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« L’Aedes est le double de l’homme, son ombre, son parfait imitateur.  

A chacune des évolutions majeures de notre planète, Aedes est présent » 

 

« Le tigre est voyageur.  
Il vient d’Asie […] Espèce humaine, vous devenez mondialisée ? Aucun 

problème répond Aedes. 

Comme vous, je sais prendre un bateau ou un avion » 

 

« Le tigre est moderne.  
Il préfère les villes à la campagne […] Espèce humaine vous avez 

décidé de vous urbaniser ? Quelle bonne idée ! Aedes ne peut cacher 

son contentement. Jamais nous n’aurions osé rêver d’un tel paradis, un 

tel rassemblement en un même lieu d’autant de repas de sang en 

perspective ! » 

 

« Les moustiques […] s’adapteront.  
[…] Nos activités réchauffent le climat ?  

Encore merci disent les Aedes. Nous ne pouvions croire à telle aubaine. 

N’oubliez pas que nous, moustiques, somme enfants des tropiques. Et, 

plus encore que la chaleur, nous aimons l’humidité. Alors chers humains, 

si votre planète devient tropicale,  

nous serons partout chez nous chez vous » 

 

« Le Métier de vivre.  
C’est ce métier là que nous racontent les moustiques »  

 

Extraits de Géopolitique du moustique 

Erik Orsenna – Isabelle de Saint-Aubin	
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1.	Processus	d’invasion	biologique	

1.1.	Définition	

Une espèce présente dans son aire de répartition naturelle est qualifiée d’espèce autochtone ou 
espèce indigène ; sa présence résulte de processus biogéographiques et évolutifs naturels. Dans 
le contexte des invasions biologiques, cette aire de répartition est qualifiée d’aire d’origine, 
native ou de distribution initiale. La notion d’invasion biologique fait ainsi référence à la 
colonisation d’une nouvelle aire géographique dont une espèce était précédemment absente. De 
nombreuses définitions ont été proposées (Davis & Thompson 2000; Richardson et al. 2000; 
Pyšek et al. 2004; Valéry et al. 2008; Lockwood et al. 2013), et il existe une très large 
terminologie pour caractériser ces espèces non-natives (Ruiz & Carlton 2003) (Encadré I–1). 
Les termes les plus communs, dont la traduction anglaise est donnée, incluent : espèce 
allochtone (« alien species »), espèce exotique (« exotic species »), espèce non-indigène 
(« non-indigenous species »), espèce introduite (« introduced species » ou « translocated 

species »), et espèce invasive ou espèce envahissante (« invasive species »).  
 

 

Encadré I–1 Terminologie des espèces invasives 

 Espèce non-native (synonymes : exotique, non-indigène, allochtone) 

       Espèce présentant des populations dans une aire géographiquement et biologiquement isolée de l’aire native de 
l’espèce dont celle-ci était précédemment absente. 

 Espèce invasive 

       Espèce dont certaines populations ont été transportées à partir d’une aire biogéographique vers une autre aire 
distante, et qui une fois introduites sont capables de produire de nouvelles populations viables et fertiles, et 
d’étendre leur distribution géographique. 

 Populations natives 

Populations d’une espèce situées dans l’aire native de cette espèce. 

 Populations sources 

       Populations d’une espèce à l’origine d’un événement d’introduction donné, pouvant être des populations natives ou 
des populations non-natives « tête de pont ». 

 Populations non-natives 

   1. Populations introduites 

Populations ayant été transportées dans une nouvelle aire d’introduction. 

       Populations acclimatées (synonyme : fondatrices) 

       Populations introduites ayant franchi la barrière des filtres environnementaux locaux. 

   2. Populations naturalisées (synonyme : établies) 

       Populations fondatrices capables de produire de nouvelles populations d’individus viables et fertiles, par 
l’intermédiaire de la reproduction. 

   3. Populations invasives (synonyme : en expansion) 
       Populations naturalisées capables de produire de nouvelles populations d’individus viables et fertiles, par 

l’intermédiaire de la dispersion. 

 Populations « tête de pont » 

       Populations non-natives établies ou invasives à l’origine d’un événement d’introduction dans une aire non-native 
différente. 

 Aire d’origine (synonyme : native, d’indigénat) 

       Aire géographique où se trouvent les populations natives d’une espèce non-native. 

 Aire d’introduction 

       Aire géographique où les populations non-natives ont été initialement introduites. 

 Aire envahie 

       Aire géographique résultant de l’expansion spatiale des populations établies depuis l’aire d’introduction initiale. 
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Malgré le niveau taxonomique de ces définitions, nous privilégierons l’échelle populationnelle 
(Colautti & MacIsaac 2004; Davis 2009; Richardson & Pyšek 2012), permettant à la fois de 
caractériser la distribution géographique des populations et l’étape du processus d’invasion 
(Encadré I–1). Les termes descriptifs « natives » et « non-natives » indiquent alors l’aire 
géographique dans laquelle sont distribuées les populations d’une espèce. Les populations non-
natives comprennent l’ensemble des populations d’une espèce présentes dans une aire 
géographiquement et biologiquement isolée de l’aire native de l’espèce, dont l’espèce était 
précédemment absente. Cette définition de populations non-natives est donc indépendante du 
stade de ces populations dans le processus d’invasion (voir section I–1.2). Les termes 
« introduites », « naturalisées » et « invasives », décrivent le caractère de populations d’une 
espèce dans une région géographique donnée (Davis 2009 ; Blackburn et al. 2011). En effet, 
toute autre introduction dans une aire géographique différente peut aboutir à un autre résultat 
(Kueffer et al. 2013). Ces populations peuvent être introduites directement à partir des 
populations natives, ou d’autres populations d’origine non-native, les deux constituant des 
populations sources. Les populations sources non-natives sont qualifiées de populations « tête 
de pont » (« bridgehead populations », Lombaert et al. 2010). 

Pour formaliser, une espèce invasive est une espèce dont certaines populations ont été 
transportées à partir d’une aire biogéographique donnée vers une autre aire biogéographique 
distante, et qui une fois introduites, sont capables de produire de nouvelles populations viables 
et fertiles, elles-mêmes capables de se multiplier et d’étendre leur distribution géographique 
dans l’aire d’introduction (Prentis et al. 2008; Wilson et al. 2009; Richardson et al. 2011; 
Blackburn et al. 2011). La définition considérée n’inclut pas la notion d’impacts, qu’ils soient 
d’ordre écologique, sanitaire, ou économique, les mécanismes éco-évolutifs à l’œuvre durant le 
processus d’invasion étant indépendant de cette notion d’impact (Colautti & MacIsaac 2004).  

Par ailleurs, il serait probablement plus juste de parler de populations envahissantes, étant la 
traduction littérale de « invasive » en anglais. Nous utiliserons néanmoins le terme de 
populations « invasives » pour symboliser que l’aire envahie est géographiquement isolée et 
distante de l’aire native. En effet, l’adjectif « envahissant » est également utilisé pour décrire 
les populations d’une espèce qui étendent leur aire de répartition aux marges de leur aire de 
distribution naturelle (Williamson & Fitter 1996; Valéry et al. 2008), et les processus impliqués 
dans l’expansion des populations dans ces deux aires de distribution sont différents (Wilson et 
al. 2009, 2016).  
 

 
1.2.	Etapes	du	processus	d’invasion	

La définition précédemment énoncée repose sur le fait que des populations distribuées dans une 
région géographique donnée doivent franchir un certain nombre de barrières qui limitent 
normalement leur introduction et leur prolifération en dehors de cette aire (Blackburn et al. 
2011; Richardson et al. 2011). Le franchissement de ces différentes barrières a conduit à la 
schématisation du processus d’invasion biologique en différentes étapes. Malgré quelques 
variations, tous les auteurs se sont accordés sur un nombre de trois étapes principales : 
l’introduction, l’établissement et l’expansion (Richardson et al. 2000; Kolar & Lodge 2001; 
Colautti & MacIsaac 2004; Henderson et al. 2006). Ces différentes étapes sont résumées en 
Figure I–1, uniquement à l’échelle des processus populationnels. 
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Les causes du transport représentent la manière dont les organismes sont transportés. Les 
introductions liées aux activités humaines sont classées en deux catégories : les introductions 
intentionnelles et accidentelles (Ruiz & Carlton 2003; Hulme et al. 2008; van Kleunen et al. 
2018). Les introductions accidentelles représentent la vaste majorité des introductions, comme 
par exemple dans les ballasts des bateaux (Griffiths et al. 1991; Carlton & Geller 1993; Drake 
& Lodge 2004) ou les soutes des avions (Liebhold et al. 2006; Tatem & Hay 2007). Le rythme 
des invasions biologiques, en terme de nombre d’introduction et de distances géographiques 
parcourues, a pris une ampleur considérable depuis la colonisation progressive de nouvelles 
régions par l’homme et la révolution industrielle (Perrings et al. 2005; Westphal et al. 2008; 
Seebens et al. 2017; Kueffer 2017; Bertelsmeier et al. 2017).  

Les introductions intentionnelles nous permettent de définir les raisons d’une introduction, se 
concentrant uniquement sur les espèces transportées intentionnellement. Les introductions ont 
accompagné les migrations et déplacements humains, notamment le transport d’espèces 
domestiquées depuis plusieurs milliers d’années (Webb 1985; Mazoyer & Roudart 2007), le 
transport d’espèces productrices de denrées ou d’espèces ornementales depuis le 15ème siècle 
(van Kleunen et al. 2018), ou le transport d’espèces esthétiques, comme par exemple les plantes 
aquatiques ornementales ou les animaux de compagnie (e.g. Duncan et al. 2003; Pyke 2005; 
Jeschke & Strayer 2006), pouvant être à l’origine d’introductions involontaires lorsque les 
individus sont relâchés dans la nature (Telecky 2001; Cadi & Joly 2004). 

Les routes de colonisation représentent les voies géographiques le long desquelles les 
organismes sont transportés, ne prenant donc en compte que l’origine géographique des 
populations sources et introduites. Les corridors représentent les structures physiques le long 
desquels les organismes sont transportés (e.g. routes, voies de chemin de fer, Ruiz & Carlton 
2003). 

 
 

1.2.2.	Etablissement	

Suite à l’introduction, une population va être confrontée aux barrières environnementales 
locales, incluant des filtres abiotiques (conditions climatiques, édaphiques) et des filtres 
biotiques (interactions interspécifiques). Les individus surmontant les barrières 
environnementales locales vont constituer la population fondatrice (i.e. individus introduits 
finalement viables) (Figure I–1). En revanche, si cette population n’est pas en mesure de se 
reproduire et de donner une population viable, celle-ci finit par s’éteindre (Richardson et al. 
2000; Pyšek et al. 2004).  

La deuxième étape du processus d’invasion est l’établissement de la population fondatrice 
(Figure I–1), c’est-à-dire que les individus adultes de cette population génèrent une nouvelle 
génération d’individus pour atteindre le stade d’une population stable sans nouvel apport 
d’individus (Williamson & Fitter 1996; Richardson et al. 2000). Cette phase d’établissement 
est souvent précédée d’une phase dite de latence, pouvant durer plusieurs générations (Crooks 
2005). Ce temps de latence pourrait correspondre au temps nécessaire pour que la population 
croît et atteigne un état stable, ou que les organismes surmontent les contraintes 
environnementales.  
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1.2.3.	Expansion	

La troisième et dernière étape du processus d’invasion est l’expansion des populations (Figure 

I–1). L’expansion nécessite que la population établie génère de nouvelles populations viables 
par l’intermédiaire de la dispersion. La dispersion peut se traduire par un fractionnement 
géographique des populations, avec des populations au lieu de départ de l’invasion (i.e. foyer) 
et des populations sur le front de migration, qui correspond à la limite de colonisation (Figure 

I–1). La densité de population est généralement plus forte au foyer que sur le front de 
migration. 

Le modèle le plus simple d’expansion de l’aire de répartition est un processus de diffusion 
aléatoire dans lequel on prévoit que l’aire de répartition des populations invasives augmentera 
de façon linéaire dans le temps (Fisher 1937; Skellam 1951). Les capacités de dispersion d’une 
espèce représentent donc un élément important dans la compréhension de la dynamique 
d’expansion, et permettent d’expliquer le temps nécessaire à une population établie pour 
s’étendre géographiquement (Shigesada et al. 1995; Sakai et al. 2001). Si l’espèce possède une 
faible capacité de dispersion naturelle, l’expansion peut prendre plus de temps ou ne jamais se 
produire. La présence d’un vecteur de dispersion est donc déterminante pour favoriser 
l’expansion rapide des populations. La dispersion à longue distance (i.e. à une échelle 
régionale) assistée par l’homme peut ainsi considérablement accélérer le taux d'expansion avec 
l’avancée du front de migration (Shigesada et al. 1995). 

Malgré́ la constante augmentation du nombre d’introductions, différentes études ont montré 

que la majorité des transports d’organismes se soldent par un échec. En effet, toutes les espèces 
ne sont pas aptes à disperser, les populations introduites n’établissent pas forcément de 
populations stables, et celles-ci ne parviennent pas forcément à s’étendre géographiquement. 
Parmi l’ensemble des espèces natives, seulement 1% vont devenir invasives en moyenne 
(Williamson & Fitter 1996; Jeschke & Strayer 2005; Vall-Ilosera & Sol 2009; Bomford et al. 
2009), avec des taux variables de réussite pour les étapes d’établissement et d’expansion en 
fonction des groupes d’espèces considérés (Jeschke & Strayer 2005; Vall-Ilosera & Sol 2009; 
Bomford et al. 2009). Dès lors, la biologie de l’invasion s’est concentrée sur la compréhension 
des facteurs favorisant, ou au contraire empêchant, le succès d’une invasion biologique (e.g. 
Lee 2002; Facon et al. 2006; Sax et al. 2007; Yoshida et al. 2007).  

 
 

2.	Modalités	d’introduction	et	succès	invasif	

Les processus impliqués dans le succès d’une invasion biologique sont conditionnés par un 
certain nombre de facteurs. Nous présentons les caractéristiques démo-génétiques et 
écologiques des populations introduites, et les processus évolutifs susceptibles d’influencer le 
succès d’une invasion biologique. Les quatre forces évolutives en œuvre au cours d’une 
invasion biologique peuvent toutes conduire à une modification du polymorphisme génétique 
dans une population : la dérive génétique, la sélection, la migration et la mutation. Ces 
différentes forces évolutives vont agir à chacune des étapes du processus d’invasion (Encadré 

I–2). 

 

 





Partie I – Introduction générale 

	

	

	

18 
	

Figure I–3A par l’introduction de génotypes uniquement bleu clair et vert foncé (5 génotypes 
disponibles dans la population source). Cette faible diversité génétique augmente l’emprise de 
la dérive, entrainant une perte supplémentaire et progressive de diversité dans la population 
introduite (i.e. goulot d’étranglement, Nei 1978). Le goulot d’étranglement induit des 
changements de fréquences alléliques dans la population introduite au cours du temps, 
représentée en Figure I–3A par la perte du génotype bleu clair au cours des générations. La 
taille de la population en terme de densité d’individus peut augmenter au cours des générations 
suivantes mais la taille efficace (i.e. diversité génétique) de cette population restera faible. 
Ainsi, les allèles délétères d’ordinaire maintenus à de faibles fréquences sous l’effet de la 
sélection naturelle (Glémin 2003) peuvent se fixer sous l’effet de la dérive et conduire à 
l’extinction de la population (Figure I–3A).  

Concernant les conséquences démographiques directes du nombre d’individus introduits, il 
existe une relation positive entre la densité de population et son taux d’accroissement (i.e. effet 
Allee, Courchamp et al. 1999). Ainsi, les petites populations sont affectées par la stochasticité 
démographique, ce qui va limiter leur croissance, notamment dû à la difficulté à trouver un 
partenaire sexuel.  

Il a été démontré que la diversité génétique des populations introduites est un facteur clé pour 
les étapes d’établissement et d’expansion (Crawford & Whitney 2010; Forsman 2014; Wagner 
et al 2016). Ainsi, les petites populations ne devraient pas réussir à s’établir. Malgré les 
conséquences des effets fondateurs, certaines populations introduites présentant une faible 
diversité génétique par rapport à leur source finissent par s’établir dans le nouveau milieu 
colonisé (e.g. Golani et al. 2007; Puillandre et al. 2007; Schmid-Hempel et al. 2007; Dlugosch 
& Parker 2008; Arca et al. 2015). Cette contradiction a nourri l’idée du « paradoxe génétique 
de l’invasion » (Sax & Brown 2000; Allendorf & Lundquist 2003; Estoup et al. 2016). Il existe 
néanmoins différents processus démo-génétiques permettant d’augmenter les probabilités de 
survie d’une population introduite malgré sa faible diversité génétique. Par ailleurs, certaines 
études ont montré une diversité génétique équivalente ou supérieure dans les populations 
introduites (e.g. Kolbe et al. 2004; Bossdorf et al. 2005; Lavergne & Molofski 2007), ce qui a 
conduit à revoir l’existence d’un paradoxe génétique (Frankham 2005; Roman & Darling 2007; 
Hufbauer 2008; Estoup et al. 2016; Schrieber & Lachmuth 2017). 

 
 

2.1.2.	Goulot	d’étranglement,	fardeau	génétique	et	dérive	génétique	

Le fardeau génétique correspond à la diminution de la valeur sélective moyenne d’une 
population présentant un allèle délétère par rapport à une population qui ne le possèderait pas. 
Si cet allèle délétère est récessif, alors il ne s’exprime qu’à l’état homozygote (Glémin 2003; 
Charlesworth & Willis 2009), conduisant à une différence de valeur sélective entre les états 
homozygote et hétérozygote. Lorsque la valeur sélective des hétérozygotes est supérieure à 

celle des homozygotes, le fardeau génétique induit une dépression de consanguinité, pouvant 
s’observer dans les cas de dominance simple (Charlesworth & Charlesworth 1999) ou de 
superdominance (i.e. meilleure valeur sélective de l’hétérozygote par rapport aux deux états 
homozygotes, Charlesworth & Willis 2009).  
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Suite à un goulot d’étranglement, les populations de petite taille présentent un taux 
d’apparentement fort entre individus (i.e. homogamie), susceptible de causer la dépression de 
consanguinité. Différents mécanismes peuvent limiter la dépression de consanguinité et donc 
augmenter la probabilité d’établissement (Bataillon & Kirkpatrick 2000; Luo et al. 2001; 
Glémin 2003; Bouzat 2010). Par exemple, les croisements entre apparentés augmentent la 
valeur sélective moyenne de la population. L’allèle récessif délétère, dont le génotype 
homozygote est représenté en vert foncé en Figure I–3B (cas 1), est contre-sélectionné et 
éliminé de la population par purge (Estoup et al. 2016).  

Etant donné que les allèles délétères sont maintenus à des fréquences faibles sous l’effet de la 
sélection (Kirkpatrick & Jarne 2000; Glémin 2003), le goulot d’étranglement peut également 
conduire à la perte d’un allèle délétère uniquement sous l’effet de la dérive génétique (Figures 

I–2 et I–3B : cas 2 et 3). La perte d’un allèle par dérive pourrait conduire à l'expression 
d'allèles bénéfiques, auparavant masqués par l'expression de l’allèle perdu (i.e. épistasie, 
Goodnight 1987, 1998; Blows & Hoffmann 2005). En revanche, les exemples montrant la 
transformation de la variance génétique épistatique en variance génétique additive sont rares 
(Neiman & Linksvayer 2006; Knopp et al. 2007).  

Les effets fondateurs pourraient également influencer le succès de la phase d’expansion. La 
taille des populations sur le front de migration est généralement plus faible que celle des 
populations du foyer (Figure I–1), liée à des effets fondateurs successifs lors de la dispersion. 
Ces effets fondateurs ponctuels créent un goulot d’étranglement spatial (Slatkin & Excoffier 
2012) et entrainent une diminution de la diversité́ génétique dans les populations sur le front de 
migration par rapport aux populations du foyer (Estoup et al. 2004; Excoffier et al. 2009; 
Rollins et al. 2009; Watts et al. 2010; Schulte et al. 2013). La relation négative entre diversité 
génétique et dépression de consanguinité peut ainsi ralentir la phase d’expansion (Lewis & 
Kareiva 1993; Tobin et al. 2007). La dérive génétique peut conduire à la fixation de certains 
allèles rares sur le front de migration, appelé « surf génétique » (« allele surfing », Edmonds et 
al. 2004; Klopfstein et al. 2005). Les différents mécanismes évoqués précédemment pourraient 
alors améliorer le potentiel adaptatif des populations sur le front, en augmentant la fréquence 
d’allèles avantageux (Figure I–2 ; Klopfstein et al. 2005; Excoffier et al. 2009).  

Les traits reproducteurs sont susceptibles d’évoluer rapidement sur le front de migration 
(Phillips et al. 2010). En effet, les populations sur le front sont issues d’un petit nombre de 
migrants, descendant eux-mêmes des quelques migrants de la génération précédente. Si les 
individus les plus disperseurs ont été sélectionnés à chaque génération, on pourrait s’attendre à 
une augmentation de la vitesse d’expansion (Travis & Dytham 2002; Hughes et al. 2007; 
Phillips et al. 2007; Travis et al. 2009, 2010; Burton et al. 2010; Shine et al. 2011). La 
comparaison des traits phénotypiques impliqués dans la dispersion entre populations en 
expansion et populations du foyer montre une plus grande capacité de dispersion des 
populations sur le front de migration (Phillips et al. 2006; Monty & Mahy 2010; Lombaert et 
al. 2014). Par exemple, des populations invasives du séneçon Senecio inaequidens sur le front 
présentent une diminution du ratio entre la masse des diaspores et la surface du pappus avec la 
distance au foyer de dispersion, impliquant une meilleure capacité de dispersion (Monty & 
Mahy 2010). 

 



 

 

	

	

21 
	

2.1.2.	Introductions	multiples,	pression	de	propagules	et	admixture	

Certaines populations invasives présentent des niveaux de diversité génétique importants, voire 
plus forts que celle des populations sources (e.g. Kolbe et al. 2004; Bossdorf et al. 2005; 
Lavergne & Molofski 2007). Ce gain de diversité génétique peut être expliqué par différentes 
composantes des modalités d’introduction. La diversité génétique des populations est 
initialement déterminée par le nombre d’individus introduits, leur diversité génétique et la 
fréquence des évènements d’introduction, formant ensemble la pression de propagules 
(« propagule pressure », Lockwood et al. 2005). Plusieurs études ont démontré une relation 
positive entre le nombre d’individus introduits (i.e. la taille des propagules) et le succès d’une 
invasion biologique (e.g. Hopper & Roush 1993; Forsyth & Duncan 2001; Berggren 2001; 
Drake & Lodge 2006; Simberloff 2009). Le nombre et la fréquence des évènements 
d’introduction peuvent également constituer un facteur important. Ces introductions multiples 
sont fréquemment observées lors des invasions biologiques (Bossdorf et al. 2005 ; Dlugosch & 
Parker 2008; Novak 2007; Roman & Darling 2007). La taille des propagules et les 
introductions multiples vont avoir différentes conséquences démographiques et génétiques.  

D’un point de vue purement démographique, il existe une relation positive entre la densité de 
populations et la croissance de cette population (Veltman et al. 1996; Memmott et al. 2005; 
Simberloff 2009). Ainsi, le nombre d’individus initialement introduits et le nombre 
d’introductions peuvent limiter les effets Allee (« rescue effect », Gotelli 1991).  

D’un point de vue génétique, lorsque les introductions s’effectuent à partir d’une seule 
population source, leur fréquence va maintenir un certain niveau de diversité génétique, 
représenté par le maintien de trois génotypes en Figure I–3B (cas 2). Lorsque les 
introductions se font à partir de différentes populations sources, elles vont permettre la mise en 
contact d’individus génétiquement différenciés, représenté en Figure I–3B par la présence de 
deux génotypes bleus (population source 1) et deux rouges (population source 2) (Figure I–

3B : cas 3). Le croisement génétique (« admixture ») entre ces individus conduit à la création 
de nouvelles combinaisons alléliques et donc l’apparition de nouveaux génotypes, représenté 
par les couleurs rose et violet en Figure I–3B (cas 3).  

L’admixture induit une augmentation de diversité génétique dans les populations introduites 
(Lee 2002; Kolbe et al. 2004; Lavergne & Molofsky 2007; Roman & Darling 2007; Gillis et al. 
2009; Verhoeven et al. 2010; Facon et al. 2011), et va ainsi avoir différents effets bénéfiques. A 
court terme, cette diversité permet d’atténuer les effets négatifs des goulots d'étranglement en 
masquant des allèles délétères (i.e. hétérosis). A plus long terme, la création de nouvelles 
combinaisons génétiques peut fournir une matière première pour la sélection naturelle et 
l’adaptation rapide (Ellstrand & Schierenbeck 2000; Lee 2002; Wares et al. 2005; Dlugosch & 
Parker 2008; Rius & Darling 2014; Bock et al. 2015).  

 
 

2.2.	Contexte	écologique	

Lors d’une introduction, les individus peuvent être confrontés à un changement 

d’environnement, parfois radical (e.g. Broennimann et al. 2007; Petitpierre et al. 2012; Guisan 
et al. 2014; Lancaster et al. 2015; Atwater et al. 2018). Si l’environnement dans lequel sont 
introduites les populations est trop différent de celui duquel elles sont issues, alors les individus 
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ne vont pas surmonter la barrière environnementale rencontrée et la population va s’éteindre 
(Figure I–4A). En effet, le changement de niche nécessite l’apparition d’adaptation au nouvel 
environnement. La faible diversité génétique des populations introduites induit une variance 
génétique additive faible (Wares et al. 2005), réduisant le potentiel adaptatif de la population 
introduite et donc sa capacité́ à s’établir dans le nouvel environnement (Lee 2002).  

Nous avons vu en section I–2.1.2 différents mécanismes permettant d’augmenter la diversité 
génétique. Néanmoins, certaines populations n’ont eu aucune difficulté à franchir la barrière 

des conditions environnementales locales, et sont passées de l’étape d’introduction à l’étape 

d’expansion sans passer par l’étape d’établissement (Austerlitz et al. 1997; Zeisset & Beebee 
2003). Ainsi, Facon et al. (2006) ont proposé différents scénarios théoriques pour expliquer le 
succès d’une invasion à travers la relation entre les caractéristiques du nouvel environnement et 
celle de l’espèce. Les modifications des conditions environnementales ou des caractéristiques 
génétiques (i.e. adaptation) et/ou phénotypiques (i.e. plasticité) sous l’effet de forces évolutives 
vont conditionner le résultat d’une invasion biologique. Néanmoins, si les individus introduits 

sont déjà plus ou moins adaptés à leur nouvel environnement (i.e. préadaptation), seul un 
changement dans le régime de migration peut être suffisant pour initier l’invasion. 

 
 

2.2.1.	Préadaptation	et	relâchement	de	la	pression	sélective	

Lors d’une introduction, la dispersion à longue distance peut représenter une forte pression de 
sélection, bien que souvent négligée. Cette sélection correspond à la capacité des organismes à 
être transportés durant une plus ou moins longue période (Figure I–2). Par exemple, le succès 
d’introduction de la daphnie Daphnia lumholtzi aux Etats-Unis serait lié à la capacité de survie 
des organismes en conditions défavorables via un phénotype de diapause (Panov et al. 2004).  

Le succès d’établissement pourrait être déterminé par le degré de similitude des régimes 
sélectifs dans les aires d'introduction et source. En effet, l’invasion n’implique pas toujours une 
modification de la niche (Guisan et al. 2014). Différentes régions géographiquement isolées 
peuvent présenter des niches similaires où des populations d’une espèce ont été sélectionnées 
indépendamment par des conditions de niche proches. L’homme a supprimé les barrières entre 
ces régions, et l’existence d’adaptations dans les populations sources peut diminuer la barrière 
environnementale durant l’introduction (i.e. préadaptation) (Mack 2003; Fridley 2011;	
Schlaepfer et al. 2010). Cette préadaptation est représentée en Figure I–4B (cas 1) par 
l’introduction de génotypes bleu, plus ou moins similaires à la valeur génétique adaptative 
requise pour coloniser ce milieu (espace climatique en Figure I–4A). Par exemple, différentes 
études chez la fourmi Wasmannia auropunctata, originaire d’Amérique du Sud, ont montré 
l’existence d’une variabilité adaptative au sein de l’aire native (Rey et al. 2012; Foucaud et al. 
2013). Une meilleure tolérance au froid, apparue dans des populations natives vivant dans les 
environnements du Sud de son aire de répartition majoritairement tropicale, aurait facilité son 
invasion en Israël (Rey et al. 2012). Par ailleurs, le succès d’une invasion pourrait ainsi être 
favorisé par l’homogénéisation des environnements induite par les activités humaines 
(« anthropogenically induced adaptation to invade », Hufbauer et al. 2012). Ainsi, les 
populations de W. auropunctata vivant dans des habitats modifiés par l’homme auraient été 
sélectionnées pour l’invasion, ces populations natives et les populations introduites présentant 
les niveaux similaires de thermotolérance (Foucaud et al. 2013).  
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Le succès d’établissement pourrait également reposer sur certains facteurs biotiques du nouvel 
environnement. Outre la préadaptation aux conditions abiotiques, les individus introduits 
peuvent être vulnérables aux nouveaux agents pathogènes, prédateurs et compétiteurs. 
Différentes hypothèses ont été émises quant aux interactions biotiques durant une invasion 
biologique. Par exemple, les pressions sélectives peuvent être moins fortes dans le nouvel 
environnement en l’absence de parasites et prédateurs naturels (« enemy release hypothesis », 
Keane & Crawley 2002; Colautti et al. 2004) ou de compétiteurs naturels (« novel weapons 

hypothesis », Callaway & Aschehoug 2000). L’absence de ces pressions de sélection peut 
induire une réallocation des ressources vers les capacité compétitrices (« evolution of increased 

competitive ability », Blossey & Notzold 1995).  

Il existe un certain nombre de contre-exemples à ces hypothèses (e.g. van Kleunen & Schmid 
2003; Joshi & Vrieling 2005; Bossdorf et al. 2005) mais la colonisation d’un nouveau milieu 
où certaines pressions de sélection sont faibles ou variables dans le temps pourrait atténuer les 
effets négatifs de la perte de diversité génétique durant l’introduction. Lors d’un goulot 
d’étranglement, la dépression de consanguinité (voir section I–2.1.1) peut induire la 
dégradation d’un phénotype de réponse à une pression de sélection, important pour la valeur 
sélective des individus dans l’environnement présentant cette pression de sélection. La 
dépression de consanguinité représente donc un stress, limitant la capacité des individus à 
répondre à une pression de sélection environnementale (Stephenson et al. 2004; Vermeulen et 
al. 2013, 2014). Cette interaction existante entre la dépression de consanguinité et 
l’environnement pourrait favoriser la colonisation des milieux où la pression de sélection 
environnementale est faible (e.g. Stiller & Denton 1995; Daehler & Strong 1997; Daehler 1999; 
Hawley et al. 2005, 2006; Hufbauer et al. 2013; Murren & Dudash 2012; Schrieber & 
Lachmuth 2017). Par exemple, les populations invasives de la spartine Spartina alterniflora 
(Stiller & Denton 1995; Daehler & Strong 1997; Daehler 1999) et du roselin Haemorhous 

mexicanus (Hawley et al. 2005, 2006) présentent une diminution de la résistance aux ennemis 
naturels liée à l'accumulation de mutations délétères pour ces traits dans l'environnement 
envahi qui ne présente pas d’ennemis naturels. 

 
 

2.2.2.	Adaptation	post-introduction	

La force de la barrière des conditions environnementales rencontrée peut entrainer l’extinction 
de la population introduite en l’absence d’adaptation (Orr & Unckless 2008). Néanmoins, un 
nombre croissant d'études démontrent des changements phénotypiques dans les populations 
invasives après l’introduction (e.g. Mooney & Cleland 2001; Lee & Petersen 2002; Garcia-
Ramos & Rodriguez 2002; Cox 2004; Huey et al. 2005; Bossdorf et al. 2005; Novak 2007; 
Prentis et al. 2008; Whitney & Gabler 2008; Colautti & Barrett 2013; Colautti & Lau 2015). 
Lorsqu'une population ayant subi un goulot d’étranglement surmonte les nouvelles pressions 
environnementales uniquement grâce à l'apparition de modifications génétiques avantageuses, 
on parle de « sauvetage évolutif » (« evolutionary rescue », Bell & Gonzalez 2009). 

Un allèle favorable peut être sélectionné à partir du polymorphisme génétique existant au sein 
de la population d’origine (« standing genetic variation », Orr & Betancourt 2001; Barrett & 
Schluter 2008), représenté en Figure I–4B (cas 2) par la diminution de la fréquence du 
génotype vert foncé. Par exemple, le succès invasif de la jacinthe d’eau Eichhornia paniculata 
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en Amérique Centrale est due à l’apparition du phénotype autogame (i.e. phénotype non 
présent dans les populations natives) dont la variation génétique associée est présente en très 
faible fréquences dans son aire native au Brésil (Husband & Barrett 1993; Barrett et al. 2008). 
En revanche, ce polymorphisme n’est pas toujours disponible dans la population source. Un 
allèle peut alors également être sélectionné à partir d’une mutation de novo, représenté par 
l’apparition d’un génotype bleu foncé en Figure I–4B (cas 3). Un allèle avantageux sera plus 
rapidement fixé sous l’effet de la sélection naturelle que sa fréquence allélique est forte dans la 
population (Barrett et al. 2008). Ainsi, l’adaptation a plus de chances de se produire rapidement 
à partir du polymorphisme existant car l’apparition d’une mutation de novo peut prendre du 
temps et sa fréquence sera faible. Néanmoins, l’augmentation de diversité génétique liée aux 
modalités d’introduction (e.g. introductions multiples) peut fournir un fort potentiel de 
mutations de novo (Keller & Taylor 2008; Colautti & Lau 2015). 

Un allèle avantageux et sélectionné dans un environnement donné peut avoir une faible valeur 
sélective dans un autre environnement ou demeurer neutre (Tiffin & Ross-Ibarra 2014). 
L’influence de l’allèle sélectionné sur la valeur sélective dans les différents environnements 
entraine un tri spatial des populations (Figure I–3B : cas 3). Lorsque la valeur sélective 
diminue dans le deuxième environnement, l’allèle désavantageux est maintenu à faible 
fréquence sous l’effet de la sélection, ou bien la population ne colonisera pas cet 
environnement. Ainsi, l’adaptation des populations introduites dans un environnement donné 
ne garantira pas son expansion spatiale et donc son succès invasif si l’environnement est 
spatialement hétérogène. Dans le cas où la valeur sélective dans le deuxième environnement ne 
dépend pas de cet allèle, l’allèle neutre reste en fréquence variable. La migration d’individus 
entre des populations subissant des pressions de sélection divergentes réduit la vitesse de 
fixation d’un allèle favorable en introduisant d’autres allèles plus ou moins favorables (i.e. 
homogénéisation, Figure I–1 ; Sexton et al. 2014).  

La plasticité phénotypique (i.e. la capacité d’un génotype à produire différents phénotypes dans 
différents environnements) peut également permettre aux individus de répondre rapidement aux 
nouvelles pressions de sélection (Sakai et al. 2001; Lee 2002; Richards et al. 2006). Par 
exemple, Geng et al. (2007) ont démontré que l’existence d’une plasticité phénotypique avant 
l’introduction pouvait expliquer le succès invasif de l’alternanthère Alternanthera 

philoxeroides dans différents habitats. De plus, cette plasticité phénotypique peut être 
sélectionnée, notamment si l’environnement est hétérogène ou fluctuant (Richards et al. 2006), 
et certaines populations invasives présentent une plus grande plasticité phénotypique que les 
populations natives (e.g. Kaufman & Smouse 2001; Lavergne & Molofsky 2007; Lande 2015). 

 
 

3.	Génétique	de	l’invasion	

La génétique de l’invasion est une discipline relativement récente qui étudie les facteurs et 
processus structurant la variabilité génétique dans les populations invasives, ainsi que leurs 
conséquences écologiques et évolutives (Barrett et al. 2016). Nous présentons ici les différentes 
approches méthodologiques utilisées dans cette thèse. 
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3.1.	Modalités	d’introduction	

3.1.1.	Routes	de	colonisation	

L’identification des routes de colonisation (i.e. à partir des populations en dehors de l’aire 
d’introduction) et de dispersion/migration (i.e. à partir des populations initialement introduites 
et établies) constitue une étape clé dans l’étude du processus d’invasion. La méthode se basant 
sur l’utilisation de l’information génétique est dite indirecte (Estoup & Guillemaud 2010). La 
différenciation génétique des populations permet d’identifier leurs liens de parenté et d’inférer 
les routes de colonisation selon l’hypothèse que les populations introduites sont plus proches 
génétiquement de leur population source que de tout autre population. Différentes mesures de 
la structure génétique des populations telles que le FST ou l'analyse de la variance moléculaire 
(AMOVA, Excoffier et al. 1992) ont classiquement été utilisées pour déduire la présence ou 
l'absence relative de flux de gènes entre les populations, mais les méthodes d’assignation ont 
fourni une avancée considérable pour déterminer l’origine d’une population (Rannala & 
Mountain 1997; Cornuet et al. 1999). Ces méthodes d’assignation ont été implémentées pour 
détecter les migrants de première génération à l’échelle individuelle (GENECLASS 1 & 2, Piry & 
Cornuet 1999; Piry et al. 2004) ou populationnelle (BAYESASS, Wilson & Rannala 2003) et 
utilisées pour retracer les routes de colonisation pour différentes espèces (e.g. Genton et al. 
2005; Ciosi et al. 2008; Tepolt et al. 2009; Rollins et al. 2009).  

D’autres méthodes de regroupement ou basées sur le calcul du maximum de vraisemblance, 
telles que STRUCTURE (Pritchard et al. 2000), MIGRATE (Beerli 2002) ou DAPC (Jombart et al. 
2008) ont pu être utilisées (e.g. Bryan et al. 2005 ; Guiller et al. 2012). En revanche, ces 
méthodes présentent un fort taux d’erreur d’assignation étant donné qu’elles ne prennent pas en 
compte l’impact d’événements stochastiques sur la différenciation génétique des populations 
(i.e. goulot d’étranglement, admixture) pouvant aboutir à une forte variabilité entre populations 
introduite et source (Estoup & Guillemaud 2010; Guillemaud et al. 2010). 

Plus récemment, la méthode Bayésienne « approximate Bayesian computation » (ABC, 
Beaumont et al. 2002) s’est révélée utile, notamment car elle permet de combiner les méthodes 
directes et indirectes (i.e. méthodes basées sur l’utilisation de l’information géographique et 
l’historique des introductions) en prenant en compte les dates de divergence (i.e. dates 
d’introduction), la stochasticité démographiques (i.e. goulots d’étranglement) et les 
introductions multiples (i.e. évènements d’admxiture). La quantification de la probabilité 
d’avoir identifié le bon scénario, l’estimation du taux d’erreur et la possibilité d’utiliser 
différents types de marqueurs génétiques, ont fait de l’ABC une méthode de choix pour retracer 
les routes de colonisation (e.g. Pascual et al. 2007; Zepeda-Paulo et al. 2010; Ascunce et al. 
2011; Lombaert et al. 2011; Guiller et al. 2012; Guillemaud et al. 2015; Gotzek et al. 2015; 
Fraimout et al. 2017; van Boheemen et al. 2017).  

La reconstruction des routes de colonisation par scenario ABC a fourni des informations 
pertinentes sur notre compréhension des modes d’introduction et leur rôle dans le succès 
invasif, notamment avec la mise en évidence de scénarios très complexes impliquant des 
populations tête de pont, aussi bien chez les animaux, comme chez la coccinelle Harmonia 

axyridis (Lombaert et al. 2010) ou la punaise Leptoglossus occidentalis (Lesieur et al. 2019), 
que chez les végétaux, comme chez la centaurée Centaurea solstitialis (Barker et al. 2017) ou 
l’ambroisie Ambrosia artemisiifolia (van Boheemen et al. 2017). Bien que les méthodes 
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directes soient limitées par la faible abondance des données (Estoup & Guillemaud 2010; 
Cristescu 2015), les données de proximité aux sites de transport constituent une source 
d’information importante. Par exemple, Bertelsmeier et al. (2018) ont utilisé des données 
d’interception de fourmis dans les aéroports et ports maritimes des Etats-Unis et de Nouvelle-
Zélande entre 1914 et 2013, et ont montré qu’un grand nombre d’espèces de fourmis sont 
introduites selon un scénario tête de pont : une espèce détectée dans l’une des deux zones 
d’études provient d’une région où l’espèce avait été précédemment interceptée. 

 
 

3.1.2.	Inférences	démographiques	

Depuis les années 1970s, différentes méthodes ont été développées pour reconstruire l’histoire 
démographique des populations (Salmona et al. 2017). Une considération générale en génétique 
de l’invasion a été l'utilisation de la variation génétique pour identifier les populations ayant 
subi des goulots d'étranglement. Les mesures les plus courantes de la diversité génétique sont 
l'hétérozygotie (i.e. proportion d'individus hétérozygotes dans la population), la diversité 
allélique (i.e. nombre d'allèles à un locus de la population) et la proportion de loci polymorphes 
(e.g. Hebert & Muncaster 1989; Novak & Mack 1993). 

Différentes méthodes ont été proposées pour détecter les goulots d’étranglement, dont trois sont 
implémentées dans le programme BOTTLENECK (Piry et al. 1999) : i) l'excès en hétérozygotes, 
reposant sur l'hypothèse que les populations subissant une réduction de taille efficace présente 
un excès d'hétérozygotie par rapport à l'hétérozygotie attendue à l'équilibre de dérive-mutation 
(Cornuet & Luikart 1996), ii) les changements dans la distribution des fréquences alléliques 
(Luikart et al. 1998), ou iii) le test « M-ratio », basé sur le rapport entre le nombre d’allèles et 
l’étendue de taille de ces allèles pour des loci microsatellites (Garza & Williamson 2001). Ces 
tests ont été utilisés à différentes reprises pour détecter ces évènements démographiques dans 
les populations invasives (e.g. Abdelkrim et al. 2005; Aketarawong et al. 2007; Russell et al. 
2009). En revanche, ils présentent un pouvoir statistique faible et ont souvent échoué à détecter 
les événements récents (Girod et al. 2011; Peery et al. 2012).  

D’autres tests de neutralité, tels que le D de Tajima (Tajima 1989), les F de Fu (Fu 1997) et Fu 
et Li (Fu & Li 1993) ont également été utilisés (e.g. Zhong et al. 2013), notamment à partir des 
séquences d’ADN mitochondrial (DNASP, Rozas et al. 2003). D’autres outils ont pu être 
développés à partir de séquences pour détecter l’expansion des populations, tels que le nombre 
de différences entre haplotypes pris deux à deux (« mismatch distribution », Rogers & 
Harpending 1992), bien que cette méthode soit peu utilisée pour tenter de comprendre les 
évènements démographiques chez les espèces invasives (mais voir Koehler-Santos et al. 2006; 
Daümer et al. 2012). 

Des progrès importants ont été possibles grâce au développement de la théorie de la 
coalescence (e.g. Donnelly & Tavare 1995; Nordborg 2001) et notamment le développement 
d’approches Bayésiennes (e.g. Wilson & Balding 1998; Pritchard et al. 1999; Beaumont 1999; 
Estoup et al. 2001; Beaumont et al. 2002; Drummond et al. 2005; Hamilton et al. 2005). Par 
exemple, Almeida et al. (2009) ont utilisé une méthode basée sur la reconstruction 
phylogénétique (« Bayesian Skyline Plot » sous BEAST, Drummond et al. 2005, 2007) pour 
déterminer les dates d’introduction et d’expansion des populations invasives d’un virus 
phytopathogène à Hawaï. La méthode ABC (Beaumont et al. 2002) présenté en section I–3.1.1 
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permet également d’inférer les paramètres démographiques des populations tout en testant des 
scénarios complexes, incluant la taille efficace des populations, le taux de migration, les temps 
intermédiaires de changement de taille efficace et l’intensité des goulots d’étranglement (e.g. 
Keller et al. 2012). En revanche, cette méthode ABC présente quelques limites, notamment car 
elle oblige la fixation de paramètres a priori et le choix d’un certain nombre de modèles 
démographiques (Templeton 2009, 2010).  

Plus récemment, d’autres méthodes ont alors été développées pour inférer l’histoire 
démographique des populations sans a priori (Salmona et al. 2017). Ces méthodes sont 
majoritairement basées sur le spectre de fréquence allélique (ou spectre de fréquence du site, 
SFS). Le SFS représente la distribution des fréquences alléliques d'un ensemble de sites 
variables dans une population par classe de fréquences (e.g. singletons, doubletons, etc.) 
(Fisher 1930). Le SFS d’une population correspond simplement la distribution des fréquences 
de l’allèle minoritaire. Différentes méthodes utilisent le SFS pour inférer les changements de 
taille efficace au cours du temps, telles que STAIRWAY PLOT (Liu & Fu 2015) et 
POPSIZEABC (Boitard et al. 2016). Plus récemment, de nouvelles méthodes permettent l'analyse 
de la variation génétique dans l'ensemble du génome, et ainsi de prendre en compte les taux de 
recombinaison à l’échelle des chromosomes, telles que PSMC (Li & Durbin 2011), MSMC 
(Schiffels & Durbin 2014) ou SMC++ (Terhorst et al. 2017). Même si ces approches offrent de 
nombreux avantages pour reconstruire l’histoire démographique des populations, celles-ci 
n’ont pas encore été utilisées pour détecter des changements démographiques récents dans le 
contexte des invasions biologiques. 

Les populations invasives sont susceptibles d’être le résultat d’introduction multiples, de 
présenter une forte structure génétique même à une échelle locale liée à des évènements 
successifs de perte de diversité génétique favorisant la reproduction entre individus apparentés. 
Ces approches supposent en revanche que la population étudiée présente une reproduction en 
panmixie et que les populations soient non connectées (Salmona et al. 2017). Par ailleurs, la 
structure génétique de l’échantillon analysé peut influencer les inférences de changements de 
taille efficace au cours du temps et créer des artéfacts de contraction ou expansion de la 
population (Nielsen & Beaumont 2009; Städler et al. 2009; Chikhi et al. 2010; Heller et al. 
2013). Différentes approches ont ainsi été proposées pour réduire l’effet confondant de la 
structure génétique, telle l’analyse d’échantillons provenant de la même population, mais la 
meilleure recommandation reste d’analyser des groupes génétiquement homogènes (Städler et 
al. 2009; Chikhi et al. 2010; Heller et al. 2013).  

 
 
3.2.	Facteurs	environnementaux		

3.2.1.	Détection	d’adaptation	locale	

Comprendre la base génétique des traits impliqués dans une adaptation rapide à de nouvelles 
conditions environnementales est un objectif majeur en génétique de l’invasion (Weinig et al. 
2006; Prentis et al. 2008; Handley et al. 2011). L’adaptation rapide a classiquement été étudiée 
au moyen de comparaisons physiologiques et morphologiques en conditions expérimentales 
(« common garden »). Une approche basée sur la différenciation des traits quantitatifs par 
rapport à la différenciation génétique neutre (respectivement QST et FST) s’est avérée utile pour 
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révéler une réponse à la sélection dans les populations introduites (e.g. Lavergne & Molofsky 
2007; Keller & Taylor 2008; Eales et al. 2010). 

Parallèlement au développement du séquençage haut débit, qui a permis d’accéder à une grande 
partie de la variabilité génétique dans le génome, différentes méthodes de détection de gènes 
sous sélection dans les génomes (« genome scan ») ont été développées. Ces méthodes reposent 
sur l’identification de loci montrant un signal de différenciation anormalement élevé par 
rapport au reste du génome (Beaumont & Balding 2004). Certaines d’entre elles se basent sur 
une mesure de différenciation génétique (FST), telles que BAYESCAN (Foll & Gaggiotti 2008), 
DFDIST (Caballero et al. 2008) ou OUTFLANK (Whitlock & Lotterhos 2015). Une alternative est 
d’utiliser une méthode d’ordination, telle que PCADAPT (Duforet-Frebourg et al. 2016). Dans le 
contexte des invasions biologiques, ces méthodes ont permis d’identifier des gènes candidats à 
l’invasion (e.g. Wang et al. 2012 ; Riquet et al. 2013; Vandepitte et al. 2014; Vera et al. 2016), 
notamment lorsque cette approche est combinée à un échantillonnage temporel. Par exemple, la 
comparaison des fréquences alléliques de populations natives, introduites (échantillons de la 
population fondatrice) et invasives (échantillons actuels) du sisymbre Sisymbrium austriacum a 
révélé une forte divergence des gènes de la floraison durant l’établissement, indiquant qu'une 
adaptation rapide a précédé l’expansion (Vandepitte et al. 2014). En revanche, le pouvoir 
statistique de ces méthodes dépend du degré de différenciation des populations et de 
l’échantillonnage (e.g. Riquet et al. 2013) et l’interprétation est limitée car les données 
environnementales ne sont pas prises en compte dans l’inférence.  

Certaines méthodes permettent maintenant d’intégrer explicitement les variables 
environnementale, telle que BAYESCENV (De Villemereuil & Gaggiotti 2015). D’autres 
reposent sur l’hypothèse que les allèles adaptatifs d’un locus sont sélectionnés différemment 
selon l’environnement, et donc que des populations distribuées dans des environnements 
différents présentent des fréquences alléliques significativement corrélées au gradient 
environnemental correspondant. Ces méthodes sont qualifiées de tests d’association génotype-
environnement (« genotype-environment association », GEA), telle que LFMM (Frichot et al. 
2013). En revanche ces deux dernières méthodes n’utilisent qu’un seul prédicteur 
environnemental à la fois.  

Lorsque le gradient sélectif principal est inconnu, il peut être intéressant de démêler les 
associations multifactorielles entre variation génétique et variation environnementale 
(Capblancq et al. 2018). Récemment, différentes approches ont été proposées, basées sur la 
combinaison d’analyses mutlivariées et des procédures d'association génotype-environnement 
(Steane et al. 2014; Forester et al. 2016, 2018; Capblancq et al. 2018). Ces approches 
permettent d’identifier les gradients environnementaux les plus corrélés à la variation 
génétique. Une fois ces gradients identifiés, il est possible d’évaluer laquelle des variables 
environnementales corrélées à ce gradient contribue le plus à la variation génétique (GDM, 
Fitzpatrick & Keller 2015). Si cette dernière méthode, comme beaucoup d’autres, prend en 
compte l’histoire démographique des populations (Foll & Gaggiotti 2008; Frichot et al. 2013; 
De Villemereuil & Gaggiotti 2015; Whitlock & Lotterhos 2015; Capblancq et al. 2018), elle 
permet également de contrôler que les prédicteurs environnementaux identifiés ont un effet 
plus fort que l’isolement par la distance (Fitzpatrick & Keller 2015).  

L’utilisation de différentes méthodes de détection de sélection peut limiter la découverte de 
faux positifs (De Villemereuil et al. 2014; Lotterhos & Whitlock 2015; Nadeau et al. 2016). 
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Cette approche est courante et a été appliquée pour détecter de la variabilité adaptative dans des 
populations invasives (e.g. Harrisson et al. 2017; Andrew et al. 2018; Hofmeister et al. 2019). 
Néanmoins, un phénomène inhérent à l’expansion des populations invasives : le surf génétique, 
pourrait aboutir à des conclusions erronées (Klopfstein et al. 2006; Excoffier & Ray 2008). 

 
 

3.2.2.	Génétique	du	paysage	

Le rôle de la dispersion des populations dans le succès d’une invasion est de plus en plus 
reconnu (e.g. Kokko & Lopez-Sepulcre 2006; Ronce 2007). Il existe une relation de cause à 
effet directe entre la dispersion, le flux de gènes et la structure génétique des populations. La 
variabilité génétique a ainsi été utilisée pour quantifier la dispersion «effective», et l’évolution 
parallèle des méthodes de génétique du paysage permet à présent de mieux caractériser les 
facteurs favorisant la connectivité des populations (Manel et al. 2003; Storfer et al. 2010). La 

connectivité correspond au « degré à partir duquel le paysage va faciliter ou empêcher le 
mouvement des organismes entre les taches d’habitat » (Taylor et al. 1993), reposant ainsi sur 
l’existence d’une structuration spatiale des populations dans un paysage hétérogène 
(Tischendorf & Fahrig 2000); Moilanen & Hanski 2001).  

Différentes méthodes ont été développées, en fonction des facteurs géographiques considérés 
pour expliquer la structuration génétique des populations : l’isolement par la distance, 
l’isolement par barrière, et l’isolement par la résistance. Une des premières mesures utilisées 
pour caractériser la dispersion chez les espèces invasives est l’isolement par la distance (e.g. 
Van Leeuwen et al. 2013). Cette approche ne permettant pas de visualiser les barrières dans 
l’espace, d’autres méthodes ont été développées pour détecter des barrières physiques à la 
dispersion (i.e. isolement par barrière). L’identification des barrières se fait grâce aux 
changements de fréquences alléliques entre populations géo-référencées, tel qu’implémenté 
sous SPLATCHE (Currat et al. 2004), EASYPOP (Balloux 2001), ou GENELAND (Guillot et al. 
2005). Par exemple, Zalewski et al. (2009) ont montré que la présence de montagnes 
Cairngorms en Ecosse était corrélée à des discontinuités génétiques chez le vison Neovison 

vison. Plus récemment, ce type de méthode permet de mesurer la magnitude de la barrière (ou 
du corridor) en utilisant la déviance des changements fréquences par rapport à un modèle 
d’isolement par la distance (EEMS, Petkova et al. 2016). Une de ces approches a notamment été 
modifiée pour inférer différents paramètres de dispersion d’une espèce invasive : la distance de 
dispersion moyenne par génération et la vitesse de dispersion (Estoup et al. 2010). En revanche, 
ces méthodes ne prennent pas en compte les éléments du paysage dans l’inférence. Les 
barrières paysagères sont alors déduites visuellement en fonction de la localisation des barrières 
théoriques à la dispersion inférées à partir des données génétiques. De plus, ces méthodes 
permettent d’identifier l’influence des caractéristiques géographiques majeures (e.g. chaînes de 
montagne) et non les facteurs subtils liés à l’habitat. 

Plutôt que de simplement évaluer l’isolement par la distance ou par barrière, les approches 
suivantes quantifient la distance effective du paysage (i.e. isolement par la résistance, McRae 
2006) entre des populations en fonction de la matrice paysagère (Storfer et al. 2010). Les 
distances de résistance, interprétées comme la connectivité fonctionnelle, se calculent à partir 
d’une surface de résistance, correspondant à une couche spatiale contenant des valeurs 
représentant la mesure dans laquelle la caractéristique environnementale empêche ou facilite la 
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dispersion d’un organisme à travers l’espace (Spear et al. 2010). Les surfaces de résistance ont 
souvent été considérées comme des facteurs uniques mais de nouvelles méthodes permettent 
d’utiliser simultanément plusieurs surfaces de résistance afin de créer une surface de résistance 
composite (Peterman 2014). 

Les distances de résistances peuvent être calculée sous différents programmes, tels que 
PATHMATRIX (Ray 2005), CIRCUITSCAPE (McRae & Beier 2007) ou COSTDISTANCE dans 
ArcGIS (ESRI, Redlands, CA, USA) ; et selon différentes approches. Le chemin de moindre 
coût (« least-cost path »), représentant la distance la moins coûteuse et la plus courte à franchir. 
Les approches multi-chemins visent à identifier tous les chemins existants entre deux taches et 
ne conservent que ceux en dessous d’un seuil de distance de coût défini (« conditional mimum 

transit cost » et « multiple shortest path », Pinto & Keitt 2009). Plus récemment, une autre 
méthode développée utilise la théorie du circuit (i.e. conductance de la matrice paysagère, 
McRae et al. 2008). Ainsi, la résistance effective entre deux populations est d’autant plus faible 
qu’il il y a de liens entre ces deux populations. Cette approche permet d’obtenir une meilleure 
représentation de la dispersion et de l’hétérogénéité du paysage (McRae et al. 2008). 

La relation entre les distances géographiques ou distances de résistance, et les distances 
génétiques peut être estimée par des tests de régression entre matrices de distances, tels que les 
tests de Mantel (Legendre & Legendre 2012) ou les régressions multiples (Lichstein 2007). La 
modélisation spatiale avec des simulations informatiques est une alternative attrayante (Currat 
et al. 2004; Manel et al. 2007; Epperson et al. 2010) et l’amélioration de certaines méthodes 
permet de prendre en compte la complexité environnementale, avec la possibilité d’inclure des 
cartes de friction construites à partir de surfaces de résistance (SPLATCHE 2, Ray et al. 2010).  

La génétique du paysage devrait ainsi permettre de mieux comprendre le rôle de la dispersion 
dans le succès invasif d’une espèce et les facteurs paysagers favorisant, ou au contraire 
empêchant, l’expansion des populations. En revanche, cette discipline s’est très peu développée 
dans le contexte des invasions biologiques. Une explication pourrait être que la dispersion de 
nombreuses espèces invasives n’est pas impactée par les barrières paysagères naturelles à 
l’échelle régionale puisque la dispersion à longue distance s’effectue par transport passif lié aux 
activités humaines. Néanmoins, la dispersion à l’échelle locale peut se faire de manière 
naturelle, impliquant alors le passage à travers les éléments du paysage. La combinaison des 

deux modes de dispersion (passive et naturelle), appelée dispersion stratifiée, joue un rôle 
important dans certaines invasions biologiques (e.g. Nash et al. 1995; Sharov & Liebhold 1998; 
Gilbert et al. 2004). De plus, la dispersion à longue distance peut être caractérisée par des 
« sauts », résultant en des ilots colonisés distants les uns des autres (Wilson et al. 2009). Ces 
ilots offrent d’excellents laboratoires naturels pour étudier les facteurs paysagers pouvant 
impacter la connectivité des populations. Bien que la contribution du transport assisté par 
l'homme pour l’expansion à large échelle soit bien comprise (Wilson et al. 2009), peu d’études 
se sont intéressées au rôle de la dispersion naturelle (e.g. Aubry et al 2006). 
 
 

4.	Modèle	d’étude:	le	moustique	tigre	Aedes	albopictus	

Le moustique tigre Aedes albopictus (Skuse 1984 ; = Stegomyia albopicta, Reinert et al. 2004) 
est l’une des espèces de moustique les plus répandues dans le monde et est désormais classée 
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4.2.	Répartition	

4.2.1.	Origine	géographique	

Aedes albopictus est originaire d’Asie du Sud-Est (Chan & Chan 1971; Harrison et al. 1972; 
Hawley 1988). Il est présent dans des environnements très contrastés le long d’un gradient 
latitudinal, des régions tropicales d’Asie du Sud-Est (larges îles Indonésiennes, Péninsule 
Malaise) aux régions tempérées du Nord-Est de la Chine et du Japon, en passant par les régions 
subtropicales de la Péninsule Indochinoise jusqu’à l’Inde plus à l’Ouest (Figure I–6). 
 
	

 
Figure I–6 Distribution géographique mondiale d’Aedes albopictus. Les points rouges représentent 
les données d’occurrences (N = 38367) obtenues à partir des données du projet Global Biodiversity 
Information Facility (GBIF) disponibles en ligne (https://www.gbif.org/). La majorité des données 
proviennent du Global compendium of Aedes albopictus occurrence (Kraemer et al. 2015). 

	

	

4.2.2.	Modes	d’introduction	

Le principal mode de dispersion longue distance d’Ae. albopictus se fait via la dispersion 
passive assistée par l’homme. La croissance rapide des échanges commerciaux à l’échelle 
mondiale a multiplié les introductions à partir de son aire d’origine en Asie (Eads 1972; Craven 
et al. 1988; Kay et al. 1990; Cornel & Hunt 1991; Laird et al. 1994; Adhami & Reiter 1998). 
L’intensification du commerce des pneus usagés est le principal facteur ayant favorisé la 
dispersion entre différents continents (Eads 1972; Reiter 1998), plus rarement pour le 
commerce des plantes d’ornementation (Madon et al. 2002; Scholte et al. 2007; Linthicum et 
al. 2003; Demeulemeester et al. 2014). Cette dominance des pneus usagés provient du fait que 
les œufs d’Ae. albopictus sont résistants à la dessiccation et que les pneus constituent un site de 
ponte préférentiel (Hawley 1988; Grist 1993; Reiter 1998). 

L’expansion spatiale des populations ayant été rapide suite aux introductions, le rôle de la 
dispersion naturelle peut être exclu. En effet, Ae. albopictus a une faible capacité de dispersion 
naturelle, le vol journalier étant compris dans un rayon de 100 mètres lorsqu’un habitat 
approprié est disponible (Bonnet & Worcester 1946), mais dont la dispersion moyenne est 
comprise entre 200 et 500 mètres (Bonnet & Worcester 1946; Liew & Curtis 2004; Turell et al. 
2005; Lacroix et al. 2009; Marini et al. 2010). La dispersion intracontinentale après 
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l’introduction est probablement due au transport passif des œufs via le transport routier, et 
notamment celui des pneus usagés (Knudsen et al. 1996). En effet, de nombreux signalements 
rapportent la présence de spécimens sur des zones de stockage de pneus usagés (Adhami & 
Reiter 1998 ; Schaffner & Karch 2000; Schaffner et al. 2001; Klobučar et al. 2006). 
Néanmoins, des recherches récentes ont mis en évidence le rôle des déplacements automobiles 
journaliers dans la dispersion d’Ae. albopictus (Eritja et al. 2017). 

 
 

4.2.3.	Distribution	globale	

En dehors de son aire d’origine, Ae. albopictus est présent sur l’ensemble des continents 
excepté l’Antarctique (Figure I–6). Sa diffusion a probablement débuté à la fin du 19ème siècle, 
ou début du 20ème siècle, par les îles d’Hawaï, les îles du Pacifique Sud (e.g. Guam) ainsi que 
l’Océan Indien (e.g. La Réunion, Madagascar) (Bonnet & Worcester 1946; Hawley 1988; Gratz 
2004; Scholte & Schaffner 2007). Majoritairement restreinte à ces régions jusqu’à la seconde 
moitié du 20ème siècle, sa répartition s’est rapidement étendue au cours des dernières décennies. 

Les premières détections remontent à 1946 et 1971 en Amérique du Nord (Pratt et al. 1946; 
Eads 1972). Peu après son introduction sur le continent Américain, il a été détecté en 1979 en 
Europe (Adhami & Murati 1987). Durant la décennie suivante, il a également été introduit en 
Amérique du Sud en 1986 (Forattini 1986), en Australie en 1988 (Kay et al. 1990), et en 
Afrique en 1990 (Cornel & Hunt 1991). Le nombre d’introductions s’est rapidement multiplié, 
avec des détections dans plus de 50 pays où Ae. albopictus est désormais reconnu comme établi 
(Table I–1). Quelque soit la zone colonisée, Ae. albopictus s’est rapidement propagé à la 
majorité des régions ou états voisins, sur plusieurs centaines de kilomètres en seulement 
quelques années (e.g. O'Meara et al. 1995; Knudsen et al. 1996; Moore & Mitchell 1997; 
Santos 2003; Martinez & Estrada 2003; Romi et al. 2008; Kalan et al. 2011; Rochlin et al. 
2013; Alarcón-Elbal et al. 2014; Collantes et al. 2015; Yee 2016; Badieritakis et al. 2018). 

 
 
4.2.4.	L’invasion	de	l’Europe	:	zone	d’étude	

Aedes albopictus aurait été introduit au milieu des années 70 au Nord de l’Albanie, mais ce 
n’est qu’en 1979 que sa présence sur le territoire est signalée (Adhami & Murati 1987; Adhami 
& Reiter 1998). Son établissement rapide en Albanie n’a en revanche pas engendré de 
nouvelles introductions dans les pays frontaliers, et son expansion en Europe n’a débuté 
qu’après une seconde double-introduction au Nord de l’Italie, en 1990 à Gène (Sabatini et al. 
1990) puis en 1991 à Padoue, où la présence d’une population reproductrice est signalée dès 
l’année suivante (Dalla Pozza & Majori 1992). Jusque dans les années 1995, sa distribution est 
restée relativement restreinte au Nord de l’Italie et au Nord de l’Albanie (Figure I–7) (Dalla 
Pozza et al. 1994; Romi & Majori 1998).  
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Table I–1 Chronologie des introductions d’Aedes albopictus à l’échelle globale entre 1940 et 2018. Seuls les 
rapports de détection sont référencés. Les présences sporadiques, où l’espèce n’est pas reconnue comme établie, sont 
indiqués par *. 
 

Année de 

détection 
Continent Pays Localités Références 

1946 Amérique du Nord Etats Unis* Los Angeles, Californie Pratt et al. 1946  
1971 Amérique du Nord Etats Unis* Oakland, Californie Eads 1972  

1977 Océanie 
Papouasie 
Nouvelle Guinée  

Elliott 1980 

1978 Océanie Îles Salomon Guadalcanal Elliott 1980 
1978 Océanie Îles Santa Cruz Ndeni Elliott 1980 
1979 Europe Albanie River Shkumbin Adhami & Murati 1987 
1983 Amérique du Nord Etats Unis*  Menphis, Tennessee Reiter & Darsie 1984 
1983 Amérique du Sud Trinité-et-Tobago* Trinidad Le Maitre & Chade 1983 
1985 Amérique du Nord Etats Unis Houston, Texas  Sprenger & Wuithiranyagool 1986  
1986 Amérique du Nord Etats Unis  Florida Peacock et al. 1988 
1986 Amérique du Sud Brésil Route entre Rio et São Paulo Forattini 1986 

1986-1987 Amérique du Nord Etats Unis 

Alabama, Arkansas, Florida, 
Georgia, Illinois, Indiana, 
Louisiana, Mississippi, Missouri, 
Ohio, Tennessee, and Texas 

Reiter 1998 

1988 Afrique Madagascar Côte Est et Hautes Terres Fontenille & Rodhain 1989 

<1988 Océanie Fidji 
Viti Levu, Vanua Levu, and 
Taveuni 

Laille et al. 1990; Kay et al. 1995 

1988 Océanie Australie Brisbane  Kay et al. 1990 
1989 Océanie Australie Darwin Kay et al. 1990 
1990 Afrique Afrique du Sud* Le Cap Cornel & Hunt 1991 
1990 Europe Italie Gêne Sabatini et al. 1990                               
1991 Afrique Nigeria Etat du Delta Savage et al. 1992 
1991 Europe Italie Padoue Dalla Pozza & Majori 1992 

1992 Océanie 
Papouasie 
Nouvelle Guinée 

Daru, Kiunga Cooper et al. 1994 

1993 Amérique du Nord Barbade* Reiter 1998 

1993 Amérique du Nord Mexique Muzquiz City, Coahuila 
Rodríguez Tovar & Ortega Martínez 
1994 

1993 Amérique du Nord Mexique 
Piedras Negras and Ciudad 
Acuña, Coahuila 

Ibanez-Bernal 1994 

1993 Amérique du Nord 
République 
Dominicaine 

Santo Domingo Peña 1993 

1993 Océanie Nouvelle Zélande* Auckland Laird et al. 1994 
1994 Europe Italie* Sardaigne Romi 1995  
1995 Amérique du Nord Cuba La Havane Broche & Borja 1999 
1995 Amérique du Nord El Salvador Eritja et al. 2005 
1995 Amérique du Nord Guatemala Puerto Barrios Ogata & Lopez 1996 
1995 Amérique du Nord Honduras Reiter 1998 
1997 Amérique du Nord Îles Caïmans Grand Cayman Lounibos et al. 2003  
1997 Amérique du Nord Mexique Allende City, Nuevo Léon Pesina et al. 2001 
1997 Amérique du Sud Bolivie* Eritja et al. 2005 
1997 Europe Italie Rome DiLuca et al. 2001 
1998 Amérique du Nord Costa Rica La Virgen, Province of Heredia  Calderón-Arguedas et al. 2010 

1998 Amérique du Sud Argentine 
San Antonio, Province de 
Misiones 

Rossi et al. 1999 

1998 Amérique du Sud Colombie Leticia Vélez et al. 1998 
1998 Amérique du Sud Paraguay Benedict et al. 2007 
1998 Europe France* Vienne, Poitou-Chanrentes Fauran et al. 1998 
1999 Europe France* Orne, Normandie Schaffner & Karch 2000 

2000 Afrique Cameroun 
Douala, Yaoundé, Campo, Edea, 
Bafia 

Fontenille & Toto 2001 

2000 Europe Belgique* Vrasene Schaffner et al. 2004 
2001 Afrique Guinée Equatoriale Bioko Toto et al. 2003 
2001 Europe Monténégro Podgorica Petric et al. 2001 

2002 Afrique Cameroun 
22 villes dans les régions Ouest 
et Sud 

Simard et al. 2005 

2002 Amérique du Nord Mexique Tapachula, Chiapas Martínez & Estrada 2003 
2002 Amérique du Nord Panama Eritja et al. 2005 
2002 Europe France Val-d'Oise Scholte & Schaffner 2007 
2002 Europe Slovénie Nova Gorica Turell 2002 
2003 Amérique du Nord Nicaragua León Lugo et al. 2005 
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2003 Europe Grèce Thesprotia and Corfu Samanidou-Voyadjoglou et al. 2005 
2003 Europe Italie Catane, Messine, Sicile Romi et al. 2008 
2003 Europe Italie Palerme, Sicile Liotta & Matranga, 2004 
2003 Europe Suisse Chiasso Flacio et al. 2004 
2003 Moyen-Orient Israël Pener et al. 2003 
2003 Moyen-Orient Liban Mt Lebanon, North, Bakaa Hadad et al. 2007 
2004 Europe Croatie Zagreb Klobucar et al. 2006 
2004 Europe Espagne Sant Cugat del Vallès, Catalogne Aranda et al. 2006 
2004 Europe France Alpes Maritimes Scholte & Schaffner 2007 
2004 Europe France Seine-et-Marne Scholte & Schaffner 2007 
2004 Océanie Australie York Island, Torres Strait Ritchie et al. 2006 

2004-2005 Europe Suisse Lugano et Locarno  Flacio et al. 2006 
2005 Afrique Gabon Owendo, Lowé River Krueger & Hagen 2007 

2005 Europe 
Bosnie 
Herzégovine 

Banja Luka  Petric et al. 2006 

2005 Europe Espagne Orihuela, Alicante  Roiz et al. 2007 
2005 Europe Grèce Igoumenitsa  Patsoula et al. 2006 
2005 Europe Pays-Bas* Aalsmeer  Scholte et al. 2007 
2005 Moyen-Orient Syrie Latakia Hadad et al. 2007 
2006 Europe France Calvados Scholte & Schaffner 2007 
2006 Europe France Haute Corse De Jong et al. 2009 
2006 Europe Italie Cagliari, Sardaigne Cristo et al. 2006 
2006 Europe Italie Olbia, Sardaigne Contini 2007 
2006 Europe Monaco Scholte & Schaffner 2007 

2007 Afrique Gabon 
Tcheungue, Ogoue Maritime 
Province 

Coffinet et al. 2007 

2007 Europe Allemagne BadenWurttemberg  Pluskota et al. 2008 
2007 Europe France Basse-Corse et Var ECDC/VBORNET 
2007 Europe Grèce Serres Badieritakis et al. 2018 
2007 Europe San Marino Scholte & Schaffner 2007 
2007 Europe Vatican Scholte & Schaffner 2007 

<2008 Moyen-Orient Pakistan Lahore, Sargodha, Faisalabad  Khan et al. 2011 
2008 Afrique Mali Bamako, Mopti Müller et al. 2016 
2008 Europe Grèce Aitoloakarnania  Giatropoulos et al. 2012 
2008 Europe Grèce Athènes Koliopoulos et al. 2008 

2009 Amérique du Nord Costa Rica 
Pital of San Carlos, Province 
d’Alajuela  

Calderón-Arguedas et al. 2010 

2009 Amérique du Nord Costa Rica Siquirres, Province of Limon  Marin et al. 2009  
2009 Amérique du Sud Venezuela Caracas Navarro et al. 2009 
2009 Europe Espagne Torrevieja, Alicante Delacour et al. 2009 
2009 Europe France Bouches-du-Rhône ECDC/VBORNET 
2009 Europe Malte Gatt et al. 2009 
2009 Europe Serbie* Frontière Croate Petrić et al. 2012 
2009 Moyen-Orient Iran Sistan-et-Baloutchistan Doosti et al. 2016 
2010 Afrique Algérie Tizi Ouzou Izri et al. 2011 
2010 Europe Espagne Benicàssim, Castellón  Delacour-Estrella et al. 2010 
2010 Europe France Alpes de Haute-Provence ECDC/VBORNET 
2010 Europe Italie Pergusa, Sicile Termine 2010 
2011 Amérique du Nord Mexique Cancun Salomón-Grajales et al. 2012 
2011 Europe Allemagne Weil am Rhein Werner et al. 2012 
2011 Europe Bulgarie Oter et al. 2013 
2011 Europe Espagne Era Alta, Murcie Collantes & Delgado 2011 
2011 Europe France Hérault, Gard et Vaucluse ECDC/VBORNET 
2011 Europe, Asie Russie Soshi Ganushkina et al. 2012 
2011 Europe, Asie Turquie Edirne, Tekirdag Oter et al. 2013 
2011 Océanie Royaume de Tonga Nuku'Alofa, Vaiola Guillaumot et al. 2012 

2011-2012 Europe Allemagne Freiburg  Kampen et al. 2013 
2012 Afrique Mozambique Maputo Kampango & Abílio 2016 

2012 Amérique du Nord Haïti 
Grand Anse, Sud, Centre, Ouest, 
Sud-Est, Artibonite 

Marquetti Fernández et al. 2012 

2012 Europe Allemagne Bavaria, Baden-Wuerttemberg Becker et al. 2012 
2012 Europe Autriche Tyrol  Becker et al. 2012 
2012 Europe Espagne Mazarrón, Murcia Bueno-Marí et al. 2012 

2012 Europe France 

Ardèche, Drome, Isère, Rhône, 
Aude, Pyrénées-Orientales, 
Haute-Garonne et Lot-et-
Garonne 

ECDC/VBORNET 

2012 Europe 
République 
Tchèque* 

Lanžhot, Ladná, Mikulov Šebesta et al. 2012 
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2012 Europe Roumanie Bucharest  Prioteasa et al. 2015 
2012 Europe Slovaquie Košická Basin  Bocková et al. 2013 
2013 Amérique du Sud Venezuela État de Carabobo Hernández et al. 2015 
2013 Europe Belgique* Vrasene Boukraa et al. 2013 

2013 Europe Espagne 
Gandía, Real de Gandía, Sueca y 

Cullera, Valence 
Bueno-Marí et al. 2013; Alarcón-
Elbal et al. 2013  

2013 Europe France Gironde ECDC/VBORNET 
2014 Afrique Algérie Tizi Ouzou Lafri et al. 2014 
2014 Europe Espagne Eivissa, Iles Baléares Barceló et al. 2015  
2014 Europe Espagne Majorque, Iles Baléares Miquel et al. 2013 
2014 Europe Espagne Minorque, Iles Baléares Bengoa et al. 2016 

2014 Europe France 
Savoie, Lot-et-Garonne et 
Saône-et-Loire 

ECDC/VBORNET 

2014 Europe Serbie* Frontière Monténégrine Petrić et al. 2017 
2015 Afrique Algérie Oran Benallal et al. 2016 
2015 Afrique Maroc Rabat Bennouna et al. 2016 
2015 Europe Espagne Ibiza, Iles Baléares Barceló et al. 2015 

2015 Europe France 

Ain, Tarn, Dordogne, Landes, 
Pyrénées-Atlantiques, Tarn-et-
Garonne, Lot, Vendée, Bas-Rhin 
et Seine-et-Marne  

ECDC/VBORNET 

2015 Europe Italie Lampedusa, Linosa, Pantelleria Di Luca et al. 2017 
2015 Europe, Asie Géorgie Batoumi Akiner et al. 2016 
2015 Europe, Asie Turquie Région de la Mer Noire Akiner et al. 2016 
2016 Europe Angleterre Westenhanger Medlock et al. 2017 
2016 Europe France Gers, Haut-Rhin, Aveyro ECDC/VBORNET 

2016 Europe Italie 
Giglio, Ventotene and Ustica 
(Mer Tyrrhénienne) 

Toma et al. 2017 

2016 Afrique Congo Kinshasa Bobanga et al. 2018 

2016-2017  Europe 
République 
Tchèque* 

Moravie du Sud Rudolf et al. 2018 

2017 Amérique du Sud Equateur Guayaquil Ponce et al. 2018 

2017 Europe France 
Lozère, Aisne, Indre, Maine-et-
Loire, Corrèze, Hautes-Alpes, 
Hautes-Pyrénées, Ariège 

ECDC/VBORNET 

2017 Europe Portugal Penafifiel  Osório et al. 2018 
2018 Afrique Tunisie Carthage, Amilcar, La Marsa  Bouattour et al. 2019 

 

 
En seulement dix ans, sa distribution s’est rapidement étendue à l’ensemble des autres régions 
d’Italie, où il a progressivement colonisé les régions centrales côtières avant 2000 (Romi et al. 
1999; DiLuca et al. 2001; Romi 2001) puis les régions centrales montagneuses et les régions du 
Sud (Romi et al. 2003). A partir de 2000, des spécimens d’Ae. albopictus ont été observés en 
dehors des régions initialement colonisées (Figure I–7) : i) au niveau des frontières Nord 
Italiennes, en 2002 en Slovénie (Turel 2002) et en 2003 en Suisse (Flacio et al. 2004), ii) sur les 
côtes Méditerranéennes, en 2004 en France sur la côte d’Azur (Scholte & Schaffner 2007) et en 
Catalogne (Aranda et al. 2006), iii) tout le long de la côte Adriatique, en Croatie en 2004 
(Klobucar et al. 2006), au Monténégro en 2001 (Petrić et al. 2001), jusqu’en Grèce en 2003 
(Samanidou-Voyadjoglou et al. 2005). L’espèce s’est ensuite propagée dans une vingtaine de 
pays Européens, y compris les îles Méditerranéennes (Figure I–7, Table I–1). 

L’abondance et la précision des informations sur les dates d’introduction sont précieuses pour 
tenter de comprendre les facteurs favorisant l’expansion spatiale des populations. Etant donné 
que la plupart des introductions se sont produites via le transport des pneus usagés, leur 
provenance a permis d’identifier les voies majoritaires d’introduction en Europe. C’est par 
exemple le cas de la Chine pour l’Albanie (Adhami & Reiter 1998) et les Pays-Bas (Scholte et 
al. 2007), ou les Etats-Unis d’Amérique et/ou le Japon pour l’Italie (Dalla Pozza et al. 1994; 
Reiter 1998) et les premières introductions en France (Fauran et al. 1998). Ces informations 
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Aedes albopictus est une espèce diurne et multivoltine (i.e. plusieurs générations par saison de 
reproduction). Les moustiques adultes mâle et femelle se nourrissent de nectar (Hawley 1988; 
Müller et al. 2011). La durée de vie des adultes dépend de la température, avec une espérance 
de vie moyenne supérieure chez les femelles (Hawley 1988; Joshi 1996; Calado & Navarro-
Silva 2002; Delatte et al. 2009), estimée entre 19 à 38 jours contre 14 à 31 jours chez les mâles 
(Liu et al. 1985; Delatte et al. 2009). Néanmoins, la longévité dans les populations naturelles 
est nettement inférieure (Hawley 1988; Brady et al. 2013). 

L’accouplement se fait en plein vol généralement près de l'hôte, lorsque la femelle vient 
prendre un repas de sang (Figure I–8) (Gubler & Bhattacharya 1971 ; Ali & Rozeboom 1973; 
Estrada-Franco & Craig 1995; Boyer et al. 2011). Après l'accouplement, les femelles stockent 
les spermatozoïdes dans leur spermathèque tout au long de leur vie (Gubler & Bhattacharya 
1971). Aedes albopictus est une espèce anautogène, les femelles ont donc besoin d’un repas de 
sang pour apporter les nutriments nécessaires au développement des œufs. Le repas de sang est 
pris au minimum deux jours après l’émergence (Delatte et al. 2009). Après l’ingestion du repas 
de sang, les œufs sont pondus dans un délai de trois à cinq jours (Hawley 1988). Une femelle 
peut pondre entre 42 et 88 œufs par ponte (Hawley 1988; Delatte et al. 2009). Les œufs d'un 
seul cycle gonotrophique peuvent donc être pondus dans plusieurs sites (Corbet & Chadee 
1993), permettant d’élargir la distribution spatiale des œufs. Entre 24 heures et 5 jours après la 
ponte, les femelles peuvent prendre un nouveau repas de sang (Mori & Wada 1977; Hawley 
1988), vont ainsi se succéder plusieurs cycles gonotrophiques au long de sa vie.  

Les œufs (Figure I–8) sont pondus sur une surface solide proche de la surface de l’eau, et 
poursuivront leur développement qu’une fois le support entièrement recouvert d’eau (Hawley 
1988). Ils ont néanmoins besoin d’une courte période d’assèchement avant immersion, afin 
d’éclore entre 2 et 5 jours après immersion en fonction de la quantité de nutriments disponibles 
et de la température (Clements 1992). Le taux d'éclosion des œufs dépend de différents facteurs 
environnementaux, tels que la température, la concentration en oxygène, le régime lumineux, la 
dessiccation et leur fluctuation (Imai & Maeda 1976; Monteiro et al. 2007; Delatte et al. 2009). 

Le stade larvaire comprend quatre stades (L1 à L4) durant lesquels les larves vont accroire leur 
taille par succession de mues (Figure I–8), qui peut durer entre 8 et 35 jours (Hawley 1988; 
Delatte et al. 2009). La vitesse de développement est déterminée par la température de l’eau 
(Clements 1992; Stephens & Juliano 2012) ou la disponibilité en nourriture et la densité 
larvaire (Mori 1978; Dogan et al. 2016). La survie et la taille des larves vont également 
dépendre des conditions environnementales (Monteiro et al. 2007; Delatte et al. 2009). Malgré 
leur mode de vie aquatique, les larves ont une respiration aérienne à la surface de l’eau, et sont 
donc pourvues d'un siphon respiratoire situé au niveau du dernier segment de l’abdomen 
(Clements 1992). La prise de nourriture est réalisée par broutage ou par filtrage de la colonne 
d’eau, ingérant ainsi de la matière organique et des micro-organismes (Meritt et al. 1992). 

Le stade nymphal constitue le dernier stade en milieu aquatique (Figure I–8). La nymphe 
présente un céphalothorax fortement sclérifié, ce qui ne lui permet pas de respirer à travers le 
tégument. Les nymphes respirent donc à la surface de l’eau, grâce à deux trompettes 
respiratoires situées sur le céphalothorax (Clements 1992). Durant la métamorphose, le canal 
alimentaire est détruit et les nymphes ne se nourrissent plus. Une fois la métamorphose 
achevée, les téguments du céphalothorax de la nymphe vont se rompre et permettent la sortie 
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de l’imago (Clements 1992). Les mâles présentent un temps de développement inférieur à celui 
des femelles et vont donc émerger en premier (Hawley 1988). 
 
 

4.3.2.	Plasticité	physiologique	

Les populations d’Ae. albopictus sont distribuées dans des climats très contrastés, des régions 
tropicales à subtropicales d’Asie du Sud-Est (aire native), d’Afrique, d’Amérique du Sud et des 
îles Indopacifiques (aire envahies) aux régions tempérées du Japon (aire native), d’Europe et 
des Etats-Unis (aire envahies) (Figure I–6). En revanche, sa distribution géographique 
correspond à certains seuils de conditions climatiques.  

Un des facteurs décisifs pour la distribution géographique d’Ae. albopictus est la température. 
La température idéale pour l’éclosion des œufs et le développement larvaire est comprise entre 
24°C et 30°C (Hawley 1988). Néanmoins, Ae. albopictus a la capacité de s’établir dans des 
régions tempérées où la température moyenne hivernale est basse. Comme chez de nombreux 
insectes, sa survie hivernale dans des environnements froids est principalement déterminée par 
la capacité des œufs à entrer dans une phase de diapause (Nawrocki & Hawley 1987; Hawley 
1988; Hanson & Craig 1994; Urbanski et al. 2010; Lounibos et al. 2003). Cette réponse est 
programmée par les facteurs environnementaux (Denlinger 1991). En fonction des conditions 
de température et de photopériode à la fin de la saison de reproduction, la femelle va pondre 
des œufs diapausants (Mori et al. 1981). La phase de diapause a une durée seuil déterminée, au 
delà de laquelle le retour des conditions favorables permettront la levée de la diapause (Mori et 
al. 1981; Hawley 1988; Poelchau et al. 2013c). La capacité des œufs d’Ae. albopictus à résister 
à des températures froides lorsqu’ils sont en diapause est due à une adaptation physiologique, 
liée à la synthèse d’une grande quantité de lipides (Briegel & Timmermann 2001; Armbruster 
2016) et des ajustements cuticulaires (Kreß et al. 2016).  

Dans les régions tempérées, la distribution d’Ae. albopictus correspond généralement à une 
limite de 0°C, température moyenne considérée comme seuil pour la survie des œufs (Mitchell 
1995; Medlock et al. 2006; Roiz et al. 2011). Ce seuil de 0°C est nettement inférieur au seuil de 
survie estimé en laboratoire. En effet, exposés entre −5°C et −13°C durant 24h, les œufs 
diapausants ont une chance de survie de 50% (Hanson & Craig 1995a; Thomas et al. 2012). La 
température minimale supportée en conditions naturelles durant de courtes vagues de froid 
(Hanson & Craig 1995b; Armstrong et al. 2017) semble proche de la température pour laquelle 
la mortalité est de 100% (−26°C, Hanson & Craig 1995a; Thomas et al. 2012). 

La survie et l’activité des adultes dépendent de la température. En moyenne, la limite de 
distribution d’Ae. albopictus correspond à une température moyenne annuelle de 11°C, mais de 
nombreuses populations sont reconnues comme établies en dehors de cette limite (Kobayashi et 
al. 2002; Medlock et al. 2006; Roiz et al. 2011). De manière générale, l’activité des adultes 
s’arrête en dessous de 9°C (Roiz et al. 2010). Néanmoins, dans la plupart des régions 
tempérées, la période de reproduction s’étant du printemps à l’automne, et c’est donc plutôt la 
température moyenne durant la saison de reproduction qui va être importante pour l’activité des 
adultes (Koch et al. 2015). Ainsi, les populations des latitudes les plus froides ne produisent 
qu’une à deux générations durant les mois de Juillet et Aout, suggérant une capacité de survie 
durant la diapause plus longue.  
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La persistance des populations d’Ae. albopictus va également dépendre du maintien de milieux 
aquatiques constituant des sites de reproduction, nécessaires pour l’éclosion des œufs et le 
développement larvaire. Les régions présentant un minimum de 500 mm de précipitations 
annuelles sont considérées comme favorables, bien que celles-ci soit fondamentales surtout 
durant la période de reproduction (Medlock et al. 2006; Fischer et al. 2014). En fonction de la 
région géographique, les précipitations peuvent présenter une saisonnalité qui va influencer la 
dynamique des populations. Les périodes d’assèchement pouvant être plus ou moins longues, 
les œufs d’Ae. albopictus sont résistants à la dessiccation et capables d’entrer dans une phase 
de quiescence (Hawley 1988). Les œufs sont revêtus d’un chorion protecteur leur conférant une 
résistance à la dessiccation sur une période variable et pouvant atteindre plusieurs mois. Les 
œufs diapausants sont plus résistants à la dessiccation que les œufs non-diapausants (Sota & 
Mogi 1992). Cette résistance accrue à la dessiccation pourrait avoir favorisé le transport sur de 
longues distances et pourrait expliquer la présence d’Ae. albopictus dans des régions présentant 
des précipitations annuelles relativement faibles (Benedict et al. 2007; Severini et al. 2008).  

Aedes albopictus présente une dynamique d’abondance saisonnière en relation avec l’origine 
géographique des populations. En région tropicale, les populations sont actives tout au long de 
l’année, la reproduction se fait donc sans interruption avec entre 12 et 17 générations par an 
(Hawley 1988). A l’inverse en milieux tempérés, la longueur de la saison de reproduction 
dépend des températures croissantes au printemps et des conditions de photopériode pour 
l’entrée en diapause à l’automne (Wang 1966; Mori et al. 1981; Pumpuni et al. 1992; 
Kobayashi et al. 2002; Toma et al. 2003). La durée de la saison de reproduction peut ainsi 
varier entre deux et huit mois (Giatropoulos et al. 2012; Tran et al. 2013; Walther et al. 2017), 
induisant ainsi une forte variation du nombre de générations par an. Certaines populations en 
climat tempéré sont néanmoins actives toute l’année, comme c’est le cas en Italie (Romi et al. 
2006), à Malte (Gatt et al. 2010), et en Espagne (Collantes et al. 2014). 
 
 

4.3.3.	Plasticité	écologique	

Le succès invasif d’Ae. albopictus est en partie dû à sa forte plasticité écologique. Au sein de 
son aire native, il est initialement présent dans les forêts tropicales, bien qu’il soit maintenant 
adapté aux environnements péri-urbains et zones rurales en Asie du Sud-Est (Gilotra et al. 
1967; Russell et al. 1969; Chan et al. 1971; Ramaligam 1974; Hawley 1988). En dehors de son 
aire native, il colonise préférentiellement les environnements péri-urbains (Braks et al. 2003; 
Lima-Camara et al. 2006; Cox et al. 2007; Paupy et al. 2009). Un des facteurs critique est la 
présence de végétation, où les adultes vivent confinés à l’abri du soleil pour limiter la 
dessiccation (Chan et al. 1971; Nguyen et al. 1974; Bengoa et al. 2014), ce qui explique sa 
préférence pour les zones péri-urbaines (Tewari et al. 2004).  

Les larves d’Ae. albopictus se développent dans une large gamme de sites. Les gites larvaires 
comprennent des récipients naturels, tels que les souches d’arbres ou les Broméliacées. Très 
adapté à l’environnement humain, il a également colonisé une large gamme de type de 
récipients et réservoirs artificiels, tels que les pneus usagés, les récipients abandonnés, 
soucoupes de pots de fleurs ou récupérateurs d’eau (Hawley 1988; Simard et al. 2005; Delatte 
et al. 2008). Généralement, Ae. albopictus est peu abondant dans les zones urbaines denses de 
son aire native (Chan et al. 1971; Tewari et al. 2004), mais certaines populations introduites se 
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sont rapidement établies dans ce type d’environnement (Dalla Pozza & Majori 1992). 
Contrairement aux zones rurales et suburbaines, les zones urbaines fourniraient des gîtes 
larvaires en quantité plus forte pour Ae. albopictus (Li et al. 2014). De par la température plus 
chaude dans les environnements urbains, le temps de développement larvaire est plus court, et 
les adultes ont un taux d’émergence et une longévité plus élevés (Hawley 1988; Delatte et al. 
2009). 

Les femelles piquent préférentiellement les mammifères, y compris différents groupes de 
vertébrés, tels que les reptiles, les oiseaux et les amphibiens (Scholte & Schaffner 2007). La 
large gamme d’hôtes possible pour Ae. albopictus a favorisé son établissement dans des 
environnements très contrastés, des zones rurales à urbanisées. En revanche, des études sur le 
choix de l’hôte et l’analyse du repas de sang de populations naturelles ont démontré l’homme 
comme hôte privilégié (Savage et al. 1993; Niebylski et al. 1994).  

 
 

4.4.	Interactions	interspécifiques	

Les interactions interspécifiques, telles que la prédation, le parasitisme, ou la compétition, 
peuvent conduire à l’exclusion de l’espèce introduite (Juliano 2010; Fader 2016). S’étant établi 
dans une large gamme d’environnements, Ae. albopictus a rencontré de nombreuses espèces 
résidentes dans les environnements colonisés.  

