low number of representative infestation spots in this common garden. This
has been an interesting challenge for me to understand how to process ecological

data.

Our preliminary results showed an interaction between the common gar-

den location and the origin of aphids (France and Spain) on aphid fitness (Table

1).

Table 1. Summary of Model 1 (GLMM, Negative Binomial) to investigate variation
in the growth rate of the rosy apple aphid colony in response to its host (coun-
try_of_origin_tree) and local environment (common garden). P-values are ex-

plained below in the Table (*: P<0.05 **: P<0.001). The variable response was the
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colony growth rate. Origin_aphid: origin of the aphid genotype, French or Span-
ish; Common_garden: common garden, French or Spanish; Country_origin_tree:

origin of the tree genotype, French or Spanish, Resistant or tolerant.

Response: Colony Growth Rate

X2 D.F. Pr>X2
Origin_aphids 3.270 1 0.070
Common_garden 11.334 1 0.001***
Country_origin_tree 2.425 4 0.658
Origin_aphid: common_garden 4.409 1 0.036*

We further investigated in each common garden the differences in colony
growth rates and showed that the latter interaction was mainly explained by dif-
ferences in growth rates in the French site between the Spanish and French aphid
populations (Figure 1, Tables S3 and S4). We also compared the fitness of each
aphid population among common gardens (Tables S5 and S5) and showed differ-
ences in fitness of the French aphid population, showing higher fitness in its for-
eign common garden. Therefore, the rosy apple aphid genotypes from France
showed lower fitness in their local environment compared to their foreign com-
mon garden, while the Spanish aphid did not show different fitness depending on
the orchards. These preliminary results suggest maladaptation of the French
aphid to the local common garden conditions while global adaptation of the Span-
ish population. However, we did not see any effect of the origin of the apple pop-
ulation on aphid fitness, suggesting no local adaptation of the rosy apple aphid to

the cultivated apple host.
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Figure 1. Interaction plot of growth rates of French and Spanish aphid colonies of the French (red
color) and Spanish (blue color) common gardens.

7.5 DISCUSSION AND PERSPECTIVES

The experiment presented was a human and scientific adventure. From the
settlement of the trees in the different countries to the infestation on the field and
synchronization among sites and data processing afterward. For data processing,
we wanted to avoid bias in aphid counting and size assessment, so we collabo-
rated with the University of Angers. The development of the machine-learning tool
implemented in Napari took almost one year. It allows us to get precise counts
and size estimates for each aphid. Our preliminary results suggest different re-
sponses of aphid populations to their local sites but not hosts, but further inves-
tigations are needed. Indeed, our current results showed interactions between
the common garden and the origin of the aphid genotypes, which are explained
by the differences in the fitness of the French and Spanish aphid genotypes in the

French site, which could suggest maladaptation patterns. We are considering
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other fitness measurements to find patterns of local adaptation, such as the stress
of the aphid colony estimated by the number of winged forms and precursors of
winged forms and the size of the surface of each aphid in each colony. We are also
processing the data obtained from the cultivated apple to understand the host
response against the local environment and its aphid pest. The findings of the
present chapter will complement the population genomic study of Chapter 3 to
elucidate the role of abiotic and biotic factors involved in the adaptation of the

rosy apple aphid.
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7.7 SUPPLEMENTARY TEXT
SUPPLEMENTARY TEXT S1

APPLE GENOTYPE SELECTION

Apples used in this study were cultivated (Malus domestica Borkh) and wild
(Malus sylvestris L. Mill.) apples, with different genotypes for each. The cultivated
apple genotypes were selected to represent local genotypes genetically far from
each other and having variability in the response against rosy apple aphid attacks.
The wild apple genotypes, we chose them because of the already-characterized
population genetic differentiation that has been observed in the European wild
apple (Cornille et al., 2015). We, however, acknowledge that the current experi-
ment gave a first insight into the natural response of the wild apple genotypes to
the attacks of the rosy apple aphid. The sites for settling the common garden or-
chards represent a European latitudinal gradient to test the effect of local envi-

ronments on the rosy apple aphid adaptation.

APHID CLIP CAGE

We developed special clip cages to protect the aphids during the cross-in-
festation experiment. We cut 26,000 clips with foam size 5cmx5c¢m using a laser
cutter machine (Figure 1). We collaborated with the FabLab University Paris Saclay

(https://fablabdigiscope.universite-paris-saclay.fr/). We prepared each clip, add-

ing @ mesh on one side of the clip. We assembled each clip, placing the leaves

inside of the clip cage and keeping them closed with an elastic band (Figure 1).
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|nfestation spot
parcode

Figure 1. Aphid clip cage was used for the aphid cross-infestation experiment. The clip cages com-
prised two foam squares protected with a mesh on a single side. After placing the aphid in the leaf,
we protected it with this aphid clip cage and closed it with two elastic bands.
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SUPPLEMENTARY TEXT S2

The Napari plug-in pipeline was developed by the physics laboratory of An-
gers University led by Dr. David Rosseau and the research engineer Herearii
Metuarea (Figure 2). We photographed each aphid colony and saved it in TIF for-
mat. The first step of the pipeline was the format conversion from TIF to H5 using
Image] (Schneider et al., 2012). We used llastik (Sommer et al., 2011) and the in-
cluded watershed algorithm for the segmentation stage. This step allowed us to
separate each individual of each colony. We obtained a new set of photographs
to start the classification stage. We applied a second step of conversion format
from TIF to H5 using Image J. We used Napari and opened the Napari-aphid plug-
in to start the classification. The aphid classification was created based on the
morphology of the aphids we defined with the support of researchers, experts in
the rosy apple aphid (Figure 3), Dr. Marcos Mifarro (SERIDA, Asturias, Spain) and
Dr. Ahmar Ahlmedi (PC-Fruit Center, Sint-Truident, Belgium). At this point, we
manually check the photographs and correct them in case of misclassification. We
launch the napari-aphid plug-in and obtain the number of individuals, the differ-

ent aphid stages, and the area of each individual in pixels.
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Figure 2. General napari aphid plug-in pipeline. After taking a picture of each aphid colony in TIF
format, we proceeded to photograph conversion to h5 using Image] (Schneider et al., 2012). We
started the segmentation stage using llastik and the watershed algorithm (Sommer et al., 2011).
This step allows the separation of each individual in the colony. The next step is classifying each
aphid development stage (larvae, nymph, apterous adult, winged form). We then run the napari
aphid plug-in to get information about the number of individuals, the different life stages, and the
surface of the individuals.
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Proposition for aphid classification

1= Winged adult 2 = Apterous adult
Ellipsoidal shape Drop shape and
and bigger size in bigger size in the
the colony colony
3 = Nymph (N4) 4 = Larvae (L4)
Smaller size than Smaller size than
winged adult and apterous adult and
ellipsoidal shape drop shape
5 = Larvae (L1-L3)
Nymph (N1-N3) 6 = Molt
B) O Ellipsoidal shape Irregular shape

and smaller size

Figure 3. Aphid classification for the processing using napari aphid plug-in. This classification was
created with the support of expert aphid researchers of Dr. Marcos Mifiarro (SERIDA, Asturias,
Spain) and Dr. Ahmar Ahlmedi (PC-Fruit Center, Sint-Truident, Belgium). Six categories were de-
fined: 1 = winged adult, 2 = Apterous adult, 3 = Nymp larvae forms precursors of winged forms, 4
= Larvae precursors of apterous form, 5 = Larvae, 6 = molt. The aphid classification is presented
on upper side (A). An example of the classification with an aphid colony is shown below (B).
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7.8 SUPPLEMENTARY MATERIAL

genotype name and 2) the accession ID.

Table S1. Country of origin, species, name or identification ID, number of trees, assigned to each common garden. B = Belgium, F = France, and S = Spain. Each genotype has an identification including 1) the

Common garden

Common garden

Origin of the genotypes 1D orchards TOTAL Origin of the genotypes ID orchards TOTAL
B F S B F S
Braeburn_P03a01 12 11 12 syl_be 148 10 10 10
Elstar_P03a02 12 11 12 syl_be 4 11 11 12
) ) Fuji_P03a12 11 11 12 syl_be 54 11 10 11
Belgium (Malus domestica) Granny Smith_ P03a04 12 11 12 Etg‘irjsqef&a‘?g'sds;/’?/g'sirz?" syl_be 60 11 10 11
Wellant_V05a1 11 11 12 syl_be 76 12 11 12
Total Belgian trees 58 55 60 173 syl_be 93 I 1 12
Api_Noir_ 12 11 12 Total Belgian wild apple trees 66 63 68 197
Clochard_A5 12 11 12 syl_es B 11 11 11
France (Malus domestica) Reale_d'Entraygues 11 11 11 European wild applg Spain syl_es D 10 9 10
Reinette_Franche 12 11 12 (Malus sylvestris) syl_esF 12 11 12
Reine Des Reinettes Tasse 12 I 12 Total Spanish wild apple trees 33 31 33 97
Total French trees 59 55 59 173 Total European wild apple trees | 99 96 101 296
Limén_Montés_M0236 12 11 12 Malus floribunda _X6518 11 11 11
Perico_M0056 M 11 12 Tolerant control Florina_X2775 1M1 10 11
Raxao_M0174 12 11 12 Priscilla X2851 12 11 12
Spain (Malus domestica) Regona_M0239 1 1 12 Total tolerant trees 34 32 34 100
Xuanina_M0084 21 12 Total persite (for infestations: | ,1, 520 246 710
modality 1)
Total Spanish trees 58 55 60 173 T°tii'fssetraiiitoen(::Oggrdoa'lfl’:iytg)o“t 76 8 80 239
Susceptible control Golden Delicious cv. 12 12 12 36 Total 320 305 326 951
Aphid rearing and synchro- Golden Delicious cv. 63 80 63 206
nization (February 2021)
TOTAL over sites (infestation + rearing) 1193 trees
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Table S2. Description of the indexes, terms, and effects included in our proposed statistical model General Linear Mixed Model
(GLMM) to test for local adaptation of the rosy apple aphid (Dysaphis plantaginea).

