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I. Les invasions biologiques : contexte général

I.1. Les étapes du processus d’invasion

Le terme d’invasion biologique est défini de plusieurs manieres @dahgérature
scientifique (e.g. Elton 1958; Williamson 1996; Richardsbml. 2000; Valeryet al. 2008).
Les difféerences majeures entre ces définitions concernentigaiement deux points.
Certains considérent qu’une invasion implique nécessairement une étapgeedsatissur une
distance supérieure a la capacité naturelle de disperssonrganismes (Elton 1958; Falk-
Petersonet al. 2006; Richardsoret al. 2000) alors que pour d’autres, cette distance de
dispersion peut étre faible et seul un changement de milieu psttéamt (Davis & Thompson
2000). Lintensité de I'impact des populations envahissantes sutié miaccueil et/ou sur
les activités humaines est également un critere sur lecgieléfinitions sont discordantes.
Pour certains auteurs, il faut nécessairement que les populaéohsraimpact important sur
la communauté envahie (Davis & Thompson 2000). Cependant, du fait de daltdiffie
guantifier ces impacts plusieurs auteurs s’accordent aqdiece critere de définition est
difficile a prendre en considération (Richardsziral. 2000; Valéryet al. 2008). Dans cette
thése, une invasion biologique est définie comme étant un processus lors chrtpiees
populations s’établissent dans un écosysteme dans lequel I'espé&aie peét présente, et

deviennent abondantes par rapport aux populations de I'habitat principal ded'espe

Toutes les définitions s’accordent cependant sur le fait qu’umasion est un
processus qui implique trois étapes successives, la dispersiale jitiétablissement dans un
nouveau milieu et la propagation des populations nouvellement établiesroSestapes
constituent une série de barriéres difficiles a franchir neggant qu’a une petite fraction de
populations de devenir envahissantes (Blackbketrral. 2011). Le succés d’une invasion
dépend principalement de la capacité de survie, de reproductioadetptiition du groupe
d’individus initialement introduits (i.e. propagules) mais égalerdentilieu d’accueil. Ces
propagules et la néo-population qui s’ensuit pendant au moins plusi&ugésations, ne
contiennent souvent qu’'un nombre limité d’individus ainsi qu’une fractionadaiviersité
génétique des populations de l'aire native (i.e. effet de fondatiori diun goulot
d’étranglement). Elles sont de ce fait confrontées a de fortemardas démographiques et

génétiques associées aux effets de fondation et aux petites moul@&s contraintes se font
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d’autant plus ressentir lorsque le milieu dans lequel les progagidablissent présente des

caractéristiques environnementales difféerentes de celles dedtatditcipal de I'espece.

[.2. Contraintes démographiques et adaptatives des populations envahissantes

D’un point de vue démographique, les petites populations sont sensibbetsnati@n.
En effet, le taux d’accroissement d’une population est corrélé poséivea sa taille (i.e.
effet Allee; Allee 1931). Cet effet résulte notamment dtidae les petites populations sont
plus sensibles a la stochasticité démographique et/ou environnenetndalee probabilité
moindre de trouver un partenaire sexuel (Courchangh. 1999). Ce phénomene est accentué
dans les especes dépourvues de comportements grégaires ou dhattetctjue les chants ou
le relachement de phéromones d’attraction (Gascoanal. 2009). D’'un point de vue
évolutif, les populations de petites tailles sont sensibles auts eféedérive génétique (i.e.
fluctuation aléatoire des fréquences alléliques a chaque génémiopeut entrainer une
perte de diversité importante et/ou la fixation d'allélegt@éés dans la population (Wright
1931). Une faible diversité génétique est généralement associégoéentiel évolutif réduit
(Fisher 1958), la diversité génétique (notamment la variance gémaétigitive) constituant le
support sur lequel la sélection naturelle agit. Les petites populgtewmgent également
souffrir d’effets liés a la dépression de consanguinité éllal. 1975) pouvant mener jusqu’a
I'extinction des populations (Frankham & Ralls 1998). Ce phénomene éssirake fait que
la reproduction entre individus apparentés augmente I'homozygotie danadmeyé@le la
descendance, entrainant ainsi l'expression d'alléles récedéi&téres au sein de la
descendance. L’intensité de la dépression de consanguinité dépend de mbatibies
déléteres dans le génome des individus reproducteurs et donc du fond gédésque
populations (Charlesworth & Charlesworth 1999). Ces contraintes évolethpiiguent, au
moins en partie, le fait que de nombreuses propagules colonisatittegouées a I'échec et
gue seules quelques unes d’entres elles deviennent envahissantesniideuses études ont
eté menées pour résoudre le paradoxe apparent des populations goiissart et
envahissent avec succes de nouvelles aires géographiques en dépitdet@intes (Sax &
Brown 2000).