La compétition interspécifique, notamment pour l’exploitation des ressources au stade larvaire 
dans les sites de reproduction a reçu la plus grande attention. Les espèces en interaction avec 
Ae. albopictus dans ces milieux incluent des espèces natives et invasives de moustique. 
Globalement, Ae. albopictus est un excellent compétiteur qui exploite plus efficacement les 
ressources lorsque celles-ci sont limitées ou de faible qualité (Juliano 2010; Fader 2016). Cette 
compétitivité supérieure d’Ae. albopictus s’observe avec quatre autres espèces d’Aedes. 
L’exemple le mieux décrit concerne Ae. aegypti (Juliano et al. 2004; Juliano 2009, 2010). 
Néanmoins, c’est également le cas avec Ae. triseriatus (Livdahl & Willey 1991; Teng & 
Apperson 2000; Lounibos et al. 2001; Yee et al. 2007), Ae. japonicus japonicus (Armistead et 
al. 2008; Freed & Leisnham 2014; Kaufman & Fonseca 2014), et Ae. sierrensis (Washburn & 
Hartmann 1992; Kesavaraju et al. 2014). Aedes albopictus semble également être meilleur 
compétiteur que Culex quinquefasciatus (Allgood & Yee 2014; Daniels et al. 2015).  

D’après ces résultats, aucune des espèces exploitant les mêmes sites larvaires n'a pu avoir de 
rôle important pour empêcher la propagation d'Ae. albopictus dans les environnements 
colonisés. En effet, ces interactions résultent souvent en une exclusion compétitive de l’autre 
espèce, comme c’est le cas pour Ae. aegypti, dont l’abondance a progressivement décliné en 
lien avec l’expansion d’Ae. albopictus. Cette exclusion s’observe dans de nombreuses régions, 
comme par exemple aux Etats-Unis (Hobbs et al. 1991; O’Meara et al. 1995; Juliano et al. 
2004), au Cameroun (Simard et al. 2005; Kamgang et al. 2011), au Brésil (Braks et al. 2004) ou 
à la Réunion (Bagny et al. 2009). Malgré sa forte compétitivité, différentes études indiquent 
qu’Ae. albopictus coexiste de manière plus ou moins stable avec Ae. triseriatus (Lounibos et al. 
2001; Juliano 2010), Ae. aeygpti (Hornby & Opp 1994; O’Meara et al. 1995; Juliano & 
Lounibos 2005; Bagny et al. 2009) et C. pipiens (Carrieri et al. 2003; Costanzo et al. 2005; 
Murrell & Juliano 2012). Cette coexistence dans certains habitats pourrait refléter un état 
transitoire pouvant aboutir à une exclusion compte tenu de la récente invasion d’Ae. albopictus. 
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En revanche, un des facteurs limitant pour la dominance d’Ae. albopictus est sa plus forte 
vulnérabilité aux parasites et prédateurs dans l’aire d’introduction (Fader et al. 2016), pouvant 
stabiliser l’interaction compétitive avec les moustiques résidents (e.g. Ae. triseriatus ; Edgerly 
et al. 1999; Kesavaraju & Juliano 2004; Kesavaraju et al. 2007, 2008). 

 
 

4.5.	Détection	de	variation	moléculaire	chez	Aedes	albopictus	

Un grand nombre de marqueurs moléculaires ont été développés chez Ae. albopictus pour 
détecter de la variabilité génétique entre les populations. L’ensemble de ces approches a été 
synthétisé par Goubert et al. (2016), nous reprenons et complétons ainsi la précédente synthèse. 

 
 

4.5.1.	Marqueurs	enzymatiques	

Les premières études analysant la variabilité génétique des populations chez Ae. albopictus ont 
été menées à la fin des années 1980s. Ces études ont utilisé le polymorphisme enzymatique 
révélé par électrophorèse (i.e. allozymes) (Black et al. 1988a, 1988b). Les différentes études 
analysant le polymorphisme enzymatique chez Ae. albopictus ont révélé une bonne résolution 
pour inférer la structure génétique des populations (Black et al. 1988a, 1988b; Kambhampati et 
al. 1991; Urbanelli et al. 2000; Chareonviriyaphap et al. 2004) (Table I–2). Cette technique a 
toutefois été largement critiquée car elle s'appuie sur des variations de la mobilité 
électrophorétique des enzymes codées par l’ADN, et non pas directement sur la variation des 
séquences. Par ailleurs, le caractère neutre des polymorphismes détectés a souvent été 
questionné (e.g. Berry & Kreitman 1993; Kreiger & Ross 2002; Schlötterer 2004) et le nombre 
de marqueurs informatifs est trop faible pour reconstruire l’histoire démographique des 
populations et détecter des signatures génétiques d’adaptation (Hillis et al. 1996). 

 
 

4.5.2.	Marqueurs	basés	sur	la	PCR	

Le polymorphisme enzymatique a rapidement été remplacé par des marqueurs moléculaires 
basés sur la réaction en chaîne par polymérase (PCR). La première technique ayant été 
développée chez Ae. albopictus est l'amplification aléatoire d'ADN polymorphe (« random 

amplified polymorphic DNA », RAPD, Williams et al. 1990). Néanmoins, ces marqueurs sont 
peu fiables et difficilement reproductibles (e.g. Schierwater & Ender 1993; Jones et al. 1997), 
et ont ainsi été peu utilisés chez Ae. albopictus (e.g. Ayres & Romão 2002; Gupta & Preet 
2014) (Table I–2).  

La deuxième classe de marqueurs basés sur la PCR concerne les microsatellites (e.g. Porretta et 
al. 2006; Kamgang et al. 2011; Delatte et al. 2013; Beebe et al. 2013) (Table I–2). Bien que ces 
marqueurs soient hautement polymorphes et présentent en général une hétérozygotie élevée, 
leur taux de mutation élevé entraine un manque de répétabilité (Schlötterer 2004), ce qui 
semble être le cas chez Ae. albopictus. En effet, la plupart des marqueurs microsatellites utilisés 
ont été développés spécifiquement pour chaque étude, empêchant ainsi la comparaison entre 
différentes études (Goubert et al. 2016). 
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Table I–2	Ensemble des marqueurs moléculaires développés chez Aedes albopictus pour les analyses de génétique 
des populations (complété à partir de Goubert et al. 2016). 
	

 Type de 

marqueurs 
Nom des marqueurs Utilisation Références 

Polymorphisme enzymatique 

 
Allozymes 

G-3-pdh, Ldh, Hbdh, Mdh-1, Mdh-2, 
Mdhp-1, Mdhp-2, Idh-1, Idh-2, 6-
Pgdh, Sod-1, Aat-1, Hk-1, Adk-1, 
Acph, Aco-1, Aco-2, Gpi, Pgm, Pks-
1, Pks-2, Pgi-1,Mez-1,Got-1, Got-2, 
Fum-1, Est-1, Aks-2, Aox-1, Agk-2 

Génétique des 
populations 

Black et al. 1988a, 1988b ; 
Kambhampati et al. 1991 ; Urbanelli 
et al. 2000 ; Chareonviriyaphap et al. 
2004  

Polymorphisme de séquence 

1. Polymorphisme de répétition 

  

Microsatellites 

AealbA9, AealbB51, AealbB52, 
AealbB6, AealbD2, AealbF3 

Génétique des 
populations 

Porretta et al. 2006; Kamgang et al. 
2011; Muhammad et al. 2018 

  

AEDC, 34–72, alb212, alb222, Alb-
di-4, Alb-di-6, Alb-tri-3, Alb-tri-6, 
Alb-tri-18, Alb-tri-20, Alb-tri-21, Alb-
tri-25, Alb-tri-33, Alb-tri-41, Alb-
tri44, Alb-tri-45, Alb-tri-46 

Génétique des 
populations 

Delatte et al. 2013; Beebe et al. 
2013; Maynard et al. 2016; Minard 
et al. 2018 

  
Aealbmic1-23 

Génétique des 
populations 

Manni et al. 2015, 2017 

  
Ap1, Ap2, Ap3, Ap5, AC2 

Génétique du 
paysage 

Medley et al. 2014  

  

2. Polymorphisme de substitution 

  
RAPD 

G06, G08, G09, G10, OPA11, 
OPAB01, OPB04, OPC15, OPM11, 
OPS01, OPS10 

Génétique des 
populations 

Mutebi et al. 1997; Ayres & Romão 

2002; Gupta & Preet 2014  

  
ADNmt 

COI, ND5, Cytb 
Phylogénétique
/Génétique des 
populations 

Birungi & Munstermann 2002; 
Mousson et al. 2005; Usmani-Brown 
et al. 2009; Žitko et al. 2011; 
Kamgang et al. 2011; Delatte et al. 
2011; Porretta et al. 2012; Zhong et 
al. 2013; Beebe et al. 2013; 
Shaikevich & Talbalaghi 2013 ; 
Zawani et al. 2014; Ismail et al. 
2015; Ngoagouni et al. 2015; Pech 
May et al. 2016; Maynard et al. 
2016; Minard et al. 2017; Kamgang 
et al. 2018; Guo et al. 2018 

  
Génome mitochondrial Phylogénétique 

Zhang et al. 2015; Battaglia et al. 
2016 

  
ADNr ITS1, ITS2 

Phylogénétique
/Génétique des 
populations 

Higa et al. 2010; Shaikevich & 
Talbalaghi 2013; Manni et al. 2015; 
Ngoagouni et al. 2015; Minard et al. 
2017, 2018 

  
EPIC 

RpS8, RpS9, RPS12b, Rps16, 
RpS20b, RpS27A, RpL30a, RpL30b 

Non utilisé White et al. 2015  

  
SNPs (NGS) NlaIII and MluCI * 

Phylogénétique
/Génétique des 
populations 

Kotsakiozi et al. 2017; Schmidt et al. 
2017 

3. Polymorphisme d'insertion 

    TE   
Détection 
d’adaptation 

Goubert et al. 2017 

* Enzymes de restriction. 
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Le polymorphisme le plus largement utilisé chez Ae. albopictus est le polymorphisme de 
séquence de gènes mitochondriaux (e.g. Birungi & Munstermann 2002; Zhong et al. 2013) 
(Table I–2). En effet, l’ADNmt étant maternellement hérité et présentant un taux de mutation 
beaucoup plus élevé que l’ADN nucléaire, il est particulièrement utile pour retracer 
l’ascendance des individus et étudier la différenciation génétique des populations (Avise 1994; 
Schlötterer 2004). En revanche, ces études ont identifié quelques haplotypes séparés par de 
courtes distances évolutives, même à l'échelle intercontinentale. Cette faible différenciation 
génétique des populations a été supposée provenir de l’invasion récente d’Ae. albopictus 

(Goubert et al. 2016). En revanche, la présence de la bactérie endosymbiotique Wolbachia 
pipientis dans la plupart des populations d'Ae. albopictus (Bourtzis et al. 2014) contraint la 
diversité de l'ADNmt à l'échelle locale par balayage sélectif (Armbruster et al. 2003; Hurst & 
Jiggins 2005). Les loci nucléaires n'étant pas affectés, différentes études ont combiné des 
marqueurs ADNmt au polymorphisme de séquence de l'ADN ribosomal (ADNr), considérant 
les gènes ITS1 et ITS2 (« internal transcribed spacer ») (e.g. Higa et al. 2010; Shaikevich & 
Talbalaghi 2013) (Table I–2). 

La caractérisation génétique des populations invasives d'Ae. albopictus a connu une révolution 
avec l’apparition des technologies de séquençage à très haut débit (« next-generation high-

throughput DNA sequencing », NGS). Cette approche produisant un grand nombre de 
marqueurs distribués sur l’ensemble du génome est utile pour détecter la structure génétique 
des populations invasives causée par des processus récents (Rius et al. 2015). Une des 
premières expériences en NGS chez Ae. albopictus a suggéré que la méthode de séquençage 
d'ADN associé au site de restriction (« restriction associated DNA sequencing », RADseq, 
Baird et al. 2008) n’est pas idéale car un nombre beaucoup trop important de fragments sont 
générés, vraisemblablement dû à la taille du génome (Goubert et al. 2016). Afin de réduire la 
complexité du génome d’Ae. albopictus, la méthode utilisant deux sites de restriction 
(« double-digest restriction associated DNA sequencing », ddRADseq, Peterson et al. 2012) a 
été développée chez cette espèce et semble produire un nombre de marqueurs suffisants et 
informatifs, que ce soit à une échelle spatiale large (lignées géographiquement isolées) ou 
locale (flux de gènes récents) (Kotsakiozi et al. 2017; Schmidt et al. 2017). 

Toujours à la recherche de marqueurs plus polymorphes, de nouvelles techniques ont 
récemment été développées et utilisées, tel que le polymorphisme d’insertion des éléments 
transposables (Goubert et al. 2017). Cette méthode s’est avérée prometteuse pour détecter des 
signatures de sélection. Enfin, la capture d’exons (« exon-primed intron-crossing », EPIC) 
développée pour 15 protéines (White et al. 2015) semble offrir une bonne répétabilité pour la 
comparaison intra- (Bennett et al. 2016) et inter-spécifique (Bennett et al. 2018) au sein du 
genre Aedes, bien que cette méthode n’aie jamais été utilisée chez Ae. albopictus (Table I–2). 

 
 

4.5.3.	Séquençage	génome	complet	

Le génome nucléaire d’Ae. albopictus est disponible dans les bases de données publiques. Trois 
génomes de référence ont été publiés, tous issus de souches différentes et présentant une taille 
variable, comprise entre 1,341 Gb et 2,247 Gb. Le génome de la souche de Rimini (Dritsou et 
al. 2015) a été obtenu à partir d’une population échantillonnée à Rimini, Italie. Cette souche a 
été maintenue en laboratoire pendant 40 générations, durant lesquelles des sélections 
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isofemelles ont été réalisées afin de réduire l’hétérozygotie avant séquençage et assemblage du 
génome. En revanche, la qualité d’assemblage de ce génome est faible (3342920 scaffolds). 
Une grande proportion de segments d'ADN répétitifs, y compris de nombreux éléments 
transposables (jusqu’à 50% ; Chen et al. 2015), rend extrêmement fastidieux l'assemblage 
(Dritsou et al. 2015). Le génome de la souche de Foshan (Chen et al. 2015) a été obtenu à partir 
d’une population échantillonnée dans la Province de Guangdong, Chine, en 1981, et maintenue 
depuis en laboratoire. Les deux études utilisant le polymorphisme de séquence obtenu par 
ddRADseq ont montré un bon alignement des séquences obtenues avec ce génome de référence 
(Kotsakiozi et al. 2017; Schmidt et al. 2017). Ce génome présente néanmoins une faible qualité 
d’assemblage (154782 scaffolds). Le génome de la souche C6/36 présente une très bonne 
qualité d’assemblage (2435 scaffolds). En revanche, cette lignée cellulaire d’origine inconnue 
et maintenue en laboratoire pendant plus de 50 ans est supposée avoir subi un événement de 
duplication, et présente moins de 50% d’homologie avec celui de la souche Foshan (Miller et 
al. 2018). 

Le génome mitochondrial d’Ae. albopictus est également disponible (Zhang et al. 2015). 
Malgré un faible nombre d’haplotypes découverts, la variabilité du génome mitochondrial 
semble suffisante pour reconstruire les relations phylogénétiques entre populations 
suffisamment divergentes (Battaglia et al. 2016). 

	

	

4.6.	Génomique	des	populations	invasives	d’Aedes	albopictus	

4.6.1.	Phylogéographie	et	diversité	génétique		

La plupart des études évaluant la différenciation génétique des populations d’Ae. albopictus ont 
utilisé des marqueurs à faible résolution (voir section I–4.5). Nous présentons une synthèse de 
deux mesures de diversité génétique (les plus utilisées) : la diversité haplotypique (ADNmt) et 
l’hétérozygotie attendue (microsatellites), à partir de l’ensemble des études de génétiques de 
populations chez cette espèce (Figure I–9).  

Ces résultats ne semblent pas indiquer que les introductions impliquent de manière générale 
une diminution de la diversité génétique. En revanche, la variabilité de l’échelle à laquelle ces 
indices ont été calculés (population, région), ainsi que les problèmes de ces marqueurs 
précédemment évoqués (faible variabilité, marqueurs différents), ne permettent pas de conclure 
sur des différences de diversité génétique entre l’aire native et les aires envahies. 

La plupart des études phylogéographiques ont été réalisées à grande échelle et suggèrent 
différents évènements d’introduction indépendants en Europe (Figure I–10). Les populations 
Européennes pourraient avoir été introduites à partir de la zone native : depuis la Chine (Manni 
et al. 2017), la Malaisie ou le Vietnam (Kotsakiozi et al. 2017; Manni et al. 2017), ou du Japon 
(Battaglia et al. 2016) ; ou également à partir de zones envahies : depuis les Etats-Unis, 
colonisés à partir du Japon (Urbanelli et al. 2000; Zhong et al. 2013; Kotsakiozi et al. 2017; 
Shaikevich & Talbalaghi 2013; Battaglia et al. 2016) ou depuis la Réunion colonisée à partir de 
la Thailande (Manni et al. 2017).  
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5.	Objectifs	et	organisation	de	la	thèse	

Les travaux de cette thèse s’adressent à l’étude des processus à l’œuvre durant l’invasion 
d’Aedes albopictus en Europe. Cette thèse se divise en trois parties. La première partie traite de 
l’histoire de la colonisation en Europe, la deuxième porte sur le potentiel adaptatif des 
populations, et la troisième sur la dynamique de dispersion. 

 
Histoire de la colonisation en Europe : 

Le succès de l’invasion d’Ae. albopictus est probablement dû à un certain nombre de facteurs 
extrinsèques : l’augmentation des échanges commerciaux et le manque de programmes de 
surveillance. Les données historiques concernant l’invasion de l’Europe sont disponibles et 
précises. Combinées aux analyses de génétique des populations, ces informations ont fourni de 
bonnes hypothèses sur l’origine géographique des populations introduites en Europe. Comme 
nous l’avons vu plus haut, les modalités d’introductions tels que la pression de propagule et 
l’admixture peuvent accroitre la diversité génétique, favorisant l’établissement des populations 
introduites. En revanche, les relations existantes entre les modalités d’introduction et les 
dynamiques démo-génétiques durant l’introduction, l’établissement et l’expansion sont encore 
méconnues. Dans le cadre de cette thèse, le premier objectif est d’élucider ces relations. 

Dans cette première étude, nous avons reconstruit le scénario de colonisation d’Ae. albopictus 

en Europe afin d’identifier les modalités d’introduction et les voies de dispersion majeures à 
l’échelle de l’Europe. Pour reconstruire l’histoire de la colonisation, nous avons réalisé un 
échantillonnage représentatif de la distribution actuelle de l’espèce en Europe. Nous avons 
également inféré l’histoire démographique des populations initialement introduites, et les 
résultats sont interprétés au travers de la relation entre les niveaux de diversité génétique au 
moment de l’introduction et actuels, et l’ampleur de l’expansion des populations (Partie II – 

Article 1). 
 

Processus adaptatifs pré- et post-introduction : 

La capacité d’Ae. albopictus à envahir de nouveaux territoires peut être en partie attribuée à un 
certain nombre de facteurs intrinsèques. Sa plasticité physiologique, écologique, et sa forte 
aptitude compétitive lui ont permis de coloniser une large gamme d’environnements. Malgré le 
rôle potentiel des changements adaptatifs rapides dans l’établissement des populations 
introduites, celui-ci n’a pratiquement pas été étudié chez Ae. albopictus. Le deuxième objectif 
de cette thèse a donc été d’identifier si des adaptations préexistantes avant l’introduction et/ou 
des adaptations après l’introduction auraient pu favoriser l’établissement et l’expansion des 
populations en Europe. 

Nous avons étudié l’histoire phylogéographique des populations natives situées dans trois 
zones biogéographiques présentant des conditions environnementales contrastées. Nous avons 
reconstruit l’histoire démographique de ces populations afin d’identifier les évènements 
historiques pouvant être impliqués dans l’expansion des populations dans ces trois zones 
respectives et dans la différenciation neutre des populations natives. Nous avons ensuite 
recherché des signatures d’adaptation locale à l’échelle moléculaire et morphométrique. Aedes 

albopictus étant originaire des régions tropicales d’Asie du Sud-Est, cette étude a permis de 
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mettre en évidence des signatures d’adaptation locale reflétant des pressions de sélection 
divergentes le long du gradient latitudinal (Partie III – Article 2).  

L’identification des populations sources à l’origine des introductions en Europe et la présence 
d’adaptations dans l’aire native suggèrent que les populations introduites en Europe étaient déjà 
pré-adaptées pour l’établissement en Europe. En revanche cette observation n’est pas stricte. 
Nous nous sommes donc intéressés aux changements pouvant être survenus après 
l’introduction. Nous avons pour cela testé l’hypothèse du conservatisme de niche 
environnementale entre populations introduites et leurs populations sources, et recherché des 
signatures de sélection (variation moléculaire et morphométrique). Le conservatisme de niche 
observé en Europe renforce les résultats de l’étude précédente sur le rôle de la préadaptation 
dans l’établissement des populations. Malgré une faible différenciation entre les populations 
Européennes, les résultats suggèrent également des changements post-introduction liés à la 
colonisation d’une large gamme d’environnements (Partie III – Article 3). 
 

Dynamique de dispersion : 

La propagation d’Ae. albopictus à l’échelle globale et continentale est attribuée au transport 
passif assisté par l’homme. En revanche, le rôle de la dispersion naturelle à une échelle fine 
dans l’expansion des populations une fois introduites dans une nouvelle aire est encore peu 
clair. Le dernier objectif de cette thèse est donc d’évaluer les rôles respectifs de la dispersion 
passive et active dans la structuration de la variabilité génétique à l’échelle du paysage.  

Nous avons étudié l’histoire de la colonisation depuis l’introduction dans la région de Grenoble 
jusqu’à l’expansion des populations dans les trois vallées de part et d’autre de Grenoble. Nous 
avons tout d’abord estimé les rôles respectifs de la dispersion naturelle et passive dans 
l’expansion des populations en combinant modélisation écologique et modélisation de 
l’expansion naturelle potentielle de l’espèce au cours du temps. Nous avons ensuite testé les 
rôles de la distance géographique (isolement par la distance), de la présence de barrières 
paysagères (isolement par barrière), et des éléments du paysage (isolement par la résistance) 
dans la structuration de la variabilité génétique. Cette étude met en évidence que la connectivité 
des populations dépend des deux modes de dispersion (Partie IV – Article 4). 
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Article	1	
	

Unraveling	the	invasion	history	of	the	Asian	

tiger	mosquito	in	Europe	
	

Stéphanie Sherpa, Michael GB Blum, Thibaut Capblancq, Tristan Cumer, Delphine 

Rioux, Laurence Després  
 

Molecular Ecology, 2019, 28(9): 2360–2377 

DOI: 10.1111/mec.15071 
 

Abstract	

Multiple introductions are key features for the establishment and persistence of introduced 

species. However, little is known about the contribution of genetic admixture to the invasive 

potential of populations. To address this issue, we studied the recent invasion of the Asian tiger 

mosquito (Aedes albopictus) in Europe. Combining genome-wide single nucleotide 

polymorphisms and historical knowledge using an approximate Bayesian computation 

framework, we reconstruct the colonization routes and establish the demographic dynamics of 

invasion. The colonization of Europe involved at least three independent introductions in 

Albania, North Italy and Central Italy that subsequently acted as dispersal centres throughout 

Europe. We show that the topology of human transportation networks shaped demographic 

histories with North Italy and Central Italy being the main dispersal centres in Europe. 

Introduction modalities conditioned the levels of genetic diversity in invading populations, and 

genetically diverse and admixed populations promoted more secondary introductions and have 

spread farther than single-source invasions. This genomic study provides further crucial 

insights into a general understanding of the role of genetic diversity promoted by modern trade 

in driving biological invasions. 

Keywords:  Invasion genetics – Aedes albopictus – Colonization routes – Demographic 

inference – Genetic admixture – Multiple introductions – Bridgehead effect 

 

 

Introduction	

Invasive species provide natural experiments for studying short-term evolutionary mechanisms 

(Lee 2002; Sakai et al. 2001; Yoshida et al. 2007). Rapid adaptation to the invaded 

environment is key for the success of invading populations (Colautti & Lau 2015; Dlugosch & 

Parker 2008; Prentis et al. 2008). However, colonization generally involves a small number of 

founders, which reduce the genetic diversity of the population due to genetic drift (i.e., 

bottlenecks) (Lee 2002; Lockwood et al. 2005). Bottlenecked populations typically represent a 

genetic dilemma by which they are unlikely to become invasive due low reproductive fitness 

and low adaptive potential (Bock et al. 2015; Dlugosch et al. 2015; Lee 2002; Prentis et al. 

2008; Rius & Darling 2014). Several processes can explain the success of introduced 

populations despite reduced genetic diversity, including genotype-by-environment interactions 

or the purging of deleterious alleles (Estoup et al. 2016; Schrieber & Lachmuth 2017). Yet 
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genetic depletion at the initial stages of invasion is not always observed (e.g. Kolbe et al. 2004; 

Lavergne & Molofsky 2007). 

Increased genetic diversity in introduced populations stems from large propagule pressure 

(Lockwood et al. 2005), but admixture between genetically unrelated populations following 

multiple introductions also provides a large amount of genetic variation (Bock et al. 2015; 

Dlugosch & Parker 2008; Prentis et al. 2008; Rius & Darling 2014). Genetic admixture may 

benefit invaders (a) by alleviating the negative effects of bottlenecks during introduction 

through the masking of deleterious alleles (i.e., heterosis), and/or (b) by generating many 

phenotypes resulting from new allelic combinations, thus providing raw material for selection 

and rapid adaptation (Bock et al. 2015; Dlugosch & Parker 2008; Rius & Darling 2014). 

Experimental studies have demonstrated that genetic diversity increases the probability of 

establishment of introduced populations (Crawford & Whitney 2010; Forsman 2014 for a 

review). Thereafter, successfully established populations can further speed up invasion by 

generating new introductions in the invaded range, a phenomenon called the bridgehead effect 

(Lombaert et al. 2010). However, although genetic admixture and the bridgehead effect appear 

to be common phenomena in biological invasions (Barker et al. 2017; Bertelsmeier et al. 2018; 

Lesieur et al. 2019; Lombaert et al. 2010; Rius & Darling 2014; van Boheemen et al. 2017), 

there is little knowledge about the role of genetic admixture in promoting range expansion in 

invasive populations (but see Wagner et al. 2017). 

To address this issue, we studied the recent invasion of Europe by the most worldwide invasive 

mosquito species, the Asian tiger mosquito (Aedes albopictus). Native to Southeast Asia, this 

mosquito has spread to all continents except Antarctica in recent decades driven by human 

transportation (Eritja et al. 2017; Medley et al. 2014; Reiter 1998), and models of future 

distribution predict continuous northward expansion (Caminade et al. 2012). After two 

introduction events in 1979 in Albania (Adhami & Murati 1987) and 1990 in Italy (Sabatini et 

al. 1990), the species has progressively colonized all Southern European countries, and its 

geographical spread over time suggests an acceleration of the expansion process (European 

Centre for Disease Prevention and Control, ECDC). Broad-scale phylogeographical studies 

have suggested independent introduction events in Europe and no apparent reduction in genetic 

diversity as compared to the native range (Battaglia et al. 2016; Goubert et al. 2016; Kotsakiozi 

et al. 2017; Manni et al. 2017). These previous studies were based on sparse worldwide 

populations and did not focus on the demographic history in the invaded range. Yet 

understanding how genetic diversity may influence species establishment and spread first 

requires us to elucidate its invasion history and demographic features during introduction 

(Estoup & Guillemaud 2010; Facon et al. 2006). Furthermore, capturing the colonization 

dynamics across invaded ranges requires fine-scale analyses (Cristescu 2015). However, 

reduced spatial and temporal scales make it challenging to infer invasion routes, especially due 

to the short evolutionary history of the lineage under investigation and the chaotic dispersal of 

human-mediated invasions. 

Most of our knowledge about colonization routes is drawn from direct observational data, 

which are often incomplete (Cristescu 2015; Estoup & Guillemaud 2010). Invasion of 

A.albopictus of Europe is one of the exceptions, with detailed historical and geographical data 

available (ECDC). In this study, we used this historical knowledge and genotyped 660 

mosquitoes including an exhaustive sampling of the invasive populations in Europe together 

with the putative source populations from Asia and North America. It has been argued that the 
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small timescale at which human-mediated introductions occur has impeded the detection of 

genetic variation in Ae. albopictus, although this was mainly due to the genetic markers 

selected for use (Goubert et al. 2016). Here we used double-digest restriction-associated DNA 

(ddRAD) sequencing to detect recent genetic changes (Kotsakiozi et al. 2017; Sherpa et al. 

2018). Introduction dates and genetic analyses were used as a backbone for reconstructing Ae. 

albopictus colonization routes in Europe. We applied a step-by-step procedure in an 

approximate Bayesian computation (ABC) framework, sequentially testing 14 steps of the 

colonization history from the divergence of native lineages to primary and secondary 

introductions in Europe. Once the colonization scenario was reconstructed, we assessed (a) the 

contribution of each introduction modality in shaping the demographic history of introduced 

populations, and (b) how these demo graphic features condition the levels of genetic diversity 

in invading populations and further spatial expansion. 

	

	

Material	and	methods	

Mosquito	sampling	

We collected 692 individuals of Aedes albopictus in 109 localities (119 populations) between 

2013 and 2017 (Figure II–1, Table II–S1) of which 53 individuals were previously analysed 

(Sherpa et al. 2018). We refer to locality as a sampled geographical site and to population as a 

group of individuals sampled in the same locality, the same year and/or with the same sampling 

method. In this way, the number of sampling localities is lower than the number of populations 

because some localities were sampled in two consecutive years or with two different sampling 

methods (Table II–S1), which were analysed separately. Field-collected samples were either 

larvae, adults (caught using BG sentinel traps, mouth aspirator or net) or eggs collected in 

ovitraps (several traps per locality, within a 400-m-diameter range) that were pooled and reared 

in standard laboratory conditions to adults or to fourth-instar larvae (Table II–S1). Laboratory 

conditions were 27°C, 70% relative humidity and light/dark cycles of 14:10 hr. Adults and 

larvae were kept in 75% EtOH at −20°C. Total genomic DNA was extracted using a cetyl 

trimethyl ammonium bromide (CTAB) chloroform/isoamyl alcohol protocol (Doyle & Doyle 

1987). For each site, 1–12 individuals were analysed in ddRADseq libraries. 

 

 

ddRAD-seq	library	preparation	

We performed an initial digestion of 200 ng of genomic DNA in a 36-µl reaction, using 30 

units each of SbfI-HF and MspI restriction enzymes (New England Biolabs) and NEB CutSmart 

buffer. Digestions were run for 3 hr at 37°C. These were ligated to modified Illumina P1 and 

P2 adapters by 90 cycles of digestion at 37°C (2 min) and ligation at 16°C (4 min) with 1,000 

units of T4 ligase (New England Biolabs), followed by a 10-min heat-inactivation step at 65°C. 

The digested-ligated products were pooled and purified at a ratio of 1.5:1 with Ampure XP 

paramagnetic beads (Beckman Coulter). We performed size selection with a Pippin-Prep 2% 

gel cassette (Sage Sciences) to retain DNA fragments of 190–600 bp. Each library was 

amplified in 10–14 different polymerase chain reactions (PCR), combined together to dilute 

PCR errors and avoid too many PCR cycles (Peterson et al. 2012). The PCRs were performed 

in 20 µl, with 2 µl size-selected DNA, 0.2 mm dNTPs, 0.15 µm of each PCR primer, 3% 
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v37.33 (Bushnell 2014). Paired-end reads were mapped to the Ae. albopictus reference nuclear 

genome AaloF1 (Chen et al. 2015) using BWA-MEM v0.7.5 (Li et al. 2009) with up to three 

mismatches in the alignment seed. On average, 825,380 reads per sample were aligned to the 

AaloF1 genome (79%), ranging from 43,300 to 3,559,300 (Table II–S2). Using SAMTOOLS 

v1.7 (Li & Durbin 2009), we retained the reads that uniquely aligned to the AaloF1 genome 

and with a minimum mapping quality of 30, representing 33% of aligned reads on average. 

STACKS v2.0 (Catchen et al. 2013) was used for variant calling. We used the gstacks function 

of STACKS to merge paired-end reads into single phased loci and build a catalogue of 1,122,063 

loci from the 692 individuals.  

Genotype calling was performed using a low-coverage sequencing data approach (Maruki & 

Lynch 2015, 2017). This method uses genotype frequencies at the population level and error 

rates estimated by maximum-likelihood (ML) accounting for depth, meaning that the likelihood 

of one genotype has to be significantly higher than the likelihoods of the other genotypes 

within the population to be called. The alpha threshold parameter for one call to be significant 

was set to 0.05 and we removed genotypes called from reads with depth coverage <5. The 

populations function of STACKS was used for exporting the biallelic single nucleotide 

polymorphism (SNP) data set. Among 15,000 loci per individual on average, 2,058 loci were 

present in ≥60% of the individuals. We required a locus to be present in at least 20% of the 

individuals within each country, resulting in 1,926 loci. We retained one random SNP per 

locus, and then removed SNPs with minor allele frequency ≤0.05 (746 SNPs). This resulted in 

1,180 SNPs distributed across 948 supercontigs, with a mean depth of 22 ± 11 (SD) per sample 

and mean percentage of missing data per sample of 24% (after removing 32 individuals with 

>80% missing data; Table II–S2). We exported data sets in VCF format and VCF files were 

recoded in PLINK bed format using PLINK v1.9 (Chang et al. 2015; Purcell et al. 2007). 

	

	

Genetic	diversity	and	differentiation	

Genetic diversity was estimated using observed heterozygosity (HO), population genetic 

diversity (=expected heterozygosity, HE), allelic richness (AR), inbreeding coefficient (FIS) and 

population-specific FST (ßs) using the HIERFSTAT R package v0.04-22 (Goudet 2005) in R 

v3.3.3 (R Core Team 2017). This package was also used to estimate pairwise FST (Weir & 

Cockerham 1984) between sampling locations and 99% confidence intervals were obtained by 

performing 1,000 bootstraps over loci. These indices were calculated at the population level 

and at a broader range of sampling (main geographical subdivisions: Malaysia, China, Japan, 

USA, Albania, North Italy, Central Italy, Montenegro, Slovenia, Greece, France, Croatia, North 

Spain, South Spain, North Serbia, South Serbia, Switzerland, Turkey, Corsica, Sardinia, Sicily, 

Majorca). We then evaluated the subdivision of populations using both nonmodel-based and 

model-based clustering methods. Genetic variation among individuals was first investigated 

using principal components analysis (PCA) in the PCADAPT R package v4.0.3 (Luu et al. 2017). 

We then used the nonparametric K-means clustering procedure implemented in ADEGENET 

(Jombart 2008) to identify genetic groups among individuals. The optimal number of clusters K 

was determined by evaluating a statistical measure of goodness of fit for each K (Figure II–

S1). We retained the value of K that had the lowest Bayesian information criterion (BIC). For 

the model-based approach, we used the ML clustering method implemented in ADMIXTURE 



 

	

	

59 
	

v1.2 (Alexander et al. 2009). The best number of K was that minimizing the 10-fold cross-

validation error (Figure II–S1). 

 

 

Spatial	patterns	in	genetic	dissimilarities	

We used the EEMS (Estimated Effective Migration Surfaces) program v0.0.0.9 (Petkova et al. 

2016) to visualize spatial patterns of population structure. This method aims at identifying 

regions where individuals are more genetically distinct (barriers) or similar (corridors) than 

expected under isolation-by-distance. This is achieved by estimating two sets of parameters 

from pairwise genetic dissimilarities calculated on a geographical grid. These two parameters 

are the effective migration rate and the effective diversity rate. The effective diversity rate is 

the genetic differentiation between two individuals from the same deme of the grid compared 

to the average within-deme differentiation. The effective migration rate represents the genetic 

differentiation between two individuals from two different demes of the grid compared to the 

average between-deme differentiation. The estimated rates are then interpolated across 

geographical space to provide a visual summary of observed genetic dissimilarities. We used 

the BED2DIFF program (Petkova et al. 2016) to calculate a dissimilarity matrix after imputation 

of missing genotypes. We produced an outer coordinate file of the sampling range in Europe 

using the polyline method in the Google Maps API v3 tool (available at 

http://www.birdtheme.org/useful/v3tool.html) and used 1,000 demes to build the grid on the 

European sampling range (Figure II–S2). The RUNEEMS_SNPS program was run in three 

independent analyses, with a burn-in of 2,000,000 and Markov chain Monte Carlo length of 

5,000,000. Model-checking was performed by evaluating the convergence of runs from the 

three different analyses and by the linear relationship between the observed and fitted values 

for within- and between-demes estimates using the REEMSPLOTS R package v0.0.1 (Petkova et 

al. 2016) (Figure II–S2). The three analyses were then combined to produce maps of effective 

migration and diversity surfaces. 

	

	

ABC	colonization	scenario	design	

To reduce the complexity of the invasion scenario, we only considered plausible scenarios 

based on previous genetic analyses (Battaglia et al. 2016; Kambhampati et al. 1990; Kotsakiozi 

et al. 2017; Manni et al. 2017; Maynard et al. 2017; Shaikevich & Talbalaghi 2013; Urbanelli 

et a. 2000) and on results of the present study. We reconstructed the scenario using a step-by-

step approach by testing sequentially 14 steps of the colonization history, from the divergence 

of native lineages to invaded regions outside Europe (USA), primary introductions (Albania, 

North Italy and Central Italy), and subsequent introductions in Europe. Schematic 

representations of competing scenarios for the 14 analyses are presented in Figure II–S3. For 

native lineages, we tested a long divergence time of Japan and continental Asia from an 

ancestral unknown population, and alternative origins of the species in continental Asia, 

Malaysia or China (analysis 1). Thailand was not considered due to low sample size. Among 

invaded areas, we first determined the sources of USA invasion, testing an admixture event 

between China and Japan, and alternative origins in Japan and China (analysis 2). We then 

investigated the primary introduction events in Europe (Albania, Italy). We compared 

alternative sources of Albania in all native populations (analysis 3). Origins of North Italy and 
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Central Italy were inferred separately: Japan, USA or both contributions for North Italy 

(analysis 4), and North Italy and admixture between North Italy and Albania or China for 

Central Italy (analysis 5). For the colonization of Greece, we tested admixture between Albania 

and China, Central Italy and Albania, or Central Italy and China (analysis 6). We deliberately 

imposed an origin of Montenegro in Albania and of South Serbia in Montenegro (analysis 3). 

Other secondary and tertiary introduction events involve either North Italy or Central Italy as 

sources. Analyses 7–14 describe the competing scenarios for the sources of Slovenia (North vs. 

Central Italy), Croatia (Slovenia vs. Central Italy) and North Serbia (imposed Croatia), France 

(North vs. Central Italy) and Switzerland (imposed North Italy), North Spain (North vs. Central 

Italy, or France) and Majorca (imposed North Spain), South Spain (France vs. Central Italy), 

Corsica (France vs. North Italy), Sardinia (imposed Central Italy) and Sicily (North Spain vs. 

Central Italy), and Turkey (North Italy vs. Japan). 

	

	

Definition	of	ABC	prior	parameters	

Priors took into account present effective population sizes, the timing in which a split or 

admixture events occurred, the intensity of a founding event occurring during introduction 

(duration of the bottleneck and number of founders), and the rate of founding admixture, if 

considered. Priors were kept deliberately broad for effective population size, divergence time in 

the native range and admixture rates. We assumed a bottleneck period after introduction 

bounded between 0 and 50 generations and a number of founders bounded between 0 and 

1,000. Introduction dates from official records were used to reduce prior intervals for invasive 

populations (Figure II–S4, Table II–S3). The prior interval was determined as the maximum 

time since introduction (difference between sampling date and first record) ±30 generations 

(Table II–S3). We assumed seven generations per year, considering the potential number of 

weeks of activity of Ae. albopictus in Central Europe and the Balkans (~5–8 generations) and 

estimates of the potential number of generations in the Adriatic coast (3–7 generations) 

(Caminade et al. 2012; Trájer et al. 2017). These intervals were adjusted to not allow overlap to 

avoid incongruences in topologies. All priors were set with a uniform distribution. 

	

	

ABC	simulations,	parameters	estimation	and	model	checking	

We used DIYABC v2.1.0 (Cornuet et al. 2008, 2014) to simulate datasets. We summarized the 

within-population genetic variation by using genetic diversity across polymorphic loci and the 

between-population genetic variation based on genetic differentiation (FST) and genetic 

distances (Nei). We generated 100,000 data sets for each scenario. We compared the competing 

scenarios by calculating their posterior probabilities using a logistic regression on the 1% of 

simulated data closest to the observed data (Cornuet et al. 2010; Cornuet et al. 2008). We 

checked for accordance between observed and simulated data sets from prior distributions 

using a PCA. Confidence in scenario choice was evaluated by generating 1,000 newly 

simulated data sets from priors and by computing Type I (proportion of data sets simulated 

under the best scenario assigned to other scenarios) and Type II (proportion of data sets 

simulated under other scenarios assigned to the best scenario) errors. Once the most likely 

scenario for each historical event was identified, we combined all the best scenarios and 
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generated 100,000 simulated data sets under a global scenario. The posterior distributions of 

genetic and demographic parameters were estimated by computing a local linear regression on 

the 1% of the simulated data closest to our observed data set, after applying a logit 

transformation to the parameter value (Cornuet et al. 2010). The goodness-of-fit of the global 

scenario was assessed using two PCAs, first to evaluate the position of the observed data set 

against those simulated with the scenario, and second to compare the genetic variation among 

populations resulting from observed and simulated genotypes with this scenario, using 

posterior median values of each parameter.  

 

 

Changes	in	effective	population	size	over	time	

The demographic history of European bridgehead populations (Albania, North Italy and 

Central Italy) was inferred using STAIRWAY PLOT v2 (Liu & Fu 2015). This method is based on 

the SNP frequency spectrum (SFS). For each population, the SFS was computed from imputed 

genotypes of full SNP data sets: all polymorphic positions of loci present in at least 60% of the 

individuals within a population, including singletons and private alleles, resulting in 22,828 

SNPs (2,270 loci) for Albania, 22,214 SNPs (1,960 loci) for North Italy and 13,444 SNPs 

(1,747 loci) for Central Italy. The observed SFS was first compared to the expected 

population's SFS under neutral equilibrium. The expected SFS was estimated from the 

observed nucleotide diversity of that population (Watterson 1975). The observed SFS was then 

used to infer changes in effective population size over time. The stairway plot algorithm was 

run separately for each population. Total sequence length, calculated as the product of the 

number of retained loci per population (including monomorphic and polymorphic loci) and the 

length of each locus (2 × 110 bp), resulted in 3.29 Mb for Albania, 3.21 Mb for North Italy and 

3 Mb for Central Italy. For simulations, we assumed seven generations per year (Caminade et 

al. 2012; Trájer et al. 2017). We used a mutation rate of 2.0 × 10
-8

 per site per generation based 

on studies in other Aedes species (Bennett et al. 2018; Rašić et al. 2014) and calibrated time 

based on introduction date in Albania. Demographic changes over the last 100 years were 

estimated using the median of simulations based on 100 bootstrap replicate analyses, and the 

precision of the estimations was evaluated using 95% confidence intervals. 

	

	

Results	

Population	structure	and	differentiation	

The PCA with all individuals shows genetic variability among native and invasive populations, 

with 33% of the total genetic variance accounted for on the two first PCs (Figure II–2a). The 

first PC differentiates populations within the invasive range in Europe, whereas the second PC 

differentiates tropical native populations of Southeast Asia from populations distributed in 

temperate areas, including native and invasive ranges. Both the K-means and the ADMIXTURE 

clustering methods indicate a number of K = 4 genetic clusters (Figure II–S1). 

Within the native range of Ae. albopictus, there is strong geographical genetic structure, with 

populations from Japan clustered in a different genetic group than those of continental Asia, 

including Thailand, China and Malaysia (Figure II–2c and II–S5). The ADMIXTURE analysis 

performed only with native populations further differentiates Southeast Asian populations 
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Steps	of	the	colonization	history	

Based on population genetic analyses (Figures II–2, II–3 and II–S6, Table II–S4), the ABC 

analysis was designed under a bridgehead scenario, testing sequentially 14 steps of the 

colonization history. The best scenarios inferred for each step are presented in Table II–1 (see 

Figure II–S3 for posterior probabilities of alternative scenarios) and the global scenario 

combining the 14 steps in Figure II–4. Divergence times, effective population sizes, bottleneck 

durations and admixture rates were estimated from simulations under the global scenario 

(Table II–S5). For native populations, the best scenario involves a first divergence of Japanese 

populations from continental Asia, then a split between Southeast (Malaysia) and Northeast 

populations (China) of continental Asia (analysis 1). The source of USA invasion involves 

genetic admixture between Japan and China with equal genetic input from each native source 

(analysis 2; Figure II–S4, Table II–S5). 

 

 

Table II–1	Results of ABC step-by-step procedure with the best scenarios inferred for each of the 14 steps of the 

colonization history of Aedes albopictus. For each analysis: posterior probability of the best scenario and confidence 

in scenario choice. Schematic representation of competing scenarios and posterior probabilities of alternative scenarios 

are in Figure II–S3. 
 

 Best scenario Posterior probability Type I error Type II error 

1 Long time divergence of Japan and continental Asia 1.00 [1.00−1.00] 0.01 0.01 

 Split of continental Asia into Malaysia and China    

2 USA: admixture between China and Japan 0.99 [0.99−1.00] 0.05 0.05 

3 Albania: source in China 1.00 [1.00−1.00] 0.00 0.00 

 Montenegro: source in Albania    

 South Serbia: source in Montenegro    

4 North Italy: source in USA 1.00 [1.00−1.00] 0.04 0.10 

5 Central Italy: admixture between North Italy and China 1.00 [1.00−1.00] 0.23 0.10 

6 Greece: admixture between Albania and Central Italy 1.00 [1.00−1.00] 0.31 0.34 

7 Slovenia: source in North Italy 0.90 [0.76−1.00] 0.15 0.22 

8 Croatia: admixture between Central Italy and Slovenia 1.00 [0.99−1.00] 0.30 0.20 

 North Serbia: source in Croatia    

9 France: source in Central Italy 0.84 [0.77−0.92] 0.26 0.22 

 Switzerland: source in North Italy    

10 Corsica: admixture between North Italy and France 0.85 [0.81−0.88] 0.13 0.05 

11 North Spain: source in Central Italy 0.91 [0.86−0.95] 0.11 0.15 

 Majorca: source in North Spain    

12 South Spain: source in France 1.00 [1.00−1.00] 0.06 0.03 

13 Sicily: source in Central Italy 1.00 [1.00−1.00] 0.03 0.05 

 Sardinia: source in Central Italy    

14 Turkey: Source in North Italy 0.99 [0.99−1.00] 0.00 0.00 

 

 

Primary introductions in Europe (Albania, North Italy and Central Italy) involve at least three 

independent introduction events. The origin of populations in Albania appears to be China 

(analysis 3), the North Italy population was probably introduced from USA (analysis 4) 

whereas the colonization of Central Italy involved admixture between populations of North 

Italy and China (analysis 5), with a larger contribution of North Italy (Figure II–S4, Table II–

S5). Populations in Greece result from founding admixture between Central Italy and Albania 

(analysis 6), with a larger contribution from Albania (Figure II–S4, Table II–S5). From Italy, 

eastward colonization involves a single-source invasion from North Italy to Slovenia (analysis 

7), then equal genetic input from Slovenia and Central Italy in Croatia that subsequently spread 
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investigating the colonization scenario in low differentiated invasive species (Lesieur et al. 

2019; Maynard et al. 2017; van Boheemen et al. 2017). 

The largest error rates were obtained for analysis 6. For this analysis, different founding 

admixtures in Greece were tested following genetic analyses that reveal highly admixed 

individuals between three genetic groups (Figure II–2 and II–S5). However, the procedure 

implemented in diyabc does not allow us to test for more than two ancestral populations. As a 

result, we probably did not capture all the possible introductions in Greece. Furthermore, the 

alternative scenarios tested genetic input from China. It is not surprising to observe a drop in 

statistical power in distinguishing the alternative colonization scenarios because the two other 

source populations (Central Italy, Albania) also received genetic input from China (Table II–

1), resulting in overlap between the summary statistics for the probability spaces of each 

scenario. In addition to strong admixture patterns and low differentiation of Western European 

populations (Figures II–2 and II–S3, Table II–S4), this explanation may also account for the 

error rates estimated for other analyses (Table II–1). Indeed, the competing scenarios 

evaluated either single sources in North Italy and Central Italy or admixture between Central 

Italy and North Italy (Figure II–S3), while the genetic background in Central Italy is composed 

of 75% input from North Italy (Figure II–4, Table II–S5). 

The goodness-of-fit tests evaluating confidence in the global colonization scenario indicate our 

model is robust. A PCA on observed and simulated data sets under the global scenario shows 

our model produces simulations close to the observed genetic data set (Figure II–S7a). 

Likewise, the PCA on simulated genotypes under the global scenario (Figure II–S7b) is 

congruent with the PCA on true genotypes (Figure II–2a). We find the same differentiation of 

populations from Japan, USA, Turkey and Western Europe vs. Albania, Montenegro and South 

Serbia on the first axis, with Greece having intermediate scores on this axis; and a 

differentiation of populations according to tropical vs. temperate areas on the second axis 

(Figure II–S7b). The difference comes from higher between- and lower within-population 

variances because all sampling localities were gathered in main geographical subdivisions for 

ABC analyses.	

	

	

Demographic	inferences	

Founding diversity, estimated from posterior distributions of parameters (ABC analysis), 

reveals high genetic diversity during colonization in North Italy and Central Italy and low 

founding diversity in Albania (Figure II–5b), respectively, with Ne = 970 ± 62, Ne = 915 ± 110 

and Ne  = 337 ± 191 (median ± SD). These three primary introduced populations show 

contrasted demographic histories (Figure II–6).  

Populations in Albania show genomic signatures of past reduction in effective population size, 

with a lower proportion ofsingletons (18%) than expected under a constant population size 

model (Figure II–6a). After introduction ~40 years ago, the population in Albania shows a 

gradual decrease in effective population size down to near extinction ~20 years ago followed 

by a demographic expansion ~18 years ago although the effective population size remains low 

(Ne ≈ 1,800, 95% confidence interval [CI95]: [1,330–2,436], Figure II–6b).  
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Table II–2 Global genetic diversities. Npop: number of populations; Nind: number of individuals used for 

calculations; HO: observed heterozygosity; HE: expected heterozygosity; FIS: fixation index; βs: population 

specific FST; AR: allelic richness. In italic: estimations at the population level (only one population). All the 

estimations at the population level are in Table II–S6. 
 

Geographical 

subdivision
 
 

Npop Nind HO HE AR FIS
 
† βs

 
† 

Malaysia 4 22 0.123 0.221 1.217 0.373 0.177 

China 6 39 0.162 0.243 1.241 0.300 0.084 

Japan 2 14 0.177 0.225 1.222 0.184 0.156 

USA 1 10 0.163 0.212 1.209 0.186 0.208 

Turkey 5 22 0.179 0.230 1.228 0.182 0.133 

Albania 15 67 0.180 0.234 1.233 0.209 0.114 

Montenegro 1 10 0.175 0.228 1.224 0.184 0.149 

South Serbia 1 10 0.173 0.169 1.165 -0.060 0.373 

Greece 3 14 0.168 0.233 1.229 0.224 0.129 

North Italy 6 42 0.190 0.257 1.256 0.228 0.029 

Central Italy 2 11 0.199 0.262 1.260 0.200 0.015 

Switzerland 2 15 0.195 0.260 1.257 0.211 0.023 

Slovenia 15 67 0.182 0.250 1.249 0.247 0.055 

Croatia 4 27 0.192 0.257 1.256 0.223 0.029 

North Serbia 1 6 0.187 0.231 1.228 0.146 0.136 

France 28 154 0.189 0.260 1.259 0.256 0.016 

North Spain 5 23 0.186 0.244 1.241 0.203 0.083 

South Spain 2 13 0.181 0.223 1.220 0.147 0.164 

Majorca 4 20 0.169 0.240 1.238 0.246 0.097 

Sardinia 5 27 0.191 0.255 1.253 0.217 0.039 

Corsica 2 13 0.176 0.250 1.246 0.246 0.065 

Sicily 4 32 0.182 0.252 1.250 0.235 0.050 

† Significance threshold P<0.001; non significant in bold. 

	

	

Discussion	

Aedes	albopictus	colonization	of	Europe	

The native range of Aedes albopictus encompasses eastern Asia from Indonesia to Japan. 

Previous attempts to reconstruct the evolutionary history of native lineages proposed an origin 

of the species in China, an initial colonization of tropical Southeast Asia from China, and a 

recent colonization of Japan, without disentangling whether Japan arose from a single Chinese 

source or admixture between Thailand and China (Manni et al. 2017). However, this later study 

found low genetic differentiation among native lineages. In contrast, our study reveals spatial 

genetic structure among native populations with three main clusters distinguishing (a) 

equatorial Malaysia and tropical Thailand, (b) subtropical South China and (c) temperate Japan 

(Figure II–2c). This concurs with biogeographical differences already reported across Ae. 

albopictus native lineages that split thousands of generations ago (Kotsakiozi et al. 2017; 

Maynard et al. 2017; Porretta et al. 2012). In this timing of divergence, the most likely scenario 

suggests that the ancestral Asian population split into Japan and continental Asia, and then 

continental Asia split into Northeast (China) and Southeast (Malaysia) populations (Figure II–

4, Table II–1). 

The oldest historical reports of Ae. albopictus outside its native range date back to the 19th 

century but its global spread started only few decades ago (Scholte & Schaffner 2007). Most 

genetic studies on the invasion of the USA suggested a Japanese origin of North American 

populations (Battaglia et al. 2016; Kambhampati et al. 1990; Kotsakiozi et al. 2017; Manni et 

al. 2017; Urbanelli et al. 2000) but others have also reported several introductions from China 
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(Linthicum et al. 2003; Zhong et al. 2013). Our results support these two potential sources as 

our USA population was composed of a mixture of distinct native lineages with equivalent 

genetic input from China and Japan (Figure II–4, Table II–1). In the primary invaded areas in 

Europe (1979: Albania, Adhami & Murati 1987, 1990: Italy, Sabatini et al. 1990), we identified 

three independent introduction events (Figure II–4, Table II–1). Mosquitoes in Albania 

probably originated in China, as previously proposed (Battaglia et al. 2016; Manni et al. 2017). 

However, the wide differentiation of Albanian and Chinese populations suggests either a 

founder effect and/or that we did not sample their true native origin (Figures II–1, II–2 and II–

S6).  

The later introduction in Italy involves another source population. The main possible routes of 

introduction are from the USA, based on commercial trade of used tyres between 1988 and 

1995, especially from Atlanta, Georgia (Dalla Pozza et al. 1994), which was corroborated by 

population genetics studies (Battaglia et al. 2016; Kotsakiozi et al. 2017; Manni et al. 2017; 

Shaikevich & Talbalaghi 2013; Urbanelli et al. 2000). In accordance with this, we found that 

populations in North Italy are genetically close to those of Japan and the USA but were more 

probably introduced from the USA (Figure II–4, Table II–1). Thereafter, established 

populations in North Italy spread to central Italian regions, which coincides with the gradual 

colonization of all the regions of Italy until reaching central regions in the late 1990s/early 

2000s (ECDC). An additional introduction of unrelated Chinese mosquitoes resulted in a 

different genetic background that was sampled in Central Italy in 2015 (Figure II–4, Table II–

1). 

After introductions in Albania and Italy, the species was periodically reported but not declared 

established in other parts of Europe until 2002 (ECDC). We show that established populations 

in Albania, North Italy and Central Italy have acted as “dispersal centres” in Europe (Figures 

II–1 and II–4). In the Southern Balkans, populations of Ae. albopictus inherited the genetic 

makeup of their source (Albania). The genetic differentiation of populations of the Southern 

Balkans from those of Western Europe can be explained by the historical divergence of 

lineages introduced in Italy and Albania and low connectivity between these regions. This 

strong barrier to gene flow corresponds to a geographical one (the Adriatic Sea) but probably 

reveals the lack of human-mediated dispersal due to low trade between these regions. 

Established populations in North Italy colonized close geographical regions (Switzerland, 

Corsica, Slovenia) whereas those in Central Italy dispersed widely westward (France, North 

Spain, Sardinia, Sicily), but also eastward (Croatia, Greece) so that substantial gene flow exists 

between the Italian and Balkan peninsulas. Subsequently, secondary introductions initiated 

from Central Italy have promoted nearby introductions from Croatia to North Serbia, North 

Spain to Majorca, and France to Corsica and South Spain.  

The distribution of populations resulting from the spatial expansion of each bridgehead 

population appears to be geographically structured. Indeed, most genetic disjunctions between 

geographically close populations correspond to range edges of the current distribution of major 

genetic groups identified in Europe (Figure II–1). This is further supported by patterns of 

admixture in “contact zones” around these edges: Greece between Albania and Central Italy, 

Croatia between North (through Slovenia) and Central Italy, an intermediate pattern between 

North and Central Italy (BOL), and France between North and Central Italy (Figures II–1 and 

II–2). 
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Although the goodness-of-fit tests demonstrate the robustness of the colonization scenario 

inferred (Table II–1, Figure II–S7), it is likely that other introductions into Europe went 

undetected. For instance, we found genetic admixture in Greece between Italy and Albania, 

which corroborates some previous studies revealing genetic similarities between Greece and 

Italy (Battaglia et al. 2016; Kamgang et al. 2011). It also supports previous hypotheses 

independent of genetics of multiple introductions from ports from Albania or Italy (Scholte & 

Schaffner 2007). However, other studies found that these populations were different and 

suggested an additional tropical origin for some Italian and Greek populations (Kotsakiozi et al. 

2017; Manni et al. 2017). These discrepancies are probably due to a low number of populations 

sampled outside the study area, and that we did not sample the same European populations. 

Likewise, we found a North Italian origin of populations in Turkey. Given the geographical 

distribution of Ae. albopictus in the Black Sea region (Akiner et al. 2016), there are several 

potential alternative sources of Turkish populations that we were not able to test. This 

highlights the importance of thorough sampling to accurately detect the source origin of 

invasive populations. 

	

	

Demographic	history,	genetic	diversity	and	spatial	expansion	

The genetic diversity of founding populations is primarily determined by the diversity in 

source, whether the source is native or invasive, and propagule pressure (Lee 2002; Lockwood 

et al. 2005). Thereby, one should expect (a) a negative relationship between current diversity 

and bottleneck intensity, (b) similar levels of diversity among sources and introduced 

populations for invasions with many invaders, or (c) higher diversity in the introduced 

population if multiple introduction events occurred (Dlugosch & Parker 2008; Lockwood et al. 

2005; Rius & Darling 2014). From the colonization scenario inferred in this study, we first 

reveal contrasted introduction modalities among the European bridgehead populations, with a 

single introduction event of a non admixed native unit in Albania (China), a single admixed 

source as well for the colonization of North Italy (USA) and post-introduction admixture 

between unrelated sources in Central Italy (North Italy and China) (Figures II–1 and II–4, 

Table II–1). Whether the founding diversity estimated from ABC analysis reflects the direct 

number of invaders, the genetic diversity of invaders or the frequency of introduction events, it 

is clear that the mode of introduction conditions the levels of founding diversity in introduced 

populations and further demographic histories (Figures II–5 and II–6, Tables II–2 and II–S6). 

Due to the political and commercial isolation of Albania and exchanges restricted to China in 

the 1970s, a low number of individuals were introduced at that time (Adhami & Reiter 1998). 

In accordance with this, the founding diversity in Albania was very low, which may have 

induced the constant erosion of genetic diversity recorded since introduction and similar-to-low 

levels of diversity as compared to China (Figures II–5 and II–6, Tables II–2 and II–S6). In 

North Italy, although we estimated large founding diversity, demographic inferences suggest 

the founding population has undergone a genetic bottleneck during introduction but a 

subsequent strong demographic expansion (Figures II–5 and II–6). The two independent 

introductions reported in Genoa and Padua (Dalla Pozza & Majori 1992; Sabatini et al. 1990), 

the large founding diversity and the higher genetic diversity than in its USA source suggest that 

the gain in effective population size is due to propagule pressure and admixture between 

multiple introductions from the USA. Finally, the Central Italy population shows the highest 
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genetic diversity (Tables II–2 and II–S6). A complex history of demographic expansion in 

North Italy and post-introduction admixture with unrelated individuals from China would 

explain this diversity and the lack of a bottleneck during introduction (Figure II–6). 

From experimental studies, there is strong evidence for the role of founding diversity in 

improving establishment success and population persistence (reviewed by Forsman 2014). 

Furthermore, a recent laboratory experiment suggested that diversity arising from genetic 

admixture could have an impact on invasive range expansion, and especially on the duration of 

the lag phase preceding spatial expansion (Wagner et al. 2017). The European invasion of the 

Asian tiger mosquito might provide a good opportunity for understanding the factors 

influencing the colonization potential of introduced species. Indeed, the spread of Ae. 

albopictus in Europe since first introductions suggests an acceleration of the expansion process 

(Figure II–S4; ECDC) and the populations that arose from mixtures of different sources, 

whether historical or founding, promoted more secondary introductions and spread farther than 

single-source invasions (Figures II–1 and II–4). 

In Albania, the substantial demographic expansion recorded in the late 1990s coincides with an 

increase in trade, probably promoting new introductions after the fall of the communist regime 

in 1991. This demographic event might have promoted spatial expansion in the Balkans, 

following by introductions in Montenegro and Greece in the early 2000s (Petrić et al. 2001; 

Samanidou-Voyadjoglou et al. 2005). However, the current invasive range size of founding 

Albanian populations is quite restricted (Figure II–1). Population expansion in the Southern 

Balkans may have been constrained for genetic reasons, not only due to the historical genetic 

depletion in Albania but also because the secondary colonization process involved a very low 

diversity in founders (Figures II–5 and II–6). For some introduction events (Montenegro and 

South Serbia), this founder effect has produced less genetically diverse populations than in 

Albania, probably due to genetic drift. However, genetic admixture in Greece between 

unrelated populations from Albania and Central Italy has counterbalanced these genetic 

constraints. 

In North Italy, the demographic expansion in the late 1990s coincides with the well-described 

historical spatial expansion throughout Northern regions of Italy between 1991 and 1995 

(Knudsen et al. 1996) and the 10-year period preceding spread to Central regions of Italy from 

1997 to early 2000s (ECDC). Highly variable populations in Central Italy may have the ability 

to establish and spread rapidly. Established since ~2000 in Central Italy's Adriatic coast, an 

extremely short lag phase coincides with the colonization of Western Mediterranean regions 

that began in 2003 (ECDC). Secondary introductions from Italy exhibit large genetic diversity 

during colonization (Figure II–5). Combined with large gene flow, this may have facilitated 

the maintenance of high levels of genetic variability in invading range-edge populations 

(Figure II–5, Tables II–2 and II–S6). Nonetheless, the genetic diversity of Italian source 

populations has not always induced high genetic diversities in secondary introduced 

populations. Genetic drift acting at the local scale may have reduced genetic diversity in range 

edges, as suggested by high FST values for some sampling sites (Table II–S4), although many 

of them still harbour higher diversity than native populations. These populations have had the 

chance to establish and persist, which may explain the large invasive range sizes that founding 

Italian populations reached in a very short time frame (Figure II–1). 
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Mechanisms	promoting	invasiveness	

The spread of Ae. albopictus in Europe is characterized by a rapid spatial expansion and an 

accumulation of invaded sites in noncontiguous areas (Figure II–S4; ECDC). This is expected 

for human-mediated invasive species, which are more likely to spread through long-distance 

jumps rather than diffusion-like processes (Lockwood et al. 2005). We demonstrate here that 

this pattern of spread is complex, with a mosaic of admixed invasive populations, a large 

number of secondary introductions from several dispersal centres (points of introductions in 

Europe) and frequent genetic exchange among remote invasive populations. This complex 

pattern places Ae. albopictus range expansion in Europe in the context of bridgehead invasions, 

which appears to be a common phenomenon in biological invasions (Barker et al. 2017; 

Bertelsmeier et al. 2018; Lesieur et al. 2019; Lombaert et al. 2010; van Boheemen et al. 2017). 

The bridgehead effect in Ae. albopictus could rely on the acquisition of evolutionary 

adaptations facilitating the establishment and further spread of locally adapted populations 

(Dlugosch et al. 2015; Estoup & Guillemaud 2010; Prentis et al. 2008; Rius & Darling 2014). 

However, there is no empirical support for the evolution of greater invasiveness in bridgehead 

populations (Bertelsmeier & Keller 2018). Furthermore, adaptive mutation takes a long time to 

occur, and thus introduced populations are more likely to establish if they already possess 

alleles advantageous in the invaded environment (Barrett & Schluter 2008). The role of 

adaptive changes within the native range prior to introduction has already been suggested for 

invasions in colder climates (Rey et al. 2012). The success of Ae. albopictus invasion of 

temperate areas is presumably due to the photoperiodic diapause of eggs already present in 

parts of the native range (Poelchau et al. 2013; Urbanski et al. 2012). Furthermore, a genome 

scan between invasive temperate and native tropical populations of Ae. albopictus revealed 

signatures of selection on standing variants with low initial frequencies in the tropical 

population (Goubert et al. 2017). By demonstrating that European populations all originated 

from native or non-native near-temperate lineages, we thus support that these populations were 

adequately pre-adapted for establishment in climates of Southern European countries. The lag 

time before expansion in Europe may be purely due to demographic phenomena rather than to 

lack of adaptation to a temperate climate. Interestingly, the two bridgeheads that received 

Chinese genetic input (Albania, Central Italy) and their derived populations are all located in a 

Mediterranean climate (Figure II–1). On the other hand, North Italy lacks the Chinese ancestry 

found in its USA source and dispersed through areas with wetter summers. We therefore cannot 

exclude post-introduction genetic changes during invasion of non-Mediterranean climates. 

The alternative explanation for secondary spread from bridgehead populations in Europe stems 

from the role of human transportation networks (Banks et al. 2015; Bertelsmeier & Keller 

2018) that have resulted in the establishment and spread of Ae. albopictus in recent decades 

(Eritja et al. 2017; Medley et al. 2014). The combination of genomic and observational data 

reveals that the topology of human transportation networks conditioned the genetic and 

demographic patterns in Ae. albopictus: (a) the sources of populations correspond to 

international trade partners at the time of first introductions; and (b) the increasing rise in trade, 

which was probably stronger in the Western Mediterranean, has promoted new introductions, 

increasing the number of individuals released and the frequency of admixture events. It has 

favoured the maintenance of high levels of genetic diversity in invading populations 

(countering bottleneck effects and drift), which can exceed that of source populations, 

improving establishment success, population persistence and further spread. 
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In conclusion, our results highlight the major role that genetic admixture has had in shaping the 

recently invading European populations. This mechanism has the potential to promote 

invasions by increasing genetic diversity and creating novel genetic combinations (Kolbe et al. 

2004; Lavergne & Molofsky 2007). Consequently, the worldwide genetic variability sampled 

in this study is found within restricted regions of the European range of Ae. albopictus. It can 

promote the subsequent spread of colonizing populations through a variety of mechanisms 

(Hufbauer 2017; Wagner et al. 2017). In support of this, admixed primary introductions of Ae. 

albopictus show the highest genetic diversity and secondary spread. Most European 

populations appear to have arisen from secondary spread or from the spread of established 

secondary introduced populations. We thus also support a positive feedback loop between the 

introduction and establishment stages of the invasion process (Bertelsmeier et al. 2018). Based 

on the explosive expansion from Italian populations, the high levels of genetic diversity may 

have accelerated this phenomenon. 
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Table II–S1	Sampling characteristics of Aedes albopictus populations. The number of populations (Npop) represents 

the samples analyzed for each geographical subdivision. The number of retained genotypes for each population do 

reference to Table II–S2, with initial sample size under brackets. Collection method: A: adults, L: larvae, f: field, l: 

reared from larvae, e: reared from eggs, *: standardized lab conditions: 27°C, 70% RH. 
 

Country Npop Sampling locations 
Pop 

code 
Date 

Geographical coordinates Sample 

size 
Method 

Latitude Longitude 

Thailand 1 Kanchanaburi  THAI 2014 - - 2 Le 

Malaysia 4 Penang, Balik Pulau PBAa 2017 5.342444 100.229167 2 Af 

    Penang, Balik Pulau PBAe 2017 5.342444 100.229167 8 Ae * 

    Penang, Sungai Dua PSUa 2017 5.358889 100.301778 4 Af 

    Penang, Sungai Dua PSUe 2017 5.358889 100.301778 8 Ae * 

China 6 Baiyun  BAYa 2017 23.189397 113.329564 3 (5) Af 

    Baiyun BAYe 2017 23.189397 113.329564 8 Ae * 

    Haizhu  HAZa 2017 23.095511 113.285319 7 Af 

    Haizhu HAZe 2017 23.095511 113.285319 7 Ae * 

    Panyu  PAYa 2017 23.063433 113.385778 8 Af 

    Panyu PAYe 2017 23.063433 113.385778 6 (8) Ae * 

Japan 2 Tokyo HKM 2010 - - 8 Ae 

    Saitama SAIa 2017 35.916583 139.675374 6 (8) Al 

United States 1 Atlanta ATL 2017 33.748995 -84.387982 10 Ae * 

Turkey 5 Artvin ART1 2016 41.181000 41.830830 5 Af 

    Artvin ART2 2016 41.481972 41.527722 5 Af 

    Artvin ART3 2016 41.391305 41.693440 5 Af 

    Trabzon TRA1 2016 41.040858 39.279888 5 Af 

    Trabzon TRA2 2016 40.893805 39.710830 2 Af 

Albania 15 Divjakë DIV1 2015 40.975130 19.480963 2 Ae 

    Divjakë DIV2 2016 40.975130 19.480963 8 Ae * 

    Durrës DUR1 2015 41.520478 19.519274 2 Ae 

    Durrës DUR2 2016 41.520478 19.519274 3 Ae * 

    Fier FIE1 2015 40.724760 19.561302 8 Ae 

    Fier FIE2 2016 40.724760 19.561302 6 Ae * 

    Golem GOL 2016 41.225624 19.515145 5 Ae * 

    Ksamil KSA1 2015 39.769328 20.002964 1 Ae 

    Ksamil KSA2 2016 39.769328 20.002964 4 Ae * 

    Lezhë LEZ1 2015 41.807517 19.599900 3 (4) Ae 

    Seman SEM 2015 40.758855 19.371225 1 Ae 

    Sop SOP 2016 40.719364 19.458050 10 Ae * 

    Spille SPI 2016 41.095384 19.469439 1 Ae * 

    Tiranë TIR3 2016 41.315837 19.842510 10 Ae * 

    Vlorë VLO 2015 40.326201 19.452363 3 (4) Ae 

North Italy 6 Belluno BEL 2017 46.133878 12.192491 8 Ae * 

    Bologna BOL 2015  44.640543 11.189305 11 Ae 

    Chioggia CHI 2015 45.219861 12.278794 3 (5) Ae 

    Padova PAD 2017 45.395748 11.886822 7 (8) Ae * 

    Torino TOR 2015 45.070339 7.686864 5 Ae 

    Verona VER 2017 45.479866 10.798987 8 Ae * 

Central Italy 2 Ancona ANC 2015 43.615830 13.518915 3 (6) Ae 

    Foggia FOG 2015  41.462198  15.544630 8 (9) Ae 

Corsica 2 Borgo BOR 2017 42.554742 9.424047 8 Ae * 

    Ortiporio ORT 2017 42.453652 9.343802 5 Ae * 

Slovenia 15 Ajdovscina AJD1 2015 45.888156 13.895867 3 Af 

    Ajdovscina AJD2 2016 45.888156 13.895867 5 Al 

    Brežice BRZ 2015 45.899905 15.598562 3 Al 

    Izola IZO1 2015 45.541098 13.659428 2 Af 

    Izola IZO2 2016 45.541098 13.659428 6 Al 

  Komen KOM1 2015 45.819150 13.747601 3 Ae 

    Kozina KOZ 2016 45.603274 13.950104 8 Ae 

    Ljubljana LJU1 2015 46.071441 14.532783 2 Al 

    Ljubljana LJU2 2016 46.071441 14.532783 6 Al 

    Novo Mesto NOM1 2015 45.813012 15.172454 3 Al 

  Novo Mesto NOM2 2016 45.813012 15.172454 6 Al 

    Pivka PIV1 2015 45.681509 14.193256 3 Ae 

    Pivka PIV2 2016 45.681509 14.193256 1 Ae 

  Podgrad POD 2016 45.525174 14.146450 8 Ae 

    Sežana SEZ 2016 45.711524 13.873801 8 Al 
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Croatia 4 Osijek OSJ 2017 45.525000 18.577778 6 Af 

    Pula PULa 2017 44.866667 13.850000 6 (8) Af 

    Pula PULe 2017 44.866667 13.850000 8 Ae * 

    Split SPLe 2017 43.508333 16.440556 7 (8) Ae * 

North Serbia 1 Batrovci BAT 2016 45.038606 19.753215 10 Ae 

South Serbia 1 Gostun GOS 2016 43.184523 19.133864 6 Ae 

France 28 Aiton AIT1 2015 45.563052 6.258962 3 Ae 

    Aiton AIT2 2016 45.557069 6.267984 9 (10) Af 

    Bretenoux BRX 2015 44.915650 1.838359 3 Ae 

    Capdenac-Gare CAP 2015 44.573873 2.080505 1 Ae 

    Ciron CIR 2015 46.626990 1.245467 8 Ae 

    Créteil CRET 2015 48.795956 2.463528 3 Ae 

    Cuxac-D'Aude CUX 2017 43.245275 3.002373 2 Ae 

    Guilherand GUG 2016 44.928500 4.875238 3 Af 

    Lavardac LAV 2016 44.179226 0.298910 5 (6) Ae 

    Lodève LOD 2016 44.052771 4.139575 10 Ae 

    Montauban MNB 2015 44.022125 1.352959 6 Ae 

    Montpellier MNP 2015 43.604138 3.847717 7 Ae 

    Nyons NYO 2013 44.361880 5.140144 1 Af 

    Pts-lès-Valences POR 2016 44.877525 4.877922 10 Af 

    Ruoms RUO 2013 44.452912 4.341765 4 (5) Af 

    St-G-les-Bains SGB 2016 44.858611 4.828205 7 Af 

    St-Paul-les-Dax SPD 2016 43.724254 -1.072479 1 (2) Ae 

    Saint-Priest STP 2013 45.698938 4.947071 5 Af 

    Seyches SEY 2016 44.550339 0.306345 10 Ae 

    Strasbourg NEU 2017 48.570463 7.765520 8 Af 

    Strasbourg SCH 2017 48.605225 7.748453 8 Af 

    Valence VAL 2013 44.933393 4.892360 4 Le 

    Les Vans VAN 2013 44.404688 4.131916 7 Af 

    Vénissieux VEN 2016 45.718950 4.859877 9 (10) Af 

    Villeurbane VIL 2016 45.768758 4.889538 5 Af 

    Vincennes VIN 2015 48.836380 2.445137 2 Ae 

    Villefranche VIS 2013 45.991471 4.718820 3 (5) Af 

    Vézénobres VZE 2016 43.732622 3.318002 10 Ae 

Switzerland 2 Chiasso CHS1 2017 45.837856 9.026298 7 (8) Ae * 

    Pedrinate CHS6 2017 45.826229  9.013598 8 Ae * 

Greece 3 Agios Stefanos AGS 2016  38.081838 23.513619 2 (3) Af 

    Egaleo EGA 2016 38.000919 23.403303 10 Af 

    Kefalonia KEF 2016 38.325026 20.401139 2 Lf 

Montenegro 1 Tivat TIV 2017 42.434981 18.706639 10 Ae * 

North  5 Beceite BEC 2017 40.834592 0.179643 6 (7) Af 

Spain   Castelldefels CAS 2016 41.267961 1.980247 1 Af 

    Llobregat HLL 2016 41.348906 2.094264 2 Af 

    Martorell MAR 2016 41.474367 1.923194 12 Af 

    Sant Andreu  SAB 2016 41.449825 1.971236 2 Af 

South  2 Alhaurin  ALH 2017 36.659948 -4.540081 7 (8) Af 

Spain   Benicasim BCS 2017 40.052086 0.019680 6 (7) Af 

Majorca 4 Andratx AND 2016 39.575229 2.426133 8 Ae * 

    Bunyola BUN 2016 39.671768 2.687203 5 Ae * 

  Capdepera CPP1 2016 39.686232 3.450698 1 Ae * 

  Capdepera CPP2 2016 39.657246 3.437622 6 Ae * 

Sardinia 5 Alghero ALG 2016 40.563764 8.326214 1 Af 

    Cagliari CAG 2016 39.202100 9.136347 4 Af 

Majorca    Olbia OLB 2016 40.922778 9.480278 12 Af 

(continued)   Olmedo OLM 2016 40.671639 8.365042 3 Af 

    Oristano ORI 2016 39.898933 8.586897 7 Af 

Sicily 4 Catenanuova CAT 2016 37.565300 14.688944 8 Af 

    Enna Bassa ENB 2016 37.552547 14.288203 8 Af 

    Pergusa LDP 2017 37.521753 14.309139 8 Af 

    Modica MOD 2017 36.708917 14.790889 8 Af 
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Table II–S3	 Definition of prior distributions of ABC parameters and adjusted values, based on parameters 

estimation of intermediate scenarios and the maximum time since introduction, used for reconstructing the European 

invasion scenario of Aedes albopictus. 
	

Parameter 
Official 

record 
Sampling Date 

Max time since introduction 
Priors Adjusted priors 

Years Generations 

Japan - Asia [1,000−50,000] [20,000−30,000] 

China - Malaysia [1,000−20,000] [10,000−20,000] 

Admixture rate [0.001−0.999] 

Bottleneck duration [0−50] 

Number of founders [10−1,000] 

USA 1985 2017 32 224 [194−254] [200−260] 

Albania 1979 2015−2016 36−37 252−259 [222−289] [220−290] 

Montenegro 2001 2017 16 112 [82−142] [80−140] 

South Serbia 2014 2016 2 14 [0−44] [10−50] 

North Italy 1990 2015−2017 25−27 175−189 [145−219] [150−200] 

South Italy 2000 2015 15 105 [75−135] [100−140] 

Turkey 2015 2016 1 7 [0−37] [10−40] 

Greece 2003 2016 13 91 [61−121] [60−100] 

Slovenia 2002 2015−2016 13−14 91−98 [61−128] [90−130] 

Croatia 2004 2017 13 91 [61−121] [70−90] 

North Serbia 2009 2016 7 42 [19−79] [10−70] 

France 2004 2013−2017 9−13 63−91 [33−121] [80−100] 

Switzerland 2003 2017 14 98 [68−128] [70−130] 

North Spain 2004 2016−2017 12−13 84−91 [54−121] [70−100] 

South Spain 2010 2017 7 42 [19−79] [10−70] 

Majorca 2012 2016 4 28 [0−58] [10−70] 

Corsica 2006 2017 11 77 [47−107] [50−80] 

Sicily 2003 2016−2017 13−14 91−98 [61−128] [60−100] 

Sardinia 2006 2016−2017 10−11 70−77 [40−107] [40−100] 

	

	

	
Table II–S5	Posterior distributions of ABC parameters (global scenario). Median and 95% confidence interval of 

parameters posterior distributions. Bottleneck duration and intensity are represented in Figure II–5. 
	

Parameters   Posterior median Posterior distrbution [CI95] 

Divergence time/ 

Introduction date 

Japan - Continental Asia 20,300 [20,000−23,400] 

Malaysia - China 10,700 [10,000−14,200] 

Introduction in USA 255 [215-260] 

Introduction in Albania 220 [220-222] 

Introduction in North Italy 163 [150−196] 

Introduction in Central Italy 100 [100−106] 

Introduction in Turkey 39 [21−40] 

Introduction in Montenegro 86 [80−130] 

Introduction in South Serbia 28 [10−50] 

Introduction in Greece 60 [60−67] 

Introduction in Slovenia 108 [96−130] 

Introduction in Croatia 76 [70−90] 

Introduction in North Serbia 16 [10−50] 

Introduction in Switzerland 105 [86−130] 

Introduction in France 92 [80−100] 

Introduction in North Spain 74 [70−99] 

Introduction in South Spain 38 [13−66] 

Introduction in Majorca 69 [51−70] 

Introduction in Corsica 80 [77−80] 

Introduction in Sardinia 100 [98−100] 

Introduction in Sicily 60 [60−60] 

Rate of Admixture USA (from Japan) 0.510 [0.503−0.526] 

Central Italy (from North Italy) 0.727 [0.595−0.866] 

Greece (from Albania) 0.745 [0.613−0.866] 

Croatia (from Central Italy) 0.522 [0.505−0.598] 

Corsica (from North Italy) 0.519 [0.504−0.587] 
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Table II–S6	Populations genetic diversity. Observed (HO) and expected (HE) heterozygosities, allelic richness (AR), 

FIS following Nei (1987) and population specific FST overall loci with significance results from 1,000 bootstrap (99% 

confidence intervals). Bold: non-significant. 
 

Country Pop Nind HO HE FIS* ßs* AR 

Albania DIV2 8 0.172 0.224 0.173 0.174 1.22 

  DUR2 3 0.199 0.244 0.082 0.156 1.22 

  FIE1 8 0.188 0.218 0.078 0.205 1.21 

  FIE2 6 0.177 0.233 0.164 0.159 1.22 

  GOL 5 0.179 0.177 -0.047 0.334 1.18 

  KSA2 4 0.176 0.198 -0.007 0.304 1.18 

  LEZ 3 0.171 0.243 0.160 0.181 1.22 

  SOP 10 0.168 0.204 0.142 0.240 1.20 

  TIR 10 0.183 0.218 0.114 0.189 1.21 

  VLO 3 0.199 0.242 0.056 0.169 1.22 

China BAYa 3 0.156 0.241 0.214 0.190 1.21 

  BAYe 8 0.167 0.244 0.248 0.105 1.24 

  HAZa 7 0.157 0.236 0.252 0.144 1.23 

  HAZe 7 0.158 0.232 0.235 0.157 1.22 

  PAYa 8 0.164 0.247 0.261 0.095 1.24 

  PAYe 6 0.168 0.238 0.214 0.138 1.23 

Corsica BOR 8 0.176 0.251 0.239 0.075 1.24 

  ORT 5 0.178 0.239 0.180 0.136 1.23 

Croatia OSJ 6 0.212 0.247 0.063 0.108 1.24 

  PULa 6 0.195 0.252 0.155 0.080 1.24 

  PULe 8 0.188 0.243 0.181 0.098 1.24 

  SPL 7 0.187 0.260 0.207 0.051 1.25 

France AIT1 3 0.160 0.209 0.097 0.289 1.19 

  AIT2 9 0.177 0.217 0.127 0.205 1.21 

  BRX 3 0.183 0.198 -0.038 0.299 1.19 

  CIR 8 0.177 0.243 0.214 0.107 1.24 

  CRET 3 0.201 0.176 -0.201 0.318 1.18 

  GUG 3 0.202 0.232 0.027 0.164 1.22 

  LAV 5 0.233 0.231 -0.094 0.129 1.23 

  LOD 10 0.201 0.253 0.152 0.060 1.25 

  MNB 6 0.174 0.232 0.164 0.172 1.22 

  MNP 7 0.210 0.256 0.131 0.048 1.25 

  NEU 8 0.164 0.216 0.193 0.204 1.21 

  POR 10 0.195 0.232 0.121 0.143 1.23 

  RUO 4 0.206 0.243 0.126 0.098 1.24 

  SCH 8 0.178 0.258 0.242 0.052 1.25 

  SEY 10 0.199 0.229 0.081 0.156 1.22 

  SGB 7 0.183 0.202 0.076 0.245 1.20 

  STP 5 0.186 0.239 0.136 0.152 1.22 

  VAL 4 0.177 0.223 0.118 0.201 1.21 

  VAN 7 0.187 0.232 0.099 0.175 1.22 

  VEN 9 0.214 0.249 0.094 0.087 1.24 

  VIL 5 0.205 0.187 -0.158 0.275 1.19 

  VIS 3 0.223 0.245 -0.030 0.122 1.23 

  VZE 10 0.194 0.226 0.101 0.159 1.22 

Greece EGA 10 0.161 0.229 0.229 0.159 1.22 

Japan HKM 8 0.170 0.201 0.122 0.256 1.20 

  SAIa 6 0.187 0.230 0.135 0.152 1.22 

Majorca AND 8 0.169 0.212 0.146 0.216 1.21 

  BUN 5 0.161 0.221 0.175 0.212 1.21 

  CPP2 6 0.182 0.197 0.044 0.263 1.20 

Malaysia PBAe 8 0.116 0.210 0.337 0.262 1.20 

  PSUa 4 0.133 0.219 0.233 0.286 1.19 

  PSUe 8 0.127 0.215 0.322 0.228 1.20 

Montenegro TIV 10 0.176 0.229 0.185 0.151 1.22 

North Italy BEL 8 0.177 0.243 0.208 0.106 1.24 

 BOL 11 0.208 0.245 0.106 0.097 1.24 

 CHI 3 0.201 0.257 0.065 0.142 1.23 

  PAD 7 0.182 0.245 0.192 0.099 1.24 

TOR 5 0.215 0.244 0.035 0.122 1.23 

  VER 8 0.185 0.248 0.204 0.085 1.24 
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Central Italy ANC 3 0.195 0.250 0.108 0.132 1.23 

  FOG 8 0.202 0.266 0.188 0.017 1.26 

North Spain BEC 6 0.185 0.237 0.136 0.144 1.23 

  MAR 12 0.183 0.240 0.190 0.110 1.24 

South Spain ALH 7 0.182 0.214 0.096 0.207 1.21 

  BCS 6 0.186 0.230 0.129 0.155 1.22 

North Serbia BAT 10 0.188 0.231 0.146 0.139 1.23 

South Serbia GOS 6 0.174 0.169 -0.060 0.375 1.17 

Sardinia CAG 4 0.178 0.251 0.173 0.134 1.23 

  OLB 12 0.189 0.245 0.182 0.087 1.24 

  OLM 3 0.204 0.261 0.087 0.113 1.24 

  ORI 7 0.197 0.255 0.169 0.062 1.25 

Sicily CAT 8 0.195 0.249 0.164 0.079 1.24 

  ENB 8 0.182 0.210 0.097 0.215 1.21 

  LDP 8 0.171 0.200 0.122 0.252 1.20 

  MOD 8 0.184 0.189 0.035 0.297 1.19 

Slovenia AJD1 3 0.224 0.251 0.006 0.126 1.23 

  AJD2 5 0.166 0.209 0.126 0.260 1.20 

  BRZ 3 0.201 0.201 -0.057 0.237 1.20 

  IZO2 6 0.193 0.239 0.138 0.124 1.23 

  KOM1 3 0.210 0.226 -0.062 0.193 1.21 

  KOZ 8 0.178 0.166 -0.078 0.362 1.17 

  LJU2 6 0.181 0.241 0.179 0.120 1.23 

  NOM1 3 0.210 0.212 -0.034 0.192 1.22 

  NOM2 6 0.175 0.233 0.170 0.152 1.22 

  PIV1 3 0.202 0.169 -0.305 0.269 1.19 

  POD 8 0.180 0.170 -0.068 0.349 1.17 

  SEZ 8 0.172 0.236 0.208 0.130 1.23 

Switzerland CHS1 7 0.204 0.259 0.153 0.048 1.25 

  CHS6 8 0.189 0.252 0.194 0.069 1.25 

Turkey ART1 5 0.176 0.221 0.126 0.194 1.21 

  ART2 5 0.185 0.222 0.090 0.194 1.21 

  ART3 5 0.188 0.210 0.037 0.235 1.20 

  TRA1 5 0.180 0.180 -0.062 0.332 1.18 

USA ATL 10 0.163 0.213 0.186 0.210 1.21 

	

	

	

	

Additional Supplementary Material may be found in the online version of this article: 

	

Table II–S2   Results of the pipeline analysis used for calling genotypes. Statistics (total 

number of reads, number of loci and mean depth per sample) for the 692 

individuals processed in ddRAD libraries, including individuals previously 

analyzed (*Sherpa et al. 2018). The 32 individuals underlined in grey were not 

further considered for genetic analyses (>80% missing data). 

 

Table II–S4   Genetic differentiations between all pairs of populations. Matrix of pairwise 

FST (upper triangle) and 95% confidence intervals using 1,000 bootstrap 

repetitions (upper triangle). Pairwise FST only calculated for populations with N 

≤2. 
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Abstract	

Adaptation to environmental conditions within the native range of exotic species can condition 

the invasion success of these species outside their range. The striking success of the Asian tiger 

mosquito, Aedes albopictus, to invade temperate regions has been attributed to the winter 

survival of diapause eggs in cold environments. In this study, we evaluate genetic 

polymorphisms (SNPs) and wing morphometric variation among three biogeographical regions 

of the native range of Ae. albopictus. Reconstructed demographic histories of populations show 

an initial expansion in Southeast Asia and suggest that marine regression during late 

Pleistocene and climate warming after the last glacial period favored expansion of populations 

in southern and northern regions respectively. Searching for genomic signatures of selection, 

we identified significantly differentiated SNPs among which several are located in or within 

20kb distance from candidate genes for cold adaptation. These genes involve cellular and 

metabolic processes and several of them have been shown to be differentially expressed under 

diapausing conditions. The three biogeographical regions also differ for wing size and shape, 

and wing size increases with latitude supporting Bergmann’s rule. Adaptive genetic and 

morphometric variation observed along the climatic gradient of Ae. albopictus native range 

suggests that colonization of northern latitudes promoted adaptation to cold environments prior 

to its worldwide invasion. 

Keywords: Aedes albopictus – Invasive species – Phylogeography – Demographic history – 

Cold adaptation – Diapause – RAD sequencing – Geometric morphometrics 

 

 

Introduction	

Biological invasions are one of the main drivers of environmental change, causing significant 

biodiversity loss and ecosystem alteration (Simberloff et al. 2013). The risk of biological 

invasions is expected to increase with the ongoing human-induced global change (Vitousek 

1997) and the exponential increase in transportation networks (Hulme 2009). Yet, only a small 

proportion of introduced species became established, pointing the need to improve our 

understanding of processes determining invasion success.  

The facilitating role of adaptive evolution in invasions is now well recognized (Lee 2002; 

Prentis et al. 2008; Bock et al. 2015). Three adaptation scenarios have been proposed for 
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explaining that introduced species establish naturalized populations and spread. The genetic 

shift hypothesis states that invasive phenotypes arise after introduction from rapid evolutionary 

responses to new selective pressures encountered in the invaded area (Sakai et al. 2001). It has 

long been viewed that genetic shift is unlikely to contribute to the invasion process due to an 

expected low adaptive potential of genetically reduced introduced populations, but a growing 

number of studies report such de novo changes in invasive populations (Lee 2002; Prentis et al. 

2008; Whitney & Gabler 2008; Colautti & Barrett 2013; Colautti & Lau 2015). The two 

alternative hypotheses are two-step scenarios. The bridgehead scenario, whereby a primary site 

of invasion promotes new introductions (Lombaert et al. 2010), may facilitate further 

establishment in areas with similar environmental pressures. However, there is currently no 

empirical support for adaptive changes taking place at bridgeheads (Bertelsmeier & Keller 

2018). The last hypothesis is a preadaptation scenario (i.e. prior adaptation sensu Hufbauer et 

al. 2012), which denotes the case in which key evolutionary changes for invasion occurred 

within the native range prior to introduction into a novel range. The similarity of selective 

regimes in native and introduced ranges may thus facilitate establishment success due to low 

environmental filtering, and species with a broad geographical or climatic native range are 

more likely to become invasive (Bossdorf et al. 2008; Lee & Gelembiuk 2008; Foucaud et al. 