Math index Index Term Effect
a h Aphid_origin, Aphid country of origin (Spain, France, Belgium), fixed effect
B [ Apple_origin Apple country of origin (Spain, France, Belgium), fixed effect
Common garden site (Spain, France, Belgium), with a covariance-variance matrix of dif-
V% j Site; ference of temperature (or humidity) between each apple tree before (or after) the in-
festation, fixed effect
Block (each block consists of 28 apple genotypes infested with 9 aphid genotypes), ran-
B k Block
dom effect
I Gh Apple host genotype, random effect
Leaf level (Position of the infested apple leaf on the main stem. Three levels: upper,
3] m Leaf leveln, .
middle, or lower), random effect
P n Gpn Aphid parasite genotype, random effect
w o} Tree_clone, Apple clone of a given genotype, random effect
) t Time of infestation, Day of infestation, random effect
4 t2 Time of infestationg, Hour of infestation, random effect
z Effect of each observation
€ Residual error

Note that the Belgium site and genotypes were removed from the statistical analyses because of a storm that occurred in 2021.
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Table S3. Summary of Model 1 within the Spanish common garden (i.e., removing common garden by aphid origin interaction effect,
GLMM, Negative Binomial). P-values are explained below in the Table (*: P<0.05 **: P<0.001). The variable response was the colony growth

rate. Origin_aphid: origin of the aphid genotype, French or Spanish; Count_origin_tree: country of origin of the apple genotypes, France or
Spain, resistant or tolerant.

ANOVA Response: Colony growth rate Spanish site

X2 D.F. Pr>Xx?
Origin_aphids 0.031 1 0.860
Count_origin_tree 0.831 4 0.934
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Table S4. Summary of Model 1 within the French common garden (i.e., removing common garden by aphid origin interaction effect, GLMM,
Negative Binomial). P-values are explained below in the Table (*: P<0.05 **: P<0.001). The variable response was the colony growth rate.

Origin_aphid: origin of the aphid genotype, French or Spanish; Count_origin_tree: country of origin of the apple genotypes, France or Spain,
resistant or tolerant.

ANOVA Response: Colony growth rate French site

X2 D.F. Pr>Xx2
Origin_aphids 5.746 1 0.016*
Count_origin_tree 3.807 4 0.433
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Table 5. Summary of Model 1 within the Spanish aphid population (i.e., removing common garden by aphid origin interaction effect,
GLMM, Negative Binomial). P-values are explained below in the Table (*: P<0.05 **: P<0.001). The variable response was the colony growth
rate. Common_garden: common garden, French or Spanish; Country_origin_tree: country of origin of the apple genotypes, France or Spain,
resistant or tolerant.

ANOVA Response: Colony growth rate Spanish aphids

X?> D.F. Pr>X?

Common_garden 1810 1 0.178
Count_origin_tree 1486 4 0.829
Common_garden:count_origin_tree 1592 4 0.810
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Table S6. Summary of Model 1 within the French aphid population (i.e., removing common garden by aphid origin interaction effect,
GLMM, Negative Binomial). P-values are explained below in the Table(*: P<0.05 **: P<0.001). The variable response was the colony

growth rate. Common_garden: common garden French or Spanish; Country_origin_tree: country of origin of the apple genotypes, France
or Spain, resistant or tolerant.

Response: Colony growth rate French aphids

X? D.F. Pr>X2
Common_garden 12.857 1 0.001***
Count_origin_tree 0.873 4 0.928
Common_garden:count_origin_tree 4,767 4 0.312

391



7.9 ANNEXES: EXPERIMENTAL TEST FOR LOCAL ADAPTATION OF THE ROSY APPLE
APHID (DYSAPHIS PLANTAGINEA) DURING ITS RECENT PAID COLONIZATION ON ITS
CULTIVATED APPLE HOST (MALUS DOMESTICA) IN EUROPE
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Research question
Hypotheses

The general question that we would like to address is whether there is a pattern of local adaptation of the
rosy apple aphid (Dysaphis plantaginea Passerini) to 1) its local environment and/or 2) its cultivated apple host
(Malus domestica Borkh)? To that aim, we will answer several questions, outlined below.

Question 1 and hypotheses: Is there evidence of rosy apple aphid adaptation to the local environment?
Note here that the local environment will be tested with the “site” effect (Equation 1), which includes abiotic
(i.e., soil or climate) and biotic (i.e., other aphid species and parasites of the cultivated apple host) factors.
However, the biotic effect of the local cultivated apple host will be tested separately in Question 2. Note also
that we will record the temperature of each leaf before and after the infestation. This temperature record per
leaf will be used for statistical analyses to specifically test whether temperature plays a role in aphid infestation
success (see statistical analyses part).

Do the rosy apple aphid genotypes from three different origins (Belgium, France, and Spain) show higher
fitness in their local environment (i.e., Belgium, France, and Spain, respectively) and lower fitness in their
foreign environment (Figure 1)?

Hypothesis 0: There are no differences among the aphid populations across the three common garden
orchards (Belgium, France, and Spain).

Hypothesis 1: There are differences among the aphid populations across the three common gardens
(Belgium, France, and Spain). A significantly higher aphid fitness in the local common garden, while lower
elsewhere, will support the hypothesis of local adaptation of the rosy apple aphid to its local environment. A
significantly lower aphid fitness in the local common garden, while higher elsewhere, will support the
hypothesis of maladaptation (Capblancq et al.,, 2020). Local adaptation of parasites is not a universal
phenomenon; maladaptation has been observed in some systems such as the obligate parasite M. violaceum
on its host Silene latifolia Poir. (Kaltz et al., 1999; Koupilova et al., 2021), with higher resistance of sympatric
hosts. For aphids, only a handful of studies have been performed to test for local adaptation of aphids, and
only to their hosts (Smadja et al., 2012; Simon et al., 2015; Biello et al., 2021).
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Figure 1. Expected patterns in the case of the rosy apple aphid (Dysaphis plantaginea) are locally adapted
to its local environment and host. The rosy apple aphid populations that present the highest fitness in their
local abiotic environment and host will reflect local adaptation.

Question 2 and hypotheses: Is there evidence of rosy apple aphid adaptation to the local cultivated apple
host genotypes?

Do the rosy apple aphid genotypes from three different origins (i.e., Belgium, France, and Spain) show
higher fitness on their respective local apple host genotypes (i.e., local Belgian, French, and Spanish apple
genotypes, respectively) and lower fitness on their foreign apple genotypes (Figure 1)?

Hypothesis 0: There are no differences among the aphid populations infested on the different local apple
genotypes from different origins (Belgium, France, and Spain).

Hypothesis 1: There are differences among the aphid populations infested on the different apple genotypes
from different origins (Belgium, France, and Spain). A significantly higher aphid fitness on local apple
genotypes, while lower on non-local apple genotypes, will support the hypothesis of local adaptation of the
rosy apple aphid to its host. A significantly lower aphid fitness on local apple genotypes, while higher on all
other apple genotypes, will support the hypothesis of maladaptation of the rosy apple aphid to its host.

Question 3 and hypotheses: Is there evidence of rosy apple aphid adaptation to the local cultivated apple
host and the local environment?

PEER COMMUNITY IN ECOLOGY 3



Is the fitness of the rosy apple aphid genotypes from three different origins (Belgium, France, and Spain)
higher on their respective local cultivated apple host (i.e., local Belgian, French, and Spanish apple genotypes)
and in their respective local environment (i.e., local Belgian, French, and Spanish), compared with the fitness
of the different rosy apple aphid genotypes on foreign apple host genotypes and the foreign environment
(Figure 1)?

Hypothesis 0: There are no differences among the aphid populations infested on the different local apple
genotypes from different origins (Belgium, France, and Spain) and across the three common gardens (Belgium,
France, and Spain).

Hypothesis 1: There are differences among the aphid populations infested on the different local apple
genotypes from different origins (Belgium, France, and Spain) and across the three common gardens (Belgium,
France, and Spain). A significantly higher aphid fitness on the local apple genotypes and at the local common
garden, while lower elsewhere, will support the hypothesis of local adaptation of the rosy apple aphid to its
environment and host. On the other hand, a significantly lower aphid fitness on the local apple genotypes, and
at the local common garden, while higher elsewhere, will support the hypothesis of maladaptation.

Question 4 and hypotheses: Is the rosy apple aphid adapted to the cultivated apple or to the locally
occurring wild apple in Europe?

Is the fitness of the rosy apple aphid higher on the cultivated apple host than on the European wild apple
Malus sylvestris (L.) Mill?

Hypothesis 0: There are no differences among the aphid populations infested either on wild or cultivated
apple genotypes.

Hypothesis 1: There are fitness differences among the aphid populations infested on wild apple genotypes
and cultivated apple genotypes. A significantly higher aphid fitness on the wild apple genotypes will support
the hypothesis that the rosy apple aphid is better adapted to the local wild apple. So far, there is no information
on how the domestication of the apple tree could have altered resistance to aphid infestation, but we can
suggest a hypothesis. The European wild apple is the local genotype in Europe and has been present there for
at least the past 120,000 years. The cultivated apple has less time in Europe; it was brought by the Romans
and Greeks in Europe about 1,500 years ago (Cornille et al. 2014, 2019). Current population genetics evidence
(Olvera-Vazquez et al. 2020) along with the rosy apple aphid geographic distribution (mainly in Europe and the
Middle East) suggest a long-time association with the European wild apple than the cultivated apple. As a
result, the rosy apple aphid had more time to adapt to the European wild apple.

Question 5 and hypotheses:
Is the fitness of the rosy apple aphid lower on apple genotypes known a priori to be tolerant (Pagliarani et
al., 2016, Marchetti et al. 2009) to the rosy apple aphid?

Hypothesis 0: There are no differences among the aphid populations infested on apple genotypes known
to be tolerant to the rosy apple aphid infestation and on other susceptible apple genotypes.
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Hypothesis 1: Yes, there are fitness differences between aphids infested on the tolerant apple genotypes
(Malus floribunda Siebold ex Van Houtte, M. domestica Florina, and M. domestica Priscila) and the susceptible
apple genotype (M. domestica Golden Delicious). Previous studies suggested that the apple genotypes tolerant
to the rosy apple aphid infestations induced lower fitness of the rosy apple aphid (Mifiarro and Dapena, 2007;
Pagliarani et al., 2016; Dall’Agata et al., 2018).