-11 -



|.3. Facteurs facilitant I'établissement et I'adaptation des populatrvahissantes

Plusieurs facteurs favorisant le succes d’invasion des populatioégadentifiés. En
premier lieu, I'établissement d’'une population dans un nouvel environnementéipeut
associé a un relachement de la pression liée aux interactiolggiésotelles que la prédation
ou le parasitisme (Wolfe 2002; Torchén al. 2003). Ce relachement de la pression biotique
peut conférer un avantage aux populations introduites par rapport aux espapéstrices
locales qui, elles, sont en interaction spécifique avec leurs «&ntoaux (hypothése du
«enemy release ERH; Keane and Crawley 2002). Ce relachement peut égalementtperme
aux populations introduites de réallouer leurs ressources sur des pgha@notypiques
importants tels que la croissance ou la reproduction au dépendédasismes de défense

(hypothese d’evolution of increased competitive abitityeEICA; Blossey and Notzold 1995).

D’autre part, la pression de propagule (ou effort d’'introduction), qui sworel a une
mesure du nombre et de la fréquence a laquelle des individumsoduits dans le nouvel
environnement, joue un role considérable dans le succes d’invasion (Locktvab@005;
Simberloff 2009). En effet, méme si les propagules introduites sqmetde taille, un apport
fréquent de nouvelles propagules peut augmenter la diversité génétiquée glieisa
populations dans l'aire d’introduction. Cette augmentation est diaplas importante que le
nombre de propagules est élevé et que les populations natives ad'at@ichacune de ces
propagules sont génétiquement distinctes. Dans certains cas, kitéigénétique dans les
populations introduites surpasse celle des populations de l'aire (ativ&olbeet al. 2004).
Cet accroissement de la diversité génétique peut permettee sléction d'agir plus
efficacement et permettre ainsi des changements adaptesits<IdA cet égard de nombreuses
études basées sur la comparaison de traits d’histoire deasgieciés au potentiel de
reproduction et/ou de dispersion ont illustré le fait que les popofaintroduites peuvent
subir des changements adaptatifs importants leur permettantapagation plus rapide dans
le nouvel habitat envahi (e.g. Bolkhal. 2004; Phillipset al. 2006). L'apport de propagules
issues de populations natives isolées génétiquement peut égalementecardiuia vigueur
hybride, c’est a dire & une augmentation de la valeur séleciigelala@escendance (Hartl &
Clark 1997). Cette vigueur hybride (ou hétérosis) peut résulter ditérauation d’'un lourd
fardeau mutationnel présent dans les lignées parentales (KalNatl& 2002) ou d’éventuels
effets épistatiqgues entre les génomes parentaux hérités dalesdandance hybride. Ce

phénomeéne a été mis en évidence lors de l'invasion de I'esdded@noides tuberculatan
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Martinique par plusieurs populations différenciées génétiguemecor{ea al. 2005; 2008).
Au cours du processus d’invasion, des événements rares de reproductionesdrei@es
lignées majoritairement parthénogénétiques ont produit de nouvelles llyl#etes qui ont
rapidement supplanté les lignées parentales. Le succes d'invasdm ddmination des
lignées hybrides est associé a une augmentation de la capa@ratiuction et du taux de
croissance des individus hybrides résultant d’un effet d’hétérosis (Eaab2005).

Laugmentation de la diversité génétique et/ou du nombre d’individusrise
considérablement le potentiel évolutif des populations établies meareprésente pas une
condition sine qua non pour assurer un succes d’invasion. Des études empmicele®ffet
montré que méme des propagules de petite taille et caraegpar une diversité génétique
réduite peuvent s’établir, s’adapter et envahir avec succés de noukebitats (e.g.
Lindholm et al. 2005; Dlugosch & Parker 2008a). L'invasion du millepertuis des Canaries
(Hypericum canariengesur la c6te Ouest des Etats-Unis et I'lle Maui (Havllagtre bien ce
phénoméne (Dlugosh & Parker 2008a). Lors des événements d’introduction, cesgipogpul
ont subi une perte d’environ 50 % de la diversité génétique par ragporpopulations
natives mais se sont malgré tout adaptées aux conditions environnemdntales. Cette
capacité d’adaptation malgré une réduction de variabilité généfique résulter du fait
gu’une baisse de la diversité génétique lors d’événements de goutcasglEment (associés
aux événements de fondation) peut étre associée a la conversiompaltieade la variance
non-additive (i.e. dominance; épistasie) en variance additivaireti temporairement
augmenter la variance additive disponible dans la population (Goodnight @8&&rudet
al. 1999; Lindholmet al. 2005). D’autre part, des études théoriques suggérent que des goulots
d’étranglement d’intensité intermédiaire (i.e. réduction d’inténsibyenne de la taille de la
population) sont susceptibles de conduire a la purge d’'allélegmséesponsables des effets
de la dépression de consanguinité (Glémin 2003). Une réduction du fardesdtigu
permettrait aux petites populations de se maintenir malgré desnéssisede reproduction
tres probables entre individus apparentés. Dans le cadre desonsvdsologiques, ce
phénomeéne est fortement pressenti dans les populations envahissartesateinelle

asiatiqueHarmonia axyridis(Faconet al. 2011).