2013; Schlaepfer et al. 2010; Rey et al. 2012).  

The Asian tiger mosquito, Aedes albopictus, is currently one of the most invasive species 

(Global Invasive Species Database, http://www.issg.org/database/). In its native Asian range, 

Ae. albopictus occurs across a broad latitudinal range and a contrasted environmental gradient 

that encompasses tropical regions of Southeast Asia to temperate regions of Japan (Hawley 

1988). Reconstructed historical distribution of Ae. albopictus during late Pleistocene suggests 

that the species originated in Southeast Asia (Poretta et al. 2012). In this region, marine 

regression from the Last Interglacial (LIG, 120,000−140,000 years ago) to Last Glacial 

Maximum (LGM, 18,000−21,000 years ago) resulted in the formation of the Sunda shelf (Voris 

2000). The occurrence of climatically suitable areas across the Sunda shelf, the Indochinese 

Peninsula and Southeast China, would have favored the expansion of the species ~70,000 years 

ago in this region (Poretta et al. 2012). Due to the extension of ice sheets in northern latitudes, 

these regions would have been colonized only after the LGM, which may have promoted 

adaptations to cold environments.  

As in many insects, the winter survivorship of Ae. albopictus in cold environments is mainly 

determined by the photoperiodic induced diapause of eggs (Hawley 1988; Hanson & Craig 

1994; Urbanski et al. 2010). Studies analyzing the ecology and molecular physiology of 

diapause in Ae. albopictus support the occurrence of two adaptive phenotypes within its native 

range: a tropical phenotype that does not undergo diapause, and a temperate phenotype with a 

plastic diapause response (Hawley 1988). This response is programmed by environmental 

factors perceived prior to entering diapause that induce metabolic changes (Denlinger 1991). 

Concordantly, transcriptomic studies have shown that a few thousand genes, involved in the 

perception of external factors and several metabolic pathways, were differentially expressed 

between diapausing and non-diapausing conditions in Ae. albopictus (Poelchau et al. 2013a, 

2013b; Huang et al. 2015). A recent study based on transposable element insertions also 

reported genomic signatures of selection between temperate invasive (Europe) and tropical 

native (Vietnam) populations (Goubert et al. 2017). However, this later study does not indicate 
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whether adaptations arose in invasive populations (genetic shift) and/or in the native population 

from which invasive ones were introduced (preadaptation). Evidence that most temperate 

invasive populations originated from near-temperate regions within the native range (Battaglia 

et al. 2016; Manni et al. 2017; Kotsakiozi et al. 2017; Partie II – Article 1, Sherpa et al. 

2019a) suggests that the source populations were already adapted to winter diapause and ready 

to become invasive in temperate regions. Furthermore, there is no clear indication for niche 

expansion that would have required adaptive evolution in temperate invaded areas (Cunze et al. 

2018). Demonstrating that adaptation occurred within the native range would shed light into the 

contribution of preadaptation in the invasion process (Hufbauer et al. 2012). So far, no study 

focused on identifying genetic polymorphisms related to the cold-stress response within the 

native range of Ae. albopictus. 

In this study, we aim at better understanding the factors and processes implicated in the 

evolutionary divergence of Ae. albopictus native populations. We analyze natural populations 

from three biogeographical regions (Malaysia, China and Japan) that contrast in climatic 

conditions, with non-diapausing populations located in southern latitudes and diapausing 

populations in northern latitudes. We use published genetic data obtained from high-throughput 

sequencing, showing that geographically isolated populations are genetically differentiated 

(Partie II – Article 1, Sherpa et al. 2019a). We also aim to assess if the factors that shaped 

genetic variation within the native range of Ae. albopictus influenced morphological variation. 

For this purpose, we analyze wing size and shape using lab-raised individuals from the same 

collected populations. We first refine the previously proposed biogeographic scenario of Ae. 

albopictus native populations (Poretta et al. 2012). If changes in habitat distribution due to 

climatic fluctuations during late Pleistocene impacted the dynamics of populations, the 

demographic histories of populations are expected to vary according to their biogeographical 

origin. However, this has not been demonstrated and the hypothesis of northward expansion 

only stands on species distribution models (Poretta et al. 2012). To test this hypothesis, we 

reconstruct changes in effective population size over time. Then, we evaluate if cold adaptation 

has occurred within the native range of Ae. albopictus. In order to detect genes potentially 

involved in the diapause response and/or cold tolerance, we search for genomic signatures of 

selection using methods based on population differentiation. We then evaluate the role of 

climatic conditions in shaping adaptive genetic and morphometric variation by testing whether 

the variation of these traits correlates with climatic variation. In light with the recent literature 

describing the ecology, physiology and genetics of Ae. albopictus in both native and invaded 

ranges, we discuss how our results support one or several adaptation scenarios. 

 

 

Material	and	methods	

Data	collection	

The genetic and morphometric data were collected from six natural populations sampled in 

Malaysia, China and Japan (Figure III–1.1, Table III–1.S1). The genetic dataset comprising 

67 individuals was obtained from previously published data available at the European 

Nucleotide Archive (Table III–1.S1; Partie II – Article 1, Sherpa et al. 2019a). Raw fastq 

sequences, obtained from double-digest restriction associated DNA sequencing (ddRADseq), 

were processed using the bioinformatics pipeline described in Sherpa et al. (2019a). Briefly, 
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The collection for morphometric analyses comprises 239 adult mosquitoes from the same six 

populations (Figure III–1.1, Table III–1.S1). This dataset was newly collected for the purpose 

of this study. The characterization of morphometric variation was performed on lab-raised 

individuals to report morphometric differences that reflect genetic differences among 

populations, thus avoiding variations that could result from natural environmental conditions. 

We measured the first generation so that the phenotypic characteristics of populations are not 

altered. Eggs were reared in standard laboratory conditions (27°C, 70% relative humidity and 

day length cycles of 14:10h light:dark), with <1 larvae per mL. 

 

 

Changes	in	effective	population	size	over	time	

To reconstruct the demographic history of populations, we used the STAIRWAY PLOT v2 

method to infer changes in effective population size over time (Liu & Fu 2015). The six 

populations were analyzed separately. After removing non-polymorphic loci for each 

population, the number of SNPs used for computing the Site Frequency Spectrum (SFS) was 

14,662 for PBA, 15,605 for PSU, 12,462 for BAY, 14,269 for PAY, 13,464 for HAZ, and 

7,395 for SAI. We used a mutation rate per site per generation of 10
-8

 (Rašić et al. 2014; 

Bennett et al. 2018) and the generation time was approximated from the reproductive period. 

The reproductive period was defined as the number of months for which photoperiod was 

above 11.25h of light (average monthly day length obtained from the GEOSPHERE R package 

v1.5.7; Hijmans et al. 2017) and temperature above 10.5°C (average monthly temperatures 

obtained from the WorldClim database at 30 sec resolution, Fick & Hijmans 2017). Based on 

reproductive period length and considering a generation time of one month (Liu et al. 1985), 

we used generation times of 0.083 year for Malaysia, 0.111 year for China and 0.143 year for 

Japan. 

	

	

Detection	of	outlier	SNPs	

We performed three analyses to detect genomic signatures of selection: two FST-based 

methods, contrasting populations from the three biogeographical regions, and one model-free 

method based on principal component analysis. The first FST-based method is the Bayesian 

algorithm implemented in BAYESCAN v2.1 (Foll & Gaggiotti 2008) that decomposes 

population FST coefficients (divergence among populations) into locus-specific and population-

specific regression terms. The MCMC algorithm was run for 500,000 iterations following a 

burn-in period of 100,000 with the proposal distributions for parameters adjusted by 20 short 

pilot runs of 2,000 iterations. We assumed the chains converged because acceptance rates 

ranged between 0.25 and 0.40. The final sample size was 10,000 iterations (one sampled every 

50). The second FST-based method is the likelihood approach implemented in the OUTFLANK R 

package v0.1 (Whitlock & Lotterhos 2015). This procedure uses a measure of FST uncorrected 

for sample size but as we imputed missing data, all loci have the same sample size. We 

removed low heterozygosity variants (<10%). Model fitting after trimming the highest FST 

values suggests that as much as 40% of loci are affected by spatially heterogeneous selection 

(Figure III–1.S2A). For the model-free method, we used the PCADAPT R package v4.04.3 (Luu 

et al. 2017). The genetic variation among populations on the two first principal components 
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(PCs) accounting for 48% of total variation is shown in Figure III–1.S2B. We evaluated the 

correlation of each SNP with the two first PCs and the P-values were estimated using 

Mahalanobis distances.  

We considered the SNPs detected as outliers following several criteria. We used a Q-value 

framework to control for false discovery rate (FDR) (Storey & Tibshirani 2003; Storey et al. 

2004). We assumed a FDR threshold of Q-value ≤ 0.05 for all tests of neutrality of SNPs 

(Table III–1.S4). BAYESCAN directly calculates Q-values for each SNP. A Q-value threshold 

of 5% corresponds to BAYESCAN posterior probabilities ranging from 0.76 to 1. For the two R 

packages, Q-values were computed using the QVALUE R package v2.4.2 (Storey et al. 2015). To 

further reduce FDR, we assumed that only SNPs detected by at least two of the three methods 

were outliers. Outlier SNPs were searched against the VectorBase biomart online tool to screen 

genes in or within 20kb distance from the SNPs (https://biomart.vectorbase.org/biomart/-

martview/, AaloF1.2 annotations). When genes were not annotated, we either evaluated 

orthologous genes in the VectorBase database or homologous proteins using the NCBI’s 

BLASTP tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins). We synthetized the 

molecular and biological functions involved by these genes using Gene Ontology annotations 

of the Universal Protein Knowledgebase (UniProt, http://www.uniprot.org). Finally, we 

compared the genes identified to those showing differential expression profiles between 

diapausing and non-diapausing conditions (Poelchau et al. 2013a, 2013b; Huang et al. 2015). 

 

 

Wing	geometric	morphometrics	

Wing morphometrics was performed on adults stored in 75% EtOH at −20 °C. The left wing 

was detached from the mosquito thorax and mounted on a glass microscopic slide. All slides 

were photographed using an Olympus DP70 digital camera (3.1 Megapixels) connected to an 

Olympus SZX12 stereomicroscope (DF PLAPO 1.2xPF2 objective). Wing geometric 

morphometrics was performed using 20 landmarks (LMs) located at vein intersections and 

termini that were digitalized for each specimen (Figure III-1.S3) using TPSUTIL v1.76 (Rohlf 

2006) and TPSDIG2 v2.31 (Rohlf 2008). Variation due to scale, orientation and position was 

removed by applying a Procrustes superimposition to landmarks coordinates using the 

COORDGEN8 program (Sheets 2008). The resulting Procrustes shape coordinates and log-

transformed centroid size were used in morphometric analyses. We applied a PCA on 

Procrustes coordinates to evaluate wing shape variation and determined the confidence with 

which a priori sample classification was supported by shape data by performing a Canonical 

Variate Analysis (CVA) on Procrustes coordinates using the MORPHO R package v2.6 (Schlager 

2017). Finally, morphometric differentiation between males and females, countries, and 

populations were assessed using Type II multivariate (MANOVA, Procrustes coordinates) and 

univariate (ANOVA, wing size) analyses of variance using the CAR R package v3.0-2 (Fox & 

Weisberg 2011). 

 

 

Climatic	variables	and	environmental	correlations	

To identify environmental variables that explain adaptive genetic variation, which correspond 

to genetic variation restricted to outlier SNPs, we performed redundancy analyses (RDA) 
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(Steane et al. 2014; Capblancq et al. 2018). Climatic data were obtained from the WorldClim 

database (http://www.worldclim.org, Fick & Hijmans 2017) at 30 arcsec resolution. We 

considered the 19 BIOCLIM variables, mean annual water vapor pressure, mean annual wind 

speed, and annual solar radiation. The elevation was obtained from the RASTER R package v2.4-

8 (Hijmans 2018). We also used RDA to test the influence of environmental variables on 

morphometric variation. We analyzed males and females separately and tested the effect of 

climatic variables on wing shape, wing shape after removing allometric effect, and wing shape 

and size (log transformed centroid size) as responses variables. RDA were performed using the 

VEGAN R package v2.4-5 (Oksanen et al. 2017). 

	

	

Results	

Demographic	history	

Aedes albopictus native populations show large proportion of singletons (37−44%) with an 

excess of rare variants compared to neutral expectations (Figure III–1.S4). The strongest 

excesses are recorded for Malaysian (10–11%) and Chinese (7–10%) populations whereas the 

Japanese population shows only slight excess (2%). The reconstruction of past changes in 

effective population size shows similar demographic patterns for populations within a 

biogeographical region but different between the biogeographical regions (Figure III–1.2B). 

Populations in China started to expand first around 60 kya (BAY: 66 kya; HAZ: 60 kya; PAY: 

58 kya), followed by Malaysian populations around 50 kya (PBA: 53 kya; PSU: 50 kya), and 

the Japanese population started to expand later around 37 kya. Population sizes were constant 

for several thousand years with equivalent population sizes in China (BAY: 108,000, HAZ: 

99,000, PAY: 85,000) and Malaysia (PBA: 95,000, PSU: 89,000), and lower in Japan (SAI: 

55,000).  

Populations from Malaysia and China strongly expanded between 30 and 40 kya. Median 

values obtained from 50 replicate analyses also suggest that populations from China started to 

expand first but 95% confidence intervals do not differentiate the expansion events in Malaysia 

and China. Populations from Malaysia show stronger and fast population growth between 18 

and 28 kya, reaching up to 1,170,000 individuals. The effective population sizes remain near 

constant over time for Chinese populations, comprised between 500,000 and 660,000 but 

another slight expansion event is detected between 10 and 17 kya. For the population sampled 

in Japan, the only expansion event detected is more recent (around 17 kya) and reached a lower 

size than those recorded in populations from continental Asia (~200,000 individuals).  

 

 

Genomic	polymorphisms	showing	signature	of	selection	

We detected 128 SNPs as being more differentiated than expected by chance among the three 

biogeographical regions (Figure III–1.3). The FST-based methods detected 92 and 117 outliers 

(BAYESCAN and OUTFLANK respectively). The PCA-based method identified 637 outlier SNPs, 

of which 87 and 114 were also detected by the two FST-based methods respectively. Most 

outliers show strong allelic change between Malaysia and Japan, whereas China shows both 

Japan-like and Malaysian-like allele frequencies (Figure III–1.3, Table III–1.S5).  
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processes include proteins involved in cell cycle, gene silencing, signal transduction and 

response to stimulus, and metabolic processes include the biosynthesis of organic substances 

(glutathione, mannose, carbohydrates), aromatic compounds (cAMP, GTP, UTP, CTP) and 

membrane lipids (sphingolipids), as well as protein catabolism (Figure III–1.S4, Table III–

1.S5). Among these genes, five and ten genes respectively were previously found up- and 

down-regulated in diapausing conditions in Ae. albopictus (Table III–1.S5, Figure III–1.S6). 

 

	

Figure III–1.3 Genomic signatures of cold adaptation in Aedes albopictus. Variation in allele frequencies among 

populations for outlier SNPs detected by at least two methods (BAYESCAN, OUTFLANK, PCADAPT) and located in or 

within 20kb distance of candidates genes for cold adaptation. Annotations (gene ID, gene description and gene 

function) based on VectorBase, UniProt, and BLASTP analyses. Font colors indicate gene identified as differentially 

expressed between diapausing and non-diapausing conditions (Poelchau et al. 2013a, 2013b; Huang et al. 2015; 

Gene lists available at the VectorBase database), red: up-regulated; blue: down-regulated. Allele frequencies and 

annotations for the 128 outliers SNPs (including those in non coding regions) are presented in Table III–1.S5 and 

molecular and biological functions of all genes detected are synthetized in Figure III–1.S5.	
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frequencies between Malaysian and Chinese-Japanese populations are associated with 

isothermality, mean annual temperature and temperature seasonality (RDA 1), and those 

showing different allele frequencies between Malaysian-Chinese and Japanese populations are 

associated with mean diurnal range and the maximum temperature of the warmest month (RDA 

2). Wing size is strongly correlated to mean annual temperatures in both males and females, 

with larger wings in colder regions (Figure III–1.5B). RDA on morphometric variables reveals 

that 81% (males) and 65% (females) of wing variation (including size and shape) is constrained 

by climatic conditions, but only 20% (males) to 22% (females) when considering wing shape 

only (Figure III–1.S7). 

	

	

Discussion	

Biogeographical	history	of	Aedes	albopictus	native	populations	

Recent studies on genetic variation among Ae. albopictus native populations revealed 

geographic pattern of differentiation across large Southeast Asian Islands (Indonesia, 

Philippines), the Malaysian Peninsula (Malaysia, Thailand, Singapore), the western (Myanmar) 

and the eastern (Vietnam) Indochinese Peninsula, China, and Japan (Figure III–1.S8; Battaglia 

et al. 2016; Maynard et al. 2017; Kotsakiozi et al. 2017; Partie II – Article 1, Sherpa et al. 

2019a). Here, we show that populations genetically differentiated at neutral loci (Figure III–

1.S2B) also differ in morphometric traits (Figures III–1.4 and III–1.S7). Because wing shape 

is generally heritable (Henry et al. 2010; Klingenberg 2010) and often reflects the demographic 

history of populations (Demari-Silva et al. 2014; Lorenz et al. 2017 and references therein), our 

results suggest that historical factors shaped genetic and morphometric variation similarly. 

Among historical events affecting species diversity during the Pleistocene, climatic and 

associated changes in the distribution of habitats have likely contributed to the diversification 

of forest species (Haffer & Prance 2001), promoting geographical isolation of populations in 

allopatric refugia during the LGM in several mosquito forest species within Southeast Asia 

(O’Loughlin et al. 2008; Chen et al. 2011; Morgan et al. 2011). Genetic differentiation of Ae. 

albopictus continental populations (Malaysian Peninsula, Vietnam, Myanmar, China) supports 

the habitat fragmentation hypothesis during the LGM while the differentiation of island 

populations may be due to postglacial isolation following marine transgression (Indonesian 

Islands, Japan). Morphometric variation also supports postglacial isolation of Japanese 

population, which shows strong differentiation in wing shape as compared to continental 

populations (Malaysia, China) where gene flow could have occurred (Figure III–1.4).  

Changes in effective population size over time reveal an earlier expansion of Chinese and 

Malaysian populations, around 60 kya and 50 kya respectively (Figure III–1.2B). Similar to 

studies showing larger genetic diversities in the Indochinese Peninsula and South China 

(Poretta et al. 2012; Partie II – Article 1, Sherpa et al. 2019a), this result supports an initial 

expansion in Southeast Asia and is congruent with the previous phylogeographic reconstruction 

showing that Ae. albopictus started to expand between the LIG and the LGM (~70 kya) 

(Poretta et al. 2012). Reconstructed historical distributions suggest that climatic conditions 

during the LGM in northern latitudes of Asia would have impeded the persistence of Ae. 

albopictus in these regions (Poretta et al. 2012). However, we reveal an expansion of the 
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Japanese population around 37 kya, suggesting the species was present in Japan before the end 

of the LGM. Land bridges that continuously emerged from 60 to 8 kya between continental 

Asia and Japan (Soya Strait) or more briefly during the LGM (Tsugaru and Tsushima Straits) 

would have created connections with Japan (Ono 1990; Koizumi et al. 2012). The constant low 

population size we recorded for the Japanese population until the end of the LGM suggests 

northern LGM refuges for Ae. albopictus, as shown for other insect species (Aoki 2011). 

Malaysian and Chinese populations also show constant population sizes for thousands of years 

followed by a simultaneous expansion between 30 and 40 kya that could reflect the increase of 

emerged land in southernmost regions of Asia (Voris 2000; Yokoyama 2007). Large amounts 

of habitats provided by suitable climatic conditions (Poretta et al. 2012) and the persistence of 

rainforests on the Sunda shelf (Cannon 2012 and references therein) have promoted expansion 

of populations. The Sunda shelf extended between large Indonesian islands and the Indochinese 

Peninsula (Figure III–1.1; Voris 2000), which may explain the stronger population growth of 

Malaysian populations. Chinese populations may have also benefited from this increased 

availability of suitable areas as they are located below the northernmost distribution limit of Ae. 

albopictus during the LGM (Figure III–1.1; Poretta et al. 2012). The post-LGM expansion of 

the Japanese (17 kya) and Chinese (from 17 to 10 kya) populations reflects the amelioration of 

climatic conditions after the end of the LGM (Figure III–1.2; Oppo & Sun 2005; Wang et al. 

2014). Our results support a scenario of northward colonization from southern regions of Asia 

during the last glacial period but a post-LGM expansion rather than a post-LGM colonization 

of northern latitudes (Poretta et al. 2012). However, a large-scale phylogeographic 

reconstruction including populations from Indonesia, the Indochinese Peninsula and temperate 

regions of China is needed to confirm this putative scenario.  

	

	

Adaptive	evolution	within	the	native	range	of	Aedes	albopictus	

Genetic and morphometric variation could also result from adaptive processes. We identified a 

set of significantly differentiated SNPs of which most show a progressive change in allele 

frequencies from South to North (Figure III–1.3; Table III–1.S5). About 70% of them were 

located in or within 20kb distance from genes encoding proteins whose main biological 

functions are cellular and metabolic processes (Figure III–1.S6; Table III–1.S5). Because 

ddRADseq is a random sampling of whole genome, none of the thousands of SNPs analyzed 

were located within 20kb of any of the diapause genes or signaling pathways involved in 

diapause regulation (e.g. biological clocks, hormones and signaling cascades) previously 

described in Ae. albopictus and other insects (Bradshaw & Holzapfel 2007; Meuti & Denlinger 

2013; Sim & Denlinger 2013; Huang et al. 2015; Denlinger & Armbruster 2016; Armbruster 

2016; Koštál et al. 2017). Nonetheless, we detected signatures of selection in several genes 

implicated in signal transduction or stimuli response (Figure III–1.3), including a modulator of 

visual phototransduction (Sokal et al. 2003), and olfactory and gustatory receptors. This 

suggests that the perception of external signals differs between temperate and tropical 

environments, and supports previous studies showing changes affecting the olfactory system at 

low temperatures in Drosophila species (Dalton 2000; Riveron et al. 2009, 2013; Parker et al. 

2018).  
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Changes in metabolic activities are classically documented in cold adaptation, with the 

accumulation of molecules acting as cryoprotectants (Holden & Storey 1994; Qin et al. 2005; 

Denlinger & Lee 2010; Koštál et al. 2011). In support, we identified genes involved in the 

biosynthesis of carbohydrates, sugars and glycoproteins (Figure III–1.3). Other mechanisms 

include changes in membrane fluidity, pump, ion or membrane permeability (Hochachka & 

Somero 2002; Koštál et al. 2003; Purac et al. 2011). Congruently, we detected genes implicated 

in the maintenance of cellular homeostasis. We identified an enzyme of fatty acid metabolism 

responsible for changes in the composition of membrane lipids and regulation of membrane 

fluidity (Williams 1998) potentially involved in cold adaptation (Hazel 1995; Koštál et al. 

2003; Cooper et al. 2014; Garba et al. 2017), as well as genes involved in the functioning of 

cell membranes, cellular ionic balance and membrane components, which may prevent 

metabolic perturbations and cell damage (Figure III–1.3).  

This is the first study reporting genomic signatures of selection within the native range of Ae. 

albopictus. In order to reduce the false discovery rate, we used a Q-value framework and 

considered SNPs as outliers when detected by at least two methods (de Villemereuil et al. 

2014; Nadeau et al. 2016). More than half of these SNPs show a progressive change in allele 

frequencies from South to North that is correlated to climatic variation (Figures III–1.3 and 

III–1.5A, Table III–1.S5). We suggest that the regulation of cellular processes, such as stimuli 

responses, cryoprotection and membrane adjustments may be implicated in the cold-stress 

response in Ae. albopictus. Confirming the functional and adaptive significance of these loci 

would require rigorous gene expression or selection experiments (Pardo-Diaz et al. 2015) but 

we were further able to validate 15 of these genes based on previous transcriptomic studies 

(Figure III–1.S6; Poelchau et al. 2013a, 2013b; Huang et al. 2015). Concerning morphometric 

traits, the correlation between wing shape and climatic variables was low but we show that 

wing size increases with mean annual temperatures (Figure III–1.5B). This result supports the 

ecogeographical rule of Bergmann with larger individuals found in cold environments, as wing 

size can be used as an indicator of adult body size (Dujardin 2008). Larger wings in cold 

environment could be related to longer developmental stages (Armbruster & Hutchinson 2002; 

DeLatte et al. 2009). 

These results suggest that the colonization of northern latitudes promoted adaptation to cold 

environments. Our sampling design however precludes strong conclusions on environmental 

effects as we only sampled three regions. Furthermore, about 30 outlier SNPs suggest that de 

novo mutations arose either in China (one allele absent in Malaysia) or in Japan (one allele 

absent in Malaysia and China). Although FST-based methods take into account populations’ 

demographic history (average neutral differentiation), this pattern could be the result of non-

adaptive processes such as genetic drift as we sampled islands (Japan and Penang, Malaysia). A 

comprehensive analysis including climatically intermediate populations is thus required to 

conclude on the respective roles of neutral and adaptive processes. 

	

	

Pre-existing	cold	adaptation	and	successful	invasion	

Selective pressures encountered by founders during introduction represent strong 

environmental filters, and insects’ phenotypic adjustments already existing in the source 

populations are likely key for successful invasions (Renault et al. 2018). Documenting the 



Partie III – Processus adaptatifs : adaptations préexistantes						

 

	

	

100 
	

preadaptation scenario requires both ecological and genetic approaches (Hufbauer et al. 2012). 

The evidence points needed for supporting this preadaptation scenario, and patterns observed in 

Ae. albopictus supporting that cold adaptation within the native range promoted successful 

invasion in introduced temperate regions are presented in Table III–1.1. Concerning the 

habitat, the climatic niches should at least partly overlap between native and introduced ranges 

and population genetic analyses should provide evidence that introduced populations originated 

from populations in similar habitat within the native range (points 1 to 4). In Ae. albopictus, 

temperate invasive populations show niche conservatism relative to Asian native populations 

and originated from near-temperate regions of the native range (Table III–1.1). From an 

evolutionary perspective, it should be demonstrated that adaptive evolution has occurred within 

the native range and that introduced populations show adaptations similar to those already 

found in native populations (points 5 to 7). Aedes albopictus native populations show two 

distinct phenotypes with a cold-induced diapause only in the temperate phenotype that confer 

higher survival in cold-environments, and there is evidence that invasive temperate populations 

possess phenotypic traits similar to northern Asian populations (Table III–1.1).  

The present study provides insight into the evolutionary history of native populations (points 3 

and 5). Analyzing high resolution nuclear SNPs and wing morphometric traits, we provide 

evidence that climatic fluctuations during late Pleistocene shaped genetic and morphometric 

variation, by either promoting neutral genetic differentiation of populations due to geographical 

isolation (point 3) and local adaptation to environmental conditions (point 5). Regardless of the 

environmental conditions, adaptation of native populations may more generally confer higher 

invasive potential (point 4; Hufbuaer et al. 2012). Cold adaptation could confer higher 

establishment probabilities of temperate phenotypes outside the native range relative to tropical 

phenotypes. Indeed, diapause eggs are also tolerant to desiccation (Urbanski et al. 2010), 

conferring a greater ability to be transported for a long time. Since pupal mass and wing length 

are indicators of fecundity in Ae. albopictus (Armbruster & Hutchinson 2002), larger cold-

adapted individuals could also have a better reproductive potential. Although invaders 

originating from cold environments were probably pre-adapted for invading temperate regions, 

some studies suggest the two other adaptation scenarios (genetic shift, bridgehead scenario) 

might still occur.  

The only other study investigating genomic signatures of selection in Ae. albopictus compared 

temperate invasive and tropical native populations (Goubert et al. 2017). None of the 

potentially adaptive genes detected by the later study match those we detected within the native 

range, possibly because different genomic regions were targeted in the two studies 

(transposable elements insertion polymorphisms and ddRADseq SNPs). An alternative 

hypothesis is that genetic changes detected by transposable elements occurred after 

introduction (genetic shift). In support of this hypothesis, a rapid evolution of the diapause 

response has been documented during the American invasive range expansion of Ae. albopictus 

(Urbanski et al. 2012; Kreß et al. 2016; Armbruster et al. 2016; Kreß et al. 2017). Because 

North American invasive populations acted as a source for introduction in other temperate 

regions (e.g. Europe; Partie II – Article 1, Sherpa et al. 2019a), the bridgehead adaptation 

scenario might be a component of Ae. albopictus invasion success if adaptive evolution 

occurred in North America. Demonstrating post-introduction adaptations would require 

reciprocal transplant experiments to demonstrate differences in genetically determined 
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phenotypic traits between invasive populations and their sources, and to show that these traits 

confer invaders higher fitness relative to their source and promoted niche expansion in the 

invaded area (Bertelsmeier & Keller 2018). Nevertheless, the three adaptation scenarios are not 

mutually exclusive. While the preadaptation of invaders to environmental conditions in the 

novel range may result in the rapid establishment of introduced populations, post-introduction 

adaptations may favor the expansion of these populations. 

 

 

Table III–1.1 Evidence needed to demonstrate the role of preadaptation in invasion success (Hufbauer et al. 2012) and 

patterns of ecological, physiological and genetic variation in Ae. albopictus supporting the preadaptation scenario that 

cold adaptation within the native range occurred prior to invasion in temperate regions. 
 

Evidence points Method Pattern in Ae. albopictus References 

(1) The species is present in 

different environments 

within the native range 

 

The native range enclose tropical and 

temperate regions 
Hawley 1988 

Distribution 

modelling 

Changes in populations’ historical 

distribution during Pleistocene 
Poretta et al. 2012 

(2) Native and introduced ranges 

climatic niches are similar 

Niche 

comparison 

Niche conservatism for invasive 

populations 
Cunze et al. 2018 

(3) Native populations are 

structured at neutral loci Population 

genetics 

Native populations show geographical 

structuration of neutral genetic variation 

Maynard et al. 2017 

Battaglia et al. 2016 

Kotsakiozi et al. 2017 

Sherpa et al. 2019a 

 
Demographic 

inferences 

Evidence that Pleistocene climatic 

fluctuations shaped populations' 

demographic history 

Present study 

  
Morphometrics 

Native populations differ in wing 

morphometric traits 
Present study 

(4) Introduced populations 

originated from populations 

located in similar habitat 

within the native range 

Population 

genetics 

Temperate invasive populations originated 

from populations located in near-temperate 

regions 

Battaglia et al. 2016 

Kotsakiozi et al. 2017 

Sherpa et al. 2019a 

(5) Adaptive evolution to 

specific environments has 

occurred within the native 

range 

 

Two distinct diapause phenotypes within 

the native range 
Hawley 1988 

Transcriptomics 
A few thousand genes are differentially 

expressed in diapausing conditions 

Poelchau et al. 2013a, 

2013b  

Huang et al. 2015 

 Detection of 

outlier SNPs 

Outlier SNPs in candidate genes for cold 

adaptation 
Present study 

 Environmental 

correlations 

Adaptive genetic and morphometric 

variation correlate with climatic variation 
Present study 

(6) Adaptive evolution of native 

populations leads to 

differences in fitness 

Physiological 

experiments 

Cold-adapted diapause eggs have higher 

survival chance than non-diapause eggs in 

cold environments  

Sota & Mogi 1992 

Lounibos et al. 2011 

(7) Introduced populations show 

similar adaptations to those 

found in native populations 

Physiological 

experiments 

Similar diapause response in temperate 

invasive and native populations  
Hawley et al. 1989 

Physiological 

experiments 

No variation in size-based morphological 

traits in temperate invasive and native 

populations  

Urbanski et al. 2012 
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Table III–1.S1 Sampling characteristics of Aedes albopictus native populations and sample size for genetic 

and morphometric analyses. 
 

Country 
Sampling 

locality 
Pop  

Geographical coordinates Genetics† Morphometrics 

Latitude Longitude 
(Field/Lab-

raised) 

(Males/ 

Females) 

Malaysia Balik Pulau PBA 5.342444 100.229167 10 (2/8) 36 (25/11) 

Malaysia Sugna Dua PSU 5.358889 100.301778 12 (4/8) 50 (25/25) 

China Baiyun District BAY 23.189397 113.329564 11 (3/8) 50 (25/25) 

China Haizhu District  HAZ 23.095511 113.285319 14 (7/7) 7 (5/2) 

China Panyu District  PAY 23.063433 113.385778 14 (8/6) 48 (20/28) 

Japan Saitama SAI 35.916583 139.675374 6 (6/0) 48 (27/21) 

† For individual names in Table S1: Field-collected=a; 

Lab-raised=e 

 

 

 

 

 

Table III–1.S2	 Statistics of the genetic dataset. Accession numbers, statistics of the bioinformatics analysis 

performed in Sherpa et al. 2019a (Partie II – Article 1), and statistics of the SNPs assembly used in this study. 
 

Country Individuals 
Accession 

numbers 

Number of 

reads 
MapQ>30 

Number 

of loci 

Number 

of SNPs  

Missing 

data (%) 

Median 

coverage 

China BAYa.2 ERS3125566 1957567 624504 16061 33672 7.8 38 

China BAYa.3 ERS3125567 1152673 368010 14293 33304 8.8 24 

China BAYa.8 ERS3125569 1465686 462823 14603 33375 8.6 30 

China BAYe.2 ERS3125570 1170938 337493 28255 32898 9.9 18 

China BAYe.3 ERS3125571 1304919 366699 31875 33185 9.1 19 

China BAYe.4 ERS3125572 1582573 511294 20234 33859 7.3 31 

China BAYe.5 ERS3125573 2214913 711944 41457 33778 7.5 39 

China BAYe.6 ERS3125574 851248 236892 21669 30512 16.4 14 

China BAYe.7 ERS3125575 965581 236701 25881 29282 19.8 13 

China BAYe.8 ERS3125576 1342927 424745 16523 33484 8.3 28 

China BAYe.9 ERS3125577 1721061 575082 18904 33462 8.4 37 

China HAZa.1 ERS3125741 1147785 371811 14925 33566 8.1 24 

China HAZa.2 ERS3125742 1453853 482438 15786 33391 8.5 31 

China HAZa.3 ERS3125743 1490010 481807 15642 33876 7.2 32 

China HAZa.4 ERS3125744 1176761 360834 15246 32627 10.6 16 

China HAZa.6 ERS3125745 1512300 484790 15196 33890 7.2 21 

China HAZa.7 ERS3125746 1885630 611551 15402 33883 7.2 27 

China HAZa.8 ERS3125747 1781711 589477 17140 33388 8.6 25 

China HAZe.1 ERS3125748 1848727 609396 16614 33457 8.4 40 

China HAZe.2 ERS3125749 1640054 513831 14857 33196 9.1 35 

China HAZe.3 ERS3125750 1703225 548211 18083 33919 7.1 36 

China HAZe.4 ERS3125751 1249096 407586 16991 32889 9.9 26 

China HAZe.5 ERS3125752 1686252 538172 16123 33500 8.2 24 

China HAZe.6 ERS3125753 1632514 516643 15785 33219 9 23 

China HAZe.7 ERS3125754 1494617 469732 16252 32845 10 21 

China PAYa.1 ERS3125914 1273181 407443 15412 32882 9.9 26 

China PAYa.2 ERS3125915 1284210 415769 15411 32924 9.8 27 

China PAYa.3 ERS3125916 1096504 337489 15360 32817 10.1 22 

China PAYa.4 ERS3125917 1583893 515008 16053 33377 8.6 34 

China PAYa.5 ERS3125918 1452912 455400 16295 33464 8.3 19 

China PAYa.6 ERS3125919 1694153 541338 16480 33402 8.5 24 

China PAYa.8 ERS3125920 1179416 357126 15579 31862 12.7 16 

China PAYa.9 ERS3125921 1540498 476670 15755 33188 9.1 21 

China PAYe.1 ERS3125922 830555 229848 23551 28493 22 13 

China PAYe.3 ERS3125924 1957298 642857 17466 33962 7 41 

China PAYe.4 ERS3125925 1535218 506808 17055 33566 8.1 33 

China PAYe.5 ERS3125926 1029824 310611 15425 31960 12.5 14 

China PAYe.7 ERS3125928 1643639 506585 18295 33610 7.9 21 

Malaysia PAYe.9 ERS3125929 1414475 450699 16631 33268 8.9 20 

Malaysia PBAa.1 ERS3125930 1344669 362723 12406 32448 11.1 26 

Malaysia PBAa.4 ERS3125931 841193 203215 11923 30656 16 15 
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Malaysia PBAe.1 ERS3125932 1616958 451513 13797 32244 11.7 34 

Malaysia PBAe.2 ERS3125933 1471417 409493 11952 32642 10.6 31 

Malaysia PBAe.3 ERS3125934 1741084 489141 15239 32444 11.1 37 

Malaysia  PBAe.4 ERS3125935 1691372 463156 13440 32969 9.7 34 

Malaysia PBAe.5 ERS3125936 1239942 342907 12875 32531 10.9 25 

Malaysia PBAe.6 ERS3125937 1227553 338476 11911 31917 12.6 25 

Malaysia  PBAe.7 ERS3125938 1383581 382934 12417 32867 10 29 

Malaysia  PBAe.8 ERS3125939 1667627 464891 13394 32486 11 35 

Malaysia  PSUa.2 ERS3125960 1035485 281284 12417 31962 12.5 20 

Malaysia  PSUa.3 ERS3125961 715413 179040 11622 29146 20.2 14 

Malaysia  PSUa.4 ERS3125962 1051095 275633 11641 30154 17.4 15 

Malaysia  PSUa.5 ERS3125963 1115421 297807 12290 30132 17.5 15 

Malaysia  PSUe.1 ERS3125964 1550556 456341 15635 32382 11.3 36 

Malaysia  PSUe.2 ERS3125965 1388848 391518 17390 33246 8.9 29 

Malaysia  PSUe.3 ERS3125966 1304542 369098 13714 32234 11.7 30 

Malaysia  PSUe.4 ERS3125967 1590713 454181 13480 32571 10.8 35 

Malaysia  PSUe.5 ERS3125968 1736050 490174 14740 32718 10.4 25 

Malaysia  PSUe.6 ERS3125969 1524987 430289 15775 32519 10.9 21 

Malaysia  PSUe.7 ERS3125970 2635332 749641 14586 33052 9.5 38 

Malaysia  PSUe.8 ERS3125971 1733647 478474 14373 32584 10.8 25 

Japan SAIa.1 ERS3125991 1794121 587121 19859 34077 6.7 39 

Japan SAIa.2 ERS3125992 810290 231151 15839 31551 13.6 15 

Japan  SAIa.4 ERS3125994 1564921 465789 21409 33459 8.4 29 

Japan  SAIa.5 ERS3125995 1371134 424024 20267 33419 8.5 27 

Japan  SAIa.6 ERS3125996 509794 124291 13575 25677 29.7 9 

Japan SAIa.8 ERS3125998 1280023 391166 16217 33475 8.3 26 

	

	

 

 

 

 

Table III–1.S3	Genetic differentiation of populations. Pairwise FST (Weir & Cockerham 1984) with 

95% confidence intervals (CI95) in brackets (1,000 bootstrap repetitions). FST shows field collected (a) 

and lab-raised adults (e) are not genetically different. “a” and “e” individuals for populations BAY, HAZ, 

PAY, PBA and PSU were analyzed together. 
	

  BAYa BAYe HAZa HAZe PAYa PAYe PBAa PBAe PSUa PSUe SAIa 

BAYa - 
0.000  

0.011 

0.005 

0.020 

0.018  

0.033 

0.000 

0.011 

0.009  

0.023 

0.050  

0.079 

0.054 

0.075 

0.041 

0.063 

0.048 

0.065 

0.083  

0.107 

BAYe 0.004 - 
0.003 

0.010 

0.017 

0.026 

0.001 

0.007 

0.000  

0.017 

0.070 

0.092 

0.074  

0.088 

0.052 

0.069 

0.066  

0.079 

0.067 

0.083 

HAZa 0.011 0.007 - 
0.001  

0.021 

0.002  

0.010 

0.008  

0.016 

0.079 

0.104 

0.080 

0.095 

0.060  

0.075 

0.071  

0.084 

0.075  

0.092 

HAZe 0.024 0.022 0.006 - 
0.012  

0.021 

0.007  

0.037 

0.083  

0.107 

0.080 

0.095 

0.066 

0.082 

0.074  

0.086 

0.084 

0.101 

PAYa 0.003 0.004 0.007 0.016 - 
0.001 

0.009 

0.063  

0.088 

0.072 

0.086 

0.049 

0.064 

0.062  

0.076 

0.070 

0.086 

PAYe 0.015 0.013 0.012 0.032 0.005 - 
0.084  

0.111 

0.077 

0.092 

0.062 

0.077 

0.070  

0.085 

0.073 

0.090 

PBAa 0.064 0.081 0.092 0.095 0.076 0.098 - 
0.000 

0.003 

0.000 

0.017 

0.006  

0.026 

0.149 

0.176 

PBAe 0.064 0.081 0.087 0.087 0.080 0.084 0.000 - 
0.010  

0.020 

0.028  

0.035 

0.125 

0.144 

PSUa 0.051 0.060 0.067 0.073 0.058 0.070 0.007 0.015 - 
0.002  

0.022 

0.114 

0.138 

PSUe 0.057 0.072 0.077 0.080 0.069 0.077 0.016 0.031 0.007 - 
0.120 

0.140 

SAIa 0.096 0.075 0.082 0.093 0.078 0.082 0.163 0.135 0.125 0.130 - 
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Additional Supplementary Material may be found in the online version of this article: 

 

Table III–1.S4  Results of outlier detection methods. For each method, the statistics and Q-

values are given for the 10,483 SNPs. 

 

Table III–1.S5  Gene description of outlier SNPs identified. Allele frequencies of the 128 SNPs 

with results of test of neutrality of each method used (as in Figure III–2.3). 

Position of SNPs; Gene description and Gene Ontology. Colored bold SNPs are 

those in or within 20kb distance from genes previously identified differntially 

expressed between diapausing and non-diapausing conditions (Poelchau et al. 

2013a, 2013b; Huang et al. 2015). Red: up-regulated, Blue: down-regulated. 
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Abstract	

Invasive species can encounter environments different from their source populations, which 

may trigger rapid adaptive changes after introduction (niche shift hypothesis). To test this 

hypothesis, we investigated whether post-introduction evolution is correlated with contrasting 

environmental conditions between the European invasive and source ranges in the Asian tiger 

mosquito Aedes albopictus. The comparison of environmental niches occupied in European and 

source population ranges revealed more than 96% overlap between invasive and source niches, 

supporting niche conservatism. However, we found evidence for post-introduction genetic 

evolution by reanalysing a published ddRADseq genomic dataset from 90 European invasive 

populations using genotype-environment association (GEA) methods and generalized 

dissimilarity modelling (GDM). Three loci, among which a putative heat shock protein, 

exhibited significant allelic turnover along the gradient of winter precipitation that could be 

associated with ongoing range expansion. Wing morphometric traits weakly correlated with 

environmental gradients within Europe, but wing size differed between invasive and source 

populations located in different climatic areas. Niche similarities between source and invasive 

ranges might have facilitated the establishment of populations. Nonetheless, we found evidence 

for environmental-induced adaptive changes after introduction. The ability to rapidly evolve 

observed in invasive populations (genetic shift) together with a large proportion of unfilled 

potential suitable areas (80%) pave the way to further spread of Ae. albopictus in Europe. 

Keywords: Aedes albopictus – Ecological niche modelling – Genotype–Environment 

Association – Generalized Dissimilarity Modelling – RAD sequencing – Geometric 

morphometrics – Niche conservatism – Rapid adaptation 

 

 

Introduction	

Human movements have dramatically increased in the past decades, promoting the intentional 

or accidental introduction of species into new regions often far removed from their natural 

ranges (Hulme 2009; Banks et al. 2015). Predicting the potential risks of establishment and 

spread of non-native species has thus become a central question in invasion biology (Thuiller et 

al. 2005; Jiménez-Valverde et al. 2011). The commonly used approach is to predict the 

potential range of an invasive species using environmental characteristics of known geographic 

occurrences in its native range (Guisan & Thuiller 2005; Soberon & Peterson 2005). A 

fundamental assumption in these predictions is that invasive species retain their ancestral 
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ecological niche (i.e. niche conservatism; Wiens & Graham 2005) and it makes it difficult to 

predict the introduced range from the species’ native range if the non-native and native niches 

differ (i.e. niche shift; Broennimann et al. 2007).  

It has become increasingly important to evaluate whether the ecological characteristics of 

species are maintained or change rapidly when they establish outside their initial range 

(Pearman et al. 2008; Guisan et al. 2014). A growing number of studies report such niche shift 

during the invasion process (Broennimann et al. 2007; Petitpierre et al. 2012; Guisan et al. 

2014; Lancaster et al. 2015; Atwater et al. 2018). Global occurrences are classically used as a 

background for predicting the potential distribution of species. However, comparing the 

ecological characteristics of the invaded and the full species’ native ranges may be misleading 

if the introduced populations do not directly originate from the native but another invasive 

range (i.e. bridgehead effect; Lombaert et al. 2010). Elucidating the routes of introduction is a 

pre-requisite to adequately address the question of niche shift versus niche conservatism during 

the invasion process. Population genomics and modern analytical tools, such as approximate 

Bayesian computation, allow to combine historical, biological and genetic information, to test 

for complex scenarios including demographic stochasticity (i.e. bottleneck) and multiple 

introductions (i.e. genetic admixture), and provide decision statistics to choose the most likely 

scenario (Estoup & Guillemaud 2010). 

The study of the geographical distribution of invasive species can also provide valuable 

information about their invasiveness. For instance, niche similarity between non-native and 

native ranges may favor the rapid establishment of introduced populations. However, niche 

expansion requires local adaptation that ultimately determines the capacity of populations to 

persist (Sax et al. 2007; Richardson & Pyšek 2008), raising further questions about the 

evolutionary mechanisms at play during the invasion process. How fast do populations evolve 

in response to new selective pressures? To what extent does the demographic history (e.g. 

genetic admixture, founder events) account for local adaptation? Is there a causal link between 

niche conservatism and range expansion? Ecological genomics approaches now allow 

characterizing the role of environmental variables in shaping local adaptation (Rellstab et al. 

2015; Hoban et al. 2016; Ahrens et al. 2018). For invasive species undergoing range expansion, 

genes essential for local adaptation are expected to present shifts in allele frequencies along 

environmental gradients (Fitzpatrick & Keller 2015; Dudaniec et al. 2018). Other traits such as 

morphological, physiological or life-history traits that often show heritable variation may also 

evolve rapidly in response to new selective pressures (Lynch & Walsh 1998; Thompson 1998; 

Nosil 2012). 

Among recent biological invasions, the Asian tiger mosquito, Aedes (Stegomyia) albopictus 

(Skuse 1894), has been the focus of a large number of species distribution modelling studies at 

various spatial scales (Medlock et al. 2006; ECDC 2009, 2012; Fischer et al. 2011; Roiz et al. 

2011; Caminade et al. 2012; Kraemer et al. 2015; Dickens et al. 2018; Ducheyne et al. 2018). 

These studies depicted a consensus of the geographical determinants of Ae. albopictus global 

distribution range, but they primarily aimed at evaluating the potential contemporary and future 

distributions. Studies evaluating the niche conservatism hypothesis revealed that invaded 

niches differ from those of native populations (Medley 2010; Hill et al. 2017; Cunze et al. 

2018). These differences were either explained by niche expansion supporting niche shift (Hill 

et al. 2017) or by niche unfilling supporting niche conservatism (Cunze et al. 2018). These 
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studies compared invaded range niches to those of the entire Asian native range (Medley 2010; 

Cunze et al. 2018), but assessing the adaptive potential of introduced populations requires 

having a good knowledge of their precise source. For instance, the reconstruction of Ae. 

albopictus invasion routes has revealed that the sources can be a previously invaded areas 

(Partie II – Article 1, Sherpa et al. 2019a). 

In the present study, we address the question of niche shift versus niche conservatism during 

the invasive range expansion of Ae. albopictus in Europe, by comparing the ecological 

characteristics of European invasive populations to the characteristics of their North American 

and Chinese source populations (Partie II – Article 1, Sherpa et al. 2019a). Because North 

American populations originated in Japan, where pre-existing cold adaptation probably favored 

invasion in temperate regions (Partie III – Article 2, Sherpa et al. 2019b), we also included 

Japan in niche comparisons. The examination of niche shifts during the invasion process of Ae. 

albopictus has never been combined so far to the analysis of traits that may affect local 

adaptation. We thus tested if substantial differences in environmental niches occupied by 

European invasive populations may have promoted rapid adaptive changes after introduction. 

We used published genomic data from double digest restriction associated DNA sequencing 

(ddRADseq) from 90 populations distributed throughout the European invasive range, and 

measured wing geometric morphometrics for a subset of these populations. To evaluate the 

ability of European populations to evolve in response to new selective pressures, we tested the 

effect of six environmental factors on genetic composition and morphometric variation using 

correlative approaches controlling for populations demographic history. Traits potentially 

under current selection within Europe were then compared to their source populations. 

 

 

Material	and	methods	

Study	area	

The study area encompasses 90 invasive populations distributed across the current European 

invasive range of Ae. albopictus, which have been analyzed in a previous study (Figure III–

2.1, Partie II – Article 1, Sherpa et al. 2019a). The samples include populations from Albania 

(11), Croatia (3), France (30, including 2 from Corsica), Greece (3, including 1 from 

Kefalonia), Italy (17, including 5 from Sardinia and 4 from Sicily), Montenegro (1), Serbia (2), 

Slovenia (10), Spain (11, including 4 from Majorca) and Switzerland (2) (Figure 1, Table S1). 

Based on the previous reconstruction of colonization routes, we included data from the two 

European source populations (China and USA) and Japan (ancestral origin of USA) (Figure 

III–2.S1; Partie II – Article 1, Sherpa et al. 2019a). 

 

 

Data	collection	

Occurrences data – We collected occurrences (presence only records) of Ae. albopictus 

available from the Global Biodiversity Information Facility (https://www.gbif.org/) and the 

citizen science project (https://www.inaturalist.org/), and literature review of previous 

distribution studies or sample material (Table III–2.S2). Aedes albopictus has been introduced 

in North Italy from the USA in 1990 (Sabatini et al. 1990; Partie II – Article 1, Sherpa et al. 

2019a) so we considered only the occurrences recorded before 1990 for the USA source in 
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resolution of ~1 km (Venter et al. 2018). We retained non-colinear variables using the 

occurrences in the four geographical regions (correlation coefficients <0.50), resulting in six 

variables to represent environmental variation among ranges: PRJ (precipitation in January), 

PRS (precipitation seasonality), MTP (minimum temperature of the coldest month), ISO 

(isothermality), NPP (net primary production), and HF (human footprint) (Figure III–2.S2). 

Genetic data acquisition – We reanalyzed previously published genomic data obtained from 

double-digest restriction associated DNA sequencing (ddRADseq) (Annexe I – Article 5, 

Sherpa et al. 2018a; Partie II – Article 1, Sherpa et al. 2019a). Sequences of 110bp for 90 

European populations (N = 551) were mapped to the Ae. albopictus reference genome (Chen et 

al. 2015) using BWA-MEM v0.7.5 (Li et al. 2009). We retained uniquely aligned reads with 

MapQ ≥30 using SAMTOOLS v1.7 (Li & Durbin 2009), and with a minimum read depth of 5 

reads/individual on average using STACKS v2.0 (Catchen et al. 2013). We included all 

polymorphic positions, with a maximum of 30% missing data and a minor allele count of 40, 

resulting in a dataset of 6,506 SNPs with 18.5% missing data. 

Mosquito wings – The characterization of wing morphometric variation was performed on lab-

raised individuals to report morphometric differences that reflect genetic differences among 

populations, and measured the first generation so that the phenotypic characteristics of 

populations are not altered. Eggs were reared in standard laboratory conditions (27°C, 70% 

relative humidity, and day length cycles of 14:10h light:dark), with <1 larva per milliliter. 

Morphometric data was collected for 410 individuals from 25 invasive populations from 

Europe and 1 invasive population from USA (Table III–2.S1). We also included morphometric 

data from 153 individuals from 4 native populations (China and Japan) reared in the same 

laboratory conditions, analyzed in a previous study (Partie III – Article 2, Sherpa et al. 

2019b). 

 

 

Environmental	niche	comparison		

Ordination method – Environmental niche variation of the six variables retained was 

evaluated using principal component analysis (PCA) implemented in the ADE4 package v1.7-13 

(Chessel et al. 2004) in R v3.3.3 (R Development Core Team 2017) for all analyses. We 

assessed the variation between the European invasive range niche and one of each source 

population by comparing the coordinates of occurrences in a two-dimensional environmental 

space. We examined the coordinates of primarily introduced populations in Europe (Albania, 

North Italy and Central Italy; Partie II – Article 1, Sherpa et al. 2019a) compared to 

populations outside Europe (China, Japan, USA), and the coordinates of primary versus 

subsequent introductions in Europe. We then calculated three niche metrics using occurrence 

densities along two gridded environmental gradients (i.e. the two first axes of PCA) 

(Broennimann et al. 2012; Petitpierre et al. 2012) in the ECOSPAT package v3.0 in R (Di Cola et 

al. 2017; Broennimann et al. 2018). We evaluated the niche overlap using Schoener’s D 

(Schoener 1968) and tested if niches are more similar (similarity test) or different (equivalency 

test) than random expectation (Broennimann et al. 2012; Warren et al. 2008; Glennon et al. 

2014). For similarity tests, we fixed the source niche as the reference and shifted only the 

European invasive niche. The significance of similarity and equivalency tests was assessed by 

1,000 permutations. 
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Niche-based distribution modelling – We performed four niche distribution models in 

relation to the six environmental variables retained for each studied area (Japan, China, USA, 

Europe). To reduce spatial autocorrelation, one presence was randomly selected when several 

points fell within the same raster cell. For each region, five datasets of 5,000 pseudo-absences 

were selected using a surface range envelope model. An ensemble of projections of species 

distributions models (SDM) from five statistical models was obtained, including generalized 

linear models (GLM), generalized additive models (GAM), boosted regression trees (BRT), 

multiple adaptive regression splines (MARS) and Random Forest (RF) (Thuiller 2004; Araújo 

& New 2007; Marmion et al. 2009). Models were calibrated for the baseline period using 70% 

of observations randomly sampled from the initial data and evaluated against the remaining 

30% data using the true skill statistic (TSS, Allouche et al. 2006) and the area under the curve 

(ROC, Swets 1988). This analysis was repeated three times, thus providing 3-fold internal 

cross-validation of the models. Models and the ensemble forecasting procedure were performed 

using the BIOMOD package (Thuiller 2003; Thuiller et al. 2009) implemented in the BIOMOD2 

package v3.3-7.1 in R (Thuiller et al. 2019).  

The relative importance of each environmental variable was assessed by calculating the 

Pearson’s correlation between the standard predictions (i.e. fitted values) and the predictions 

after randomly permuting the values of the variable. All calibrated models were then projected 

under current conditions over Europe to calculate the percentage of agreement between the 

potential European invasive range calibrated in Europe and the potential European invasive 

range calibrated in each source population. We evaluated niche stability (i.e. European range 

that overlaps between the two models), niche expansion (i.e. European range that is not 

predicted by the model calibrated in the source) and niche unfilling (i.e. European range that is 

not predicted by the model calibrated in Europe). 

	

	

Genomic	signature	of	selection	

SNP-environment association – Genotype–environment associations (GEA) were performed 

for testing association between each of the 6,506 SNPs and the six environmental variables. We 

used two GEA: the univariate latent factor mixed model (LFMM, Frichot et al. 2013) 

implemented in the LEA package v1.4.0 in R (Frichot & François 2015), and the multivariate 

approach based on redundancy analysis (RDA) (Capblancq et al. 2018; Forester et al. 2018) 

using rda in the VEGAN package v2.4-5 in R (Legendre & Legendre 2012; Oksanen et al. 

2017). The univariate GEA method LFMM tests for association between each SNP allele 

frequency and a single environmental predictor (Frichot et al. 2013). One-factor LFMM models 

were run with five repetitions and 10,000 iterations with a burn-in period of 2,000 iterations. 

The multivariate RDA decomposes genetic variance on a set of orthogonal axes in relation to 

several environmental predictors to find SNPs that covary with multivariate environmental 

patterns (Capblancq et al. 2018; Forester et al. 2018). SNPs are modelled as a function of 

predictor variables, producing as many constrained axes as environmental predictors. We 

aimed at finding overlapping SNPs between the two GEA methods, so we built a RDA model 

with all six environmental variables as predictors to identify SNPs correlated with each of the 

six constrained axes.  
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We accounted for the shared demographic histories of populations when modelling associations 

between SNPs and environmental predictors (i.e. at least three independent introduction events 

in Europe; Partie II – Article 1, Sherpa et al. 2019a). LFMM directly controls for population 

genetic structure using latent factors (Frichot et al. 2013) and were run with three latent factors. 

RDA does not directly model this confounding effect, but partial RDA allows integrating 

supplementary predicting variables as conditional, thus summarizing the component of genetic 

variation that is only explained by environmental variables. We used the ancestry coefficients 

for K = 3 genetic groups estimated in Sherpa et al. (2019a).  

For LFMM, the Z-scores of one-factor models were combined and used to compute P-values 

that were adjusted using a genomic inflation factor (GIF) (Frichot & François 2015). As 

recommended, we assessed the closeness of GIF (calculated from the Z-scores derived) to the 

value of 1.0, which ranged from 1.12 to 1.73 across the six environmental variables. For the 

RDA, we used the loadings of each SNP in the ordination space (i.e. SNP scores) on 

constrained axes as a statistic for testing the significance of the correlation between SNPs and 

environmental data (Capblancq et al. 2018; Forester et al. 2018). The false discovery rate 

(FDR) control algorithm was applied to reduce the proportion of false positives detected by 

each GEA method (Storey & Tibshirani 2003) using the QVALUE package v2.4.2 in R (Storey 

et al. 2015). We detected a set of loci (220 base sequences) among which several SNPs were 

discovered by at least one GEA method with a Q-value threshold of 0.05 but retained only 

overlapping SNPs as ‘outlier SNPs’. 

Generalized dissimilarity modelling of candidate SNPs – We tested if outlier SNPs show 

spatially explicit shifts in allele frequencies using generalized dissimilarity modelling (GDM, 

Fitzpatrick & Keller 2015), implemented in the GDM package v1.3.11 in R (Ferrier et al. 2007; 

Manion et al. 2017). This method models the response of SNPs along environmental gradients 

by estimating the magnitude of change in allele frequency (i.e. allelic turnover) (Fitzpatrick & 

Keller 2015). Outlier SNPs located among different loci were modeled independently but 

together when located on the same locus. GDM uses population genetic distance matrices 

(pairwise FST for each SNP locus among populations). We subsampled our genetic dataset to 

only include populations with a minimum sample size of N ≥5 to obtain accurate allele 

frequencies. For each candidate SNP locus, 47 to 59 sample sites were analyzed. Pairwise FST 

among populations (Weir & Cockerham 1984) for each SNP locus were calculated using 

HIERFSTAT package v0.04-22 in R (Goudet 2005) and were rescaled between 0 and 1. 

We applied three criteria to discover ‘candidate loci’ associated to one environmental predictor 

among GEA outliers. First, we tested if the allelic turnover at a given locus differs from 

random expectations. We randomly sampled 200 SNPs among the 6,506 available (i.e. 

reference group) (Fitzpatrick & Keller 2015) and evaluated whether the percentage of GDM 

deviance (%GDM) was higher than for the reference group. Second, we tested if allelic 

variation at this locus is better explained by environment than isolation-by-distance. We 

included Euclidean geographic distance between populations in the GDM (Fitzpatrick & Keller 

2015) and evaluated whether the allelic turnover induced by the environment was higher than 

by geography. Loci that do not match this criterion were considered as false positives. Third, 

we evaluated whether one relevant environmental predictor influences the allelic turnover at 

this locus relative to other environmental predictors, with %GDM explained by that predictor 

≥40%. 
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Adaptive genetic variation maps – We screened genes with candidate loci using the 

VectorBase biomart online tool (https://biomart.vectorbase.org/biomart/martview/) and 

annotations AaloF1.2 of Ae. albopictus reference genome. When genes were not annotated, we 

evaluated orthologous genes in the VectorBase database. Candidate loci associated to one 

environmental predictor (GDM) and located in genes were further considered as putative 

‘adaptive loci’, and their function was assessed using Gene Ontology annotations of the 

Universal Protein Knowledgebase (UniProt, http://www.uniprot.org). 

The observed variation in allele frequencies restricted to adaptive loci was mapped against its 

expected adaptive genetic variation in Europe using the GDM v1.3.11 and RASTER v2.4.8 

packages in R (Ferrier et al. 2007; Hijmans 2018). In order to determine whether adaptive 

genetic polymorphisms within Europe were already present before introduction, we also used 

ddRADseq genomic data of source populations (China, USA, and Japan; Partie II – Article 1, 

Sherpa et al. 2019a). We exported the genotypes and computed allele frequencies of putative 

adaptive loci. The presence of the adaptive alleles in source populations but with different 

allele frequency relative to European invasive populations was indicative of post-introduction 

changes in response to new selective pressure (a relevant predictor of GDM). 

	

	

Wing	morphometric	variation	

Landmark-based geometric morphometrics – Wing morphometrics were performed using 

landmark-based (LM) geometric morphometrics. Twenty LM located at vein intersections and 

termini of left wings (Figure III–1.S3; Partie III – Article 2, Sherpa et al. 2019b) were 

digitalized using TPSUTIL v1.76 (Rohlf 2006) and TPSDIG2 v2.31 (Rohlf 2008). Variation due 

to scale, orientation and position were removed by applying a Procrustes superimposition using 

IMP CoordGen8 (Sheets 2008).  

Morphometric differentiation – Wing shape (LM Procrustes coordinates) variation among 

populations was first evaluated using the principal component analysis (PCA) in IMP 

COORGGEN8 (Sheets 2008). The level of morphometric differentiation was tested using 

analysis-of-variance models in the CAR package v3.0-2 in R (Fox & Weisberg 2011). Wing size 

(log transformed centroid size, CS) and shape (LM Procrustes coordinates) differentiation were 

tested using univariate analyses of variance (Type II ANOVA) and multivariate analyses of 

variance (Type II MANOVA) respectively. MANOVA and ANOVA were performed 

separately for males and females. In order to compare source and invasive populations, we first 

tested differences among main geographical regions (China, Japan, USA, Albania, North Italy, 

Corsica, Croatia, Majorca, Montenegro, Switzerland). Pairwise comparisons among 

populations were performed using a subset of the morphometric dataset because the sample 

size was small for some populations (Table III–2.S1). For each sex, we only tested differences 

for populations with at least 5 individuals. 

Environmental correlations – The effect of each environmental variable on wing size and 

shape was assessed using RDA, as implemented in the VEGAN package v2.4.5 in R (Oksanen et 

al. 2017). We first built a global model with morphometric data as response variables and the 

six environmental variables as explanatory variables to evaluate the proportion of 

morphometric variation that is constrained by the environment. Then, we ran one-factor RDA 
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models with each environmental variable and used the proportion of variance explained by 

each environmental variable to represent the relative importance of each environmental 

variable in morphometric variation. The significance of each fitted one-factor model was 

assessed using ANOVA. As for RDA-based GEA, all the models were fitted using a 

supplementary explanatory variable as conditional, removing the confounding effect of 

population genetic structure. Although morphometric data was obtained for the same sampled 

populations, individual data did not match between morphometric and genotypic datasets. 

Thus, we used the ancestry coefficients for K = 3 genetic groups estimated in Sherpa et al. 

(2019a) averaged per population. 

 

 

Results	

Niche	spaces	of	reduced	dimensionality	

The PCA of 5,270-pooled occurrences (Europe, Japan, USA, China) for six environmental 

variables (PRS: precipitation seasonality, PRJ: precipitation in January, ISO: isothermality, 

MTP: minimum temperature of the coldest month, NPP: net primary production, HF: human 

footprint) revealed two significant axes of environmental variation (Figure III–2.2).  

The first axis (PC1, 36% of total variance) differentiated the environmental spaces of source 

populations, with colder winters in China than in the USA (Figure III–2.2A; see Figure III–

2.S4 for Japan). The second axis (PC2, 19% of total variance) was mostly associated with HF. 

Niche centroids differed between source and European introduced ranges (Figure III–2.2A), as 

well as between secondary and primary introductions in Europe (Figure III–2.2B).  

Primary introduced populations in Albania show a niche shift that occurs along PC1 (Chinese 

source), indicating winter climate (MTP and PRJ) as the best predictors of niche differentiation 

(Figure III–2.2A). Populations in North Italy occupies a similar climatic niche to their North 

American source (PC2) but an upward shift of the niche centroid can be observed, which is 

associated to a higher influence of human activities. The third primary introduced area (Central 

Italy) revealed a shift of the niche centroid that seems to result from a combination of the 

climate niches of the two source populations (North Italy and China). Several secondary 

introductions also show a shift of the niche centroid but the environmental space occupied by 

Ae. albopictus in Europe largely overlaps the Chinese and/or North American environmental 

spaces (Figure III–2.2B).  

The coordinates of occurrences on the two PCA axes were used as a representation of the 

realized niche space for each region to investigate niche conservatism between European 

invasive populations and source populations (USA, China, Japan). The European invasive 

range niche shows overlap with the source populations range niches with Schoener’s D of 

0.292 (Europe-USA), 0.334 (Europe-China) and 0.362 (Europe-Japan) (D = 0: no overlap, D = 

1: complete overlap). Despite niche overlap between environmental spaces, none of the niche 

similarity and equivalency tests were significant 
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Detection	of	adaptive	SNP	loci	

The identification of adaptive SNP loci was carried out in three steps. We detected outlier loci 

correlated to environmental variables using two GEA methods (LFMM and RDADAPT) while 

controlling for genetic structure. We then used outlier loci detected by the two GEA methods in 

FST-based GDM. Loci showing a significant shift in allele frequencies along one relevant 

environmental predictor were considered as candidate loci. Those located in genes were 

considered as potentially involved in adaptation, and we predicted adaptive genetic 

composition in space using the relevant environmental predictor fitted. 

Among the 6,506 SNPs analyzed, LFMM and RDA respectively discovered 279 and 471 

significant associations with environmental variables. A total of 21 loci (133 SNPs) were 

detected by both methods (Table III–2.S3). Among 133 SNPs, 18 outlier SNPs were 

discovered by both GEA methods with a FDR of 5% (Table III–2.S3) that were distributed 

across 14 loci analyzed independently within GDM. All these loci had higher %GDM than the 

model performed with the reference group, supporting that population genetic structure was 

adequately accounted in GEA (Table III–2.1).  

The partial allelic turnover of each locus in relation to each environmental variable and 

geographical distances revealed one locus mainly associated with geography (Locus 1908), 

thus representing a false positive (Table III–2.1). The other 13 loci had an explicit allelic 

turnover for at least one environmental variable relative to the turnover for reference group and 

geography (in bold in Table III–2.1, Figure III–2.S6). The environmental variable inducing 

the largest partial allelic turnover for each locus was considered as the most relevant predictor 

underlying changes in allele frequencies.  

The relevant predictor for most of the changes in genetic composition was PRJ (7 loci; Table 

III–2.1, Figure III–2.S5). Allelic turnover was also observed in relation to temperature 

predictors (3 loci) and human footprint (3 loci). Among the 13 loci, 11 also show ≥40% of 

%GDM explained by one relevant environmental predictor (not for loci 144365 and 593329) 

(underlined in Table III–2.1). We retained 9 candidate loci showing that the environmental 

predictor inducing the most significant allelic turnover also explained ≥ 40% of %GDM (not 

for loci 709751 and 748588; Table III–2.1). Candidate loci are highlighted with both stars 

(largest allelic turnover) and boxes (≥ 40% of %GDM) in Figure III–2.4. 

Among the 9 candidate loci, three were located in genes. Locus 318305 is located in 

AALF001258 encoding a transmembrane 181-like protein involved in toxic substance binding, 

Locus 367599 is located in AALF004989 orthologous to DNase I, and Locus 561198 is located 

in AALF012056 that has more than 96% sequence homology with mosquito heat shock 70 kDa 

protein cognate 1 (Hsc70-1) belonging to the Hsp70 family. The expected variation in genetic 

composition for these three adaptive loci was predicted using GDM results and PRJ raster data 

at the European scale (Figure III–2.5A).  

The expected pattern was similar among adaptive loci, with higher frequencies of the 

alternative allele in areas with high precipitation during winter but differed in the magnitude of 

allelic turnover. Despite large %GDM explained by PRJ in fitted models, the predicted 

dissimilarities did not well fit the observed dissimilarities (Figure III–2.S7). The two alleles 

were already present before introduction in Europe, but most European populations show 

different allele frequencies from their source (Figure III–2.5). 
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Figure III–2.4 Relative importance of environmental predictors on geographical distribution, 

morphometric and adaptive genetic variation in Europe. The same six environmental predictors 

were used in niche-based species distribution modelling (SDM) (left), RDA-based morphometric-

environment correlations (center), and genotype-environment associations (GEA) and generalized 

dissimilarity modelling (GDM) (right). Darker shading indicates greater relative importance, and 

relative importance ≥40% are surrounded by black boxes. Stars indicate the significance of tests. 

Morphometric traits: ANOVA results for one-factor RDA models; SNP loci: % of GDM deviance for 

candidate SNP loci higher than % of GDM deviance for reference group; and environmental predictor 

inducing higher allelic turnover than reference group, geography and other environmental predictors 

(Table III–2.1). Locus name colored according to GDM results, gray: not candidate, black: candidate. 

Loci located in genes are underlined. 

	

	

Wing	morphometric	variation	

Wing shape differentiation between males and females accounted for 33% of total wing shape 

variation (PC1, Figure III–2.6A). Although source populations (China, USA) can be 

differentiated based on wing shape (PC2, 16% of total wing shape variance), this analysis 

revealed low variation among European invasive populations. Even if low, wing shape 

variation among geographical regions and populations was significant for females (MANOVA, 

respectively df = 9, F = 2.32, P = <2.e-16; df = 18, F = 1.71, P = <2.e-16) and males 

(MANOVA, respectively df = 9, F = 2.08, P = <2.e-16; df = 18, F = 1.80, P = <2.e-16).  

Similarly for females and males, all the populations located in temperate conditions (USA, 

Japan, Europe) were different from those in subtropical conditions (China) (ANOVA, females: 

df = 9, F = 16.26, P = <2.e-16; males: df = 9, F = 11.94, P = <2.e-16). Wing size variation 

among populations was also significant (ANOVA, females: df = 18, F = 25.27, P = <2.e-16; 

males: df = 18, F = 14.03, P = <2.e-16) (Figure III–2.6B). As morphometric variation among 
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& Graham 2005), we evaluated the different possible scenarios of niche shift that can explain 

niche differences using SDM results. Both niche expansion and niche unfilling explain why the 

niches of invasive populations do not overlap with the niche of their sources. While niche 

expansion predicts a species to occupy different environmental areas (niche shift), niche 

unfilling indicates that invasive populations do not occupy all areas predicted by the sources, 

regardless of niche stability.  

Niche stability is the proportion of overlapping niches, which indicates the tendency of 

populations to retain their niche (niche conservatism) (Guisan et al. 2014). We found a high 

proportion of niche stability (>96%) and niche unfilling (80−85%), supporting niche 

conservatism between European invasive populations and their sources (China, USA), but also 

indicating that Ae. albopictus does not (yet) occupy all the suitable areas available in Europe, 

which could be related to the short time since introduction in Europe (40 years). This result is 

congruent with those found by Cunze et al. (2018) and suggests that niche conservatism is the 

typical pattern in Ae. albopictus invasion process. 

 

 

Environmental	adaptation	after	introduction	in	Europe	

Niche comparisons, supporting niche conservatism, do not suggest that the invasive range 

expansion within Europe required new evolutionary adaptations. Nonetheless, examining the 

variation at wing morphometric traits and genomic loci, we found evidence for signatures of 

selection after the introduction of Ae. albopictus in Europe. Wing size and shape weakly differ 

among European invasive populations (Figure III–2.6) and are not correlated with 

environmental variables (1−6%). Furthermore, we found that the wing size of European 

invasive populations (36.6°N−48.8°N) do not differ from those of Japan and USA (35.9°N and 

33.7°N respectively). Our results are consistent with studies showing among-population 

variation but no differences across latitudes of temperate areas in Ae. albopictus (Armbruster & 

Conn 2006; O’Donnell & Armbruster 2009; Urbanski et al. 2012). Wing traits measurements 

were performed under common garden conditions, thus reflecting only genetic differences. The 

absence of variation in wing size and shape could reveal that these traits are neutral. However, 

a previous analysis in Ae. albopictus revealed wing size clines among tropical, subtropical and 

temperate native ranges (Partie III – Article 2, Sherpa et al. 2019b). Furthermore, all 

temperate invasive and native populations differ from one of the European source located in 

more southern latitudes (China: 23.1°N), suggesting post-introduction changes in the size of 

individuals as Albanian populations were introduced from China (Partie II – Article 1, Sherpa 

et al. 2019a). Our results in Ae. albopictus are thus consistent with parallel climate-mediated 

selection on insect wing size in the native and invaded ranges located in similar temperate 

latitudes (Blanckenhorn & Demont 2004). The climatic variation encountered during the range 

expansion across ~12° of latitude within Europe is probably not strong enough to induce 

variation in this trait.  

Searching for signatures of selection within the genome of Ae. albopictus, we reveal three 

adaptive loci associated with precipitation during cold periods (Figures III–2.4 and III–2.5). 

Cold and drought are crucial factors influencing the survival of over-wintering insects (Block 

1996). Aedes albopictus winter survivorship in cold environments is determined by the 

photoperiodic induced diapause of eggs (Hawley 1988; Hanson & Craig 1994), which has a 
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complex molecular basis (Armbruster 2016). In Europe, Ae. albopictus overwinters for 6 

months from autumn to the next spring and can experience minimum winter temperature 

ranging –13.1°C to 11.8°C and precipitation during the coldest month ranging from 18 to 227 

mm (from occurrence distribution, Table III–2.S2). Physiological experiments evaluating the 

relationships between water availability and cold hardiness have shown higher survival chance 

in Ae. albopictus adults (Zhang et al. 2019) or other insect eggs (Qi et al. 2007) when exposed 

at subzero temperatures for a short period as long as they were exposed with water. However, 

long-time exposure of insect eggs at low temperature in dry soil may be an essential factor of 

egg mortality due to their frost susceptibility (Qi et al. 2007). Cold and dry environments thus 

represent potential intense selective pressure on Ae. albopictus egg overwintering survival. 

Accordingly, we detected adaptive genetic variation in relation to precipitation during cold 

periods in European populations, suggesting post-introduction adaptive changes to overcome 

these unsuitable environmental conditions. For example, the winters experienced in Albania 

and Montenegro are cold and wet (Petrić et al. 2018), with an average of 124 mm of 

precipitation in January compared to an average of 52 mm for other locations in Europe for the 

same range of minimum temperatures during the coldest month, and populations in these 

regions show the highest proportion of mutations in genes detected as putatively under 

divergent selection (Figure III–2.5). One of the adaptive loci is located in a gene encoding a 

heat shock protein (Hsp) homologue. Hsps are often up-regulated during insect diapause 

(Yocum et al. 2001, 2005; Chen et al. 2005; Rinehart et al. 2007; Gkouvitsas et al. 2009). The 

homologuous protein detected is the Hsp70 cognate, Hsc70, which is up-regulated in a wide 

range of diapausing insects (Yocum et al. 2001, 2005; Chen et al. 2005; Rinehart et al. 2007; 

Gkouvitsas et al. 2009) and during acute cold exposure in Ae. albopictus (Zhang et al. 2019). In 

addition to the different adaptive strategies to prevent damages induced by ice formation 

(Armbruster 2016; Kreß et al. 2016), Hsps could contribute significantly to the invasive success 

of Ae. albopictus by increasing overwintering survival of eggs at low temperature. 

Examining the spatial distribution of genetic variation at candidate loci, Ae. albopictus 

populations established in Albania did not expand a lot (Montenegro, Serbia, and Greece; 

Partie II – Article 1, Sherpa et al. 2019a). Extrapolating the predicted allelic frequency from 

precipitation during winters, this result suggests that not only the political and commercial 

isolation, and the prolonged history of reduced genetic diversity, have restricted Albanian 

populations to their initial area of introduction (Partie II – Article 1, Sherpa et al. 2019a) but 

also the low proportion of suitable areas for those populations in Europe. Bottlenecked 

populations generally have low genetic diversity, which should reduce their fitness and 

adaptive potential (Lee 2002; Prentis et al. 2008; Rius & Darling 2014). However, several 

mechanisms related to the demographic history of European invasive populations could have 

promoted adaptation. An alternative explanation to selection for the observed genetic shift 

between Albania and China is a purely demographic effect during the invasion process. The 

substantial bottleneck during the introduction in Albania (Partie II – Article 1, Sherpa et al. 

2019a) could have allowed the expression of beneficial alleles, previously masked by the 

expression of other alleles lost during founder event (Blows & Hoffmann 2005). Primarily 

introduced populations in North Italy did not widely expand (Slovenia, Switzerland) while 

those established in Central Italy, which received genetic input from China and North Italy 

dispersed throughout the western Mediterranean basin (Partie II – Article 1, Sherpa et al. 

2019a). Founding admixture generated novel genetic combinations allowing populations to 
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establish in various niches in the environmental space of their two sources (Figure III–2.2), 

further supporting the role of multiple introductions in promoting invasiveness (Rius & Darling 

2014; Dlugosch et al. 2015). 

	

	

Conclusions	

Following our initial reports on the role of genetic diversity in invasive populations (propagule 

pressure, genetic admixture) and pre-existing adaptations within the native range (cold 

adaptation) (Partie II – Article 1, Sherpa et al. 2019a; Partie III – Article 2, Sherpa et al. 

2019b), we evaluated if niche characteristics could also be an essential predictor of Ae. 

albopictus invasive success in Europe. We confirm that niche conservatism is the typical 

pattern in Ae. albopictus invasion process (Cunze et al. 2018), which seems to be dominant 

among invasions in similar climate areas (Guisan et al. 2014). This result together with the 

apparent low conservatism between the environmental niches in Europe and Japan suggests 

that invasive populations retain the niche of their USA source where the niche shift occurred, 

as Ae. albopictus has not directly been introduced in Europe from Japan (Partie II – Article 1, 

Sherpa et al. 2019a). However, niche differences observed between USA populations and their 

sources (Figure III–2.S4), or the native Asian range (Medley 2010), are probably due to niche 

unfilling (Cunze et al. 2018). Despite niche conservatism characterizes the European and North 

American invasions, the rapid evolution of traits (Europe: present study; Kreß et al. 2016, 

USA: Urbanski et al. 2012; Armbruster et al. 2016; Medley et al. 2019) suggests genetic shift 

from standing variation in response to new selective pressures encountered in the invaded area. 

Adaptive shifts could relate to niche differences induced by niche conservatism. Indeed, pre-

existing adaptation in source populations can promote the colonization of a wide range of 

habitats under the same climate, such as the cold adaptation for invading temperate regions 

observed in Ae. albopictus (Hawley 1988; Partie III – Article 2, Sherpa et al. 2019b). The 

allelic shifts from standing variation observed after introduction reflects fine-tuning adaptations 

to the local conditions encountered in the introduced range, already present in their ancestral 

niche.  

The adaptive potential of invasive populations is likely to represent an essential component of 

the invasion process. In the present study, we show that the geographical distribution of 

invasive populations correlates with their adaptive genetic composition. The absence of Ae. 

albopictus in cold and drought areas could either suggest that the short time frame since 

introduction was not sufficient for Ae. albopictus to reach these areas or that adaptation 

required to invade these regions did not or will not occur. These two hypotheses have 

contrasted implications for studies predicting the potential distribution of invasive species. 

Nonetheless, invasive species distribution models are classically predicted from occurrence and 

environmental data only, and do not account for their adaptive, and thus invasive potential. 

Observed genetic shift and niche conservatism together with the estimation that about 80% of 

Ae. albopictus potential geographical distribution is yet unfilled, suggest further spread of Ae. 

albopictus in Europe. The expected allelic turnover at adaptive loci at the scale of the fitted 

gradient could be used to refine the degree of suitability for the establishment of invasive 

populations, as well as in species distribution under climate change (Peterson et al. 2019). 
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Figure III–2.S2 Environmental variables selection. A) Pearson’s correlation between the 70 

environmental variables considered using all occurrences (Europe, China, USA, Japan). Black boxes 

surround uncorrelated selection variables. B) Pearson’s correlation between the 6 selected 

environmental variables for each geographical region: precipitation in January (PRJ, PREC01), 

isothermality (ISO, BIO3), mean temperature of the coldest month (MTP, BIO6), precipitation 

seasonality (PRS, BIO15), net primary production (NPP), human footprint (HF). Selected variable 

present correlation coefficient <0.50 among geographical regions. Font colors according to 

coefficients of correlation, red: R = −1.00, blue: R = 1.00.  
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Table III–2.S1 Sampling characteristics of Aedes albopictus populations. Status, origin, sampling 

location, geographical coordinates of populations (Pop code) and accession numbers of study sequences. 

The geographical region indicates the main geographical subdivisions used in Figures (specified if 

different from Country+Location). For each population analyzed: genomic and morphometric data 

indicate sample sizes. F: females; M: males. 
 

Status Country Location Pop code Latitude Longitude Morphometric data 

Invasive Albania Mailand DIV 40.975130 19.480963 15M 15F 

Invasive Albania Mailand DUR 41.520478 19.519274 2M 1F 

Invasive Albania Mailand FIE 40.724760 19.561302 3M 3F 

Invasive Albania Mailand GOL 41.225624 19.515145 3M 2F 

Invasive Albania Mailand KSA 39.769328 20.002964 2M 1F 

Invasive Albania Mailand SOP 40.719364 19.458050 14M 16F 

Invasive Albania Mailand SPI 41.095384 19.469439 1M 

Invasive Albania Mailand TIR 41.315837 19.842510 15M 15F 

Invasive Croatia Mailand PUL 44.866667 13.850000 16M 14F 

Invasive Croatia Mailand SPL 43.508333 16.440556 3M 6F 

Invasive France Corsica BOR 42.554742 9.424047 5M 12F 

Invasive France Corsica ORT 42.453652 9.343802 3M 2F 

Invasive Italy Mailand BEL 46.133878 12.192491 8M 22F 

Invasive Italy Mailand PAD 45.395748 11.886822 6M 15F 

Invasive Italy Mailand VER 45.479866 10.798987 4M 26F 

Invasive Italy Majorca AND 39.575229 2.426133 3M 4F 

Invasive Montenegro Mailand TIV 42.434981 18.706639 9M 11F 

Invasive Spain Majorca BUN 39.671768 2.687203 3M 2F 

Invasive Spain Majorca CPP2 39.657246 3.437622 5M 1F 

Invasive Switzerland Mailand CHS1 45.837856 9.026298 5M 5F 

Invasive Switzerland Mailand CHS6 45.826229  9.013598 8M 2F 

Invasive USA Mailand ATL 33.748995 -84.387982 16M 11F 

Native China Mailand BAY 23.189397 113.329564 25M 25F 

Native China Mailand HAZ 23.095511 113.285319 5M 2F 

Native China Mailand PAY 23.063433 113.385778 20M 28F 

Native Japan Mailand SAI 35.916583 139.675374 27M 21F 

 
 

 

Table III–2.S3 Results of Genotype-Environment Associations (GEA). Outlier loci detected by both 

univariate LFMM and multivariate RDA approaches. For each model, SNPs were considered as significantly 

associated with one environmental variable (LFMM) or with environmental variation (RDA) when Q-value 

<0.05 (loci detected by only one method not shown). In bold: significant associations between SNP and 

environment; in red: SNPs with Q-value <0.05 for both methods = outlier SNPs. 
 

Outlier loci LFMM RDA 
Outliers 

SNPs Supercontig 
SNP 

position 
 Method 

P
R

S
 

P
R

J 

M
T

P
 

IS
O

 

N
P

P
 

H
F

   

JXUM01S000008 

499732 LFMM 0.037 0.025 0.03 0.703 0.199 0.610 0.963 

1 (15) 

499738 LFMM 0.016 0.011 0.028 0.247 0.298 0.625 0.834 

499740 both 0.012 0.012 0.040 0.530 0.384 0.655 <0.001 

499741 LFMM 0.012 0.012 0.020 0.278 0.297 0.651 0.851 

499746 LFMM 0.266 0.019 0.295 0.428 0.431 0.853 0.622 

499755 LFMM 0.159 0.025 0.141 0.329 0.530 0.879 0.188 

499764 LFMM 0.046 0.009 0.017 0.019 0.197 0.610 0.991 

499778 LFMM 0.277 0.020 0.234 0.290 0.403 0.818 0.395 

499780 LFMM 0.021 0.009 0.006 0.052 0.115 0.689 0.879 

499790 LFMM 0.095 0.009 0.016 0.098 0.100 0.590 1.000 

499811 LFMM 0.016 0.009 0.007 0.078 0.106 0.623 1.000 

499832 LFMM 0.025 0.011 0.037 0.485 0.322 0.657 0.826 

499835 LFMM 0.103 0.009 0.036 0.084 0.260 0.831 1.000 

499837 LFMM 0.046 0.011 0.010 0.015 0.177 0.699 1.000 

499840 LFMM 0.046 0.009 0.020 0.096 0.186 0.744 1.000 

JXUM01S000095 
539477 both 0.395 1.000 0.006 0.043 0.322 1.000 0.024 

2 (2) 
539489 both 0.037 0.957 <0.001 0.033 0.192 0.995 <0.001 

304129 LFMM 0.427 0.544 0.076 <0.001 0.629 0.910 1.000 

304145 LFMM 0.359 0.444 0.042 <0.001 0.445 0.841 0.827 

304149 LFMM 0.424 0.544 0.061 <0.001 0.571 0.887 1.000 

304164 both 0.509 0.386 0.063 0.020 0.584 0.938 <0.001 

304166 LFMM 0.661 0.602 0.038 0.004 0.340 0.981 0.047 

304178 LFMM 0.669 0.466 0.136 <0.001 0.818 0.890 1.000 
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JXUM01S000410 304181 LFMM 0.720 0.458 0.172 0.001 0.675 0.879 0.354 2 (14) 

304198 LFMM 0.454 0.266 0.053 <0.001 0.606 0.796 1.000 

304205 LFMM 0.641 0.682 0.146 0.002 0.594 0.945 0.984 

304210 LFMM 0.732 0.646 0.182 <0.001 0.537 0.890 1.000 

304211 LFMM 0.657 0.493 0.118 <0.001 0.689 0.873 1.000 

304213 LFMM 0.688 0.525 0.081 <0.001 0.746 0.966 1.000 

304225 both 0.804 0.751 0.186 0.001 0.874 1.000 0.006 

304230 LFMM 0.835 0.676 0.234 0.001 0.851 0.942 0.014 

JXUM01S000625 30435 both 0.524 1.000 0.226 0.015 1.000 0.795 0.069   

JXUM01S000771 61551 both 0.099 0.050 0.755 0.94 0.537 0.162 0.044 1 (1) 

JXUM01S001117 

23298 LFMM 0.734 0.909 0.102 0.704 0.011 0.117 0.250 

1 (10) 

23307 LFMM 0.968 0.871 0.360 1.000 0.012 0.108 0.740 

23343 LFMM 0.858 0.888 0.172 0.935 0.036 0.108 0.830 

23349 LFMM 0.721 0.871 0.074 0.737 0.004 0.108 1.000 

23379 LFMM 0.901 0.864 0.260 0.984 0.010 0.108 0.680 

23384 LFMM 0.868 0.818 0.122 0.672 0.015 0.117 0.812 

23403 LFMM 0.765 0.808 0.194 0.945 0.025 0.213 1.000 

23418 LFMM 0.766 0.736 0.184 0.946 0.030 0.162 0.961 

23442 LFMM 0.727 0.891 0.068 0.720 0.004 0.117 1.000 

23481 both 0.769 0.670 0.269 1.000 0.011 0.117 0.044 

JXUM01S001159 

165146 LFMM 0.493 0.386 0.014 0.015 0.517 1.000 0.479 

2 (4) 
165181 RDA 0.766 0.421 0.112 0.057 0.792 0.991 0.016 

165202 both 0.562 0.458 0.035 0.031 0.548 0.999 <0.001 

165212 both 0.566 0.457 0.034 0.032 0.570 0.999 <0.001 

JXUM01S001412 

222955 LFMM 0.380 0.037 0.556 1.000 0.911 0.483 0.822 

1 (7) 

222970 LFMM 0.427 0.043 0.511 1.000 0.896 0.657 1.000 

223015 both 0.244 0.019 0.518 1.000 0.852 0.444 <0.001 

223030 LFMM 0.382 0.036 0.710 1.000 0.972 0.445 0.929 

223033 RDA 0.466 0.337 0.430 1.000 1.000 0.870 0.015 

223042 LFMM 0.334 0.025 0.684 1.000 0.928 0.445 0.740 

223045 RDA 0.220 0.114 0.304 1.000 0.987 0.493 <0.001 

JXUM01S002618 23932 both 0.986 0.024 0.998 0.868 1.000 0.462 0.015 1 (1) 

JXUM01S002886 

184465 LFMM 0.816 1.000 0.266 0.004 0.342 1.000 1.000 

2 (10) 

184471 LFMM 0.700 1.000 0.154 0.021 0.373 1.000 0.253 

184498 both 0.727 0.928 0.235 0.015 0.201 1.000 <0.001 

184504 LFMM 0.695 0.996 0.174 0.005 0.212 1.000 1.000 

184527 LFMM 0.667 1.000 0.248 0.037 0.418 1.000 0.926 

184528 LFMM 0.721 1.000 0.389 0.005 0.297 1.000 0.224 

184529 both 0.685 0.923 0.222 0.016 0.205 1.000 0.009 

184535 LFMM 0.717 0.977 0.231 0.021 0.297 1.000 0.106 

184537 LFMM 0.830 1.000 0.612 0.017 0.297 1.000 0.202 

184549 LFMM 0.816 0.991 0.289 0.013 0.322 1.000 1.000 

JXUM01S004010 142549 both 0.558 0.05 0.931 1.000 0.768 0.108 0.004 1 (1) 

JXUM01S004273 
12406 RDA 0.986 0.883 0.995 0.892 1.000 1.000 <0.001 

1 (2) 
12419 both 0.849 0.026 0.993 1.000 0.889 0.767 <0.001 

JXUM01S004403 

112757 LFMM 0.334 1.000 0.006 0.01 0.342 0.841 0.773 

1 (7) 

112760 LFMM 0.382 1.000 0.014 0.004 0.461 0.606 1.000 

112772 LFMM 0.584 1.000 0.032 0.016 0.631 0.61 0.775 

112776 LFMM 0.469 1.000 0.020 0.005 0.584 0.606 1.000 

112820 LFMM 0.438 1.000 0.020 0.005 0.528 0.645 1.000 

112864 both 0.496 1.000 0.029 0.073 0.616 0.89 <0.001 

112896 LFMM 0.292 1.000 0.008 0.004 0.322 0.806 0.569 

JXUM01S011360 

17689 LFMM 0.641 0.016 0.995 1.000 0.683 0.122 0.578 

2 (4) 
17710 LFMM 0.469 0.009 0.995 1.000 0.668 0.108 1.000 

17728 both 0.378 0.009 0.995 1.000 0.517 0.114 <0.001 

17734 both 0.406 0.009 0.995 1.000 0.647 0.115 <0.001 

 

 

Additional Supplementary Material may be found in the online version of this article: 

 

Table III–2.S2  Geo-referenced occurrences of Aedes albopictus used in this study. Obtained 

from observation data available at the Global Biodiversity Information Facility 

and the citizen science project, and literature review of previous distribution 

studies or sample material.  
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Is	 contemporary	 dispersal	 superseding	

signatures	of	past	demographic	events?	
		