Sampling plan

Overall design

The experiment will be located at three common garden orchards at 1) Sint-Truiden in Belgium (50°48°0"
N, 5° 11°0” E), presenting a mean annual temperature of 9.6°C and annual precipitation of 823 mm, 2)
Beaucozé in France (47°28’57” N, 0°36’52” W), presenting a mean annual temperature of 11.4°C and annual
precipitation of 675 mm annual precipitation, and 3) Villaviciosa in Asturias in Spain (43°28’45"” N, 5° 26'32”
W), presenting a mean annual temperature of 11.8°C and annual precipitation of 869 mm. The bioclimatic
information was extracted from the WorldClim — Global Climate database https://www.worldclim.org/ (Fick

et al., 2017) with the raster R package (Hijmans and van Etter, 2012). In the spring of 2021, we will perform an
infestation experiment using nine aphid genotypes, each representing the clonal offspring of a single female
(called hereafter matriline) that had been collected in Belgium, France, and Spain, with three matrilines from
each country. Below we describe the material that will be used.

Apple trees

Each common garden is made of 28 apple genotypes (Figure 2, Table 1). A total of 15 cultivated apple
genotypes (M. domestica) comes from three countries, with five local genotypes from each country. The
selection of the local cultivated apple genotypes was based on several criteria. First, whenever possible the
genotypes were chosen to be apple genotypes locally cultivated in the surrounding area of each common
garden. In the cases of Spain and France, the local genotypes encompass traditional genotypes, while in
Belgium, the cultivation of apple encloses recent commercial genotypes. Second, we chose cultivated
genotypes inferred not to be the most genetically closely related based on microsatellite genetic
characterization (Cornille et al., 2012). Third, unpublished qualitative assessments of D. plantaginea attacks
onto several cultivated apple varieties allowed choosing five apple varieties per locality that showed variability
in their response to D. plantaginea infestation (from susceptible to tolerant). We also added nine wild apple
genotypes (M. sylvestris), six from Belgium, and three from Spain. We obtained scions from mother trees
maintained in a conservation orchard in Belgium, and from sampling in a forest in Northern Spain. The choice
of the genotypes was based on previous studies that showed that Spanish and Belgian wild apples belonged
to genetically differentiated populations in Europe (Cornille et al. 2013, 2015). Note that we failed to obtain
scions for French wild apple genotypes in the year of the grafting. We also included four apple genotypes with
different susceptibility levels to aphid infestations: three tolerant apple genotypes (two M. domestica apple
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genotypes, ‘Priscilla’ and ‘Florina’ genotypes, and one genotype of the ornamental species Malus floribunda),
and one susceptible genotype, the M. domestica Golden Delicious genotype. We selected these apple
genotypes to have a range of tolerance to D. plantaginea infestation (Mifiarro and Dapena, 2007; Pagliarini et
al., 2016). Note that the 28 apple genotypes used in this experiment have been genetically characterized using
13 microsatellite markers (data not shown), and we sequenced their genomes (lllumina sequencing), which
will be analyzed in 2021.

According to the availability of the scions at the beginning of the project in 2018, we grafted 10 to 12
clonemates for each of the 28 apple genotypes (Figure 2, Table 1). Besides, for the aphid rearing and
synchronization steps that will be performed at each common garden orchard (see method below), we also
grafted 206 clonemates of the Golden Delicious genotype (Table 1), to get at least 60 trees per locality available
for the rearing. In total, 1,157 apple trees (Table 1, 951 for the infestation experiment and 206 for the rearing
step) were grafted in early 2019 on an M9 Pajam 2® apple rootstock and maintained for one year (February
2019-2020) at an outdoor nursery at La Retuziére, Beaucouzé, Angers, France (47°28°’57” N, 0°36’52” W). In
early February 2020, the trees were transferred and planted in the three common garden orchards (Figure 2).
Each tree was sprayed with Teppeki® (flonicamida 50%) insecticide, a Bordeaux mixture (20% cupper)
fungicide, DELFIN® (Bacillus thuringiensis sp. kurstaki) anti-lepidopterous, Essen’ciel (orange essential oil)
insecticide and fungicide, Karate Zeon® (Lambda cihalotrin 1.5%) and Movento® (Spirotetramat 15% p/v OD)
insecticides, and Sokalcarbio WP® (calcined kaolin), a mineral physical barrier between pest and plants. These
treatments will be continued until the beginning of the experiment (March 2021). We will also apply an
aphicide and fungicide treatment two weeks before the beginning of the aphid infestation experiment (Figure
2).

28 apple genotypes

09 Modality 1

Contiols: ‘ML mwr M dares e Infestation of aphids from multiple origins
ild apple ultivated apple o .
\ s p., Nine aphid genotypes No treatment against aphids
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Figure 2. General scheme of the aphid cross-infestation experiment that will be performed in the Spring of
2021 at the three common garden orchards in Belgium, Spain, and France. At each common garden orchard,
28 clonally propagated apple genotypes are grown with 10 to 12 replicates per genotype, depending on the
survival of the grafted trees at each common garden. The apple genotypes included 1) Malus domestica
genotypes from Belgium (five genotypes, red color), France (five genotypes, dark blue color), and Spain (five
genotypes, yellow color). Additionally, 2) nine wild apple genotypes (Malus sylvestris), including six from
Belgium and three from Spain (light green color), 3) M. domestica genotypes (Priscilla and Florina cultivars),
and Malus floribunda Siebold ex Van Houtte, used as “tolerant to aphid infestation” controls (light blue color),
and 4) the Golden delicious M. domestica genotype that will be used for aphid rearing as well as the
“susceptible to aphid infestation” control (purple). Meanwhile, nine rosy apple aphid genotypes (Dysaphis
plantaginea) were clonally propagated: three from Belgium (red color), three from France (dark blue color),
and three from Spain (yellow color). A total of 10-12 replicates of each of the 28 apple genotypes were
transferred in February 2020 to each of the three common gardens. The aphid genotypes will be transferred
for rearing locally in February 2021 at each site.

Rosy apple aphid genotypes

We collected 36 rosy apple aphid colonies on several cultivated apple trees at each common garden during
the spring of 2020. These aphid colonies were 12 colonies from Belgium, eight colonies from France, and 16
colonies from Spain. The colonies were sent to the GQE-Le Moulon laboratory at University Paris-Saclay in
France. The colonies, consisting of one to several genotypes, are currently being reared and maintained
asexually in a climate chamber at 20°C, 60-65% of relative humidity, 16 hours of light, and 8 hours of dark) on
in vitro apple plants (Jonagold genotype) provided by the CRA-W (Micropropagation laboratory, Biological
Engineering Unit, Gembloux, Belgium), in preparation for the cross-infestation experiment. The apple
genotype used for aphid rearing (this case the Jonagold) was chosen to be different from any cultivars that are
in the infestation experiment of the Spring of 2021, to avoid any aphid acclimatization to a specific apple
genotype.

Currently, we are isolating one female from each colony onto a new in vitro Jonagold apple plant to ensure
that we will have “single-genotype” colonies (i.e., matrilines) for the infestation in March 2021. Indeed,
although the aphid colonies were collected to avoid mixing several clonal lineages, this can happen. Therefore,
once grown up enough (about 30 individuals), we will utilize a single adult aphid to start a new colony. After
the colony grows about 30-40 individuals, the colony will be genetically characterized using newly developed
microsatellite markers (Olvera-Vazquez et al., 2020). This step will allow us to build a collection of at least three
distinct matrilineages from each locality (i.e., Belgium, France, Spain) that will be available for the infestation
experiment in March 2021. Because some lines could be lost, we will maintain more than three genotypes per
locality until March of 2021 in controlled conditions. In the end, from our complete set of 36 rosy apple
colonies, we will maintain at least nine matrilines from Belgium, France, and Spain. In March 2021, some
progeny of each of the nine-matriline rosy apple aphid colonies will be sent to each local laboratory in Belgium,
France, and Spain. Locally, each lab will rear and synchronize each of the nine colonies in a greenhouse onto
Golden Delicious genotypes (63 trees in Belgium, 80 trees in France, and 63 trees for Spain; Table 1) for the
infestation experiment that will be performed in March 2021.
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Spain. Each genotype has an identification including 1) the genotype name and 2) the accession ID.

Table 1. Country of origin, species, name or identification ID, number of trees, assigned to each common garden. B = Belgium, F = France, and S =

Common Common
. garden Origin of the garden
Origin of the genotypes ID orchards TOTAL genotypes ID orchards TOTAL

B F S B F S

Braeburn_ P03a01 12 11 12 syl_be 148 10 10 10

Elstar_ P03a02 12 11 12 syl_be 4 11 11 12

Belgium (Malus Fuji_ PO3al12 11 11 12 Eur n wild | syl_be 54 11 10 11

domestica) Granny Smith_P03a04 |12 11 12 uropea apple syl_be 60 11 10 11

Belgium (Malus
Wellant_ V05al 11 11 12 . syl_be 76 12 11 12
- sylvestris)

Total Belgian trees 58 55 60 173 syl_be 93 11 11 12

Api_Noir _ 12 11 12 Total Belgian wild apple | (. o0 go | 197
trees

Clochard_A5 12 11 12 syl_esB 11 11 11

France (Malus Rea.le_d'Entraygues 11 11 11 Europe:-:m wild apple syl_esD 10 9 10

, Reinette_Franche 12 11 12 Spain (Malus syl _esF 12 11 12

domestical Reine Des Reinett sylvestris) Total Spanish wild
eine Des Reinettes 1 11 D otal Spanish wi 33 31 33 97
Tasse apple trees
Total European wild
Total French trees 59 55 59 173 99 96 101 296
apple trees

Limén_Montés_M0236 | 12 11 12 Mal “i{éosr f;””da 11 11 11

Sdpz;:e‘;wt’::;s Perico_M0056 11 11 12 Tolerant control Florina_ X2775 11 10 11

Raxao_MO0174 12 11 12 Priscilla X2851 12 11 12
Regona_M0239 11 11 12 Total tolerant trees 34 32 34 100
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Total per site (for

Xuanina_MO0084 12 11 12 infestations: modality |244 220 246| 710
1)
Total per site (control
Total Spanish trees 58 55 60 173 without infestations: | 76 83 80 239
modality 2)
Susceptible control Golden Delicious cv. 12 12 12 36 Total 320 305 326 951

Aphid rearing and
synchronization
(February 2021)

Golden Delicious cv.