|.4. Le réle de 'Homme

Un nombre considérable d’études ont montré que ’'Homme joue un réle important
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Figure 1.1. : Utilisation des sols par les activités humaine@~igure tirée de Folegt al.
2005). L'utilisation accrue des sols participe a I’'homogénéisation atgtats sur I'ensemble

de la planéte et a la création d’habitats riches en regsoetcpauvres en biodiversité. Ces
conditions réunies favorisent I'émergence, I'établissementaeprbpagation d’especes

envahissantes a I'échelle mondiale.

dans les invasions biologiques (e.g. Jeschke & Strayer 2005; Le @riau2008; Pyselet

al. 2010) et ce, en intervenant sur les trois étapes du processus diinaskpansion des

échanges commerciaux internationaux brise des barrieéres @dasiim et permet ainsi a de

nombreuses especes d’envahir des milieux jusqu’alors induessgleschke & Strayer
2005). En effet, des études ont montré que le nombre d'espéces @mégeintroduites
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depuis le 18™ siécle, et en particulier depuis les 200 derniéres années, en Eirepe
Ameérique du Nord est fortement corrélé a I'immigration humainesergs deux continents
(Jeschke & Strayer 2005). A cet égard, pour certains auteurgidadmnait actuellement un
nouvel épisode de Pangée au cours duquel les continents sont connectésr@sealex de
transports de plus en plus intenses par lesquels de nombreusessadispersent (McKinney
2005).

Les activités humaines, facilitent également I'établissene¢na propagation des
populations en modifiant considérablement les écosystémes. Les hatlaitatsls sont
remplacés peu a peu par des habitats anthropisés plus ou moins hordagepesit de vue
environnemental dans lesquels la biodiversité est réduite etegs®urces souvent en
abondance (Williamson 1996; Foleyal. 2005; Figure I.1.). Les zones urbaines par exemple
sont occupées par des especes vegetales constituées a 50 % sI’'eepéloeales (Pysek
1998). Dans le méme ordre d'idée, la proportion d’espéces nondataiglantes, d'oiseaux,
d’insectes ou de mammiferes augmente des régions périphérigadesveilles (McKinney
2002). Ainsi, de nombreuses especes sont vouées a disparaitre dlafaédietion de leurs
habitats naturels par les activités humaine (i.e. espécesdanpes») et a étre remplacées par
un petit nombre d’espéces qui prospérent dans les environnements npadifiéemme (i.e.
especes «gagnantes»; McKinney & Lookwood 1999).

Il. Le réle des systemes de reproduction dans le succes d’'invasion gepulations
[I.1. L'uniparentalité et 'asexualité dans le cadre des invasions biologiques

Le systeme de reproduction est une caractéristique biologique qui irflgesmadement les
parameétres génétiques intrinseques des populations (e.g. effecticaffflux de genes,
partitionnement de la diversité génétique au sein des populationseepepulations; Barrett
et al. 2008). Le role du systeme de reproduction dans le cadre des invasimgsgbes a

initialement été soulevé par Baker (1955), qui stipule que leseplanttofécondantes (i.e.
uniparentales) ont un potentiel de colonisation supérieur aux planteseampatibles du

fait de leur capacité a se reproduire seules et indépendamragentd’ pollinisateurs. Cet
avantage qualifié d'assurance de reproduction est étendu par Baketnei-a d'autres
organismes du réegne animal capable de se reproduire seuls pasexige (Baker 1965).

Les populations autofécondantes bénéficient en plus d’'un taux de creisikancfois plus
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élevé que celui des populations sexuées contraintes de produire deux indiicexe

différent pour assurer la descendance (i.e. colt des males ; M&mand1976; Figure 1.2.).
Cette faculté, également attribuable aux populations asexuéesepeutdant parfois étre
contrecarrée dans ces derniéres par une réduction du nombre de algsceiattles produits

par rapport a leurs congéneres sexuées (revue dans Lynch 1984).