Stéphanie Sherpa, Julien Renaud, Maya Gueguen, Gilles Besnard, Loic Mouyon, 

Delphine Rey, Laurence Després 

 
	

In preparation 
	

Abstract	

Landscape genetics emphasizes the influence of geographical features on dispersal patterns 

using population genetic structure as a quantitative estimation of effective dispersal. The 

analysis of such process on a short timeframe makes it challenging to disentangle whether 

genetic structure represents populations’ history or the influence of contemporary landscapes. 

Here, we examined the modes of dispersal and the factors shaping population genetic structure 

in range edge invasive populations of the Asian tiger mosquito, Aedes albopictus in France. 

Combining ecological modelling and occupancy-detection data, we demonstrate that both 

natural and passive, human-aided, dispersal have promoted the expansion of populations. 

Genome-wide SNP data and approximate Bayesian computation reveal that range edges 

populations arose from a founding admixture between neighbor French populations. Patterns of 

genetic variation suggest that allele surfing had a major role on shaping the observed genetic 

structure. Yet isolation by distance and isolation by barriers is observed among populations and 

supported by landscape features acting as corridor and barriers to gene flow. Populations in 

diffuse urban areas, representing highly suitable habitat for Ae. albopictus, tend to disperse less, 

while roads facilitates long-distance passive dispersal. The combination of several dispersal 

modes promoted range filling of almost the entire predicted suitable range of this invasive 

species in just seven years after introduction. The impact of post-introduction dispersal is much 

lower than the signatures of demographic events during introduction, but further contributed to 

shape patterns of genetic variation among populations. This study is the first to disentangle the 

role of historical and contemporary processes in driving post-introduction differentiation in an 

invasive species at the landscape scale. 

Keywords:  Invasive species – Aedes albopictus – Colonization routes – Landscape 

genetics – Ecological niche modelling – Dispersal – Range expansion 

 

 

Introduction	

Dispersal is a central focus of research in ecology and evolutionary biology because of its 

consequences on living organisms (Wiens 2001; Kokko & Lopez-Sepulcre, 2006). 

Understanding the dispersal process and its ecological and evolutionary consequences requires 

understanding the dispersal mode, the dispersal range and the mechanisms involved. Based on 

the assumption that there is a causal relationship between dispersal, gene flow and population 
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genetic structure (Bohonak & Jenkins 2003), genetic structure has largely been used to quantify 

effective dispersal and identify the geographical features that affect populations’ connectivity. 

The relatively recent field of landscape genetics emphasizes the influence of landscape features 

on the current patterns of genetic variation (Manel et al. 2003; Storfer et al. 2007). This field 

has underpinned many researches in conservation biology (Sork & Waits 2010; Segelbacher et 

al. 2010), but should also provide a framework to test multiple dispersal hypotheses in the 

context of biological invasions.  

The role of dispersal in the invasion process is being increasingly recognized (Dieckmann et al. 

1999; Holway & Suarez 1999; Ronce 2007). The dynamic of an invasion depends on the 

modes of extra-range dispersal, and different types of dispersal pathways have been proposed 

to explain range expansion (Shigesada & Kawasaki 1997; Wilson et al. 2009). Range 

expansion can be gradual as the result of continuous diffuse spread from an initial established 

population that colonizes new areas at range edges. However, it can also result from the 

combination of long-range, human-altered dispersal, and short-range dispersal (i.e. stratified 

dispersal), which is a common feature in biological invasions (Nash et al 1995; Sharov & 

Liebhold 1998; Gilbert et al 2004). While the contribution of human-aided transport to species 

introductions and dispersal at a broad scale is well understood (Wilson et al. 2009), the relative 

influence of natural dispersal in promoting range expansion is still unclear (Kolar & Lodge 

2001; but see Aubry et al. 2006). 

The rapid and ongoing development of landscape genetics (Manel et al. 2013) provides an 

increasing number of tools to evaluate the relative role of natural versus passive dispersal in the 

expansion process. Nonetheless, this field has received little attention in the context of 

biological invasions (e.g. Lecis et al. 2008; Zalewski et al. 2009; Van Leeuwen et al. 2013; 

Medley et al. 2014). One explanation is that landscape genetics approaches would lead to 

incorrect inferences because the main dispersal mode for invasive species is passive, i.e. natural 

geographical barriers are poor predictors of the connectivity of human-transported populations. 

Indeed, human-mediated dispersal has favored the spread of invasive species through long-

distance jumps (Wilson et al. 2009), resulting in geographically distant and not inter-connected 

colonized regions. However, in each of these regions, introduced populations are subject to 

local determinants of landscape connectivity, offering relevant natural laboratories to study the 

patterns of dispersal from introduction to expansion. 

The other explanation for a limited use of these approaches in invasion genetics relates to the 

identification of the mechanisms shaping the observed genetic differentiation among 

populations (Epps & Keyghobadi 2015). This differentiation can be due to contemporary 

landscape impacted gene flow and/or the demographic history of populations. This common 

issue in all landscape genetics studies is even more problematic when dealing with invasive 

species. For instance, human-altered dispersal during species invasion can influence genetic 

structure (Slatkin 1985; Suarez & Tsutsui 2008). Furthermore, the demographic history of 

invasive populations is complicated by multiple introductions, admixture and founder events 

(Lee 2002; Bock et al. 2015), which can lead to geographical patterns of genetic variation that 

correlate by chance with landscape features. To our knowledge, no landscape genetics studies 

integrated demographic inferences using genetic data with estimates of species distribution 

over time to disentangle the role of historical and contemporary processes in driving population 

differentiation. 
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Among invasive species with currently expanding populations, the Asian tiger mosquito, Aedes 

albopictus, is a model of choice for comprehensively addressing the determinants of dispersal 

and populations’ connectivity. Native to South-East Asia, it has invaded all continents but 

Antarctica since the late-1900s and its rapid expansion at the continental scale has been driven 

by long-distance human-mediated transport (Knudsen et al. 1996; Eritja et al. 2017). Because 

this species is of human health concern (Reiter et al. 2006), many monitoring programs have 

been undertaken (Scholte & Schaffner 2007) and produced highly detailed knowledge on 

introduction dates and abundant occupancy-detection data. Huge profits could be drawn from 

these data to explore the questions related to dispersal at the local scale.  

Two studies have investigated the dispersal pathways in Ae. albopictus using landscape 

genetics. Both of them suggested that recent gene flow at different levels of spatial scales can 

be attributed to passive dispersal (Medley et al. 2014; Schmidt et al. 2017), by identifying the 

distance from shipping terminals (Schmidt et al. 2017) and road networks (Medley et al. 2014) 

as strong predictors of genetic distances among populations. One of these studies also 

suggested that open areas, such as agriculture, as well as forests hinder gene flow at smaller 

scales, reflecting a shifting dominance to natural movement (Medley et al. 2014). However, 

evidence for natural dispersal was based on the negative impact of some landscape features 

examining populations that can be distant of hundreds of kilometers, unless it was just not 

specified whether comparisons took into account a plausible natural distance criterion. This 

step is important when evaluating the respective role of passive and natural dispersal because 

of the poor dispersal capabilities of Ae. albopictus. Adult lifetime dispersal is assumed to be 

between 200 and 500m (Bonnet & Worcester 1946; Liew & Curtis 2004; Turell et al. 2005; 

Lacroix et al. 2009; Marini et al. 2010). A recent kinship analysis using genomic data revealed 

that the intergenerational dispersal could be even more limited, with a maximum dispersal 

radius of 129m in the close species Ae. aegypti (Jasper et al. 2019). Inferences on dispersal 

abilities combined with spatiotemporal occupancy-detection data make it possible to model the 

theoretical range expansion of a species over time and thus to rigorously determine the modes 

of dispersal. 

In the present study, we addressed two questions: i) what is the dominant mode of dispersal 

(i.e. passive or natural) at the local scale? and ii) what are the factors shaping current patterns 

of population genetic structure (i.e. demographic history or landscape connectivity)? To 

address these questions, we studied one area recently invaded by Ae. albopictus. This region is 

located in France near Grenoble, extends over 50km, and represents a range edge of the 

invasion with first detections of Ae. albopictus only seven years ago. To identify the dominant 

dispersal mode, we used species distribution models and 1,341 occupancy-detection data to 

model the potential natural range expansion of Ae.albopictus at the local scale over time and 

performed comparisons between consecutive years. To identify the factors shaping population 

structure, we combine genome-wide SNP data from 39 populations, demographic inferences 

and landscape genetics, evaluating the respective roles of the introduction process itself versus 

geographical/landscape features. 
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Because Ae. albopictus colonized the Vallée du Grésivaudan first (Figure IV–S1), we analyzed 

populations’ connectivity in this valley, using genomic data collected between 2013 and 2017 

(Figure IV–1, Table IV–S1). To evaluate whether observed genetic structure in the region of 

Grenoble can result from the demographic history of introduced populations, we used a higher 

level of geographical scale and genetic variation of populations in nearby regions (Figure IV–

S2). We included two populations sampled in Switzerland (SWI), seven populations sampled in 

North (ITN) and Central (ITC) Italy, ten populations sampled in the Vallée du Rhône (RHO, 

France) and two populations sampled in Aiton (AIT, France). All these populations were 

previously analyzed (Table II–S1; Partie II – Article 1, Sherpa et al. 2019a). 

 

 

Data	collection		

Occurrence data – Occupancy-detection data provide information on whether a species was 

detected or not. However, these data are difficult to obtain as they require intensive and 

extensive survey efforts to collect presence-absence information in repeat visits at all sampling 

sites. The occurrence data obtained for Ae. albopictus in the region of Grenoble comprises 

presence-absence data, obtained as part of a surveillance programme based on mosquito 

oviposition traps and routine visitation monitored between 2008 and 2018 by the Entente 

Interdépartementale de Démoustication (EID). Each ovitrap and visitation can be positive or 

negative corresponding to the presence or absence of Ae. albopictus. All the occurrence data 

were absences before 2012. After 2012, the original dataset was constituted of 33 absences and 

24 presences in 2012, 28 and 18 in 2013, 5 and 23 in 2014, 1197 and 179 in 2015, 1025 and 

334 in 2016, 1324 and 364 in 2017, and 1765 and 443 in 2018 (Figure IV–S1). Some of the 

sampling sites (ovitraps) were visited monthly and each year allowing a temporal monitoring of 

the distribution of the species. However, this type of data represented a very small part of the 

occurrence dataset, as visitations have not necessarily been actualized each year. Furthermore, 

the true absences collected for Ae. albopictus does not give a representation of the areas where 

the species is absent, but rather a representation of the areas where the species is not yet present 

near the areas where it is established with high certainty (Figure IV–S1). To avoid biases that 

may arise from these sampling effort issues, we only considered true presences (Figure IV–

1B). 

Environmental data – Environmental data included landscape features, climatic and 

topographic data. Land-cover types have been characterized using the CESBIO 2016 map of 

France, which is based on LANDSAT 8 and Sentinel-2 data (http://www.cesbio.ups-

tlse.fr/multitemp/?p=11778) at a resolution of 10m. The original map constituted of 17 classes 

nomenclature that we categorized within 5 levels: open areas (OPEN: crops, grasslands, and 

agriculture), forests areas (FOREST), diffuse urban areas (DIF-URB: diffuse urban areas), 

dense urban areas (DEN-URB: dense urban, industrial and commercial areas), and rivers 

(RIVERS: water surfaces) (Figure IV–1). Roads network (ROADS) was obtained from the BD 

TOPO® and rasterized according to the width of roads using ArcGis v10.4.1 (ESRI). We also 

considered altitude (ALTI) from the BD ALTI® v2.0, a Digital Elevation Model (DEM) 

obtained by digitalization and scanning of topographic maps. BD TOPO® and BD ALTI® 

were obtained from the IGN (National Institute of Geographic and Forestry Information in 

France) metadata v2.0 at a resolution of 25m. Finally, we considered one climatic variable: the 



 

 

	

	

145 
	

	

	

mean annual temperature (MTEMP) from the CHELSA database v1.2 (http://chelsa-

climate.org; Karger et al. 2017) at an initial resolution of 30 arc seconds, that was downscaled 

to a resolution of 25m.  

Four land-cover type variables (OPEN, FOREST, DIF-URB, DEN-URB) were adjusted to take 

into account for the proportion of the same land-cover type in the neighborhood, using the 

mean value within a von Neumann neighborhood (4-neighborhood) and the RASTER package 

v2.4.8 (Hijmans 2018) in R v3.6.1 (R Development Core Team 2017). The final resolution of 

the eight environmental raster maps was 40m. We took this resolution to approximate the area 

of individual female dispersal as the oviposition dispersal radius has been estimated to 36m in 

the close species Ae. aegypti (Jasper et al. 2019). 

Genomic data – We analyzed 269 specimens of Aedes albopictus collected at 39 locations 

between 2013 and 2017 (Table IV–S1). Among localities, 18 were sampled in the 

agglomeration of Grenoble, 19 in the Vallée du Grésivaudan, and 2 in the Vallée de l’Isère 

downstream of Grenoble (Figure IV–1). The greater distance between two populations was 

25km, with an average of 9km. Larvae were collected in artificial breed containers at the first 

sampled location in 2013 (SMH) and field adult mosquitoes were captured with aspirators at 

the 38 other locations. All samples were stored with 75% ethanol at -20°C. For each site, one to 

ten individuals were analyzed in double digest restriction-site associated DNA (ddRADseq) 

libraries.  

	

	

Genomic	DNA	extraction,	ddRADseq	library	preparation	

Total genomic DNA was extracted using the cetyl trimethyl ammonium bromide (CTAB) 

chloroform/isoamyl alcohol protocol (Doyle & Doyle 1987). We performed an initial digestion 

of 200 ng of genomic DNA in a 36-µL reaction, using 30 units each of SbfI-HF and MspI 

restriction enzymes (New England Biolabs, USA) and NEB CutSmart buffer. Digestions (3 

hours at 37°C) were ligated to Illumina P1 and P2 adapters by 90 cycles of digestion at 37°C (2 

min) and ligation at 16°C (4 min) with 1,000 units of T4 ligase (New England Biolabs, USA), 

followed by a 10-minute heat-inactivation step at 65°C. Digested-ligated products were pooled 

and purified with 1.5:1 ratio Ampure XP beads (Beckman Coulter, USA). We performed size 

selection with a Pippin-Prep 2% gel cassette (Sage Sciences, USA) to retain DNA fragments of 

190–600 bp. Each library was amplified in PCR reactions of 20 µL, with 2 µL size-selected 

DNA, 0.2 mM of dNTPs, 0.15 µM of each PCR primers, 3% DMSO and 0.4 U of Taq Phusion-

HF (New England Biolabs, USA). The PCR conditions were an initial denaturation step at 

98°C for 10 minutes, followed by 15 cycles of 98°C (10s), 66°C (30s), 72°C (1min), and a final 

extension period at 72°C for 10 min. Final libraries were purified with QIAquick PCR 

Purification Kit (Qiagen, Germany). Libraries were sequenced on Illumina Hi-Seq 2500 

(Fasteris SA, Switzerland).  

 

 

SNP	genotyping	

We collected published genomic data obtained from the same ddRADseq library preparation 

conditions available at the European Nucleotide Archive database through accession numbers 
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PRJEB20192 and PRJEB31109 for bordering countries (Italy, Switzerland) and French regions 

(Vallée du Rhone, Aiton) (Annexe I – Article 5, Sherpa et al. 2018a; Partie II – Article 1, 

Sherpa et al. 2019a). We retrieved genomic data from 147 individuals (ITN: N = 33, ITC: N = 

11, SWI: N = 14, AIT: N = 12, RHO: N = 66). For the 269 newly analyzed individuals from the 

region of Grenoble (GRES), we obtained a total of 242 million reads with 900,000 ± 300,000 

reads per individual on average (Table IV–S3). For ddRADseq statistics of the 147 individuals 

outside the studied area, see Table II–S2.  

Raw fastq sequences were trimmed to equal length of 110bp using the BBMAP package v37.33 

(Bushnell 2014). Paired-end reads were mapped to the Ae. albopictus reference nuclear genome 

AaloF1 (Chen et al. 2015) using BWA-MEM v0.7.5 (Li et al. 2009). We retained uniquely 

aligned reads and with a minimum mapping quality of 30 using SAMTOOLS v1.7 (Li & Durbin 

2009), representing 42% of aligned reads on average (Table IV–S3). STACKS v2.0 (Catchen et 

al. 2013) was used for variant calling. Paired-end reads were merged into single phased loci 

using a low-coverage sequencing data approach (Maruki and Lynch 2015, 2017). We removed 

called genotypes from per-sample reads depth <5. We required a locus to be in ≥50% within 

each group of populations (ITN, ITC, SWI, AIT, RHO, GRES). We exported datasets in VCF 

format and VCF files were recoded in PLINK bed format using PLINK v1.9 (Purcell et al. 2007; 

Chang et al. 2015). The mean coverage for the 269 individuals from GRES was 16 ± 5 X. Two 

datasets were produced. The first dataset comprising all the six groups of populations were 

further filtered to retain loci present in all groups. The second dataset comprised only 

individuals from GRES. For each dataset, we removed SNPs with minor allele frequency ≤0.05 

and retained one random SNP per locus. It resulted in 1,112 SNPs and 1,960 SNPs for datasets 

1 and 2 respectively. 

 

 

Species	distribution	modelling		

The occurrence dataset comprising 1,341 presences was used to model the area suitability for 

Ae. albopictus in the region of Grenoble. Presence-only and presence-background models allow 

to deal with presence-only data. However, such models are sensitive to sampling effort and 

make difficult the interpretation because they represent the probability of reporting rather than 

the probability of presence of a species (Renner et al. 2015; Wang & Stone 2019). Aedes 

albopictus potential distribution was thus performed using presence-absence species 

distribution models, but a presence-only model was used to generate pseudo-absences, based 

on the environmental conditions of locations of occurrence data. We generated ten datasets of 

5,000 pseudo-absences using a surface range envelope (SRE) model implemented in the 

BIOMOD2 R package v3.3-7.1 (Thuiller et al. 2009, 2019). We considered six environmental 

predictors including OPEN, FOREST, DIF-URB, DEN-URB, ALTI and MTEMP. 

We performed individual models using five classes of SDM modelling methods available in the 

BIOMOD2 R package v3.3-7.1 (Thuiller et al. 2009, 2019), including generalized linear models 

(GLM; McCullagh 1984), generalized additive models (GAM; Hastie & Tibshirani 2004), 

generalized boosted model (GBM; Elith et al. 2008), multiple adaptive regression splines 

(MARS; Friedman 1991) and Random Forest (RF; Breiman 2001). Each class of model was 

run with five repeats thus providing 5-fold internal cross-validation of the models, and resulting 

in a total of 250 models (ten datasets). GLM models were built with a ‘quadratic’ interaction 
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level argument and an AIC–based stepwise selection method, GLM models with a maximum of 

5,000 sampled trees, GAM models with k = 4 smooth terms, and MARS and RF models with 

default options. Models were calibrated using 70% of observations randomly sampled from the 

initial data and evaluated against the remaining 30% data using the true skill statistic (TSS, 

Allouche et al. 2006) and the relative operating characteristic curve (ROC, Swets 1988). The 

relative importance of each environmental variable was assessed by calculating the Pearson’s 

correlation between the standard predictions (i.e. fitted values) and the predictions after 

randomly permuting the values of the variable using five permutations. 

The quality of individual models was very high with a TSS ranging from 0.905 to 0.960 and a 

ROC ranging from 0.985 and 0.998 (Figure IV–S3). The five classes of modelling methods 

converged and produced similar relative importance of environmental variables except MARS 

models (Figure IV–S4). Because MARS models produced high variance in variable 

importance results, they were not retained in following analyses. The four other classes of 

models were used in the ensemble modelling procedure. We set a minimum quality threshold 

of 0.5 for including a model in the ensemble-models building but the 200 models had high 

quality and were included. The ensemble forecasting was built using both committee averaging 

taking a simple unweighted average of the predictions, giving equal probability to each model, 

and the weighted sum of probabilities, giving more importance to a model in the ensemble 

depending of its quality (Thuiller et al. 2009).  

 

 

Measuring	active	and	passive	dispersal	

The calibrated ensemble model was projected over the Vallée du Grésivaudan and the 

probabilities were transformed into binary data according to a 0.65 threshold, with all 

probabilities >0.65 transformed into presence data. This binary projection representing the 

potential occupancy was used to estimate the proportion of natural and passive dispersal over 

time. We modelled the potential natural dispersal of Ae. albopictus using the binary projection, 

yearly presence-only data, and dispersal capabilities estimated in the close species Ae. aeygpti 

(Jasper et al. 2019). This last study estimated a parent-offspring median dispersal distance of 

75m and a dispersal radius of 129m. We used these two values to represent the median and 

maximum dispersal from each sampling site per generation. Because Ae. albopictus is active 

between June and October in the region of Grenoble, we considered seven generations a year 

(with 3 weeks generation time), resulting in potential median and maximum dispersal of 500 

and 900 meters respectively.  

We computed distances between each occurrence and the pixels of the binary projection raster 

using geographical coordinates and GeographicLib (Karney 2013), as in the RASTER R package 

v2.4.8 (Hijmans 2018). We compared the distribution of occurrences between two consecutive 

years and calculated the proportion of occurrences matching one of four considered categories: 

i) absence of dispersal representing presences in the same pixel two consecutive years, ii) 

median and iii) maximum natural dispersal per year representing year 2 presences ≤500m (ii) 

or ≤900m (iii) from year 1 presences, iv) passive dispersal representing year 2 presences 

≥900m from year 1 presences.  
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Population	structuring	and	genetic	diversity	

Population genetic structure was investigated using the two SNP datasets. We used the 

maximum likelihood clustering method implemented in ADMIXTURE v1.2 (Alexander et al. 

2009), testing K genetic clusters ranging from 1 to 20. The best number of K was the one 

minimizing the 10-fold cross-validation error (CVE) and maximizing the differences in CVE 

between each newly tested K and the previous one.  

Genetic diversity was estimated for GRES populations (dataset 2) using observed 

heterozygosity (HO), population genetic diversity (=expected heterozygosity, HE), allelic 

richness (AR), inbreeding coefficient (FIS), and population specific FST (ßs) using the 

HIERFSTAT R package v0.04–22 (Goudet 2005). 

 

 

ABC	colonization	scenario	

Scenario design – In order to determine the origin of populations in the region of Grenoble, we 

inferred a colonization scenario using a two-steps approach using the dataset 1. We first 

compared five scenarios, testing whether GRES populations originated in RHO, AIT, or SWI, 

or from admixture between RHO and AIT or RHO and SWI (analysis 1; Figure IV–S5A). 

Then, we tested if several introductions have shaped the patterns of genetic variation among 

GRES populations (analysis 2; Figure IV–S5B). We compared three scenarios all involving 

independent introduction event in SMH and COR (the two first introduced areas). These 

scenarios differed in the origin of other GRES populations, with i) admixture between AIT and 

an ancestral admixed ghost population between SMH and COR, ii) admixture between SMH 

and COR that diverged from a common ancestral admixed ghost population between RHO and 

AIT, or iii) an independent founding admixture between RHO and AIT after introduction in 

SMH and COR (Figure IV–S5A). 

Prior parameters – Priors took into account present effective population sizes, the timing in 

which split or admixture events occurred, the intensity of founding event occurring during 

introduction (duration of bottleneck and number of founders), and the rate of admixture. Priors 

were kept deliberately broad for effective population size ([100–100,000]). We assumed a 

bottleneck period after introduction bounded between 0 and 50 generations and a number of 

founders bounded between 0 and 1,000. Introduction dates from official records were used to 

reduce prior intervals (Table IV–S3). The prior interval was determined as the maximum time 

since introduction (difference between sampling date and first record). We assumed seven 

generations a year, considering the potential number of weeks of activity of Ae. albopictus 

(Caminade et al. 2012). The timing of ITN–ITC divergence and introduction in SWI were set to 

[105–126] and [90–100] generations respectively based on a previous study (Partie II – 

Article 1, Sherpa et al. 2019a). The introduction dates in AIT, RHO and GRES were set to 

[49–56], [35–42], and [30–35] respectively based on occupancy-detection data. All priors were 

set with a uniform distribution. 

Simulations, parameter estimation and model checking – We used DIYABC v2.1.0 (Cornuet 

et al. 2008, 2014)
 
to simulate datasets. We summarized the within-population genetic variation 

by using genetic diversity and the between-population genetic variation by the genetic 

differentiation. We generated 100,000 datasets for each scenario and compared scenarios by 
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calculating their posterior probabilities using a logistic regression on the 1% of simulated data 

closest to the observed data (Cornuet et al. 2008, 2010). We checked for accordance between 

observed and simulated datasets from prior distributions using a PCA. Confidence in scenario 

choice was evaluated by generating 1,000 newly simulated datasets from priors and computing 

global prior and posterior based errors (i.e. computed overall scenarios) and prior Type I error 

(i.e. proportion of datasets simulated under the best scenario assigned to other scenarios). The 

posterior distributions of parameters were estimated by computing a local linear regression on 

the 1% of the simulated data closest to our observed dataset, after applying a logit 

transformation to the parameters value (Cornuet et al. 2010).  

	

Populations’	connectivity	

Isolation by distance – In order to test for isolation by distance (IBD) between GRES 

populations, we tested the correlation between genetic distances (FST/[1− FST]) and geographic 

distances (geodesic distance using the Haversine formula). Pairwise FST (Weir & Cockerham 

1984) were computed using the HIERFSTAT R package v0.04–22 (Goudet 2005) and IBD was 

tested using Mantel tests with 9,999 permutation tests of significance in the ECODIST R package 

v2.0.1 (Goslee & Urban 2007; Goslee et al. 2017). The maximum distance between two 

occurrences in the studied area can be up to 25km. Nonetheless, the yearly natural dispersal 

capability threshold used in this study implies that initially introduced individuals could have 

spread as far as 5.4km from initial sites. Thus we tested IBD first including all GRES 

populations, and for populations distant of <5.4km. 

Isolation by barriers – The presence of isolation by barriers (IBB) was tested using estimated 

effective migration surfaces (EEMS program v0.0.0.9; Petkova et al. 2016). This method 

identifies regions where individuals are more genetically distinct (i.e. barriers) or similar (i.e. 

corridors) than expected under IBD. Effective migration rates (m) and effective diversity rates 

(r) were estimated from pairwise genetic dissimilarities (G) calculated on a 500-demes 

geographic grid. The G matrix was computed using the BED2DIFFS program (Petkova et al. 

2016). m and r parameters were estimated within the sampling extent of the studied area but 

discarding mountainous areas to avoid spurious inferences of gene flow: occurrence data reveal 

that Ae. albopictus is located below 610m of altitude. The outer coordinate file was computed 

using the polyline method in the Google Maps API v3 tool 

(http://www.birdtheme.org/useful/v3tool.html). The RUNEEMS_SNP program was run in three 

independent analyses, with a burn-in of 2,000,000 and Markov Chain Monte Carlo length of 

10,000,000. Model-checking was performed by evaluating the convergence of runs from the 

three different analyses and by the linear relationship between the observed and fitted values 

for within- and between-demes estimates using the REEMSPLOTS R package v0.0.1 (Petkova et 

al. 2016) (Figure IV–S6). The three analyses were then combined to produce maps of m and r 

surfaces. 

Isolation by resistance – In order to test for isolation by resistance (IBR) between GRES 

populations, we performed correlations between genetic distances (FST/[1− FST]) and resistance 

distances. Resistance distances were calculated using resistance surfaces for OPEN, FOREST, 

DIF-URB, DEN-URB, ROADS, and RIVERS. Because we aimed to assess which of these 

variables impact genetic connectivity, they were tested independently, and both as corridor and 
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barrier to gene flow (raster coded between 0 and 1). Raster layers were also cropped to the 

extent of Ae. albopictus distribution to constrain gene flow to lowlands. We calculated multiple 

shortest paths between the 39 populations using the GDISTANCE R package v1.2-2 (van Etten 

2018) and computed the resistance distance using the effective distance between sites 

multiplied by the volume of the graph (i.e. the sum of the conductance weights) (Chandra et al. 

1997). Resistance distances represent the average number of steps that is needed to commute 

between the sites (van Etten 2018). 

IBR was first tested using one cover-type resistance distances using Mantel correlations in the 

ECODIST R package v2.0.1 (Goslee & Urban 2007; Goslee et al. 2017). Results of Mantel tests 

were used to identify the best features and further elaborate resistance models. We build two-

variables MRM regression models in the same R package using the Mantel best feature as the 

X1 response variable, and testing all other variables as X2 response variables. The significance 

of the models was determined using a permutation scheme and R
2
 terms (9,999 permutations). 

If the probability associated with several X2 variables suggests that this is adding significantly 

to the explanation of the genetic data, they were further tested in three-factors models. If the 

probability associated with X2 and X3 variables became non-significant, we selected two-

factors models as the best models. Based on previous examination of possible biases introduced 

by classical model selection methods used in combination with MRM (Franckowiak et al. 

2017), the best model was thus selected as the one explaining the largest proportion of genetic 

variation (i.e. with the best R
2
). For the best-fitted linear model, we created an expected 

connectivity cost raster by fitting the intercept and slope terms of response variables (X) from 

the model. 

	

	

Results	

Species	distribution	modelling		

Habitat suitability for Ae. albopictus was modelled using the consensus forecasting procedure 

of an ensemble of 200 models (Thuiller et al. 2009) and six environmental variables: open area 

(OPEN), forest areas (FOREST), diffuse urban areas (DIF-URB), dense urban areas (DEN-

URB), altitude (ALTI) and mean annual temperature (MTEMP). The ensemble models quality 

was very high, with TSS of 0.947 and 0.943 and ROC of 0.996 and 0.997 for the weighted sum 

of probabilities and the committee averaging methods. 

The environmental variable with the highest importance was DIF-URB, with 43% of Ae. 

albopictus distribution in the region of Grenoble explained by this variable (Figure IV–2A). 

Two other variables contributed to the geographical distribution of the species in this region, 

with more than 15% relative importance for ALTI and MTEMP, Ae. albopictus being present 

in lowland areas with the higher MTEMP. The projected potential distribution in this region 

based on habitat suitability predicts a high concentration of populations in Grenoble, urban 

Grenoble, and all the diffuse urban areas in the Vallée de l’Isère and Vallée du Drac (Figure 

IV–2B).  
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Population	genetic	diversity	in	the	region	of	Grenoble	

Genetic diversity indices indicate that most of GRES populations have high levels of genetic 

diversity (Table IV–1), with population genetic diversity (HE) ranging between 0.230 and 

0.270 for 38 of 39 populations. The lowest genetic diversity was recorded for the oldest 

population we sampled (SMH1: HE = 0.190). This population was sampled at one of the first 

introduction sites in the valley the year after introduction was reported, thus representing the 

first reproducing population (i.e. the founding population) (Figure IV–S1). This population 

also harbors the lowest allelic richness, with AR = 1.19 as compared to an average among 

populations of AR = 1.24, and the highest population specific FST (FST = 0.28), which represent 

the difference in allele frequency between a given population and the common gene pool, thus 

reflecting the isolation of that population. The average population specific FST was 0.09 among 

the 39 populations, ranging from 0.01 to 0.20. Interestingly, the two other populations having 

high population specific FST are COR1 and COR3, two populations located near the second 

introduction sites in the valley (Figure IV–S1). 

 

 

Table IV–2 Genetic diversity indices of Aedes albopictus populations in the region of Grenoble. Ho: 

observed heterozygosity, HE: expected heterozygosity, FIS: inbreeding coefficient, Population FST: local 

differentiation of population, AR: allelic richness. Confidence intervals (95% following 1,000 bootstrap 

replicates among loci) for FIS and FST indicate whether the value is significantly different from 0. 
 

Code Size HO HE FIS [CI95] Population FST [CI95] AR 

BER 8 0.17 0.24 0.20 [0.16−0.24] 0.13 [0.09−0.17] 1.23 

BIV 8 0.18 0.24 0.17 [0.12−0.21] 0.12 [0.08−0.16] 1.23 

COR1 3 0.18 0.24 0.12 [0.07−0.18] 0.17 [0.11−0.23] 1.22 

COR2 9 0.19 0.24 0.14 [0.10−0.18] 0.12 [0.08−0.16] 1.23 

COR3 3 0.18 0.23 0.10 [0.04−0.17] 0.20 [0.12−0.26] 1.21 

CRO1 9 0.20 0.25 0.13 [0.08−0.16] 0.08 [0.03−0.13] 1.24 

CRO2 8 0.18 0.26 0.22 [0.19−0.26] 0.05 [0.01−0.09] 1.25 

DOM1 5 0.18 0.24 0.17 [0.12−0.22] 0.11 [0.05−0.16] 1.23 

DOM2 8 0.19 0.26 0.22 [0.18−0.25] 0.03 [0.00−0.06] 1.25 

DOM3 7 0.18 0.25 0.20 [0.16−0.24] 0.07 [0.03−0.10] 1.25 

ECH1 2 0.17 0.26 0.14 [0.07−0.22] 0.19 [0.11−0.26] 1.21 

ECH2 7 0.19 0.26 0.21 [0.17−0.24] 0.04 [0.00−0.07] 1.25 

EGR2 4 0.18 0.25 0.15 [0.10−0.19] 0.13 [0.07−0.18] 1.23 

EYB1 8 0.21 0.25 0.10 [0.05−0.14] 0.08 [0.02−0.12] 1.24 

EYB2 9 0.22 0.23 0.03 [0.00−0.07] 0.12 [0.07−0.17] 1.23 

GIE 8 0.19 0.25 0.19 [0.15−0.22] 0.07 [0.03−0.11] 1.24 

GRE1 4 0.21 0.26 0.10 [0.05−0.15] 0.08 [0.01−0.14] 1.24 

GRE2 8 0.18 0.25 0.21 [0.17−0.24] 0.08 [0.03−0.12] 1.24 

GRE3 8 0.18 0.26 0.23 [0.20−0.26] 0.03 [-0.01−0.06] 1.26 

ISM1 8 0.20 0.25 0.17 [0.13−0.21] 0.06 [0.02−0.09] 1.25 

ISM2 8 0.20 0.25 0.15 [0.11−0.19] 0.08 [0.04−0.11] 1.24 

ISM3 5 0.18 0.23 0.13 [0.09−0.18] 0.15 [0.10−0.20] 1.22 

MEY1 8 0.20 0.25 0.15 [0.11−0.19] 0.07 [0.02−0.10] 1.25 

MEY2 7 0.20 0.25 0.14 [0.10−0.19] 0.07 [0.01−0.10] 1.25 

MEY3 7 0.18 0.25 0.22 [0.18−0.26] 0.07 [0.02−0.11] 1.25 

MSM1 7 0.18 0.25 0.19 [0.16−0.24] 0.08 [0.03−0.11] 1.24 

MSM2 8 0.19 0.27 0.22 [0.18−0.25] 0.01 [-0.03−0.04] 1.26 

MUR1 6 0.21 0.26 0.12 [0.08−0.16] 0.03 [-0.01−0.08] 1.25 

MUR2 10 0.21 0.26 0.17 [0.13−0.20] 0.02 [-0.01−0.05] 1.26 

NAZ 8 0.18 0.25 0.21 [0.17−0.24] 0.06 [0.02−0.09] 1.25 

POI 9 0.21 0.25 0.12 [0.09−0.15] 0.07 [0.03−0.11] 1.24 

SMH1 4 0.19 0.19 -0.06 [-0.12−0.01] 0.28 [0.19−0.34] 1.19 

SMH2 6 0.20 0.25 0.14 [0.09−0.18] 0.09 [0.03−0.14] 1.24 

SMH3 8 0.20 0.26 0.16 [0.13−0.20] 0.04 [0.00−0.08] 1.25 

SMH4 10 0.19 0.26 0.19 [0.16−0.23] 0.04 [0.00−0.07] 1.25 

VBO 8 0.17 0.26 0.27 [0.24−0.31] 0.05 [0.01−0.09] 1.25 

VRS1 8 0.18 0.26 0.23 [0.20−0.27] 0.04 [0.01−0.08] 1.25 

VRS2 7 0.18 0.25 0.21 [0.16−0.25] 0.08 [0.04−0.12] 1.24 
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study sites, objectives of dispersion) does not allow direct comparisons of mark-release-capture 

estimates (Marini et al. 2019). A recent genomic approach reported median (75m) and 

maximum (129m) radius intergenerational dispersal in the close species Ae. aegypti (Jasper et 

al. 2019), which can be used to model the range expansion over time due to natural dispersal.  

The range expansion of populations after they established in a new area is likely to be a ‘range 

filling’ process, colonizing the surrounding and available suitable areas. The first step in 

characterizing the dispersal modes in the studied area was thus to reconstruct the potential areas 

suitable for range expansion of Ae. albopictus. Species distribution modelling emphasizes the 

role of climatic conditions in the distribution of this species at broad spatial scale (Fischer et al. 

2014; Kraemer et al. 2015). Here, we show that land-cover types and altitude greatly influence 

its distribution at the local scale (Figure IV–2). Aedes albopictus populations in the region of 

Grenoble are mainly distributed in diffuse urban areas, while forests, open and highland areas 

are not suitable for the establishment of populations. This result is congruent with field 

observations (Braks et al. 2003; Lima-Camara et al. 2006; Cox et al. 2007; Paupy et al. 2009), 

and can be explained by the ecological characteristics of this mosquito species. Aedes 

albopictus breeds in natural and artificial containers such as used tires and cemetery vases 

(Hawley 1988; Simard et al. 2005; Delatte et al. 2008a), which are likely to be in larger 

quantities in urban than in agricultural and forest not inhabited areas (Li et al. 2004). 

Furthermore, its distribution is expected to correlate with human abundance (Savage et al. 

1993; Niebylski et al. 1994; Delatte et al. 2008). Among urban areas, we have also showed that 

urban dense areas do not constitute suitable habitats for Ae. albopictus (Figure IV–2). One of 

the critical environmental factors to limit adult desiccation is the presence of vegetation (Chan 

et al. 1971b; Nguyen et al. 1974; Bengoa et al. 2014). The availability of suitable habitats for 

resting explains why this species remain close to houses in suburban vegetated areas (Maciel-

de-Freitas et al. 2006). 

The expansion process in the studied area was easy to model due to its geographical specificity. 

Indeed, the Vallée de l’Isère and Vallée du Drac are confined between three mountain chains 

that restrict dispersal to three directions (Figure IV–1). However, examining the modes of 

dispersal requires that the area under study is isolated from other distant populations, and that 

the spatial expansion of populations mostly results from within valley natural and passive 

dispersal from initially introduced populations. Nonetheless, it is not possible to state whether 

recurrent introductions from distant populations occurred during this timeframe only based on 

occupancy-detection data. The reconstruction of colonization routes using genomic data 

revealed that GRES arose from an admixture between established populations in the Vallée du 

Rhône and Aiton that were invaded few years earlier (between 2009 and 2012) and does not 

involve independent introduction events but expansion of GRES populations after admixture 

between the two first invaded areas in 2012 (SMH and COR) (Figure IV–4, Table IV–1). The 

observed pattern of spatial expansion in the region of Grenoble thus seems to represent a 

progressive diffusion (Figure IV–S1). Introduced in Southeastern and Northern urban 

Grenoble in 2012 (near SMH and COR respectively), Ae. albopictus remained restricted to 

these areas until 2014. A long-distance jump was recorded in the valley in 2015, with the 

colonization of areas located near CRO. After 2015, populations extended to many new 

locations on both sides of the Isère River in the Vallée du Grésivaudan, upstream of Grenoble. 
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The colonization of Western urban Grenoble and the second part of the Vallée de l’Isère, 

downstream of Grenoble, is very recent (between 2016 and 2017).  

Modelling the potential natural range expansion of this species over time using occupancy-

detection data, its natural dispersal capabilities and habitat suitability modelling revealed that 

both active and passive dispersal might be responsible for the rapid expansion in the region of 

Grenoble since its first introduction in 2012 (Figure IV–3 and IV–S6). Whatever the 

maximum dispersal radius per generation used, most of the range expansion over time can be 

attributed to natural dispersal. The present study thus provides the first evidence of the role of 

large proportion of continuous suitable habitats and natural dispersal in contributing to the 

expansion of invasive populations. The combination of several dispersal modes promoted range 

filling of almost the entire predicted suitable range of this invasive species in just seven years 

after introduction. 

	

	

Historical	and	contemporary	influences	on	genetic	variation	

The timeframe in which biological invasions occur makes it obvious to interpret population 

genetic structure as resulting mainly from past rather than contemporary processes. The second 

question we addressed in the present study specifically focused on evaluating the role of the 

demographic history of populations versus their functional connectivity related to geographical 

features in shaping current patterns of genetic variation.  

Aedes albopictus populations in the region of Grenoble are geographically structured, with 

genetically distinct populations in Southeastern and Northern urban Grenoble (Figure IV–5). 

Spatiotemporal detection data reveal that these two different genetic clusters (Southeastern: 

SMH1, SMH2, POI; Northern: COR1, COR2, COR3, MEY1) are located near primary 

introduced areas in 2012 (Figure IV–S1). These GRES populations have been introduced from 

Aiton and the Vallée du Rhône but show very low proportions of genetic admixture (Figures 

IV–4 and IV–5). It could suggest that founding admixture created novel allelic combinations 

leading to differentiation of populations in the region of Grenoble. Admixture following 

multiple introductions is expected to increase the genetic diversity of populations (Lee 2002; 

Dlugosch and Parker 2008). However, the populations sampled near the primary introduced 

areas show the lowest levels of genetic diversity and allelic richness (Table IV–2). Examining 

the genetic structure of the source populations, the genetic differentiation of populations near 

SMH and COR could thus be related to simple change in allele frequency during introduction. 

Indeed, introduction generally involves a small number of founders (i.e. founder event; 

Dlugosch and Parker 2008), which can lead to strong genetic differences between introduced 

and source populations (Estoup & Guillemaud 2010; Guillemaud et al. 2010). The increased 

influence of genetic drift in genetically reduced bottleneck populations can further lead to the 

fixation of rare alleles at range edges (i.e. allele surfing, Edmonds et al. 2004; Klopfstein et al. 

2006). A third set of GRES populations (CRO1, CRO2, BER) shows geographical structuration 

of genetic variation in the most remote Eastern area of the Vallée du Grésivaudan (Figure IV–

5). These populations are genetically close to those in Northern urban Grenoble (Figure IV–

S9) but given the distance between these two areas, they have been transported by human. This 

pattern also suggests a spatial bottleneck due to recurrent founder events leading to the fixation 

of rare alleles in the migration front (Slatkin & Excoffier 2012). Short-range dispersal in 
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neighbor areas around these three sites could have shaped the observed geographical 

structuration of genetic variation. Consistently, GRES populations constituting these three 

genetic clusters present lower genetic dissimilarities than expected under isolation by distance 

(IBD) supporting their geographical isolation (Figure IV–7). 

Examining the modes of dispersal within studied area using occupancy-detection data, we 

found evidence that introduced populations could be subject to natural determinants of 

populations’ connectivity. Using genomic data, we found IBD among populations located 

within a radius of 5.4km (Figure IV–6), which is the maximum dispersal radius considering 

the time since introduction, a maximum dispersal radius of 129m per generation and seven 

generations a year, supporting that natural dispersal occurs at the local scale. Although diffuse 

urban areas represent highly suitable habitats for Ae. albopictus, this landscape feature hinders 

gene flow (Figure IV–8, Table IV–S4), which is congruent with the barriers to gene flow 

identified without any a priori on landscape features (Figure IV–7). Urban diffuse areas such 

as parks, private gardens and cemeteries offer suitable habitats with relatively high abundance 

of oviposition sites and hosts (for host and oviposition site seeking) and vegetated areas (for 

resting). In a previous landscape genetics survey, Medley et al. (2014) expected that natural 

movements should occur were suitable habitats are widely available, and thus that such 

movements should be high among sites where water availability is sufficient to maintain dense 

breeding habitat. On the contrary, we found that the more suitable habitats in the neighboring 

area, the less individuals appear to disperse; this can be expected from the evolutionary 

perspective that dispersal allows to prevent inbreeding (Johnson & Gaines 1990).  

In the region of Grenoble, most of sampled populations show high proportions of admixture 

and large genetic diversity (Figure IV–7, Table IV–2). The genetic variability of these 

populations could thus suggest multiple introductions in this region (Figure IV–4). 

Nonetheless, the best-inferred scenario suggests that all those populations originated from an 

admixture between genetically distinct initially introduced populations (Table IV–1). Because 

of geographical distance between them (up to 25km), the absence of genetic differences among 

admixed populations involves that they have been recently transported or are highly 

interconnected. Consistently, genetic distances are no longer correlated with geographical 

distances or either negatively correlated beyond the 5.4km distance threshold of natural 

dispersal (Figure IV–6). Among the landscape features tested to have an impact on 

populations’ connectivity, roads act as a corridor in the studied area (Figure IV–8). This result 

supports that the main factor explaining the connectivity of distant populations in this species is 

passive dispersal through human transport along highways, which has previously been 

demonstrated by the quantitative evaluation of Ae. albopictus car transport (Eritja et al. 2017) 

and the empirical correlation between genetic similarities and road networks (Medley et al. 

2014; Schmidt et al. 2017). 

Integrating ecological modelling and occupancy-detection data to disentangle the modes of 

dispersal acting during the expansion process, our study demonstrated that both natural and 

passive, human-aided, dispersal have promoted the expansion of Ae. albopictus after its 

introduction in 2012 in the region of Grenoble. Population genetics analyses confirmed 

occupancy-detection modelling, with both natural and passive dispersal involved to explain the 

patterns of genetic variation. Landscape genetics approaches have recently received much 

criticism either in the methodology (Raufaste & Rousset 2001; Franckowiak et al. 2017) or 
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interpretations (Epps & Keyghobadi 2015). The influence of demographic bottleneck during 

introduction on genetic structure, and isolation by distance and resistance and high connectivity 

along roads respectively underpinning natural and passive dispersal, demonstrate that current 

genetic variation reflects the signatures of both past and contemporary processes. Given that 

landscape and geographical features explain only a weak proportion of genetic variation, the 

role of dispersal in shaping genetic structure is much lower than the demographic events 

inherent to the introductory process. Landscape genetics in this context allowed a better 

understanding of processes underpinning the processes of natural and passive dispersal. 

Although natural dispersal seems to be dominant, passive dispersal had strong impact on 

genetic variation by homogenizing distant populations. Several mechanisms have been 

suggested to impede the reconstruction of colonization routes, such as multiple introductions, 

founder events and admixture events (Estoup & Guillemaud 2010; Guillemaud et al. 2010). By 

showing that dispersal patterns during invasive range expansion at the local scale can further 

complicate these inferences, our results raise the question not only how but at which time scale 

such contemporary processes can completely erase signatures of past processes. 

	

	

Future	directions	

Our modelling approach of dispersal modes could have overestimated natural dispersal. We 

used a fixed dispersal radius for each occurrence to reconstruct the potential natural dispersal 

range by year, thus considering that all sampled localities have generated seven generations of 

dispersers. The range of these predicted areas could be refined by adjusting the maximum 

dispersal radius from a site based the detection date during the period of activity of Ae. 

albopictus, providing that sampling effort has been consistent throughout this period. In 

addition, Ae. albopictus presents a seasonal abundance dynamics associated with water 

availability, for the maintenance of breeding sites, and temperatures that influence the duration 

of larval development (Brigel & Timmermann 2001; Delatte et al. 2009). The variations of 

climatic conditions can induce a strong variation of the number of generations per year, and 

thus lead to biases in our estimations of the relative proportions of each mode of dispersal since 

we considered seven generations per year. Because dispersal distance is affected by ecological 

factors (Maciel-de-Freitas et al. 2006), the resistance cost map of natural barriers (i.e. diffuse 

urban areas) and projected habitat suitability for Ae. albopictus could be used to refine the 

modelling of natural range expansion through time. Finally, our conclusions are based on the 

assumption that all current populations arose from progressive diffuse spread from initially 

introduced populations. Although founder events and contemporary gene flow may have 

blurred the true colonization scenario, additional models of demographic history are needed to 

confirm the best scenario we retained, that involves both founding and ongoing admixture 

(Gutenkunst et al. 2010).  

 

 

Acknowledgements		

We thank Delphine Rioux for help in DNA laboratory work.	The Entente Interdépartementale 

de Démoustication (EID) supported sampling as part of a surveillance programme of Ae. 

albopictus in Metropolitan France.	 This work was funded by a research grant from Labex 

OSUG@2020 (Investissements d'avenir – ANR10 LABX56). 









Partie IV – Dynamique de dispersion 

	

	

	

166 
	

	

	

	

	
Figure IV–S5 ABC scenarios design with schematic representations of competing scenarios for the 2 

analyses. A) Analysis 1: origin of populations in the region of Grenoble (5 competing scenarios), and B) 

analysis 2: number of introduction events (3 competing scenarios).  
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Figure IV–S6 EEMS analysis and model checking. Observed versus fitted dissimilarities between 

pairs (A) of sampled demes (α, β) and within (B) sampled demes (α). C) Convergence diagnostic 

of the MCMC chains from the three separate analyses. Each analysis is represented by a different 

color. 
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Table IV–S1 Sample characteristics of the 269 Aedes albopictus samples collected among 39 sites 

in the region of Grenoble, France. Sample size: number of individuals genotyped for each 

population. See Sherpa et al. 2019a (Partie II – Article 1) for collection sites characteristics of 

populations from Italy, Switzerland, and France (Vallée du Rhône and Aiton). 
 

 Code Locality 
Date of 

sampling 
Latitude Longitude Sample size 

BER Bernin 2017 45.271642 5.872705 8 

BIV Biviers 2017 45.236577 5.805678 8 

COR1 Corenc 2015 45.219563 5.762243 3 

COR2 Corenc 2016 45.209631 5.750024 9 

COR3 Corenc 2017 45.219400 5.758600 3 

CRO1 Crolles 2016 45.281384 5.885984 9 

CRO2 Crolles 2017 45.280100 5.887800 8 

DOM1 Domène 2017 45.209699 5.844741 5 

DOM2 Domène 2017 45.198673 5.818100 8 

DOM3 Domène 2017 45.207300 5.849100 7 

ECH1 Echirolles 2017 45.141537 5.708103 2 

ECH2 Echirolles 2017 45.140900 5.734900 7 

EGR1 St-Egrève 2017 45.236000 5.676600 1 

EGR2 St-Egrève 2017 45.221100 5.691100 4 

EYB1 Eybens 2016 45.149571 5.750725 8 

EYB2 Eybens 2016 45.145995 5.745513 9 

GIE Gières 2016 45.184810 5.797539 8 

GRE1 Grenoble 2016 45.184115 5.734365 4 

GRE2 Grenoble 2017 45.181406 5.742165 8 

GRE3 Grenoble 2017 45.166838 5.735901 8 

ISM1 St-Ismier 2017 45.241559 5.840091 8 

ISM2 St-Ismier 2017 45.254328 5.838256 8 

ISM3 St-Ismier 2017 45.247900 5.825600 5 

MEY1 Meylan 2016 45.204043 5.765900 8 

MEY2 Meylan 2016 45.197046 5.764862 7 

MEY3 Meylan 2016 45.211845 5.792092 7 

MSM1 Montbonnot-St-Martin 2017 45.226594 5.813873 7 

MSM2 Montbonnot-St-Martin 2017 45.220065 5.822476 8 

MUR1 Murianette 2016 45.190883 5.819917 6 

MUR2 Murianette 2016 45.191907 5.823862 10 

NAZ St-Nazaire-les-Eymes 2017 45.245048 5.848995 8 

POI Poisat 2016 45.156125 5.765105 9 

SMH1 St-Martin-d'Hères 2013 45.165133 5.767761 4 

SMH2 St-Martin-d'Hères 2016 45.167132 5.756244 6 

SMH3 St-Martin-d'Hères 2016 45.198136 5.771390 8 

SMH4 St-Martin-d'Hères 2016 45.189027 5.753926 10 

VBO Villard-Bonnot 2017 45.244272 5.885266 8 

VRS1 Le Versoud 2017 45.222379 5.864746 8 

VRS2 Le Versoud 2017 45.214200 5.862500 7 
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Table IV–S3 ABC parameters. Prior distributions of parameters and posterior distributions for the best scenarios 

(analysis 1: scenario 5) using the 1% of simulated datasets closest to the observed dataset. Posterior distributions of 

estimated times are in generations and effective population sizes in number of individuals. Ne: effective population size, 

t1-t4: introduction dates, t5: divergence time, Nf: number of founders, db1-db4: bottleneck duration, ra: admixture rate. 
 

Parameters Group of populations 
Historical 

report 
Prior distributions 

Posterior distributions 

Average CI 95% 

Ne North Italy [100 − 100,000] 97,200 [89,400 − 100,000] 

Ne Central Italy [100 − 100,000] 98,500 [94,100 − 100,000] 

Ne Switzerland [100 − 100,000] 33,300 [880 − 93,000] 

Ne Aiton [100 − 100,000] 44,700 [1,710 − 96,700] 

Ne Vallée du Rhône [100 − 100,000] 80,400 [16,400 − 99,700] 

Ne GRES populations [100 − 100,000] 92,700 [47,500 − 99,000] 

t1 GRES populations 2012 [30 − 35] 34 [30 − 35] 

t2 Vallée du Rhône 2010 − 2012 [35 − 42] 36 [35 − 42] 

t3 Aiton 2009 [49 − 56] 49 [49 − 56] 

t4 Switzerland 2003 [90 − 100] 96 [90 − 100] 

t5 North Italy − Central Italy 1997 − 2000 [105 − 126] 105 [105 − 117] 

Nf GRES populations [1 − 1,000] 145 [10 − 614] 

Nf Vallée du Rhône [1 − 1,000] 752 [305 − 983] 

Nf Aiton [1 − 1,000] 592 [143 − 962] 

Nf Switzerland [1 − 1,000] 764 [286 − 989] 

db1 GRES populations [0 − 30] 27 [13 − 30] 

db2 Vallée du Rhône [0 − 35] 32 [18 − 35] 

db3 Aiton [0 − 49] 38 [9 − 49] 

db4 Switzerland [0 − 50] 6 [0 − 31] 

ra From the Vallée du Rhône   [0.001 − 0.999] 0.737 [0.255 − 0.767] 

 

 

 

 

 

Table IV–S4 Results of multiple regression models (MRM) between genetic distances (FST /[(1-FST)] 

and resistance distance based on land-cover type resistance surface and multiple shortest paths between 

sampled populations. The identification of variable 1 (strongest influence on genetic distances) was 

performed using Mantel tests. MRM were performed for identifying the best model of resistance. 

Significant terms in two-variables models were further investigated in three-variables models (in bold, 

significance: 0.05*, 0.01**, 0.001***). Resistance surfaces: B, barriers, C, corridors. 
 

Two-variables models 

Model Var 1 Var 2   R
2
 Intercept Var 1 Var 2   

1 Diffuse B Open C 0.070 0.042 0.872
-7

 0.869
-7

 

1bis Diffuse B Open B 0.088 0.026 1.534
-7

 1.709
-7

 

2 Diffuse B Forest C 0.079 0.029 1.849
-7

 1.940
-7

 

2bis Diffuse B Forest B 0.061 0.031 1.992
-7

 2.092
-7

 

3 Diffuse B Dense C 0.165 ** 0.013 1.885
-7

 ** 2.080
-7

 ** 

3bis Diffuse B Dense B 0.053 0.045 0.996
-7

 1.014
-7

 

4 Diffuse B Roads C 0.209 ** 0.018 3.163
-7

 ** 3.378
-7

 ** 

4bis Diffuse B Roads B 0.139 * 0.034 2.019
-7

 2.098
-7

 

5 Diffuse B Rivers C 0.199 ** 0.018 2.597
-7

 ** 2.789
-7

 ** 

5bis Diffuse B Rivers B 0.158 * 0.033 2.747
-7

 * 2.849
-7

 * 

Three-variables models             

Model Var 1 Var 2 Var 3 R
2
 Intercept Var 1 Var 2 Var 3  

6 Diffuse B Dense C Roads C 0.212 * 0.015 3.069
-7

 ** 0.480
-7

 2.809
-7

 

7 Diffuse B Dense C Rivers C 0.212 ** 0.020 2.663
-7

 ** 0.861
-7

 2.014
-7

 

8 Diffuse B Roads C Rivers C 0.209 ** 0.018 3.148
-7

 ** 0.102
-7

 3.261
-7
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1.	Déterminants	du	succès	invasif	:	résultats	et	perspectives	

L’invasion récente d’Aedes albopictus à l’échelle mondiale a fait l’objet d’un grand nombre 
d’études. Un certain nombre de ces études, centrées sur la tolérance à la dessiccation et au froid 
(Sota & Mogi 1992; Urbanski et al. 2010; Kreß et al. 2016; Armbruster 2016), le caractère 
compétitif pour l’exploitation des ressources (Juliano 2010; Fader 2016), ou encore la large 
gamme de niches écologiques colonisées (Kraemer et al. 2015; Cunze et al. 2018), ont fourni 
de nombreuses hypothèses pour expliquer le succès invasif de cette espèce. 

Dans ce travail de thèse, nous nous sommes intéressés aux processus évolutifs et biologiques 
favorisant deux étapes clés du processus d’invasion biologique : l’établissement et l’expansion 
des populations introduites. La Figure V–1 illustre l’état des connaissances et les hypothèses 
principales sur les déterminants intrinsèques et extrinsèques du succès invasif de cette espèce 
quant aux résultats de cette thèse centrés sur l’Europe. 

	

	

1.1.	Introduction		

1.1.1.	Déterminants	extrinsèques	:	géographie	des	échanges	commerciaux	

Dans cette thèse, nous avons dans un premier temps retracé les routes de colonisation à 
l’origine de l’introduction d’Ae. albopictus en Europe (Partie II – Article 1, Sherpa et al. 
2019a). Nos résultats indiquent trois évènements d’introduction indépendants (Albanie, Nord 
de l’Italie, Centre de l’Italie) depuis l’aire native en Chine, ou depuis une autre aire envahie 
quelques années auparavant, les Etats-Unis. Ce deuxième point implique que les populations 
invasives Nord Américaines d’Ae. albopictus ont constitué des populations tête de pont 
(Lombaert et al. 2010), en accord avec les études précédentes chez Ae. albopictus 
(Kambhampati et al. 1990; Urbanelli et al. 2000; Battaglia et al. 2016; Manni et al. 2017; 
Kotsakiozi et al. 2017). Cette première étape de l’histoire de la colonisation de l’Europe révèle 
que les réseaux de transport humain sont responsables des introductions : les populations 
sources à l’origine des introductions correspondent aux partenaires commerciaux 
internationaux au moment des premières introductions. 
 
 

1.1.2.	Déterminants	intrinsèques	:	plasticité	physiologique	

Nous n’avons pas abordé les mécanismes physiologiques au cours de cette thèse. Néanmoins, 
la sélection durant la phase de transport, bien que très peu abordée par la communauté 
scientifique, pourrait jouer un rôle considérable dans le succès d’une invasion biologique. Le 
succès d’Ae. albopictus à survivre aux conditions défavorables est notamment du à ses 
capacités de résistance à la dessiccation via un phénotype de dormance des œufs (Hawley 
1988). La sélection durant le transport des individus les plus résistants pourrait conditionner le 
succès des introductions et mérite d’être étudiée plus en détails. En effet, ces informations 
permettraient de comprendre les dynamiques démo-génétiques mises en place durant l’étape 
d’introduction, et d’évaluer le rôle potentiel de la sélection, en plus de la dérive génétique, dans 
la présence d’allèles fixés dans les populations introduites. 
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Figure V–1 Schéma représentatif des principaux résultats de cette thèse. Les routes 
de colonisation (échelle globale) et voies de migration (en Europe) sont issues de la 
Partie II – Article 1. La couleur des populations natives reflète leur divergence neutre et 
adaptative (Partie III – Article 2). La couleur des populations Européennes reflète leur 
origine et/ou variabilité génétique suite aux évènements fondateurs/d’admixture. Les 
modalités d’introduction en Europe sont issues de la Partie II – Article 1 pour les 
caractéristiques démo-génétiques et Partie III – Article 3 pour les facteurs 
environnementaux. La Partie IV – Article 4 combine l’ensemble de ces méthodes pour 
évaluer le rôle de la dispersion contemporaine dans l’expansion des populations à une 
échelle locale. 

 
 

1.2.	Etablissement	

1.2.1.	Déterminants	extrinsèques	:	modalités	d’introduction	

Après avoir identifié les populations sources à l’origine des introductions en Europe, nous nous 
sommes intéressés aux modalités caractérisant l’étape d’introduction afin de comprendre les 
processus démo-génétiques impliqués dans le succès d’établissement des populations 
introduites (Partie II – Article 1, Sherpa et al. 2019a). Nous avons mis en évidence des 
modalités d’introduction contrastées entre les trois populations initialement introduites 
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(Albanie, Nord de l’Italie, Centre de l’Italie). Nos résultats suggèrent un fort goulot 
d’étranglement en Albanie, lié à un faible nombre d’individus fondateurs. A l’inverse en Italie, 
des introductions multiples au Nord de l’Italie à partir de la même source (USA ; Sabatini et al. 
1990; Dalla Pozza & Majori, 1992), et au Centre de l’Italie à partir de populations sources 
génétiquement différenciées (Nord de l’Italie et Chine) ont contribué à augmenter le niveau de 
diversité génétique.  

La forte pression de propagules et les introductions multiples en Italie auraient pu atténuer les 
effets négatifs du faible nombre d’individus fondateurs, en limitant l’impact de la dépression de 
consanguinité (i.e. heterosis), même si cette hypothèse reste à tester. En revanche, les rapports 
historiques témoignent que l’établissement des populations dans différentes villes du Nord-Est 
de l’Albanie a été rapide, seulement 4 ans après les premières nuisances reportées (Adhami & 
Murati 1987; Adhami & Reiter 1998). Les populations introduites et établies en Albanie 
constituent donc un exemple parfait du « paradoxe des invasions biologiques » (Sax & Brown 
2000). L’établissement de ces populations ayant subi une perte de diversité génétique suggère 
l’existence de processus stochastiques liés à l’effet fondateur (i.e. épistasie) ou sélectifs (i.e. 
faible filtre environnemental, purge des allèles délétères, ou sauvetage évolutif). 

 
 
1.2.2.	Déterminants	intrinsèques	:	préadaptation	et	adaptation	post-introduction	

Puisque les modalités d’introduction à elles-seules ne permettent pas totalement d’expliquer le 
succès d’établissement des populations en Europe, nous nous sommes intéressés au rôle de 
l’adaptation. Différentes études ont indirectement étudié ces considérations évolutives, telles 
que les études testant le conservatisme de niche (Medley 2010; Cunze et al. 2018), ou 
directement tenté de détecter des signatures génomiques de sélection (Goubert et al. 2017) 
entre des régions invasives et natives d’Ae. albopictus. Cependant, cette étude n’ayant pas pris 
en compte l’origine des populations introduites, celle-ci ne permet pas de distinguer si les 
adaptations ont eu lieu avant ou après l’introduction.  

Dans cette thèse, la comparaison des niches environnementales entre populations sources et 
introduites nous a permis de prédire un bon succès d’établissement à partir des caractéristiques 
de niche des populations sources (USA, Chine), suggérant une faible pression 
environnementale durant l’introduction (Partie III – Article 3, Sherpa et al. 2019c). Par 
ailleurs, l’étude des processus adaptatifs dans l’aire native suggère que les adaptations majeures 
pour envahir les régions tempérées se sont produites avant l’introduction, notamment avec une 
différenciation génétique adaptative en partie reliée au phénotype de diapause (Partie III – 

Article 2, Sherpa et al. 2019b).  

Du fait de la large gamme d’environnements envahis en Europe, nous avons également 
recherché des signatures d’adaptation post-introduction (Partie III – Article 3, Sherpa et al. 
2019c). Un échantillonnage non représentatif des populations sources nous a contraints à 
étudier ces signatures de sélection à l’échelle de l’Europe, puis à comparer la variabilité 
adaptative entre populations introduites (Albanie, Nord de l’Italie, Centre de l’Italie) et sources 
(USA, Chine). Nous avons pu détecter une faible, mais existante, signature d’adaptation post-
introduction à l’échelle de l’Europe, suggérant des changements adaptatifs à partir du 
polymorphisme existant. Cette faible signature de sélection pourrait révéler que les variables 
environnementales analysées ne sont peut être pas les pressions de sélection importantes à 
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l’échelle de l’Europe. Néanmoins, nous avons détecté 33/1,223 loci potentiellement 
sélectionnés à l’échelle de l’aire native et 3/939 loci à l’échelle de l’Europe, soit 2,7% et 0,3% 
des marqueurs moléculaires analysés respectivement. Une pression de sélection sur le génome 
plus forte dans l’aire native est cohérente puisque i) les populations natives proviennent de trois 
régions biogéographiques présentant des climats très contrastés alors que la variation 
environnementale est plus faible à l’échelle de l’Europe, et ii) les populations introduites en 
Europe étaient déjà plus ou moins pré-adaptées pour s’établir en climat tempéré. Puisque les 
conditions climatiques étaient similaires entre les populations sources et introduites, seul un 
changement du régime de migration a probablement déterminé l’établissement de populations 
d’Ae. albopictus en Europe (Facon et al. 2006). 

Les différences substantielles de niches associées aux précipitations et températures durant 
l’hiver entre les populations introduites en Albanie et leur source, ainsi qu’une différenciation à 
l’échelle morphométrique de traits potentiellement sous sélection (i.e. variation éco-
géographique de la taille des individus dans l’aire native ; Partie III – Article 2, Sherpa et al. 
2019b; Partie III – Article 3, Sherpa et al. 2019c), suggèrent des changements évolutifs après 
l’introduction. Les populations établies en Albanie ayant subi un fort goulot d’étranglement, 
celles-ci pourraient constituer un exemple de « sauvetage évolutif » (Bell & Gonzalez 2009). Il 
est également intéressant de noter que les populations introduites au Nord de l’Italie, à partir 
des USA, présentent une variabilité génétique plus proche de celles du Japon que de la Chine. 
Etant donné la différenciation climatique entre la Chine et l’Italie du Nord, une purge des 
allèles délétères aurait pu favoriser l’établissement de ces populations dans les environnements 
plus froids du Nord de l’Italie. Néanmoins, nos résultats ne nous permettent pas de conclure sur 
l’origine de la variabilité adaptative observée en Albanie et au Nord de l’Italie (évènements 
purement démographiques versus réponse aux pressions sélectives locales). 

 
 

1.3.	Expansion	

1.3.1.	Déterminants	extrinsèques	:	dispersion	longue	distance	et	connectivité	

Les populations initialement introduites en Europe (Albanie, Nord de l’Italie, Centre de l’Italie) 
ont constitué les sources des introductions secondaires (i.e. centres de dispersion, Figure V–1). 
Ces trois zones d’introduction primaire ont ainsi été nommées « populations tête de pont » dans 
la Partie II. Bien que ces populations soient moins distantes géographiquement que celles 
classiquement comparées dans un scénario tête de pont (e.g. Lombaert et al. 2010; Barker et al. 
2017; van Boheemen et al. 2017; Lesieur et al. 2019), nous proposons de conserver cette 
terminologie car la diffusion à l’échelle de l’Europe ne s’est pas faite de manière progressive, 
mais avec la détection de nouveaux foyers dans des régions très éloignées ou dans des îles 
impliquant le transport longue distance via les activités humaines. 

Les voies de migration reconstruites à partir de données génétiques soutiennent l’influence des 
réseaux de transports humains dans le façonnage des nouvelles introductions, avec une 
diffusion qui correspond à la géographie des échanges commerciaux : dans l’Ouest 

Méditerranéen à partir de l’Italie (Espace Economique Européen) versus dans le Sud-Ouest des 

Balkans à partir de l’Albanie. En particulier, nous avons mis en évidence que les populations 

invasives en Italie sont à l’origine de presque toutes les autres introductions dans les pays 
Européens de l’Ouest et Îles Méditerranéennes. Ce résultat suggère que l’histoire de la 
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colonisation de l’Europe corrèle avec l’historique de l’augmentation des échanges 
commerciaux lié au contexte géopolitique. 

Nous avons mis en évidence une forte diversité génétique des populations introduites 
secondairement à partir de l’Italie, et une faible différenciation génétique de ces introductions 
secondaires par rapport à leur source (Nord de l’Italie, Centre de l’Italie) (Partie II – Article 1, 
Sherpa et al. 2019a). Ces résultats pourraient suggérer que les populations introduites 
secondairement ont été introduites récemment. En effet, même si les introductions secondaires 
initiales remontent au début des années 2000, l’étude de la variabilité génétique des populations 
invasives est différée dans le temps, les échantillons analysés correspondant aux populations 
actuellement établies (voir section I–4.2.4). L’hypothèse alternative réside dans la connectivité 
entre les populations. L’expansion spatiale rapide d’Ae. albopictus en zone envahie a été 
attribuée au transport passif via les activités humaines (Knudsen et al. 1996; Eritja et al. 2017), 
induisant des admixtures subséquentes entre populations introduites secondairement au niveau 
des zones de contact des aires de distribution actuelles de chacune des populations initialement 
introduites. Cette forte connectivité des populations, facilitant l’établissement en marge de 
distribution a probablement favorisé l’expansion à l’échelle de l’Europe, en plus de la 
dispersion à longue distance.  

La dispersion à longue distance peut également dans certains cas aboutir à la différenciation 
des populations. Si l’introduction de populations sur le front de migration résulte d'un seul 
événement et que ces populations ne sont pas sujettes à flux de gènes récurrents, les effets 
fondateurs successifs peuvent conduire à l’observation d’un phénomène spatial : le surf 
génétique (Edmonds et al. 2004; Klopfstein et al. 2005; Slatkin & Excoffier 2012). Bien que 
nous n’observions pas un goulot d’étranglement spatial (e.g. le long de la colonisation de la 
Vallée du Rhône jusqu’à Grenoble), une homogamie sur le front d’invasion aurait pu induire 
une fixation d’allèles particuliers dans la région de Grenoble, pouvant avoir des conséquences 
évolutives susceptibles de favoriser l’expansion des populations (Phillips et al. 2010).	

 
 

1.3.2.	Déterminants	intrinsèques	:	tri	spatial	et	dispersion	naturelle	

Nous avons finalement étudié les moteurs de l’expansion des populations d’Ae. albopictus à 
deux échelles spatiales. A l’échelle de l’Europe, nous avons mis en évidence des processus 
adaptatifs au cours de l’expansion des populations (Partie III – Article 3, Sherpa et al. 2019c). 
L’absence d’Ae. albopictus dans certaines régions d’Europe pourrait être expliquée par la 
courte période de temps écoulée depuis l’introduction, et donc que l’espèce n’a pas encore 
colonisé l’intégralité des habitats favorables. Néanmoins, la corrélation entre distribution 
géographique et composition génétique adaptative des populations invasives en Europe suggère 
plutôt que les adaptations nécessaires pour envahir ces régions n’existent pas, ou pas encore 
(Partie III – Article 3, Sherpa et al. 2019c). 

De par l’observation d’une plus forte expansion spatiale à partir des populations admixées 
(Centre de l’Italie), il est tentant de vouloir relier les introductions multiples, la diversité 
génétique, et le succès invasif des populations (Partie II – Article 1, Sherpa et al. 2019a). 
Cette corrélation prend un peu plus de sens quant à la détection de signatures de sélection en 
Europe (Partie III – Article 3, Sherpa et al. 2019c). En effet, la diversité génétique des 
populations introduites n’a pas forcément influencé leur potentiel adaptatif : les populations 
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issues de l’expansion à partir du Nord de l’Italie et de l’Albanie ont colonisé des régions 
géographiquement proches et similaires en terme d’environnement. A l’inverse, l’admixture 
entre populations sources génétiquement différenciées pourrait avoir augmenter le potentiel 
adaptatif des populations introduites secondairement grâce à la création de nouvelles 
combinaisons alléliques, permettant la colonisation d’une plus large gamme d’environnements 
en Europe. 

L’expansion des populations d’Ae. albopictus une fois établies dans l’aire d’introduction est 
largement expliquée par la dispersion passive assistée par l’homme (Knudsen et al. 1996; Erijta 
et al. 2017). Différentes études ont montré qu’Ae. albopictus possède les capacités de 
dispersion nécessaires pour se maintenir et s’étendre après l’introduction (Bonnet & Worcester 
1946; Liew & Curtis 2004; Turell et al. 2005; Lacroix et al. 2009; Marini et al. 2010). Cette 
dispersion stratifiée pourrait avoir joué un rôle dans l’expansion rapide des populations de cette 
espèce. L’étude de l’histoire de la colonisation et de la variabilité génétique de populations 
d’Ae. albopictus en marge de distribution, dans la région de Grenoble, suggère bel et bien que 
la dispersion active en milieu anthropisé participe à l’expansion des populations à une échelle 
plus fine (Partie IV – Article 4, Sherpa et al. En préparation). La modélisation des habitats 
favorables et des aires d’expansion potentielle a permis de prédire la capacité des populations à 
s’étendre naturellement, et la structuration génétique spatiale est également influencée par les 
modes de dispersion (naturelle versus passive). Etant donnée l’étendue spatiale des études de 
génétique du paysage précédentes (Medley et al. 2014; Schmidt et al. 2017), nous suggérons 
pour la première fois le rôle de la dispersion active dans la structuration de la variabilité 
génétique des populations invasives chez Ae. albopictus. 

Plusieurs questions restent cependant largement inexplorées dans cette thèse, notamment sur 
les comportements de dispersion et leur évolution : la proportion de dispersion active prédite 
par la modélisation de l’expansion naturelle au cours du temps augmente-t-elle sur les fronts 
d’invasion ? La question de l’évolution des capacités de dispersion se poserait donc (Travis & 
Dytham 2002; Phillips et al. 2006; Monty & Mahy 2010; Lombaert et al. 2014). Afin 
d’identifier si de meilleures capacités de dispersion ont été sélectionnées au fil de la 
colonisation de l’Europe, il est indispensable de comparer les populations sources à l’origine de 
l’introduction, les populations établies du foyer, et les populations récemment introduites en 
marge de distribution. L’importance relative de la dispersion active durant l’expansion des 
populations sur les fronts successifs d’invasion permettrait de comprendre les conséquences 
d’une éventuelle évolution des capacités de dispersion sur les fronts successifs d’invasion. 

 

 

2.	Génétique	de	l’invasion	:	apports	méthodologiques	de	la	thèse	

Dans le contexte d’une invasion biologique, la structure génétique des populations actuelles 
peut refléter des processus neutres tels que i) les processus historiques de divergence 
(polymorphisme ancestral des populations natives), ii) les dynamiques démo-génétiques en 
œuvre au cours de l’invasion (contraction/expansion), et iii) la connectivité des populations 
(flux de gènes contemporains) ; et des processus adaptatifs tels que iv) des adaptations dans 
l’aire native (préadaptation), et v) des adaptations en réponses aux nouvelles conditions locales 
(adaptation post-introduction).  
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Le développement parallèle des méthodes de génétique des populations et du séquençage haut 
débit permettent d'avoir accès à une information génétique haute résolution, et d'aborder les 
questions relatives au processus neutres versus adaptatifs et historiques versus contemporains. 
Si les invasions biologiques représentent un excellent terrain pour étudier ces processus 
évolutifs (Huey et al. 2005), la description de la variabilité génétique des populations invasives 
constituent également un défit théorique et méthodologique majeur (Fitzpatrick et al. 2012). 
Outre le problème lié à la résolution des marqueurs moléculaires utilisés (Dlugosch & Parker 
2008) (voir section V–2.1), d’autres difficultés inhérentes aux invasions biologiques peuvent 
empêcher la compréhension des mécanismes à l’origine de la variabilité (voir section V–2.2). 
Dans ce cas, l’identification des facteurs structurant la variabilité génétique des populations 
invasives requiert un cadre méthodologique précis (voir section V–2.3). 

	

	

2.1.	ddRADseq	et	génomique	des	populations	d’Aedes	albopictus	

2.1.1.	Répétabilité	et	conclusions	biologiques	

Face au manque de résolution ou de répétabilité des marqueurs moléculaires précédemment 
utilisés pour identifier la structure génétique des populations d’Ae. albopictus (voir section I–
4.5), la méthode ddRADseq (Peterson et al. 2012) a été développée simultanément dans trois 
laboratoires différents, donnant lieu à trois publications basées sur ce type de marqueurs 
disponible en ligne entre Octobre 2017 (Schmidt et al. 2017) et Décembre 2017 (Kotsakiozi et 
al. 2017; Annexe I – Article 5, Sherpa et al. 2018a). Cette méthode est très ajustable quant au 
nombre de loci final attendu, basé sur le choix d’enzymes de restriction et la taille des 
fragments sélectionnés (Burns et al. 2017; Wang et al. 2017). Dans cette thèse, j’ai pu analyser 
des données ddRAD produites lors d’une étude pilote en 2015 et durant le stage de Charlotte 
Pougnet-Lagarde en 2016 (Annexe I – Article 5, Sherpa et al. 2018a). Les enzymes de 
restriction utilisées étaient SbfI et MspI, et les fragments avaient été sélectionné selon la taille, 
produisant ~1,500 SNPs indépendants. Les deux autres étude citées ont appliqué des approches 
différentes, utilisant les enzymes de restriction MluCI et NlaIII et considérant l’ensemble des 
marqueurs produits (>50,000 SNPs indépendants, Kotsakiozi et al. 2017) ou ajoutant une étape 
de sélection de taille des fragments (~3,000 SNP indépendants, Schmidt et al. 2017). 

La méthode bioinformatique utilisée pour reconstruire les loci ddRAD homologues diffère 
également. Kotsakiozi et al. (2017) et Schmidt et al. (2017) ont aligné leurs fragments sur le 
génome de référence d’Ae. albopictus (Chen et al. 2015). Contrairement aux données produites 
spécifiquement pour ce travail de thèse, la reconstruction des loci homologues n’a pas pu être 
effectuée de la même manière pour les deux études pilotes. En effet, seulement 15% des 
fragments étaient correctement alignés au génome de référence (contre 30–40% pour les 
individus analysés dans cette thèse), ne permettant pas d’obtenir un nombre de loci suffisant 
après avoir appliqué des filtres relatifs à la couverture, la proportion de données manquantes, et 
la fréquences des allèles minoritaires. La reconstruction des loci homologues alors dite de novo 
est basée sur le regroupement des loci selon un seuil de similarité. Cette approche a été 
largement critiquée car cette valeur seuil influence le nombre de loci obtenus, la couverture 
moyenne de ces loci, et l'hétérozygotie individuelle (Eaton 2014; Mastretta-Yanes et al. 2015; 
Paris et al. 2017; Rochette & Catchen 2017; Shafer et al. 2017), bien que les conclusions 
biologiques ne semblent pas impactées (Herrera et al. 2015; Hou et al. 2015; Lee et al. 2018; 
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individuelle, se mesurant par le degré de similitude entre les génotypes obtenus pour différents 
réplicas d’un même individu. L’analyse des réplicas réalisés pour 10 individus suggère une 
bonne répétabilité avec un très faible taux d’erreur de génotypage, et ne dépendant pas des 
différences du nombre de fragments obtenus et de leur couverture (Table V–1). Contrairement 
au manque de répétabilité des marqueurs microsatellites, développés spécifiquement pour 
chaque étude chez Ae. albopictus (Goubert et al. 2016), la méthode ddRAD permet la 
comparaison des fragments produits dans des études indépendantes, bien évidemment si les 
conditions de préparation des librairies sont identiques.  

 
 
Table V–1 Erreur de génotypage entre réplicas pour 10 individus. La comparaison des 
genotypes obtenus pour chaque individu comprend l’ensemble des SNPs (pas de filtres sur la 
fréquence des allèles minoritaires) obtenus à partir de loci alignés au génome de référence, 
présentant une qualité minimum d’alignement de 30 et une couverture minimale de 5. 

 

Individus Réplicas 

Nombre de 

fragments 

alignés  

Couverture 

moyenne 

Nombre de 

SNPs 

communs 

SNPs avec 

erreur de 

génotypage 

% Erreur 

génotypage 

AJD2.3 
R1 360973 16,04 

55246 419 0,76% 
R2 313796 14,61 

ART.2 
R1 159280 11,34 

21275 424 1,99% 
R2 146489 9,33 

EGA.7 
R1 269155 14,26 

37334 355 0,95% 
R2 301144 15,97 

GOL.3 
R1 532153 19,51 

62491 333 0,53% 
R2 374498 10,01 

GOS.2 
R1 250735 11,88 

36681 507 1,38% 
R2 211309 11,13 

MAR.3 
E1 215928 10,72 

32367 505 1,56% 
R2 213713 11,22 

OLB.7 
R1 250130 11,98 

44066 442 1,00% 
R2 282477 12,99 

POD.5 
R1 219226 11,54 

45745 340 0,74% 
R2 365179 15,86 

SEZ.2 
R1 481542 21,16 

63016 445 0,71% 
R2 365581 16,78 

TRA1.5 
R1 271053 12,99 

34690 510 1,47% 
R2 174290 9,97 

 

 

 

2.1.2.	Structure	génétique	et	routes	de	colonisation	

Les études récentes et les travaux de cette thèse montrent que les marqueurs moléculaires 
obtenus avec la technique ddRADseq sont informatifs à différentes échelles de temps et 
d’espace, pour différencier des lignées géographiquement isolées (Kotzakiosi et al. 2017; 
Annexe I – Article 5, Sherpa et al. 2018a) ou reconstruire les routes de colonisation (Partie II 

– Article 1, Sherpa et al. 2019a), et à une échelle plus fine pour inférer le degré de connectivité 
des populations (Schmidt et al. 2017; Partie IV – Article 4, En préparation).  

La vaste majorité des études de génétique des populations chez Ae. albopictus se sont limitées à 
une description des paramètres génétiques populationnels classiques (structure génétique des 
populations, diversité génétique ; voir section I–4.6). Bien que ces études aient fourni de 
bonnes hypothèses concernant les routes de colonisation à l’échelle mondiale, seulement deux 
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d’entre elles ont tenté d’inférer l’origine des populations introduites, basé sur la comparaison 
de scénarios géographiques (Maynard et al. 2016; Manni et al. 2017). En revanche, ces études 
n’ont pas permis d’obtenir de grandes certitudes quant aux scénarios inférés. Dans cette thèse, 
nous présentons ainsi la première étude inférant avec une forte certitude des routes de 
colonisation chez Ae. albopictus (Partie II – Article 1, Sherpa et al. 2019a).  

 
 

2.1.3.	Diversité	génétique	et	inférences	démographiques	

La diversité génétique des populations d’Ae. albopictus a été estimée par des indices classiques 
de diversité génétique (hétérozygotie), les inférences démographiques (DIYABC), et la 
reconstruction des changements de taille efficace au cours du temps (STAIRWAY PLOT). Les 
résultats de ces travaux de thèse montre que les marqueurs ddRAD permettent de reconstruire 
l’histoire démographique des populations à différentes échelles de temps. La combinaison de 
ces trois méthodes a permis de comparer les niveaux de diversité actuels des populations 
invasives (échantillonnés) aux niveaux de diversité initiaux des populations fondatrices 
(simulés). Une approche similaire utilisée pour étudier l’histoire démographique des 
populations invasives d’Ae. aegypti dans les Caraïbes (Annexe II – Article 6, Sherpa et al. 
2018b) suggère également un fort potentiel de ces méthodes d’inférence pour comprendre les 
dynamiques démo-génétiques durant une invasion biologique. 

La reconstruction des changements de taille de populations au cours du temps, inférés à partir 
du spectre de fréquences alléliques montrent également l’utilité des marqueurs ddRAD dans un 
contexte phylogéographique. L’inférence des dates d’expansion des populations natives situées 
dans trois zones biogéographiques a permis d’émettre des hypothèses sur le rôle des 
évènements climatiques du Pléistocène dans les changements de distribution géographique de 
l’espèce (Partie III – Article 2, Sherpa et al. 2019b). Des hypothèses similaires avaient 
également été proposés dans une étude précédente à partir de la reconstruction des aires 
potentielles de distribution depuis la dernière période interglaciaire (Poretta et al. 2012), mais le 
manque de résolution des marqueurs moléculaires utilisés par cette dernière étude ne permettait 
pas de tester ces hypothèses.  

	

2.1.4.	Détection	de	signatures	de	sélection	dans	le	génome	

Bien que les marqueurs moléculaires utilisés durant cette thèse présentent un apport 
considérable dans l’étude des processus neutres, ils peuvent également être utilisés pour étudier 
les bases génétiques de l’adaptation locale lorsqu’ils sont en densité suffisante dans le génome. 
Les approches de détection de sélection utilisées n’ont pas été les mêmes en fonction des 
populations étudiées. Nous avons utilisé des méthodes basées sur la différenciation des 
populations (scan génomique de sélection) lorsque la différenciation génétique et géographique 
était forte (aire native, Partie III – Article 2, Sherpa et al. 2019b), et des méthodes corrélatives 
(scan génomique d’association) lorsque les populations étaient distribuées de façon continue le 
long de gradients environnementaux (Europe, Partie III – Article 3, Sherpa et al. 2019c). Bien 
que la détection de sélection dans le génome reste limitée avec l’approche ddRAD de par le 
faible nombre de marqueurs criblés, cette méthode s’est révélée utile pour détecter des 
signatures de sélection au sein des populations natives et invasives chez Ae. albopictus. 
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Parmi la liste de gène candidats identifiés, la plupart ne sont probablement pas directement 

impliqués dans l'adaptation. Nous avons limité la proportion de faux positifs en combinant 

différents critères, tels que le recouvrement entre différentes méthodes, la correction pour la 
structure génétique des populations, la distance à une région codante, et la pertinence des 
fonctions des gènes identifiés pour l’adaptation aux environnements décrits. Les gènes retenus 
sont impliqués dans des mécanismes pouvant correspondre à une réponse aux conditions 
climatiques. Bien que la variation génomique plutôt que la variation fonctionnelle 

transcriptomique ait été criblée, nous avons pu valider une partie de ces gènes à partir des 

études transcriptomiques précédentes (Poelchau et al. 2013a, 2013b; Huang et al. 2015). Ces 

résultats nécessitent des études supplémentaires pour confirmer ou infirmer individuellement 

chacun des gènes candidats. 

 

 

2.1.5.	Effort	de	séquençage	

Les études de génétique des populations considèrent en général une trentaine d’individus par 
population pour inférer précisément les paramètres génétiques (Luikart & Cornuet 1998; Ward 
& Jasieniuk 2009; Hale et al. 2012). Contrairement aux méthodes de génotypage 
traditionnelles, telles que les microsatellites, le séquençage haut débit permet de réduire les 
tailles d'échantillons (Willing et al. 2012; Meirmans 2015; Jeffries et al. 2016), tout en obtenant 
des estimations de diversité génétique et de différenciation génétique fiables pour un faible 
nombre d’individus par population (N<5) et un nombre modéré de SNPs (500–1,000, Nazareno 
et al. 2017). Cette réduction du nombre d’échantillons permet d'obtenir un grand nombre de 
marqueurs co-dominants pour un coût et un temps d’analyse relativement réduit (Fuentes-Pardo 
& Ruzzante 2017).  

Malgré quelques variations suggérant que la structure génétique des populations introduites 
n’est pas figée dans le temps, l’ensemble des résultats récents sur la génétique des populations 
d’Ae. albopictus converge sur la structure à l’échelle globale et les niveaux de diversité 
génétique (i.e. hétérozygotie attendue) dans les populations invasives Européennes (Kotsakiozi 
et al. 2017; Pichler et al. 2019; Partie II – Article 1, Sherpa et al. 2019a). Ainsi, nous avons 
obtenu la même résolution pour estimer la structure et la diversité génétique des populations en 
utilisant entre 1 et 10 individus par population et ~1,000 SNPs, alors que les deux autres études 
ont analysé entre 1 et 138 individus par populations et entre 50000 et 100000 SNPs (Kotsakiozi 
et al. 2017; Pichler et al. 2019).  

Ces résultats suggèrent que l’effort de séquençage proposé par ces deux dernières études n’est 
pas cohérent avec l’information génétique recherchée. Une recommandation serait ainsi 
d'utiliser un protocole adapté à la question à traiter : i) le nombre de SNPs produits par les 
enzymes de restriction MluCI et NlaIII, permettant d’obtenir une bonne représentation du 
génome d’Ae. albopictus, pourrait être utilisé pour des études cherchant à détecter des 
signatures de sélection dans le génome ; ii) l’information génétique contenue par les marqueurs 
obtenus avec les enzymes de restriction SbfI et MspI est suffisante pour les analyses de 
génétiques de populations. Durant cette thèse nous avons génotypé ~1000 individus provenant 
de 158 populations natives, invasives établies, et invasives en marge de distribution. Nous 
avons ainsi produit une large base de données pouvant être utilisée pour explorer les routes de 
colonisation de nouvelles populations. 
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2.2.	Modèle	d’étude	et	effort	d’échantillonnage	

L’une des premières étapes dans la compréhension d’une invasion biologique consiste à 
reconstruire les routes de colonisation. La précision des nombres d'introductions inférés et de 
l'origine des populations introduites est déterminée par l'intensité de l'échantillonnage de l’aire 
d’introduction (Dlugosch & Parker 2008). L’étude de la variabilité génétique chez Ae. 

albopictus s’est principalement restreinte à déterminer la structure génétique globale, 

choisissant un nombre limité d’échantillons dans les zones envahies (Battaglia et al. 2016 ; 
Manni et al. 2017; Kotsakiozi et al. 2017). Dans le cadre de cette thèse, nous avons réalisé une 
étude focalisée sur une seule aire envahie, choisissant un nombre d’échantillons important et 
représentatif de l’aire de distribution actuelle de l’espèce (Partie II – Article 1, Sherpa et al. 
2019a). Contrairement aux études précédentes suggérant une dispersion chaotique à l’échelle 
mondiale, cette approche nous a permis de mettre en évidence plusieurs foyers tête de pont et 
de décrire l’histoire de l’expansion de l’espèce en Europe.  

Nos inférences restent limitées de par l’implémentation actuelle des méthodes utilisées 
(seulement deux populations parentales). D’autres études suggèrent des évènements 
d’introduction supplémentaires en Europe (Kotsakiozi et al. 2017; Pichler et al. 2019) et nous 
n’avons probablement pas identifié l’ensemble de ces évènements. En effet, la reconstruction 
des routes de colonisation nécessite un échantillonnage représentatif des populations natives et 
une différenciation génétique dans l’aire native (Dlugosch & Parker 2008; Estoup & 
Guillemaud 2010). Au sein de l’aire native d’Ae. albopictus, il semble exister au moins six 
lignées génétiquement divergentes en Indonésie, sur la Péninsule Malaise, la Péninsule 
d’Indochine, Myanmar, le Sud de la Chine, et les régions Nord de la Chine et le Japon (Figure 

III–1.S8, Maynard et al. 2016; Manni et al. 2017; Kotsakiozi et al. 2017; Partie III – Article 

2, Sherpa et al. 2019b), mais nous n’avons pas échantillonné l’ensemble de la variabilité 
génétique dans l’aire native. 