63 80 63 206

TOTAL over sites

(infestation + rearing)

1193
trees
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Sampling size

Global design and sampling size

Each common garden orchard contains 10 to 12 clones of each of the 28 apple genotypes (Table 1). These
are planted in 10 to 12 rows, each row comprised of the available genotypes placed at random (Figure 3). The
experiment will be divided into two modalities (Figure 3):

-modality 1: apple genotypes infested by the rosy apple aphid genotypes from different origins; seven to
nine replicates of the 28 genotypes.

-modality 2: apple genotypes free of rosy apple aphid infestations; three replicates of the 28 genotypes that
will be used as non-infested controls.

Day 1 Day 2 ...
Rows [ l [ 1 1
" [EETTR) s
Y weeks before
3 k}{ﬁﬁfwm‘ﬁw’d\m ﬂ/‘ﬁ‘,» ‘."tf’ﬂd * Curative: fungicide (but not aphicide)
_ * R B
S [ j i 43R
6 |
7 WMWMW{W*W‘M?‘M H? ? | g
8 | Yy
R e
N Modality 2: no aphid infestation
1 ?fr‘r?f%frﬁ?{???w*ﬂ’m‘ 'W" * Preventive treatment before infestation: fungicide and aphicide
2 (‘{Jh‘?ﬁlﬁl ?‘.“.‘Yﬁ. {5{?‘{???{{? * Curative: fungicide and a:phicide
3 (AR E 3 g

Figure 3. Details of the two modalities that will be performed during the spring of 2021 for testing the local
adaptation of the rosy apple aphid (Dysaphis plantaginea) using a cross-infestation experiment. Here an
example of the common garden in Belgium (Sint-Truiden). The experimental field of each common garden
consists of rows, each including the 28 apple genotypes positioned at random in the row; the final rows lack a
few genotypes due to the death of certain apple genotypes in 2019 and 2020. All trees will receive an aphicide
and fungicide treatment two weeks before the infestation begins. Nine different aphid genotypes from each
of the three locations (three from Belgium, three from France, and three from Spain) will then be infested on
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the 28 apple trees (five genotypes from Belgium, five from France, and five from Spain, six European wild apple
M. sylvestris genotypes, three tolerant controls, and one susceptible cultivated apple control) in mid-April
2021. Modality 1 will consist of the infestation of as many apple trees as possible per day, but we think we will
need about 18 days to complete the infestation of all trees. We aimed to infest 14 apple trees as the minimal
number of infested trees per day. For modality 2 (control), there will no infestation and we will apply
treatments against aphids and fungi. Different colors of aphids and trees represent different genotypes. Apple
trees and aphid genotypes will be spatially randomized in each block.

In the spring of 2021, we will perform a cross-infestation experiment. At that time, the planted apple
genotypes will be two years old, having acclimatized to their field conditions in the common garden for one
year. Each of the nine rosy apple aphid genotypes will be placed on a different leaf on the same apple tree of
each of the 28 different apple genotypes in the three common garden orchards (Figures 2, 3, and 4 and Tables
1 and 2). The infestation will be performed at the apple phenological stage E2 when the development of the
inflorescences occurs (Bloesch et al., 2013; Figure 4). Aphid genotypes will be placed on the leaves at random
for each level of the tree (upper, middle, lower). Performing the infestation is delicate and time-consuming
and will, therefore, require several days to be completed (we estimate 18 days per orchard, see Figure 3). Every
day, we will record the date of initiation of each infestation and include these in the analyses as temporal
blocks and the time within the days as a covariate.

Foam rings
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a) b) c) d)

Figure 4. Representation of rosy apple aphid infestation on the different apple genotypes. a) The aphid
infestation will be performed at the phenological stages “E” and “E2”. During the E stage the sepals open
slightly, the petals lengthen and become visible while in the E2 stage the flowers form a hollow balloon with
their petals (Bloesch et al., 2013). During both stages, there are tender light green leaves. b) Nine aphid
genotypes from different origins (three from Belgium, three from France, and three from Spain) will be infested
on an apple tree. c) Synchronized micro-colonies of female aphids from the nine aphid genotypes will be
infested on a leaf of a tree: three aphid genotypes from France, Belgium, and Spain will be randomly infested
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in the upper part of the tree, three in the medium and three in the lower part of the tree. d) Each infestation
will be protected with a clip-cage. The clip cage is comprised of two circular plastazote foam rings (each ring
25 mm diameter and 1cm thickness) covered by a nylon screen and clip together with an angle-shaped staple.
BE = Belgium, FR = France, SP = Spain.

In total, we plan to perform 6,408 aphid infestations on 712 apple trees across the three common gardens
in Belgium, France, and Spain (Figure 3 and Table 1), with nine aphid genotypes per tree (three aphid genotypes
per location, from Belgium, France, and Spain). On those trees, we will have 2,196 infestations on 244 apple
trees in Belgium, 2,214 infestations on 246 trees in Spain, and 1,998 infestations on 222 trees in France (Tables
1 and 2). We expect all trees to survive, but tree sample sizes may be reduced at the start of the experiment if
trees die during the fall of 2020. Overall, each aphid genotype will be confronted with 1) five cultivated apple
genotypes from its native range, 2) 10 cultivated apple genotypes from two different non-native ranges, 3)
nine wild apple genotypes, and 4) three apple genotypes tolerant to rosy apple aphid infestations (two M.
domestica and one M. floribunda). In addition, each aphid genotype will experience the climatic conditions
from its native origin and two different local environmental conditions (including abiotic and biotic factors,
such as climate or soil composition, and attacks of local parasites, respectively). This will allow us to
experimentally test the existence of local adaptation of the rosy apple aphid to the cultivated apple host and
its local environment, as well as to compare aphid performance on wild apple (M. sylvestris) and on apple
genotypes tolerant to rosy apple aphid infestations.

Aphid genotypes and preparation for infestation

In early March 2021, each colony will be sent from the GQE-Le Moulon laboratory to each local laboratory
in Spain, France, and Belgium for aphid rearing and synchronization in local greenhouses at 202C and 60 to
65% of relative humidity. Each colony will be reared and maintained on Golden Delicious apple trees grafted
onto an M9 Pajam2® rootstock. Those Golden Delicious trees were produced at the same time as the trees
used in the common gardens (i.e., 2019, Table 1).

We will infest on each leaf of a tree a “mini-colony”, including two adult females and five larvae of each
aphid genotype. Indeed, infesting only one female is too risky, several trials in the lab showed that infestation
success is minimal with a single female. We, therefore, plan to synchronize the rearing of each aphid genotype
to get enough “mini-colonies” every 2-3 days along the infestation experimental period. We will need at least
40 synchronized “mini-colonies” of each aphid genotype per day to perform the cross-infestation schedule
(Figure 5).

For the synchronization, we will place each of the nine aphid genotypes on Golden Delicious trees grafted
onto an M9 Pajam”. Note that we will be able to test for the effect of genetic proximity of the Golden Delicious
cultivar used for the rearing to the other apple genotypes used for the experiment as we have sequenced the
genomes of the apple genotypes used in this study. For the rearing, one Golden Delicious tree will host a given
aphid genotype. After two weeks of colony growth, we will expect to have enough females to start the aphid
synchronization for each genotype. Once we will get enough adult females (10-20), we will synchronize the
rearing for each aphid genotype (Figure 5). The aphid synchronization aims to ensure the same developmental
stage of the females and larvae that will be infested on a plant. Aphid synchronization will start mid-March
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2021. Details of the synchronization procedure are described in Figure 5. For each aphid genotype (Figure 4),
we will launch the aphid synchronization gradually every 2-3 days on different leaves of a Golden Delicious
tree. Daily aphid synchronization is indeed challenging in such a large experimental design. We, therefore, plan
to synchronize our rearing every three-four days.

Aphid rearing synchronization
Inside of a greenhouse at 22°C and 50-60% of relative humidity

Aphid colony from GQE 10 adult females on each leaf The clip cages and adult Synchronized colony Two adult females + 5
infested on a susceptible tree and protected with a females will be removed is growing larvae for cross-infestation
for 2 weeks clip cage after 48 hours and reproducing experiment

27

1) 2) 3) 4) 5)
Step 0 Step 1 Step 2 Step 3 Step 4
Golden Delicious Golden Delicious Golden Delicious Golden Delicious Golden Delicious
Tree 1 Tree 1 Tree 1 Tree 1 Tree 1

Figure 5. Aphid rearing synchronization steps explained for clone 1 from Spain. We will follow the same
protocol for each aphid genotype. Step 0: a colony from the GQE-Le Moulon laboratory is received and placed
onto an M9 grafted Golden Delicious susceptible apple genotype. The colony will grow for two weeks. Step 1:
Ten adult females are put on a new M9 grafted Golden Delicious susceptible apple genotype, separately on
different leaves, for 48 h and protected by a clip cage. Step 2: after 48 h, the clip cages and the adult females
are removed and put back on the tree 1. The larvae are let grown for 10-12 days. Step 3: The larvae have grown
and became adults and have started to produce larvae themselves. A synchronized colony of a single aphid
genotype now grows on the tree. Step 4: Two adult females and five larvae will be selected to infest a leaf of
each tree on the field. Steps 1 to 4 will be repeated every two or three days to synchronize aphid colonies for
about 18 days to follow the infestation plan (see section “Aphid genotypes and preparation for the
infestation”).

Detailed of modalities 1 and 2

As previously explained, we will test two modalities for each common garden (Figure 3):
-modality 1: apple genotypes infested with rosy apple aphids from different origins; seven to nine replicates
of the 28 genotypes.
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-modality 2: apple genotypes free of rosy apple aphid infestations; three replicates of the 28 genotypes that
will be used as non-infested controls.

Modality 1: infestation, no treatment against aphids.

This modality will consist of the infestation of a mini colony (two females and five larvae) by each of the
nine aphid genotypes on nine different leaves on each of the 28 apple genotypes. Each mini-colony will be
isolated using a clip-cage. Note that preliminary tests in our lab show that these clip cages do not influence
aphid behavior (Florencio-Ortiz et al., 2018). Each leaf will be infested with a single aphid genotype from either
Belgium, France, or Spain (Figure 3). The infestation will be performed in early April 2021. Starting early April
will allow us to avoid as much as possible attacks or colonization by natural enemies and other apple aphid
species.