Outre l’impact de la dispersion chaotique sur la reconstruction des routes de colonisation, les 
changements de structure génétique, de taille efficace ou de connectivité ne sont pas 
immédiatement reflétés dans les métriques génétiques. Il existe en effet un décalage temporel 
de plusieurs générations entre le moment où un évènement démographique ou un changement 
de régime de dispersion se produit et le moment où une réponse génétique de la population 
devient détectable (i.e. « time lag », Bolliger et al. 2014). L’estimation des paramètres 
génétiques, telle que la différenciation ou la diversité, requiert en effet que les effets de la 
mutation et de la dérive soient équilibrés. Cependant, le temps écoulé depuis l'introduction 
initiale de populations et leur expansion subséquente est trop récent pour atteindre un état 
d’équilibre, en particulier lorsque la taille des populations est importante (Rieux et al. 2011).  

Une exception potentielle concerne les espèces dont le temps de génération est court. Durant 
cette thèse nous avons étudié une espèce invasive, introduite il y a seulement 40 ans. 
Néanmoins, de nombreux facteurs et caractéristiques biologiques de l’espèce ont probablement 
facilité la détection d’une variabilité génétique à des échelles de temps récent (Varvio et al. 
1986; Whitlock 1992; Lloyd et al. 2013), tels que la taille efficace des populations souvent 
faible en marge de distribution due aux effets fondateurs (Partie II – Article 1, Sherpa et al. 
2019a; Partie IV – Article 4, En préparation); une dynamique de populations fluctuante en 
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fonction des conditions climatiques et de la densité (Alto & Juliano 2001; Tran et al. 2013; 
Costanzo et al. 2018); une forte structuration à l’échelle locale (Partie II – Article 1, Sherpa et 
al. 2019a; Partie IV – Article 4, En préparation) ; ainsi qu’un nombre important de générations 
par an (entre 4 et 12 générations), chevauchantes, avec un temps de génération très court 
(Hawley 1988).  

L’échelle de différenciation génétique dans l’aire native, la variabilité génétique détectable 
entre des populations récemment introduites, ainsi qu’une faible différenciation des populations 
suggérant des échanges majoritaires au sein de l’aire envahie, font que l’espèce étudiée dans 
cette thèse constitue un modèle de choix pour l’étude des processus à l’origine de la variabilité 
génétique. 
 
 

2.3.	Origine	de	la	variabilité	?	Approche	méthodologique	et	données	multi-sources	

Dans cette thèse nous avons tenté de prendre en compte l’ensemble des sources possibles de 
variation (processus historiques versus contemporains et/ou neutres versus adaptatifs) en 
intégrant des données multi-sources (détections historiques, occurrences, génotypes, variables 
environnementales, traits morphométriques) et combinant différentes approches (inférences 
démographiques, génétique de populations et du paysage, détection d’adaptation, modélisation 
de la distribution). La Figure V–3 illustre la méthodologie utilisée, exposant les données et 
analyses utilisées à chaque étape, ainsi que les hypothèses principales sur les processus 
structurant la variabilité génétique des populations invasives. 

La première étape consiste à comparer la variabilité génétique entre populations sources et 
invasives (Figure V–3 : 1 divergence neutre sources versus invasives ?). Cette étape requiert 
une bonne connaissance de la structure génétique des populations sources (Figure V–3 : 2 
divergence neutre sources ?). Si les populations introduites sont génétiquement identiques aux 
populations sources, alors la variabilité résulte de processus neutres historiques, notamment si 
un faible nombre de générations se sont écoulées entre l’introduction et l’échantillonnage de la 
variabilité génétique (i.e. introduction récente). Si les populations introduites sont 
génétiquement différentes des populations sources, plusieurs mécanismes vont être à tester. 
Qu’ils soient neutres ou adaptatifs, il est tout d’abord nécessaire de reconstruire les routes de 
colonisation (Figure V–3 : 2 plusieurs sources ?). 

La reconstruction des routes de colonisation est classiquement réalisée à partir de données 
génétiques (Estoup & Guillemaud 2010). En revanche, s’il existe de nombreuses lignées 
évolutives, cela peut considérablement augmenter le nombre de scénarios alternatifs à tester. 
Dans cette thèse, nous avons montré que le développement de modèles personnalisés 
incorporant des scénarios géographiques en accord avec les analyses préalables de la structure 
génétique, les réseaux de transport au moment des introductions, les dates d’introduction, et les 
données de détection dans les régions proches, constitue une approche prometteuse et 
informative. Nous avons également montré qu’une approche ABC étape-par-étape est 
pertinente pour la reconstruction des routes d’invasion entre populations génétiquement peu 
différenciées (Partie II – Article 1, Sherpa et al. 2019a).  
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Figure V–3 Schéma représentatif de la méthodologie proposée pour comprendre les processus qui structurent 

réellement la variabilité génétique dans les populations invasives. Les processus historiques (aire source : 
orange) et contemporains (aire envahie : gris) durant les trois étapes d’une invasion, ainsi que les processus neutres 
(encadrés clairs) et adaptatifs (encadrés foncés). Les numéros des encadrés font référence à l’ordre des analyses 
évoquées dans le texte. 

D’où provient la structuration génétique des populations invasives : échantillons génétiques actuels ? 
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2.3.1.	Processus	neutres	

Si les populations résultant de l’expansion des populations initialement introduites ne sont pas 
structurées spatialement (Figure V–3, encadré 2 : structuration spatiale invasives ?), alors 
l’explication la plus parcimonieuse, ou tout du moins la plus simple pour expliquer la 
différenciation des populations sources et invasives échantillonnées est i) l’influence des 
évènements démo-génétiques lors de l’introduction et ii) une introduction unique à partir des 
populations sources. Si deux évènements d’introduction indépendants conduisent à la même 
différenciation génétique des populations introduites versus sources, il serait impossible de 
différencier les deux scénarios uniquement à partir de modèles génétiques. Dans ce cas, les 
données historiques, telles que les dates d’introduction permettent de conclure en fonction de la 
date et de la distance géographique entre deux détections.  

Si des allèles ne co-apparaissent pas, cela peut être le synonyme d'un goulot d'étranglement 
durant l'introduction (i.e. effet fondateur) ou révéler des introductions multiples à partir de 
populations sources génétiquement différentes (i.e. admixture fondatrice). La diversité 
génétique de la population fondatrice devrait être impactée par les modalités d’introduction 
(Figure V–3, encadré 2 : diversité génétique faible ?). L’inférence des changements de tailles 
efficaces au cours du temps ou lors de l’introduction offre alors la possibilité de tester cette 
hypothèse (Figure V–3, encadré 3 : faible nombre d’individus introduits ?). Un goulot 
d'étranglement lors de la colonisation initiale signifie que les populations invasives résultent 
d'un seul événement de colonisation, et une faible diversité génétique actuelle signifie que 
celles-ci ne sont pas non plus sujettes à flux de gènes récurrents (Reynolds 2011). Néanmoins, 
un goulot d’étranglement détecté durant l’introduction pourrait être un faux signal dû à une 
structuration génétique substantielle ou au rétablissement de la migration (Chikhi et al. 2010; 
Reynolds 2011). 

Si les populations résultant de l’expansion des populations initialement introduites sont 
structurées spatialement (Figure V–3, encadré 2 : structuration spatiale invasives ?), et que 
différentes sources ont été mises en évidence, deux explications restent à tester (Figure V–3, 
encadré 2 : centre de dispersion ?). La reconstruction des routes de colonisation au sein de 
l’aire envahie permet d’identifier si certaines populations introduites ont constitué des centres 
de dispersion. Dans le cas contraire, la différenciation des populations invasives est 
probablement due à des introductions multiples indépendantes (e.g. trois introductions 
indépendantes en Europe, Partie II – Article 1, Sherpa et al. 2019a). Il est alors judicieux pour 
chacune des ces introductions d’étudier l’influence des évènements démo-génétiques lors de 
l’introduction. A l’inverse si une seule source a été mise en évidence, les populations 
initialement introduites ont forcément constitué le centre dispersion. Les raisons de la 
différenciation génétique des populations peuvent alors être recherchées dans des processus 
plus contemporains, relatif à l’expansion des populations (Figure V–3, encadré 4 : diversité 
génétique faible en marge ?). Si la diversité génétique en marge de distribution est plus faible 
qu’au foyer, alors il est possible que des goulots d’étranglements successifs (i.e. surf génétique) 
et les patrons de migration (i.e. connectivité ou dérive locale) influencent la variabilité 
génétique des populations. 
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2.3.2.	Processus	adaptatifs	

Tout comme pour les processus neutres, les processus adaptatifs doivent être étudiés à 
différentes échelles. Comme nous l’avons vu précédemment, la différenciation entre 
populations invasives et sources pourrait résulter de l’évolution après l’introduction, quelques 
soient les modalités d’introduction. Néanmoins, avant d’émettre quelconque hypothèse sur des 
adaptations post-introduction, il est nécessaire d’évaluer si ces adaptations ont été nécessaires 
pour l’établissement dans l’aire d’introduction. Deux étapes sont ainsi préalables à l’étude de 
l’adaptation locale dans les populations invasives, et interviennent après avoir identifié les 
populations sources à l’origine des introductions.  

La première étape consiste à tester la présence de phénotypes adaptatifs au sein des populations 
sources, pouvant être natives ou invasives (Figure V–3, encadré 5 : divergence adaptative 
natives ?) ; la deuxième consiste à tester si les caractéristiques de niches environnementales 
diffèrent entre les populations invasives et leur(s) source(s) (Figure V–3, encadré 6 : 
conservatisme de niche ?). Si les caractéristiques de niches sont similaires et que des 
adaptations dans les populations sources auraient pu faciliter l’établissement (i.e. 
préadaptation), alors la structuration génétique résulte probablement plutôt des processus 
neutres (polymorphisme ancestral, évènements démo-génétiques durant l’introduction, flux de 
gènes contemporains). Si les caractéristiques de niches diffèrent un minimum, alors il est 
intéressant de rechercher des signatures de sélection entre les populations invasives et leur(s) 
source(s) (Figure V–3, encadré 7 : divergence adaptative sources versus invasives ?). Notons 
que l’absence d’adaptation post-introduction ne reflète pas nécessairement une faible pression 
environnementale dans l’aire d’introduction, et que l’existence d’une plasticité phénotypique 
pourrait également avoir favorisé l’établissement des populations. 

Une fois les routes de migration connues à l’échelle de l’aire envahie, il est alors pertinent de 
tester si la variabilité génétique résultant de l’expansion des populations initialement introduites 
peut être due à des adaptations successives lors de la phase d’expansion (Figure V–3, encadré 
8 : divergence adaptative foyer versus marge ?). Si aucune signature de sélection n’est 
détectable, alors les hypothèses précédemment évoquées concernant les processus neutres et les 
processus adaptatifs historiques sont probablement à l’origine de la différenciation spatiale 
observée. Si des signatures de sélection sont détectables, alors les modalités d’introductions 
inférées lors de la reconstruction des routes de colonisation et la distribution de la variabilité 
génétique permettent d’émettre des hypothèses sur l’origine de la variabilité adaptative (i.e. 
mutations de novo, changements à partir du polymorphisme ancestral, nouvelles combinaisons 
alléliques dans le cas d’admixture). 

	

	

3.	Futures	directions	de	recherche	

L’ensemble des résultats de cette thèse nous permet de mieux comprendre la dynamique de 
l’invasion d’Ae. albopictus en Europe et d’entrevoir les raisons de son succès invasif à l’échelle 
mondiale. Toutefois, de nombreuses questions restent à approfondir, certaines ayant été 
évoquées en sections V–1 et V–2. L’une de ces questions concerne l’exploration des rôles 
respectifs de la préadaptation et de l’adaptation post-introduction dans le succès 
d’établissement et l’expansion des populations, et nécessite des actions de recherches 
supplémentaires pour compléter les résultats obtenus. 
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3.1.	Généralisation	

Evaluer si des adaptations spécifiques ont été nécessaires pour la colonisation des nouveaux 
environnements durant le processus d’invasion nécessite de comparer les caractéristiques 
écologiques et phénotypiques des populations invasives et celles de leur(s) population(s) 
source(s). Par ailleurs, l’identification des populations sources à l’origine de l’introduction 
requiert une bonne connaissance des différentes lignées évolutives natives (Estoup & 
Guillemaud 2010). L’étude des populations natives est donc primordiale pour identifier 
l’origine de la variabilité génétique adaptative dans les populations invasives. Cependant, 
aucune étude à ce jour n’a étudié l’histoire évolutive des populations natives sur l’ensemble de 
la distribution en Asie. Dans cette thèse nous avons montré des différences alléliques et de 
traits morphologiques entre trois zones biogéographiques (Malaisie, Sud de la Chine, Japon) 
pouvant refléter des adaptations aux conditions climatiques locales (Partie III – Article 2, 
Sherpa et al. 2019b). Néanmoins, l’échantillonnage n’est pas assez représentatif de l’aire native 
pour conclure sur l’existence de clines latitudinaux. 

L’invasion d’Ae. albopictus est caractérisée par une série d’introductions sur des continents 
spatialement déconnectés. Dans cette thèse focalisée sur l’Europe, nous suggérons que les 
populations ont retenu les caractéristiques écologiques de leur populations sources (Partie III – 

Article 3, Sherpa et al. 2019c). Par ailleurs, différentes études examinant la variabilité 
génétique d’autres populations suggèrent également que les niches climatiques envahies 
correspondent aux niches climatiques des populations sources à l’origine des introductions 
(Battaglia et al. 2016; Manni et al. 2017; Kotsakiozi et al. 2017; Pichler et al. 2019; Figure I–

10). Il serait donc intéressant d’examiner les populations invasives dans d’autres régions 
tempérées et en régions tropicales pour tester la répétabilité des processus évolutifs observés en 
Europe (Huey et al. 2005). 

Un échantillonnage plus représentatif de l’aire native d’Ae. albopictus permettrait également de 
conclure sur l’influence des introductions multiples et de la pression de propagules dans 
l’augmentation de diversité génétique dans les populations invasives. Dans cette thèse, nous 
révélons que la diversité génétique de la plupart des populations Européennes est égale ou 
supérieure à celles des populations natives (Partie II – Article 1, Sherpa et al. 2019a). Un 
patron similaire retrouvé pour d’autres populations Européennes et aux Etats-Unis renforce nos 
résultats (Kotsakiozi et al. 2017; Pichler et al. 2019). En revanche les aires envahies en zones 
tropicales semblent témoigner d’une réduction de diversité génétique (Kotsakiozi et al. 
2017; Pichler et al. 2019).  

 

 

3.2.	Détection	de	signature	de	sélection	dans	le	génome	

Le séquençage de génome complet constitue un apport majeur pour étudier l’adaptation locale 
de populations naturelles d’espèces non modèles. En revanche, l’analyse des données de 
génomes complets de plusieurs individus constitue souvent une étape laborieuse. Lorsque les 
génomes sont particulièrement riches en éléments transposables ou lorsque le génome est 
grand, comme c’est le cas chez Ae. albopictus (Chen et al. 2015), les approches réductionnistes 
représentent une bonne alternative au séquençage du génome complet. Même si les données de 
génomes complets permettent de mieux caractériser la variabilité adaptative (Benjelloun 2015), 
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ces approches réductionnistes réduisent la complexité des génomes tout en conservant une 
bonne représentativité pour un coût inférieur. 

Les techniques de génotypage par séquençage donnent un échantillon aléatoire du génome. 
Dans cette thèse, nous avons identifié des signatures de sélection au sein des populations 
natives et au sein des populations invasives chez Ae. albopictus (Partie III – Article 2, Sherpa 
et al. 2019b; Partie III – Article 3, Sherpa et al. 2019c). Cette technique s’était également 
révélée pertinente pour étudier les rôles relatifs de différentes pressions sélectives (climat 
versus pression anthropique) chez l’espèce Ae. aeygpti (Annexe II – Article 6, Sherpa et al. 
2018b). Cependant, la détection de sélection dans le génome reste limitée avec l’approche 
ddRAD de par le faible nombre de marqueurs criblés. En effet, la détection de signatures de 
sélection à partir de ce type de données se base sur le déséquilibre de liaison, et est donc 
maximisée par la densité des marqueurs dans le génome. De plus, de nombreux gènes 
intéressant pour étudier l’adaptation des populations aux conditions climatiques chez Ae. 

albopictus (diapause, tolérance au froid, résistance à la dessiccation) ne sont pas couverts par 
nos marqueurs, limitant donc l’étendue de notre étude. 

La capture ciblée associée au séquençage haut débit constitue alors une approche alternative 
pour l’exploration de l’adaptation locale. Cette approche s’est révélée pertinente pour détecter 
le polymorphisme associé à l’adaptation (résistance aux insecticides) chez l’espèce proche Ae. 

aegypti (Annexe III – Article 7, Cattel et al. 2019), mais repose sur une bonne connaissance de 
la physiologie et de la fonction des gènes étudiés. De nombreux gènes et voies métaboliques 
impliquées dans la tolérance au froid ou la résistance à la dessiccation chez les insectes et plus 
particulièrement Ae. albopictus ont été décrits (Urbanski et al. 2010; Reynolds et al. 2012; 
Poelchau et al. 2013a, 2013b; Huang et al. 2015; Denlinger & Armbruster 2016). La capture de 
gènes candidats pourrait donc être pertinente pour étudier les bases génétiques de l’adaptation 
aux conditions climatiques locales chez Ae. albopictus, notamment grâce à l’augmentation de 
la qualité d’assemblage et d’annotation du génome de référence d’Ae. albopictus : 20,298 
supercontigs (Powell et al. Non publié; disponible en ligne le 28.06.2019) contre 154,782 
supercontigs (Chen et al. 2015). 

 
 
3.3.	Caractérisation	phénotypique	et	valeur	sélective	

Les marqueurs moléculaires sont utiles pour détecter des signatures de sélection mais les traits 
phénotypiques, tels que la morphologie, la physiologie, ou les traits d’histoire de vie, peuvent 
également rapidement évoluer en réponse à de nouvelles pressions de sélection (Lynch & 
Walsh 1998; Thompson 1998; Nosil 2012). Les traits morphologiques sont particulièrement 
intéressants car ils reflètent directement les pressions de sélection s’exerçant lors de la 
croissance des individus et sont facilement mesurables.  

Dans cette thèse, nous avons caractérisé la forme et la taille des ailes, étant le plus souvent 
dotés d’une forte héritabilité́	(Henry et al. 2010; Klingenberg 2010), et la taille de l’aile étant un 
bon proxy de la taille des adultes (Dujardin 2008). Nos résultats suggèrent la présence d’un 
cline latitudinal de taille des individus dans l’aire native (Partie III – Article 2, Sherpa et al. 
2019b) avec des individus plus grands dans les latitudes les plus hautes, mais également à 
l’échelle globale (Partie III – Article 3, Sherpa et al. 2019c), avec aucune différence 
significative entre les populations situées au delà de 33°N. Afin de caractériser les différences 
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phénotypiques entre populations, ainsi que l’origine de ces différences (adaptation pré- ou post-
introduction), il est nécessaire d’étudier les traits associés aux adaptations recherchées à 
l’échelle moléculaire, tels que la tolérance au froid et la résistance à la dessiccation (voir 
section V–3.2). 

Puisque nous nous sommes intéressés aux traits adaptatifs, la comparaison de différentes 
populations a nécessité une approche expérimentale (i.e. jardin commun). En effet, les traits 
morphologiques étudiés sont susceptibles d’être influencés par la plasticité phénotypique 
lorsque l’on les étudie in situ, notamment en fonction des conditions de développement larvaire 
(Stephens & Juliano 2012; Dogan et al. 2016). La caractérisation de la variation 
morphométrique a ainsi été réalisée sur des individus élevés en conditions contrôlées afin de 
mesurer uniquement les différences morphométriques reflétant des différences génétiques entre 
les populations. En revanche, la morphométrie alaire a été réalisée sur des individus de 
génération F0 (œufs collectés sur le terrain). Il est ainsi possible que les mesures de traits 
effectuées aient été influencées par des effets maternels (i.e. l’environnement vécu par la mère 
entraîne influe sur l’expression du phénotype) (Mousseau & Fox 1998). Les effets maternels 
sont fréquents chez les insectes (Mousseau & Dingle 1991) et peuvent influencer la tolérance 
au stress et la réponse de diapause (Coleman et al. 2014). Afin de mieux caractériser le 
phénotype des populations étudiées, il est donc nécessaire de mesurer les traits sur des 
individus F1 obtenus en jardin commun, les effets maternels étant supposés ne durer qu'une 
génération (Sgrò et al. 2016). 

Un dernier processus adaptatif pouvant être abordé concerne la purge des allèles délétères 
(Figure V–3 : 6 diminution de la dépression de consanguinité ?). Ce processus permet 
d’expliquer le succès invasif de populations introduites ayant subi un fort goulot 
d’étranglement (Glémin 2003; Bouzat 2010). Un goulot d'étranglement lors de l’introduction 
initiale devrait induire une forte vulnérabilité à la dépression de consanguinité (Frankham 
2005). Il est important de noter que la dépression de consanguinité (faible valeur sélective) est 
différente de la consanguinité (homogamie). Si des indices de diversité (i.e. coefficient de 
consanguinité, FIS) permettent de donner une mesure indirecte de la consanguinité (Templeton 
& Read 1994), l’estimation de la dépression de consanguinité ne peut se faire à partir de 
données moléculaires. La quantification de la valeur sélective moyenne des populations 
introduites par rapport à leur population source permettrait à la fois d’identifier si les 
populations génétiquement réduites présentent une diminution de la dépression de 
consanguinité (i.e. purge des allèles délétères) et si les populations issues de différentes sources 
présentent une augmentation de la valeur sélective (i.e. hétérosis). 

	

	

4.	Conclusion	générale	

L’ensemble des travaux de cette thèse s’adresse principalement à la compréhension des 
processus structurant la variabilité génétique des populations invasives d’Aedes albopictus en 
Europe. L’utilisation de différentes méthodes d’analyses et des données multi-sources a permis 
de proposer des stratégies adaptées pour distinguer les rôles respectifs des processus historiques 
et contemporains, neutres et adaptatifs. Certaines des analyses réalisées présentent quelques 
limites, de par l’effort d’échantillonnage ou de séquençage, et certains processus n’ont pas été 
spécifiquement étudiés dans cette thèse. Néanmoins, nous révélons que la variabilité génétique 
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des populations invasives d’Ae. albopictus en Europe reflète majoritairement les processus 
neutres et adaptatifs historiques (polymorphisme ancestral) et des processus neutres durant 
l’introduction (effets fondateurs, admixture), bien que la dispersion contemporaine contribue 
également à la structuration génétique des populations. De par l’influence majeure des 
processus historiques, nos résultats confirment que les signatures génétiques suite à des 
changements récents du régime de migration ne sont pas immédiatement détectables dans les 
populations (Bolliger et al. 2014). L’espèce étudiée présentant de fortes fluctuations de taille de 
populations et un temps de génération court, ce décalage temporel pourrait être d’autant plus 
important chez d’autres espèces (Rieux et al. 2011, 2013).  

L’identification des processus à l’origine de la structuration de la variabilité génétique a permis 
d’émettre différentes hypothèses sur les déterminants du succès invasif d’Ae. albopictus en 
Europe, notamment durant les étapes d’établissement et d’expansion. Ainsi, ces travaux de 
thèse suggèrent qu’à la fois les modalités d’introduction (introductions multiples) et les 
caractéristiques démo-génétiques des populations introduites et caractéristiques 
environnementales de la zone envahie (préadaptation) ont favorisé l’établissement des 
populations. La forte connectivité des populations, liée aux réseaux de transport humain a 
maintenu une forte diversité génétique dans les populations. Cette diversité a probablement 
contribué à augmenter la viabilité des populations et leur potentiel adaptatif, favorisant leur 
établissement en marge de distribution et donc l’expansion spatiale de l’espèce en Europe. 
Aedes albopictus présente un grand nombre d’avantages pour clarifier plusieurs aspects 
fondamentaux du processus d’invasion, incluant : i) un génome de référence de mieux en 
mieux caractérisé et une large base de données sur la variation transcriptomique, ii) la 
possibilité d’élevage en conditions contrôlées pour une caractérisation plus poussée des 
phénotypes et de la valeur sélective des populations, iii) une détection possible d’évènements 
récents liée aux caractéristiques biologiques de l’espèce, iv) des réplicas naturels d’invasion sur 
l’ensemble des continents pour tester la répétabilité des processus observés, et v) des données 
de détection et d’évolution de la distribution au cours du temps très détaillées. 

Ces travaux de thèse pourraient également avoir un aspect plus appliqué, pour aider à mieux 
concevoir et interpréter les études de génétiques de populations et du paysage tentant d’inférer 
des changements récents, notamment si les résultats peuvent significativement affecter les 
pratiques de gestion. Aedes albopictus est une espèce de moustique capable de transmettre des 
virus pathogènes pour l’homme (Gratz 2004) et responsable des premières transmissions 
autochtone des virus de la dengue et du chikungunya dans la région Méditerranéenne (Rezza et 
al. 2007; La Ruche et al. 2010; Schmidt-Chanasit et al. 2010; Gjenero-Magran et al. 2010; 
Grandadam et al. 2011). Une des principales sources d’incertitude dans la modélisation de la 
probabilité de présence actuelle et d’expansion potentielle d’Ae. albopictus dans le futur 
(Medlock et al. 2006; Benedict et al. 2007; ECDC 2009, 2012; Fischer et al. 2011; Roiz et al. 
2011; Caminade et al. 2012; Kraemer et al. 2015, 2019; Cunze et al. 2016; Ducheyne et al. 
2018) concerne le manque de connaissances sur potentiel adaptatif des populations introduites 
(Fischer et al. 2014). Le potentiel adaptatif des populations invasives décrit dans cette thèse est 
susceptible de représenter un élément essentiel du processus d’expansion, et donc de 
l’évolution de la distribution géographique dans un futur plus ou moins proche. Outre une 
meilleure prédiction des zones non colonisées à fort risque, la prise en compte du potentiel 
adaptatif des populations et des voies de migration identifiées dans cette thèse permettrait 
d’établir une spatialisation des risques de transmission de ces virus en Europe.  



	

	

	

196 
	

	

	

	
	

	

	

	

	

	

	



	

		

	

	

197 
	

Références		

bibliographiques	

A 
Abdelkrim, A. 2005. Contribution à la modélisation du processus d’écriture à la main par approches relevant du calcul 

évolutif. Doctoral Dissertation, ENIT, Tunis. 

Adhami, J., & Murati, N. 1987. The presence of the mosquito Aedes albopictus in Albania. Revista Mjekesore, 1, 
13−16. 

Adhami, J., & Reiter, P. 1998. Introduction and establishment of Aedes (Stegomyia) albopictus skuse (Diptera: 
Culicidae) in Albania. Journal of the American Mosquito Control Association, 14(3), 340−343. 

Ahrens, C. W., Rymer, P. D., Stow, A., Bragg, J., Dillon, S., Umbers, K. D. et al. 2018. The search for loci under 
selection: trends, biases and progress. Molecular Ecology, 27(6), 1342–1356. 

Aketarawong, N., Bonizzoni, M., Thanaphum, S., Gomulski, L. M., Gasperi, G., Malacrida, A. R., & Gugliemino, C. R. 
2007. Inferences on the population structure and colonization process of the invasive oriental fruit fly, 
Bactrocera dorsalis (Hendel). Molecular Ecology, 16(17), 3522−3532. 

Akiner, M. M., Demirci, B., Babuadze, G., Robert, V., & Schaffner, F. 2016. Spread of the invasive mosquitoes Aedes 

aegypti and Aedes albopictus in the Black Sea region increases risk of chikungunya, dengue, and Zika outbreaks 
in Europe. PLoS Neglected Tropical Diseases, 10(4), e0004664. 

Alarcón-Elbal, P. M., Delacour-Estrella, S., Collantes, F., Delgado, J. A., Ruiz-Arrondo, I., Pinal-Prieto, R., et al. 2013. 
Primeros hallazgos de Aedes (Stegomyia) albopictus (Skuse, 1894) en la provincia de Valencia, España. Anales 
de Biología, Servicio de Publicaciones de la Universidad de Murcia, 35, 95−99. 

Alarcón-Elbal, P. M., Estrella, S. D., Arrondo, I. R., Collantes, F., Iniesta, J. A. D., Morales-Bueno, J., et al. 2014. 
Updated distribution of Aedes albopictus (Diptera: Culicidae) in Spain: new findings in the mainland Spanish 
Levante, 2013. Memórias do Instituto Oswaldo Cruz, 109(6), 782−786. 

Alexander, D. H., Novembre, J., & Lange, K. 2009. Fast model-based estimation of ancestry in unrelated individuals. 
Genome Research, 19, 1655–1664. 

Ali, S. R., & Rozeboom, L. E. 1973. Comparative laboratory observations on selective mating of Aedes (Stegomyia) 
albopictus Skuse and A. (S.) polynesiensis Marks. Mosquito News, 33, 23−28. 

Allendorf, F. W., & Lundquist, L. L. 2003. Introduction: population biology, evolution, and control of invasive species. 
Conservation Biology, 17(1), 24−30. 

Allgood, D. W., & Yee, D. A. 2014. Influence of resource levels, organic compounds and laboratory colonization on 
interspecific competition between the Asian tiger mosquito Aedes albopictus (Stegomyia albopicta) and the 
southern house mosquito Culex quinquefasciatus. Medical and Veterinary Entomology, 28(3), 273−286. 

Allouche, O., Tsoar, A., & Kadmon, R. 2006. Assessing the accuracy of species distribution models: prevalence, kappa 
and the true skill statistic (TSS). Journal of Applied Ecology, 43, 1223–1232. 

Almeida, R. P., Bennett, G. M., Anhalt, M. D., Tsai, C. W., & O’Grady, P. 2009. Spread of an introduced vector‐borne 
banana virus in Hawaii. Molecular Ecology, 18(1), 136−146. 

Andrew, S. C., Jensen, H., Hagen, I. J., Lundregan, S., & Griffith, S. C. 2018. Signatures of genetic adaptation to 
extremely varied Australian environments in introduced European house sparrows. Molecular Ecology, 27(22), 
4542−4555. 

Alto, B. W., & Juliano, S. A. 2001. Precipitation and temperature effects on populations of Aedes albopictus (Diptera: 
Culicidae): implications for range expansion. Journal of Medical Entomology, 38(5), 646–656. 

Aoki, K., Kato, M., & Murakami, N. 2011. Phylogeography of phytophagous weevils and plant species in broadleaved 
evergreen forests: a congruent genetic gap between western and eastern parts of Japan. Insects, 2, 128–150. 

Aranda, C., Eritja, R., & Roiz, D. 2006. First record and establishment of the mosquito Aedes albopictus in Spain. 
Medical and veterinary entomology, 20(1), 150−152. 

Araújo, M. B., & New, M. 2007. Ensemble forecasting of species distributions. Trends in Ecology & Evolution, 22, 42–
47. 

Arca, M., Mougel, F., Guillemaud, T., Dupas, S., Rome, Q., Perrard, A., et al. 2015. Reconstructing the invasion and 
the demographic history of the yellow-legged hornet, Vespa velutina, in Europe. Biological Invasions, 17(8), 
2357−2371. 



Références      

  

	

	

198 
	

Armbruster, P. A. 2016. Photoperiodic diapause and the establishment of Aedes albopictus (Diptera: Culicidae) in 
North America. Journal of Medical Entomology, 53(5), 1013−1023. 

Armbruster, P. A., & Hutchinson, R. A. 2002. Pupal mass and wing length as indicators of fecundity in Aedes 

albopictus and Aedes geniculatus (Diptera: Culicidae). Journal of Medical Entomology, 39, 699–704. 

Armbruster, P., & Conn, J. E. 2006. Geographic variation of larval growth in North American Aedes albopictus 
(Diptera: Culicidae). Annals of the Entomological Society of America, 99, 1234–1243. 

Armbruster, P., Damsky Jr, W. E., Giordano, R., Birungi, J., Munstermann, L. E., & Conn, J. E. 2003. Infection of 
New-and Old-World Aedes albopictus (Diptera: Culicidae) by the intracellular parasite Wolbachia: implications 
for host mitochondrial DNA evolution. Journal of Medical Entomology, 40(3), 356−360. 

Armistead, J. S., Nishimura, N., Escher, R. L., & Lounibos, L. P. 2008. Larval competition between Aedes japonicus 
and Aedes atropalpus (Diptera: Culicidae) in simulated rock pools. Journal of Vector Ecology, 33(2), 238−246. 

Armstrong, P. M., Andreadis, T. G., Shepard, J. J., & Thomas, M. C. 2017. Northern range expansion of the Asian tiger 
mosquito (Aedes albopictus): Analysis of mosquito data from Connecticut, USA. PLoS Neglected Tropical 
Diseases, 11(5), e0005623. 

Ascunce, M. S., Yang, C. C., Oakey, J., Calcaterra, L., Wu, W. J., Shih, C. J., et al. 2011. Global invasion history of the 
fire ant Solenopsis invicta. Science, 331(6020), 1066−1068.  

Atwater, D. Z., Ervine, C., & Barney, J. N. 2018. Climatic niche shifts are common in introduced plants. Nature 
Ecology & Evolution, 2(1), 34−43.  

Aubry, S., Labaune, C., Magnin, F., Roche, P., & Kiss, L. 2006. Active and passive dispersal of an invading land snail 
in Mediterranean France. Journal of Animal Ecology, 75(3), 802–813. 

Austerlitz, F., Jung-Muller, B., Godelle, B., & Gouyon, P. H. 1997. Evolution of coalescence times, genetic diversity 
and structure during colonization. Theoretical Population Biology, 51(2), 148−164.  

Avise, J. C. 1994. Molecular markers, natural history and evolution. 1994. Chapmann and Hall Inc., New York. 

Ayres, C. F. J., Romao, T. P. A., Melo-Santos, M. A. V., & Furtado, A. F. 2002. Genetic diversity in Brazilian 
populations of Aedes albopictus. Memorias Do Instituto Oswaldo Cruz, 97(6), 871−875. 

B 
Badieritakis, Ε., Papachristos, D., Latinopoulos, D., Stefopoulou, Α., Kolimenakis, Α., Bithas, K., et al. 2018. Aedes 

albopictus (Skuse, 1895) (Diptera: Culicidae) in Greece: 13 years of living with the Asian tiger mosquito. 
Parasitology Research, 117(2), 453−460.  

Bagny, L., Delatte, H., Quilici, S., & Fontenille, D. 2009. Progressive decrease in Aedes aegypti distribution in Reunion 
Island since the 1900s. Journal of Medical Entomology, 46(6), 1541−1545. 

Baird, N. A., Etter, P. D., Atwood, T. S., Currey, M. C., Shiver, A. L., Lewis, Z. A., et al. 2008. Rapid SNP discovery 
and genetic mapping using sequenced RAD markers. PLoS One, 3(10), e3376. 

Balloux, F. 2001. EASYPOP: a computer program for population genetics simulations. Journal of heredity, 92(3), 
301−302. 

Banks, N. C., Paini, D. R., Bayliss, K. L., & Hodda, M. 2015. The role of global trade and transport network topology 
in the human-mediated dispersal of alien species. Ecology Letters, 18, 188–199. 

Barceló, C., Bengoa, M., Monerris, M., Molina, R., Delacour-Estrella, S., Lucientes, J., & Miranda, M. A. 2015. First 
record of Aedes albopictus (Skuse, 1894) (Diptera; Culicidae) from Ibiza (Balearic Islands; Spain). Journal of 
the European Mosquito Control Association, 33, 1−4. 

Barker, B. S., Andonian, K., Swope, S. M., Luster, D. G., & Dlugosch, K. M. 2017. Population genomic analyses reveal 
a history of range expansion and trait evolution across the native and invaded range of yellow starthistle 
(Centaurea solstitialis). Molecular Ecology, 26(4), 1131−1147.  

Barrett, R. D., & Schluter, D. 2008. Adaptation from standing genetic variation. Trends in Ecology & Evolution, 23(1), 
38−44. 

Barrett, R. D., Rogers, S. M., & Schluter, D. 2008. Natural selection on a major armor gene in threespine stickleback. 
Science, 322(5899), 255−257. 

Barrett, S. C., Colautti, R. I., Dlugosch, K. M., & Rieseberg, L. H. 2016. Invasion genetics: the Baker and Stebbins 
legacy. John Wiley & Sons, Ltd. 

Bataillon, T., & Kirkpatrick, M. 2000. Inbreeding depression due to mildly deleterious mutations in finite populations: 
size does matter. Genetics Research, 75(1), 75−81. 

Battaglia, V., Gabrieli, P., Brandini, S., Capodiferro, M. R., Javier, P. A., Chen, X. G., et al. 2016. The worldwide 
spread of the tiger mosquito as revealed by mitogenome haplogroup diversity. Frontiers in Genetics, 7, 208. 



	

		

	

	

199 
	

Beaumont, M. A. 1999. Detecting population expansion and decline using microsatellites. Genetics, 153(4), 
2013−2029. 

Beaumont, M. A., & Balding, D. J. 2004. Identifying adaptive genetic divergence among populations from genome 
scans. Molecular Ecology, 13(4), 969−980. 

Beaumont, M. A., Zhang, W., & Balding, D. J. 2002. Approximate Bayesian computation in population genetics. 
Genetics, 162(4), 2025−2035. 

Becker, N. 2008. Influence of climate change on mosquito development and mosquito-borne diseases in Europe. 
Parasitology Research, 103(1), 19−28. 

Beebe, N. W., Ambrose, L., Hill, L. A., Davis, J. B., Hapgood, G., Cooper, R. D., et al. 2013. Tracing the tiger: 
population genetics provides valuable insights into the Aedes (Stegomyia) albopictus invasion of the 
Australasian Region. PLoS Neglected Tropical Diseases, 7(8), e2361. 

Beerli, P. 2002. MIGRATE: documentation and program, part of LAMARC. Department of Genome Sciences, 
University of Washington, Seattle. 

Beleri, S., Chatzinikolaou, S., Nearchou, A., & Patsoula, E. 2017. Entomological study of the mosquito fauna in the 
regional unit of Drama, region of East Macedonia-Thrace, Greece 2015 to 2016. Vector-Borne and Zoonotic 
Diseases, 17(9), 665−671. 

Bell, G., & Gonzalez, A. 2009. Evolutionary rescue can prevent extinction following environmental change. Ecology 
Letters, 12(9), 942−948. 

Benallal, K. E., Allal-Ikhlef, A., Benhamouda, K., Schaffner, F., & Harrat, Z. 2016. First report of Aedes (Stegomyia) 
albopictus (Diptera: Culicidae) in Oran, West of Algeria. Acta Tropica, 164, 411−413. 

Benedict, M. Q., Levine, R. S., Hawley, W. A., & Lounibos, L. P. 2007. Spread of the tiger: global risk of invasion by 
the mosquito Aedes albopictus. Vector-Borne and Zoonotic Diseases, 7(1), 76−85. 

Bengoa, M., Delacour-Estrella, S., Barcelo, C., Paredes-Esquivel, C., Leza, M., Lucientes, J., et al. 2016. First record of 
Aedes albopictus (Skuse, 1894) (Diptera; Culicidae) from Minorca (Balearic Islands, Spain). Journal of the 
American Mosquito Control Association, 34, 5−9.  

Bengoa, M., Eritja, R., & Lucientes, J. 2014. Ground ultra-low volume adulticiding field trials using pyrethroids against 
Aedes albopictus in the Baix Llobregat region, Spain. Journal of the American Mosquito Control Association, 
30(1), 42−51.  

Benjelloun, B. 2015. Diversité des génomes et adaptation locale des petits ruminants d’un pays méditerranéen: le 
Maroc. Doctoral Dissertation, Université Grenoble Alpes, Grenoble. 

Bennett, K. L., Kaddumukasa, M., Shija, F., Djouaka, R., Misinzo, G., Lutwama, J., et al. 2018. Comparative 
phylogeography of Aedes mosquitoes and the role of past climatic change for evolution within Africa. Ecology 
and Evolution, 8(5), 3019−3036.  

Bennett, K. L., Shija, F., Linton, Y. M., Misinzo, G., Kaddumukasa, M., Djouaka, R., et al. 2016. Historical 
environmental change in Africa drives divergence and admixture of Aedes aegypti mosquitoes: a precursor to 
successful worldwide colonization? Molecular Ecology, 25(17), 4337−4354.  

Bennouna, A., Balenghien, T., El Rhaffouli, H., Schaffner, F., Garros, C., Gardes, L., et al. 2017. First record of 
Stegomyia albopicta (= Aedes albopictus) in Morocco: a major threat to public health in North Africa? Medical 
and Veterinary Entomology, 31(1), 102−106. 

Berggren, Å. 2001. Colonization success in Roesel's bush‐cricket Metrioptera roeseli: the effects of propagule size. 
Ecology, 82(1), 274−280. 

Berry, A., & Kreitman, M. 1993. Molecular analysis of an allozyme cline: alcohol dehydrogenase in Drosophila 

melanogaster on the east coast of North America. Genetics, 134(3), 869−893. 

Bertelsmeier, C., & Keller, L. 2018. Bridgehead effects and role of adaptive evolution in invasive populations. Trends 
in Ecology & Evolution, 33(7), 527−534.  

Bertelsmeier, C., Ollier, S., Liebhold, A. M., Brockerhoff, E. G., Ward, D., & Keller, L. 2018. Recurrent bridgehead 
effects accelerate global alien ant spread. Proceedings of the National Academy of Sciences, 115(21), 
5486−5491.  

Bertelsmeier, C., Ollier, S., Liebhold, A., & Keller, L. 2017. Recent human history governs global ant invasion 
dynamics. Nature Ecology & Evolution, 1(7), 0184. 

Birungi, J., & Munstermann, L. E. 2002. Genetic structure of Aedes albopictus (Diptera: Culicidae) populations based 
on mitochondrial ND5 sequences: evidence for an independent invasion into Brazil and United States. Annals of 
the Entomological Society of America, 95(1), 125−132. 

Black IV, W. C., Ferrari, J. A., Rai, K. S., & Sprenger, D. 1988a. Breeding structure of a colonising species: Aedes 

albopictus (Skuse) in the United States. Heredity, 60(2), 173−181.  

Black IV, W. C., Hawley, W. A., Rai, K. S., & Craig Jr, G. B. 1988b. Breeding structure of a colonizing species: Aedes 

albopictus (Skuse) in peninsular Malaysia and Borneo. Heredity, 61(3), 439−446.  



Références      

  

	

	

200 
	

Blackburn, T. M., Pyšek, P., Bacher, S., Carlton, J. T., Duncan, R. P., Jarošík, V., et al. 2011. A proposed unified 
framework for biological invasions. Trends in Ecology & Evolution, 26(7), 333−339.  

Blanckenhorn, W. U., & Demont, M. 2004. Bergmann and converse Bergmann latitudinal clines in arthropods: two 
ends of a continuum? Integrative and Comparative Biology, 44, 413–424. 

Block, W. 1996. Cold or drought – The lesser of two evils for terrestrial arthropods? European Journal of Entomology, 
93, 325–340. 

Blossey, B., & Notzold, R. 1995. Evolution of increased competitive ability in invasive nonindigenous plants: a 
hypothesis. Journal of Ecology, 83(5), 887−889. 

Blows, M. W., & Hoffmann, A. A. 2005. A reassessment of genetic limits to evolutionary change. Ecology, 86(6), 
1371−1384. 

Bobanga, T., Moyo, M., Vulu, F., & Irish, S. R. 2018. First Report of Aedes albopictus (Diptera: Culicidae) in the 
Democratic Republic of Congo. African Entomology, 26(1), 234−236. 

Bock, D. G., Caseys, C., Cousens, R. D., Hahn, M. A., Heredia, S. M., Hübner, S., et al. 2015. What we still don't know 
about invasion genetics. Molecular Ecology, 24(9), 2277−2297. 

Bocková, E., Kočišová, A., & Letková, V. 2013. First record of Aedes albopictus in Slovakia. Acta Parasitologica, 
58(4), 603−606. 

Bohonak, A. J., & Jenkins, D. G. 2003. Ecological and evolutionary significance of dispersal by freshwater 
invertebrates. Ecology Letters, 6(8), 783–796. 

Boitard, S., Rodriguez, W., Jay, F., Mona, S., & Austerlitz, F. 2016. Inferring population size history from large 
samples of genome-wide molecular data-an approximate Bayesian computation approach. PLoS Genetics, 12(3), 
e1005877.  

Bolliger, J., Lander, T., & Balkenhol, N. 2014. Landscape genetics since 2003: status, challenges and future directions. 
Landscape Ecology, 29(3), 361–366. 

Bomford, M., Kraus, F., Barry, S. C., & Lawrence, E. 2009. Predicting establishment success for alien reptiles and 
amphibians: a role for climate matching. Biological Invasions, 11(3), 713.  

Bonnet, D. D., & Worcester, D. J. 1946. The dispersal of Aedes albopictus in the territory of Hawaii. The American 
Journal of Tropical Medicine and Hygiene, 1(4), 465−476.  

Bossdorf, O., Auge, H., Lafuma, L., Rogers, W. E., Siemann, E., & Prati, D. 2005. Phenotypic and genetic 
differentiation between native and introduced plant populations. Oecologia, 144(1), 1−11. 

Bossdorf, O., Lipowsky, A., & Prati, D. 2008. Selection of preadapted populations allowed Senecio inaequidens to 
invade Central Europe. Diversity and Distributions, 14, 676–685. 

Bouattour, A., Khrouf, F., Rhim, A., & M’ghirbi, Y. 2019. First Detection of the Asian Tiger Mosquito, Aedes 
(Stegomyia) albopictus (Diptera: Culicidae), in Tunisia. Journal of Medical Entomology, 56(4), 1112−1115. 

Boukraa, S., Raharimalala, F. N., Zimmer, J. Y., Schaffner, F., Bawin, T., Haubruge, E., et al. 2013. Reintroduction of 
the invasive mosquito species Aedes albopictus in Belgium in July 2013. Parasite, 20, 54.  

Bourtzis, K., Dobson, S. L., Xi, Z., Rasgon, J. L., Calvitti, M., Moreira, L. A., et al. 2014. Harnessing mosquito–
Wolbachia symbiosis for vector and disease control. Acta Tropica, 132, 150−163. 

Bouzat, J. L. 2010. Conservation genetics of population bottlenecks: the role of chance, selection, and history. 
Conservation Genetics, 11(2), 463−478. 

Boyer, S., Gilles, J., Merancienne, D., Lemperiere, G., & Fontenille, D. 2011. Sexual performance of male mosquito 
Aedes albopictus. Medical and Veterinary Entomology, 25(4), 454−459. 

Bradshaw, W., & Holzapfel, C. 2007. Tantalizing timeless. Science, 316, 1851–1852. 

Brady, O. J., Johansson, M. A., Guerra, C. A., Bhatt, S., Golding, N., Pigott, D. M., et al. 2013. Modelling adult Aedes 

aegypti and Aedes albopictus survival at different temperatures in laboratory and field settings. Parasites & 
Vectors, 6(1), 351. 

Braks, M. A. H., Honório, N. A., Lounibos, L. P., Lourenço-de-Oliveira, R., & Juliano, S. A. 2004. Interspecific 
competition between two invasive species of container mosquitoes, Aedes aegypti and Aedes albopictus 
(Diptera: Culicidae), in Brazil. Annals of the Entomological Society of America, 97(1), 130−139.  

Braks, M. A., Honório, N. A., Lourenço-De-Oliveira, R., Juliano, S. A., & Lounibos, L. P. 2003. Convergent habitat 
segregation of Aedes aegypti and Aedes albopictus (Diptera: Culicidae) in southeastern Brazil and Florida. 
Journal of Medical Entomology, 40(6), 785−794.  

Breiman, L. 2001. Random forests. Machine learning, 45(1), 5–32. 

Briegel, H., & Timmermann, S. E. 2001. Aedes albopictus (Diptera: Culicidae): physiological aspects of development 
and reproduction. Journal of Medical Entomology, 38(4), 566−571. 



	

		

	

	

201 
	

Broche, R. G., & Borja, E. M. 1999. Aedes albopictus in Cuba. Journal of the American Mosquito Control Association, 
15(4), 569−570. 

Broennimann, O., Di Cola, V., & Guisan, A. 2018. ECOSPAT: Spatial Ecology Miscellaneous Methods. 
https://CRAN.R-project.org/package=ecospat 

Broennimann, O., Fitzpatrick, M. C., Pearman, P. B., Petitpierre, B., Pellissier, L., Yoccoz, N. G., et al. 2012. 
Measuring ecological niche overlap from occurrence and spatial environmental data. Global Ecology and 
Biogeography, 21, 481–497. 

Broennimann, O., Treier, U. A., Müller‐Schärer, H., Thuiller, W., Peterson, A. T., & Guisan, A. 2007. Evidence of 
climatic niche shift during biological invasion. Ecology Letters, 10(8), 701−709. 

Bryan, M. B., Zalinski, D., Filcek, K. B., Libants, S., Li, W., & Scribner, K. T. 2005. Patterns of invasion and 
colonization of the sea lamprey (Petromyzon marinus) in North America as revealed by microsatellite genotypes. 
Molecular Ecology, 14(12), 3757−3773. 

Bueno-Marí, R., Bernués-Bañeres, A., & Jiménez-Peydró, R. 2012. Updated checklist and distribution maps of 
mosquitoes (Diptera: Culicidae) of Spain. European Mosquito Bulletin, 30, 91−126. 

Bueno-Marí, R., Bernués-Bañeres, A., Muñoz-Rodríguez, M., & Jiménez-Peydró, R. 2013. Primera cita de Aedes 

albopictus (Skuse, 1894) en la provincia de Valencia (Diptera, Culicidae). Boletín de la Asociación española de 
Entomología, 37, 375−378. 

Burns, M., Starrett, J., Derkarabetian, S., Richart, C. H., Cabrero, A., & Hedin, M. 2017. Comparative performance of 
double-digest RAD sequencing across divergent arachnid lineages. Molecular Ecology Resources, 17(3), 418–
430. 

Burton, O. J., Phillips, B. L., & Travis, J. M. 2010. Trade‐offs and the evolution of life‐histories during range 
expansion. Ecology Letters, 13(10), 1210−1220. 

Bushnell, B. 2014. Bushnell, B. 2014. BBMAP: A fast, accurate, splice-aware aligner. Lawrence Berkeley National 
Laboratory, Berkeley, CA. https://sourceforge.net/projects/bbmap/ 

C 
Caballero, A., Quesada, H., & Rolán-Alvarez, E. 2008. Impact of amplified fragment length polymorphism size 

homoplasy on the estimation of population genetic diversity and the detection of selective loci. Genetics, 179(1), 
539−554. 

Cadi, A., & Joly, P. 2004. Impact of the introduction of the red-eared slider (Trachemys scripta elegans) on survival 
rates of the European pond turtle (Emys orbicularis). Biodiversity & Conservation, 13(13), 2511−2518. 

Calado, D. C., & Navarro-Silva, M. A. 2002. Influência da temperatura sobre a longevidade, fecundidade e atividade 
hematofágica de Aedes (Stegomyia) albopictus Skuse, 1894 (Diptera, Culicidae) sob condições de laboratório. 
Revista Brasileira de Entomologia, 46(1), 93−98. 

Calderon-Arguedas, O., Avendaño López, A., López-Sanchez, W., & Troya, A. 2010. Expansion of Aedes albopictus 
skull in Costa Rica. Revista Ibero-latinoamericana de Parasitología, 69, 220−222. 

Callaway, R. M., & Aschehoug, E. T. 2000. Invasive plants versus their new and old neighbors: a mechanism for exotic 
invasion. Science, 290(5491), 521−523. 

Caminade, C., Medlock, J. M., Ducheyne, E., McIntyre, K. M., Leach, S., Baylis, M., et al. 2012. Suitability of 
European climate for the Asian tiger mosquito Aedes albopictus: recent trends and future scenarios. Journal of 
the Royal Society Interface, 9(75), 2708−2717. 

Cannon, C. H. 2012. Quaternary dynamics of Sundaland forests. In Biotic evoltuion and environmental change in 

Southeast Asia. Gower, D. J., Johnson, K., Richardson, J., Rosen, B., Rüber, L., & Williams, S. (Eds.). 
Systematics Association Special Volume Series, 82, 115–137. Cambridge. 

Capblancq, T., Luu, K., Blum, M. G., & Bazin, E. 2018. Evaluation of redundancy analysis to identify signatures of 
local adaptation. Molecular Ecology resources, 18(6), 1223−1233. 

Capinha, C., Essl, F., Seebens, H., Moser, D., & Pereira, H. M. 2015. The dispersal of alien species redefines 
biogeography in the Anthropocene. Science, 348(6240), 1248−1251. 

Carrieri, M., Bacchi, M., Bellini, R., & Maini, S. 2003. On the competition occurring between Aedes albopictus and 
Culex pipiens (Diptera: Culicidae) in Italy. Environmental Entomology, 32(6), 1313−1321.  

Catchen, J., Hohenlohe, P. A., Bassham, S., Amores, A., & Cresko, W. A. 2013. STACKS: an analysis tool set for 
population genomics. Molecular Ecology, 22, 3124–3140.  

Cattel, J., Faucon, F., Lepéron, B., Sherpa, S., Monchal, M., Grillet, L., et al. 2019. Combining genetic crosses and pool 
targeted DNA-seq for untangling genomic variations associated with resistance to multiple insecticides in the 
dengue vector Aedes aegypti. Evolutionary Applications, In Press. 



Références      

  

	

	

202 
	

Chan, K. L., Ho, B. C., & Chan, Y. C. 1971b. Aedes aegypti (L.) and Aedes albopictus (Skuse) in Singapore city: 2. 
Larval habitats. Bulletin of the World Health Organization, 44(5), 629. 

Chan, Y. C., Chan, K. L., & Ho, B. C. 1971a. Aedes aegypti (L.) and Aedes albopictus (Skuse) in Singapore City: 1. 
Distribution and density. Bulletin of the World Health Organization, 44(5), 617. 

Chandra, A. K., Raghavan, P., Ruzzo, W. L., Smolensky, R., & Tiwari, P. 1996. The electrical resistance of a graph 
captures its commute and cover times. Computational Complexity, 6(4), 312–340. 

Chang, C. C., Chow, C. C., Tellier, L. C., Vattikuti, S., Purcell, S. M., & Lee, J. J. 2015. Second-generation PLINK: 
rising to the challenge of larger and richer datasets. Gigascience, 4(1), 7.  

Chapman, D., Purse, B. V., Roy, H. E., & Bullock, J. M. 2017. Global trade networks determine the distribution of 
invasive non‐native species. Global Ecology and Biogeography, 26(8), 907−917. 

Chareonviriyaphap, T., Akratanakul, P., Huntamai, S., Nettanomsak, S., & Prabaripai, A. 2004. Allozyme patterns of 
Aedes albopictus, a vector of dengue in Thailand. Journal of Medical Entomology, 41(4), 657−663. 

Charlesworth, B., & Charlesworth, D. 1999. The genetic basis of inbreeding depression. Genetics Research, 74(3), 
329−340. 

Charlesworth, D., & Willis, J. H. 2009. The genetics of inbreeding depression. Nature Reviews Genetics, 10(11), 783. 

Chen, B., Kayukawa, T., Monteiro, A., & Ishikawa, Y. 2005. The expression of the HSP90 gene in response to winter 
and summer diapauses and thermal‐stress in the onion maggot, Delia antiqua. Insect Molecular Biology, 14, 
697–702. 

Chen, B., Pedro, P. M., Harbach, R. E., Somboon, P., Walton, C., & Butlin, R. K. 2011. Mitochondrial DNA variation 
in the malaria vector Anopheles minimus across China, Thailand and Vietnam: evolutionary hypothesis, 
population structure and population history. Heredity, 106, 241–252. 

Chen, X. G., Jiang, X., Gu, J., Xu, M., Wu, Y., Deng, Y., et al. 2015. Genome sequence of the Asian Tiger mosquito, 
Aedes albopictus, reveals insights into its biology, genetics, and evolution. Proceedings of the National Academy 
of Sciences, 112(44), 5907−5915. 

Chessel, D., Dufour, A. B., & Thioulouse, J. 2004. The ADE4 package-I-One-table methods. R News, 4, 5–10. 
https://CRAN.R-project.org/package=ade4  

Chi, E. C., Zhou, H., Chen, G. K., Del Vecchyo, D. O., & Lange, K. 2013. Genotype imputation via matrix completion. 
Genome Research, 23, 509–518. 

Chikhi, L., Sousa, V. C., Luisi, P., Goossens, B., & Beaumont, M. A. 2010. The confounding effects of population 
structure, genetic diversity and the sampling scheme on the detection and quantification of population size 
changes. Genetics, 186(3), 983–995. 

Chikhi, L., Sousa, V. C., Luisi, P., Goossens, B., & Beaumont, M. A. 2010. The confounding effects of population 
structure, genetic diversity and the sampling scheme on the detection and quantification of population size 
changes. Genetics, 186(3), 983−995. 

Chouin-Carneiro, T., Vega-Rua, A., Vazeille, M., Yebakima, A., Girod, R., Goindin, D., et al. 2016. Differential 
susceptibilities of Aedes aegypti and Aedes albopictus from the Americas to Zika virus. PLoS Neglected 
Tropical Diseases, 10(3), e0004543. 

Ciosi, M., Miller, N. J., Kim, K. S., Giordano, R., Estoup, A., & Guillemaud, T. 2008. Invasion of Europe by the 
western corn rootworm, Diabrotica virgifera virgifera: multiple transatlantic introductions with various 
reductions of genetic diversity. Molecular Ecology, 17(16), 3614−3627. 

Clements, A. N. 1992. The biology of mosquitoes. Volume 1: development, nutrition and reproduction. Chapman & 
Hall. 

Coffinet, T., Mourou, J. R., Pradines, B., Toto, J. C., Jarjaval, F., Amalvict, R., et al. 2007. First record of Aedes 

albopictus in Gabon. Journal of the American Mosquito Control Association, 23(4), 471−472. 

Colautti, R. I., & Barrett, S. C. 2013. Rapid adaptation to climate facilitates range expansion of an invasive plant. 
Science, 342(6156), 364−366. 

Colautti, R. I., & Lau, J. A. 2015. Contemporary evolution during invasion: evidence for differentiation, natural 
selection, and local adaptation. Molecular Ecology, 24(9), 1999−2017. 

Colautti, R. I., & MacIsaac, H. J. 2004. A neutral terminology to define ‘invasive’species. Diversity and Distributions, 
10(2), 135−141. 

Colautti, R. I., Ricciardi, A., Grigorovich, I. A., & MacIsaac, H. J. 2004. Is invasion success explained by the enemy 
release hypothesis? Ecology Letters, 7(8), 721−733. 

Coleman, P. C., Bale, J. S., & Hayward, S. A. 2014. Cross-generation plasticity in cold hardiness is associated with 
diapause, but not the non-diapause developmental pathway, in the blow fly Calliphora vicina. Journal of 
Experimental Biology, 217(9), 1454–1461. 



	

		

	

	

203 
	

Collantes Alcaraz, F., & Delgado, J. A. 2011. Primera cita de Aedes (Stegomyia) albopictus (Skuse, 1894) en la Región 
de Murcia. Anales de Biología, Servicio de Publicaciones de la Universidad de Murcia, 33, 99−101. 

Collantes, F., Delacour, S., Alarcón-Elbal, P. M., Ruiz-Arrondo, I., Delgado, J. A., Torrell-Sorio, A., et al. 2015. 
Review of ten-years presence of Aedes albopictu s in Spain 2004–2014: known distribution and public health 
concerns. Parasites & Vectors, 8(1), 655. 

Collantes, F., Delgado, J. A., Alarcón-Elbal, P. M., Delacour, S., & Lucientes, J. 2014. First confirmed outdoor winter 
reproductive activity of Asian tiger mosquito (Aedes albopictus) in Europe. Anales de Biología, Servicio de 
Publicaciones de la Universidad de Murcia, 36, 71−76. 

Contini, C. 2007. Aedes albopictus in Sardinia: reappearance or widespread colonization? Parassitologia, 49(1−2), 
33−35. 

Cooper, B. S., Hammad, L. A., & Montooth, K. L. 2014. Thermal adaptation of cellular membranes in natural 
populations of Drosophila melanogaster. Functionnal Ecology, 28, 886–894. 

Cooper, R. D., Waterson, D. G. E., Kupo, M., & Sweeney, A. W. 1994. Aedes albopictus (Skuse) (Diptera: Culicidae) 
in the Western Province of Papua New Guinea and the threat of its introduction to Australia. Australian Journal 
of Entomology, 33(2), 115−116. 

Corbet, P. S., & Chadee, D. D. 1993. An improved method for detecting substrate preferences shown by mosquitoes 
that exhibit ‘skip oviposition’. Physiological Entomology, 18(2), 114−118. 

Cornel, A. J., & Hunt, R. H. 1991. Aedes albopictus in Africa? First records of live specimens in imported tires in Cape 
Town. Journal of the American Mosquito Control Association, 7(1), 107−108. 

Cornuet, J. M., & Luikart, G. 1996. Description and power analysis of two tests for detecting recent population 
bottlenecks from allele frequency data. Genetics, 144(4), 2001−2014. 

Cornuet, J. M., Piry, S., Luikart, G., Estoup, A., & Solignac, M. 1999. New methods employing multilocus genotypes 
to select or exclude populations as origins of individuals. Genetics, 153(4), 1989−2000. 

Cornuet, J. M., Pudlo, P., Veyssier, J., Dehne-Garcia, A., Gautier, M., Leblois, R., et al. 2014. DIYABC v2.0: a 
software to make approximate Bayesian computation inferences about population history using single nucleotide 
polymorphism, DNA sequence and microsatellite data. Bioinformatics, 30(8), 1187−1189. 

Cornuet, J. M., Ravigné, V., & Estoup, A. 2010. Inference on population history and model checking using DNA 
sequence and microsatellite data with the software DIYABC (v1.0). BMC Bioinformatics, 11, 401. 

Cornuet, J. M., Santos, F., Beaumont, M. A., Robert, C. P., Marin, J. M., Balding, D. J., et al. 2008. Inferring 
population history with DIYABC: a user-friendly approach to approximate Bayesian computation. 
Bioinformatics, 24(23), 2713−2719. 

Costanzo, K. S., Mormann, K., & Juliano, S. A. 2005. Asymmetrical competition and patterns of abundance of Aedes 

albopictus and Culex pipiens (Diptera: Culicidae). Journal of Medical Entomology, 42(4), 559−570. 

Costanzo, K. S., Westby, K. M., & Medley, K. A. 2018. Genetic and environmental influences on the size-fecundity 
relationship in Aedes albopictus (Diptera: Culicidae): Impacts on population growth estimates? PLoS One, 
13(8), e0201465. 

Courchamp, F., Clutton-Brock, T., & Grenfell, B. 1999. Inverse density dependence and the Allee effect. Trends in 
Ecology & Evolution, 14(10), 405−410. 

Cox, G. W. 2004. Alien species and evolution: the evolutionary ecology of exotic plants, animals, microbes, and 
interacting native species. Island Press. 

Cox, J., Grillet, M. E., Ramos, O. M., Amador, M., & Barrera, R. 2007. Habitat segregation of dengue vectors along an 
urban environmental gradient. The American Journal of Tropical Medicine and Hygiene, 76(5), 820−826. 

Craven RB1, Eliason DA, Francy DB, Reiter P, Campos EG, Jakob WL et al. 1988. Importation of Aedes albopictus 
and other exotic mosquito species into the United States in used tires from Asia. Journal of the American 
Mosquito Control Association, 4(2), 138−42. 

Crawford, K. M., & Whitney, K. D. 2010. Population genetic diversity influences colonization success. Molecular 
Ecology, 19(6), 1253−1263. 

Cristescu, M. E. 2015. Genetic reconstructions of invasion history. Molecular Ecology, 24(9), 2212−2225. 

Cristo, B., Loru, L., Sassu, A., & Pantaleoni, R. A. 2006. The Asian tiger mosquito again in Sardinia. Bulletin of 
Insectology, 59(2), 161−162. 

Crooks, J. A. 2005. Lag times and exotic species: The ecology and management of biological invasions in slow-
motion1. Ecoscience, 12(3), 316−329. 

Cumer, T., Pouchon, C., Boyer, F., Yannic, G., Rioux, D., Bonin, A., et al. 2018. Double-digest RAD-sequencing: do 
wet and dry protocol parameters impact biological results? BioRxiv, 445122. 

Cunze, S., Kochmann, J., Koch, L. K., & Klimpel, S. 2018. Niche conservatism of Aedes albopictus and Aedes aegypti - 
Two mosquito species with different invasion histories. Scientific Reports, 8, 7733. 



Références      

  

	

	

204 
	

Currat, M., Ray, N., & Excoffier, L. 2004. SPLATCHE: a program to simulate genetic diversity taking into account 
environmental heterogeneity. Molecular Ecology Notes, 4(1), 139−142. 

D 
Daehler, C. C. 1999. Inbreeding depression in smooth cordgrass (Spartina alterniflora, Poaceae) invading San 

Francisco Bay. American Journal of Botany, 86(1), 131−139.  

Daehler, C. C., & Strong, D. R. 1997. Reduced herbivore resistance in introduced smooth cordgrass (Spartina 

alterniflora) after a century of herbivore-free growth. Oecologia, 110(1), 99−108. 

Dalla Pozza, G. L., Romi, R., & Severini, C. 1994. Source and spread of Aedes albopictus in the Veneto region of Italy. 
Journal of the American Mosquito Control Association, 10(4), 589−592. 

Dalla, G. P., & Majori, G. 1992. First record of Aedes albopictus establishment in Italy. Journal of the American 
Mosquito Control Association, 8(3), 318−320. 

Dalton, P. 2000. Psychophysical and behavioral characteristics of olfactory adaptation. Chemical Senses, 25(4), 487–
492. 

Daniels, S., Ezeakacha, N. F., & Yee, D. A. 2015. Interspecific interactions between adult Aedes albopictus and Culex 

quinquefasciatus (Diptera: Culicidae). Journal of Medical Entomology, 53(2), 466−469.  

Däumer, C., Greve, C., Hutterer, R., Misof, B., & Haase, M. 2012. Phylogeography of an invasive land snail: natural 
range expansion versus anthropogenic dispersal in Theba pisana pisana. Biological Invasions, 14(8), 
1665−1682. 

David, M. R., Lourenço-de-Oliveira, R., & Freitas, R. M. D. 2009. Container productivity, daily survival rates and 
dispersal of Aedes aegypti mosquitoes in a high income dengue epidemic neighbourhood of Rio de Janeiro: 
presumed influence of differential urban structure on mosquito biology. Memórias do Instituto Oswaldo Cruz, 
104(6), 927–932. 

Davis, M. A. 2009. Invasion biology. Oxford University Press on Demand. 

Davis, M. A., & Thompson, K. 2000. Eight ways to be a colonizer; two ways to be an invader: a proposed nomenclature 
scheme for invasion ecology. Bulletin of the Ecological Society of America, 81(3), 226−230. 

De Jong, L., Moreau, X., Dalia, J., Coustau, C., & Thiéry, A. 2009. Molecular characterization of the invasive Asian 
tiger mosquito, Aedes (Stegomyia) albopictus (Diptera: Culicidae) in Corsica. Acta tropica, 112(3), 266−269. 

De Villemereuil, P., & Gaggiotti, O. E. 2015. A new FST‐based method to uncover local adaptation using environmental 
variables. Methods in Ecology and Evolution, 6(11), 1248−1258. 

De Villemereuil, P., Frichot, É., Bazin, É., François, O., & Gaggiotti, O. E. 2014. Genome scan methods against more 
complex models: when and how much should we trust them? Molecular Ecology, 23(8), 2006−2019. 

Delacour-Estrella, S., Bravo-Minguet, D., Alarcón-Elbal, P. M., Bengoa, M., Casanova, A., Melero-Alcibar, R., et al. 
2010. Detección de Aedes (Stegomyia) albopictus (Skuse, 1894) (Diptera: Culicidae) en Benicàssim. Primera 
cita para la provincia de Castellón (España). Boletín de la Sociedad Entomológica Aragonesa, 47, 440. 

Delacour, S., Alarcón-Elbal, P., Bengoa, M., Melero-Alcibar, R., Pinal, R., Ruiz-Arrondo, I., et al. 2009. Aedes 
(Stegomyia) albopictus (Skuse, 1894) first record in Torrevieja (Alicante). Boletín de la Sociedad Entomológica 

Aragonesa, 45, 518. 

Delatte, H., Bagny, L., Brengue, C., Bouetard, A., Paupy, C., & Fontenille, D. 2011. The invaders: phylogeography of 
dengue and chikungunya viruses Aedes vectors, on the South West islands of the Indian Ocean. Infection, 
Genetics and Evolution, 11(7), 1769−1781. 

Delatte, H., Dehecq, J. S., Thiria, J., Domerg, C., Paupy, C., & Fontenille, D. 2008. Geographic distribution and 
developmental sites of Aedes albopictus (Diptera: Culicidae) during a Chikungunya epidemic event. Vector-
Borne and Zoonotic Diseases, 8(1), 25−34. 

Delatte, H., Gimonneau, G., Triboire, A., & Fontenille, D. 2009. Influence of temperature on immature development, 
survival, longevity, fecundity, and gonotrophic cycles of Aedes albopictus, vector of chikungunya and dengue in 
the Indian Ocean. Journal of Medical Entomology, 46(1), 33−41. 

Delatte, H., Toty, C., Boyer, S., Bouetard, A., Bastien, F., & Fontenille, D. 2013. Evidence of habitat structuring Aedes 

albopictus populations in Réunion Island. PLoS Neglected Tropical Diseases, 7(3), e2111. 

Demari-Silva, B., Suesdek, L., Sallum, M. A. M., &Marrelli, M. T. 2014. Wing geometry of Culex coronator (Diptera: 
Culicidae) from South and Southeast Brazil. Parasites & Vectors, 7, 174. 

Demeulemeester, J., Deblauwe, I., De Witte, J. C., Jansen, F., Hendy, A., & Madder, M. 2014. First interception of 
Aedes (Stegomyia) albopictus in Lucky bamboo shipments in Belgium. Journal of the European Mosquito 
Control Association, 32, 14−16. 



	

		

	

	

205 
	

Denlinger, D. L. 1991. Relationship between cold hardiness and diapause. In Insects at low temperature. Springer, 
Boston, MA. 

Denlinger, D. L., & Armbruster, P. A. 2016. Molecular physiology of mosquito diapause. Advances in Insect 
Physiology, 51, 329–361.  

Denlinger, D. L., & Lee Jr, R. E. 2010. Low temperature biology of insects. Cambridge University Press, New York, 
USA. 

Di Cola, V., Broennimann, O., Petitpierre, B., Breiner, F. T., D'amen, M., Randin, C. et al. 2017. ECOSPAT: an R 
package to support spatial analyses and modeling of species niches and distributions. Ecography, 40, 774–787. 

Di Luca, M., Toma, L., Severini, F., Boccolini, D., D’Avola, S., Todaro, D., et al. D. 2017. First record of the invasive 
mosquito species Aedes (Stegomyia) albopictus (Diptera: Culicidae) on the southernmost Mediterranean islands 
of Italy and Europe. Parasites & Vectors, 10(1), 543. 

Di Luca, M., Toma, L., Severini, F., D'Ancona, F., & Romi, R. 2001. Aedes albopictus a Roma: monitoraggio nel 
triennio 1998-2000. Annali dell'Istituto Superiore di Sanità, 37(2), 249−254. 

Dickens, B. L., Sun, H., Jit, M., Cook, A. R., & Carrasco, L. R. 2018. Determining environmental and anthropogenic 
factors which explain the global distribution of Aedes aegypti and Ae. albopictus. BMJ Global Health, 3, 
e000801.  

Dieckmann, U., O'Hara, B., & Weisser, W. 1999. The evolutionary ecology of dispersal. Trends in Ecology & 
Evolution, 14(3), 88–90. 

Dlugosch, K. M., & Parker, I. M. 2008. Founding events in species invasions: genetic variation, adaptive evolution, and 
the role of multiple introductions. Molecular Ecology, 17(1), 431−449. 

Dlugosch, K. M., Anderson, S. R., Braasch, J., Cang, F. A., & Gillette, H. D. 2015. The devil is in the details: genetic 
variation in introduced populations and its contributions to invasion. Molecular Ecology, 24(9), 2095−2111. 

Dogan, M., Gunay, F., Puggioli, A., Balestrino, F., Oncu, C., Alten, B., et al. 2016. Establishment of a satellite rearing 
facility to support the release of sterile Aedes albopictus males. Optimization of mass rearing parameters. Acta 
Tropica, 159, 62−68. 

Donnelly, P., & Tavare, S. 1995. Coalescents and genealogical structure under neutrality. Annual review of genetics, 
29(1), 401-421. 

Doosti, S., Yaghoobi-Ershadi, M. R., Schaffner, F., Moosa-Kazemi, S. H., Akbarzadeh, K., Gooya, M. M., et al. 2016. 
Mosquito surveillance and the first record of the invasive mosquito species Aedes (Stegomyia) albopictus 
(Skuse) (Diptera: Culicidae) in southern Iran. Iranian Journal of Public Health, 45(8), 1064. 

Doyle, J., & Doyle, J. L. 1987. Genomic plant DNA preparation from fresh tissue-CTAB method. Phytochemical 
Bulletin, 19, 11–15. 

Drake, J. M., & Lodge, D. M. 2006. Allee effects, propagule pressure and the probability of establishment: risk analysis 
for biological invasions. Biological Invasions, 8(2), 365−375. 

Dritsou, V., Topalis, P., Windbichler, N., Simoni, A., Hall, A., Lawson, D., et al. 2015. A draft genome sequence of an 
invasive mosquito: an Italian Aedes albopictus. Pathogens and global health, 109(5), 207−220. 

Drummond, A. J., & Rambaut, A. 2007. BEAST: Bayesian evolutionary analysis by sampling trees. BMC Evolutionary 
Biology, 7(1), 214. 

Drummond, A. J., Rambaut, A., Shapiro, B., & Pybus, O. G. 2005. Bayesian coalescent inference of past population 
dynamics from molecular sequences. Molecular Biology and Evolution, 22(5), 1185−1192. 

Ducheyne, E., Minh, N. N. T., Haddad, N., Bryssinckx, W., Buliva, E., Simard, F., et al. 2018. Current and future 
distribution of Aedes aegypti and Aedes albopictus (Diptera: Culicidae) in WHO Eastern Mediterranean Region. 
International Journal of Health Geographics, 17(1), 4. 

Dudaniec, R. Y., Yong, C. J., Lancaster, L. T., Svensson, E. I., & Hansson, B. 2018. Signatures of local adaptation 
along environmental gradients in a range‐expanding damselfly (Ischnura elegans). Molecular Ecology, 27(11), 
2576–2593.  

Duforet-Frebourg, N., Luu, K., Laval, G., Bazin, E., & Blum, M. G. 2015. Detecting genomic signatures of natural 
selection with principal component analysis: application to the 1000 genomes data. Molecular Biology and 
Evolution, 33(4), 1082−1093. 

Dujardin, J. P. 2008. Morphometrics applied to medical entomology. Infectious Genetics and Evolution, 8(6), 875–890. 

Duncan, R. P., Blackburn, T. M., & Sol, D. 2003. The ecology of bird introductions. Annual Review of Ecology, 
Evolution, and Systematics, 34(1), 71−98. 



Références      

  

	

	

206 
	

E 
Eads, R. B. 1972. Recovery of Aedes albopictus from used tires shipped to United States ports. Mosquito News, 32(1), 

113−114. 

Eales, J., Thorpe, R. S., & Malhotra, A. 2010. Colonization history and genetic diversity: adaptive potential in early 
stage invasions. Molecular Ecology, 19(14), 2858−2869. 

Eaton, D. A. R. 2014. PyRAD: Assembly of de novo RADseq loci for phylogenetic analyses. Bioinformatics, 30(13), 
1844–1849. 

Edgerly, J. S., Willey, M. S., & Livdahl, T. 1999. Intraguild predation among larval treehole mosquitoes, Aedes 

albopictus, Ae. aegypti, and Ae. triseriatus (Diptera: Culicidae), in laboratory microcosms. Journal of Medical 
Entomology, 36(3), 394−399. 

Edmonds, C. A., Lillie, A. S., & Cavalli-Sforza, L. L. 2004. Mutations arising in the wave front of an expanding 
population. Proceedings of the National Academy of Sciences, 101(4), 975−979. 

Elith, J., Leathwick, J. R., & Hastie, T. 2008. A working guide to boosted regression trees. Journal of Animal Ecology, 
77(4), 802–813. 

Elliott, S. A. 1980. Aedes albopictus in the Solomon and Santa Cruz Islands, South Pacific. Transactions of the Royal 
Society of Tropical Medicine and Hygiene, 74(6), 747−748. 

Ellstrand, N. C., & Schierenbeck, K. A. 2000. Hybridization as a stimulus for the evolution of invasiveness in plants? 
Proceedings of the National Academy of Sciences, 97(13), 7043−7050. 

Enserink, M. 2008. A mosquito goes global. Science, 320(5878), 864−866. 

Epperson, B. K., McRae, B. H., Scribner, K. I. M., Cushman, S. A., Rosenberg, M. S., Fortin, M. J., et al. 2010. Utility 
of computer simulations in landscape genetics. Molecular Ecology, 19(17), 3549−3564. 

Epps, C. W., & Keyghobadi, N. 2015. Landscape genetics in a changing world: disentangling historical and 
contemporary influences and inferring change. Molecular Ecology, 24(24), 6021–6040. 

Eritja, R., Escosa, R., Lucientes, J., Marques, E., Roiz, D., & Ruiz, S. 2005. Worldwide invasion of vector mosquitoes: 
present European distribution and challenges for Spain. Biological Invasions, 71), 87. 

Eritja, R., Palmer, J. R., Roiz, D., Sanpera-Calbet, I., & Bartumeus, F. 2017. Direct evidence of adult Aedes albopictus 
dispersal by car. Scientific Reports, 7(1), 14399. 

Estoup, A., & Guillemaud, T. 2010. Reconstructing routes of invasion using genetic data: why, how and so what? 
Molecular Ecology, 19(19), 4113−4130. 

Estoup, A., Beaumont, M., Sennedot, F., Moritz, C., & Cornuet, J. M. 2004. Genetic analysis of complex demographic 
scenarios: spatially expanding populations of the cane toad, Bufo marinus. Evolution, 58(9), 2021−2036. 

Estoup, A., Ravigné, V., Hufbauer, R., Vitalis, R., Gautier, M., & Facon, B. 2016. Is there a genetic paradox of 
biological invasion? Annual Review of Ecology, Evolution, and Systematics, 47, 51−72. 

Estoup, A., Wilson, I. J., Sullivan, C., Cornuet, J. M., & Moritz, C. 2001. Inferring population history from 
microsatellite and enzyme data in serially introduced cane toads, Bufo marinus. Genetics, 159(4), 1671−1687. 

Estrada-Franco, J. G., & Craig, G. B. 1995. Biology, disease relationships, and control of Aedes albopictus. 
Organización Panamericana de la Salud, Cuaderno Técnico, 42, 49 p.  

European Centre for Disease Prevention and Control (ECDC). Development of Aedes albopictus risk maps; 2009. 
Available from: http://ecdc.europa.eu/en/publications/ 
Publications/0905_TER_Development_of_Aedes_Albopictus_Risk_Maps.pdf. 

Excoffier, L., & Ray, N. 2008. Surfing during population expansions promotes genetic revolutions and structuration. 
Trends in Ecology & Evolution, 23(7), 347−351. 

Excoffier, L., Foll, M., & Petit, R. J. 2009. Genetic consequences of range expansions. Annual Review of Ecology, 
Evolution, and Systematics, 40, 481−501. 

Excoffier, L., Smouse, P. E., & Quattro, J. M. 1992. Analysis of molecular variance inferred from metric distances 
among DNA haplotypes: application to human mitochondrial DNA restriction data. Genetics, 13(12), 479−491. 

F 
Facon, B., Genton, B. J., Shykoff, J., Jarne, P., Estoup, A., & David, P. 2006. A general eco-evolutionary framework 

for understanding bioinvasions. Trends in Ecology & Evolution, 21(3), 130−135. 

Facon, B., Hufbauer, R. A., Tayeh, A., Loiseau, A., Lombaert, E., Vitalis, R., et al. 2011. Inbreeding depression is 
purged in the invasive insect Harmonia axyridis. Current Biology, 21(5), 424−427. 



	

		

	

	

207 
	

Fader, J. E. 2016. The importance of interspecific interactions on the present range of the invasive mosquito Aedes 

albopictus (Diptera: Culicidae) and persistence of resident container species in the United States. Journal of 
Medical Entomology, 53(5), 992−1001. 

Fauran, P., Marty, P., Izri, M. A., & Le, Y. F. 1998. Results of a survey to detect the mosquito Aedes albopictus in the 
French Riviera. Parassitologia, 40(3), 321−323. 

Ferrier, S., Manion, G., Elith, J., & Richardson, K. 2007. Using generalized dissimilarity modelling to analyse and 
predict patterns of beta diversity in regional biodiversity assessment. Diversity and Distributions, 13, 252–264.  

Fick, S. E., & Hijmans, R. J. 2017. WorldClim 2: new 1-km spatial resolution climate surfaces for global land areas. 
International Journal of Climatology, 37, 4302–4315. 

Fischer, D., Thomas, S. M., Neteler, M., Tjaden, N. B., & Beierkuhnlein, C. 2014. Climatic suitability of Aedes 

albopictus in Europe referring to climate change projections: comparison of mechanistic and correlative niche 
modelling approaches. Eurosurveillance, 19(6. 

Fischer, D., Thomas, S. M., Niemitz, F., Reineking, B., & Beierkuhnlein, C. 2011. Projection of climatic suitability for 
Aedes albopictus Skuse (Culicidae) in Europe under climate change conditions. Global and Planetary Change, 
78(1−2), 54−64.  

Fisher, R. A. 1930. The Genetical Theory of Natural Selection. Oxford, Clarendon. 

Fisher, R. A. 1937. The wave of advance of advantageous genes. Annals of Eugenics, 7(4), 355−369. 

Fitzpatrick, B. M., Fordyce, J. A., Niemiller, M. L., & Reynolds, R. G. 2012. What can DNA tell us about biological 
invasions? Biological Invasions, 14(2), 245–253. 

Fitzpatrick, M. C., & Keller, S. R. 2015. Ecological genomics meets community‐level modelling of biodiversity: 
Mapping the genomic landscape of current and future environmental adaptation. Ecology letters, 18(1), 1−16. 

Flacio, E., Engeler, L., Tonolla, M., & Müller, P. 2016. Spread and establishment of Aedes albopictus in southern 
Switzerland between 2003 and 2014: an analysis of oviposition data and weather conditions. Parasites & 
Vectors, 9(1), 304. 

Flacio, E., Lüthy, P., Patocchi, N., Guidotti, F., & Peduzzi, R. 2004. Control strategy of Aedes albopictus in 
Switzerland. The 3rd European Mosquito Control Association Workshop, Osijek-Croatia. 

Flacio, E., Patocchi, N., Peduzzi, R., & Luethy, P. 2006. Strategies to stop the establishment of Aedes albopictus in 
Switzerland. SOVE 15th European Meeting, Serres, Greece, 57. 

Foll, M., & Gaggiotti, O. 2008. A genome-scan method to identify selected loci appropriate for both dominant and 
codominant markers: a Bayesian perspective. Genetics, 180(2), 977−993. 

Fontenille, D., & Rodhain, F. 1989. Biology and distribution of Aedes albopictus and Aedes aegypti in Madagascar. 
Journal of the American Mosquito Control Association, 5(2), 219−225. 

Fontenille, D., & Toto, J. C. 2001. Aedes (Stegomyia) albopictus (Skuse), a potential new Dengue vector in southern 
Cameroon. Emerging Infectious Diseases, 7(6), 1066−1067. 

Forattini, O. P. 1986. Identificação de Aedes (Stegomyia) albopictus (skuse) no Brasil. Revista de Saúde Pública, 20, 
244−245. 

Forester, B. R., Jones, M. R., Joost, S., Landguth, E. L., & Lasky, J. R. 2016. Detecting spatial genetic signatures of 
local adaptation in heterogeneous landscapes. Molecular Ecology, 25(1), 104-120. 

Forester, B. R., Lasky, J. R., Wagner, H. H., & Urban, D. L. 2018. Comparing methods for detecting multilocus 
adaptation with multivariate genotype–environment associations. Molecular Ecology, 27(9), 2215−2233. 

Forsman, A. 2014. Effects of genotypic and phenotypic variation on establishment are important for conservation, 
invasion, and infection biology. Proceedings of the National Academy of Sciences, 111(1), 302−307. 

Forsyth, D. M., & Duncan, R. P. 2001. Propagule size and the relative success of exotic ungulate and bird introductions 
to New Zealand. The American Naturalist, 157(6), 583−595. 

Foucaud, J., Rey, O., Robert, S., Crespin, L., Orivel, J., Facon, B., et al. 2013. Thermotolerance adaptation to human‐
modified habitats occurs in the native range of the invasive ant Wasmannia auropunctata before long‐distance 
dispersal. Evolutionary Applications, 6(4), 721−734.  

Fox, J., & Weisberg, S. 2011. CAR: An R Companion to Applied Regression. https://CRAN.R-project.org/package=car  

Fraimout, A., Debat, V., Fellous, S., Hufbauer, R. A., Foucaud, J., Pudlo, P., et al. 2017. Deciphering the routes of 
invasion of Drosophila suzukii by means of ABC random forest. Molecular Biology and Evolution, 34(4), 
980−996. 

Franckowiak, R. P., Panasci, M., Jarvis, K. J., Acuña-Rodriguez, I. S., Landguth, E. L., Fortin, M. J., et al. 2017. Model 
selection with multiple regression on distance matrices leads to incorrect inferences. PLoS One, 12(4), 
e0175194. 

Frankham, R. 2005. Resolving the genetic paradox in invasive species. Heredity, 94(4), 385-385. 



Références      

  

	

	

208 
	

Freed, T. Z., & Leisnham, P. T. 2014. Roles of spatial partitioning, competition, and predation in the North American 
invasion of an exotic mosquito. Oecologia, 175(2), 601−611. 

Frichot, E., & François, O. 2015. LEA: an R package for landscape and ecological association studies. Methods in 
Ecology and Evolution, 6(8), 925–929. http://membres-timc.imag.fr/Olivier.Francois/lea.html  

Frichot, E., Mathieu, F., Trouillon, T., Bouchard, G., & François, O. 2014. Fast and efficient estimation of individual 
ancestry coefficients. Genetics, 196(4), 973–983. 

Frichot, E., Schoville, S. D., Bouchard, G., & François, O. 2013. Testing for associations between loci and 
environmental gradients using latent factor mixed models. Molecular Biology and Evolution, 30(7), 1687−1699. 

Fridley, B. L., & Biernacka, J. M. 2011. Gene set analysis of SNP data: benefits, challenges, and future directions. 
European Journal of Human Genetics, 19(8), 837−843. 

Friedman, J. H. 1991. Multivariate adaptive regression splines. The Annals of Statistics, 19(1), 1–67. 

Fu, Y. X. 1997. Statistical tests of neutrality of mutations against population growth, hitchhiking and background 
selection. Genetics, 147(2), 915−925. 

Fu, Y. X., & Li, W. H. 1993. Statistical tests of neutrality of mutations. Genetics, 133(3), 693−709. 

Fuentes-Pardo, A. P., & Ruzzante, D. E. 2017. Whole-genome sequencing approaches for conservation biology: 
Advantages, limitations and practical recommendations. Molecular Ecology, 26(20), 5369–5406. 

G 
Ganushkina, L. A., Tanygina, E., Bezzhonova, O. V., & Sergiev, V. P. 2012. Detection of Aedes (Stegomyia) albopictus 

Skuse. mosquitoes in the Russian Federation. Meditsinskaia Parazitologiia i Parazitarnye Bolezni, 1, 3−4. 

Garba, L., Shukuri Mo, M., Nurbaya Os, S., & Noor Zalih, R. 2017. Review on fatty acid desaturases and their roles in 
temperature acclimatisation. Journal of Applied Sciences, 17, 282–295.  

García-Ramos, G., & Rodríguez, D. 2002. Evolutionary speed of species invasions. Evolution, 56(4), 661−669. 

Garza, J. C., & Williamson, E. G. 2001. Detection of reduction in population size using data from microsatellite loci. 
Molecular Ecology, 10(2), 305−318. 

Gatt, P., Deeming, J. C., & Schaffner, F. 2009. First record of Aedes (Stegomyia) albopictus (Skuse) (Diptera: 
Culicidae) in Malta. European Mosquito Bulletin, 27, 56−64. 

Gatt, P., Schaffner, F., & Cassar, L. F. 2010. Aedes (Stegomyia) albopictus (Skuse) (Diptera: Culicidae) in Malta–the 
first winter. European Mosquito Bulletin, 28, 225−229. 

Geller, J. B., Carlton, J. T., & Powers, D. A. 1993. Interspecific and intrapopulation variation in mitochondrial 
ribosomal DNA sequences of Mytilus spp.(Bivalvia: Mollusca). Molecular Marine Biology and Biotechnology, 
2(1), 44−50. 

Geng, Y. P., Pan, X. Y., Xu, C. Y., Zhang, W. J., Li, B., Chen, J. K., et al. 2007. Phenotypic plasticity rather than 
locally adapted ecotypes allows the invasive alligator weed to colonize a wide range of habitats. Biological 
Invasions, 9(3), 245−256.  

Genton, B. J., Shykoff, J. A., & Giraud, T. 2005. High genetic diversity in French invasive populations of common 
ragweed, Ambrosia artemisiifolia, as a result of multiple sources of introduction. Molecular Ecology, 14(14), 
4275−4285. 

Giatropoulos, A. K., Michaelakis, A. N., Koliopoulos, G. T., & Pontikakos, C. M. 2012. Records of Aedes albopictus 
and Aedes cretinus (Diptera: Culicidae) in Greece from 2009 to 2011. Hellenic Plant Protection Journal, 5(2), 
49−56. 

Gilbert, M., Grégoire, J. C., Freise, J. F., & Heitland, W. 2004. Long‐distance dispersal and human population density 
allow the prediction of invasive patterns in the horse chestnut leafminer Cameraria ohridella. Journal of Animal 
Ecology, 73(3), 459−468. 

Gillis, N. K., Walters, L. J., Fernandes, F. C., & Hoffman, E. A. 2009. Higher genetic diversity in introduced than in 
native populations of the mussel Mytella charruana: evidence of population admixture at introduction sites. 
Diversity and Distributions, 15(5), 784−795. 

Gilotra, S. K., Rozeboom, L. E., & Bhattacharya, N. C. 1967. Observations on possible competitive displacement 
between populations of Aedes aegypti Linnaeus and Aedes albopictus Skuse in Calcutta. Bulletin of the World 
Health Organization, 37(3), 437. 

Girod, C., Vitalis, R., Leblois, R., & Fréville, H. 2011. Inferring population decline and expansion from microsatellite 
data: a simulation-based evaluation of the Msvar method. Genetics, 188(1), 165−179. 

Gjenero-Margan, I., Aleraj, B., Krajcar, D., Lesnikar, V., Klobučar, A., Pem-Novosel., I, et al. 2011. Autochthonous 
dengue fever in Croatia, August-September 2010. Eurosurveillance, 16(9), 19805. 



	

		

	

	

209 
	

Gkouvitsas, T., Kontogiannatos, D., & Kourti, A. 2009. Cognate Hsp70 gene is induced during deep larval diapause in 
the moth Sesamia nonagrioides. Insect Molecular Biology, 18(2), 253–264. 

Glémin, S. 2003. How are deleterious mutations purged? Drift versus nonrandom mating. Evolution, 57(12), 
2678−2687. 

Glennon, K. L., Ritchie, M. E., & Segraves, K. A. 2014. Evidence for shared broad‐scale climatic niches of diploid and 
polyploid plants. Ecology Letters, 17(5), 574–582. 

Golani, D., Azzurro, E., Corsini-Foka, M., Falautano, M., Andaloro, F., & Bernardi, G. 2007. Genetic bottlenecks and 
successful biological invasions: the case of a recent Lessepsian migrant. Biology Letters, 3(5), 541−545. 

Goodnight, C. J. 1987. On the effect of founder events on epistatic genetic variance. Evolution, 41(1), 80−91. 

Goodnight, C. J. 1988. Epistasis and the effect of founder events on the additive genetic variance. Evolution, 42(3), 
441−454. 

Goslee, S. C., & Urban, D. L. 2007. The ECODIST package for dissimilarity-based analysis of ecological data. Journal 
of Statistical Software, 22(7), 1–19. 

Goslee, S., Urban, D., & Goslee, M. S. 2017. Package ECODIST. https://CRAN.R-project.org/package=ecodist  

Gotelli, N. J. 1991. Metapopulation models: the rescue effect, the propagule rain, and the core-satellite hypothesis. The 
American Naturalist, 138(3), 768−776. 

Gotzek, D., Axen, H. J., Suarez, A. V., Helms Cahan, S., & Shoemaker, D. 2015. Global invasion history of the tropical 
fire ant: a stowaway on the first global trade routes. Molecular Ecology, 24(2), 374−388. 

Goubert, C., Henri, H., Minard, G., Valiente Moro, C., Mavingui, P., Vieira, C., & Boulesteix, M. 2017. High‐
throughput sequencing of transposable element insertions suggests adaptive evolution of the invasive Asian tiger 
mosquito towards temperate environments. Molecular Ecology, 26(15), 3968−3981. 

Goubert, C., Minard, G., Vieira, C., & Boulesteix, M. 2016. Population genetics of the Asian tiger mosquito Aedes 

albopictus, an invasive vector of human diseases. Heredity, 117(3), 125. 

Goudet, J. 2005. HIERFSTAT, a package for R to compute and test hierarchical F-statistics. Molecular Ecology 
Ressources, 5(1), 184–186. 

Grandadam, M., Caro, V., Plumet, S., Thiberge, J.-M., Souarès, Y., Failloux, A. B., et al. 2011. Chikungunya virus, 
southeastern France. Emerging Infectious Disease, 17(5), 910–913. 

Gratz, N. G. 2004. Critical review of the vector status of Aedes albopictus. Medical and Veterinary Entomology, 18(3), 
215−227. 

Griffiths, R. W., Schloesser, D. W., Leach, J. H., & Kovalak, W. P. 1991. Distribution and dispersal of the zebra mussel 
(Dreissena polymorpha) in the Great Lakes region. Canadian Journal of Fisheries and Aquatic Sciences, 48(8), 
1381−1388. 

Grist, N. R. 1993. Aedes albopictus: the tyre-travelling tiger. Journal of Infection, 27(1), 1−4. 

Gubler, D. J., & Bhattacharya, N. C. 1971. Observations on the reproductive history of Aedes (Stegomyia) albopictus in 
the laboratory. Mosquito News, 31, 356−359. 

Guillaumot, L., Ofanoa, R., Swillen, L., Singh, N., Bossin, H. C., & Schaffner, F. 2012. Distribution of Aedes 

albopictus (Diptera, Culicidae) in southwestern Pacific countries, with a first report from the Kingdom of Tonga. 
Parasites & Vectors, 5(1), 247. 

Guillemaud, T., Beaumont, M. A., Ciosi, M., Cornuet, J. M., & Estoup, A. 2010. Inferring introduction routes of 
invasive species using approximate Bayesian computation on microsatellite data. Heredity, 104(1), 88. 

Guillemaud, T., Blin, A., Le Goff, I., Desneux, N., Reyes, M., Tabone, E., et al. 2015. The tomato borer, Tuta absoluta, 
invading the Mediterranean Basin, originates from a single introduction from Central Chile. Scientific Reports, 
5, 8371. 

Guiller, A., Martin, M. C., Hiraux, C., & Madec, L. 2012. Tracing the invasion of the mediterranean land snail Cornu 

aspersum aspersum becoming an agricultural and garden pest in areas recently introduced. PLoS One, 7(12), 
e49674. 

Guillot, G., Mortier, F., & Estoup, A. 2005. GENELAND: a computer package for landscape genetics. Molecular 
Ecology Notes, 5(3), 712−715. 

Guisan, A., & Thuiller, W. 2005. Predicting species distribution: offering more than simple habitat models. Ecology 
Letters, 8(9), 993–1009. 

Guisan, A., Petitpierre, B., Broennimann, O., Daehler, C., & Kueffer, C. 2014. Unifying niche shift studies: insights 
from biological invasions. Trends in Ecology & Evolution, 29(5), 260−269. 

Guo, Y., Song, Z., Luo, L., Wang, Q., Zhou, G., Yang, D., et al. 2018. Molecular evidence for new sympatric cryptic 
species of Aedes albopictus (Diptera: Culicidae) in China: A new threat from Aedes albopictus subgroup? 
Parasites & Vectors, 11(1), 228. 



Références      

  

	

	

210 
	

Gupta, S., & Preet, S. 2014. Genetic differentiation of invasive Aedes albopictus by RAPD-PCR: implications for 
effective vector control. Parasitology research, 113(6), 2137−2142. 

Gutenkunst, R., Hernandez, R., Williamson, S., & Bustamante, C. 2010. Diffusion approximations for demographic 
inference: DaDi. Nature Precedings, 5, 1–1. 

H 
Haddad, N., Harbach, R. E., Chamat, S., & Bouharoun-Tayoun, H. 2007. Presence of Aedes albopictus in Lebanon and 

Syria. Journal of the American Mosquito Control Association, 23(2), 226-229. 

Haffer, J., & Prance, G. T. 2001. Climatic forcing of evolution in Amazonia during the Cenozoic: on the refuge theory 
of biotic differentiation. Amazoniana, 16(3–4), 579–607. 

Hale, M. L., Burg, T. M., & Steeves, T. E. 2012. Sampling for microsatellite-based population genetic studies: 25 to 30 
individuals per population is enough to accurately estimate allele frequencies. PLoS One, 7(9), e45170. 

Hamilton, G., Currat, M., Ray, N., Heckel, G., Beaumont, M., & Excoffier, L. 2005. Bayesian estimation of recent 
migration rates after a spatial expansion. Genetics, 170(1), 409−417. 

Handley, L. J. L., Estoup, A., Evans, D. M., Thomas, C. E., Lombaert, E., Facon, B., et al. 2011. Ecological genetics of 
invasive alien species. BioControl, 56(4), 409−428. 

Hanson, S. M., & Craig Jr, G. B. 1994. Cold acclimation, diapause, and geographic origin affect cold hardiness in eggs 
of Aedes albopictus (Diptera: Culicidae). Journal of Medical Entomology, 31(2), 192−201. 

Hanson, S. M., & Craig Jr, G. B. 1995b. Aedes albopictus (Diptera: Culicidae) eggs: field survivorship during northern 
Indiana winters. Journal of Medical Entomology, 32(5), 599−604. 

Hanson, S. M., & Craig, J. G. 1995a. Relationship between cold hardiness and supercooling point in Aedes albopictus 
eggs. Journal of the American Mosquito Control Association, 11(1), 35−38. 

Harrison, B. A., Boonyakanist, P., & Mongkolpanya, K. 1972. Biological observations on Aedes seatoi Huang in 
Thailand with notes on rural Aedes aegypti (L.) and other Stegomyia populations. Journal of Medical 
Entomology, 9(1), 1−6. 

Harrisson, K. A., Amish, S. J., Pavlova, A., Narum, S. R., Telonis‐Scott, M., Rourke, M. L., et al. 2017. Signatures of 
polygenic adaptation associated with climate across the range of a threatened fish species with high genetic 
connectivity. Molecular Ecology, 26(22), 6253−6269. 

Hastie, T., & Tibshirani, R. 2004. Efficient quadratic regularization for expression arrays. Biostatistics, 5(3), 329–340. 

Hawley, D. M., Hanley, D., Dhondt, A. A., & Lovette, I. J. 2006. Molecular evidence for a founder effect in invasive 
house finch (Carpodacus mexicanus) populations experiencing an emergent disease epidemic. Molecular 
Ecology, 15(1), 263−275.  

Hawley, D. M., Sydenstricker, K. V., Kollias, G. V., & Dhondt, A. A. 2005. Genetic diversity predicts pathogen 
resistance and cell-mediated immunocompetence in house finches. Biology Letters, 1(3), 326−329.  

Hawley, W. A. 1988. The biology of Aedes albopictus. Journal of the American Mosquito Control Association, 1, 1−39. 

Hawley, W. A., Pumpuni, C. B., Brady, R. H., & Craig Jr, G. B. 1989. Overwintering survival of Aedes albopictus 
(Diptera: Culicidae) eggs in Indiana. Journal of Medical Entomology, 26(2), 122−129. 

Hazel, J. R. 1995. Thermal adaptation in biological membranes: is homeoviscous adaptation the explanation? Annual 
review of physiology, 57(1), 19−42.  

Hebert, P. D., Muncaster, B. W., & Mackie, G. L. 1989. Ecological and genetic studies on Dreissena polymorpha 
(Pallas): a new mollusc in the Great Lakes. Canadian Journal of Fisheries and Aquatic Sciences, 46(9), 
1587−1591. 

Heitmann, A., Jansen, S., Lühken, R., Leggewie, M., Badusche, M., Pluskota, B., et al. 2017. Experimental 
transmission of Zika virus by mosquitoes from central Europe. Eurosurveillance, 222. 

Heller, R., Chikhi, L., & Siegismund, H. R. 2013. The confounding effect of population structure on Bayesian skyline 
plot inferences of demographic history. PLoS One, 8(5), e62992. 

Henderson, S., Dawson, T. P., & Whittaker, R. J. 2006. Progress in invasive plants research. Progress in Physical 
Geography, 30(1), 25−46. 

Henry, A., Thongsripong, P., Fonseca-Gonzalez, I., Jaramillo-Ocampo, N., & Dujardin, J. P. 2010. Wing shape of 
dengue vectors from around the world. Infection, Genetics and Evolution. 10(2), 207–214. 

Hernández, M., Piña, M., Soto-Vivas, A., Rangel, M. A., & Liria, J. 2015. Primer registro de Aedes albopictus (Skuse, 
1894) (Diptera: Culicidae) en el Estado Carabobo, Venezuela. Salus, 19(1), 39−41. 

Herrera, S., Reyes-Herrera, P. H., & Shank, T. M. 2015. Predicting RAD-seq marker numbers across the eukaryotic tree 
of life. Genome Biology and Evolution, 7(12), 3207–3225. 



	

		

	

	

211 
	

Higa, Y., Yen, N. T., Kawada, H., Son, T. H., Hoa, N. T., & Takagi, M. 2010. Geographic distribution of Aedes aegypti 
and Aedes albopictus collected from used tires in Vietnam. Journal of the American Mosquito Control 
Association, 26(1), 1−10. 

Hijmans, R. J. 2017. GEOSPHERE: Spherical Trigonometry. https://CRAN.R-project.org/package=geosphere 

Hijmans, R. J. 2018. RASTER: Geographic Data Analysis and Modeling. https://CRAN.R-project.org/package=raster 

Hill, M. P., Gallardo, B., & Terblanche, J. S. 2017. A global assessment of climatic niche shifts and human influence in 
insect invasions.  Global Ecology and Biogeography, 26(6), 679–689.  

Hillis, D. M., Moritz, C., & Mable, B. K. 1996. Molecular systematics. Sunderland, MA, Sinauer Associates. 

Hoban, S., Kelley, J. L., Lotterhos, K. E., Antolin, M. F., Bradburd, G., Lowry, D. B. et al. 2016. Finding the genomic 
basis of local adaptation: pitfalls, practical solutions, and future directions. The American Naturalist, 188(4), 
379–397. 

Hobbs, J. H., & Hughes, E. A. 1991. Replacement of Aedes aegypti by Aedes albopictus in Mobile, Alabama. Journal of 
the American Mosquito Control Association, 7(3), 488−489. 

Hochachka, P. W., & Somero, G. N. 2002. Biochemical Adaptation: Mechanism and process in physiological evolution. 
Oxford University Press.  

Hofmeister, N. R., Werner, S. J., & Lovette, I. J. 2019. Environment but not geography explains genetic variation in the 
invasive and largely panmictic European starling in North America. BioRxiv, 643858. 

Holden, C. P., & Storey, K. B. 1994. Purification and characterization of aldolase from the cold hardy insect Epiblema 

scudderiana: enzyme role in glycerol biosynthesis. Insect Biochemestry and Molecular Biology, 24(3), 265–270. 

Holway, D. A., & Suarez, A. V. 1999. Animal behavior: an essential component of invasion biology. Trends in Ecology 
& Evolution, 14(8), 328–330. 

Honório, N. A., Silva, W. D. C., Leite, P. J., Gonçalves, J. M., Lounibos, L. P., & Lourenço-de-Oliveira, R. 2003. 
Dispersal of Aedes aegypti and Aedes albopictus (Diptera: Culicidae) in an urban endemic dengue area in the 
State of Rio de Janeiro, Brazil. Memórias do Instituto Oswaldo Cruz, 98(2), 191–198. 

Hopper, K. R., & Roush, R. T. 1993. Mate finding, dispersal, number released, and the success of biological control 
introductions. Ecological Entomology, 18(4), 321−331. 

Hornby, J. A., & Opp, W. R. 1994. Aedes albopictus distribution, abundance and colonization in Collier County, 
Florida and its effect on Aedes aegypti. Journal of the Florida Mosquito Control Association, 65, 28−34. 

Hou, Y., Nowak, M. D., Mirré, V., Bjorå, C. S., Brochmann, C., & Popp, M. 2015. Thousands of RAD-seq loci fully 
resolve the phylogeny of the highly disjunct arctic-alpine genus Diapensia (Diapensiaceae). PLoS One, 10(10), 
1–15. 

Huang, X., Poelchau, M. F., & Armbruster, P. A. 2015. Global transcriptional dynamics of diapause induction in non-
blood-fed and blood-fed Aedes albopictus. PLoS Neglected Tropical Diseases, 9(4), e0003724. 

Huang, Y. M. 1968. Neotype designation for Aedes (Stegomyia) albopictus (Skuse) (Diptera: Culicidae). Smithsonian 
Institution Washington DC. 

Huey, R. B., Gilchrist, G. W., & Hendry, A. P. 2005. Using invasive species to study evolution. In Species invasions: 

Insights to ecology, evolution and biogeography. Sax, D. F., Stachowicz, J. J., & Gaines, S. D. (Eds.). pp. 139–
164. Sinauer Associates, Inc. Sunderland, MA, USA.	

Huey, R. B., Gilchrist, G. W., & Hendry, A. P. 2005. Using invasive species to study evolution. Species invasions: 
Insights to Ecology, Evolution and Biogeography, 139−164. 

Hufbauer, R. A. 2008. Biological invasions: paradox lost and paradise gained. Current Biology, 18(6), 246−247. 

Hufbauer, R. A. 2017. Admixture is a driver rather than a passenger in experimental invasions. Journal of Animal 
Ecology, 86(1), 4–6. 

Hufbauer, R. A., Facon, B., Ravigne, V., Turgeon, J., Foucaud, J., Lee, C. E., et al. 2012. Anthropogenically induced 
adaptation to invade (AIAI): contemporary adaptation to human‐altered habitats within the native range can 
promote invasions. Evolutionary Applications, 5(1), 89−101. 

Hufbauer, R. A., Rutschmann, A., Serrate, B., Vermeil de Conchard, H., & Facon, B. 2013. Role of propagule pressure 
in colonization success: disentangling the relative importance of demographic, genetic and habitat effects. 
Journal of Evolutionary Biology, 26(8), 1691−1699. 

Hughes, C. L., Dytham, C., & Hill, J. K. 2007. Modelling and analysing evolution of dispersal in populations at 
expanding range boundaries. Ecological Entomology, 32(5), 437−445. 

Hulme, P. E. 2009. Trade, transport and trouble: managing invasive species pathways in an era of globalization. Journal 
of Applied Ecology, 46(1), 10–18. 

Hulme, P. E., Bacher, S., Kenis, M., Klotz, S., Kühn, I., Minchin, D., et al. 2008. Grasping at the routes of biological 
invasions: a framework for integrating pathways into policy. Journal of Applied Ecology, 45(2), 403−414. 



Références      

  

	

	

212 
	

Hurst, G. D., & Jiggins, F. M. 2005. Problems with mitochondrial DNA as a marker in population, phylogeographic and 
phylogenetic studies: the effects of inherited symbionts. Proceedings of the Royal Society B: Biological 
Sciences, 272(1572), 1525−1534. 

Husband, B. C., & Barrett, S. C. 1993. Multiple origins of self‐fertilization in tristylous Eichhornia paniculata 
(Pontederiaceae): inferences from style morph and isozyme variation. Journal of Evolutionary Biology, 6(4), 
591−608. 

I 
Ibáñez-Bernal, S., & Martínez-Campos, C. 1994. Aedes albopictus in Mexico. Journal of the American Mosquito 

Control Association, 10(2), 231−232. 

Imai, C., & Maeda, O. 1976. Several factors effecting on hatching of Aedes albopictus eggs. Japanese Journal of 
Sanitary Zoology, 27(4), 363−372. 

Imhoff, M. L., Bounoua, L., Ricketts, T., Loucks, C., Harriss, R., & Lawrence, W. T. 2004. HANPP Collection: Global 
Patterns in Net Primary Productivity (NPP). Palisades, NY: NASA Socioeconomic Data and Applications Center 
(SEDAC). 

Ismail, N. A., Dom, N. C., Ismail, R., Ahmad, A. H., Zaki, A., & Camalxaman, S. N. 2015. Mitochondrial cytochrome 
oxidase I gene sequence analysis of Aedes albopictus in Malaysia. Journal of the American Mosquito Control 
Association, 31(4), 305−313. 

Izri, A., Bitam, I., & Charrel, R. N. 2011. First entomological documentation of Aedes (Stegomyia) albopictus (Skuse, 
1894) in Algeria. Clinical Microbiology and Infection, 17(7), 1116−1118. 

J 
Jasper, M., Schmidt, T. L., Ahmad, N. W., Sinkins, S. P., & Hoffmann, A. A. 2019. A genomic approach to inferring 

kinship reveals limited intergenerational dispersal in the yellow fever mosquito. Molecular ecology resources, In 
press. 

Jeffries, D. L., Copp, G. H., Lawson Handley, L., Olsén, K. H., Sayer, C. D., & Hänfling, B. 2016. Comparing RAD 
seq and microsatellites to infer complex phylogeographic patterns, an empirical perspective in the Crucian carp, 
Carassius carassius, L. Molecular Ecology, 25(13), 2997–3018. 

Jeschke, J. M., & Strayer, D. L. 2005. Invasion success of vertebrates in Europe and North America. Proceedings of the 
National Academy of Sciences, 102(20), 7198−7202. 

Jeschke, J. M., & Strayer, D. L. 2006. Determinants of vertebrate invasion success in Europe and North America. 
Global Change Biology, 12(9), 1608−1619. 

Jiménez-Valverde, A., Peterson, A. T., Soberón, J., Overton, J. M., Aragón, P., & Lobo, J. M. 2011. Use of niche 
models in invasive species risk assessments. Biological Invasions, 13(12), 2785–2797. 

Johnson, M. L., & Gaines, M. S. 1990. Evolution of dispersal: theoretical models and empirical tests using birds and 
mammals. Annual Review of Ecology and Systematics, 21(1), 449–480. 

Jombart T (2008). ADEGENET: a R package for the multivariate analysis of genetic markers. Bioinformatics, 24(11), 
1403–1405.	https://CRAN.R-project.org/package=adegenet  

Jombart, T., Devillard, S., & Balloux, F. 2010. Discriminant analysis of principal components: a new method for the 
analysis of genetically structured populations. BMC Genetics, 11(1), 94. 

Jones, C. J., Edwards, K. J., Castaglione, S., Winfield, M. O., Sala, F., Van de Wiel, C., et al. 1997. Reproducibility 
testing of RAPD, AFLP and SSR markers in plants by a network of European laboratories. Molecular breeding, 
3(5), 381−390. 

Joshi, D. S. 1996. Effect of fluctuating and constant temperatures on development, adult longevity and fecundity in the 
mosquito Aedes krombeini. Journal of Thermal Biology, 21(3), 151−154. 

Joshi, J., & Vrieling, K. 2005. The enemy release and EICA hypothesis revisited: incorporating the fundamental 
difference between specialist and generalist herbivores. Ecology Letters, 8(7), 704−714. 

Juliano, S. A. 2010. Coexistence, exclusion, or neutrality? A meta-analysis of competition between Aedes albopictus 
and resident mosquitoes. Israel Journal of Ecology and Evolution, 56(3−4), 325−351. 

Juliano, S. A., & Philip Lounibos, L. 2005. Ecology of invasive mosquitoes: effects on resident species and on human 
health. Ecology letters, 8(5), 558−574. 

Juliano, S. A., Lounibos, L. P., & O’Meara, G. F. 2004. A field test for competitive effects of Aedes albopictus on A. 

aegypti in South Florida: differences between sites of coexistence and exclusion? Oecologia, 139(4), 583−593. 



	

		

	

	

213 
	

K 
Kalan, K., Ivović, V., Glasnović, P., & Buzan, E. 2017. Presence and potential distribution of Aedes albopictus and 

Aedes japonicus japonicus (Diptera: Culicidae) in Slovenia. Journal of Medical Entomology, 54(6), 1510−1518. 

Kalan, K., Merdic, E., & Trilar, T. 2011. A survey of Aedes albopictus (Diptera: Culicidae) distribution in Slovenia in 
2007 and 2010. Natura Sloveniae, 13(1), 39–50. 

Kambhampati, S., Black IV, W. C., & Rai, K. S. 1991. Geographic origin of the US and Brazilian Aedes albopictus 
inferred from allozyme analysis. Heredity, 67(1), 85. 

Kambhampati, S., Black, W. C., Rai, K. S., & Sprenger, D. 1990. Temporal variation in genetic structure of a 
colonising species: Aedes albopictus in the United States. Heredity, 64(2), 281–287. 

Kamgang, B., Brengues, C., Fontenille, D., Njiokou, F., Simard, F., & Paupy, C. 2011. Genetic structure of the tiger 
mosquito, Aedes albopictus, in Cameroon (Central Africa). PLoS One, 6(5), e20257. 

Kamgang, B., Wilson-Bahun, T. A., Irving, H., Kusimo, M. O., Lenga, A., & Wondji, C. S. 2018. Geographical 
distribution of Aedes aegypti and Aedes albopictus (Diptera: Culicidae) and genetic diversity of invading 
population of Ae. albopictus in the Republic of the Congo. Wellcome Open Research, 3. 

Kampango, A., & Abílio, A. P. 2016. The Asian tiger hunts in Maputo city—the first confirmed report of Aedes 

(Stegomyia) albopictus (Skuse, 1895) in Mozambique. Parasites & Vectors, 9(1), 76. 

Kampen, H., Kronefeld, M., Zielke, D., & Werner, D. 2013. Further specimens of the Asian tiger mosquito Aedes 

albopictus (Diptera, Culicidae) trapped in southwest Germany. Parasitology research, 112(2), 905−907. 

Karger, D. N., Conrad, O., Böhner, J., Kawohl, T., Kreft, H., Soria-Auza, R. W. et al. 2017. Climatologies at high 
resolution for the earth’s land surface areas. Scientific Data, 4, 170122. 

Karney, C. F. 2013. Algorithms for geodesics. Journal of Geodesy, 87(1), 43–55. 

Kaufman, M. G., & Fonseca, D. M. 2014. Invasion biology of Aedes japonicus japonicus (Diptera: Culicidae). Annual 
Review of Entomology, 59, 31−49. 

Kaufman, S. R., & Smouse, P. E. 2001. Comparing indigenous and introduced populations of Melaleuca quinquenervia 
(Cav.) Blake: response of seedlings to water and pH levels. Oecologia, 127(4), 487−494. 

Kay, B. H., Fanning, I. D., Marks, E. N., Ives, W. A., Whelan, P. I., & Barker‐Hudson, P. 1990. Is Aedes albopictus in 
Australia? Medical Journal of Australia, 153(1), 31−34. 

Kay, B. H., Prakash, G., & Andre, R. G. 1995. Aedes albopictus and other Aedes (Stegomyia) species in Fiji. Journal of 
the American Mosquito Control Association, 11, 230−234. 

Keane, R. M., & Crawley, M. J. 2002. Exotic plant invasions and the enemy release hypothesis. Trends in Ecology & 
Evolution, 17(4), 164−170. 

Keller, S. R., & Taylor, D. R. 2008. History, chance and adaptation during biological invasion: separating stochastic 
phenotypic evolution from response to selection. Ecology Letters, 11(8), 852−866. 

Keller, S. R., Levsen, N., Olson, M. S., & Tiffin, P. 2012. Local adaptation in the flowering-time gene network of 
balsam poplar, Populus balsamifera L. Molecular Biology and Evolution, 29(10), 3143−3152. 

Kesavaraju, B., & Juliano, S. A. 2004. Differential behavioral responses to water-borne cues to predation in two 
container-dwelling mosquitoes. Annals of the Entomological Society of America, 97(1), 194−201. 

Kesavaraju, B., Damal, K., & Juliano, S. A. 2008. Do natural container habitats impede invader dominance? Predator-
mediated coexistence of invasive and native container-dwelling mosquitoes. Oecologia, 155(3), 631−639. 

Kesavaraju, B., Leisnham, P. T., Keane, S., Delisi, N., & Pozatti, R. 2014. Interspecific competition between Aedes 

albopictus and A. sierrensis: potential for competitive displacement in the Western United States. PLoS One, 
9(2), e89698. 

Kesavaraju, B., Yee, D. A., & Juliano, S. A. 2007. Interspecific and intraspecific differences in foraging preferences of 
container-dwelling mosquitoes. Journal of Medical Entomology, 44(2), 215−221. 

Khan, H. A. A., Akram, W., Shehzad, K., & Shaalan, E. A. 2011. First report of field evolved resistance to 
agrochemicals in dengue mosquito, Aedes albopictus (Diptera: Culicidae), from Pakistan. Parasites & Vectors, 
4(1), 146. 

Kirkpatrick, M., & Jarne, P. 2000. The effects of a bottleneck on inbreeding depression and the genetic load. The 
American Naturalist, 155(2), 154−167. 

Klingenberg, C. P. 2010. Evolution and development of shape: integrating quantitative approaches. Nature Reviews 
Genetics, 11(9), 623–635. 

Klobučar, A., Merdić, E., Benić, N., Baklaić, Z., & Krcmar, S. A. 2006. First record of Aedes albopictus in Croatia. 
Journal of the American Mosquito Control Association, 22(1), 147−149. 

Klopfstein, S., Currat, M., & Excoffier, L. 2005. The fate of mutations surfing on the wave of a range expansion. 
Molecular Biology and Evolution, 23(3), 482−490. 



Références      

  

	

	

214 
	

Knopp, T., Cano, J. M., Crochet, P. A., & Merilä, J. 2007. Contrasting levels of variation in neutral and quantitative 
genetic loci on island populations of moor frogs (Rana arvalis). Conservation Genetics, 8(1), 45−56. 

Knudsen, A. B., Romi, R., & Majori, G. 1996. Occurrence and spread in Italy of Aedes albopictus, with implications for 
its introduction into other parts of Europe. Journal of the American Mosquito Control Association, 12, 177−183. 

Kobayashi, M., Nihei, N., & Kurihara, T. 2002. Analysis of northern distribution of Aedes albopictus (Diptera: 
Culicidae) in Japan by geographical information system. Journal of Medical Entomology, 39(1), 4−11. 

Koch, L. K., Cunze, S., Werblow, A., Kochmann, J., Dörge, D. D., Mehlhorn, H., & Klimpel, S. 2016. Modeling the 
habitat suitability for the arbovirus vector Aedes albopictus (Diptera: Culicidae) in Germany. Parasitology 
Research, 115(3), 957−964. 

Koehler-Santos, P., Lorenz-Lemke, A. P., Muschner, V. C., Bonatto, S. L., Salzano, F. M., & Freitas, L. B. 2006. 
Molecular genetic variation in Passiflora alata (Passifloraceae), an invasive species in southern Brazil. 
Biological Journal of the Linnean Society, 88(4), 611−630. 

Koizumi, I., Usio, N., Kawai, T., Azuma, N., & Masuda, R. 2012. Loss of genetic diversity means loss of geological 
information: the endangered Japanese crayfish exhibits remarkable historical footprints. PLoS One, 7(3), 
e33986.  

Kokko, H., & López-Sepulcre, A. 2006. From individual dispersal to species ranges: perspectives for a changing world. 
Science, 313(5788), 789−791. 

Kolar, C. S., & Lodge, D. M. 2001. Progress in invasion biology: predicting invaders. Trends in Ecology & Evolution, 
16(4), 199−204. 

Kolbe, J. J., Glor, R. E., Schettino, L. R., Lara, A. C., Larson, A., & Losos, J. B. 2004. Genetic variation increases 
during biological invasion by a Cuban lizard. Nature, 431(7005), 177. 

Koštál, V., Berková, P., & Šimek, P. 2003. Remodelling of membrane phospholipids during transition to diapause and 
cold-acclimation in the larvae of Chymomyza costata (Drosophilidae). Comparative Biochemistry and 
Physiology Part B: Biochemistry and Molecular Biology, 135(3), 407−419. 

Koštál, V., Doležal, P., Rozsypal, J., Moravcová, M., Zahradníčková, H., & Šimek, P. 2011. Physiological and 
biochemical analysis of overwintering and cold tolerance in two Central European populations of the spruce bark 
beetle, Ips typographus. Journal of insect physiology, 57(8), 1136−1146.  

Koštál, V., Štětina, T., Poupardin, R., Korbelová, J., & Bruce, A. W. 2017. Conceptual framework of the eco-
physiological phases of insect diapause development justified by transcriptomic profiling. Proceedings of the 
National Academy of Sciences, 114(32), 8532−8537.  

Kotsakiozi, P., Richardson, J. B., Pichler, V., Favia, G., Martins, A. J., Urbanelli, S., et al. 2017. Population genomics 
of the Asian tiger mosquito, Aedes albopictus: insights into the recent worldwide invasion. Ecology and 
Evolution, 7(23), 10143−10157. 

Kraemer, M. U., Reiner, R. C., Brady, O. J., Messina, J. P., Gilbert, M., Pigott, D. M., et al. 2019. Past and future 
spread of the arbovirus vectors Aedes aegypti and Aedes albopictus. Nature Microbiology, 4(5), 854. 

Kraemer, M. U., Sinka, M. E., Duda, K. A., Mylne, A. Q., Shearer, F. M., Barker, C. M., et al. 2015. The global 
distribution of the arbovirus vectors Aedes aegypti and Ae. albopictus. elife, 4, e08347. 

Kreß, A., Kuch, U., Oehlmann, J., & Müller, R. 2016. Effects of diapause and cold acclimation on egg ultrastructure: 
new insights into the cold hardiness mechanisms of the Asian tiger mosquito Aedes (Stegomyia) albopictus. 
Journal of Vector Ecology, 41(1), 142−150. 

Kreß, A., Oppold, A. M., Kuch, U., Oehlmann, J., & Müller, R. 2017. Cold tolerance of the Asian tiger mosquito Aedes 

albopictus and its response to epigenetic alterations. Journal of Insect Physiology, 99, 113−121. 

Krieger, M. J., & Ross, K. G. 2002. Identification of a major gene regulating complex social behavior. Science, 
295(5553), 328−332.  

Krueger, A., & Hagen, R. M. 2007. First record of Aedes albopictus in Gabon, Central Africa. Tropical Medicine & 
International Health, 12(9), 1105−1107. 

Kueffer, C. 2017. Plant invasions in the Anthropocene. Science, 358(6364), 724−725. 

Kueffer, C., Pyšek, P., & Richardson, D. M. 2013. Integrative invasion science: model systems, multi‐site studies, 
focused meta‐analysis and invasion syndromes. New Phytologist, 200(3), 615−633. 

Kuhlisch, C., Kampen, H., & Walther, D. 2018. The Asian tiger mosquito Aedes albopictus (Diptera: Culicidae) in 
Central Germany: Surveillance in its northernmost distribution area. Acta Tropica, 188, 78−85. 



	

		

	

	

215 
	

L 
La Ruche, G., Souarès, Y., Armengaud, A., Peloux-Petiot, F., Delaunay, P., Desprès, P., et al. 2010. First two 

autochthonous dengue virus infections in metropolitan France, September 2010. Eurosurveillance, 15(39), 
19676. 

Lacroix, R., Delatte, H., Hue, T., & Reiter, P. 2009. Dispersal and survival of male and female Aedes albopictus 
(Diptera: Culicidae) on Reunion Island. Journal of Medical Entomology, 46(5), 1117−1124. 

Lafri, I., Bitam, I., Beneldjouzi, A., & Benmahdi, M. H. 2014. An inventory of mosquitoes (Diptera: Culicidae) in 
Algeria. Bulletin de la Société Zoologique de France, 139(1−4), 255−261. 

Laille, M., Fauran, P., & Rodhain, F. 1990. Note sur la présence d'Aedes (Stegomyia) albopictus dans les îles Fidji. 
Bulletin de la Société de Pathologie Exotique, 83(3), 394−398. 

Laird, M., Calder, L., Thornton, R. C., Syme, R., Holder, P. W., & Mogi, M. 1994. Japanese Aedes albopictus among 
four mosquito species reaching New Zealand in used tires. Journal of the American Mosquito Control 
Association-Mosquito News, 10(1), 14−23. 

Lancaster, L. T., Dudaniec, R. Y., Hansson, B., & Svensson, E. I. 2015. Latitudinal shift in thermal niche breadth 
results from thermal release during a climate‐mediated range expansion. Journal of Biogeography, 42(10), 
1953−1963. 

Lande, R. 2015. Evolution of phenotypic plasticity in colonizing species. Molecular Ecology, 24(9), 2038−2045. 

Lavergne, S., & Molofsky, J. 2007. Increased genetic variation and evolutionary potential drive the success of an 
invasive grass. Proceedings of the National Academy of Sciences, 104(10), 3883−3888. 

Le Maitre, A., & Chadee, D. D. 1983. Arthropods collected from aircraft at Piarco International Airport, Trinidad, West 
Indies. Mosquito News, 43(1), 21−23. 

Lecis, R., Ferrando, A., Ruiz-Olmo, J., Manas, S., & Domingo-Roura, X. 2008. Population genetic structure and 
distribution of introduced American mink (Mustela vison) in Spain, based on microsatellite variation. 
Conservation Genetics, 9(5), 1149–1161. 

Lee, C. E. 2002. Evolutionary genetics of invasive species. Trends in Ecology & Evolution, 17(8), 386−391. 

Lee, C. E., & Gelembiuk, G. W. 2008. Evolutionary origins of invasive populations. Evolutionary Applications, 1(3), 
427–448. 

Lee, C. E., & Petersen, C. H. 2002. Genotype-by-environment interaction for salinity tolerance in the freshwater-
invading copepod Eurytemora affinis. Physiological and Biochemical Zoology, 75(4), 335−344. 

Lee, K. M., Kivelä, S. M., Ivanov, V., Hausmann, A., Kaila, L., Wahlberg, N., et al. 2018. Information dropout patterns 
in restriction site associated DNA phylogenomics and a comparison with multilocus sanger data in a species-rich 
moth genus. Systematic Biology, 67(6), 925–939. 

Legendre, P., & Legendre, L. F. 2012. Numerical ecology. Elsevier, 3rd edition. 

Lesieur, V., Lombaert, E., Guillemaud, T., Courtial, B., Strong, W., Roques, A., et al. 2019. The rapid spread of 
Leptoglossus occidentalis in Europe: A bridgehead invasion. Journal of Pest Science, 92(1), 189–200. 

Lesieur, V., Lombaert, E., Guillemaud, T., Courtial, B., Strong, W., Roques, A., & Auger-Rozenberg, M. A. 2019. The 
rapid spread of Leptoglossus occidentalis in Europe: A bridgehead invasion. Journal of Pest Science, 92(1), 
189−200.  

Leung, B., Drake, J. M., & Lodge, D. M. 2004. Predicting invasions: propagule pressure and the gravity of Allee 
effects. Ecology, 85(6), 1651−1660. 

Lewis, M. A., & Kareiva, P. 1993. Allee dynamics and the spread of invading organisms. Theoretical Population 
Biology, 43(2), 141−158. 

Li, H, Handsaker, B, Wysoker, A., Fennel, R., Ruan, J., Homer, N., et al. 2009. The sequence alignment/map format 
and SAMtools. Bioinformatics, 25(16), 2078–2079. 

Li, H., & Durbin, R. 2009. Fast and accurate short read alignment with Burrows–Wheeler transform. Bioinformatics, 
25(14), 1754–1760. 

Li, H., & Durbin, R. 2011. Inference of human population history from individual whole-genome sequences. Nature, 
475(7357), 493. 

Li, Y., Kamara, F., Zhou, G., Puthiyakunnon, S., Li, C., Liu, Y., et al. 2014. Urbanization increases Aedes albopictus 
larval habitats and accelerates mosquito development and survivorship. PLoS Neglected Tropical Diseases, 
8(11), e3301. 

Liebhold, A. M., Work, T. T., McCullough, D. G., & Cavey, J. F. 2006. Airline baggage as a pathway for alien insect 
species invading the United States. American Entomologist, 521), 48−54. 

Liew, C. C. F. C., & Curtis, C. F. 2004. Horizontal and vertical dispersal of dengue vector mosquitoes, Aedes aegypti 
and Aedes albopictus, in Singapore. Medical and veterinary Entomology, 18(4), 351−360. 



Références      

  

	

	

216 
	

Lima-Camara, T. N. D., Honório, N. A., & Lourenço-de-Oliveira, R. 2006. Freqüência e distribuição espacial de Aedes 

aegypti e Aedes albopictus (Diptera, Culicidae) no Rio de Janeiro, Brasil. Cadernos de Saude Publica, 22, 
2079−2084. 

Linthicum, K. J., Kramer, V. L., Madon, M. B., & Fujioka, K. 2003. Introduction and potential establishment of Aedes 

albopictus in California in 2001. Journal of the American Mosquito Control Association, 19(4), 301−308. 

Liotta, G., & Matranga, G. 2004. La Zanzara tigre è arrivata in Sicilia. Igiene Alimenti, Disinfestazione & Igiene 
Ambientale, 21(4), 49−50. 

Liu, X., & Fu, Y. X. 2015. Exploring population size changes using SNP frequency spectra. Nature Genetics, 47(5), 
555. 

Liu, Z. W., Zhang, Y. J., & Yang, Y. Z. 1985. Population-dynamics of Aedes (Stegomyia) albopictus (Skuse) under 
laboratory conditions. Acta Entomologica Sinica, 28(3), 274−280. 

Livdahl, T. P., & Willey, M. S. 1991. Prospects for an invasion: competition between Aedes albopictus and native 
Aedes triseriatus. Science, 253(5016), 189−191. 

Lloyd, M. W., Campbell, L., & Neel, M. C. 2013. The power to detect recent fragmentation events using genetic 
differentiation methods. PLoS One, 8(5), e63981. 

Lockwood, J. L., Cassey, P., & Blackburn, T. 2005. The role of propagule pressure in explaining species invasions. 
Trends in Ecology & Evolution, 20(5), 223−228. 

Lockwood, J. L., Hoopes, M. F., & Marchetti, M. P. 2013. Invasion ecology. John Wiley & Sons. 

Lombaert, E., Estoup, A., Facon, B., Joubard, B., Grégoire, J. C., Jannin, A., et al. 2014. Rapid increase in dispersal 
during range expansion in the invasive ladybird Harmonia axyridis. Journal of Evolutionary Biology, 27(3), 
508−517. 

Lombaert, E., Guillemaud, T., Cornuet, J. M., Malausa, T., Facon, B., & Estoup, A. 2010. Bridgehead effect in the 
worldwide invasion of the biocontrol harlequin ladybird. PLoS One, 5(3), e9743. 

Lombaert, E., Guillemaud, T., Thomas, C. E., Lawson Handley, L. J., Li, J., Wang, S., et al. 2011. Inferring the origin 
of populations introduced from a genetically structured native range by approximate Bayesian computation: case 
study of the invasive ladybird Harmonia axyridis. Molecular Ecology, 20(22), 4654−4670. 

Lorenz, C., Almeida, F., Almeida-Lopes, F., Louise, C., Pereira, S. N., Petersen, V., et al. 2017. Geometric 
morphometrics in mosquitoes: What has been measured? Infection, Genetics and Evolution, 54, 205–215. 

Lotterhos, K. E., & Whitlock, M. C. 2015. The relative power of genome scans to detect local adaptation depends on 
sampling design and statistical method. Molecular Ecology, 24(5), 1031−1046. 

Lounibos, L. P., Escher, R. L., &Nishimura, N. 2011. Retention and adaptiveness of photoperiodic egg diapause in 
Florida populations of invasive Aedes albopictus. Journal of the American Mosquito Control Association, 27(4), 
433–436. 

Lounibos, L. P., O'meara, G. F., Escher, R. L., Nishimura, N., Cutwa, M., Nelson, T., et al. 2001. Testing predictions of 
displacement of native Aedes by the invasive Asian tiger mosquito Aedes albopictus in Florida, USA. Biological 
Invasions, 3(2), 151−166. 

Lounibos, L. P., O'meara, G. F., Nishimura, N., & Escher, R. L. 2003. Interactions with native mosquito larvae regulate 
the production of Aedes albopictus from bromeliads in Florida. Ecological Entomology, 28(5), 551−558. 

Lucientes-Curdi, J., Molina-Moreno, R., Amela-Heras, C., Simon-Soria, F., Santos-Sanz, S., Sánchez-Gómez, A., et al. 
2014. Dispersion of Aedes albopictus in the Spanish Mediterranean area. The European Journal of Public Health, 
24(4), 637−640.  

Lugo, E. D. C., Moreno, G., Zachariah, M. A., López, M. M., López, J. D., Delgado, M. A., et al. 2005. Identification of 
Aedes albopictus in urban Nicaragua. Journal of the American Mosquito Control Association, 21(3), 325−328. 

Luikart, G., & Cornuet, J. M. 1998. Empirical evaluation of a test for identifying recently bottlenecked populations 
from allele frequency data. Conservation Biology, 12(1), 228–237. 

Luikart, G., Allendorf, F. W., Cornuet, J. M., & Sherwin, W. B. 1998. Distortion of allele frequency distributions 
provides a test for recent population bottlenecks. Journal of Heredity, 89(3), 238−247. 

Luo, L. J., Li, Z. K., Mei, H. W., Shu, Q. Y., Tabien, R., Zhong, D. B., et al. 2001. Overdominant epistatic loci are the 
primary genetic basis of inbreeding depression and heterosis in rice. II. Grain yield components. Genetics, 
158(4), 1755−1771. 

Luu, K., Bazin, E., & Blum, M. G. B. (2017). PCADAPT: an R package to perform genome scans for selection based 
on principal component analysis. Molecular Ecology Resources, 17(1), 67–77. 

Luu, K., Blum, M. G. B., & Privé, F. 2018. PCADAPT: Fast Principal Component Analysis for Outlier Detection. 
https://CRAN.R-project.org/package=pcadapt 

Lynch, M., & Walsh, B. 1998. Genetics and analysis of quantitative traits. Sunderland, MA, Sinauer. 



	

		

	

	

217 
	

M 
Maciel-de-Freitas, R., & Lourenço-de-Oliveira, R. 2009. Presumed unconstrained dispersal of Aedes aegypti in the city 

of Rio de Janeiro, Brazil. Revista de Saude Publica, 43, 8–12. 

Maciel-de-Freitas, R., Codeco, C. T., & Lourenço-de-Oliveira, R. 2007. Body size-associated survival and dispersal 
rates of Aedes aegypti in Rio de Janeiro. Medical and Veterinary Entomology, 21(3), 284–292. 

Maciel-de-Freitas, R., Eiras, Á. E., & Lourenço-de-Oliveira, R. 2006. Field evaluation of effectiveness of the BG-
Sentinel, a new trap for capturing adult Aedes aegypti (Diptera: Culicidae). Memórias do Instituto Oswaldo 
Cruz, 101(3), 321–325. 

Mack, R. N. 2003. Phylogenetic constraint, absent life forms, and preadapted alien plants: a prescription for biological 
invasions. International Journal of Plant Sciences, 164(3), 185−196. 

Mack, R. N., & Lonsdale, W. M. 2001. Humans as global plant dispersers: getting more than we bargained for: current 
introductions of species for aesthetic purposes present the largest single challenge for predicting which plant 
immigrants will become future pests. BioScience, 51(2), 95−102. 

Madon, M. B., Mulla, M. S., Shaw, M. W., Kluh, S., & Hazelrigg, J. E. 2002. Introduction of Aedes albopictus (Skuse) 
in southern California and potential for its establishment. Journal of vector ecology: journal of the Society for 
Vector Ecology, 27(1), 149−154. 

Manel, S., & Holderegger, R. 2013. Ten years of landscape genetics. Trends in Ecology & Evolution, 28(10), 614–621. 

Manel, S., Berthoud, F., Bellemain, E., Gaudeul, M., Luikart, G., Swenson, J. E., et al. 2007. A new individual‐based 
spatial approach for identifying genetic discontinuities in natural populations. Molecular Ecology, 16(10), 
2031−2043. 

Manel, S., Schwartz, M. K., Luikart, G., & Taberlet, P. 2003. Landscape genetics: combining landscape ecology and 
population genetics. Trends in Ecology & Evolution, 18(4), 189−197. 

Manion, G., Lisk, M., Ferrier, S., Nieto-Lugilde, D., Mokany, K., & Fitzpatrick, M. C. 2017. GDM: Generalized 
Dissimilarity Modeling. https://CRAN.R-project.org/package=gdm 

Manni, M., Gomulski, L. M., Aketarawong, N., Tait, G., Scolari, F., Somboon, P., et al. 2015. Molecular markers for 
analyses of intraspecific genetic diversity in the Asian Tiger mosquito, Aedes albopictus. Parasites & Vectors, 
8(1), 188. 

Manni, M., Guglielmino, C. R., Scolari, F., Vega-Rúa, A., Failloux, A. B., Somboon, P., et al. 2017. Genetic evidence 
for a worldwide chaotic dispersion pattern of the arbovirus vector, Aedes albopictus. PLoS Neglected Tropical 
Diseases, 111), e0005332. 

Marín, R., del Carmen Marquetti, M., Álvarez, Y., Gutiérrez, J. M., & González, R. 2009. Especies de mosquitos 
(Diptera: Culicidae) y sus sitios de cría en la Región Huetar Atlántica, Costa Rica. Revista Biomédica, 20(1), 
15−23. 

Marini, F., Caputo, B., Pombi, M., Tarsitani, G., & Della Torre, A. 2010. Study of Aedes albopictus dispersal in Rome, 
Italy, using sticky traps in mark–release–recapture experiments. Medical and Veterinary Entomology, 24(4), 
361−368. 

Marmion, M., Parviainen, M., Luoto, M., Heikkinen, R.K. & Thuiller, W. 2009. Evaluation of consensus methods in 
predictive species distribution modelling. Diversity and Distributions, 15(1), 59–69. 

Marquetti Fernández, M. D., Jean, Y. S., Fuster Callaba, C. A., & Somarriba López, L. 2012. The first report of Aedes 
(Stegomyia) albopictus in Haiti. Memorias do Instituto Oswaldo Cruz, 107(2), 279−281. 

Martínez, M. C., & Estrada, J. L. T. 2003. First evidence of Aedes albopictus (Skuse) in southern Chiapas, Mexico. 
Emerging Infectious Diseases, 9(5), 606−607. 

Maruki, T., & Lynch, M. 2015. Genotype-frequency estimation from high-throughput sequencing data. Genetics, 
201(2), 473−486.  

Maruki, T., & Lynch, M. 2017. Genotype calling from population-genomic sequencing data. G3: Genes, Genomes, 
Genetics, 7(5), 1393−1404.  

Mastretta-Yanes, A., Arrigo, N., Alvarez, N., Jorgensen, T. H., Piñero, D., & Emerson, B. C. 2015. Restriction site-
associated DNA sequencing, genotyping error estimation and de novo assembly optimization for population 
genetic inference. Molecular Ecology Resources, 15(1), 28–41. 

Maynard, A. J., Ambrose, L., Cooper, R. D., Chow, W. K., Davis, J. B., Muzari, M. O., et al. 2017. Tiger on the prowl: 
Invasion history and spatio-temporal genetic structure of the Asian tiger mosquito Aedes albopictus (Skuse 
1894) in the Indo-Pacific. PLoS Neglected Tropical Diseases, 11(4), e0005546. 

Mazoyer, M., & Roudart, L. 2007. A history of world agriculture: from the neolithic age to the current crisis. Earthscan. 
London, Sterling, VA. 

McCullagh, P. 1984. Generalized linear models. European Journal of Operational Research, 16, 285–292. 



Références      

  

	

	

218 
	

McRae, B. H. 2006. Isolation by resistance. Evolution, 60(8), 1551−1561. 

McRae, B. H., & Beier, P. 2007. Circuit theory predicts gene flow in plant and animal populations. Proceedings of the 
National Academy of Sciences, 104(50), 19885−19890. 

McRae, B. H., Dickson, B. G., Keitt, T. H., & Shah, V. B. 2008. Using circuit theory to model connectivity in ecology, 
evolution, and conservation. Ecology, 89(10), 2712−2724. 

Medley, K. A. 2010. Niche shifts during the global invasion of the Asian tiger mosquito, Aedes albopictus Skuse 
(Culicidae), revealed by reciprocal distribution models. Global Ecology and Biogeography, 19(1), 122–133. 

Medley, K. A., Jenkins, D. G., & Hoffman, E. A. 2014. Human‐aided and natural dispersal drive gene flow across the 
range of an invasive mosquito. Molecular Ecology, 24(2), 284−295. 

Medley, K. A., Westby, K. M., & Jenkins, D. G. 2019. Rapid local adaptation to northern winters in the invasive Asian 
tiger mosquito Aedes albopictus: A moving target. Journal of Applied Ecology, In press. 

Medlock, J. M., Avenell, D., Barrass, I., & Leach, S. 2006. Analysis of the potential for survival and seasonal activity 
of Aedes albopictus (Diptera: Culicidae) in the United Kingdom. Journal of Vector Ecology, 31(2), 292−305. 

Medlock, J. M., Hansford, K. M., Schaffner, F., Versteirt, V., Hendrickx, G., Zeller, H., et al. 2012 A review of the 
invasive mosquitoes in Europe: ecology, public health risks, and control options. Vector-Borne and Zoonotic 
Diseases, 12(6), 435–447. 

Medlock, J. M., Vaux, A. G., Cull, B., Schaffner, F., Gillingham, E., Pfluger, V., & Leach, S. 2017. Detection of the 
invasive mosquito species Aedes albopictus in southern England. The Lancet Infectious Diseases, 17(2), 140. 

Meirmans, P. G. 2015. Seven common mistakes in population genetics and how to avoid them. Molecular Ecology, 
24(13), 3223–3231. 

Memmott, J., Craze, P. G., Harman, H. M., Syrett, P., & Fowler, S. V. 2005. The effect of propagule size on the 
invasion of an alien insect. Journal of Animal Ecology, 74(1), 50−62. 

Merritt, R. W., Dadd, R. H., & Walker, E. D. 1992. Feeding behavior, natural food, and nutritional relationships of 
larval mosquitoes. Annual Review of Entomology, 37(1), 349−374. 

Meuti, M. E., & Denlinger, D. L. 2013. Evolutionary links between circadian clocks and photoperiodic diapause in 
insects. Integretative and Comparative Biology, 53(1), 131–143. 

Miller, J. R., Koren, S., Dilley, K. A., Puri, V., Brown, D. M., Harkins, D. M., et al. 2018. Analysis of the Aedes 

albopictus C6/36 genome provides insight into cell line utility for viral propagation. Gigascience, 7(3), gix135. 

Minard, G., Tran, F. H., Fournier, C., Potier, P., Roiz, D., Mavingui, P., & Moro, C. V. 2018. Shared larval rearing 
environment, sex, female size and genetic diversity shape Ae. albopictus bacterial microbiota. PLoS One, 13(4), 
e0194521. 

Minard, G., Tran, F. H., Melaun, C., Klimpel, S., Koch, L. K., Kim, K. L. H., et al. 2017. Identification of sympatric 
cryptic species of Aedes albopictus subgroup in Vietnam: new perspectives in phylosymbiosis of insect vector. 
Parasites & Vectors, 10(1), 276. 

Miquel, M., del Río, R., Borràs, D., Barceló, C., Paredes Esquivel, C., Lucientes, J., & Miranda, M. A. 2013. First 
detection of Aedes albopictus (Diptera: Culicidae) in the Balearic Islands (Spain) and assessment of its 
establishment according to the ECDC guidelines. Journal of the European Mosquito Control Association, 31, 
8−11. 

Mitchell, C. J. 1995. Geographic spread of Aedes albopictus and potential for involvement in arbovirus cycles in the 
Mediterranean basin. Journal of Vector Ecology, 20(1), 44−58. 

Moilanen, A., & Hanski, I. 2001. On the use of connectivity measures in spatial ecology. Oikos, 95(1), 147−151. 

Monteiro, L. C., de Souza, J. R., & de Albuquerque, C. M. 2007. Eclosion rate, development and survivorship of Aedes 

albopictus (Skuse) (Diptera: Culicidae) under different water temperatures. Neotropical Entomology, 36(6), 
966−971. 

Monty, A., & Mahy, G. 2010. Evolution of dispersal traits along an invasion route in the wind‐dispersed Senecio 

inaequidens (Asteraceae). Oikos, 119(10), 1563−1570. 

Mooney, H. A., & Cleland, E. E. 2001. The evolutionary impact of invasive species. Proceedings of the National 
Academy of Sciences, 98(10), 5446−5451. 

Moore, C. G., & Mitchell, C. J. 1997. Aedes albopictus in the United States: ten-year presence and public health 
implications. Emerging Infectious Diseases, 3(3), 329. 

Morgan, K., O’Loughlin, S. M., Chen, B., Linton, Y. M., Thongwat, D., Somboon, P., et al. 2011. Comparative 
phylogeography reveals a shared impact of pleistocene environmental change in shaping genetic diversity within 
nine Anopheles mosquito species across the Indo-Burma biodiversity hotspot. Molecular Ecology, 20(21), 4533–
4549. 

Mori, A. 1978. The seasonal abundance of Aedes albopictus in Nagasaki. Tropical Medicine, 20, 29−37. 



	

		

	

	

219 
	

Mori, A., & Wada, Y. 1977. The gonotrophic cycle of Aedes albopictus in the field. Tropical Medicine, 19(3−4), 
141−146. 

Mori, A., Oda, T., & Wada, Y. 1981. Studies on the egg diapause and overwintering of Aedes albopictus in Nagasaki. 
Tropical Medicine, 23(2), 79−90. 

Mousseau, T. A., & Dingle, H. 1991. Maternal effects in insect life histories. Annual Review of Entomology, 36(1), 
511–534. 

Mousseau, T. A., & Fox, C. W. 1998. The adaptive significance of maternal effects. Trends in Ecology & Evolution, 
13(10), 403–407. 

Mousson, L., Dauga, C., Garrigues, T., Schaffner, F., Vazeille, M., & Failloux, A. B. 2005. Phylogeography of Aedes 

(Stegomyia) aegypti (L.) and Aedes (Stegomyia) albopictus (Skuse) (Diptera: Culicidae) based on mitochondrial 
DNA variations. Genetics Research, 86(1), 1−11. 

Muhammad, N. A. F., Kassim, N. F. A., Ab Majid, A. H., Wajidi, M. F. F., Jamsari, A. F. J., Dieng, H., & Avicor, S. 
W. 2018. Genetic structure of the dengue vector Aedes albopictus (Skuse) from different developed settlements 
in Penang Island, Malaysia based on microsatellite markers. Tropical Biomedicine, 35(4), 1049−1063. 

Müller, G. C., Tsabari, O., Traore, M. M., Traore, S. F., Doumbia, S., Kravchenko, V. D., et al. 2016. First record of 
Aedes albopictus in inland Africa along the River Niger in Bamako and Mopti, Mali. Acta Tropica, 162, 
245−247. 

Müller, G. C., Xue, R. D., & Schlein, Y. 2011. Differential attraction of Aedes albopictus in the field to flowers, fruits 
and honeydew. Acta Tropica, 118(1), 45−49. 

Murrell, E. G., & Juliano, S. A. 2012. Competitive abilities in experimental microcosms are accurately predicted by a 
demographic index for R. PLos One, 7(9), e43458. 

Mutebi, J. P., Black IV, W. C., Bosio, C. F., Sweeney Jr, W. P., & Craig Jr, G. B. 1997. Linkage map for the Asian tiger 
mosquito Aedes (Stegomyia) albopictus based on SSCP analysis of RAPD markers. Journal of Heredity, 88(6), 
489−494. 

N 
Nadeau, S., Meirmans, P. G., Aitken, S. N., Ritland, K., & Isabel, N. 2016. The challenge of separating signatures of 

local adaptation from those of isolation by distance and colonization history: the case of two white pines. 
Ecology and Evolution, 6(24), 8649−8664. 

Nash, D. R., Agassiz, D. J., Godfray, H. C. J., & Lawton, J. H. 1995. The small-scale spatial distribution of an invading 
moth. Oecologia, 103(2), 196−202. 

Navarro, J. C., Zorrilla, A., & Moncada, N. 2009. Primer registro de Aedes albopictus (Skuse) en Venezuela. 
Importancia como vector de dengue y acciones a desarrollar. Boletín de Malariología y Salud Ambiental, 49, 
161−166. 

Nawrocki, S. J., & Hawley, W. A. 1987. Estimation of the northern limits of distribution of Aedes albopictus in North 
America. Journal of the American Mosquito Control Association, 3(2), 314−317. 

Nazareno, A. G., Bemmels, J. B., Dick, C. W., & Lohmann, L. G. 2017. Minimum sample sizes for population 
genomics: an empirical study from an Amazonian plant species. Molecular Ecology Resources, 17(6), 1136–
1147. 

Nei, M. 1978. Estimation of average heterozygosity and genetic distance from a small number of individuals. Genetics, 
89(3), 583−590. 

Nei, M., Maruyama, T., & Chakraborty, R. 1975. The bottleneck effect and genetic variability in populations. 
Evolution, 29(1), 1−10. 

Neiman, M., & Linksvayer, T. A. 2006. The conversion of variance and the evolutionary potential of restricted 
recombination. Heredity, 96(2), 111. 

Ngoagouni, C., Kamgang, B., Nakouné, E., Paupy, C., & Kazanji, M. 2015. Invasion of Aedes albopictus (Diptera: 
Culicidae) into central Africa: what consequences for emerging diseases? Parasites & Vectors, 8(1), 191. 

Nguyen, D. Q., Dinh, V. R., & Chow, C. Y. 1974. Aedes surveillance in the republic of the Vietnam, Southeast Asia. 
Journal of Tropical Medicine & Public Health, 5, 569−573.  

Niebylski, M. L., & Craig, J. G. 1994. Dispersal and survival of Aedes albopictus at a scrap tire yard in Missouri. 
Journal of the American Mosquito Control Association, 10(3), 339–343. 

Niebylski, M. L., Savage, H. M., Nasci, R. S., & Craig Jr, G. B. 1994. Blood hosts of Aedes albopictus in the United 
States. Journal of the American Mosquito Control Association, 10(3), 447−450. 

Nielsen, R., & Beaumont, M. A. 2009. Statistical inferences in phylogeography. Molecular Ecology, 18(6), 1034−1047. 



Références      

  

	

	

220 
	

Nordborg, M. 2001. Coalescent theory. In Handbook of statistical genetics. Balding, D., Bishop, M., & Cannings, C. 
(Eds.), pp. 179−212. John Wiley & Sons Ltd. 

Nosil, P. 2012. Ecological speciation. Oxford University Press. 

Novak, S. J. 2007. The role of evolution in the invasion process. Proceedings of the National Academy of Sciences, 
104(10), 3671−3672. 

Novak, S. J., & Mack, R. N. 1993. Genetic variation in Bromus tectorum (Poaceae): comparison between native and 
introduced populations. Heredity, 71(2), 167. 

O 
O'Donnell, D., & Armbruster, P. 2009. Evolutionary differentiation of fitness traits across multiple geographic scales in 

Aedes albopictus (Diptera: Culicidae). Annals of the Entomological Society of America 102(6), 1135–1144. 

O'Meara, G. F., Evans Jr, L. F., Gettman, A. D., & Cuda, J. P. 1995. Spread of Aedes albopictus and decline of Ae. 

aegypti (Diptera: Culicidae) in Florida. Journal of Medical Entomology, 32(4), 554−562. 

O’Loughlin, S. M., Okabayashi, T., Honda, M., Kitazoe, Y., Kishino, H., Somboon, P., et al. 2008. Complex population 
history of two Anopheles dirus mosquito species in Southeast Asia suggests the influence of Pleistocene climate 
change rather than human-mediated effects. Journal of Evolutionary Biology, 21(6), 1555–1569. 

Ogata, K., & Lopez, A. S. 1996. Discovery of Aedes albopictus in Guatemala. Journal of the American Mosquito 
Control Association, 12, 503−506. 

Oksanen, J., Blanchet G. F., Friendly M., Kindt R., Legendre P., McGlinn D. et al. 2017. VEGAN: community ecology 
package. https://CRAN.R-project.org/package=vegan  

Ono, Y. 1990. The northern landbridge of Japan. Quaternary Research, 29(3), 183–192. 

Oppo, D. W., & Sun, Y. 2005. Amplitude and timing of sea-surface temperature change in the northern South China 
Sea: Dynamic link to the East Asian monsoon. Geology, 33(10), 785–788. 

Orr, H. A., & Betancourt, A. J. 2001. Haldane's sieve and adaptation from the standing genetic variation. Genetics, 
157(2), 875−884. 

Orr, H. A., & Unckless, R. L. 2008. Population extinction and the genetics of adaptation. The American Naturalist, 
172(2), 160−169. 

Osório, H., Zé-Zé, L., Neto, M., Silva, S., Marques, F., Silva, A., & Alves, M. 2018. Detection of the invasive mosquito 
species Aedes (Stegomyia) albopictus (Diptera: Culicidae) in Portugal. International Journal of Environmental 
Research and Public Health, 15(4), 820. 

Osório, H., Zé-Zé, L., Neto, M., Silva, S., Marques, F., Silva, A., et al. 2018. Detection of the invasive mosquito species 
Aedes (Stegomyia) albopictus (Diptera: Culicidae) in Portugal. International Journal of Environmental Research 
and Public Health, 15(4), 820. 

Oter, K., Gunay, F., Tuzer, E., Linton, Y. M., Bellini, R., & Alten, B. 2013. First record of Stegomyia albopicta in 
Turkey determined by active ovitrap surveillance and DNA barcoding. Vector-Borne and Zoonotic Diseases, 
13(10), 753−761. 

P 
Panov, V. E., Piotr, I., & Riccardi, N. 2004. Role of diapause in dispersal and invasion success by aquatic invertebrates. 

Journal of Limnology, 63, 56−69. 

Pardo-Diaz, C., C. Salazar, and C. D. Jiggins. 2015. Towards the identification of the loci of adaptive evolution. 
Methods in Ecology and Evolution, 6(4), 445–464.  

Paris, J. R., Stevens, J. R., & Catchen, J. M. 2017. Lost in parameter space: a road map for stacks. Methods in Ecology 
and Evolution, 8(10), 1360–1373. 

Parker, D. J., Wiberg, R. A. W., Trivedi, U., Tyukmaeva, V. I., Gharbi, K., Butlin, R. K., et al. 2018. Inter and 
intraspecific genomic divergence in Drosophila montana shows evidence for cold adaptation. Genome Biology 
and Evolution, 10(8), 2086–2101. 

Pascual, M., Chapuis, M. P., Mestres, F., Balanya, J., Huey, R. B., Gilchrist, G. W., et al. 2007. Introduction history of 
Drosophila subobscura in the New World: a microsatellite-based survey using ABC methods. Molecular 
Ecology, 16(15), 3069−3083. 

Patsoula, E., Beleri, S., Vakali, A., Pervanidou, D., Tegos, N., Nearchou, A., et al. 2017. Records of Aedes albopictus 
(Skuse, 1894) (Diptera; Culicidae) and Culex tritaeniorhynchus (Diptera; Culicidae) expansion in areas in 
mainland Greece and islands. Vector-Borne and Zoonotic Diseases, 17(3), 217−223. 



	

		

	

	

221 
	

Patsoula, E., Samanidou-Voyadjoglou, A., Spanakos, G., Kremastinou, J., Nasioulas, G., & Vakalis, N. C. 2006. 
Molecular and morphological characterization of Aedes albopictus in northwestern Greece and differentiation 
from Aedes cretinus and Aedes aegypti. Journal of Medical Entomology, 431), 40-54. 

Paupy, C., Delatte, H., Bagny, L., Corbel, V., & Fontenille, D. 2009. Aedes albopictus, an arbovirus vector: from the 
darkness to the light. Microbes and infection, 11(14−15), 1177−1185. 

Peacock, B. E., Smith, J. P., Gregory, P. G., Loyless, T. M., Mulrennen Jr, J. A., Simmonds, P. R., et al. 1988. Aedes 

albopictus in Florida. Journal of the American Mosquito Control Association, 4(3), 362−365. 

Pearman, P. B., Guisan, A., Broennimann, O., & Randin, C. F. 2008. Niche dynamics in space and time. Trends in 
Ecology & Evolution, 23(3), 149–158. 

Pech-May, A., Moo-Llanes, D. A., Puerto-Avila, M. B., Casas, M., Danis-Lozano, R., Ponce, G., et al. 2016. Population 
genetics and ecological niche of invasive Aedes albopictus in Mexico. Acta Tropica, 157, 30−41. 

Peery, M. Z., Kirby, R., Reid, B. N., Stoelting, R., Doucet Bëer, E. L. E. N. A., Robinson, S., et al. 2012. Reliability of 
genetic bottleneck tests for detecting recent population declines. Molecular Ecology, 21(14), 3403−3418. 

Peña, C. J. 1993. First report of Aedes (Stegomyia) albopictus (Skuse) from the Dominican Republic. Vector Ecology 
Newsletter, 24, 68. 

Pener, H., Wilamowski, A., Schnur, H., Orshan, L., Shalom, U., & Bear, A. 2003. Aedes albopictus in Israel. European 
Mosquito Bulletin, 14, 32. 

Perrings, C., Dehnen-Schmutz, K., Touza, J., & Williamson, M. 2005. How to manage biological invasions under 
globalization. Trends in Ecology & Evolution, 20(5), 212−215. 

Pesina, H. O., Hernandez, R. M., & Valdez, M. R. 2001. Aedes albopictus in Allende City, Nuevo Léon, Mexico. 
Journal of the American Mosquito Control Association, 17(4), 260−261. 

Peterman, W. E., Connette, G. M., Semlitsch, R. D., & Eggert, L. S. 2014. Ecological resistance surfaces predict fine-
scale genetic differentiation in a terrestrial woodland salamander. Molecular Ecology, 23(10), 2402−2413. 

Peterson, B. K., Weber, J. N., Kay, E. H., Fisher, H. S., & Hoekstra, H. E. 2012. Double digest RADseq: an inexpensive 
method for de novo SNP discovery and genotyping in model and non-model species. PLoS Pne, 7(5), e37135. 

Peterson, M. L., Doak, D. F., & Morris, W. F. 2019. Incorporating local adaptation into forecasts of species’ 
distribution and abundance under climate change. Global Change Biology, 25(3), 775–793. 

Petitpierre, B., Kueffer, C., Broennimann, O., Randin, C., Daehler, C., & Guisan, A. 2012. Climatic niche shifts are rare 
among terrestrial plant invaders. Science, 335(6074), 1344−1348. 

Petkova, D., Novembre, J., & Stephens, M. 2016. Visualizing spatial population structure with estimated effective 
migration surfaces. Nature genetics, 48(1), 94−100. 

Petrić, D., Pajović, I., Ćupina, A., & Zgomba, M. 2001) Aedes albopictus in Entomofauna of Yugoslavia. Symposia of 
Serbian Entomologist’s 2001, Entomological Society of Serbia. 

Petrić, D., Zgomba, M., Ignjatović, Ć. A., Marinković, D., Bellini, R., Schaffner, F., et al. 2012. Invasive mosquito 
species in Europe and Serbia, 1979−2011. International Symposium on Current Trends in Plant Protection. 

Petrić, M., Lalić, B., Ducheyne, E., Djurdjević, V., & Petrić, D. 2017. Modelling the regional impact of climate change 
on the suitability of the establishment of the Asian tiger mosquito (Aedes albopictus) in Serbia. Climatic Change, 
142(3−4), 361−374. 

Petrić, M., Lalić, B., Pajović, I., Micev, S., Đurđević, V., & Petrić, D. 2018. Expected changes of Montenegrin climate, 
impact on the establishment and spread of the Asian tiger mosquito (Aedes albopictus), and validation of the 
model and model-based field sampling. Atmosphere, 9(11), 453. 

Phillips, B. L., Brown, G. P., & Shine, R. 2010. Evolutionarily accelerated invasions: the rate of dispersal evolves 
upwards during the range advance of cane toads. Journal of Evolutionary Biology, 23(12), 2595−2601.  

Phillips, B. L., Brown, G. P., Greenlees, M., Webb, J. K., & Shine, R. 2007. Rapid expansion of the cane toad (Bufo 

marinus) invasion front in tropical Australia. Austral Ecology, 32(2), 169−176. 

Phillips, B. L., Brown, G. P., Webb, J. K., & Shine, R. 2006. Invasion and the evolution of speed in toads. Nature, 
439(7078), 803.  

Pichler, V., Kotsakiozi, P., Caputo, B., Serini, P., Caccone, A., & della Torre, A. 2019. Complex interplay of 
evolutionary forces shaping population genomic structure of invasive Aedes albopictus in southern Europe. 
PLoS Neglected Tropical Diseases, 13(8), e0007554. 

Pinto, N., & Keitt, T. H. 2009. Beyond the least-cost path: evaluating corridor redundancy using a graph-theoretic 
approach. Landscape Ecology, 24(2), 253−266. 

Piry, S., & Cornuet, J. M. 1999. GeneClass. A Program for Assignation and Exclusion Using Molecular Markers. 
URLB/INRA, France. 

Piry, S., Alapetite, A., Cornuet, J. M., Paetkau, D., Baudouin, L., & Estoup, A. 2004. GENECLASS2: a software for 
genetic assignment and first-generation migrant detection. Journal of heredity, 95(6), 536−539. 



Références      

  

	

	

222 
	

Piry, S., Luikart, G., & Cornuet, J. M. 1999. BOTTLENECK: a computer program for detecting recent reductions in the 
effective population size using allele frequency data. Journal of Heredity, 90, 502−503. 

Pluskota, B., Storch, V., Braunbeck, T., Beck, M., & Becker, N. 2008. First record of Stegomyia albopicta (Skuse) 
(Diptera: Culicidae) in Germany. European Mosquito Bulletin, 26, 1−5. 

Poelchau, M. F., Reynolds, J. A., Denlinger, D. L., Elsik, C. G., & Armbruster, P. A. 2013a. Transcriptome sequencing 
as a platform to elucidate molecular components of the diapause response in the Asian tiger mosquito Aedes 

albopictus. Physiological Entomology, 38(2), 173−181. 

Poelchau, M. F., Reynolds, J. A., Elsik, C. G., Denlinger, D. L., & Armbruster, P. A. 2013b. Deep sequencing reveals 
complex mechanisms of diapause preparation in the invasive mosquito, Aedes albopictus. Proceedings of the 
Royal Society B: Biological Sciences, 280(1759), 20130143. 

Poelchau, M. F., Reynolds, J. A., Elsik, C. G., Denlinger, D. L., & Armbruster, P. A. 2013c. RNA-Seq reveals early 
distinctions and late convergence of gene expression between diapause and quiescence in the Asian tiger 
mosquito, Aedes albopictus. Journal of Experimental Biology, 216(21), 4082−4090. 

Ponce, P., Morales, D., Argoti, A., & Cevallos, V. E. 2017. First Report of Aedes (Stegomyia) albopictus (Skuse) 
(Diptera: Culicidae), the Asian Tiger Mosquito, in Ecuador. Journal of Medical Entomology, 55(1), 248−249. 

Porretta, D., Gargani, M., Bellini, R., Calvitti, M., & Urbanelli, S. 2006. Isolation of microsatellite markers in the tiger 
mosquito Aedes albopictus (Skuse). Molecular Ecology notes, 6(3), 880−881. 

Porretta, D., Mastrantonio, V., Bellini, R., Somboon, P., & Urbanelli, S. 2012. Glacial history of a modern invader: 
phylogeography and species distribution modelling of the Asian tiger mosquito Aedes albopictus. PLoS One, 
7(9), e44515. 

Powell, J. R., Koren, S., Rhie, A., Ghurye, J., Spencer, J., Tu, J., et al. Unpublished. Long-read and Hi-C- based de 
novo assembly of the Aedes albopictus genome. Genome assembly available at: 
https://www.ncbi.nlm.nih.gov/nuccore/SWKZ00000000.1/  

Pratt Jr, J. J., Hexerick, R. H., Harrison, J. B., & Haber, L. 1946. Tires as a factor in the transportation of mosquitoes by 
ships. Military surgeon, 99(6), 785−788. 

Pratt, H. D., & Moore, C. G. 1993. Vector-Borne Disease Control: Mosquitoes. Of Public Health Importance And Their 
Control. US Department of Health and Human Services, Atlanta, GA. 

Prentis, P. J., Wilson, J. R., Dormontt, E. E., Richardson, D. M., & Lowe, A. J. 2008. Adaptive evolution in invasive 
species. Trends in Plant Science, 13(6), 288−294. 

Prioteasa, L. F., Dinu, S., Fălcuţă, E., & Ceianu, C. S. 2015. Established population of the invasive mosquito species 
Aedes albopictus in Romania, 2012–14. Journal of the American Mosquito Control Association, 31(2), 177−182. 

Pritchard, J. K., Seielstad, M. T., Perez-Lezaun, A., & Feldman, M. W. 1999. Population growth of human Y 
chromosomes: a study of Y chromosome microsatellites. Molecular Biology and Evolution, 16(12), 1791−1798. 

Pritchard, J. K., Stephens, M., & Donnelly, P. 2000. Inference of population structure using multilocus genotype data. 
Genetics, 155(2), 945−959. 

Puillandre, N., Dupas, S., Dangles, O., Zeddam, J. L., Capdevielle-Dulac, C., Barbin, K., et al. 2008. Genetic bottleneck 
in invasive species: the potato tuber moth adds to the list. Biological Invasions, 10(3), 319−333. 

Pumpuni, C. B., Knepler, J., & Craig, J. G. 1992. Influence of temperature and larval nutrition on the diapause inducing 
photoperiod of Aedes albopictus. Journal of the American Mosquito Control Association, 8(3), 223−227. 

Purać, J., Pond, D. W., Grubor-Lajšić, G., Kojić, D., Blagojević, D. P., Worland, M. R., et al. 2011. Cold hardening 
induces transfer of fatty acids between polar and nonpolar lipid pools in the Arctic collembollan Megaphorura 

arctica. Physiologcal Entomology, 36(2), 135–140. 

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M. A., Bender, D., ... & Sham, P. C. 2007. PLINK: a tool 
set for whole-genome association and population-based linkage analyses. The American journal of human 
genetics, 81(3), 559–575. 

Pyke, G. H. 2005. A review of the biology of Gambusia affinis and G. holbrooki. Reviews in Fish Biology and 
Fisheries, 15(4), 339−365. 

Pyšek, P., Richardson, D. M., Rejmánek, M., Webster, G. L., Williamson, M., & Kirschner, J. 2004. Alien plants in 
checklists and floras: towards better communication between taxonomists and ecologists. Taxon, 53(1), 
131−143. 

Q 
Qi, X. L., Wang, X. H., Xu, H. F., & Kang, L. 2007. Influence of soil moisture on egg cold hardiness in the migratory 

locust Locusta migratoria (Orthoptera: Acridiidae). Physiological Entomology, 32(3), 219–224. 



	

		

	

	

223 
	

Qin, W., Neal, S. J., Robertson, R. M., Westwood, J. T., & Walker, V. K. 2005. Cold hardening and transcriptional 
change in Drosophila melanogaster. Insect molecular biology, 14(6), 607–613. 

R 
R Core Team, R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing: 

Vienna, Austria. 

Ramalingam, S. 1974. A brief mosquito survey of Java. World Health Organization, 1−66.  

Rannala, B., & Mountain, J. L. 1997. Detecting immigration by using multilocus genotypes. Proceedings of the 
National Academy of Sciences, 94(17), 9197−9201. 

Rašić, G., Filipović, I., Weeks, A. R., & Hoffmann, A. A. 2014. Genome-wide SNPs lead to strong signals of 
geographic structure and relatedness patterns in the major arbovirus vector, Aedes aegypti. BMC Genomics, 
15(1), 275. 

Raufaste, N., & Rousset, F. 2001. Are partial Mantel tests adequate? Evolution, 55(8), 1703–1705. 

Ray, N. 2005. PATHMATRIX: a geographical information system tool to compute effective distances among samples. 
Molecular Ecology Notes, 5(1), 177−180. 

Ray, N., Currat, M., Foll, M., & Excoffier, L. 2010. SPLATCHE2: a spatially explicit simulation framework for 
complex demography, genetic admixture and recombination. Bioinformatics, 26(23), 2993−2994. 

Reinert, J. F., Harbach, R. E., & Kitching, I. J. 2004. Phylogeny and classification of Aedini (Diptera: Culicidae), based 
on morphological characters of all life stages. Zoological Journal of the Linnean Society, 142(3), 289−368. 

Reiter, P. A. U. L. 1998. Aedes albopictus and the world trade in used tires, 1988−1995: the shape of things to come? 
Journal of the American Mosquito Control Association, 14(1), 83−94. 

Reiter, P. F., & Darsie, Jr. 1984. Aedes albopictus in Menphis, Tennessee (USA): an achievement of modern 
transportation? Mosquito News, 44, 396−399. 

Reiter, P., Fontenille, D., & Paupy, C. 2006. Aedes albopictus as an epidemic vector of chikungunya virus: another 
emerging problem? The Lancet infectious diseases, 6(8), 463−464. 

Rellstab, C., Gugerli, F., Eckert, A. J., Hancock, A. M., & Holderegger, R. 2015. A practical guide to environmental 
association analysis in landscape genomics. Molecular Ecology, 24(17), 4348–4370.  

Renault, D., Laparie, M., McCauley, S. J., & Bonte, D. 2018. Environmental adaptations, ecological filtering, and 
dispersal central to insect invasions. Annual Review of Entomology, 63, 345–368. 

Renner, I. W., Elith, J., Baddeley, A., Fithian, W., Hastie, T., Phillips, S. J., ... & Warton, D. I. 2015. Point process 
models for presence-only analysis. Methods in Ecology and Evolution, 6(4), 366–379. 

Rey, O., Estoup, A., Vonshak, M., Loiseau, A., Blanchet, S., Calcaterra, L., et al. 2012. Where do adaptive shifts occur 
during invasion? A multidisciplinary approach to unravelling cold adaptation in a tropical ant species invading 
the Mediterranean area. Ecology Letters, 15(11), 1266−1275. 

Reynolds, C., Miranda, N. A., & Cumming, G. S. 2015. The role of waterbirds in the dispersal of aquatic alien and 
invasive species. Diversity and Distributions, 21(7), 744−754. 

Reynolds, J. A., Poelchau, M. F., Rahman, Z., Armbruster, P. A., & Denlinger, D. L. 2012. Transcript profiling reveals 
mechanisms for lipid conservation during diapause in the mosquito, Aedes albopictus. Journal of Insect 
Physiology, 58(7), 966v973. 

Reynolds, R. G. 2011 Islands, metapopulations, and archipelagos: genetic equilibrium and non-equilibrium dynamics of 
structured populations in the context of conservation. Doctoral Dissertation. University of Tennessee, Knoxville.	

Rezza, G., Nicoletti, L., Angelini, R., Romi, R., Finarelli, A. C., Panning, M., et al. 2007. Infection with chikungunya 
virus in Italy: an outbreak in a temperate region. Lancet, 370(9602), 1840–1846. 

Ricciardi, A., & Cohen, J. 2007. The invasiveness of an introduced species does not predict its impact. Biological 
Invasions, 9(3), 309−315. 

Richards, C. L., Bossdorf, O., Muth, N. Z., Gurevitch, J., & Pigliucci, M. 2006. Jack of all trades, master of some? On 
the role of phenotypic plasticity in plant invasions. Ecology letters, 9(8), 981−993. 

Richardson, D. M., & Pyšek, P. 2008. Fifty years of invasion ecology–the legacy of Charles Elton. Diversity and 
Distributions, 14(2), 161–168. 

Richardson, D. M., & Pyšek, P. 2012. Naturalization of introduced plants: ecological drivers of biogeographical 
patterns. New Phytologist, 196(2), 383−396. 

Richardson, D. M., Pyšek, P., & Carlton, J. T. 2011. A compendium of essential concepts and terminology in invasion 
ecology. In Fifty years of invasion ecology: the legacy of Charles Elton. Richardson, D. M. (Ed.). pp. 409−420. 
John Wiley & Sons, Ltd. Oxford, UK. 



Références      

  

	

	

224 
	

Richardson, D. M., Pyšek, P., Rejmánek, M., Barbour, M. G., Panetta, F. D., & West, C. J. 2000. Naturalization and 
invasion of alien plants: concepts and definitions. Diversity and Distributions, 6(2), 93−107. 

Rieux, A., De Bellaire, L. D. L., Zapater, M. F., Ravigné, V., & Carlier, J. 2013. Recent range expansion and 
agricultural landscape heterogeneity have only minimal effect on the spatial genetic structure of the plant 
pathogenic fungus Mycosphaerella fijiensis. Heredity, 110(1), 29. 

Rieux, A., Halkett, F., De Lapeyre de Bellaire, L., Zapatier, M. F., Rousset, F., Ravigné, V., et al. 2011. Inferences on 
pathogenic fungus population structures from microsatellite data: new insights from spatial genetics approaches. 
Molecular Ecology, 20(8), 1661–1674.  

Rinehart, J. P., Li, A., Yocum, G. D., Robich, R. M., Hayward, S. A., & Denlinger, D.L. 2007. Up-regulation of heat 
shock proteins is essential for cold survival during insect diapause. Proceedings of the National Academy of 
Sciences, 104(27), 11130−11137. 

Riquet, F., Daguin-Thiébaut, C., Ballenghien, M., Bierne, N., & Viard, F. 2013. Contrasting patterns of genome-wide 
polymorphism in the native and invasive range of the marine mollusc Crepidula fornicata. Molecular Ecology, 
22(4), 1003−1018. 

Ritchie, S. A., Moore, P., Carruthers, M., Williams, C., Montgomery, B., Foley, P., et al. 2006. Discovery of a 
widespread infestation of Aedes albopictus in the Torres Strait, Australia. Journal of the American Mosquito 
Control Association, 22(3), 358−366. 

Rius, M., & Darling, J. A. 2014. How important is intraspecific genetic admixture to the success of colonising 
populations? Trends in Ecology & Evolution, 29(4), 233−242. 

Rius, M., Bourne, S., Hornsby, H. G., & Chapman, M. A. 2015. Applications of next-generation sequencing to the 
study of biological invasions. Current Zoology, 61(3), 488−504. 

Riuz, G. M., & Carlton, J. 2003. Invasive species: vectors and management strategies. Island Press. 

Riveron, J., Boto, T., & Alcorta, E. 2009. The effect of environmental temperature on olfactory perception in 
Drosophila melanogaster. Journal of Insect Physiology 55(10), 943–951. 

Riveron, J., Boto, T., & Alcorta, E. 2013. Transcriptional basis of the acclimation to high environmental temperature at 
the olfactory receptor organs of Drosophila melanogaster. BMC Genomics, 14(1), 259. 

Roche, B., Léger, L., L’Ambert, G., Lacour, G., Foussadier, R., Besnard, G., et al. 2015. The spread of Aedes 

albopictus in metropolitan France: contribution of environmental drivers and human activities and predictions 
for a near future. PLoS One, 10(5), e0125600. 

Rochette, N. C., & Catchen, J. M. 2017. Deriving genotypes from RAD-seq short-read data using STACKS. Nature 
Protocols, 12(12), 2640–2659. 

Rochlin, I., Ninivaggi, D. V., Hutchinson, M. L., & Farajollahi, A. 2013. Climate change and range expansion of the 
Asian tiger mosquito (Aedes albopictus) in Northeastern USA: implications for public health practitioners. PLoS 
One, 8(4), e60874. 

Rodríguez, M. T., & Ortega, M. M. 1994. Aedes albopictus in Muzquiz city, Coahuila, Mexico. Journal of the 
American Mosquito Control Association, 10(4), 587−587. 

Rogers, A. R., & Harpending, H. 1992. Population growth makes waves in the distribution of pairwise genetic 
differences. Molecular Biology and Evolution, 9(3), 552−569. 

Rohlf, F. J. 2006. TPSUTIL, Department of Ecology and Evolution. State University of New York at Stony Brook. 
http://life.bio.sunysb.edu/morph/  

Rohlf, F. J. 2008. TPSGID2, Department of Ecology and Evolution. State University of New York at Stony Brook. 
http://life.bio.sunysb.edu/morph/ 

Roiz, D., Eritja, R., Melero-Alcibar, R., Molina, R., Marquès, E., Ruiz, S., et al. 2007. Distribución de Aedes 
(Stegomyia) albopictus (Skuse, 1894) (Diptera, Culicidae) en España. Boletín de la Sociedad Entomológica 
Aragonesa, 40(523), 6. 

Roiz, D., Neteler, M., Castellani, C., Arnoldi, D., & Rizzoli, A. 2011. Climatic factors driving invasion of the tiger 
mosquito (Aedes albopictus) into new areas of Trentino, northern Italy. PLoS One, 6(4), e14800. 

Roiz, D., Rosa, R., Arnoldi, D., & Rizzoli, A. 2010. Effects of temperature and rainfall on the activity and dynamics of 
host-seeking Aedes albopictus females in northern Italy. Vector-Borne and Zoonotic Diseases, 10(8), 811−816. 

Rollins, L. A., Woolnough, A. P., Wilton, A. N., Sinclair, R. O. N., & Sherwin, W. B. 2009. Invasive species can't 
cover their tracks: using microsatellites to assist management of starling (Sturnus vulgaris) populations in 
Western Australia. Molecular Ecology, 18(8), 1560−1573. 

Roman, J., & Darling, J. A. 2007. Paradox lost: genetic diversity and the success of aquatic invasions. Trends in 
Ecology & Evolution, 22(9), 454−464. 

Romi, R. 1995. History and updating on the spread of Aedes albopictus in Italy. Parassitologia, 37(2−3), 99−103. 



	

		

	

	

225 
	

Romi, R. 2001. Aedes albopictus in Italy: an underestimated health problem. Annali dell'Istituto Superiore di Sanitã, 
37(2), 241−247. 

Romi, R., & Majori, G. 1998. Commercio di copertoni usati e importazione di zanzare: un aggiornamento della 
distribuzione di Aedes albopictus e Aedes atropalpus in Italia. Not Ist Super Sanità, 11(1), 5. 

Romi, R., Di Luca, M., & Majori, G. 1999. Current status of Aedes albopictus and Aedes atropalpus in Italy. Journal of 
the American Mosquito Control Association, 15(3), 425−427. 

Romi, R., Severini, F., & Toma, L. 2006. Cold acclimation and overwintering of female Aedes albopictus in Roma. 
Journal of the American Mosquito Control Association, 22(1), 149−152. 

Romi, R., Toma, L., Severini, F., & Di Luca, M. 2003. Susceptibility of Italian populations of Aedes albopictus to 
temephos and to other insecticides. Journal of the American Mosquito Control Association, 19(4), 419−423. 

Romi, R., Toma, L., Severini, F., & Di Luca, M. 2008. Twenty years of the presence of Aedes albopictus in Italy–From 
the annoying pest mosquito to the real disease vector. European Infectious Disease, 2, 98−101. 

Ronce, O. 2007. How does it feel to be like a rolling stone? Ten questions about dispersal evolution. Annual Review of 
Ecology, Evoltuion, and Systematics, 38, 231−253. 

Rosen, L., Shroyer, D. A., Tesh, R. B., Freier, J. E., & Lien, J. C. 1983. Transovarial transmission of dengue viruses by 
mosquitoes: Aedes albopictus and Aedes aegypti. The American journal of tropical Medicine and Hygiene, 
32(5), 1108−1119. 

Rossi, G. C., Pascual, N. T., & Krsticevic, F. J. 1999. First record of Aedes albopictus (Skuse) from Argentina. Journal 
of the American Mosquito Control Association-Mosquito News, 15(3), 422−422. 

Rozas, J., Sánchez-DelBarrio, J. C., Messeguer, X., & Rozas, R. 2003. DNASP, DNA polymorphism analyses by the 
coalescent and other methods. Bioinformatics, 19(18), 2496−2497. 

Rudolf, I., Blažejová, H., Straková, P., Šebesta, O., Peško, J., Mendel, J., et al. 2018. The invasive Asian tiger mosquito 
Aedes albopictus (Diptera: Culicidae) in the Czech Republic: Repetitive introduction events highlight the need 
for extended entomological surveillance. Acta Tropica, 185, 239−241. 

Ruiz, G. M., & Carlton, J. 2003. Invasive species: vectors and management strategies. Island Press. 

Russell, J. C., Abdelkrim, J., & Fewster, R. M. 2009. Early colonisation population structure of a Norway rat island 
invasion. Biological Invasions, 11(7), 1557−1567. 

Russell, P. K., Gould, D. J., Yuill, T. M., Nisalak, A., & Winter, P. E. 1969. Recovery of dengue-4 viruses from 
mosquito vectors and patients during an epidemic of dengue hemorrhagic fever. The American Journal of 
Tropical Medicine and Hygiene, 18(4), 580−583. 

Russell, R. C., Webb, C. E., Williams, C. R., & Ritchie, S. A. 2005. Mark–release–recapture study to measure dispersal 
of the mosquito Aedes aegypti in Cairns, Queensland, Australia. Medical and veterinary entomology, 19(4), 
451–457. 

S 
Sabatini, A., Raineri, V., Trovato, G., & Coluzzi, M. 1990. Aedes albopictus in Italy and possible diffusion of the 

species into the Mediterranean area. Parassitologia, 32(3), 301−304. 

Sakai, A. K., Allendorf, F. W., Holt, J. S., Lodge, D. M., Molofsky, J., With, K. A., et al. 2001. The population biology 
of invasive species. Annual review of ecology and systematics, 32(1), 305−332. 

Salmona, J., Heller, R., Lascoux, M., & Shafer, A. 2017. Inferring Demographic History Using Genomic Data. In 
Population Genomics, Concepts, Approaches and Applications. Rajora, O. M. (Ed.). pp. 511-537. Springer, 
Cham. 

Salomon-Grajales, J., Lugo-Moguel, G. V., Tinal-Gordillo, V. R., de La Cruz-Velazquez, J., Beaty, B. J., Eisen, L., et 
al. 2012. Aedes albopictus mosquitoes, Yucatan peninsula, Mexico. Emerging Infectious Diseases, 18(3), 525. 