Because the aphid life cycle may vary with the climatic conditions among sites, at each site we will observe
the duration of the aphid life cycle from adult to daughter-adult on a “time infestation control” cultivated apple
genotype (Table 1), i.e., a susceptible Golden Delicious genotype (Mifiarro and Dapena, 2008). At the beginning
of the cross-infestation experiment, for each of the seven to nine lines (Figure 3), a Golden Delicious apple tree
will be first systematically infested with an adult female aphid. This “reference” Golden Delicious will allow us
to determine what standard duration of aphid infestation will be taken for that site, i.e., what will be the time
to wait after an infestation to collect the colonies for each site. This duration is usually between nine to 12
days after initial infestation (Warneys et al., 2018). After this duration determined for each site, we will cut off
each infested leaf together with the clip cage. Then, we will disassemble the clip cage to take the leaf with the
aphid colony and transfer them into a Falcon tube previously filled with ethanol 96%. In the laboratory, we will
count the number of adults and nymphs with the software Imagel (Schneider et al., 2012).

Modality 2: control without infestation, treatment against aphids
This modality will consist of the same 28 apple genotypes, not infested (Figure 3), repeated three times
(Figure 3). On this modality, we will record the flowering time and bursting time.
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Table 2. Number of leaves infested with aphids planned in the Spring of 2021 at each common garden orchard in Belgium, France, and Spain, on each of the 28 apple
genotypes (Malus domestica and Malus sylvestris, respectively). The apple genotypes included 15 M. domestica genotypes: five genotypes from Belgium (B1 to B5), five
genotypes from France (F1 to F5), and five genotypes from Spain (S1 to S5); three tolerant apple genotypes from France (T1 to T3: two M. domestica apple genotypes, ‘Priscila’
cv. and ‘Florina’ cv., and one Malus floribunda Siebold ex Van Houtte); one susceptible genotype “Golden Delicious” (GD); Nine European wild apple genotypes M. sylvestris
(W1 to W9, six from Belgium and three from Spain). For the aphid, three genotypes per locality, with BE_X = Belgian aphid genotype X; FR_X = French aphid genotype X; SP_X
= Spanish aphid genotype X. Sympatric combinations are highlighted in grey and allopatric combinations are not highlighted.

Malus domestica Controls Malus sylvestris
Commo . . . Susceptibl . . Overal
Tj Belgian tres French trees Spanish trees Resistant e Belgian trees Spanish trees |
garden
Aphi | B|B|[B|B|B| SU |Aphi| F|F|F|F|F]| SU | Aphi|S|S s3 S|S|SU|Aphi | R|R|R GD1 WIWIWIW|IW|W|W|W|W]| SU SUM
d 112]13]4]5 M d 1123|415 M d 112 415 M d 11213 1 2 3 4 5 6 7 8 9 M

BE1[9]19]19]9]8 4 |BE1]9]19]19]191]9 45 |BE1]19/19]19]8]9 4 |BE 118189 9 7 9 8 8 9 9 9 9 9 111 244
BE2|9]19]|9]|9|8]| 4 |[BE2[{9]19[9]19|9] 4 |BE2]|19]9]9|8]9| 4 |BE2|8|8]09 9 7 9 8 8 9 9 9 9 9 | 111 244
BE3]19(9]19/9|8| 4 |BE3/9/9|9|9]9| 4 |BE3[9[9]|9|8|9]| 4 |BE3|8|8]09 9 7 9 8 8 9 9 9 9 9 | 111 244

Belgium FR1{9(9]9]9|8| 44 |FR1{9]9(9]9(9] 4 |FR1]19(9]9|8]9| 4 |FR1|1 8|89 9 7 9 8 8 9 9 9 9 9 [ 111 244
FR2]19[19]19/9(8]| 4 |FR219/9|9|9]9| 4 |FR2[9[9]|9|8]9]| 4 |FR2|8|8]09 9 7 9 8 8 9 9 9 9 9 | 111 244
FR3[9]19]19]|]9]8 4 |FR3]1 919191919 45 |[FR3]19[19]19]8|9 4 |FR 3|18 |89 9 7 9 8 8 9 9 9 9 9 111 244
SP1(9(9(9(9(8| 44 |SP1]19]19]19[9]9]| 4 (SP1]9/9/9|8|9] 4 |[sP1|8]|8]09 9 7 9 8 8 9 9 9 9 9 | 111 244
SP21919(19]19]8 4 |SP2191919]191]9 45 |SP2]1919]19]18[9 44 | SP 218189 9 7 9 8 8 9 9 9 9 9 111 244
SP3(9(19/9(9(8| 44 |SP3]19]19]19[9]19] 4 [(SP3]9/9/9|8|9] 4 |[sP3|8]|8])9 9 7 9 8 8 9 9 9 9 9 | 111 244

SUM 396 SUM | 405 SUM | 396 SUM 999 | 2196

Aphi | B|B|[B|B|B| SU |Aphi| F|F|F|F|F]| SU | Aphi|S|S 3 S|S|SU|Aphi | R|R|R GD1 WIW| W W|W|W|W|W|W| SU SUM

d 112]13[4]5 M d 1123 |4]5 M d 1|2 415 M d 11213 1 2 3 4 5 6 7 8 9 M

BE1[9]19]19]9]9 45 |BE1]9]1919]191]9 45 |BE1]19[19]19]8]9 4 |BE 118189 9 7 9 8 9 9 9 9 9 9 112 246

BE2| 919|999 ]| 4 |BE2[{9]19[9]19|9] 4 |BE2|9]19]9|8]|9| 4 |BE2|8|8]29 9 7 9 8 9 9 9 9 9 9 | 112 246
BE3]9[9]19[9]9]| 4 |BE3/9/9|9|9]9| 4 |BE3[9[9]|9|8]9]| 4 |BE3|8|8]09 9 7 9 8 9 9 9 9 9 9 | 112 246

. FR1[9]19]19]9]9 45 |FR 119191999 45 |[FR 1191919 ]8|9 4 |FR 1|18 |89 9 7 9 8 9 9 9 9 9 9 112 246
Spain FR2|9|9]|9|9|9]| 45 |[FR2|9|9|9|9|9| 45 |FR2|9|9|9|8|9| 4 |FR2|8 |89 9 7198|999 |9]|9]|9|112]| 246
FR3]19[9]19/9]19| 45 |FR3|/9/9/9|9]9| 4 |FR3[9[9]9|8|9]| 4 |FR3|88]59 9 7 9 8 9 9 9 9 9 9 | 112 246
SP1[19]19(9]191]9 45 |SP1]1919]19]19]9 45 |SP1]19(9]19]8(9 44 | SP 118|189 9 7 9 8 9 9 9 9 9 9 112 246
SP2(9(9(9(9[9| 4 |SP2]19]19]19[9]19]| 4 [(SP2|9[9/9|8|9] 4 |[sP2|8|8]09 9 7 9 8 9 9 9 9 9 9 | 112 246
SP31919(19]191]9 45 |SP3]191919191]9 45 |SP3]19[19]19]8[9 44 | SP 318|189 9 7 9 8 9 9 9 9 9 9 112 246

SUM 405 SUM [ 405 SUM | 396 SUM 1008 | 2214
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Sample size rationale

In this experiment, we have three common garden orchards located at three sites in Europe, each with five
local and 10 foreign cultivated apple genotypes. Thus, we replicate local host conditions by using five
independent cultivated apple genotypes from three different areas of apple cultivation. Similarly, we use three
distinct aphid clone lineages from each area of origin that will be tested and selected for their genetic
differences with neutral markers expected to reflect general differentiation across their genomes. This allows
us to ensure that any findings consistent with local adaptation are robust. Altogether, we will have 216
sympatric combinations and 423 allopatric combinations, which provides adequate power for testing local
adaptation (Kaltz and Shykoff, 1998; Kaltz et al., 1999): we will have 2/3 of allopatric comparisons (i.e., aphid
genotypes infested on their foreign apple genotypes and environments) against 1/3 sympatric comparisons
(i.e., aphid genotypes infested on their local apple genotypes and environments) (Table 2). Eventually, we will
have 6,408 infestation spots (single aphid genotype on a single apple genotype leaf) in the three common
gardens: 2,196 in Belgium on 244 apple trees, 1,998 in France on 222 trees, and 2,214 in Spain on 246 trees
(Table 2).

We choose to perform all infestation treatments with all aphid genotypes on each apple tree. This minimizes
the error variance associated with differences among trees due to their physical condition or microsite
variation and therefore maximizes our power to detect differences among aphid genotypes, apple genotypes,
and common garden orchards. We replicate the number of infestations as much as is logistically possible to
maximize the reliability of our measures of aphid performance on a particular apple genotype at a particular
site. This setup that maximizes the number of combinations, with a multi-genotype test per single tree can
induce a systemic response of apple trees that can impact the fitness of a given aphid genotype within each
apple tree. To take partially into account the systemic response of apple trees, each aphid genotype will be
infested on the upper, middle, and lower parts of the tree. The level of infestation of each aphid genotype will
be random for each apple genotype repetition. The leaf level effect will allow accounting for differential
systemic apple response depending on the part of the tree infested. Note however that apple trees are infested
by multiple pathogens and aphid species along the season (Mifiarro et al., 2005; Alhmedi and Belién, 2016;
Tan et al., 2021), so our design is not so far from the “natural setting”. We will also perform all the infestations
of each apple tree following the proposed infestation schedule. Finally, we do replicate our common garden
orchards within the different areas of origin, i.e., Belgium, France, and Spain. Therefore, we can adequately
test the existence of local adaptation.

Manipulated variables

We manipulate the species host, the genotype of the cultivated and wild apples, the origin of the rosy apple
aphids, and the sites of origin of the common garden orchards.
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Apples used in this study will be of either cultivated (M. domestica) or wild (M. sylvestris) apples, with different
genotypes for each. The cultivated apple genotypes were selected to represents local genotypes genetically
far from each other and showing variability in the response against rosy apple aphid attacks. For the wild apple
genotypes, we chose them because of the already-characterized population genetic differentiation that has
been observed in the European wild apple (Cornille et al 2015). We however acknowledge that the current
experiment will give a first insight into the natural response of the wild apple genotypes to the attacks of the
rosy apple aphid.

We will select three different rosy apple aphid genotypes from each common garden orchard (i.e., Belgium,
France, and Spain) once they will be genetically characterized. To that end, we will use recently developed
microsatellite markers for D. plantaginea to select the aphid genotypes with contrasting alleles to use for the
infestation experiment.