Samanidou-Voyadjoglou, A., Patsoula, E., Spanakos, G., & Vakalis, N. C. 2005. Confirmation of Aedes albopictus 
(Skuse) (Diptera: Culicidae) in Greece. European Mosquito Bulletin, 19, 10−12. 

Sánchez, E., Castillo, D., & Liria, J. 2017. Pupal shape and size dimorphism in Aedes albopictus (Skuse, 1894) 
(Diptera: Culicidae). Journal of Threatened Taxa, 9(6), 10314−10319. 

Santos, R. L. C. D. 2003. Updating of the distribution of Aedes albopictus in Brazil 1997-2002. Revista de Saúde 
Pública, 37(5), 671−673. 

Savage, H. M., Ezike, V. I., Nwankwo, A. C., Spiegel, R., & Miller, B. R. 1992. First record of breeding populations of 
Aedes albopictus in continental Africa: implications for arboviral transmission. Journal of the American 
Mosquito Control Association, 8(1), 101−103. 



Références      

  

	

	

226 
	

Savage, H. M., Niebylski, M. L., Smith, G. C., Mitchell, C. J., & Craig Jr, G. B. 1993. Host-feeding patterns of Aedes 

albopictus (Diptera: Culicidae) at a temperate North American site. Journal of Medical Entomology, 30(1), 
27−34. 

Sax, D. F., & Brown, J. H. 2000. The paradox of invasion. Global Ecology and Biogeography, 9(5), 363−371. 

Sax, D. F., Stachowicz, J. J., & Gaines, S. D. 2005. Species invasions: insights into ecology, evolution and 
biogeography. Sinauer Associates Incorporated, Sunderland, USA. 

Sax, D. F., Stachowicz, J. J., Brown, J. H., Bruno, J. F., Dawson, M. N., Gaines, S. D., et al. 2007. Ecological and 
evolutionary insights from species invasions. Trends in Ecology & Evolution, 22(9), 465−471. 

Schaffner, F., & Karch, S. 2000. Premiere observation d’Aedes albopictus (Skuse, 1894) en France metropolitaine. 
Comptes Rendus de l'Académie des Sciences-Series III-Sciences de la Vie, 323(4), 373−375. 

Schaffner, F., Bouletreau, B., Guillet, B., Guilloteau, J., & Karch, S. 2001. Aedes albopictus (Skuse, 1894) established 
in metropolitan France. European Mosquito Bulletin, 9, 1−3.  

Schaffner, F., Van, W. B., & Coosemans, M. 2004. First record of Aedes (Stegomyia) albopictus in Belgium. Journal of 
the American Mosquito Control Association, 20(2), 201−203. 

Schierwater, B., & Ender, A. 1993. Different thermostable DNA polymerases may amplify different RAPD products. 
Nucleic Acids Research, 21(19), 4647. 

Schiffels, S., & Durbin, R. 2014. Inferring human population size and separation history from multiple genome 
sequences. Nature Genetics, 46(8), 919. 

Schlaepfer, D. R., Glättli, M., Fischer, M., & van Kleunen, M. 2010. A multi‐species experiment in their native range 
indicates pre‐adaptation of invasive alien plant species. New Phytologist, 185(4), 1087−1099. 

Schlager, S. 2017. MORPHO and RVCG-SHAPE Analysis in R: R-Packages for Geometric Morphometrics, Shape 
Analysis and Surface Manipulations. In Statistical shape and deformation analysis. Methods, Implementation 

and Applications. Zheng, G., Li, S., & Székely, G. (Eds.). pp. 217–256. https://CRAN.R-
project.org/package=Morpho 

Schlötterer, C. 2004. The evolution of molecular markers—just a matter of fashion? Nature Reviews Genetics, 5(1), 63. 

Schmid-Hempel, P., Schmid-Hempel, R., Brunner, P. C., Seeman, O. D., & Allen, G. R. 2007. Invasion success of the 
bumblebee, Bombus terrestris, despite a drastic genetic bottleneck. Heredity, 99(4), 414. 

Schmidt-Chanasit, J., Haditsch, M., Schöneberg, I., Günter, S., Stark, K., & Frank, C. 2010. Dengue virus infection in a 
traveller returning from Croatia to Germany. Euro Surveill., 15(40), 19677. 

Schmidt, T. L., Rašić, G., Zhang, D., Zheng, X., Xi, Z., & Hoffmann, A. A. 2017. Genome-wide SNPs reveal the 
drivers of gene flow in an urban population of the Asian Tiger Mosquito, Aedes albopictus. PLoS Neglected 
Tropical Diseases, 11(10), e0006009. 

Scholte, E. J., & Schaffner, F. 2007. Waiting for the tiger: establishment and spread of the Aedes albopictus mosquito in 
Europe. Emerging Pests and Vector-Borne Diseases in Europe, 1, 241. 

Scholte, E. J., Jacobs, F., Linton, Y. M., Dijkstra, E., Fransen, J., & Takken, W. 2007. First record of Aedes (Stegomyia) 
albopictus in the Netherlands. European Mossquito Bulletin, 22(5), 9. 

Schrieber, K., & Lachmuth, S. 2017. The genetic paradox of invasions revisited: the potential role of 
inbreeding×environment interactions in invasion success. Biological Reviews, 92(2), 939−952. 

Schulte, U., Veith, M., Mingo, V., Modica, C., & Hochkirch, A. 2013. Strong genetic differentiation due to multiple 
founder events during a recent range expansion of an introduced wall lizard population. Biological Invasions, 
15(12), 2639−2649. 

Šebesta, O., Rudolf, I., Betášová, L., Peško, J., & Hubálek, Z. 2012. An invasive mosquito species Aedes albopictus 
found in the Czech Republic, 2012. Eurosurveillance, 17(43), 20301. 

Seebens, H., Blackburn, T. M., Dyer, E. E., Genovesi, P., Hulme, P. E., Jeschke, J. M., et al. 2017. No saturation in the 
accumulation of alien species worldwide. Nature communications, 8, 14435. 

Segelbacher, G., Cushman, S. A., Epperson, B. K., Fortin, M. J., Francois, O., Hardy, O. J., et al. 2010. Applications of 
landscape genetics in conservation biology: concepts and challenges. Conservation genetics, 11(2), 375–385. 

Severini, F., Di, M. L., Toma, L., & Romi, R. 2008. Aedes albopictus in Rome: results and perspectives after 10 years 
of monitoring. Parassitologia, 50(1−2), 121−123. 

Sexton, J. P., Hangartner, S. B., & Hoffmann, A. A. 2014. Genetic isolation by environment or distance: which pattern 
of gene flow is most common? Evolution, 68(1), 1−15. 

Sgrò, C. M., Terblanche, J. S., & Hoffmann, A. A. 2016. What can plasticity contribute to insect responses to climate 
change? Annual Review of Entomology, 61, 433–451. 



	

		

	

	

227 
	

Shafer, A. B. A., Peart, C. R., Tusso, S., Maayan, I., Brelsford, A., Wheat, C. W., et al. 2017. Bioinformatic processing 
of RAD-seq data dramatically impacts downstream population genetic inference. Methods in Ecology and 
Evolution, 8(8), 907–917. 

Shaikevich, E., & Talbalaghi, A. 2013. Molecular characterization of the Asian tiger mosquito Aedes albopictus (Skuse) 
(Diptera: Culicidae) in northern Italy. ISRN Entomology. 

Sharov, A. A., & Liebhold, A. M. 1998. Model of slowing the spread of gypsy moth (Lepidoptera: Lymantriidae) with a 
barrier zone. Ecological Applications, 8(4), 1170−1179. 

Sheets, H. D. 2008. IMP: integrated morphometrics package. Department of Physics, Canisius College, Buffalo, New 
York. 

Sherpa, S., Rioux, D., Pougnet-Lagarde, C., & Després, L. 2018a. Genetic diversity and distribution differ between 
long-established and recently introduced populations in the invasive mosquito Aedes albopictus. Infection, 
Genetics and Evolution, 58, 145–156. 

Sherpa, S., Rioux, D., Goindin, D., Fouque, F., François, O., & Despres, L. 2018b. At the origin of a worldwide 
invasion: unraveling the genetic makeup of the Caribbean bridgehead populations of the dengue vector Aedes 

aegypti. Genome biology and evolution, 10(1), 56–71. 

Sherpa, S., Blum M. G. B., Capblancq T., Cumer T., Rioux D., & Després. L. 2019a. Unraveling the invasion history of 
the Asian tiger mosquito in Europe. Molecular Ecology, 28(9), 2360–2377. 

Sherpa, S., Blum M. G. B., & Després. L. 2019b. Cold adaptation in the Asian tiger mosquito’s native range precedes 
its invasion success in temperate regions. Evolution, 73(9), 1793–1808.		

Sherpa, S., Guéguen, M., Renaud, J., Blum M. G. B., Gaude, T., Laporte, F., et al. 2019c. Predicting the success of an 
invader: niche shift versus niche conservatism. Ecology and Evolution, In Press. 

Shigesada, N., & Kawasaki, K. 1997. Biological invasions: theory and practice. Oxford University Press, UK. 

Shigesada, N., Kawasaki, K., & Takeda, Y. 1995. Modeling stratified diffusion in biological invasions. The American 
Naturalist, 146(2), 229−251. 

Shine, R., Brown, G. P., & Phillips, B. L. 2011. An evolutionary process that assembles phenotypes through space 
rather than through time. Proceedings of the National Academy of Sciences, 108(14), 5708−5711. 

Sim, C., & Delinger D. L. 2013. Insulin signaling and the regulation of insect diapause. Frontiers in Physiology 4, 189. 

Simard, F., Nchoutpouen, E., Toto, J. C., & Fontenille, D. 2005. Geographic distribution and breeding site preference of 
Aedes albopictus and Aedes aegypti (Diptera: Culicidae) in Cameroon, Central Africa. Journal of Medical 
Entomology, 42(5), 726−731. 

Simberloff, D. 2009. The role of propagule pressure in biological invasions. Annual Review of Ecology, Evolution, and 
Systematics, 40, 81−102. 

Simberloff, D., Martin, J. L., Genovesi, P., Maris, V., Wardle, D. A., Aronson, J., et al. 2013. Impacts of biological 
invasions: what's what and the way forward. Trends in Ecology & Evolution, 28(1), 58–66. 

Skellam, J. G. 1951. Random dispersal in theoretical populations. Biometrika, 38(1−2), 196−218. 

Slatkin, M. 1985. Rare alleles as indicators of gene flow. Evolution, 39(1), 53–65. 

Slatkin, M., & Excoffier, L. 2012. Serial founder effects during range expansion: a spatial analog of genetic drift. 
Genetics, 19(11), 171−181. 

Soberon, J., & Peterson, A.T. 2005. Interpretation of models of fundamental ecological niches and species’ 
distributional areas. Biodiversity Informatics, 2, 1−10.	

Sokal, I., Alekseev, A., & Palczewski, K. 2003. Photoreceptor guanylate cyclase variants: cGMP production under 
control. Biochimica Polonica, 50(4), 1075–1095. 

Sork, V. L., & Waits, L. 2010. Contributions of landscape genetics–approaches, insights, and future potential. 
Molecular Ecology, 19(17), 3489–3495. 

Sota, T., & Mogi, M. 1992. Survival time and resistance to desiccation of diapause and non‐diapause eggs of temperate 
Aedes (Stegomyia) mosquitoes. Entomologia Experimentalis et Applicata, 63(2), 155−161. 

Spear, S. F., Balkenhol, N., Fortin, M. J., McRae, B. H., & Scribner, K. I. M. 2010. Use of resistance surfaces for 
landscape genetic studies: considerations for parameterization and analysis. Molecular ecology, 19(17), 
3576−3591. 

Sprenger, D., & Wuithiranyagool, T. 1986. The discovery and distribution of Aedes albopictus in Harris County, Texas. 
Journal of the American Mosquito Control Association, 2(2), 217. 

Städler, T., Haubold, B., Merino, C., Stephan, W., & Pfaffelhuber, P. 2009. The impact of sampling schemes on the site 
frequency spectrum in nonequilibrium subdivided populations. Genetics, 182(1), 205−216. 

Steane, D. A., Potts, B. M., McLean, E., Prober, S. M., Stock, W. D., Vaillancourt, R. E., et al. 2014. Genome-wide 
scans detect adaptation to aridity in a widespread forest tree species. Molecular Ecology, 23(10), 2500−2513. 



Références      

  

	

	

228 
	

Stephens, C. R., & Juliano, S. A. 2012. Wing shape as an indicator of larval rearing conditions for Aedes albopictus and 
Aedes aegypti (Diptera: Culicidae). Journal of Medical Entomology, 49(4), 927−938. 

Stephenson, A. G., Leyshon, B., Travers, S. E., Hayes, C. N., & Winsor, J. A. 2004. Interrelationships among 
inbreeding, herbivory, and disease on reproduction in a wild gourd. Ecology, 85(11), 3023−3034. 

Stiller, J. W., & Denton, A. L. 1995. One hundred years of Spartina altemiflora (Poaceae) in Willapa Bay, Washington: 
random amplified polymorphic DNA analysis of an invasive population. Molecular Ecology, 4(3), 355−364. 

Storey, J. D., & Tibshirani, R. 2003. Statistical significance for genomewide studies. Proceedings of the National 
Academy of Sciences, 100(16), 9440–9445. 

Storey, J. D., Bass, A. J., Dabney, A., & Robinson, D. 2015. QVALUE: Q-value estimation for false discovery rate 
control. http://github.com/jdstorey/qvalue 

Storey, J. D., Taylor, J. E., & Siegmund, D. 2004. Strong control, conservative point estimation and simultaneous 
conservative consistency of false discovery rates: a unified approach. Journal of the Royal Statistical Society: 
Series B Statistical Methodology, 66(1), 187–205. 

Storfer, A., Murphy, M. A., Evans, J. S., Goldberg, C. S., Robinson, S., Spear, S. F., et al. 2007. Putting the ‘landscape’ 
in landscape genetics. Heredity, 98(3), 128. 

Storfer, A., Murphy, M. A., Spear, S. F., Holderegger, R., & Waits, L. P. 2010. Landscape genetics: where are we now? 
Molecular Ecology, 19(17), 3496−3514. 

Suarez, A. V., & Tsutsui, N. D. 2008. The evolutionary consequences of biological invasions. Molecular Ecology, 
17(1), 351–360. 

Suter, T. T., Flacio, E., Fariña, B. F., Engeler, L., Tonolla, M., Regis, L. N., et al. 2016. Surveillance and control of 
Aedes albopictus in the Swiss-Italian border region: differences in egg densities between intervention and non-
intervention areas. PLoS Neglected Tropical Diseases, 10(1), e0004315. 

Swets, J. A. 1988. Measuring the accuracy of diagnostic systems. Science, 240(4857), 1285–1293. 

T 
Tajima, F. 1989. Statistical method for testing the neutral mutation hypothesis by DNA polymorphism. Genetics, 

123(3), 585-595. 

Tatem, A. J., & Hay, S. I. 2007. Climatic similarity and biological exchange in the worldwide airline transportation 
network. Proceedings of the Royal Society B: Biological Sciences, 274(1617), 1489−1496. 

Taylor, P. D., Fahrig, L., Henein, K., & Merriam, G. 1993. Connectivity is a vital element of landscape structure. Oikos, 
68(3), 571−573. 

Telecky, T. M. 2001. United States import and export of live turtles and tortoises. Turtle and Tortoise Newsletter; 4, 8–
13. 

Templeton, A. R. 2009. Statistical hypothesis testing in intraspecific phylogeography: nested clade phylogeographical 
analysis vs. approximate Bayesian computation. Molecular Ecology, 18(2), 319−331. 

Templeton, A. R. 2010. Correcting approximate Bayesian computation. Trends in Ecology & Evolution, 25(9), 
488−491. 

Templeton, A. R., & Read, B. 1994. Inbreeding: one word, several meanings, much confusion. In Conservation 

genetics. Loeschcke, V., Tomiuk, J., & Jain, S. K. (Eds.). pp. 91–105. Birkhäuser, Basel. 

Teng, H. J., & Apperson, C. S. 2000. Development and survival of immature Aedes albopictus and Aedes triseriatus 
(Diptera: Culicidae) in the laboratory: effects of density, food, and competition on response to temperature. 
Journal of Medical Entomology, 37(1), 40−52. 

Tepolt, C. K., Darling, J. A., Bagley, M. J., Geller, J. B., Blum, M. J., & Grosholz, E. D. 2009. European green crabs 
(Carcinus maenas) in the northeastern Pacific: genetic evidence for high population connectivity and current-
mediated expansion from a single introduced source population. Diversity and Distributions, 15(6), 997−1009. 

Terhorst, J., Kamm, J. A., & Song, Y. S. 2017. Robust and scalable inference of population history from hundreds of 
unphased whole genomes. Nature Genetics, 49(2), 303. 

Termine, R., & Medici, A. 2010. Sorveglianza e monitoraggio di Zanzara Tigre Aedes albopictus (Skuse, 1894) 
(Diptera: Culicidae) nella Riserva Naturale Speciale del lago di Pergusa (Enna). XXIII Congresso Internazionale 
"Biologia Clinica, una realtà in evoluzione. Ambiente, una risorsa da salvaguardare", Roma, Italia. 

Tewari, S. C., Thenmozhi, V., Katholi, C. R., Manavalan, R., Munirathinam, A., & Gajanana, A. 2004. Dengue vector 
prevalence and virus infection in a rural area in south India. Tropical Medicine & International Health, 9(4), 
499−507. 



	

		

	

	

229 
	

Thomas, S. M., Obermayr, U., Fischer, D., Kreyling, J., & Beierkuhnlein, C. 2012. Low-temperature threshold for egg 
survival of a post-diapause and non-diapause European aedine strain, Aedes albopictus (Diptera: Culicidae). 
Parasites & Vectors, 5(1), 100. 

Thompson, J. N. 1998. Rapid evolution as an ecological process. Trends in Ecology & Evolution, 13(8), 329–332. 

Thuiller, W. 2003. BIOMOD–optimizing predictions of species distributions and projecting potential future shifts under 
global change. Global Change Biology, 9(10), 1353–1362. 

Thuiller, W. 2004. Patterns and uncertainties of species' range shifts under climate change. Global Change Biology, 
10(12), 2020–2027. 

Thuiller, W., Georges, D. Engler, R., & Beriner, F. 2019. BIOMOD2: Ensemble platform for species distribution 
modeling. https://CRAN.R-project.org/package=biomod2  

Thuiller, W., Lafourcade, B., Engler, R., & Araújo, M.B. 2009. BIOMOD–a platform for ensemble forecasting of 
species distributions. Ecography, 32(3), 369–373. 

Thuiller, W., Richardson, D. M., Pyšek, P., Midgley, G. F., Hughes, G. O., & Rouget, M. 2005. Niche‐based modelling 
as a tool for predicting the risk of alien plant invasions at a global scale. Global Change Biology, 11(12), 2234–
2250. 

Tiffin, P., & Ross-Ibarra, J. 2014. Advances and limits of using population genetics to understand local adaptation. 
Trends in Ecology & Evolution, 29(12), 673−680. 

Tischendorf, L., & Fahrig, L. 2000. How should we measure landscape connectivity? Landscape Ecology, 15(7), 
633−641. 

Tobin, P. C., Whitmire, S. L., Johnson, D. M., Bjørnstad, O. N., & Liebhold, A. M. 2007. Invasion speed is affected by 
geographical variation in the strength of Allee effects. Ecology Letters, 10(1), 36−43. 

Toma, L., Severini, I. F., Di Luca, I. M., Bella, I. A., & ryP Roberto, R. 2003. Seasonal patterns of oviposition and egg 
hatching rate of Aedes albopictus in Rome. Journal of the American Mosquito Conttrol Association, 19(1), 
19−22. 

Toma, L., Toma, F., Pampiglione, G., Goffredo, M., Severini, F., & Di Luca, M. 2017. First record of Aedes albopictus 
(Skuse, 1894) (Diptera; Culicidae) from three islands in the Tyrrhenian Sea (Italy). Journal of the European 
Mosquito Control Association, 35, 25−28. 

Torina, A., Sole, M., Longo, R., & Romi, R. 2006. First monitoring of Aedes albopictus (Diptera: Culicidae) in 
palermo, Sicily. Parassitologia, 48(1−2), 166. 

Toto, J. C., Abaga, S., Carnevale, P., & Simard, F. 2003. First report of the oriental mosquito Aedes albopictus on the 
West African island of Bioko, Equatorial Guinea. Medical and Veterinary Entomology, 17(3), 343−346. 

Trájer, A. J., Tánczos, B., Hammer, T., Bede-Fazekas, Á., Ranvig, K. A., & Padisák, J. 2017. The complex 
investigation of the colonization potential of Aedes albopictus (Diptera: Culicidae) in the South Pannonian 
Ecoregion. Applied Ecology and Environmental Research, 15(1), 275–298. 

Tran, A., L'Ambert, G., Lacour, G., Benoît, R., Demarchi, M., Cros, M., et al. 2013. A rainfall-and temperature-driven 
abundance model for Aedes albopictus populations. International Journal of Environmental Research and Public 
Health, 10(5), 1698–1719. 

Tran, A., L'Ambert, G., Lacour, G., Benoît, R., Demarchi, M., Cros, M., et al. 2013. A rainfall-and temperature-driven 
abundance model for Aedes albopictus populations. International journal of environmental research and public 
health, 10(5), 1698−1719. 

Travis, J. M. J., Münkemüller, T., & Burton, O. J. 2010. Mutation surfing and the evolution of dispersal during range 
expansions. Journal of Evolutionary Biology, 23(12), 2656−2667. 

Travis, J. M., & Dytham, C. 2002. Dispersal evolution during invasions. Evolutionary Ecology Research, 4(8), 
1119−1129. 

Travis, J. M., Mustin, K., Benton, T. G., & Dytham, C. 2009. Accelerating invasion rates result from the evolution of 
density-dependent dispersal. Journal of Theoretical Biology, 259(1), 151−158. 

Turel, I. 2002. Nadležni komar prestopil mejo. Sobota VI, 21.  

Turell, M. J., Beaman, J. R., & Tammariello, R. F. 1992. Susceptibility of selected strains of Aedes aegypti and Aedes 

albopictus (Diptera: Culicidae) to chikungunya virus. Journal of Medical Entomology, 29(1), 49−53. 

Turell, M. J., Dohm, D. J., Sardelis, M. R., O’guinn, M. L., Andreadis, T. G., & Blow, J. A. 2005. An update on the 
potential of North American mosquitoes (Diptera: Culicidae) to transmit West Nile virus. Journal of Medical 
Entomology, 42(1), 57−62. 



Références      

  

	

	

230 
	

U 
Urbanelli, S., Bellini, R., Carrieri, M., Sallicandro, P., & Celli, G. 2000. Population structure of Aedes albopictus 

(Skuse): the mosquito which is colonizing Mediterranean countries. Heredity, 84(3), 331–337. 

Urbanski, J. M., Benoit, J. B., Michaud, M. R., Denlinger, D. L., & Armbruster, P. 2010. The molecular physiology of 
increased egg desiccation resistance during diapause in the invasive mosquito, Aedes albopictus. Proceedings of 
the Royal Society B: Biological Sciences, 277(1694), 2683–2692. 

Urbanski, J., Mogi, M., O’Donnell, D., DeCotiis, M., Toma, T., & Armbruster, P. 2012. Rapid adaptive evolution of 
photoperiodic response during invasion and range expansion across a climatic gradient. The American 
Naturalist, 179(4), 490−500. 

Usmani-Brown, S., Cohnstaedt, L., & Munstermann, L. E. 2009. Population genetics of Aedes albopictus (Diptera: 
Culicidae) invading populations, using mitochondrial nicotinamide adenine dinucleotide dehydrogenase subunit 
5 sequences. Annals of the Entomological Society of America, 102(1), 144−150. 

V 
Valéry, L., Fritz, H., Lefeuvre, J. C., & Simberloff, D. 2008. In search of a real definition of the biological invasion 

phenomenon itself. Biological Invasions, 10(8), 1345−1351. 

Vall-llosera, M., & Sol, D. 2009. A global risk assessment for the success of bird introductions. Journal of Applied 
Ecology, 46(4), 787−795. 

Van Boheemen, L. A., Lombaert, E., Nurkowski, K. A., Gauffre, B., Rieseberg, L. H., & Hodgins, K. A. 2017. Multiple 
introductions, admixture and bridgehead invasion characterize the introduction history of Ambrosia 

artemisiifolia in Europe and Australia. Molecular Ecology, 26(20), 5421−5434. 

Van Etten, J. 2017. R package GDISTANCE: distances and routes on geographical grids. https://CRAN.R-
project.org/package=gdistance  

Van Kleunen, M., & Schmid, B. 2003. No evidence for an evolutionary increased competitive ability in an invasive 
plant. Ecology, 84(11), 2816−2823. 

Van Kleunen, M., Bossdorf, O., & Dawson, W. 2018. The ecology and evolution of alien plants. Annual Review of 
Ecology, Evolution, and Systematics, 49, 25−47. 

Van Leeuwen, C. H., Huig, N., Van der Velde, G., Van Alen, T. A., Wagemaker, C. A., Sherman, C. D., et al. 2013. 
How did this snail get here? Several dispersal vectors inferred for an aquatic invasive species. Freshwater 
Biology, 58(1), 88−99. 

Vandepitte, K., De Meyer, T., Helsen, K., Van Acker, K., Roldán-Ruiz, I., Mergeay, J., & Honnay, O. 2014. Rapid 
genetic adaptation precedes the spread of an exotic plant species. Molecular Ecology, 23(9), 2157−2164. 

Varvio, S. L., Chakraborty, R., & Nei, M. 1986. Genetic variation in subdivided populations and conservation genetics. 
Heredity, 57(2), 189. 

Vélez, I. D., Quiñones, M. L., Suárez, M., Olano, V., Murcia, L. M., Correa, E., et al. 1998. Presencia de Aedes 

albopictus en Leticia, Amazonas, Colombia. Biomédica, 18(3), 192−198. 

Veltman, C. J., Nee, S., & Crawley, M. J. 1996. Correlates of introduction success in exotic New Zealand birds. The 
American Naturalist, 147(4), 542−557. 

Venter, O., Sanderson, E. W., Magrach, A., Allan, J. R., Beher J., Jones, K. R. et al. 2018. Last of the Wild Project, 
Version 3 (LWP-3): 2009 Human Footprint, 2018 Release. Palisades, NY: NASA Socioeconomic Data and 
Applications Center (SEDAC). 

Vera, M., Díez-del-Molino, D., & García-Marín, J. L. 2016. Genomic survey provides insights into the evolutionary 
changes that occurred during European expansion of the invasive mosquitofish (Gambusia holbrooki). 
Molecular Ecology, 25(5), 1089−1105. 

Verhoeven, K. J., Macel, M., Wolfe, L. M., & Biere, A. 2010. Population admixture, biological invasions and the 
balance between local adaptation and inbreeding depression. Proceedings of the Royal Society B: Biological 
Sciences, 278(1702), 2−8. 

Vermeulen, C. J., Sørensen, P., Gagalova, K. K., & Loeschcke, V. 2014. Flies who cannot take the heat: genome-wide 
gene expression analysis of temperature-sensitive lethality in an inbred line of Drosophila melanogaster. Journal 
of Evolutionary Biology, 27(10), 2152−2162. 

Vermeulen, C. J., Sørensen, P., Kirilova Gagalova, K., & Loeschcke, V. 2013. Transcriptomic analysis of inbreeding 
depression in cold-sensitive Drosophila melanogaster shows upregulation of the immune response. Journal of 
Evolutionary Biology, 26(9), 1890−1902. 



	

		

	

	

231 
	

Viricel, A., Pante, E., Dabin, W., & Simon-Bouhet, B. 2014. Applicability of RAD-tag genotyping for interfamilial 
comparisons: empirical data from two cetaceans. Molecular Ecology Resources, 14(3), 597–605. 

Vitousek, P. M., D'antonio, C. M., Loope, L. L., Rejmanek, M., & Westbrooks, R. 1997. Introduced species: a 
significant component of human-caused global change. New Zealand Journal of Ecology, 21(1), 1–16. 

Voris, H. K. 2000. Maps of Pleistocene sea levels in Southeast Asia: shorelines, river systems and time durations. 
Journal of Biogeography, 27(5), 1153–1167. 

Vrućina, I., Merdić, E., Zahirović, Ž., Kata, K., Ankica, I., Cvitković, M., et al. 2018. Investigations of Asian tiger 
mosquito Aedes albopictus in Vukovar-Srijem county during 2016 and 2017, Croatia. Zbornik Radova 30. 
Znanstveno Stručno Edukativni Seminar s Međunarodnim Sudjelovanjem DDD i ZUPP 2018. Korunić doo 
Zagreb. 

Vrućina, I., Merdić, E., Zahirović, Ž., Kurtek, I., Krešić, K., Cvitković, M., et al. 2017. First record of the Asian tiger 
mosquito Aedes albopictus in Vukovar-Srijem County, Croatia. Zbornik Radova 29. Znanstveno Stručno 
Edukativni Seminar s Međunarodnim Sudjelovanjem DDD i ZUPP 2018. Korunić doo Zagreb. 

W 
Wagner, N. K., Ochocki, B. M., Crawford, K. M., Compagnoni, A., & Miller, T. E. 2016. Genetic mixture of multiple 

source populations accelerates invasive range expansion. Journal of Animal Ecology, 86(1), 21−34. 

Walther, D., Scheuch, D. E., & Kampen, H. 2017. The invasive Asian tiger mosquito Aedes albopictus (Diptera: 
Culicidae) in Germany: Local reproduction and overwintering. Acta Tropica, 166, 186−192. 

Wang, P., Li, Q., & Tian, J. 2014. Pleistocene paleoceanography of the South China Sea: Progress over the past 20 
years. Marine Geology, 352, 381–396. 

Wang, R. L. 1966. Observations on the influence of photoperiod on egg diapause in Aedes albopictus Skuse. Acta 
Entomologica Sinica, 15, 75−77. 

Wang, X. P., Yang, Q. S., Dalin, P., Zhou, X. M., Luo, Z. W., & Lei, C. L. 2012. Geographic variation in photoperiodic 
diapause induction and diapause intensity in Sericinus montelus (Lepidoptera: Papilionidae). Insect science, 
19(3), 295−302. 

Wang, Y., & Stone, L. 2019. Understanding the connections between species distribution models for presence-
background data. Theoretical Ecology, 12(1), 73–88. 

Wang, Y., Cao, X., Zhao, Y., Fei, J., Hu, X., & Li, N. 2017. Optimized double-digest genotyping by sequencing 
(ddGBS) method with highdensity SNP markers and high genotyping accuracy for chickens. PLoS One, 12(6), 
1–19. 

Ward, S. M., & Jasieniuk, M. 2009. Sampling weedy and invasive plant populations for genetic diversity analysis. 
Weed Science, 57(6), 593–602. 

Wares, J. P, Hughes, A. R, & Grosberg R. K. 2005. Mechanisms that drive evolutionary change: insights from species 
introductions and invasions. In Species invasions: insights into ecology, evolution, and biogeography. Sax, D. F, 
Stachowicz, J.J, & Gaines, S. D. (Eds.). pp. 229–257. Sinauer Associates, Sunderland, MA, USA. 

Warren, D. L., Glor, R. E., & Turelli, M. 2008. Environmental niche equivalency versus conservatism: quantitative 
approaches to niche evolution. Evolution: International Journal of Organic Evolution, 62(11), 2868–2883. 

Washburn, J. O., & Hartmann, E. U. 1992. Could Aedes albopictus (Diptera: Culicidae) become established in 
California tree holes? Journal of Medical Entomology, 29(6), 995−1005. 

Watterson, G. A. 1975. Number of segregating sites in genetic models without recombination. Theoretical Population 
Biology, 7(2), 256–276.  

Watts, P. C., Keat, S., & Thompson, D. J. 2010. Patterns of spatial genetic structure and diversity at the onset of a rapid 
range expansion: colonisation of the UK by the small red-eyed damselfly Erythromma viridulum. Biological 
Invasions, 12(11), 3887−3903. 

Webb, D. A. 1985. What are the criteria for presuming native status? Watsonia, 15(3), 231−236. 

Weinig, C., Brock, M. T., Dechaine, J. A., & Welch, S. M. 2007. Resolving the genetic basis of invasiveness and 
predicting invasions. Genetica, 129(2), 205−216. 

Weir, B. S., & Cockerham, C. C. 1984. Estimating F-statistics for the analysis of population structure. Evolution, 38(6), 
1358–1370. 

Werner, D., Kronefeld, M., Schaffner, F., & Kampen, H. 2012. Two invasive mosquito species, Aedes albopictus and 
Aedes japonicus japonicus, trapped in south-west Germany, July to August 2011. Eurosurveillance, 17(4), 
20067. 



Références      

  

	

	

232 
	

Werner, D., Kronefeld, M., Schaffner, F., & Kampen, H. 2012. Two invasive mosquito species, Aedes albopictus and 
Aedes japonicus japonicus, trapped in south-west Germany, July to August 2011. Eurosurveillance, 17(4), 
20067. 

Westphal, M. I., Browne, M., MacKinnon, K., & Noble, I. 2008. The link between international trade and the global 
distribution of invasive alien species. Biological Invasions, 10(4), 391−398. 

White, V. L., Endersby, N. M., Chan, J., Hoffmann, A. A., & Weeks, A. R. 2015. Developing Exon-Primed Intron-
Crossing (EPIC) markers for population genetic studies in three Aedes disease vectors. Insect science, 22(3), 
409−423. 

Whitlock, M. C. 1992. Temporal fluctuations in demographic parameters and the genetic variance among populations. 
Evolution, 46(3), 608–615. 

Whitlock, M. C., & Lotterhos, K. E. 2015. OUTFLANK: FST outliers with trimming. 
https://github.com/whitlock/OutFLANK.  

Whitlock, M. C., & Lotterhos, K. E. 2015. Reliable detection of loci responsible for local adaptation: Inference of a null 
model through trimming the distribution of FST. The American Naturalist, 186(1), 24−36. 

Whitney, K. D., & Gabler, C. A. 2008. Rapid evolution in introduced species,‘invasive traits’ and recipient 
communities: challenges for predicting invasive potential. Diversity and Distributions, 14(4), 569−580. 

Wiens, J. J., & Graham, C. H. 2005. Niche conservatism: integrating evolution, ecology, and conservation biology. 
Annual Review of Ecology, Evolution, and Systematics, 56, 519–539. 

Williams, E. E. 1998. Membrane lipids: what membrane physical properties are conserved during physiochemically-
induced membrane restructuring? American Zoologits, 38(2), 280–290. 

Williams, J. G., Kubelik, A. R., Livak, K. J., Rafalski, J. A., & Tingey, S. V. 1990. DNA polymorphisms amplified by 
arbitrary primers are useful as genetic markers. Nucleic Acids Research, 18(22), 6531−6535. 

Williamson, M. H., & Fitter, A. 1996. The characters of successful invaders. Biological conservation, 78(1−2), 
163−170. 

Willing, E. M., Dreyer, C., & Van Oosterhout, C. 2012. Estimates of genetic differentiation measured by FST do not 
necessarily require large sample sizes when using many SNP markers. PLoS One, 7(8), e42649. 

Wilson, G. A., & Rannala, B. 2003. Bayesian inference of recent migration rates using multilocus genotypes. Genetics, 
163(3), 1177−1191. 

Wilson, I. J., & Balding, D. J. 1998. Genealogical inference from microsatellite data. Genetics, 150(1), 499−510. 

Wilson, J. R., Dormontt, E. E., Prentis, P. J., Lowe, A. J., & Richardson, D. M. 2009. Something in the way you move: 
dispersal pathways affect invasion success. Trends in Ecology & Evolution, 24(3), 136−144. 

Wilson, J. R., García-Díaz, P., Cassey, P., Richardson, D. M., Pyšek, P., & Blackburn, T. M. 2016. Biological invasions 
and natural colonisations are different–the need for invasion science. NeoBiota, 31, 87. 

Y 
Yee, D. A. 2016. Thirty years of Aedes albopictus (Diptera: Culicidae) in America: An introduction to current 

perspectives and future challenges. Journal of Medical Entomology, 53(5), 989−991. 

Yee, D. A., Kesavaraju, B., & Juliano, S. A. 2007. Direct and indirect effects of animal detritus on growth, survival, and 
mass of invasive container mosquito Aedes albopictus (Diptera: Culicidae). Journal of Medical Entomology, 
44(4), 580−588. 

Yocum, G. D. 2001. Differential expression of two HSP70 transcripts in response to cold shock, thermoperiod, and 
adult diapause in the Colorado potato beetle. Journal of Insect Physiology, 47(10), 1139–1145.  

Yocum, G. D., Kemp, W. P., Bosch, J., & Knoblett, J. N. 2005. Temporal variation in overwintering gene expression 
and respiration in the solitary bee Megachile rotundata. Journal of Insect Physiology, 51(6), 621–629. 

Yokoyama, Y., Kido, Y., Tada, R., Minami, I., Finkel, R. C., & Matsuzaki, H. 2007. Japan Sea oxygen isotope 
stratigraphy and global sea-level changes for the last 50,000 years recorded in sediment cores from the Oki 
Ridge. Palaeogeography, Palaeoclimatology, Palaeoecology, 247(1–2), 5–17. 

Yoshida, T., Goka, K., Ishihama, F., Ishihara, M., & Kudo, S. I. 2007. Biological invasion as a natural experiment of 
the evolutionary processes: introduction of the special feature. Ecological Research, 22(6), 849−854. 



	

		

	

	

233 
	

Z 
Zalewski, A., Piertney, S. B., Zalewska, H., & Lambin, X. 2009. Landscape barriers reduce gene flow in an invasive 

carnivore: geographical and local genetic structure of American mink in Scotland. Molecular Ecology, 18(8), 
1601−1615. 

Zawani, M. K. N., Abu, H. A., Sazaly, A. B., Zary, S. Y., & Darlina, M. N. 2014. Population genetic structure of Aedes 

albopictus in Penang, Malaysia. Genetics and Molecular Research, 13(4), 8184−8196. 

Zeisset, I., & Beebee, T. J. 2003. Population genetics of a successful invader: the marsh frog Rana ridibunda in Britain. 
Molecular Ecology, 12(3), 639−646. 

Zepeda-Paulo, F. A., Simon, J. C., Ramirez, C. C., Fuentes-Contreras, E., Margaritopoulos, J. T., Wilson, A. C. C., et 
al. 2010. The invasion route for an insect pest species: the tobacco aphid in the New World. Molecular Ecology, 
19(21), 4738−4752. 

Zhang, H., Xing, D., Wang, G., Li, C., & Zhao, T. 2015. Sequencing and analysis of the complete mitochondrial 
genome of Aedes albopictus (Diptera: Culicidae) in China. Mitochondrial DNA Part A, 27(4), 2787−2788. 

Zhang, M., Zhang, D., Li, Y., Sun, Q., Li, Q., Fan, Y. et al. 2019. Water-induced strong protection against acute 
exposure to low subzero temperature of adult Aedes albopictus. PLoS Neglected Tropical Diseases, 13(2), 
e0007139. 

Zhong, D., Lo, E., Hu, R., Metzger, M. E., Cummings, R., Bonizzoni, M., et al. 2013. Genetic analysis of invasive 
Aedes albopictus populations in Los Angeles County, California and its potential public health impact. PLoS 
One, 8(7), e68586. 

Žitko, T., Kovac̆ić, A., Desdevises, Y., & Puizina, J. 2011. Genetic variation in East-Adriatic populations of the Asian 
tiger mosquito, Aedes albopictus (Diptera: Culicidae), inferred from NADH5 and COI sequence variability. 
European Journal of Entomology, 108(4), 501−508. 

Zomer, R. J., Trabucco, A., Bossio, D. A., & Verchot, L.V. 2008. Climate change mitigation: A spatial analysis of 
global land suitability for clean development mechanism afforestation and reforestation. Agriculture, ecosystems 
& environment, 126(1–2), 67–80. 



 

	

	

234 
	

 



 

	

	

235 
	

Annexes 
 
	

Article	5	 Genetic	 diversity	 and	 distribution	 differ	 between	 long-established	

and	recently	 introduced	populations	 in	the	 invasive	mosquito	Aedes	

albopictus	

Article	6	 At	the	origin	of	a	worldwide	invasion:	unraveling	the	genetic	makeup	

of	the	Caribbean	bridgehead	populations	of	the	dengue	vector	Aedes	

aegypti	

Article	7	 Combining	genetic	crosses	and	pool	targeted	DNA-seq	for	untangling	

genomic	variations	associated	with	resistance	to	multiple	insecticides	

in	the	dengue	vector	Aedes	aegypti	

	 	



Annexes 

	

	

	

236 
	

Table des Annexes 
	

Annexe I	..........................................................................................................................	238 
 

Article	 5	 –	 Genetic	 diversity	 and	 distribution	 differ	 between	 long-established	 and	 recently	

introduced	populations	in	the	invasive	mosquito	Aedes	albopictus	

Abstract	...................................................................................................................................	239	

Introduction	............................................................................................................................	239	

Material	and	Methods	.............................................................................................................	241	

Ethics	statement	......................................................................................................................................	241	

Samples	collection	...................................................................................................................................	242	

DNA	extraction	and	ddRADseq	processing	..............................................................................................	242	

SNP	genotyping	........................................................................................................................................	242	

Genetic	diversity	analyses	........................................................................................................................	245	

Population	structure	analyses	..................................................................................................................	246	

Results	....................................................................................................................................	246	

SNP	calling	and	filtering	...........................................................................................................................	246	

Genetic	diversity	......................................................................................................................................	247	

Phylogenetic	relationships	.......................................................................................................................	248	

Discussion	...............................................................................................................................	251	

No	contemporary	gene	flow	between	the	two	invaded	areas	................................................................	251	

Long-term	established	populations	in	Reunion	Island	.............................................................................	253	

On-going	invasion	in	Europe	....................................................................................................................	254	

Genetic	structure	at	the	local	scale	..........................................................................................................	255	

Conclusions	.............................................................................................................................	255	

Electronic	Supplementary	Material	..........................................................................................	257	
	

	

Annexe II	.........................................................................................................................	264 
	

Article	 6	 –	 At	 the	 origin	 of	 a	 worldwide	 invasion:	 unraveling	 the	 genetic	 makeup	 of	 the	

Caribbean	bridgehead	populations	of	the	dengue	vector	Aedes	aegypti	

Abstract	...................................................................................................................................	265	

Introduction	............................................................................................................................	265	

Materials	and	Methods	...........................................................................................................	267	

Sample	collection	.....................................................................................................................................	267	

DNA	extraction	and	ddRADseq	library	preparation	.................................................................................	268	

SNPs	genotyping	......................................................................................................................................	269	

Phylogenetic	relationships	and	population	structure	..............................................................................	269	

Genetic	diversity	and	geographical	differentiation	..................................................................................	269	

Demographic	history	inference	................................................................................................................	270	

Locus-specific	departure	from	neutrality	.................................................................................................	270	

Environmental	variables	and	genome–environment	association	tests	...................................................	271	

Results	....................................................................................................................................	272	

SNP	genomic	distribution	.........................................................................................................................	272	

Phylogenetic	relationships	and	population	structure	..............................................................................	272	

Genetic	diversity	and	geographical	differentiation	..................................................................................	273	

Demographic	history	of	populations	........................................................................................................	275	



 

	

	

237 
	

Discussion	...............................................................................................................................	277	

Colonization	history	and	demographic	bottlenecks	................................................................................	277	

Patterns	of	genetic	diversity	and	geographical	scale	of	differentiation	in	the	Antilles	...........................	280	

Signatures	of	selection	in	the	genome	of	Ae.	aegypti	.............................................................................	281	

Conclusion	...............................................................................................................................	283	

Electronic	Supplementary	Material	..........................................................................................	284	
	

	

Annexe III ................................................................................................................. 288 
	

Article	 7	 –	 Combining	 genetic	 crosses	 and	 pool	 targeted	 DNA-seq	 for	 untangling	 genomic	

variations	associated	with	resistance	to	multiple	insecticides	in	the	dengue	vector	Aedes	aegypti	

Abstract	...................................................................................................................................	289	

Introduction	............................................................................................................................	290	

Material	and	Methods	.............................................................................................................	292	

Mosquitoes	..............................................................................................................................................	292	

Controlled	crosses	....................................................................................................................................	292	

Bioassays	..................................................................................................................................................	292	

Deep-targeted	DNA-sequencing	..............................................................................................................	294	

kdr	mutations	genotyping	........................................................................................................................	296	

Results	....................................................................................................................................	297	

Insecticide	resistance	levels	.....................................................................................................................	297	

Target-site	resistance	mutations	.............................................................................................................	297	

Gene	copy	number	variations	..................................................................................................................	298	

Selection	imprints	and	polymorphisms	....................................................................................................	299	

Discussion	...............................................................................................................................	301	

CNV	affecting	detoxification	enzymes	are	associated	with	resistance	....................................................	303	

Selection	signatures	and	non-synonymous	variations	associated	with	resistance	..................................	304	

Conclusions	.............................................................................................................................	305	

Electronic	Supplementary	Material	..........................................................................................	307	

	

	

Références bibliographiques des Annexes	..........................................	311	
 
	 	





 

 

	

	

239 
	

Article	5	
	

Genetic	 diversity	 and	 distribution	 differ	

between	 long-established	 and	 recently	

introduced	 populations	 in	 the	 invasive	

mosquito	Aedes	albopictus	
	

Stéphanie Sherpa, Delphine Rioux, Charlotte Pougnet-Lagarde, Laurence Després  
 

Infection, Genetics and Evolution, 2018, 58, 145–156 
DOI: 10.1016/j.meegid.2017.12.018 

 

Abstract	

The Asian tiger mosquito Aedes albopictus, native to South-eastern Asia, is currently the most 
invasive mosquito in the world. The spatio-temporal dynamics of its expansion through the 
genetic characterization of invasive populations has been challenged so far by the limited 
number of genetic markers variable enough to infer the genetic structure in recently invaded 
areas. Here we applied the double-digest Restriction-site Associated DNA sequencing method 
(ddRADseq) to mosquitoes collected in two invaded areas, Reunion Island (12 localities) and 
Europe (18 localities). Analyses of genetic diversity, Bayesian clustering, Maximum 
Likelihood inference and isolation-by-distance tests based on 1,561 genome-wide distributed 
Single Nucleotide Polymorphisms (SNPs) revealed that Reunion Island and Europe form two 
distinct genetic clusters, supporting no contemporary gene flow and suggesting two different 
and independent invasion histories. Long-established populations (Reunion Island) were more 
genetically diverse than recently introduced European populations. The largest part of genetic 
variance was found at the intra-individual level (>85%) and most FIS values were positive, 
suggesting in- breeding at the local scale. The two invaded areas showed contrasting patterns of 
genetic structure. Significant isolation-by-distance was found among Reunion Island 
populations, suggesting that these populations are at the drift-migration equilibrium. In 
contrast, long-distance human-assisted transport is probably the main dispersal mechanism in 
Europe. 

Keywords: Asian tiger mosquito – ddRADseq – Invasive species – Dispersal – Genetic 
diversity – Genetic structure 

	

	

Introduction	

The success of invading populations expanding into areas outside their native range has 
puzzled evolutionary ecologists for decades because they represent an evolutionary paradox 
(Sakai et al. 2001). The depletion of genetic variation is expected in introduced populations 
because the number of founders is often small (i.e. demographic bottleneck), especially if they 
all originate from the same source popula- tion (Dlugosch & Parker 2008; Peischl & Excoffier 
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2015). Low genetic variability may limit the ability of a population to establish and persist due 
to inbreeding depression and reduced evolutionary potential (Willi et al. 2006; Charlesworth & 
Willis 2009; Estoup et al. 2016). However, a growing number of studies show that introduced 
species become invasive through contemporary adaptations to the novel environments 
encountered during range expansion (Uller & Leimu 2011; Colautti & Lau 2015; Dlugosch et 
al. 2015; Estoup et al. 2016). Admixture between multiple source populations during 
colonization and/or establishment is one mechanism that might circumvent the initial 
bottleneck (Dlugosch et al. 2015; Schrieber & Lachmuth, 2016). Once initial colonization and 
establishment have occurred, invasive species may spread from continuing long-distance 
dispersal (human-assisted dispersal), and from short-distance dispersal of the established 
populations (Davis & Thompson 2000). 

The Asian tiger mosquito Aedes albopictus (Skuse) is one of the best examples of recent widely 
spread species in the world. Originating from South-eastern Asia, the older historical records 
report the presence of Ae. albopictus outside its native range in the 19th century in Pacific and 
Ocean Islands (e.g. Hawaii, Guam, Reunion Island; Scholte & Schaffner 2007). The large-scale 
dispersal of this species into all continents but Antarctica happened over the last few decades, 
likely primarily driven by the transportation of drought-resistant eggs via international trade 
(Benedict et al. 2007). The colonized areas range from tropical regions such as South America, 
Africa, and South West Indian Ocean (SWIO), to temperate regions such as Europe and USA. 
Aedes albopictus is of major socio-medical concern due to its aggressive daytime human-biting 
behavior and ability to serve as a vector for arboviruses transmission, including dengue, zika 
and chikungunya. Its expansion has already coincided with chikungunya and dengue fever 
outbreaks in invaded areas (Rezza et al. 2007; Schaffner et al. 2013; Murugan & Sathishkumar 
2016), highlighting the urgent need of more thorough studies on the spatio-temporal dynamics 
of this vector to acquire knowledge about the risk of disease in order to implement efficient 
vector control measures (Bonizzoni et al. 2013). 

Molecular genetic methods have proven their utility for inferring the spatio-temporal dynamics 
of invasive species, especially for identifying source populations, dispersal routes and the 
underlying adaptive processes (Geller et al. 2010; Bock et al. 2015; Rius et al. 2015). Among 
many approaches, population genetics are essential to acquire better understanding of genetic 
structure patterns and demographic processes in invasive populations (Lee 2002; Allendorf & 
Lundquist 2003; Jenkins & Keller 2011; Fitzpatrick et al. 2012). However, tracing the invasion 
history of Ae. albopictus is complicated by the lack of informative molecular markers available. 
Previous genetic analyses based on mitochondrial DNA (mtDNA) sequences identified only 
few haplotypes separated by short evolutionary distances, even at the intercontinental scale, 
presumably because invasive events occurred over a very recent time frame (reviewed in 
Goubert et al. 2016). Recent studies analyzing longer sequences or the whole mitochondrial 
genome showed the suitability of mtDNA markers for large-scale phylogeographical analyses 
(Zhong et al. 2013; Battaglia et al. 2016) but the lack of population structure in the native area 
suggests that the presence of the endosymbiotic bacteria Wolbachia in most Ae. albopictus 
populations constrain mtDNA diversity at the local scale through cytoplasmic sweep 
(Armbruster et al. 2003; Hurst & Jiggins 2005). More polymorphic markers (microsatellites or 
allozymes) proved to be useful to infer population structure at the breeding site scale but only 
in specific geographical area (Black et al. 1988; Kambhampati et al. 1991; Urbanelli et al. 
2000; Chareonviriyaphap et al. 2004; Delatte et al. 2013; Beebe et al. 2013). Improving the 
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genetic characterization of invasive populations of Ae. albopictus thus requires the 
development of larger sets of markers. Next-Generation Sequencing (NGS) technologies 
produce large panels of genome-wide distributed markers suitable for detecting both patterns of 
selection and demographic processes in invasive species (Rius et al. 2015). A recently reported 
pilot experiment suggested that the Restriction-site Associated DNA sequencing method 
(RADseq, Baird et al. 2008) was not ideal for Ae. albopictus (Goubert et al. 2016) because too 
many fragments were generated presumably due to large genome size. 

In order to decrease the complexity of the Ae. albopictus genome, we used the double-digest 
RADseq method (ddRADseq, Peterson et al. 2012), because it proved to be efficient to detect 
genetic structure caused by recent ecological and evolutionary processes in Ae. albopictus 
(Kotsakiozi et al. 2017; Schmidt et al. 2017). We used these markers to analyze the patterns of 
genetic variability in two invaded areas with different colonization histories and environments: 
Europe and Reunion Island. In Reunion Island, Ae. albopictus was introduced more than a 
century ago, presumably by immigrants from Asia during the 17th and 18th centuries (Paupy et 
al. 2001). The climate is tropical but due to the topography of the volcanic island, both 
vegetation and urbanization strongly differ between the windward wet East coast and the much 
drier West coast, which is protected by a coral barrier. As a consequence, habitats for 
mosquitoes are different between the two coasts and previous studies have found evidence for 
genetic differentiation among populations collected from the two coasts (Paupy et al. 2001; 
Delatte et al. 2013). In Europe, the climate is temperate, and the introduction is recent (first 
record in 1979 in Albania; Adhami & Murati 1987) with both established and not yet 
established populations. First, we asked whether Europe and Reunion Island are genetically 
connected. Even if geographically isolated, Reunion Island is an oversea French department 
with daily connections to Europe that might have allowed for gene flow opportunities with 
European populations. Furthermore, several previous studies investigating the genetics of 
European and SWIO populations have found genetic similarities between these two regions 
(Mousson et al. 2005; Zitko et al. 2011; Haddad et al. 2012; Raharimalala et al. 2012; Manni et 
al. 2015, 2017; Maynard et al. 2017). Second, we tested if time since introduction had an 
impact on genetic diversity, which we hypothesized would be lower in more recently colonized 
areas. To test this, we first compared genetic diversity in Reunion Island versus Europe. We 
then compared populations at the edge of the invasive distributions of Ae. albopictus (France 
and Slovenia invaded since <10 years; Delaunay et al. 2007; Kalan et al. 2011) versus more 
established populations within Europe (Albania and Italy respectively established since 1979 
and 1990; Adhami & Murati 1987; Sabatini et al. 1990). We also investigated patterns of 
genetic variation in Reunion Island, and tested for genetic differentiation be- tween the West 
and East coasts. 

 
 

Material	and	Methods	

Ethics	statement	

No specific field ethics approval is needed for the collection of wild mosquitoes in the study 
areas. Verbal consent was obtained from residents at each location where collections occurred 
on private property. The locations were not on protected land, and the collections did not 
involve endangered or protected species. 
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Samples	collection	

Samples of Ae. albopictus were collected between 2013 and 2015 in four different countries 
(Table AI–1). Out of 30 localities (N), 18 were sampled in Europe (France: N = 10, Italy: N = 
2, Albania: N = 2, Slovenia: N = 4; Figure AI–1A) and 12 localities were sampled in Reunion 
Island (East coast: N = 6, West coast: N = 6; Figure AI–1B). Two individuals from the species 
native range in Thailand were sampled as outgroup. Field-collected samples were larvae, adults 
(caught using BG sentinel traps) or eggs collected in ovitraps (several traps per locality, within 
a 400 m diameter range) that were pooled and reared in the laboratory to adults or to fourth-
instar larvae (Table AI–1; see collection details in Table AI–S1). Adults and larvae were kept 
in 75% EtOH at −20°C before DNA extraction. 

 

 

DNA	extraction	and	ddRADseq	processing	

Total genomic DNA was extracted using cetyl trimethyl ammonium bromide (CTAB) 
chloroform/isoamyl alcohol protocol (Doyle & Doyle 1987). Two double-digested RAD 
(Restriction site Associated DNA) libraries (48 individuals each) were independently 
constructed using a modified version of protocols previously described (Peterson et al. 2012; 
Capblancq et al. 2015). Briefly, 250 ng of DNA template from each individual was double-
digested with 10 units each of SbfI–HF and MspI (New England Biolabs Inc.) at 37°C for 1 h 
using the buffer provided with the enzymes. Digestion was continued with the ligation of P1 
(individually indexed) and P2 adapters in a thermocycler (60 cycles of digestion (2 min 37°C) 
and ligation (2 min at 16 °C), followed by a final step of enzyme heat inactivation 10 min at 
65°C). An equal volume of all digested-ligated individuals was pooled and purified with 
Agencourt AMPure XP beads (Beckman Coulter, France). After migration on 1.6% agarose 
gel, fragments between 250 and 500 bp were excised and purified using QIAquick Gel 
Extraction Kit (Qiagen, Germany). Each of the two ddRAD libraries was amplified in ten 
independent replicates of 15 PCR cycles (initial denaturation 98°C for 10min; 15 cycles: 98°C 
for 10s, 66°C for 30s, 72°C for 1 min; final extension period 72°C for 10 min) in a final 
volume of 20 µl with 1 µl of DNA template, 10 mM of dNTPs, 10 µM of each PCR primers 
(Peterson et al. 2012) and 2 U/µl of Taq Phusion-HF (New England Biolabs Inc.). We used a 
low number of amplification cycles to prevent errors during amplification, which could 
otherwise generate artificial SNPs in the final ddRAD library. The ten PCR products were 
pooled, purified with QIAgen MinElute PCR Purification Kit (Qiagen, Germany) and the two 
libraries were sequenced on an Illumina Hi-Seq 2500 Illumina sequencer (one library on 1/10 
lane, paired-end 2 × 125 bp, Fasteris SA, Switzerland). Sequencing errors per lane (PhiX 
control) were low (0.26% and 0.82% respectively), suggesting that convergent sequencing 
errors (the same error occurring independently at the same nucleotide position in the same 
read) are unlikely. We set a minimum depth coverage of 5 per read to be retained in the 
genotyping process. 

	

	

SNP	genotyping	

The 48 million DNA reads obtained were used to call SNP genotypes with the STACKS pipeline 
(Catchen et al. 2013). We first used the BBDUK tool (BBMAP package v37.33, 
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Table AI–1 Sampling characteristics of Aedes albopictus populations investigated in the 

present study. Sample size: in parentheses the number of genotypes retained based on 
sequencing quality. Supplementary information (geographical coordinates, collectors and the 
stage collected are given in Table AI–S1). 

 

Site Location Code Sampling year Sample size 

France Saint-Martin-d'Hères SMH 2013 4 
Valence VAL 2013 4 
Nyons NYO 2013 2(1) 
Saint-Priest STP 2013 4 
Villefranche-sur-Saône VIS 2013 2(1) 
Les Vans VAN 2013 5 
Ruoms RUO 2013 4 
Bretenoux BRX 2015 3 
Montauban MNB 2015 3 
Aiton AIT 2015 3(2) 

Slovenia Ajdovščina AJD 2015 3 
Brežice BRZ 2015 3 
Novo Mesto NOM 2015 3 
Pivka PIV 2015 2 

Albania Divjakë DIV 2015 3(2) 
Fier FIE 2015 3 

Italy Foggia FOG 2015 3 
Torino TOR 2015 3(2) 

Reunion Sainte-Marie STM 2013 3 
Sainte-Rose STR 2013 3 
Plaine-des-Palmistes PDP 2013 3 
Salazie SAL 2013 3 
Saint-Denis, Providence PRO 2013 3 
Saint-Benoît STB 2013 3 
Saint-Paul STPA 2013 3 
Saint-Leu STL 2013 3 
Saint-Pierre STPI 2013 3 
Saint-Joseph STJ 2013 3 
Grande-Chaloupe GRC 2013 3 
Saint-Louis STLO 2013 3 

Thailand Sai Yok district THAI 2014 2(1) 

 
 

Without a good quality reference genome, de novo assembly of ‘stacks’ (matching reads) into 
homologous loci is the only alternative approach. This approach is more challenging, as it 
requires a careful choice of the divergence allowed between two alleles within a single 
homologous locus, which depends on the genetic variability of the studied population. 
Underestimating mismatch allowed between stacks (-M) will result in the different alleles of 
the same locus being merged into two different loci, leading to underestimated genetic diversity 
indices, while overestimating M will result in merging non-homologous loci. Increasing values 
of M are expected to gradually increase the proportion of polymorphic loci up to a plateau after 
which non- homologous loci are merged together resulting in a rapid increase in the proportion 
of polymorphic loci. We followed the method proposed in Viricel et al. (2014) to determine the 
M parameter. Using the ustacks function with a minimum read coverage depth of 5 (-m), we 
examined the effect of M values ranging from 0 to 13 on the rate of increase in the proportion 
of polymorphic loci (Figure AI–S3). We chose a maximum of seven nucleotides difference 
between reads to be gathered in a single locus, and over-merged stacks (highly repetitive 
stacks) were dropped using the deleveraging algorithm (-d). A catalog of the loci from all the 
individuals was built using the cstacks function, with a maximum of 10 mismatches for 
merging two individual loci into the catalog (-n). Loci within each individual were searched 
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against the catalog (sstacks function) and two SNP datasets were produced (populations 
function) with the genotype of each individual for: (1) every locus present in at least 54 
individuals of the whole sampling (N = 89, including one individual from Thailand as 
outgroup) and with a minimum allele frequency (maf) >0.05 were used for phylogenetic 
inference, and (2) SNPs were filtered as follows for genetic diversity analyses in invaded areas 
(N = 88). 

 

 

Genetic	diversity	analyses	

Only one random SNP per stack was retained as multiple SNPs within the same stack are in 
complete linkage disequilibrium, which can affect statistical power to estimate genetic diversity 
indices and population structure (Morin et al. 2009). SNPs with a frequency lower than 0.05 
were removed from the data set. The maximum percentage of missing data allowed per SNP 
was chosen in order to minimize its impact on the level of genetic variation estimated within 
each sampled locality. There is a compromise between population sample size and the number 
of SNPs, and a recent study has shown that only two individuals per population were sufficient 
to recover accurate genetic diversity estimates (HO: observed heterozygosity and HE: expected 
heterozygosity) for a moderate number of SNPs (500 to 1,000; Nazareno et al. 2017). As our 
sample size is 2–5 individuals per locality (genetic diversity was not estimated when N = 1), 
approximately 1,000 SNPs were required to accurately estimate genetic diversity indices. Only 
two SNPs were present in all the individuals (N = 88). Increasing the maximum percentage of 
missing data per SNP from 10% to 50% allowed recovering 184 to 2,859 SNPs respectively. 
We tested the impact of 10, 20, 30, 40 and 50% missing data on HO and HE (Nei 1978), 
estimated using the HIERFSTAT R package v0.04–22 (Goudet 2005). The maximum percentage 
of missing data had little impact on HE distribution (Figure AI–S4A, Table AI–S2), but 

resulted in underestimation of HO for missing data >30% (Figure AI–S4B, Table AI–S2). We 

retained SNPs with maximum 40% missing data as the best compromise between retaining a 
sufficient number of SNPs and estimating accurate HE and HO. 

Deviation from random mating within sampled localities was evaluated by estimating 
inbreeding coefficient FIS following Weir & Cockerham (1984) with 1,000 bootstrapped 
confidence intervals. Genetic diversity partitioning among and within populations and groups 
was tested in hierarchical analyses of molecular variance (AMOVA) using nonparametric 
permutational procedures (1,023 iterations) as implemented in ARLEQUIN v3.5 (Excoffier et al. 
2005). We first tested for the effect of the two sampling regions (Europe/Reunion) on genetic 
diversity. We then focused on the 12 populations sampled in Reunion Island to test whether a 
genetic discontinuity was observed between the East/West coasts. Finally we tested for 
differences among populations established for >20 years in Europe (Albania and Italy) and 
populations at the edge of the invasive distributions (France and Slovenia). 

To infer phylogenetic relationships among individuals, we performed a Maximum Likelihood 
based inference (ML) using the program RAxML v8 (Stamatakis et al. 2008). In order to obtain 
accurate topology and estimation of branch lengths, we used full sequences (including variable 
and invariant sites) rather than just SNPs (Leaché et al. 2015). Intra-individual site 
polymorphisms (i.e. heterozygous SNP loci) were concatenated and encoded with standard 
IUPAC ambiguity codes (Potts et al. 2013). The best fit-model of sequence evolution for the 
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concatenated alignment was determined using JMODELTEST v2.1.7 (Darriba et al. 2012). 
RAxML was run using the GTR model of nucleotide substitution with a gamma distribution 
parameter that describes rate variation across variable sites (Γ = 0.02). We performed 500 rapid 
heuristic bootstrap (BS) followed by a thorough ML search. The number of enough BS 
replicates required to obtain stable support values was determined using the automatic BS 
convergence criterion (Pattengale et al. 2010; Stamatakis 2014). 

 

 

Population	structure	analyses	

Clustering of the 88 individuals analyzed in the present study was investigated using Bayesian 
algorithms implemented in STRUCTURE v2.3.4 (Pritchard et al. 2000), assuming recent ancestry 
of individuals (admixture) and current gene flow (correlated allele frequencies) between 
populations. The model uses only genotype data to assign individuals to K virtual populations, 
without prior on localities sampled. For each value of K (ranging from 1 to 30), we carried out 
20 independent Markov Chain Monte Carlo (MCMC) runs with 5,000 iterations discarded as 
burn-in followed by an additional 20,000 generations. The optimal number of clusters K was 
verified by estimating the ad hoc statistic ΔK (Evanno et al. 2005). We also inferred the 
population structure with the same parameters for individuals from Reunion Island and from 
Europe independently. All replicates of the K value inferred were aligned using CLUMPP v1.1.2 
software (Jakobsson & Rosenberg 2007). In addition to this model-based approach without 
prior, we used a multivariate analysis that maximize between-localities variance, and 
performed a discriminant analysis in principal components (DAPC, ADEGENET R package 
v2.0.1; Jombart 2008) to determine genetic clusters. 

The HIERFSTAT R package was used to calculate pairwise FST among all pairs of populations 
(Weir & Cockerham 1984). In order to test for isolation-by-distance between localities sampled 
in Reunion Island and in Europe, we used the ADE4 R package v1.7-4 (Chessel et al. 2004) to 
perform Mantel tests with 9,999 permutations between genetic and geographic distances. 
Genetic distances between populations were calculated according to Nei (1972) using the 
ADEGENET R package v2.0.1 (Jombart 2008) and straight-line geographic distances between 
populations (Vincenty 1975) were estimated using the GEOSPHERE R package v1.5-5 (Hijmans 
et al. 2014). 

	

	

Results	

SNP	calling	and	filtering	

Approximately 48 million reads were obtained for 95 individuals with an average 526,700 
reads/individual (accession numbers ERS1643469 to ERS1643563; Table AI–S3). Six 
individuals with <100,000 reads were removed, and 89 individuals were kept for genetic 
analysis (Table AI–1). An average of 20,800 fragments (‘stacks’) per individual was obtained 
after passing coverage and paralog filters, with a mean depth of 11 reads/fragment (Table AI–

S3). In silico digestion of the whole mtDNA genome of Ae. albopictus (reference sequence 
[NC006817] ftp://ftp.ncbi.nlm.nih.gov/genomes/ Aedes_albopictus/CHR_MT/) using ISIF  
(https://leca.osug.fr/Population-Genomics-Software; Paris & Després 2012) generated no SbfI-
MspI fragments in the 180–600 bp range, suggesting that all these fragments are nuclear.  
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A total of 293,109 loci were identified across individuals in the catalog, of which 78,129 were 
polymorphic with a total of 465,498 SNPs. According to parameters filtering, the final 
alignment of 119,600 sites (variable and invariant sites) used for ML inference (Table AI–S7) 
had 5.18% variable sites (6,191 SNPs present in at least 60% of individuals); and 1,561 
independent SNPs were used for other genetic and population structure analyses (Table AI–

S8). The alignment of 119,600 sites had 25% missing data, and the average percentage of 
missing data across variable sites in the two datasets was 26% (Europe: 22%, Reunion: 29%). 
The mean coverage for the 1,561 loci was 17.9 reads/locus across individuals. Within 
individuals, most loci (>82% on average) had coverage ≥ 10 (Table AI–S3). Because selection 
can impact diversity indices and population structure inference, we checked for the presence of 
outliers among the two regions using BAYESCAN v2.1 (Foll & Gaggiotti 2008). No outliers 
were identified (all Q-values >0.01; Table AI–S4).  

Out of the 1,561 loci, 743 (47%) aligned to the Foshan strain genome with high mapping 
quality (60), including 202 loci (27%) inside coding regions. Only 23 loci (<1.5%) mapped to 
the TE database available for Ae. albopictus (dna- PipeTE_full_lengths_TE_albo.fasta; 
Goubert et al. 2015). We also found that none of the retained loci were of bacterial origin by 
using standard BLASTN against genomic databases (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 
More specifically, we further checked that none matched to Wolbachia genome, because Ae. 

albopictus is often infected by this endosymbiotic cellular bacterium (Armbruster et al. 2003). 
An in silico double digestion (SbfI-MspI) of two Wolbachia reference genomes (wAlbB, 
accession GCA_000242415.3; wPip, accession NC_010981) indicated that 7 and 4 fragments 
respectively were expected in the range analyzed (180–600 bp). When each individual was 
screened for the presence of these reads, 80% of the individuals appeared to have some reads 
matching to Wolbachia. However, Wolbachia reads represented <1% of the total reads per 
individual, and none of these low-represented reads were retained during de novo construction 
of the loci and selection of the final 1,561 loci dataset. 

 
 

Genetic	diversity	

Among the 30 sampled localities, observed heterozygosity (HO) ranged from 0.125 to 0.192, 
and expected heterozygosity (HE) from 0.150 to 0.252 (Table AI–2). The greatest genetic 
diversities were all recorded in populations from Reunion Island. The greatest genetic 
diversities in Reunion Island were found in STPA (0.252) and in STLO (0.236), and in the two 
Italian populations for Europe (FOG: 0.227; TOR: 0.216). Mean genetic diversity was greater 
in Reunion Island than in Europe (0.214 ± 0.026 SD vs. 0.186 ± 0.021 SD, Mann-Whitney test, 
P = 0.007) but not significantly different between range edge and established populations in 
Europe (0.183 ± 0.018 SD vs. 0.196 ± 0.030 SD, Mann-Whitney test, P = 0.379), and East and 
West coast populations in Reunion Island (0.208 ± 0.029 SD vs. 0.220 ± 0.024 SD, Mann-
Whitney test, P = 0.699). There was a high variation in FIS values, ranging from 0.113–0.353 

for positive values, and one negative value for the population PRO (−0.148). The FIS was not 

significant for five populations: AIT (0.015), SMH (0.010), BRZ (0.086), PIV (0.078), and STJ 
(0.015). Most of the genetic variation was found within individuals (>85%; Table AI–3), while 
11–14% of the variance was found among populations within groups. The difference between 
the two sampling regions was moderate (5% of total variance) but significant (P = <0.001). The 
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East and West coasts in Reunion Island were not significantly differentiated, and populations 
invading Europe were not differentiated according to the time since establishment. 

 

	

Table AI–2 Genetic variability in main geographical subdivisions of Aedes albopictus: Europe (range 

edge/established populations, countries), Reunion Island (East/West coasts) and in the 30 sampled localities. 
 

Location Geo. Sub. Pop Nind Nloci   HO   HE   FIS CI 95 

Europe All 52 1,561 0.152 0.228 0.330 0.307−0.353 
Range edge 42 1,561 0.153 0.228 0.327 0.304−0.351 

France 31 1,561 0.155 0.229 0.324 0.300−0.349 
AIT 2 1,483 0.160 0.162 0.015 -0.074−0.095 
BRX 3 1,435 0.142 0.171 0.170 0.081−0.257 
VAN 5 1,527 0.142 0.191 0.256 0.198−0.316 
MNB 3 1,518 0.132 0.188 0.298 0.233−0.360 
NYO 1 1,056 0.146 
RUO 4 1,550 0.172 0.204 0.271 0.218−0.326 
STP 4 1,551 0.167 0.199 0.160 0.106−0.215 
SMH 4 1,534 0.170 0.172 0.010 -0.050−0.068 
VAL 4 1,546 0.161 0.212 0.238 0.188−0.289 
VIS 1 1,191 0.192 

Slovenia 11 1,479 0.134 0.196 0.319 0.272−0.364 
AJD 3 1,100 0.125 0.193 0.353 0.262−0.438 
BRZ 3 1,201 0.145 0.159 0.086 -0.020−0.188 
NOM 3 1,307 0.149 0.187 0.203 0.119−0.278 
PIV 2 1,035 0.146 0.158 0.078 -0.086−0.215 

Established 10 1,561 0.149 0.216 0.313 0.282−0.348 
Albania 5 1,545 0.145 0.185 0.215 0.159−0.266 

DIV 2 1,453 0.140 0.166 0.157 0.068−0.241 
FIE 3 1,468 0.153 0.176 0.135 0.053−0.210 

Italy 5 1,558 0.150 0.225 0.331 0.288−0.371 
FOG 3 1,539 0.156 0.227 0.315 0.262−0.367 
TOR 2 1,437 0.148 0.216 0.315 0.231−0.392 

Reunion All 36 1,561 0.173 0.247 0.298 0.274−0.319 
West coast 18 1,561 0.174 0.246 0.290 0.263−0.315 

GRC 3 1,511 0.181 0.229 0.209 0.151−0.270 
STPA 3 1,534 0.171 0.252 0.320 0.268−0.372 
STL 3 1,522 0.169 0.213 0.208 0.145−0.265 
STLO 3 1,522 0.171 0.236 0.274 0.221−0.328 
STPI 3 1,497 0.181 0.204 0.113 0.038−0.180 
STJ 3 1,499 0.182 0.185 0.015 -0.047−0.081 

East coast 18 1,560 0.174 0.242 0.294 0.265−0.321 
PDP 3 1,521 0.171 0.230 0.256 0.197−0.311 
PRO 3 1,458 0.172 0.150 -0.148 -0.228−-0.070 
STB 3 1,502 0.171 0.226 0.242 0.173−0.302 
STM 3 1,522 0.177 0.214 0.171 0.108−0.231 
STR 3 1,507 0.179 0.211 0.150 0.087−0.212 

		   SAL 3 1,497 0.178 0.215 0.171 0.098−0.239 

	

	

Phylogenetic	relationships	

The ML topology revealed that one individual from Foggia (Italy) was genetically distinct from 
all other (Figure AI–2). None of the European samples formed genetic sub-groups in 
accordance with countries except Albanian samples, supported by 98% BS values. Regarding 
Reunion Island, all individuals formed a well-supported monophyletic group with 90% 
bootstrap values, but without evidence for a distinction between West and East coasts. 
Individuals from 7 localities (VAN, DIV, SMH, PIV, AIT, STJ, PRO) clustered together. 
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Table AI–3 Results of AMOVA for three different genetic partitioning hypotheses: Europe/Reunion, East/West 
coasts in Reunion Island and range edge/ established populations in Europe. 

 

		
Source of variation Df SS 

Variance 

component 

% 

variation 
P-value 

Europe/Reunion 

Among groups 2 325.64 2.88 5.44 *** 

Among populations within groups 28 2183.27 6.06 11.44 *** 

Among individuals within populations 58 2471.50 -1.41 -2.67 

Within individuals 88 3998.50 45.44 85.79 *** 

Total 175 8978.91 52.97 

Reunion: East/West coasts 

Among groups 1 96.40 0.15 0.28 

Among populations within groups 10 908.86 7.54 13.88 *** 

Among individuals within populations 24 1096.00 -0.95 1.75 

Within individuals 36 1712.50 47.57 87.59 *** 

Total 71 3813.76 54.31 

Europe: Range edge/Established populations 

Among groups 1 86.92 0.85 2.10 

Among populations within groups 16 967.83 4.54 11.21 *** 

Among individuals within populations 34 1170.23 -0.67 -1.66 

Within individuals 52 1859.50 35.76 88.35 *** 

		 Total 103 4084.47 40.48 		 		

 
 
Population	structuring	

The STRUCTURE Bayesian clustering (Figure AI–3) and the DAPC (Figure AI–S5) both 
indicated K = 2 as the best number of clusters. The inferred population structure mirrored 
results of the phylogenetic analysis (ML) with the genotypes of samples from Europe assigned 
predominantly into one of the two clusters (between 86.2 and 99.9%), and genotypes from 
Reunion Island assigned to the other cluster (between 87.5 and 99.9%) (Figure AI–3A). To 
describe more thoroughly the assignment of individuals, we examined the level of sub-structure 
for different values of K within these two genetic clusters separately (Figure AI–3B) as 
recommended (Janes et al. 2017). The analysis for the 52 individuals from Europe revealed 
differentiation of the French population SMH at K = 2. Considering more possible ancestries 
allowed to segregate into specific clusters three French populations (BRX, MNB, NYO) with 
Slovenian populations at K = 4, the two Albanian populations at K = 5, and the population 
VAN at K = 6. Altogether, individuals from most populations in France and Slovenia were 
admixed. Within Reunion Is- land, the results showed a more homogeneous genetic 
background for all populations except for PRO at K = 2 and STJ at K = 3. Examining 
progressively higher values of K highlighted divergent individuals within populations (STL, 
STPI, GRC, STM, STR, STB, PDP), which were sufficiently distinct to be segregated in 
further clusters. 

Pairwise FST also revealed this genetic differentiation between the two invaded areas (Table 

S5). The mean FST values were 0.155 ± 0.008 SE and 0.139 ± 0.011 SE across European and 
across Reunion Island populations respectively, while it was 0.206 ± 0.005 SE between Europe 
and Reunion Island populations. Within Europe, pairwise FST were significantly different from 
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Figure AI–3 Population structure inferred from Bayesian STRUCTURE analyses. 

Population structure for (A) K = 2 for the 88 individuals investigated (Europe, Reunion Island) 

and (B) different values of K (from 2 to 7) for the respectively 52 and 36 individuals from 

Europe and Reunion Island in independent STRUCTURE analyses. Each vertical bar represents 

an individual, where the color of the bar represents the probability of the mosquito belonging to 

a distinct cluster. 

	

	

Mantel test correlating Nei's genetic distances and geographic distances was not significant for 
European populations (R = 0.120, P = 0.178) but we found evidence for isolation-by-distance 
among populations within Reunion Island (R = 0.272, P = 0.034) (Figure AI–4). 

	

	

Discussion	

No	contemporary	gene	flow	between	the	two	invaded	areas	

All our analyses show that Reunion Island and Europe correspond to two distinct genetic 
clusters, supporting the lack of contemporary gene flow between the two invaded areas. This 
genetic differentiation could be due to genetic drift occurring in one of the introduced area, if 
originating from the same native source, but in line with historical reports, it rather suggests 
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two invasion events from different source populations. Aedes albopictus was already present in 
Reunion Island at least in 1913 (Edwards 1920), and presumably far before (back to the 17th–
18th century; Paupy et al. 2001), while it was first introduced in Europe only in the late 70es. 
The first record in Europe is dated in 1979 in Albania (Adhami & Murati 1987), with a second 
introduction in 1990 in Genova, Italy (Sabatini et al. 1990) through used tire shipments from 
USA or Japan (Dalla Pozza et al. 1994). Most of the previous studies investigating molecular 
variation among specimens from Reunion Island and Europe simultaneously based on one or a 
few independent markers have been able to bring evidence for genetic differentiation between 
these two invaded areas (Mousson et al. 2005; Zitko et al. 2011; Raharimalala et al. 2012; 
Haddad et al. 2012; Manni et al. 2015). A recent study based on 17 microsatellites provided 
evidence for genetic differentiation between Reunion Island and Europe (Italy, Albania and 
Greece), but also suggested that Italy (one sample from Central Italy) and Reunion Island might 
be genetically connected (Manni et al. 2017). Reunion Island is an oversea French department 
with daily passenger and good transfers (ships and flights); however, the present study based on 
a large panel of independent SNPs shows no evidence for contemporary gene flow between the 
two areas. A possible explanation for the absence of gene flow between Reunion Island and 
metropolitan France could be that the strain in Reunion Island is not adapted to the European 
temperate climate and conversely: even if accidentally introduced, populations failed to 
successfully establish. Further analysis of local adaptation (adaptive genes and traits 
identification) would be necessary to demonstrate that there is indeed differential adaptation to 
climate constraints in temperate versus tropical invaded areas. In our dataset of 1,561 SNPs, we 
did not detect any outlier loci. However, a much more dense collection of markers scattered 
throughout the genome would be required to search for loci more differentiated than expected 
by chance between the two areas. This can be obtained easily as the number of ddRADseq 
markers we have obtained using SbfI and MspI as restriction enzymes could be multiplied by 
>10 by using PstI or EcoRI instead of SbfI (6 bp recognition site instead of 8 bp).  

 
 

Figure AI–4 Plots of isolation-by-distance. Results of Mantel test between Nei's genetic distances and 
geographic distances for populations (A) from Europe and (B) from Reunion Island. P: P-value and R: 
correlation coefficient. 
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Unlike mutations directly drawn from standing genetic variation, novel alleles as the source for 
adaptive traits are not likely to be immediately available in recently introduced populations 
(Barrett & Schluter 2008). Establishment success should be more likely if pre-existing loci or 
physiological traits in the source population procured advantages in the encountered 
environment (i.e. pre-adaptation). Previous phylogenetic reconstructions among worldwide-
distributed specimens of Ae. albopictus suggest the possible contribution of native ‘pre-
adapted’ invaders (Kambhampati et al. 1991; Birungi & Munstermann 2002; Kamgang et al. 
2011; Battaglia et al. 2016). The two more recently published studies showed that individuals 
contributing to invasion in temperate climate areas (Europe and United States) were similar to 
those found in China and Japan (Manni et al. 2017; Kotsakiozi et al. 2017). In contrast, 
invasive populations in subtropical climate areas (including Reunion Island) are genetically 
similar to those from South-East Asia (Battaglia et al. 2016; Manni et al. 2017), but Maynard et 
al. (2017) suggest that Reunion Island originated from temperate Asia. We showed in the 
present study that European and Reunion Island populations are genetically differentiated but 
more populations from the whole native range (including tropical and temperate regions) 
should be analyzed in order to test the hypothesis of ‘pre-adapted’ invaders. 

 
 

Long-term	established	populations	in	Reunion	Island	

The mean genetic diversity was higher in Reunion Island populations than in Europe. Long-
term establishment of Ae. albopictus in Reunion Island would have provided sufficient 
generations to accumulate genetic variability within populations. A previous study based on 
mtDNA polymorphism in Reunion Island suggested two waves of invasion, the first one 
several centuries ago and the second in the 1990s, but this was based on two mutations in COI 
sequence distinguishing the 4 ancient specimens examined (1956) from the contemporary 
specimens (Delatte et al. 2011). Our results based on 1,561 polymorphic positions do not 
support this hypothesis. The homogeneous genetic background in Reunion Island suggests that 
all individuals share common ancestry and result from the same introduction event. 
Furthermore, the pattern of isolation by distance observed on Reunion Island suggests that 
these populations are at the drift-migration equilibrium and that most gene flow occurs between 
geographically close localities. This does not exclude human-assisted transport along the road 
(a main road along the sea-shore is linking most of the cities sampled in Reunion Island) 
together with natural dispersal. Indeed several studies have shown a key role of man in Aedes 

albopictus spraying (Medley et al. 2014; Egizi et al. 2016; Schmidt et al. 2017), and we also 
found genetic similarities between distant populations. For example, STPA (West coast) did 
not differ significantly from STB (East Coast), or from SAL, a high altitude locality in a 
mountain circle on the volcano Piton des Neiges. However, the individuals sampled in PRO 
(international airport) and STJ were genetically very distinct from all other localities. Genetic 
drift and/or recent introduction (from SWIO) could explain the genetic distinctiveness of these 
two localities. 

Reunion Island is a volcanic island with differences in climate along the East and West coasts: 
the East coast is much wetter (and less populated) than the West coast. Two previous studies 
based on allozymes (Paupy et al. 2001) and microsatellites (Delatte et al. 2013) have found that 
the West and East coasts in Reunion Island were differently structured, with contradictory 
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results. In the first study, the western populations were more differentiated than the eastern 
ones, suggesting that the low human density could increase dispersal rates in search for feeding 
hosts in the East, while in the western region, the lack of breeding sites could force mosquitoes 
to stay in the same or in neighboring breeding sites (Paupy et al. 2001). The second study found 
the opposite pattern, and suggested that the large amount of rainfall providing many suitable 
larval habitats in the East could lead to high local differentiation, while in the West, dispersal in 
search for rare oviposition sites reduced genetic differentiation (Delatte et al. 2013). We found 
no evidence for East/West genetic differentiation, and global FIS values revealed that 
populations were similarly differentiated within each region. Geographical distance between 
sampled localities (6 to 57 km) was sufficient to reveal restricted gene flow in a species having 
low dispersal abilities (200–500m; Liew & Curtis 2004; Lacroix et al. 2009; Marini et al. 
2010). 

 
 

On-going	invasion	in	Europe	

In Europe, no isolation-by-distance pattern was observed, and older established populations 
(Italy and Albania) were not genetically dif- ferent from those at the edge of invasive 
distributions (France, Slovenia), supporting a scenario of rapid demographic expansion with 
long-distance human-assisted dispersal overwhelming natural dispersal. Albanian populations 
showed lower genetic diversities than Italian populations although Ae. albopictus was first 
established in Albania (Sabatini et al. 1990; Adhami & Reiter 1998). Various studies have 
implicated that both a high frequency of introduction events and high number of invaders may 
explain the high genetic diversity observed in Italy (Urbanelli et al. 2000; Shaikevich & 
Talbalaghi 2013; Zhong et al. 2013; Battaglia et al. 2016). In contrast, the relatively low 
genetic diversity that we observed in populations from Albania suggests a demographic 
bottleneck during introduction and/or a limited demographic expansion in Albania after 
establishment. The limited contribution of Albanian populations to the expansion in Europe is 
also supported by their genetic distinctiveness, highlighted both by ML and STRUCTURE 
analyses and pairwise FST. This is congruent with the historical demographic expansion of Ae. 

albopictus in Europe that started after its introduction in 1990 in Northwestern Italy, with a 
rapid spread over this country. Restricted to northern Italian regions until 1994 (Dalla Pozza et 
al. 1994), A. albopicus was already reported in 20 provinces in 1997 (Romi 2001), in almost all 
regions by 2003 (Romi et al. 2003) and from there, it has invaded northern Europe territories 
during the last decade (Scholte & Schaffner 2007). Genetic similarities between Italian, 
Slovenian and some French populations support a putative scenario involving bridgehead 
populations successfully established in northern Italy since 1990, from which Ae. albopictus 
could have spread to western (South France) and eastern (Slovenia) areas. Human-mediated 
spread and multiple introduction events could explain both the lack of isolation-by-distance 
among European populations, as suggested for populations in United States (Medley et al. 
2014), as well as the high genetic diversity and admixture observed within range edge 
populations. The more recently introduced populations we analyzed in this study encompass 
localities in Slovenia, where Ae. albopictus has been first reported in 2002 and established 
since 2007 (Kalan et al. 2011), and in France, where specimens were reported before 2000 
(Fauran et al. 1998; Schaffner et al. 2001) but only established since 2004 in Southern France 
(Delaunay et al. 2007). Several French populations analyzed in the present study were collected 
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the year of their first detection, in 2013 in the Rhone-Alps region (SMH, STP, VAN, VAL). 
The distinctiveness of SMH population could reflect founder effect, while the clustering of 
VAN, RUO and STP which are three localities in the Rhone valley close to the main highway 
linking Southern France to Paris, supports the role of roads in human-assisted dispersal of Ae. 

albopictus (Medley et al. 2014; Schmidt et al. 2017). 
 
 
Genetic	structure	at	the	local	scale	

In previous studies on Ae. albopictus population genetics based on allozymes, microsatellites, 
mtDNA or ITS2 polymorphisms, most of the genetic variance was found at the intra-population 
level (Gupta & Preet 2014), or at the intra-individual level (Delatte et al. 2013; Manni et al. 
2015; Minard et al. 2015), both in native and invasive populations. In the present study based 
on SNPs, we also found that most genetic variance was found within individuals (>85%). 
Furthermore, we observed an excess of homozygotes in almost all sampling sites in both 
Europe and Reunion Island, regardless of the stage collected (eggs, larvae or adults). Positive 
FIS were also observed in several previous studies using microsatellites in both the native and 
invaded areas (Kamgang et al. 2011; Beebe et al. 2013; Delatte et al. 2013; Manni et al. 2015; 
Minard et al. 2015). This general inbred pattern observed at the breeding site scale could be 
linked to the biology of reproduction of this species. In Ae. albopictus, breeding sites are often 
small (e.g. vases, used tires) and mating takes place soon after adult emergence, with a high 
kinship probability between the two partners, often resulting in inbred progeny. However, we 
cannot exclude that technical biases such as allele-dropout (null alleles) may also partly 
account for positive FIS (Kamgang et al. 2011). Furthermore, we have shown that HO is 
underestimated due to missing data in our dataset, resulting in increasing FIS values. Missing 
data are a common feature in ddRAD SNP datasets because the ddRAD technique relies on two 
restriction sites and missing data can reflect the absence of one of the two restriction sites (SbfI 
or MspI) due to a mutation. In our case, the missing data maximum percentage per SNP was 
controlled in order to optimize the final number of SNPs used for inferring genetic parameters. 

 
 

Conclusions	

This study based on a large panel of SNP provides insights on the invasion genetics of the 
Asian tiger mosquito at both global and local scales. Aedes albopictus from Reunion Island and 
Europe were genetically differentiated, likely highlighting different and independent 
colonization events with no/limited contemporary gene flow, despite regular human movement 
between the two regions. Furthermore, we suggest that distinct dispersal mechanisms are 
shaping the current patterns of genetic variation within each invaded areas: mainly short-
distance dispersal in Reunion Island and long-distance, human-assisted dispersal in Europe. 
Finally, the recently invaded area (Europe) has low or moderate genetic variation compared to 
long-established populations (Reunion Island), supporting the importance of time since 
introduction on the accumulation of genetic variation. However, sampling effort both in the 
native and invasive areas should be made to infer demographic changes and source 
populations. Further studies should focus on comparing native, long-established and recently 
introduced populations, as well as the evolution of genetic diversity in the same region over 
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several years to better understand demographic changes that have promoted invasiveness of Ae. 

albopictus throughout all the continents. 
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Figure AI–S1 Size distribution of reads after trimming adapters and 

percentage of reads retained after removing reads with length lower than 

100 nucleotides. The dotted line show the minimum size filter applied. 

  



Annexe I 

	

	

	

258 
	

 
Figure AI–S2 Proportion of reads retained by individual after filtering on 

uncalled bases and ambiguous barcodes and RADtags. Individuals with less 
than 100,000 retained reads (NYO.1, VIS.3, and THAI.5 for library 1; DIV.4, 
TOR.3, and AIT.1 for library 2) were not kept in analyses. 
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Figure AI–S3 Influence of the maximum number of mismatch (i. e. maximum distance in nucleotides) 

allowed to merge two stacks (M). 

 

 

 

 

 

 
Figure AI–S4 Barplots of (A) expected (HE) and (B) observed (HO) heteroygosity for maximum level of 

missing data per SNP ranging from 10% (0.1) to 50% (0.5). Both HE and HO per population differed when 
maximum % missing data varied (Friedman test; Hollander & Wolfe 1973), HE: chi-squared = 23.686, P = 
<0.001; HO: chi-squared = 84.533, P = <0.001). Letters (a,b) indicate pairwise differences between the 
different levels of maximum % missing data (multiple comparison tests for paired data; Siegel & Castellan Jr 
1988). Mean HE and HO and standard errors are given in Table AI–S2. 
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Figure AI–S5 Discriminant Analysis of Principal Components (DAPC) performed with populations as 

prior clusters. DAPC scatterplots of LD1 vs. LD2 for (A) all 88 Aedes albopictus individuals considering 30 
groups (all sampled localities), (B) 36 individuals from Reunion Island (12 groups), (C) 52 individuals from 
Europe (18 groups). The optimal number of clusters according to the Bayesian Information Criteria (BIC) was 
(A) two clusters corresponding to samples from Europe and Reunion island (see insert), and one cluster in 
Reunion (B) and in Europe (C). 
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Table AI–S1 Additional sampling characteristics. 
 