The sites chosen for settling the common garden orchards represent a European latitudinal gradient to test
the effect of local environments on the rosy apple aphid adaptation.

Measured variables

Rosy apple aphid fitness: we will measure aphid fitness for each of the nine rosy apple aphid genotypes infested
on the 28 apple genotypes. The aphid fitness (W) will be calculated as follows (Warneys et al., 2018):

W = n(nymphs at end of infestation)—naphid (nymphs at beginning of infestation)
- total number of day of infestation
We will also, if possible, count the different insect life stages (i.e., aphid larvae (L1 to L5), apterous adults, and

winged forms (Angeli and Simoni, 2006)). This will be done by scaling the individuals into three categories: big

(apterous females), small (larvae), winged.

Additional measurements: we will record the temperature and humidity during the experiment with a local
meteorological station available next to each common garden. We will also record the temperature of each
leaf, before, during, and after the infestation with Near-infrared Spectroscopy (NIRS).

Design plan and blinding

Our design included randomization. Three persons will be involved in the experiment at each common
garden (Belgium, France, and Spain). Thus, people will be aware of our treatments. However, we randomized
the experiment as most as possible: the infestation spot of the aphid genotype (leaf of apple genotype infested
with a single aphid genotype) and the coordinates of the apple trees within each block were previously
randomized. In addition, we have recorded the localization of each apple tree at each common garden orchard.
Now that they are planted and growing, the initial labels attached to each tree will be removed. The trees will
then have a genotype code that will not reveal the provenance or species of the apple tree during data
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collection. We will control for the leaf stage and sampler effect in our statistical models, as well as the time
(day and hour) of infestation.

People involved during the processing of the data will be aware of the treatments of our experiment.
The design was randomized as much as possible, and the recorder effect will be tested in the statistical models,
if a recorder there will be, it will be added to the equations presented in statistical model section. Moreover,
the trees will have a genotype code that will not reveal the provenance or species of the apple tree during data
collection. Therefore, people infesting apple trees, counting aphids, and assessing leaf damage will not know
which combination is sympatric versus allopatric.

Study design

The study design is described in Figures 2, 3, and 4, and Tables 1 and 2.

Randomization

We will use replicated common gardens in three countries, Belgium, France, and Spain. Each of these
experimental fields will be made of rows with randomized apple trees to prevent spatial autocorrelation of
error variance from being confounded with genotypic effects. The global view of the aphid cross-infestation
experiment is described in Figure 2.

Statistical models

Combining the data of the three common gardens, we will confront sympatric combinations (i.e., aphid
genotypes infested on apple genotypes and environments of the same origin: France, Belgium, or Spain)
against allopatric combinations (i.e., aphid genotypes infested on apple genotypes and environments of a
different origin: France, Belgium, and Spain). We will also consider that an aphid population is locally adapted
to its host and environment if its fitness is the highest on its local host and environment (Figure 1).

We will use a generalized linear mixed model (GLMM) including different factors according to the
guestion and hypothesis that we will aim to answer. In this GLMM, the aphid genotype and apple genotype
will be used as random effects, as well as the day and hour of infestation and the leaf level effect. The other
effects will be fixed (see below). Then, we will gradually remove interactions and effects according to their
significance. In addition, we will evaluate the differences in the effect on aphid fitness using a contrast analysis.

To test the existence of local adaptation, we will partition the three-way interaction among sites
(common garden orchards), apple origin, and aphid origin into sympatric versus allopatric comparisons. This
sympatric versus allopatric contrast will also be performed within each locality, i.e., separately for the three
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different common garden orchards in a similar way, in order to determine whether there is local adaptation at
the different sites.

The linear mixed model that we will use to tackle each of our research questions and hypotheses are
described below:

Question 1- (Gparasite® local environment): aphid_origin,*site;
Question 2- (Gparasite *Ghost): aphid_originy * apple_origin;
Question 3 - (Gparasite *Ghost™ local environment): aphid_origin,*apple_origini*site;

The following factors will be used

Equation 1

Whijkimnott2z = Mw + aphid_origin, + apple_origin; + site; + sitej(blocky) + Ghi(leafn(Gpn)) + day_of_infestation: +
hour_of_infestation,, + leaf _level, + tree_clone, + aphid_originy*site; + aphid_originy* apple_origin; +
aphid_originy*apple_origini*site; + €nijumnottaz.

Mathematic equation:
Whijkimntt2z = O + Bi + Vj + Bjk + Pimn + 6t + {2 + Um + Wo + O™ yj + an*Bi + 0 *Bi* v+ Enijimnott2z-

Table 3 describes the indexes, terms, and the effect included in our proposed GLMM. Where Whjjkimntt2:
is the absolute fitness value of an aphid genotype Gp (i.e. parasite genotype) from the country of origin n
infested on the apple genotype /, apple tree clone o, in block k on leaf level m and in the common garden j
infested at day t and hour t2, leaf leveln, is the position of the infested leaf in the apple tree (upper, middle or
lower), tree_clone, is the clone o of the apple genotype /, uw is the mean absolute fitness, site; is the common
garden location (Belgium, Spain, France), blocki is the block effect within each site for modality 1, aphid_origins,
is the country of origin of the aphid (Spain, France, Belgium), apple_origin; is the country of origin of the apple
genotype (Spain, France, Belgium), Gh, is the apple genotype (i.e., apple cultivar name) and &njjkimnott2z is the
residual term. Block is random and nested within the site, and aphid genotype, is nested within leaf leveln,
and leaf levely, is nested within apple genotype Gh, and they were added to the models as random-effect
terms. The leaf_level, effect is also added as a random factor alone to account for the global variability in
aphid fitness that is explained by the levels at which each aphid colony was infested, whatever the apple
genotypes. The site term measures the quality or suitability of the common garden locations, aphid_origin and
apple_origin accounts for differences in fitness intrinsic to each local aphid genotype and apple genotype
country of origin, aphid_origin,*site; accounts for differences in local adaptation to the environment among
the three aphid origins, aphid_origin,* apple_origin; account for differences in local adaptation to the host
among the three aphid origins, aphid_origin,*apple_origini*site; accounts for differences in local adaptation
to the host and environment among the three aphid origins. The day_of infestation: and the
hour_of_infestation, consider the effect of the infestation time of the aphid genotype Gp from the country-
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of-origin n on the apple genotype I in block k on leaf m and in the common garden j. We will run our proposed
model using three different measures of absolute fitness (W): colony growth rate, and if possible, aphid sizes
and aphid developmental stages. Note that we will measure the temperature of each apple leaf before and
after aphid infestation. Temperature measured for each leaf will be first added as a fixed effect in a linear
mixed model depicted in Equation 1 but without the site effect. If any effect is detected, the temperature will
be added in Equation 1 as a covariance-variance matrix of a site random effect.

Question and hypothesis 4: testing in the model the aphid_origin,* crop_wild_status;interaction.

Equation 2

Whijkimnottzyz = lw+ aphid_originy + crop_wild_status, + site; + sitej(blocky) + Gh|(leafm(Gpn)) + day_of_infestation,
+ hour_of_infestationy, + leaf_levely, + + tree_clone, + aphid_origin,*site; + aphid_originy* crop_wild_status, +
aphid_originy* crop_wild_status, *sitej + €nijumnottay:

Mathematic equation:

Yhyjkimnott2ayz = Oh + Ny +Y; + Bjk + Pimn + Ot + G + Um + Wo + an* Yi + ah*r]y + ah*r]y* Yi t Ehyjkimnott2yz-
Question and hypothesis 5: testing in the model aphid_origin,*tolerant_status;*sitejinteraction

Equation 3

Whsikimnottzxe = Mw + aphid_origin, + tolerant_statusx + site; + leaf_level, + sitej(blocks) + Ghi(leafm(Gpn)) +
day_of_infestation: + hour_of_infestation;, + tolerant_statusx *site; + + tree_clone, . aphid_origin,*
tolerant_statusy + aphid_originy* tolerant_status,*sitej + €nijkimnottax.

Mathematic equation:

Yhxjkimnott2xz = Olh + Kx + Yj + Wo + Um + Bjk + Pimn + 6¢ + th +ap* yi+ O ¥ Ky + Oh*Ky* Yi + Ehxjkimnott2xz-

We will transform our future data depending on the normality and dispersion of the residuals in our
models.
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Table 3. Description of the indexes, terms, and the effects included in our proposed statistical model General Linear Mixed Model (GLMM)
to test for local adaptation of the rosy apple aphid (Dysaphis plantaginea).

Math index Index Term Effect
a H Aphid_originh Aphid country of origin (Spain, France, Belgium), fixed effect
B [ Apple_origin; Apple country of origin (Spain, France, Belgium), fixed effect
Common garden site (Spain, France, Belgium), with a covariance-variance matrix
Y J Site; of difference of temperature (or humidity) between each apple tree before (or
after) the infestation, fixed effect
Block (each block consists of 28 apple genotypes infested with 9 aphid

B K Block

genotypes), random effect

L Gh Apple host genotype, random effect
Leaf level (Position of the infested apple leaf on the main stem. Three levels:
U m Leaf leveln .
upper, middle, or lower), random effect
P n Gpn Aphid parasite genotype, random effect
w o Tree_clonee Apple clone of a given genotype, random effect
6 t Time of infestation Day of infestation, random effect
[ t2 Time of infestation: Hour of infestation, random effect
« « Tolerant status Tolerant or susceptible genotype status assessed from previous studies (Mifiarro
- X and Dapena, 2008), fixed effect
. Cultivated or wild apple host (Malus domestica and Malus sylvestris,

n y Crop_wild_statusy . .

respectively), fixed effect

z Effect of each observation

€ Residual error
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Inference criteria

As explained in statistical model section, we will consider multiple variables, factors, and interactions
in our statistical models.

Data exclusion

We will not exclude data. We will transform our data to fit the homoscedasticity of the residuals. If
there is an outlier, e.g., one observation that looks vastly different from the other ones, we will first check
whether there could have been any mistake. We will come back to the tubes in which each colony is conserved
to count and check the number of aphids to control for mistakes. If the outlier is still valid, we will further
investigate this number.