Population 

code 

Coordinates Person(s) collecting 

samples 
Stage collected 

Latitude Longitude 

SMH 45.165133 5.767761 R. Stalinski Field larvae 
VAL 44.933393 4.892360 D. Rey Field larvae 
NYO 44.361881 5.140145 D. Rey Field adults (BG sentinel traps) 

STP 45.698938 4.947071 D. Rey Field adults (BG sentinel traps) 

VIS 45.991471 4.718821 D. Rey Field adults (BG sentinel traps) 

VAN 44.404688 4.131917 D. Rey Field adults (BG sentinel traps) 

RUO 44.452912 4.341765 D. Rey Field adults (BG sentinel traps) 

BRX 44.915650 1.838360 G. L'ambert Fields eggs reared to adults 

MNB 44.022125 1.352960 G. L'ambert Fields eggs reared to adults 

AIT 45.563052 6.258963 G. L'ambert Fields eggs reared to adults 

AJD 45.888156 13.895867 K. Kalan Field adults 

BRZ 45.899905 15.598562 K. Kalan Fields eggs reared to adults 

NOM 45.813012 15.172454 K. Kalan Fields eggs reared to adults 

PIV 45.681509 14.193256 K. Kalan Fields eggs reared to adults 

DIV 40.975131 19.480963 E. Dikolli Fields eggs reared to adults 

FIE 40.724760 19.561302 E. Dikolli Fields eggs reared to adults 

FOG 41.462198 15.544630 R. Bellini Fields eggs reared to adults 

TOR 45.070339 7.686864 R. Bellini Fields eggs reared to adults 

STM -20.900568 55.547405 J-S. Dehecq Fields eggs reared to larvae 

STR -21.132507 55.791423 J-S. Dehecq Fields eggs reared to larvae 

PDP -21.145463 55.635658 J-S. Dehecq Fields eggs reared to larvae 

SAL -21.044725 55.513643 J-S. Dehecq Fields eggs reared to larvae 

PRO -20.882057 55.450675 J-S. Dehecq Fields eggs reared to larvae 

STB -21.090987 55.624559 J-S. Dehecq Fields eggs reared to larvae 

STPA -21.045262 55.336470 J-S. Dehecq Fields eggs reared to larvae 

STL -21.173677 55.290325 J-S. Dehecq Fields eggs reared to larvae 

STPI -21.332838 55.471843 J-S. Dehecq Fields eggs reared to larvae 

STJ -21.380357 55.612766 J-S. Dehecq Fields eggs reared to larvae 

GRC -20.956111 55.406944 J-S. Dehecq Fields eggs reared to larvae 

STLO -21.291748 55.409625 J-S. Dehecq Fields eggs reared to larvae 

THAI - - J-P. David & V. Corbel Field larvae 
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Additional Supplementary Material may be found in the online version of this article: 
 

Table AI–S2   Population genetic diversity estimates. HO: observed heterozygosity and HE: 
expected heterozygosity for levels of maximum missing data per SNP allowed 
ranging from 10% (0.1) to 50% (0.5). 

 

Table AI–S3   Results of the stacks pipeline with ddRAD statistics for the 95 samples 
processed (2 independent libraries). 

 

Table AI–S4   Results of the BAYESCAN analysis for two populations (Reunion Island, 

Europe). The estimation of model parameters was automatically tuned on the 
basis of short pilot runs (20 pilot runs, length 5,000). The sample size was set to 
5,000 and the thinning interval to 10, resulting in a total chain length of 100,000 
iterations. The loci were ranked according to their false discovery rate controlling 
for multiple testing (Q-value). None of the loci had Q-value <0.01. 

 
Table AI–S5   Paiwise FST among all pairs of populations based on 1,561 SNP loci. Genetic 

divergence measures are in the lower triangle and 99% confidence intervals 
(1,000 bootstrap repetitions) in the upper triangle. Pairwise. Pairwise FST were not 
calculated for populations with N = 1 (NYO, VIS). Cells font color are formatting 
according to values: green = low values to red = high values. Non-significant 
pairwise FST are indicated in italic and confidence intervals are colored in green. 

 
Table AI–S6   Genetic differentiations between all pairs of populations. Matrix of pairwise 

FST (upper triangle) and 95% confidence intervals using 1,000 bootstrap 
repetitions (upper triangle). Pairwise FST only calculated for populations with 
N≤2. 

 

Table AI–S7   Dataset 1: Genotypic alignment used for phylogenetic analysis (ML). The 
alignment had 119,600 sites with 6,191 SNPs (5.18% variable sites; 10% missing 
data) retained based on their presence in at least 54 individuals (>60% of the 
whole sampling, N = 89). Intra-individual site polymorphisms (i.e. heterozygous 
SNP loci) are encoded with standard IUPAC ambiguity codes (M: A/C, R: A/G, 
W: A/T, S: C/G, Y: C/T, K: G/T, ?: missing data). 

 

Table AI–S8  Dataset 2: Genotypic dataset used for genetic and population structure 

analyses. The 1,561 filtered SNPs were retained based on their presence in at 
least 60% of individuals from Europe and Reunion Island (N = 88), minor allele 
frequency (>0.05) and one SNP per stack. Genotypes are in the STRUCTURE 
format: one individual on two consecutive rows and encoded as numeric 
according to: 0 for missing data; 1 for nucleotide A; 2 for nucleotide C, 3 for 
nucleotide G, 4 for nucleotide T. 
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Abstract	

Human-driven global environmental changes have considerably increased the risk of biological 
invasions, especially the spread of human parasites and their vectors. Among exotic species 
that have major impacts on public health, the dengue fever mosquito Aedes aegypti originating 
from Africa has spread worldwide during the last three centuries. Although considerable 
progress has been recently made in understanding the history of this invasion, the respective 
roles of human and abiotic factors in shaping patterns of genetic diversity remain largely 
unexplored. Using a genome-wide sample of genetic variants (3,530 ddRAD SNPs), we 
analyzed the genetic structure of Ae. aegypti populations in the Caribbean, the first introduced 
territories in the Americas. Fourteen populations were sampled in Guyane and in four islands of 
the Antilles that differ in climatic conditions, intensity of urbanization, and vector control 
history. The genetic diversity in the Caribbean was low (HE = 0.14–0.17), as compared with a 
single African collection from Benin (HE = 0.26) and site-frequency spectrum analysis detected 
an ancient bottleneck dating back 300 years ago, supporting a founder event during the 
introduction of Ae. aegypti. Evidence for a more recent bottleneck may be related to the 
eradication program undertaken on the American continent in the 1950s. Among 12 loci 
detected as FST-outliers, two were located in candidate genes for insecticide resistance 
(cytochrome P450 and voltage-gated sodium channel). Genome–environment association tests 
identified additional loci associated with human density and/or delta- methrin resistance. Our 
results highlight the high impact of human pressures on the demographic history and genetic 
variation of Ae. aegypti Caribbean populations. 

Keywords: Invasive species – Human impact – Adaptation – Bottleneck – Insecticide 
resistance – Mosquito 

 

Introduction	

Human activities at the worldwide scale have considerably increased the risk of biological 
invasions in the last decades. The introduction and establishment of exotic species are driving 
native biodiversity decline and ecosystems degradation (Simberloff et al. 2013). Assessing 
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current and future risks as well as improving management interventions to limit the rates and 
impacts of invasions requires knowledge on the evolutionary processes promoting invasion 
(Lee 2002; Allendorf & Lundquist 2003; Wilson et al. 2009; Estoup & Guillemaud 2010; 
Prentis & Pavasovic 2013). Since the 1980s, the field of invasion science has contributed to 
theoretical understanding of biological invasions (Sax et al. 2005; McGeoch et al. 2012; Spear 
et al. 2013) but fundamental questions have not been fully answered (Facon et al. 2006; 
Colautti & Lau 2015; Packer et al. 2017). A general framework regarding the mechanisms 
involved at each stage of an invasion has been adopted (Blackburn et al. 2011), and the 
relevance of genetic and genomic approaches to decipher colonization pathways and to 
understand the role of local adaptation and preadaptation in determining invasion success is 
now well-recognized (Lawson Handley et al. 2011; Chown et al. 2015). The response of 
nonnative species to ongoing environmental changes and the role of human past control 
strategies on pest evolutionary trajectories are timely research questions (Darling & Côté 2008; 
Bradley et al. 2010; Treasure et al. 2014). 

In the recent history, biological invasions have become a major public health concern due to 
the expansion of disease vectors and the emergence of vector-borne diseases (Lounibos 2002; 
Tatem et al. 2006). Among the most threatening non- native species, mosquitoes are vectors of 
parasitic and viral diseases, and their expansion has often coincided with important outbreaks 
of human diseases such as Malaria, Yellow and Dengue fevers, and Chikungunya and Zika 
viruses. The typically anthropophilic species Aedes aegypti, native to African countries, 
comprises two endemic forms (forest versus domestic) supported by genetic, morphological, 
ecological, and behavioral differences (Brown et al. 2011, 2014; Powell & Tabachnick 2013). 
Although the details of the shift from a forest to a domestic form in the native range are still 
debated, all populations outside Africa appear to derive from the same ancestral domestic 
African populations (Bennett et al. 2016; Gloria-Soria et al. 2016). The species has spread 
worldwide as a result of human transportations but mainly throughout tropical and subtropical 
regions with year-round breeding confined to latitudes <33 °N (Brown et al. 2014). Unlike its 
close relative species Aedes albopictus, Ae. aegypti has not invaded temperate regions, 
suggesting that climate might be a limiting ecological factor for this species range expansion. 
However, the respective roles of human and climate in shaping patterns of genetic diversity and 
local adaptation remain largely unexplored. 

Sources of spatially varying selection pressures for mosquito populations encompass climatic 
variables such as temperature and precipitation (Fouque et al. 2006; Canyon et al. 1999; Costa 
et al. 2010; Brady et al. 2013; Goindin et al. 2015), and habitat descriptors such as human 
density or insecticide treatment intensity (Paris et al. 2010; Barbosa et al. 2011; Marcombe et 
al. 2013; Nkya et al. 2014). The Caribbean represents an outstanding natural laboratory for 
evaluating how exotic populations rapidly respond to newly encountered environments. Here, 
we focused on the French Antilles archipelago (Martinique, Guadeloupe, St-Barthélemy, St-
Martin) and French Guiana (Guyane). These areas share the same history of introduction, 
giving populations about the same time period to evolve, but differ in climatic conditions 
(tropical versus equatorial), intensity of urbanization, and of insecticide use. Aedes aegypti was 
presumably introduced during the African slave trade (17th–18th century) first to the Antilles 
and then to the American continent (Bryant et al. 2007). 

In the 1950s, the Pan American Health Organization (PAHO) conducted an eradication 
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DNA	extraction	and	ddRADseq	library	preparation	

DNA was extracted from each individual larva (3 larvae per location) using cetyl trimethyl 
ammonium bromide (CTAB) chloroform/isoamyl alcohol protocol (Doyle & Doyle 1987). A 
double-digested RAD (Restriction site Associated DNA) experiment was conducted on 45 
individuals using a modified version of the protocol previously described (Peterson et al. 2012; 
Capblancq et al. 2015). Briefly, 250 ng of DNA template from each individual was double-
digested with ten units each of SbfI–HF and MspI (New England Biolabs Inc.) at 37 °C for 1 h 
using the CutSmart buffer provided with the enzymes. Digestion was further continued together 
with the ligation of P1 (individually indexed) and P2 adapters in a thermocycler (60 cycles of 
2-min digestion at 37 °C and 2-min ligation at 16 °C, followed by heat inactivation of the 
enzymes at 65 °C for 10 min). An equal volume of all the digested-ligated individuals was 
pooled and purified with Agencourt AMPure XP beads (Beckman Coulter, France). After 
migration on 1.6% agarose gel, fragments between 250 and 500 bp were excised and purified 
with QIAquick Gel Extraction Kit (Qiagen, Germany). The ddRAD library was amplified in 
ten independent replicates of 15 PCR cycles (initial denaturation 10 min at 98 °C; 15 cycles of 
98 °C for 10 s, 66 °C for 30 s and 72 °C for 1 min; followed by a final 10-min extension period 
at 72 °C) in a final volume of 20 ml with 1 ml of DNA template, 10 mM of dNTPs, 10 mM of 
each PCR primers (Peterson et al. 2012) and 2 U/ml of Taq Phusion-HF (New England Biolabs 
Inc.). The low number of amplification cycles conducted in ten independent tubes guarantees 
that errors during amplification will not generate artificial SNPs in the final ddRAD library. 
The ten PCR products were pooled, purified with QIAgen MinElute PCR Purification Kit 
(Qiagen, Germany) and sequenced on an Illumina Hi-Seq 2500 Illumina sequencer (1/10 lane, 
paired-end 2 × 125bp, Fasteris SA, Switzerland). 

 
 

Table AII–1 Sampling sites characteristics. Population code, geographical coordinates (Long: longitude, Lat: 
latitude), and environmental characteristics. 
 

Region Population name Code Long Lat 

Human 

density 

(inh/km²) 

Total 

precipitation 

(mm/year) 

Mean 

Temp 

(°C) 

N  
Delta 

RR50* 

Guadeloupe Anse Bertrand AB -61.50 16.46 78.6 1310 26.73 3 28.1 

Guadeloupe Baie-Mahault BM -61.58 16.27 656.5 1535 26.58 3 13.6 

Guadeloupe La Désirade DES -61.04 16.32 73.6 1083 26.38 3 NA 

Guadeloupe St-François SF -61.29 16.26 245.1 1321 26.51 1 13.7 

North Islands St-Barthélemy SBH -62.82 17.89 430.2 995 26.68 2 9.3 

North Islands Sandy Ground SME -63.10 18.05 528 1032 26.77 3 12.4 

North Islands Oyster Pond SMO -63.08 18.06 528 1051 26.35 3 12.4 

Guyane Cayenne CAY -52.32 4.92 2425 3105 26.04 3 750 

Guyane St-Georges GEO -51.80 3.89 1.7 3400 26.02 3 750 

Martinique Îlet Long ILO -60.86 14.61 0 1932 26.79 3 5.1 

Martinique Lamentin LAM -61.00 14.62 236 1992 26.68 3 5.6 

Martinique Rivière salée RSAL -60.96 14.52 326 1964 26.74 3 3.7 

Martinique St-Anne SAN -60.85 14.43 121 1880 26.82 3 6.7 

Martinique St-Pierre SPIER -61.16 14.76 113 1832 26.01 3 4 

Benin   SBE  2.36  6.38   1227 27.42 3 1 

*Deltamethrin resistance ratio as compared to the Bora-Bora laboratory strain (Marcombe et al. 2012, 2013; Faucon et 
al. 2015; Goindin et al. 2017) 
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SNPs	genotyping	

The ~31 million DNA reads obtained were used to call SNP genotypes with the STACKS 
pipeline (Catchen et al. 2013) as follows: the process_radtags function was first run to 
demultiplex the data and filter the reads on their quality. Reads with low quality (Illumina 
filter) or uncalled bases were removed (options -c, -q, and –r). Only SbfI reads that were paired 
with MspI reads were retained. We then mapped the reads of each individual to the reference 
Aedes aegypti genome (AaegL3, https://www.vectorbase.org/; BWAMEM), and then filtered on 
alignment quality >35 (SAMTOOLS view, –q 35), and aligned bam files were used to build loci 
from reference (pstacks function). A catalog of the loci from all the individuals was built using 
the cstacks function, with a maximum of five mismatches for merging two individual loci into 
the catalogue (-n). Loci within each individual were searched against the catalog (sstacks 
function) and a SNP data set was produced with the genotype of each individual for every 
polymorphic position with a minimum read depth m >3 (populations function). For genetic 
analyses, only SNPs present in >60% of the whole sample were retained. 

 
 

Phylogenetic	relationships	and	population	structure	

Phylogenetic relationships among individuals were inferred based on the concatenated 
sequences of individuals using variable and invariant sites as recommended (Leaché et al. 
2015) and UIPAC codes for polymorphic sites. All polymorphic positions present in at least 24 
individuals were used. A Maximum Likelihood (ML) tree was generated using the GTR model 
with a Gamma distribution parameter allowing rate variation across sites (Γ = 0.02). We 
performed 700 rapid heuristic bootstrap followed by a thorough ML search implemented in the 
program RAxML v8 (Stamatakis 2014). The number of bootstrap replicates was determined 
using the automatic BS convergence criterion (Pattengale et al. 2010). 

In order to detect population genetic structure, we first performed a Discriminant Analysis of 
Principal Components (Jombart et al. 2010) using the R package ADEGENET (Jombart 2008) 
with the number of populations as the number of clusters. Then we used the “structure-like” 
algorithm SNMF for inferring admixture coefficients for all individuals as implemented in the 
R package LEA (Frichot et al. 2014; Frichot & François 2015). The number of genetic clusters, 
K, was varied from 1 to 10. We performed 100 runs for each value of K, and retained the best 
run for each K based on the cross-entropy criterion. We surveyed the results for all K and 
stopped increasing this value when at least one genetic cluster contained less than two 
individuals. 

 
 

Genetic	diversity	and	geographical	differentiation	

Genetic diversity by individual (individual heterozygosity: observed heterozygosity), within 
each sampled locality (population genetic diversity: expected heterozygosity), and between all 
population pairs was assessed using GENEPOP v4.7 (Raymond & Rousset 1995). FIS and FST 
were estimated according to Weir & Cockerham (1984). Genetic variation partitioning among 
and within populations and geographical groups was tested in hierarchical analyses of 
molecular variance (AMOVA) using nonparametric permutational procedures (1,023 iterations) 
as implemented in ARLEQUIN v3.5 (Excoffier et al. 2005). We first tested for the effect of the 
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three sampling regions (Benin/Guyane/Antilles) on genetic diversity. We then focused on the 
Caribbean populations to test for genetic continuity between Guyane and Antilles, and for 
genetic similarities among the four islands of the Antilles. 

In order to assess the respective roles of geographical distance and the presence of sea in 
population genetic differentiation of Ae. aegypti, multiple correlations between genetic 
(FST/[1−FST]), straight-line geographic distance (square-root transformed), and distance based 
on the presence/absence of sea (coded as 0/1) were tested by performing a multiple regression 
on distance matrix (MRM in the R package ECODIST, Goslee & Urban 2007) using permutation 
tests of significance (999 permutations) for regression coefficients and R-squared. 

 

 

Demographic	history	inference	

To infer the demographic history of the Caribbean mosquito populations, we used the 
STAIRWAY PLOT method, which infers effective population size changes over time using the 
SNP site frequency spectrum (SFS) (Liu & Fu 2015). The SFS was computed after imputation 
of missing genotypes following the method of Chi et al. (2013) using the ancestry and allele 
frequency matrices (Q-matrix and F-matrix) estimated from the SNMF model with K = 6. The 
mutation rate was set to 1.6 × 10-8 base pair per generation, and a generation time of 1 month 
was used (Bennett et al. 2016). The total sequence length was 847 Mb. We assessed the 
statistical errors of effective population size estimates by using 50 bootstrap replicates of the 
stairway plot algorithm. 

To measure the intensity of genetic drift (population-specific effective size and immigration 
rate), we calculated population-specific FST by using the hierarchical Bayesian algorithm 
BAYESCAN v2.1 (Foll & Gaggiotti 2008). This approach is based on a continent-island model 
in which subpopulation allele frequencies are correlated through a common migrant gene pool, 
thereby reflecting the well documented recent history of colonization of the Caribbean from an 
African ancestor (Brown et al. 2014; Gloria-Soria et al. 2016). Population-specific FST 
coefficients are estimated by the difference in allele frequency between the common gene pool 
and each population. 

 

 

Locus-specific	departure	from	neutrality	

To search for loci more differentiated than expected under the neutrality assumption, we used 
the hierarchical Bayesian BAYESCAN package v2.1 (Foll & Gaggiotti 2008), which incorporates 
the uncertainty in allele frequencies due to small population sample sizes. Selection is 
introduced by decomposing each locus FST into a population-specific component, shared by all 
loci, and a locus-specific component (a) shared by all the populations using a logistic 
regression. Departure from neutrality at a locus is assumed when the locus-specific component 
is necessary to explain the observed pattern of diversity (a significantly different from 0). The 
estimation of model parameters was automatically tuned on the basis of short pilot runs (ten 
pilot runs, length 2,000). The sample size was set to 10,000 and the thinning interval to 50 as 
suggested by the authors of BAYESCAN (Foll & Gaggiotti 2008), resulting in a total chain 
length of 500,000 iterations, performed four times independently. The loci were ranked 
according to their false discovery rate controlling for multiple testing (Q-value), and all loci 
with a Q-value <0.05 were retained as outliers. 
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Environmental	variables	and	genome–environment	association	tests	

For each sampled locality, we extracted all the 19 bioclimatic variables averaged on 30 years 
(1960–1990) from the WorldClim database (http://www.worldclim.org; Hijmans et al. 2005) 
and we used a principal component analysis (PCA) to reduce these variables to two 
uncorrelated climatic variables: mean temperature and total precipitation (Figure AII–S1). In 
addition, two human-induced local pressure proxies were considered: human density and 
resistance to deltamethrin. Human density (inhabitants per km2) from the 2014 census was 
extracted from the INSEE database (https://www.insee.fr). Resistance to deltamethrin, the main 
insecticide currently used against adult mosquitoes, was used as a proxy for the local 
insecticide selective pressure (Marcombe et al. 2012, 2013; Faucon et al. 2015; Goindin et al. 
2017) (Table AII–1). These two anthropogenic variables are not correlated (Pearson’s R = 
0.25, P = 0.36). 

In order to determine which environmental (climatic or anthropogenic) variables have the most 
important impact on genetic variation in Ae. aegypti populations, we used two different 
correlative methods: redundancy analysis (RDA, Legendre & Legendre 1998), and latent factor 
mixed models (LFMM, Frichot et al. 2013). RDA is a constrained version of principal 
component analysis that summarizes the component of genetic variation explained by a set of 
environmental variables. We used RDA as implemented in the R package vegan (Oksanen et al. 
2017). To remove the effect of geography on genetic variation, we used a combination of each 
sampled locality coordinates (latitude + longitude) as a conditional factor in the RDA (Nadeau 
et al. 2016). To determine how much of the genetic variation is uniquely explained by each 
environmental factor, how much is uniquely explained by geography, and how much is 
explained by some joint effect of these factors, a series of RDA and partial RDA (conditioned 
on geography) models was constructed: a full model with all cli- mate and anthropic variables 
as explanatory variables, all the four models with one environmental factor, or with anthropic 
factors (deltamethrin + human density), or with climatic factors (temperature + precipitation) as 
explanatory variables. The loadings of RDA (one-factor models) were used as test statistics for 
testing association with each environmental variable (Forester et al. 2016).  

In LFMM, population structure and other confounding variables are modeled by unobserved 
(latent) factors, and the statistical tests are adjusted for those latent factors. The latent factor 
models were run with K = 6 factors, following the results of population structure analyses. We 
evaluated association between each SNP and each environmental variable by running 30 
independent replicates of LFMM. Assuming a Gaussian distribution under the null hypothesis, 
Z-scores from all runs were combined using the Stouffer method and the P-values were 
adjusted by using a genomic inflation factor correction (Frichot & François 2015; François et 
al. 2016). The Storey-Tibshirani FDR control algorithm was applied to detect the most 
interesting loci with an expected FDR level of 10% (Storey & Tibshirani 2003). RDA and 
LFMM tests were applied on a subset of the SNP data set without missing genotypes (578 
SNPs), and we extrapolated the level of resistance to deltamethrin in the island La Désirade 
(DES) to the average level observed in Guadeloupe. The effects of each environmental variable 
on the SNP data set were tested separately with the default settings of the RDA and LFMM 
algorithms. 
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Results	

SNP	genomic	distribution	

Approximately 31 million high-quality reads were obtained with an average 700,000 reads per 
individual. Individuals with <300,000 reads were removed from the analysis. Thirty-nine 
individuals were kept for genetic analysis (Table AII–1), and mapped to the reference genome 
(1,376 Mb consisting of 4,758 supercontigs 0.06–5 Mb available at 
http://aaegypti.vectorbase.org). For each individual, about half the total reads mapped to the 
genome (mapping quality >35) at a unique position. An average of 12,000 “RADtags” (a pair 
of 120 bp sequences flanking a genomic region 0–400 bp) were obtained per individual. A total 
of 15,128 loci (RADtags) were identified across the 39 individuals, distributed over 1,355 
supercontigs representing a total length of 1,280 Mb (93% of the 1,376 Mb Ae. aegypti 
genome; Table AII–S1). A total of 15,989 SNPs was called of which 3,530 SNPs present in 
>60% of the individuals were retained (median missing data per SNP <5%). These SNPs were 
distributed over 2,535 RADtags distributed throughout 719 supercontigs (Table AII–S2), with 
1 up to 19 RADtags per supercontig. The number of RADtags on a supercontig was correlated 
with the length of the supercontig (Pearson’s R = 0.64, P = <0.001). These 719 supercontigs 
represented a total length of 1,009 Mb (73.3% of Ae. aegypti genome), and the density of 
RADtags was 3.5 per Mb. Assuming an estimated average recombination rate in Ae. aegypti c 
= 0.3 cM/Mb, or 3.3 Mb/cM, we expect to have on an average eleven RADtags every 1% 
recombination event which is enough to identify genomic regions undergoing selective sweep, 
even if none of our RADtag are directly under selection (Wilfert et al. 2007). 

 
 
Phylogenetic	relationships	and	population	structure	

The ML phylogenetic tree inferred from all sites (794,070 sites, including 11,763 variable sites) 
showed three genetic groups supported by high bootstrap values (Figure AII–2). The first 
group corresponds to individuals from St-Barthélemy. The second included all individuals from 
St-Martin. The third group clustered populations from Martinique, Guadeloupe, and Guyane. 
Within this group, the two populations from Guyane, GEO, and CAY, clustered together into 
two distinct subgroups, and all populations from Guadeloupe clustered together into a distinct 
subgroup. For non-African samples, the SNMF analysis provided strong evidence for 
geographic population structure and only weak evidence for genetic admixture (Figure AII–2). 
For K = 3–6, each genetic cluster corresponded to a well-defined geographic region (Figure 

AII–S2). The best model for K = 6 identified six main regions (North Islands, Guadeloupe, 
Martinique, populations BM, GEO, and CAY) as differentiated genetic groups. A single 
individual from St- Barthélémy was misassigned to the Guadeloupean cluster, and the unique 
individual from SF failed to be assigned to a genetic cluster. Models for K greater than six 
further partitioned the Guadeloupe and Martinique Islands into smaller regions that matched 
with sampling localities (Figure AII–S2). In the DAPC, most individuals were correctly 
assigned to their geographical region, except for two out of the three samples from BM 
(Guadeloupe), which were assigned to Martinique (Figure AII–3). 
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Table AII–3 Hierarchical analysis of molecular variance (AMOVA) for the three different genetic 
partitioning hypotheses. 

 

Source of variation d.f. 
Sum of 

squares 

Variance 

components 

Percentage 

of variance 
P-value 

Benin/Guyane/Antilles 

Among groups 2 887 18.75 13.06 *** 

Among populations within groups 12 1931 6.95 4.84 * 

Among individuals within populations 24 3019 7.88 5.48 *** 

Within individuals 39 4292 110.05 76.62 ** 

Total 77 10130 143.63 

Guyane/Antilles 

Among groups 4 917 6.08 4.87 *** 

Among populations within groups 9 1327 5.96 4.77 *** 

Among individuals within populations 22 2576 4.21 3.37 

Within individuals 36 3912 108.67 86.99 *** 

Total 71 8732 124.92 

Antilles 

Among islands 3 604 4.63 3.81 *** 

Among populations within islands 8 1117 4.72 3.88 *** 

Among individuals within populations 18 2090 3.93 3.23 

Within individuals 30 3248 108.27 89.08 *** 

  Total 59 7059 121.54     

	

	

	

Table AII–4 Summary of the 12 SNPs Identified as Outliers by BAYESCAN (Q-value 
>0.05). PP: posterior probabilities, PO: posterior odds. See Table AII–S5 for all 3,530 
loci characteristics. 

 

Locus ID PP Log10(PO) Q-value α FST 

2619_48 1.0 1,000 0.000 2.2 0.5 

1272_118  1.0 1,000 0.000 2.0 0.5 

4396_57 1.0 2.7 0.001 2.0 0.5 

9098_14 1.0 2.3 0.002 1.8 0.4 

4107_83 1.0 1.6 0.006 1.6 0.4 

14191_81 1.0 1.5 0.013 1.7 0.4 

454_74 1.0 1.5 0.013 1.6 0.4 

4204_34 1.0 1.4 0.016 1.4 0.4 

13604_97 0.9 1.1 0.023 1.8 0.5 

10476_44 0.9 1.0 0.029 1.4 0.4 

4205_13 0.9 0.9 0.036 1.2 0.3 

3085_26 0.9 0.8 0.045 1.5 0.4 
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Figure AII–5 Redundancy analysis plot, summarizing the result of multiple regressions of genotypes (578 

SNPs excluding missing data) against four environmental variables: temperature, precipitation, human 
density, and deltamethrin resistance (in blue), not constrained by geography. The four environmental variables 
explained 18% of total genetic variation. Anthropic factors (deltamethrin + human density) explained 9% of total 
variation, and climate (temperature + precipitation) explained 10% of total variation. 

 
 

Discussion	

Colonization	history	and	demographic	bottlenecks	

Several previous studies based on molecular markers have found evidence for the ancestral 
status of African populations of Aedes aegypti for all pantropical populations (Powell & 
Tabachnick 2013; Brown et al. 2014; Gloria-Soria et al. 2016). Our results support the single 
out-of-Africa origin as previously reported, with genetic differentiation between the Caribbean 
and African populations (SBE) higher (average FST = 0.18) than between Caribbean 
populations (average FST = 0.07). Furthermore, the African individuals had a high number of 
singletons, and the genetic diversity was much lower in all Caribbean populations than in the 
African one. 

The reduction of genetic diversity in invasive populations could indicate a founder effect 
during the introduction of the species in the Caribbean. Demographic changes in populations, 
such as bottlenecks, are not only expected to reduce population genetic diversity but also to 
change the allele frequency spectrum (Maruyama & Fuerst 1985). Here, the SFS also supports 
a founder event in Caribbean populations, as shown by the low number of rare variants. The 
strongest evidence for a bottleneck during the introduction of Ae. aegypti is the severe decrease 
in effective population size ~300 years ago. The first suspected dengue-like epidemics were 
reported in 1635 in Martinique and Guadeloupe suggesting that its vector had been introduced 
in the Caribbean during the 17th century (Tabachnick 1991; Urdaneta-Marquez & Failloux 
2011; San Martín et al.  2012; Powell & Tabachnick 2013; Weaver & Lecuit 2015). However, 
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it is difficult to attribute these outbreaks to dengue without a detailed clinical picture. Our 
results suggest that Ae. aegypti populations established in the Caribbean at the beginning of the 
18th century. This establishment could be related to the intensification of the triangular trade 
between France, West Africa (Senegal, Benin), and French Antilles after the creation of the 
“Compagnie du Sénégal” in 1673. This date of establishment of the species in the Caribbean is 
for the first time inferred from molecular markers, and needs to be confirmed by a larger 
sampling in this region. 

 
 

Table AII–5 Within-gene or near-gene SNPs among the 12 outliers identified by BAYESCAN analysis. 
 

Locus ID   Gene ID 
Gene 

description1 
Molecular function2 Expression factor3 

4396_57 * AAEL006802 
Cytochrome 

P450 

Monooxygenase/ 

Oxidoreductase activity 

Insecticides (2,4,6,8,9) 

Dengue infection (1,5) 

Bacterial infection (3,7,10) 

9098_14 # AAEL002013 
	

Nucleic acid binding 

Zinc ion binding 

West Nile and Dengue infection (1,5) 

Bacterial infection (3,7,11) 

Permethrin exposure (8) 

	
* AAEL001996 

Zinc  

finger  

protein 

Nucleic acid binding  

Zinc ion binding 

Dengue infection (1,5) 

Permethrin exposure (8) 

Bacterial infection (3,7,13) 

Habitat (12) 

4107_83 # AAEL006596 
	 	

West Nile virus infection (1) 

Dengue infection (1,5) 

Habitat (12) 

13604_97 * AAEL013788 

Sodium/ 

Calcium 

exchanger 

Calcium:sodium 

antiporter activity 

Dengue infection (1) 

Bacterial infection (3,13) 

Insecticides (9) 

Habitat (12) 

3085_26 * AAEL005901 RpS3a  
Ribonucleoprotein 

Ribosomal protein 

Yellow fever virus infection (1) 

Bacterial infection (3) 

Habitat (12) 
1VectorBase annotation. * Near coding region (<20 kb); # In coding region. 
2UniProt annotation. 3Significantly altered expression under conditions listed as experimental factors. 
(1) Colpitts et al. 2011; (2) Bariami et al. 2012; (3) Choi et al. 2012; (4) Riaz et al. 2009; (5) Behura et al. 2011; (6) Strode et al. 2008; (7) 
Rancès et al. 2012; (8) Poupardin et al. 2011; (9) Riaz et al. 2011; (10) Ye et al. 2013; (11) Canton et al. 2015; (12) McBride et al. 2014; (13) 
Desjardins et al. 2015. 

 

The STAIRWAY PLOT method applied to infer the demographic history of populations also 
detected a more recent bottleneck. Although the precise dates remain uncertain, the pattern of 
variation in effective population size coincides with the discovery of the role of Ae. aegypti in 
Yellow fever immediately followed by vector control measures that took place at the turn of the 
20th century during the construction of the Panama canal, and with an extensive use of 
insecticides by humans together with the rise of resistance mutations in Aedes populations 
during the second part of 20th century. The lowest genetic diversity was recorded in CAY 
(Cayenne, Guyane), the most urbanized locality sampled. This low diversity was not expected 
as Cayenne offers many breeding opportunities for Ae. aegypti and experiences recurrent 
dengue epidemics sustained by huge mosquito populations. This locality also exhibits the 
highest specific FST, which is indicative of a recent bottleneck in this population (reduced 
effective population size). This bottleneck could be related to the eradication campaign against 
Ae. aegypti in the American continent, back in the 1950s (PAHO 1997) or to the contemporary 
intense insecticide applications in this city, resulting in highly resistant populations to the most 
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used insecticide, deltamethrin. However in GEO (St-Georges, Guyane), populations are also 
highly resistant to deltamethrin and still maintain a higher genetic diversity than in CAY. 
Furthermore, these two Guyane localities are genetically distinct (ML tree and cluster 
analyses). The road linking Cayenne and St-Georges is recent, and St-Georges is 
geographically much closer and mainly connected to Brazil, where Ae. aegypti populations are 
large and genetically diversified (Monteiro et al. 2014). Recurrent migration from Brazil might 
mitigate the genetic diversity lost due to intense insecticide spraying. 

 
 

Table AII–6 Redundancy analyses (RDA) partitioning genetic variation into 

geography and environmental variables. 
 

Variables 

Proportion of 

variance 

constrained (%) 

Conditioned with 

Geography
2
 

Geography1 12.78 	

Human density 4.75 4.18 

Deltamethrin 5.23 4.42 

Precipitation 5.17 3.59 

Temperature 5.53 2.76 

Anthropic factors1 9.05 7.94 

Climatic factors1 10.05 6.03 

All environmental variables 18.41 13.39 
1 Geography: (Latitude + Longitude); Anthropic factors: (Human density + Deltamethrin); Climatic 
factors: (Precipitation + Temperature). 
2 Proportion in percentage of genetic variation constrained by environmental variables removing the 
12.78% explained by geography. 

 
 

	Table AII–7 Significance values for LFMM and RDA tests. 
 

Locus ID 
Deltamethrin* 

Pearson’s R 
Human density* 

Pearson’s R 
LFMM RDA LFMM RDA 

2396_47 3.20 0.65 

3036_41 2.95 −0.53 

3036_120 2.79 3.24 0.52 

3037_48 3.24 −0.49 

3038_100 3.12 3.36 −0.54 3.29 −0.47 

3039_81 3.24 3.36 0.54 3.28 0.47 

3053_67 4.39 3.00 −0.88 

3228_68 2.99 −0.49 

4122_74 3.65 2.71 −0.58 

4256_106 3.18 3.14 −0.54 

5855_28 2.80 −0.41 

6505_59 3.59 2.99 0.68 

7409_33 4.73 3.70 −0.71 

7546_102 3.16 0.54 

9844_61 3.35 2.82 0.65 

13059_16 2.96   −0.64       
*Minus log10 P-values for LFMM and RDA tests. 
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The reappearance of Ae. aegypti in areas declared free of the species occurred as soon as 
control had been relaxed in the 1970s (Wallis et al. 1983). The establishment of new 
populations in Guyane is probably due to the re-colonization from neighboring countries. The 
present phylogenetic relationships show that the two populations sampled in Guyane diverged 
from Caribbean populations. Because eradication has failed in the Antilles (PAHO 1997), these 
populations could have acted as bridgehead populations for the re-colonization of Guyane, as 
already suggested for southern Brazil (Linss et al. 2014; Monteiro et al. 2014). Unraveling the 
origin of recently established populations in Guyane however requires comparing genetic 
similarities with samples from other countries of South America, for example, from Brazil and 
Venezuela (Monteiro et al. 2014), and from other locations worldwide. 

	

	

Patterns	of	genetic	diversity	and	geographical	scale	of	differentiation	in	the	Antilles	

The level of genetic differentiation among the four islands sampled in the Lesser Antilles 
estimated by AMOVA was low but significant, and spatial patterns of variation indicate a high 
genetic structure. Bayesian clustering of individuals revealed that North islands, Martinique, 
and Guadeloupe formed three distinct clusters, with a significant pattern of isolation by 
distance, indicating gene flow between neighboring populations. Furthermore, the ML 
phylogram shows that St-Martin and St-Barthélemy (North islands) are separated in two 
different groups. This geographical differentiation is linked to the presence of the sea that 
restricts gene flow be- tween regions, subjecting within-region groups of populations to genetic 
drift. The genetic diversity in all the Antilles was comparable. However, at small spatial scale 
(within islands), we found evidence for the role of human movement and habitat conditions in 
shaping genetic diversity and the level of genetic differentiation between populations. 

The two localities sampled in St-Martin present contrasting patterns of genetic diversity, Oyster 
Pond population being genetically more diversified than Sandy Ground population. Oyster 
Pond is a residential area, with a high-income socio-economic neighborhood as compared with 
Sandy Ground, the suburb of the largest city of the island, Marigot. The contrasted socio-
economic status of the two sampled localities could influence habitat availability, with different 
population dynamics in distinct socio-economic urban environments (LaDeau et al. 2015). 

Populations from Martinique and Guadeloupe have comparable levels of genetic diversity and 
appear to be connected as shown by the poorly resolved phylogeny for samples from these two 
islands. These two highly touristic destinations are daily connected by flight and boat, and have 
been connected for a long time, being the first lands discovered by Christopher Columbus as 
early as 1493 and were both heavily involved in the slave trade (17th and 18th centuries). 
Furthermore, evidence for contemporary exchange of migrants was found as two samples from 
Baie-Mahault, the only industrial locality in Guadeloupe with the international airport and port, 
were genetically close to Martinique samples (DAPC results). In Martinique, the inhabited islet 
Îlet Long, 10 km from the main island, is less diversified (with higher specific FST) than any 
other populations in Martinique, reflecting limited connectivity with other populations, and 
allelic loss through genetic drift associated to small effective population size. The genetic 
diversity pattern observed in Martinique is consistent with previous work based on 6 
microsatellites and 319 transcriptomic SNPs (Marcombe et al. 2013) conducted in the same 
localities. In Guadeloupe, the island La Désirade, 30 km from the main island, is the least 
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diversified population, with the highest specific FST, and all samples cluster together in the 
phylogenetic tree, indicating genetic distinctiveness from the main island. Although La 
Désirade is nowadays daily connected with the main island by boat, this was not the case back 
in the 1990s, where the lack of infrastructure (no water supply) prevented the development of 
tourism. 

 
 
Signatures	of	selection	in	the	genome	of	Ae.	aegypti	

In this study, we conducted two different local adaptation analyses. First, we focused on 
populations from the Antilles and Guyane and we used FST based outlier tests (BAYESCAN) to 
detect loci more differentiated than expected by chance across populations. These loci are 
putatively under ongoing divergent selection, but this method gives no indication of which 
selective pressure is at play. Second, we conducted genome–environment association tests 
(LFMM and multivariate RDA) on the whole data set (including the African population) to 
decipher which environmental factor has the main impact on local adaptation in Caribbean 
populations.  

BAYESCAN identified twelve loci more differentiated than expected under neutral distribution. 
Five of them were within or close to annotated genes, coding for one cytochrome P450, one 
voltage-gated sodium channel and three transcription factors. The cytochrome P450 gene 
family is well known to be involved in insecticide metabolism in mosquitoes (David et al. 
2013). Here, the cytochrome P450 identified (CYP9J22) has been shown to be up-regulated in 
two pyrethroid-resistant Caribbean populations (Cuba and Grand Cayman) (Bariami et al. 
2012), suggesting it is involved in metabolic resistance to pyrethroids (including deltamethrin). 
Mutations in the voltage-gated sodium channel (gene AAEL006019 on supercontig 1.186) 
cause a resistance phenotype to pyrethroid insecticides (including deltamethrin) known as 
knockdown resistance or kdr, that have been extensively studied, including in Caribbean 
populations that show high frequency for the kdr mutation (>80%, Marcombe et al. 2012). 
Among the ddRAD markers used in this study, four were located on supercontig 1.186, 
including one marker <6,000 bp from AAEL06019 gene (marker 3328, Table AII–S2). 
However, BAYESCAN identified none of these loci as outlier. One possible explanation is a 
nearly fixed kdr mutation in all invasive populations studied. Indeed, the marker 3328 was 
polymorphic only in the African samples (not included in the BAYESCAN analysis); loss of 
polymorphism is consistent with a selective sweep in the kdr genomic region in the Caribbean 
populations. Interestingly, another voltage-gated sodium channel gene (AAEL013788) was 
detected as outlier in the present study. This gene was shown to be down-regulated in 
imidacloprid-resistant strains (Riaz et al. 2013), and up-regulated upon bacterial (Colpitts et al. 
2011) or viral infection (Choi et al. 2012), in domestic versus forest populations, and in human 
versus animal fed mosquitoes (McBride et al. 2014). This gene involved in the nervous influx 
appears to be central in many aspects of the mosquito biology and represents a good putative 
candidate for being under human-induced selective pressure. Among SNPs detected as FST-
outliers (BAYESCAN), most are probably not directly involved in adaptation, since genomic 
variation rather than transcriptomic functional variation was screened. Our primary objective 
was not to identify precisely the genes under selection, but to identify the main selective factors 
(climatic versus human-induced selective pressures) driving local adaptation in these 
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anthropophilic invasive populations. 

Overall association tests, geography had a prominent influence on genetic variation as 
compared with environmental factors. Geography explained ~12% of total genetic variation 
(AMOVA and RDA results). However, when geography was controlled for (partial RDA), 
anthropic and climatic factors explained 8% and 6% of the residual variance respectively. Both 
LFMM and RDA identified seven SNPs associated with deltamethrin resistance and three loci 
associated with human density, but only one locus associated to precipitation, and none to 
temperature, suggesting that anthropic factors are more important than climatic factors in 
selecting specific regions of the genome. At the study scale, the mean annual temperature 
varied little, ranging from 26.0 °C (in St-Pierre, Martinique) to 26.8°C (in Sandy Ground, St-
Martin), but even small changes in larval breeding temperature or in adult rearing conditions 
were shown to induce changes in the physiology, immune condition, development time, 
fecundity, and survival of mosquitoes (Beserra et al. 2009; Goindin et al. 2015; Yee et al. 
2017). Total precipitation was more variable than temperature across sites, ranging from 959 
mm (in St-Barthélemy, tropical climate) up to 3,505 mm (in St-Georges, Guyane, equatorial 
climate). However, these climatic conditions do not appear to induce strong adaptive 
differentiation across sampled localities. All the samples were collected in domestic breeding 
sites and the presence of water containers suitable for breeding are presumably available all 
year round independently of the local precipitation level. This mitigating effect of man on 
mosquito habitat may explain why more loci were associated with human-induced pressures 
than with climatic factors, together with the fact that the two anthropogenic variables analyzed 
were more variable across sites than the two climatic variables. 

Combining the results from different methods can reduce false discovery rates (de Villemereuil 
et al. 2014) and help to detect loci under strong selection (Lotterhos & Whitlock 2015; Nadeau 
et al. 2016). Although LFMM and RDA were partly concordant, they detected loci that were 
not identified as outliers by BAYESCAN. There are several explanations to the absence of 
overlap between these methods. First, the geographical scale was different as BAYESCAN was 
conducted only on Caribbean populations (14 populations and 3,530 SNPs) while RDA and 
LFMM also included the African population but was conducted on a SNP subset excluding 
missing data (15 populations and 578 SNPs). Second, the four environmental variables tested 
only accounted for 18.2% of total genetic variation (RDA analysis), and other non-studied 
factors might be involved in shaping patterns of genetic variability among populations that 
were detected by BAYESCAN. For example, Temephos and Bti (Bacillus thuringiensis 

israelensis) are two insecticides currently used against mosquitoes in the Caribbean region that 
were shown to act as selective agents (Paris et al. 2010; Marcombe et al. 2013). Crop pesticides 
and various pollutants were also shown to induce metabolic responses in mosquito and 
represent other potential selective factors (Marcombe et al. 2012; Poupardin et al. 2012; Nkya 
et al. 2014). Third, inconstancies between different methods have already been observed (de 
Villemereuil et al. 2014; Lotterhos & Whitlock 2015; Nadeau et al. 2016) and could be 
attributed to confounding variation of demographic history and adaptive patterns (Lotterhos & 
Whitlock 2015), which makes difficult to separate neutral from selected loci. Furthermore, 
Nadeau et al. (2016) showed small overlap between methods depending on the neutral 
population structure correction. Indeed, overcorrection and undercorrection could lead to 
increase the rate of false negatives and false positives respectively. Here, we applied a 
correction for population genetic structure with K = 6, representing the geographical areas 
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considered in this study, but using other K values (K = 5 or 7) had no impact on the results (not 
shown). SNPs that are not shared across methods should not be discarded entirely as 
simulations showed that loci under weak selection are often detected by only one method 
(Lotterhos & Whitlock 2015). Altogether, our results highlight the difficulty to accurately 
detect signatures of local adaptation using genetic-environment association tests when there is 
collinearity between environmental variation and neutral population structure (Frichot et al. 
2015). Indeed, populations from Guyane present distinct genetic patterns at some loci, which 
may be due to drift (accentuated by the recent history of insecticide treatments) or to selection 
by deltamethrin intensive use, but most likely the two factors acting concomitantly. 

 

 

Conclusion	

The evolutionary history of Ae. aegypti since its introduction in the Caribbean is a complex 
mixture of population contractions and expansions in link with human movement and 
spatiotemporal changes in insecticides use. Our study showed that the establishment of Ae. 

aegypti in the Caribbean is recent and has been subjected to several bottlenecks since its 
introduction. Even slight changes in insecticide doses could induce changes in the strength and 
direction of selection, and selective pressures other than the insecticides used for mosquito 
control can affect the resistance allele dynamics (Milesi et al. 2016). We attempted to 
disentangle signatures of local adaptation in Caribbean populations that have different 
demographic histories. We identified a set of SNPs that could be involved in local adaptation in 
response to human impact. The adaptive potential of these bridgehead Caribbean populations is 
further illustrated by their evolutionary success in invading all the continents but Antarctica in 
the last decades, adapting to the large variety of human-shaped habitats encountered throughout 
the Americas and Eurasia. Further investigations are needed to evaluate the role of insecticide 
treatments and climatic conditions in shaping adaptive patterns, especially with a greater 
number of populations analyzed to maximize the range of environmental variation (Meirmans 
2012). 
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Figure AII–S1 Principal component analysis (PCA) results on the two first PCs 

including the 30 BIOCLIM variables (WorldClim). 
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Table AII–S3 Pairwise genetic (Weir-Cokerham FST) and geographical distances (in km) between 

sampled populations. Within-region distances are in italic. 
 
 

  AB BM DES SF SBH SME SMO CAY GEO ILO LAM RSAL SAN SPIE 

AB 23 52 32 212 244 245 1623 1749 216 211 222 235 192 

BM 0.05 58 31 223 255 255 1612 1737 199 193 204 218 173 

DES 0.07 0.08 27 257 290 291 1580 1706 190 188 199 210 173 

SF 0.02 0.06 0.06 244 276 277 1591 1717 188 184 195 208 166 

SBH 0.09 0.09 0.12 0.10 33 35 1834 1960 419 411 423 437 389 

SME 0.07 0.07 0.09 0.08 0.06 3 1867 1992 450 441 453 467 419 

SMO 0.11 0.11 0.14 0.16 0.11 0.03 1867 1993 450 441 453 467 419 

CAY 0.15 0.16 0.17 0.20 0.18 0.16 0.20 128 1423 1434 1423 1407 1457 

GEO 0.09 0.11 0.11 0.06 0.11 0.09 0.13 0.11 1547 1558 1547 1531 1581 

ILO 0.12 0.12 0.13 0.14 0.13 0.14 0.15 0.21 0.13 16 15 20 37 

LAM 0.07 0.06 0.07 0.04 0.08 0.07 0.11 0.15 0.08 0.06 12 27 23 

RSAL 0.07 0.07 0.08 0.05 0.10 0.08 0.11 0.15 0.08 0.09 0.03 15 34 

SAN 0.06 0.06 0.08 0.06 0.08 0.06 0.10 0.15 0.07 0.09 0.01 0.01 49 

SPIE 0.04 0.04 0.07 0.05 0.07 0.04 0.09 0.16 0.07 0.07 0.01 0.02 0.00 

SBE 0.21 0.22 0.22 0.04 0.16 0.15 0.21 0.27 0.21 0.18 0.19 0.20 0.19 0.14 
 

 

 

 

Table AII–S4 Results of multiple regressions relating 
pairwise genetic distance [FST/(1−FST)] with straight-line 
geographical distance (square root transformed) and with 
the presence of sea between populations. 

 

FST/(1−FST)              Estimate                    P-value        

Intercept                    0.021176                    1.000  

Distance         0.001408                    0.036 

Sea                   0.036233                    0.008 

	

 
 
 
Additional Supplementary Material may be found in the online version of this article: 
 

Table AII–S1  Position of the 15,128 loci (RADtags) distributed over 1,355 supercontigs 
representing a total length of 1,280 Mb (93% of the 1,376 Mb Ae. aegypti 
reference genome AaegL3 https://www.vectorbase.org/organisms/aedes-
aegypti/liverpool/aaegl3). 

 

Table AII–S2  Distribution of the 3,530 SNP present in more than 60% of the total sampling 

that were retained for genetic analysis. 
 
Table AII–S5  Results of BAYESCAN for the 3,530 loci. 
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variations	 associated	 with	 resistance	 to	

multiple	 insecticides	 in	 the	 dengue	 vector	

Aedes	aegypti	
	

Julien Cattel, Frédéric Faucon, Bastien Léperon, Stéphanie Sherpa, Marie Monchal, 
Lucie Grillet et al. 

 

Evolutionary Applications, 2019, In Press. 
DOI: 10.1111/eva.12867 

 

Abstract	

In addition to combating vector-borne diseases, studying the adaptation of mosquitoes to 
insecticides provides a remarkable example of evolution-in-action driving the selection of 
complex phenotypes. Actually, most resistant mosquito populations show multi-resistance 
phenotypes as a consequence of the variety of insecticides employed and of the complexity of 
selected resistance mechanisms. Such complexity makes the identification of alleles conferring 
resistance to specific insecticides challenging and prevents the development of molecular 
assays to track them in the field. Here we showed that combining simple genetic crosses with 
pool targeted DNA-seq can enhance the specificity of resistance allele’s detection while 
maintaining experimental work and sequencing effort at reasonable levels. A multi-resistant 
population of the mosquito Aedes aegypti was exposed to three distinct insecticides 
(deltamethrin, bendiocarb and fenitrothion) and survivors to each insecticide were crossed with 
a susceptible strain to generate 3 distinct lines. F2 individuals from each line were then 
segregated based on their survival to two insecticide doses. Hundreds of genes covering all 
detoxifying enzymes and insecticide targets together with more than 7,000 intergenic regions 
equally spread over mosquito genome were sequenced from pools of F0 and F2 individuals 
unexposed or surviving insecticide. Differential coverage analysis identified 39 detoxification 
enzymes showing an increased gene copy number in association with resistance. Combining an 
allele frequency filtering approach with a Bayesian FST-based genome scans identified multiple 
genomic regions showing strong selection signatures together with 50 non-synonymous 
variations associated with resistance. This study provides a simple and cost-effective approach 
to improve the specificity of resistance allele’s detection in multi-resistant populations while 
reducing false positives frequently arising when comparing populations showing divergent 
genetic backgrounds. The identification of novel DNA resistance markers opens new 
opportunities for improving the tracking of insecticide resistance in the field. 
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Polymorphism – Complex phenotype – Detoxification enzymes – Cytochromes P450 

 
 

Introduction	

Natural populations experience a variety of selective pressures, leading to the accumulation of 
locally adaptive features and the expression of complex phenotypes (Orr 2005). Environmental 
changes driven by man-made disturbances can alter the course of selection, by inducing novel, 
particularly strong and sometimes unpredictable selective pressures. Understanding how 
natural populations respond to rapid environmental changes has become a major goal, and an 
increasing number of studies reported adaptive changes on very short timescales (Hendry et al. 
2008, 2017; Palumbi 2001). Resistance of insects to insecticides is a key example of rapid 
evolution under novel and strong selective pressures associated with human activities. This 
adaptive phenotype has evolved quickly and independently in a large number of taxa 
(Georghiou 1990). However, natural resistant populations often exhibit complex resistance 
phenotypes as a consequence of the variety of insecticides used, the variable intensity of 
selection pressures and the selection of mechanisms conferring resistance to multiple 
insecticides, making the identification of resistance alleles challenging (Ffrench-Constant et al. 
2004; Li et al. 2007). Besides contributing to the understanding of rapid adaptation and the 
origins of complex traits, deciphering the complexity of insecticide resistance mechanisms is 
essential for improving risk assessments and management strategies (Hawkins et al. 2018). 

Among taxa of serious economic and medical importance, mosquitoes are vectors of numerous 
human viruses and pathogens representing a major threat for public health worldwide 
(Lounibos 2002). Among them, Aedes aegypti (Linnaeus) is of particular importance because 
of its wide distribution and its capacity to transmit several major arboviral diseases including 
Yellow Fever, Dengue, Zika fever and Chikungunya fever (Brown et al. 2014). Although 
efforts are invested in developing novel vaccines and strategies to prevent arbovirus 
transmission, the use of chemical insecticides remains the cornerstone of arboviral diseases 
control. However, as for malaria vectors, decades of insecticide usage have led to the selection 
and spread of resistance in this mosquito species. Insecticide resistance is now widespread in 
Ae. aegypti and affects all insecticides used in public health (Moyes et al. 2017), often leading 
to reduced vector control efficacy (Dusfour et al. 2011; Marcombe et al. 2009, 2011). Although 
alternative arbovirus control strategies are under development (Achee et al. 2019) their large-
scale implementation will require decades. Until this, characterizing molecular mechanisms 
underlying resistance is crucial for tracking down resistance alleles and improving resistance 
management strategies (Dusfour et al. 2019). 

Resistance of mosquitoes to chemical insecticides can be the consequence of various 
mechanisms, such as non-synonymous mutations affecting the protein targeted by insecticides, 
a lower insecticide penetration, its sequestration, or its biodegradation often called metabolic 
resistance (Hemingway et al. 2004; Li et al. 2007). In Ae. aegypti, resistance to pyrethroids, the 
main insecticide class used against mosquitoes, is mainly the consequence of  target-site 
mutations affecting the voltage-gated sodium channel targeted by these insecticides (Knock 
Down Resistance ‘kdr’ mutations) and of metabolic mechanisms (Moyes et al. 2017; Smith et 
al. 2016). Several kdr mutations have been identified in this species and the causal association 
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between the V410L, S989P, V1016G/I and F1534C mutations and pyrethroid resistance has 
been confirmed (Brengues et al. 2003; Saavedra-Rodriguez et al. 2007; Yanola et al. 2011; 
Hirata et al. 2014; Haddi et al. 2017). Most of these mutations can be genotyped on individual 
mosquitoes by PCR-based assays, providing essential allele frequency data for resistance 
management. Conversely, metabolic resistance is far less understood in Ae. aegypti although 
this type of resistance usually co-occurring with target-site mutations and often accounts for a 
significant part of the resistance phenotype (Li et al. 2007). Such resistance mechanism is 
caused by an increased activity of detoxification enzymes, including (but not limited to) 
cytochrome P450 monooxygenases (P450s or CYPs for genes), carboxy/cholinesterases 
(CCEs), glutathione S-transferases (GSTs) and UDP-glycosyl-transferases (UDPGTs) 
(Hemingway et al. 2004; David et al. 2013; Smith et al. 2016). Their high diversity (~300 
genes in Ae. aegypti) and the complexity of biodegradation pathways make the identification of 
those conferring resistance to a given insecticide challenging. Theoretically, metabolic 
resistance can be the consequence of an increased expression of one or multiple detoxification 
enzymes metabolizing the insecticide and/or the selection of variants showing a higher 
insecticide metabolism rate due to conformal modifications. Most candidate genes were 
identified based on their differential transcription in resistant populations as compared to 
susceptible counterparts using transcriptomics (Vontas et al. 2012; David et al. 2013; Smith et 
al. 2016; Moyes et al. 2017). Although these approaches identified several detoxification 
enzymes involved in insecticide biodegradation, they mostly failed to pinpoint their genomic 
bases, thus impairing the high-throughput genotyping of metabolic resistance alleles in natural 
populations. Over the last few years, the application of massive parallel sequencing has 
improved the understanding of the genetic bases of metabolic resistance in Ae. aegypti. By 
applying deep-targeted DNA sequencing on multiple resistant populations from different 
continents, Faucon et al. (2015) identified several detoxification enzymes affected by Copy 
Number Variations (CNV) and non-synonymous variations in association with resistance to the 
pyrethroid deltamethrin. Cross-comparing these genomic data with transcriptomic data 
obtained from RNA-seq confirmed the central role of CNV in the over-expression of 
detoxification enzymes associated with resistance (Faucon et al. 2017). However, as in most 
studies comparing natural populations, fully discriminating alleles specifically associated with 
resistance to the insecticide in question from those associated with resistance to other 
insecticides was not possible. Furthermore, such approach did not allow breaking up genetic 
linkages between markers, thus potentially leading to false positives arising from hitchhiking 
effects. 

In this context, the present study aims at providing a framework for improving the specificity 
of resistance allele detection in mosquito populations displaying complex insecticide resistance 
phenotypes. More precisely, we combined genetic crosses and targeted DNA-seq in an attempt 
to identify genomic variations specifically associated with resistance to distinct insecticides in a 
multi-resistant Ae. aegypti population. After exposure to three insecticides of distinct chemical 
families (the pyrethroid deltamethrin, the organophosphate fenitrothion and the carbamate 
bendiocarb), survivors to each insecticide were crossed with a susceptible strain to generate 
three F2 lines. Individuals from each F2 line were then segregated with two increasing doses of 
its respective insecticide and survivors were used to identify CNV and polymorphisms 
associated with resistance from hundreds of target genes including all detoxification enzymes 
and insecticide target proteins. In addition, the inclusion of thousands of intergenic regions 
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regularly distributed over mosquito genome in the targeted regions enabled these data to be 
aligned with a genome-wide screening of selection signatures associated with resistance. 
Overall, this study contributes to improve our understanding of the complex genomic bases of 
resistance to insecticides and provides new opportunities for developing novel DNA-based 
insecticide resistance tracking tools in this major arbovirus vector. 

 
 

Material	and	Methods	

Mosquitoes	

A multi-resistant composite Ae. aegypti population from French Guiana was used in this study, 
consisting of a pool of 6 natural populations collected in 2016 in the following localities: 
Cayenne (North-East), Sinnamary (North-East), Saint-Laurent du Maroni (North), Apatou 
(North-West), Maripasoula (West) and Saint-Georges (East). Each population was collected as 
larvae from up to 5 breeding sites located within a 5 km range. These populations were 
separately raised to the adult stage and blood fed to generate adults of the next generation. The 
composite F0 Guy-R population was then created by pooling 1,000 virgin adults of both sexes 
from each population and breeding them together for 3 generations without insecticide 
selection. 

	

	

Controlled	crosses	

Virgin F0 Guy-R females were exposed to a dose killing 80% of individuals (LD80) of 3 
insecticides belonging to distinct chemical families: the pyrethroid deltamethrin, the 
organophosphate fenitrothion and the carbamate bendiocarb. Exposure conditions were 
identical as for bioassays (see below). Females surviving to each insecticide were then crossed 
with the fully susceptible strain Bora-Bora (Susc) in order to create three distinct lines (Figure 

AIII–1). For each line, controlled crosses were repeated twice and consisted of mass-crossing 
100 virgin females surviving each insecticide exposure (F0-DeltLD80, F0-BendLD80, F0-FeniLD80) 
with an equal number of virgin males from the susceptible strain. For each line, F1 individuals 
were allowed to reproduce freely and blood fed in order to generate F2 individuals. F2 
individuals from each line were then segregated based on their resistance phenotype by 
exposing 3 days-old females to two increasing doses of their respective insecticide killing 25% 
and 75% of F2 individuals (LD25 and LD75). F0 and F2 individuals from each line, unexposed 
and surviving insecticides, were used for molecular analyses (Figure AIII–1). 

 
 
Bioassays	

All bioassays were performed on 3 days-old non blood fed females using tests tubes equipped 
with insecticide-impregnated filter papers following WHO guidelines (WHO, 2006). Dose-
response bioassays with deltamethrin, fenithrothion and bendiocarb were performed on the F0 
Guy-R composite population to assess its multi-resistance phenotype and identify the LD80 to 
be used for the selection of most resistant F0 Guy-R individuals to each insecticide. These 
bioassays were conducted with at least five doses of deltamethrin (0.05 % to 1%), fenitrothion 
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Deep-targeted	DNA-sequencing	

Sample preparation – Deep targeted DNA pool sequencing was used to search for genomic 
variation associated with insecticide resistance in each line. Genomic DNA was extracted from 
2 batches of 50 adult females from each condition (F0 GuyR, F0LD80, F2LD25 and F2LD75, 
Figure AIII–1) using the PureGene kit (Qiagen) following manufacturer’s instructions. DNA 
extracts obtained from each batch were quality-checked on agarose gel, quantified using the 
Qubit dsDNA Broad Range kit (Qiagen) and mixed in equal quantity in order to obtain a single 
genomic DNA extract representative of 100 individuals for each condition. 

Capture of target regions and sequencing – The capture of genomic regions of interest was 
performed using the SureSelect® target enrichment system (Agilent Technologies). Capture 
probes were designed based on Aaeg L3 genome assembly and Aaeg L3.3 annotation and 
consisted in 54,538 overlapping RNA probes of 120 bp. Among them, 32,494 probes targeted 
the exons and 1.5 kb upstream regions of 336 candidate genes with a mean coverage of 4X. 
The remaining 22,044 probes targeted 7,348 unique 220 bp intergenic regions equally spread 
over Ae. aegypti genome. Candidate genes were identified from their vectorbase annotation and 
included all known detoxification enzymes (cytochrome P450s, glutathione S-transferases, 
carboxylesterases, UDP-glycosyltransferases) together with other enzymes potentially involved 
in insecticide biodegradation pathways and insecticide target proteins. Intergenic regions were 
defined in order to cover >95% of Ae. aegypti genome using the following criteria: target 
region size = 220 bp; optimal distance between 2 regions = 150 kb ± 10 kb; region distance to 
any annotated gene >5 kb; avoid repeated and redundant regions; avoid regions with GC 
richness >70% or single nucleotide richness >50%; avoid regions with undefined nucleotides 
(N); do not consider supercontigs <150 kb; avoid regions located within 75.5 kb of supercontig 
boundaries. All genomic regions targeted by the study are detailed in Table AIII–S1. 

Capture was performed with the SureSelectXT Reagent kit (Agilent Technologies) following the 
‘SureSelectXT Target Enrichment System for Illumina Paired-end Sequencing Library’ protocol 
vB.4. A single genomic DNA extract representative of 100 individuals for each condition was 
used for capture and sequencing. Briefly, 3 µg of genomic DNA from each sample were 
fragmented using a Bioruptor (Diagenode), purified, ligated to adaptors and amplified by PCR 
using Herculase II DNA polymerase (Agilent Technologies). After QC of library size and 
quantity, libraries were hybridized to biotinylated baits and purified using Dynal MyOne 
streptavidin beads (Invitrogene). Captured DNA fragments were amplified, purified and 
multiplexed before sequencing. Sequencing was performed on an Illumina NextSeq500. More 
than 300 million 75 bp paired reads were generated with an average of 23.3 million reads per 
sample.  Reads were assigned to each sample (unplexing) and adaptors were removed. Reads 
quality was checked for each sample using FastQC 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc) and reads were loaded into 
STRAND NGS v3.1.1 (Strand Life Science) for further analyses. 

Reads mapping and filtering – In order to minimize false positives arising from mapping bias 
in high-redundancy and low complexity regions, CNV were identified from coding regions. 
Reads were mapped against all Aaeg L5 exons using the following parameters: padding = 35 
bp, minimum identity = 90%, maximum gap = 5%, mean insert size = 167 ± 30 bp, mismatch 
penalty = 4, gap opening penalty = 6, gap extension penalty = 1, clipping penalty = 5, min align 
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read length = 30, ignore reads with more than 5 matches, trim 3’ end if base quality <25. In 
order to minimize false positives, reads were then filtered to only retain those showing high 
sequencing quality and mapping quality. The following STRAND NGS criteria were used: mean 
read quality ≥28, N allowed ≤2, alignment score ≥90, Mapping quality ≥40, read length ≥35. 
Duplicated reads and non primary multiply mapped reads were removed as well as inter-
chromosomal split reads, reads with mate missing or mapping to a different chromosome. For 
polymorphism analysis, reads were mapped against the whole Aaeg L5 genome in order to 
consider both genic and intergenic target regions and maximize genome coverage for the 
detection of selection signatures. The same mapping and filtering parameters as for CNV 
analysis were applied. 

CNV detection –	The coverage of all exonic regions was computed and only regions showing 
a mean coverage between 30 and 800 reads/bp in all samples and a length >45 bp were retained 
in order to limit quantification biases. Exon coverages were then normalized according to 
library size and used for computing normalized copy number values relative to a common 
reference made from all samples. Normalized copy number values were then averaged per gene 
and centered-reduced to minimize stochastic variations. For each insecticide line, genes were 
considered affected by CNV associated with insecticide resistance if their normalized copy 
number profile satisfied the following conditions: 

        (F0LD80 - F0) > 0.3 AND (F0LD80 - F2) > 0 AND [(F2LD25 - F2) > 0.2 OR (F2LD75 - F2) > 0.2] 

Basically, normalized gene copy number was expected to increase from F0 to F0 survivors, 
decrease from F0 survivors to F2 after crossing with the susceptible strain, and increase in F2 
survivors. No dose-response condition was applied to F2 surviving LD25 and LD75 in order to 
allow the detection of CNV having a moderate (but potentially additive) effect on phenotype 
and minimize the confounding effect of target site mutations. 

Polymorphisms and selection signatures – Variants were called against the whole Aaeg L5 
genome using the following parameters: locus coverage >30 in all conditions, confidence 
calling score cut off = 100, ignore loci with homopolymer stretch >4, ignore loci with average 
base quality ≤15, ignore loci with strand bias ≥50 and coverage ≥50, ignore reads with mapping 
quality ≤20, ignore variants with less than 4% supporting reads. Among all variants called, only 
those polymorphic among our conditions (i.e. showing ≥5 % variation between at least one pair 
of conditions) were retained and their genic effects were computed. 

Associations between polymorphisms and resistance to each insecticide were assessed by 
combining an allele frequency filtering approach with an FST-based approach. The frequency 
filtering approach was based on the expected resistance allele frequency variations across F0 
and F2 conditions taking into account their initial frequency. Frequency thresholds used are 
shown in Table AIII–1. Basically, the frequency of alleles positively associated with resistance 
was expected to increase from unexposed F0 individuals to F0 survivors, decrease from F0 
survivors to unexposed F2 individuals (following crossing with the susceptible strain), and 
increase again in F2 survivors in association with the insecticide dose. Different initial allele 
frequency thresholds were used for identifying alleles associated with deltamethrin resistance 
from those associated with bendiocarb and fenitrothion resistance to account for the higher 



Annexe III 

	

	

	

296 
	

deltamethrin resistance level of the initial F0 Guy-R population. The frequency of deleterious 
alleles (i.e. those negatively associated with resistance) was expected to behave reciprocally. 

The FST-based approach aimed at assessing departure from neutrality using the Bayesian 
method implemented in BAYESCAN v2.1 (Foll & Gaggiotti 2008). Because substitutions and 
deletions may have different probability of occurrence, only substitutions were considered for 
this analysis. For each insecticide line, two analyses were run separately: the first one 
contrasting allele frequencies in F0 samples (unexposed and insecticide survivors: F0 Guy-R 
and F0LD80) and the second one contrasting F2 samples (unexposed and survivors to each 
insecticide dose: F2, F2LD25, F2LD75). The Markov chain Monte Carlo (MCMC) algorithm was 
run with prior odds of 10. The proposal distributions for parameters were adjusted by running 
20 short pilot runs of 2,000 iterations. A burn-in period of 100,000 iterations was used and the 
posterior probabilities were estimated from the following 500,000 iterations (10,000 iterations 
samples every 50). Genomic regions showing low BAYESCAN Q-values in both F0 and F2 
analyses and also including polymorphisms identified by the frequency filtering approach were 
considered under selection in association with insecticide resistance. 
 

 
Table AIII–1 Conditions used for identifying polymorphisms associated with resistance. 

Line
2
 

Initial allele 

frequency (%)
1
 

Minimum allele frequency variation
1
 

F0 to 

F0LD80 

F0LD80 

to F2 

F2 to 

F2LD25 

F2L25 to 

F2LD75 

F2 to 

F2LD75 

Delt 

30 to 85 + 15% 

decrease 
  

increase 
  

increase 
  

+ 15% 
  

85 to 90 + 10% 

90 to 95 + 5% 

>95 increase 

Bend   
Feni 

15 to 85 + 15% 

85 to 90 + 10% 

90 to 95 + 5% 

>95 increase 
1 Reciprocal conditions were used for deleterious alleles. 
2 Different initial allele frequency threshold were chosen for Bend and Feni lines to account for the lower resistance 
of the initial F0 Guy-R population to these two insecticides. 

	

	

kdr	mutations	genotyping	

Allelic frequencies for the three kdr mutations (V410L, V1016I and F1534C) initially present 
in the F0 Guy-R composite population were inferred for F0 and F2 samples from each line 
based on reads data. In order to validate allele frequencies obtained from read data, the two kdr 
mutations V1016I and F1534C were also genotyped in individual mosquitoes from the initial 
F0 Guy-R population (F0) and the Delt line. Total genomic DNA was extracted using cetyl 
trimethyl ammonium bromide chloroform/isoamyl alcohol from 30 non-blood fed females per 
condition as described in (Collins et al. 1987). Individual genotypes for each kdr mutations 
were obtained by high resolution melt curve qPCR method using 0.15 ng of genomic DNA per 
reaction as described in (Saavedra-Rodriguez et al. 2007). 
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Among regions identified in chromosome 3, the two large P450 clusters (21 CYP325 genes at 
~111.6 Mb and 18 CYP9J genes at ~368.5 Mb) and the sulfotransferase cluster (six genes at 
396.8 Mb) showed selection signatures all lines. Finally, despite the 81 polymorphisms 
detected in the voltage-gated sodium channel gene (gene AAEL023266 at ~316 Mb in 
chromosome 3), only a moderate selection signature was detected at this locus in F0 individuals 
of the Delt line, probably due to the poor enrichment of kdr mutations in F2 individuals 
surviving low insecticide dose. 

Among differential polymorphisms associated with resistance, 50 were non-synonymous and 
affected detoxification enzymes (Figure AIII–6, Table AIII–S4). Most of them were located 
in genomic regions showing selection signatures associated with resistance. All of them were 
line-specific except the I324V mutation affecting the alcohol dehydrogenase gene 
AAEL026142, which was identified in the Bend and Feni lines. Seven non-synonymous 
polymorphisms were associated with resistance in the Delt line. These affected the alcohol 
dehydrogenase AAEL020054 and the P450 AAEL001960 in chromosome 2 together with 4 
clustered P450s and 1 sulfotransferase in chromosome 3. Ten non-synonymous polymorphisms 
were associated with resistance in the Bend line affecting 8 distinct genes. Five were located on 
chromosome 1: the alcohol dehydrogenase AAEL026142, the P450s CYP9AE1 and CYP329B1, 
and GSTD6. Two were located on chromosome 2: CYP6M9 and CYP6N13. Three were located 
on chromosome 3: the P450s CYP4K3 (2 variations) and CYP6AG3. Finally, more than 30 non-
synonymous polymorphisms were associated with resistance in the Feni line affecting 21 
distinct genes. On chromosome 1, this included the alcohol dehydrogenase AAEL026142 and 
GSTD1 for which a coding frameshift was negatively associated with resistance. Multiple 
isolated genes were affected on chromosome 2, including 1 ABC transporter, few P450s and 1 
UDPGT. Two CCE clusters located within regions showing strong selection signatures (at 
~174 Mb and ~214 Mb) were also affected with the first one being affected by 17 non-
synonymous polymorphisms. Three P450s (CYP6M11, CYP6Y3 and CYP6N13) located within 
a large CYP6 cluster (at ~419 Mb) were also affected on chromosome 2. Only two genes (the 
P450 CYP325T1 and the CCE AAEL001517) were affected on chromosome 3. 

 

 

Discussion	

Natural populations experience a variety of selective pressures often leading to the expression 
of complex adaptive phenotypes. In mosquitoes transmitting human diseases, an over-reliance 
on chemical control has resulted in the rapid selection and spread of alleles conferring 
resistance to various insecticides, often leading to multi-resistance phenotypes (Li et al. 2007; 
Ranson et al. 2009; Moyes et al. 2017). As opposed to target-site mutations which are specific 
to a given insecticide mode of action, the complexity and redundancy of insect detoxification 
systems underlying metabolic resistance make it less predictable and can lead to the selection 
of various resistance alleles depending on the local context (Feyereisen 2005; Li et al. 2007). 
Most insecticide resistance studies using field mosquito populations focus on resistance 
mechanisms to a given insecticide. However, such studies do not fully discriminate alleles 
associated with resistance to different insecticides, which may lead to false positives. In this 
context, the present study shows that the specificity of resistance alleles’ detection can be 
improved by combining simple genetic crosses and targeted DNA pool sequencing, while 
maintaining experimental work and sequencing costs at reasonable levels. 
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insecticides from different chemical families (Daborn et al. 2007; Mitchell et al. 2012; Edi et 
al. 2014; Riveron et al. 2014). 

	

	

CNV	affecting	detoxification	enzymes	are	associated	with	resistance	

Metabolic resistance is frequently associated with the over-expression of detoxification 
enzymes having the ability to degrade and/or sequester insecticides (Hemingway et al. 2004; Li 
et al. 2007). Although changes in gene expression can result from cis- or trans-mediated 
transcriptional or post-transcriptional regulation, CNV also impact gene expression. Initially 
restricted to organophosphate resistance in Culex pipiens (Raymond et al. 1998), recent 
genomic studies confirmed the key role of CNV in metabolic resistance to various insecticides 
in mosquitoes (Faucon et al. 2015, 2017; Weetman et al. 2018; Lucas et al. 2019). Such key 
role is not surprising as the locus mutation rate is typically far higher for CNV than for 
mutation (Campbell & Eichler 2013). In addition CNV events are promoted by the presence of 
transposable elements, which account for a large part of most mosquito genomes (~50% in Ae. 

aegypti genome, Nene et al. 2007). Furthermore, CNV have a direct impact on gene expression 
level (i.e. gene dosage effect) without necessarily altering protein function (Gamazon & 
Stranger 2015). This suggests that the initial selection of homologous detoxification gene 
duplications may only be counterbalanced by metabolic costs related to increased protein 
production. Finally, it has been shown in yeast that a specific environmental change can 
stimulate the occurrence of CNV affecting genes involved in adaptation to the novel 
environment (Hull et al. 2017). Considering that the proposed transcription-related mechanism 
depends on promoter activity ad that detoxification enzymes are frequently inducible by 
xenobiotics, such mechanisms might also have contributed to the selection of CNV-mediated 
metabolic resistance to insecticides in mosquito populations. 

Our study identified 39 detoxification genes affected by CNV in association with resistance to 
insecticides. Although the F0 Guy-R composite population from French Guiana exhibits a high 
resistance to the pyrethroid deltamethrin, only few CNV were found associated with resistance 
to this insecticide and most of them did not show a strong dose-response in F2 individuals. 
Such low CNV signal was likely caused by the presence of kdr mutations, which are known to 
be of significant importance in deltamethrin resistance in Ae. aegypti (Smith et al. 2016; Haddi 
et al. 2017; Moyes et al. 2017). This was confirmed by the high kdr mutations frequencies 
found in F2 individuals surviving high dose of deltamethrin. However, our data also supported 
the added value of an increased gene copy number of detoxification enzymes in deltamethrin 
resistance. This was particularly apparent in F0 survivors of the Delt line for which kdr 
mutations approached fixation. Indeed, these survivors showed a strong CNV increase affecting 
two P450s clusters: a CYP6 cluster located on chromosome 1 and a CYP9J cluster on 
chromosome 3. The over-expression of P450s from these two clusters was previously 
associated with pyrethroid resistance in Ae. aegypti (David et al. 2013; Smith et al. 2016; 
Moyes et al. 2017) and in Aedes albopictus (Ishak et al. 2016). Some of these genes, such as 
CYP6BB2, CYP9J28 and CYP9J32 have been functionally validated as able to metabolize 
pyrethroid insecticides (Stevenson et al. 2012; Kasai et al. 2014) and CNV affecting these 
P450s were observed in field populations resistant to deltamethrin (Faucon et al. 2015, 2017). 
Read coverage profiles suggest that a single genomic amplification of ~140 Kb affects the 
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CYP6 cluster while the genomic architecture of the amplification affecting the CYP9J cluster 
appears more complex. Sequencing these genomic regions in individual mosquitoes from 
various locations will allow deciphering their polymorphism in natural populations (Lucas 
2018). Finally, the ientification of CNV affecting multiple GSTs in association with 
deltamethrin resistance supported their role in deltamethrin resistance (Kostaropoulos et al. 
2001; Vontas et al. 2001; David et al. 2005; Lumjuan et al. 2011). 

As compared to deltamethrin, more detoxification genes were affected by CNV associated with 
bendiocarb and fenitrothion resistance (Bend and Feni lines). Actually, even though resistance 
levels to these two insecticides were lower in the initial Guy-R population, the absence of 
mutations affecting the acetylcholinesterase gene (Ace1 gene) in Ae. aegypti because of genetic 
constraints (Weill et al. 2004) may have strengthened their association with the resistance 
phenotype in the Bend- and Feni- lines. Among genes affected by CNV associated with 
bendiocarb resistance, the CYP6 AAEL009018 located on chromosome 1 showed a strong and 
specific association with bendiocarb. The over-transcription of this gene was previously 
identified in multi-resistant populations from the Caribbean (Bariami et al. 2012) but also in 
Malaysian populations showing resistance to pyrethroids and carbamates (Ishak et al. 2017). 
The weak association of this gene with deltamethrin resistance observed in our study supports 
its role in carbamate resistance. 

Several CNV affecting various detoxification genes were associated with resistance to 
fenitrothion. The genes CYP6N17, CYP6Z8 and CYP6M5, GSTX2 and the UDPGT 
AAEL000687 were specifically associated with fenitrothion resistance. Noteworthy, 
orthologous genes were also found highly over-transcribed in a Greek Aedes albopictus strain 
selected with the organophosphate temephos, supporting their potential contribution in 
organophosphate resistance (Grigoraki et al. 2015). The amplification of a CCE cluster known 
to play a key role in temephos resistance (Grigoraki et al. 2016) was not detected in our study, 
most likely because this CCE amplification is not present in French Guiana as suggested by 
previous studies (Faucon et al. 2015, 2017). 

Overall, the present study supports the contribution of CNV in the over-expression of 
detoxification enzymes conferring insecticide resistance in mosquitoes. The functional 
validation of these CNV markers through genome editing (e.g. CRISPR/Cas9) or gene knock 
down (e.g. RNAi) will allow identifying gene duplications most contributing to the resistance 
phenotype. Studying their frequency variations and their structural polymorphism in resistant 
populations from various continents will allow assessing their usefulness as novel DNA 
markers for tracking metabolic resistance worldwide. Such DNA marker will have the 
advantage of allowing the concomitant genotyping of target-site mutations and metabolic 
resistance alleles from single mosquito specimens. 

 
 

Selection	signatures	and	non-synonymous	variations	associated	with	resistance	

Combining allele frequency filtering and FST-based selection signature detection allowed 
identifying multiple genomic regions associated with insecticide resistance in each line, 
supporting the multigenic nature of resistance. Some of them appeared specifically associated 
with resistance to a given insecticide in F2 lines, confirming the added value of controlled 
crosses for enhancing the specificity of resistance loci detection. Resistance-associated loci 
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were often located in close proximity to detoxification genes previously associated with 
insecticide biodegradation or found over-expressed in resistant populations (Smith et al. 2016; 
reviews in Moyes et al. 2017), supporting the robustness of our dual filtering approach. 
However, a few regions showing strong selection signatures were identified near genes rarely 
associated with resistance in Ae. aegypti. This included multiple P450s from the CYP325, 
CYP4 and CYP12 families but also GSTs, UDPGTs, ABC-transporters and sulfotransferases, 
which may all be involved in insecticide metabolism pathways. Most of these regions included 
detoxification genes carrying non-synonymous variations associated with resistance suggesting 
that these resistant loci may reflect the selection of particular detoxification enzyme variants. 
Even though most resistance studies focused on the identification of over-expressed 
detoxification genes, the selection of particular variants leading to an increased insecticide 
metabolism rate can also contribute to the overall resistance phenotype as demonstrated in the 
malaria vector An. funestus (Riveron et al. 2014; Ibrahim et al. 2015). The deletion leading to a 
frame-shift coding in GSTD1 is also of particular interest as the functional allele was 
specifically associated with resistance to fenitrothion. This enzyme has been shown to catalyze 
DDT dechloration and to be expressed in detoxification tissues in An. gambiae (Ranson et al. 
1997; Ingham et al. 2014), supporting its role in insecticide resistance. Also of interest are the 
multiple non-synonymous variations associated with fenitrothion resistance affecting a cluster 
of CCE genes located at 174 Mb in chromosome 2. Among them, the gene CCEae3A 
(AAEL023844) has been shown to sequester and metabolize the organophosphate temephos in 
both Ae. aegypti and Ae. albopictus (Grigoraki et al. 2016) and the over-expression of this CCE 
gene through increased gene copy number was associated with temephos resistance (Poupardin 
et al. 2014; Faucon et al. 2015). However, no CNV was detected for this gene in the present 
study, suggesting that the selection of CCEae3A variants may also contribute to 
organophosphate resistance. This hypothesis is also supported by the previous identification of 
point mutations in CCEae3A for which docking simulations predicted an impact on temephos 
binding (Poupardin et al. 2014). Although none of these mutations were associated with 
resistance in our data set, other non-synonymous mutations associated with resistance 
identified were located near the catalytic triad (e.g. I330M in CCEae3A and D332G in 
AEL005123) or the active site (e.g. P293A in AAEL019678). Although further work is required 
to validate the functional role of non-synonymous variations of detoxification enzymes, the 
present study provides a comprehensive data set for better understanding the contribution of 
detoxification enzyme variants in insecticide resistance. 

 
 

Conclusions	

Although insecticide resistance is often presented as a monogenic adaptation in response to a 
strong selection pressure, it frequently results from the accumulation of multiple physiological 
and metabolic changes often leading to complex phenotypes. Because of their nature, target-
site mutations are usually well characterized in mosquitoes and can typically be genotyped by 
simple PCR-based molecular assays (Smith et al., 2016; Moyes et al. 2017). In contrast, 
genomic changes associated with metabolic resistance are far more difficult to characterize for 
various reasons: First, metabolic resistance alleles frequently co-occur with target-site 
mutations, thus weakening their association with the overall resistance phenotype. Second, the 
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complexity and redundancy of insect detoxification pathways may lead to the selection of 
multiple and diverse alleles through local adaptation. Third, increased insecticide metabolism 
can be the consequence of multiple and additive genetic changes including the over-expression 
of detoxification enzymes through up-regulation or increased gene copy number but also non-
synonymous polymorphisms causing structural changes of these enzymes. 

Although massive parallel sequencing is a powerful tool for untangling the complexity of the 
genetic bases of metabolic resistance, its association with a well-thought experimental design is 
required to reduce both false negatives and false positives. Here, we demonstrated that 
combining simple genetic crosses with pool targeted DNA-seq can enhance the specificity of 
resistance alleles’ detection and produce high coverage sequence data while maintaining 
experimental work and sequencing costs at an acceptable level (~650€/condition including wet-
lab costs Vs ~5,000€/condition for a standard whole genome sequencing approach based on 30 
individuals sequenced at ~2X coverage per condition and a 1.3 Gb genome size). Our results 
also suggest that eliminating the effect of target-site mutations by controlled crosses or gene 
editing should improve the power of genotype-phenotype association studies targeting 
metabolic resistance alleles. Considering the global threat of insecticide resistance on vector 
control and the decades that will be necessary for the full deployment of insecticide-free 
strategies, identifying a set of DNA resistance markers reflecting the variety of resistance 
mechanisms occurring in natura still represents a key step for improving the tracking and 
management of insecticide resistance in mosquitoes. 
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Figure AIII–S1 Probit dose-mortality profiles. For each line, the 
dose-mortality model to its respective insecticide was computed using a 
probit analysis of bioassay data obtained from the following conditions: 
susceptible (black line), F0-Guy-R (grey line), F1 (dashed coloured 
line) and F2 individuals coloured line). 
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Additional Supplementary Material may be found in the online version of this article: 
 

Table AIII–S1  Genomic regions targeted by DNA-seq. Genomic regions targeted by DNA-seq. 
For each target region, the following information are shown: AaegL5 location 
(chromosome, start, end, length), AAegL3 location (supercontig: start-end, 
length), marker type (genomic “marker”, gene “promoter” or “gene”), short 
description, protein family. 

 

Table AIII–S2  CNV data set. Normalized copy number of each gene across all F0 and F2 
conditions. Normalized gene copy numbers were obtained by comparing the 
normalized coverage of each target region to a common reference made from all 
samples (see methods). Genes affected by CNV associated with resistance to each 
insecticide are indicated. 

 

Table AIII–S3  Polymorphism data set overview. Overall polymorphisms data set. 
Polymorphisms counts are given for the following categories: passing QC filters 
and polymorphic across samples, differential in each line, non-synonymous 
differential in each line. 

 

Table AIII–S4  Polymorphism data set. Variations passing QC filters and polymorphic across 
samples. For each variation, the following attributes are listed: location 
(chromosome, start, end), reference and variant allele, polymorphisms type, target 
region type, variant allele frequency in each condition, differential based on allele 
frequency filtering (Yes or No for each line), Bayescan -Log10 Q-value (for F0 
and F2 condition in each line), genic effect based on AaegL5.1 annotation (effect, 
affected gene accession and description, AA change, cDNA position/effect, 
protein position/effect). 
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Résumé	
	

Le moustique tigre, Aedes albopictus, originaire d’Asie du Sud-Est, a colonisé l’ensemble des 

continents excepté l’Antarctique depuis les dernières décennies. En revanche, les raisons du 

succès invasif des populations à l’échelle mondiale sont encore peu connues. Nous nous 

sommes concentrés sur l’invasion de l’Europe, et avons combiné différentes méthodes 

d’analyse et des données multi-sources afin de distinguer le rôle des processus historiques et 

contemporains, neutres et adaptatifs, dans la structuration de la variabilité génétique des 

populations invasives. L’analyse de la variabilité génétique de 1000 individus appartenant à 

150 populations invasives et natives a révélé trois introductions indépendantes en Europe (en 

Albanie, au Nord de l’Italie, et au Centre de l’Italie), à partir des Etats-Unis (aire envahie) et 

de la Chine (aire native). Les populations initialement introduites ont constitué des centres de 

dispersion en Europe et les voies de migration corrèlent avec la géographie des transports 

humains. Différents évènements d’admixture au moment de l’introduction ou durant 

l’expansion subséquente, ainsi qu’une forte connectivité des populations, ont favorisé le 

maintien d’une forte diversité génétique. Des adaptations au froid préexistantes dans l’aire 

native de l’espèce et un fort conservatisme de niche entre les populations introduites et leurs 

sources suggèrent que les populations introduites étaient déjà pré-adaptées pour coloniser les 

environnements tempérés de l’Europe. Néanmoins, des changements de fréquences alléliques 

le long des gradients environnementaux en Europe suggèrent également une réponse 

adaptative après l’introduction. Le potentiel adaptatif des populations, ainsi que la dispersion 

longue distance assistée par l’homme, ont favorisé l’expansion rapide en Europe. Bien que 

souvent négligée dans le contexte des invasions biologiques, la dispersion naturelle semble 

également jouer un rôle dans l’expansion des populations à l’échelle du paysage. L’étude des 

caractéristiques démo-génétiques des populations invasives et des caractéristiques 

environnementales de l’aire envahie en Europe a permis d’identifier les processus favorisant 

deux étapes clés du processus d’invasion: l’établissement et l’expansion. 
 

Mots-clés : Invasion biologique – Génétique des populations – Génétique du paysage – 

Adaptation locale – Aedes albopictus – Morphométrie géométrique – Niche 

environnementale – Dispersion 

	

	

	

	

Abstract	
	

The Asian tiger mosquito, Aedes albopictus, is native to Southeast Asia and has colonized all 

continents but Antarctica in the last decades. However, the factors determining the invasive 

success of populations at the global scale remain to be elucidated. Focusing on the European 

invasion, we used a comprehensive framework and multi-source data for distinguishing the 

role of historical and contemporary processes, both neutral and adaptive, in structuring the 

genetic variability of invasive populations. Examining the genetic variability of 1,000 

individuals from 150 invasive and native populations revealed three independent introduction 

events in Europe (in Albania, North Italy, and Central Italy), from the United States 

(previously invaded area) and from China (native range). Primary introduced populations 

constituted dispersal centers for the colonization of Europe, and migration routes correlate 

with the geography of human transportation networks. Several admixture events either during 

introduction or subsequent expansion, as well as high connectivity between invasive 

populations, promoted the maintenance of high levels of genetic diversity. Pre-existing cold 

adaptation within the native range of the species and niche conservatism between introduced 

populations and their sources suggest that these populations were already prepared for 

establishing under temperate European climate. Nonetheless, shifts in allele frequencies along 

environmental gradients within Europe suggest post-introduction adaptive changes. The 

adaptive potential of populations and long-distance human-aided dispersal facilitated the rapid 

expansion of populations. Although often neglected in the context of biological invasions, 

natural dispersal at the landscape scale further contributed to range filling in range edge 

populations. The study of the demo-genetic and environmental characteristics of the European 

invasion allows a better understanding of processes at play during two key stages of the 

invasion process: establishment and expansion. 
 

Keywords: Biological invasion – Population genetics – Landscape genetics – Local 

adaptation – Aedes albopictus – Geometric morphometrics – Environmental 

niche – Dispersal 

	

	