Missing data

The lack of aphids on a leaf will be a key-value, this will be counted as a true observation, i.e., the
absence of growth (i.e., less than the original two aphid females and 5 larvae per leaf), death aphids. We will
utilize Poisson, Gaussian distribution, or two-steps modeling approach with a binomial response (1 = aphid
colony; 0 = absence of aphid colony) and the analysis of the aphid counting data depending on the subset of
non-zero outcomes. Nevertheless, we will try to minimize recording zero in our data to avoid unnecessary data
transformation. Aphids are overly sensitive to any change in environmental conditions and some infestation
might fail for a technical reason. Then, if after one day of infestation the female has died, we will consider that
the infestation has failed. In the case of a technical issue, we will infest again the next day and we will note this
re-infestation and take it into account for statistical analyses (statistical model section). We will check if the
female aphid died because of a technical issue or for a biological reason.
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8. GENERAL DISCUSSION AND CONCLUSION

In my Ph.D. project, | used the rosy apple aphid Dysaphis plantaginea as a
model to unravel the role of selection, drift, and gene flow during the divergence
of species and populations of aphids. In particular, | evaluated the genomic and
ecological bases of the rosy apple aphid adaptation (or adaptive divergence) using
different approaches. First, using a comparative genomics lens, | reconstructed
the evolution of major genes involved in the aphid adaptation to their host. | in-
cluded the rosy apple, 11 other aphids, and one aphid-like species that allowed
me to understand the long-term evolution of aphids (Chapter 1). Using a microev-
olutionary lens, | then investigated patterns of local adaptation in aphids at the
genomic and phenotypic levels using the rosy apple aphid model. As a preliminary
step, | reconstructed the colonization history of the rosy apple aphid using differ-
ent genetic markers (microsatellites and SNPs, Chapters 2 and 3). This step is man-
datory to avoid the confounding effect of demography and selection. Then, we
sought genomic regions under selection in different rosy apple aphid populations
spread across its distribution to investigate the genomic basis of local adaptation,
if any (Chapter 3). Last, we tested the ecological bases of local adaptation of rosy
apple aphid populations from different origins and infested on different apple cul-
tivars in different common garden orchards in Europe (Chapter 4). The results of
each chapter presented in this thesis work gave us critical information to under-
stand the evolutionary processes involved in the (local adaptive) divergence of the

rosy apple aphid and its sister species.
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CHAPTER 1. (CHEMOSENSORY GENES AND TRANSPOSABLE ELEMENTS
EVOLUTIONARY DYNAMICS IN APHIDS

We first analyzed studies of the evolution of key genes related to the host
adaptation to their hosts. We focused on two major families of chemosensory re-
ceptor genes, the gustatory receptors (or GR) and olfactory receptors (OR). These
genes are the insect chemosensation system that recognizes chemicals to recog-
nize their host or pheromones to locate and identify mates or escape their pred-
ators (Robertson et al., 2019). We selected 12 aphid species with different ecolog-
ical and host preferences. We included the new genome assembly of our model
species, the rosy apple aphid, which is available in the team. We also added one
aphid-like relative species used as an outgroup. We showed a higher evolutionary
rate in the Aphidinae subfamily driven by gene expansion (e.g., immune response,
transposase activity, retrotransposon nucleocapsid) and contraction (e.g., regula-
tion of transcription by RNA polymerase) with functions that are potentially re-
lated to the adaptation to their hosts. We observed that the evolution of GR and
OR genes was in tandem following the birth-death model. We found that GR and
OR genes evolved mainly under purifying selection. Only a fifth of OR and GR
genes evolved under positive selection, including gustatory receptor gene groups
(GRO2) related to fructose detection. A negative correlation between rates of evo-
lution of GR/OR genes and species divergence time indicated that recent positive
selection is observed in recently diverged sequences. Our results suggest that pe-
riods during which OR and GR genes evolve under positive selection may occur
episodically and be followed by prolonged episodes of purifying selection. Our re-
sults suggest that TEs did not have a role in fueling the diversity of the GR and OR
genes. Besides, we found species-specific TE dynamics, with major TE bursts in

aphids infesting fruit trees (Dysaphis plantaginea and Myzus persicae).
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The aphid superfamily comprises more than 4,000 species (Gautam et al.,
1993), including the subfamily Aphidinae, the most species-rich subfamily, with
about 2,500 species (Li et al., 2022). Several hypotheses have been proposed to
explain the high diversification in Aphidinae (Kim et al., 2011). For instance, the life
cycle was presented as a driver of aphid speciation. The heteroecious state or
host-alternation in some aphid groups may lead to colonizing new hosts and fa-
voring aphid speciation. Host alternation was also thought to avoid specialization
(Moran, 1987). Our analysis included species with heteroecious life cycles (e.g., D.
plantaginea, Introduction, Figure 1) and monoecious life cycles, such as the model
species A. pisum (Brisson and Stern, 2006). However, we did not reveal higher evo-
lutionary rates in heteroecious aphids. We found a high evolutionary rate in a sub-
family known for the variability in the life cycles and aphid species with large host

breath, suggesting that host breath may have driven speciation.

We observed that OR and GR evolved mainly by purifying selection. The
evolutionary timescale of our study could explain this result. Beyond the manual
annotation, the most significant technical challenge | faced for the comparative
genomics analyses was the synteny and high divergence among GR and OR genes.
Indeed, GR and OR genes were poorly conserved among aphid species. Because
of the high divergence of the GR and OR sequences between aphid genera, per-
forming selection tests, which require aligning sequences, was challenging. The
precise estimates of divergence time among aphid species are still poorly docu-
mented because of the lack of fossil aphid species (Munro et al., 2011). However,
the time tree calibrated with the few fossils available revealed that the evolution-
ary timescale at which we focused was very large (137 - 15 Mya), and we probably
missed the recent evolutionary process involved in the evolution of OR and GR
genes. This can explain the lack of observations of signatures of recent positive

selection in those genes. Further analyses could focus on the genus Dysaphis and
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include closely related species found on fruit trees or perennials (e.g., Dysaphis,
Aphis, Bracchycaudus) to investigate the evolution of OR and GR genes at a shorter
evolutionary timescale than the one we looked at. For instance, studies at the ge-
nus level using comparative genomics in the tsetse flies Glossina spp. detected the
expansion and contraction of genes with functions related to protease, odorant-
binding, and helicase activities (Attardo et al., 2019). The ideal timescale to study
parasite adaptation to their host is complex. Parasite (local) adaptation can result
from the coevolution between the aphids and their host plants. Coevolution is a
dynamic process and looking at the microevolutionary scale (at the population
level) is an avenue to understand better aphid adaptation to their hosts (Cornille
et al., 2022). This is why | then focused on population-level analyses during my

PhD.

We also compared the TE content and evolutionary dynamics among the
analyzed species. The activity and accumulation of TEs can have multiple effects
on genomes, for instance, the gene disruption by TE insertions producing sponta-
neous mutations expressed in different phenotypes of D. melanogaster (Erickbush
and Furano, 2022). We investigated the potential role of TEs in the evolution of
chemosensory genes. However, we did not find any enrichment of TE surrounding
the GR or OR genes. However, we observed that the few TE enrichments were
close to OR genes. OR genes are more recent than GR genes. This suggests that
our lack of observation of TE enrichment can result from purifying selection, which
eliminated TEs once they fueled diversity or OR and GR genes. This hypothesis

could be tested at a smaller evolutionary scale within the Dysaphis genus.

We proposed a manually annotated chemosensory gene set that would be
key for developing sustainable aphid control management programs. However,

this set of aphid chemosensory genes should be further functionally validated. A
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first step can be transcriptomic analyses in aphids to study the expression of the
candidate GR and OR genes. For instance, candidate chemosensory genes (GRs,
ORs, IRs, OBPs) were detected using transcriptome analysis in the crop pest, the
beet webworm Loxostege stictivalis L, and key in foraging, seeking maters, and host
recognition (Wei et al., 2017). Functional characterization in mutants can also be
the next step (Li et al., 2023). In addition, further studies could focus on the man-
ual annotation of other gene families that are also part of the chemosensation
system (e.g., ionotropic receptors or IRs and odorant-binding proteins or OBPSs)
and may also be crucial in aphid adaptation to their host. The OBPs are highly
conserved in the hemipteran group. Studies of OBP genes in the brown planthop-
per or Nilaparvata lugens, a major pest of rice, showed that these genes are highly
expressed in the antennae and propose an essential function in signal-biding
genes for plant host recognition (Xue et al., 2014). The number of chemosensory
genes, including IRs genes, was positively correlated to the host range in three
thrips species (Thripidae Stephens spp), suggesting their essential function for de-
tecting their host (Hu et al., 2023). The pipeline we used (Meslin et al., 2022) pro-
vides unprecedented annotations of OR and GR genes in aphids and also opens
avenues to study additional candidate genes involved in aphids, such as OBP or

IR.

This study provides insight into the evolutionary processes shaping the mo-
lecular evolution of genes involved in phytophagous insect-plant interactions. It
also offers an unprecedented database for studying aphid genome evolution and
aphid adaptation to their host. Thus, further work would increase the number of
species at a smaller evolutionary scale and use chromosomal-level genome as-
sembly to obtain a detailed view of the genomic architecture and evolution of GR

and OR, together with the role of TE in fueling their evolution.

397



CHAPTER 2: COLONIZATION HISTORY OF THE ROSY APPLE APHID

We analyzed the microevolutionary history of the rosy apple aphid. We
wanted to know if the rosy apple aphid followed the domestication history of the
cultivated apple. The cultivated apple originated from Central Asia, following the
Silk Route, and was brought to Europe by the Greeks around 1,500 years ago
(Cornille et al., 2014, 2019). We included rosy apple aphid populations from differ-
ent countries where the rosy apple aphid was reported to infest the cultivated
apple (i.e., Europe, North Africa, and North America). We detected five genetic
groups: American, Moroccan, Spanish, Eastern European (including Italy), and
Western European (including Denmark). We found rapid and recent colonization
of the rosy apple aphid in Europe with gene flow between and within populations
with a weak genetic spatial structure across Europe. We also observed that the
rosy apple aphid rarely hosts an endosymbiont different than the primary Buch-
nera aphidicola. These findings were our basis for continuing our microevolution-
ary evolution analysis, seeking genomic patterns of adaptation in the rosy apple

aphid.

To further study the colonization history of Dysaphis plantaginea, we needed
to add additional samples and species of Dysaphis ssp. The challenge to obtaining
D. plantaginea samples is because of the similarities in morphology and taxonomic
difficulties (Heie, 1986; Blackman and Estop, 2000). Dysaphis plantaginea has been
reported in Central Asia (CAB, 2014), possibly due to a host shift, but we failed to
obtain samples from this region. However, we got additional samples from the
Middle East, which is supposedly the origin of D. plantaginea. Dysaphis plantaginea
may also have originated from a host jump from other hosts or populations. There
are different D. plantaginea sister species, such as Dysaphis radicola Mordilko, D.

devecta, Dysaphis brancoi Bérner, Dysaphis anthrisci Bérner, Dysaphis chaerophylli
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Borner that feed on the cultivated apple, as their primary host (Blommers et al.,
2004; Stekolshchikov 2006). But other aphid sister species feed on the cultivated
pears, for instance, Dysaphis reaumuri Mordvilko and Dysaphis pyri Boyer de
Fonscolombe (Barbagallo et al., 2007). The Pyrus genus is known to have diverged
a long time ago from the genus Malus, probably in the Caucasus (Celton et al.,
2009; Xiang et al., 2017). Therefore, the ancestral group from which D. plantaginea
diverged might have had a Pyrus species as a host. With that in mind, we used
SNPs and included additional samples of D. plantaginea and its sister species, D.
pyri, and D. devecta, and provided further insights into the population structure of

the RAA and its demographic history and origin.

Additional analyses that can also be envisioned include investigating the
colonization history of the RAA by looking at TE content. From Chapter 1, we saw
that D. plantaginea showed a burst of transposable elements. Colonizing new en-
vironments could drive recent TE activities (Kofler et al., 2015). An analysis of a
major fungal wheat pathogen, Z tritici (Roberge ex Desm.) Quaedvl. & Crous
showed that demography history played a fundamental role in shaping the ge-
nome within Z. tritici populations, finding that TE insertions and genome size in-
creased with colonization bottlenecks (Oggenfus et al., 2021). As a first step, a
study of the TE copy numbers in different populations of D. plantaginea could pro-
vide first insights into their role in the colonization history of D. plantaginea. We
could also study the distribution of transposon insertion (TIPs) along the genomes
and confront it to signatures of selection | found in Chapter 3 to understand the

adaptive role of TE in aphid colonization.

Our inferences and the perspectives discussed above will have important
implications for establishing management strategies for pest control programs

(e.g., treatment application) and apple breeding programs (Guillemaud et al.,
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2011; Peace et al., 2019). Moreover, Chapter 2 brings information to understand
the colonization history of crop pests in the frame of the domestication of fruit

trees and develop strategies to deal with current and future pest outbreaks.

CHAPTER 3: GENOMIC BASES OF LOCAL ADAPTATION IN THE ROSY APPLE APHID
(DYSAPHIS PLANTAGINEA) TO ITS HOST, THE CULTIVATED APPLE (MALUS DOMESTICA)

In Chapter 3, we investigated the genomic signatures of adaptive diver-
gence among closely related species of Dysaphis ssp. and local adaptive diver-
gence in D. plantaginea. We selected a subset of individuals representing each ge-
netic group detected in Chapter 2, adding samples from Canada, Sweden, and
Israel. We also included individuals from two sister species, Dysaphis devecta (sam-
pled in Romania and Iran) and Dysaphis pyri (sampled in France, Spain, and Iran).
We seek signatures of selection in the genomes of closely relative species with
different biology, ecology, or host preferences. For instance, D. devecta has been
recorded to infest the same host genus as D. plantaginea, the Malus genus, but D.
devecta lacks host alternance. These species also present different biology. Dys-
aphis devecta develops a colony protected by a leaf pseudo gall produced by roll-
ing the leaf laterally and turning it red. On the other hand, D. pyri has a different
host and seasonal host alternate with the primary host, the Pyrus genus, and the
secondary host, Galium species (Blackman and Eastop, 2000). Using SNPs, we de-
tected a clear genetic structure among the three aphid species: D. devecta, D.
plantaginea, and D. pyri. Within D. plantaginea, we showed clear genetic structure
between North American, Israeli, and Moroccan/Spanish samples but weaker dif-
ferentiation among samples from European countries (excluding Spain). We de-
tected a recent population expansion and split among the D. plantaginea genetic
groups. We also found that D. plantaginea split recently from D. pyri and D. devecta.
We distinguished gene flow between the D. plantaginea genetic group from Mo-

rocco and Spain and Europe, and America and Morocco and Spain. We detected
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signals of positive selection in the genomes of the six populations using two dif-
ferent statistics. However, we must now confront SNP outliers detected with the
two statistics to validate our results and further dig into their functions. We will
also assess other genomic patterns of adaptation (such as balancing selection and

soft sweep).

For Chapter 3, | used an updated version of the RAA genome assembly (v4)
compared to the ones used in Chapter 1 (v3). Getting a chromosomal-level assem-
bly of the rosy apple aphid genome (Version 4) was challenging. The genome as-
sembly of the rosy apple aphid implied the utilization of different sequencing tech-
nologies, and several research groups were involved. The rosy apple aphid ge-
nome assembly started in 2018 before | arrived at the lab. Thus, | was not directly
involved in the process of the different versions of the rosy apple aphid genome
assembly (aphid rearing, DNA extraction, and bioinformatic approaches) pro-
cesses before the genome assembly. However, | had the opportunity to discuss
the assembly updates used to process the SNP mapping and calling and learn
about the filtering steps to obtain the variant call file (VCF). Assembly of insect
genomes has been reported to be a challenge (Zaho et al., 2019), which is ex-
plained by gene duplications in aphids. In aphids, gene duplications are pervasive
events throughout their evolution (International Aphid Genomics Consortium,
2010; Mathers et al., 2021; Julca et al., 2019). These duplications date back to the
ancestral clades of aphids like in phylloxera (D. vtifoliae, included in our analysis),
presenting high rates of old and recent duplication events (Julca et al., 2019; Rispe
et al., 2020). The characteristics of gene duplications are related to gene novelties
and adaptive radiation (Innan and Kondrashov, 2017). We found these duplica-
tions in the rosy apple aphid genome, which may have hampered the species as-
sembly. However, thanks to the different teams involved in assembling the differ-

ent genome versions, the chromosome-level assembly version 4 was available for
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chapter 3 of my PhD thesis. This chromosome-level assembly was key to studying
the genomic architecture of adaptation in Dysaphis ssp. Our future findings from
Chapter 3 will bring information to elucidate the abiotic and abiotic patterns in-

volved in the adaptation and speciation of important crop pests.

CHAPTER 4: EXPERIMENTAL TEST FOR LOCAL ADAPTATION OF THE ROSY APPLE
APHID (DYSAPHIS PLANTAGINEA) DURING ITS RECENT RAPID COLONIZATION ON ITS
CULTIVATED APPLE HOST (MALUS DOMESTICA) IN EUROPE

Eventually, we assessed the ecological bases of local adaptation of the rosy
apple aphid through an experimental approach presented in Chapter 4. We used
a common garden experiment in three countries with different environments. We
used apple genotypes with local usage, wild relatives, and genotypes reported to
be susceptible or tolerant against aphid infestation that could bring us key infor-
mation to manage a major apple tree pest. We defined the aphid development
stage, colony growth, and aphid size as fitness measurements of stress (Jedli¢jova
etal., 2015; Vilcinskas, 2016) to disentangle patterns of local adaptation. Based on
these traits, we found a pattern of maladaptation in the French genotypes in our
preliminary results; however, we are still exploring the data, adding and removing
variables to confirm these findings. We expect to find adaptation patterns at the
phenotypic that we could complement with the genomic findings to get support
for the role of abiotic or/and biotic patterns of adaptation in the rosy apple aphid.
This experiment allowed me to participate in leading a complex experimental field
in Spain. As a group, we fixed problems in each common garden. After exchanging
from the three countries, we dealt with the local climate with the challenge of
rearing the rosy apple aphid. The rosy apple aphid prefers young shoots but is
also susceptible to temperature and humidity levels. We are expecting that the
results of Chapter 4 would set the basis to extend a common garden experiment

with key places and key genotypes (detected from Chapters 2 and 3) to perform a
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common garden cross infestation, including sister species, to elucidate the role of
abiotic and biotic environment. Based on our current experience, it would be pos-
sible to understand these questions in a gradient limited to a single country but

extending the number of infestation spots and aphid species.

Our work emphasizes the significance of considering both the local envi-
ronment and the host when studying phytophagous insects. The information on
complex interactions between apple tree genotypes, aphid parasites, and their
respective environments, along with the data from parasite adaptation to its host
(i.e., chemoreceptors, Chapter 1), colonization history (Chapter 2), and genomic
signature of local adaptation (Chapter 3) are a basis for the development of sus-

tainable strategies against the control of a major pest of the cultivated apple tree.

8.1 GENERAL CONCLUSION

We generate key information to understand the ecological and genomic
drivers of local adaptation in the plant-herbivore system. This work represents not
only an academic exercise but understanding the environmental and evolutionary
processes that have shaped species distribution and genetic structure are also
essential to predict how organisms will face current ecological crises (e.g., climate
change, ecosystem disturbance, pest outbreaks; Gienapp et al., 2007; Merila et al.,
2014). We show that comparative genomics, population genomics, and ecological
approaches are robust approaches to getting information about the crop evolu-
tionary history, genetic structure, and patterns of pest adaptation to their envi-
ronment. The findings of the present work are important to mitigate current and
future pest outbreaks. The present work provided some answers but new ques-
tions on the evolutionary processes behind parasite (adaptive) divergence from

their host. For instance, would we observe increased speciation rates associated
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with the life cycles, e.g., heteroecious against monoecious life cycles, if we included
more aphid species presenting various life cycles? Which other genes than OR and
GR are key in the adaptation of a parasite to its host (i.e., IRs and OBPs)? How did
OR, GR, and other candidate genes evolve at the genus level, e.g., within the Dys-
aphis genus? Have the transposable elements fuelled chemosensory gene diver-
sity at this microevolutionary timescale (compared to the large evolutionary scale
studied in Chapter 1)? Is there any genomic pattern of adaptation to the local abi-
otic or biotic environment in sister species of D. plantaginea, for instance, D.
devecta and D. pyri? Is D. plantaginea locally adapted to its local secondary host? |
envision these questions as a basis to continue exploring the genomic and eco-

logical bases of aphid adaptation.
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