Reproduction sexuée Auto-fécondation e’t

Figure |.2. Schéma du Reproduction asexuée
phénoméne du colt de deuxCe colt & & &
est associé a la production de mal S o
dans les populations sexuées. Chac F4." 7\
individu d’'une lignée uniparentale o " w0 - -
asexuée se reproduit seul alors gt ‘ 0 6 ﬁ
faut nécessairement deux individt 45 /\ N\
pour produire au moins un descende , ‘ ‘ ‘
dans une lignée sexuée. ‘ b 6 & a 6

Les lignées asexuées présentent, par rapport aux lignées autofécontiantess
avantages d’un point de vue évolutif. L'asexualité permet notamment fr@vitedes effets de
la dépression de consanguinité. Cette caractéristique présentéér@ particulier dans le
cadre des invasions biologiques lors desquelles les propagulatemént dispersées sont
souvent de petite taille et de ce fait sensibles aux eféeta dépression de consanguinité. De
plus, la transition d’'un systeme de reproduction sexuée a un systérue agui implique une
réduction de la recombinaison génétique, permet de fixer des combinaibéligues
coadaptées, de convertir la variance non additive en variance addigveafh & Linksvayer
2006) et/ou dans le cas d’introductions multiples de propagules génétinfudistinctes, de
fixer la vigueur hybride (Facoet al. 2005). La reproduction asexuée permet de maintenir une
valeur sélective élevée et constante au fil du temps dansdendiesice pour des conditions
environnementales données. Cet avantage est dautant plus importarniesqueits
phénotypiques sélectionnés sont sous un déterminisme complexe Episdis &
Lenormand 2002) et que le milieu dans lequel la lignée asexuée a éasesgable (Burger
1999). Enfin, plusieurs études indiquent que les lignées asexuées sotitudEsstie
génotypes seélectionnés pour tolérer de larges gammes de conditions enwerdaiesm
(«general purpose hypothesis»; Baker 1965; Lynch 1984). En effet, lais€lagit sur
I'ensemble du génome asexué et favorise les lignées asexuéeslaayateur sélective

maximale dans I'environnement contemporain. Lors de changements enviroraneqaans
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le milieu, la plupart des lignées sont vouées a l'extinction nesisdres lignées clonales
capables de supporter des gammes de conditions environnementales ingpostarite
sélectionnées (Lynch 1984). L'absence de recombinaison dans ces |pgrdest de
maintenir les combinaisons génétiques intactes (aux événementsatakoms préts) et la
tolérance a ces gammes environnementales est conservée dgmeda A I'inverse, une
lignée sexuée a l'origine sélectionnée pour tolérer un spectreayssiproduit quant a elle
une descendance dont le spectre de tolérance sera en moyenneojtlugréteffet, des
individus sexués qui présentent des valeurs extrémes pour dephéittypiques dont le
déterminisme génétique est complexe, ont tendance a produire une descdodalzcealeur
pour ces traits régresse vers la moyenne populationnelle (Fald®81r Dans le cadre des
invasions biologiques, cette capacité a tolérer de larges gamiee conditions
environnementales confére aux lignées asexuées un avantage conséqueptgimurnsais

aussi pour se propager dans le milieu d’accueil.

A long terme cependant, ces lignées asexuées souffrent d’'un gaadapéatif limité
qui les rend particulierement sensibles aux fluctuations environneerial effet, alors que
les populations sexuées peuvent mettre en commun des alléles fa/adeaissant dans
des lignées différentes via les événements de recombinaison géniétiglignées asexuées
ne peuvent accumuler les alléles favorables que par mutationée®pét sein d’'une méme
lignée et donc moins rapidement (Fisher 1930; Muller 1932; Figure C8t)e différence
notable entre les lignées sexuées et clonales est cependard éwiilente dans des
populations de petite taille (Crow & Kimura 1965). Dans le cadre ineasions, lors
desquelles les populations sont confrontées a de nouvelles conditions emv@otates, ce
potentiel adaptatif limité représente une véritable contraltiédsence de recombinaison
entraine également 'accumulation irréversible d'alleles dédétdans les lignées asexuées
sous l'effet du cliquet de Mduller (Muller 1932 ; Figure 1.4.). En teffe perte par dérive de
génotypes sains (i.e. dépourvus de mutations déléteres) dans une ligraée asst
irréversible puisque une fois éliminé, un génotype sain ne pourra réaEpayae Sous
I'action de mutations inverses (extrémement rare). Miller carggamécanisme a un cliquet
qui avance d'un cran (sans retour en arriere possible) chaqugidoia classe des individus
porteurs du nombre minimal de mutations délétéres est éliminéel'sibeisde la dérive,
entrainant une accumulation de mutations dans la population. L'effeigdetaie Muller sur
la valeur sélective moyenne de la population est particulieranmtense si chaque allele a un

effet indépendant sur la valeur sélective. Cependant un effet igpistantre alléles délétéres
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peut limiter voir inverser I'effet de ce phénoméne (Kondrashov 1994).

Du fait d’'un potentiel évolutif réduit et de I'accumulation tBds déléteres les
lignées asexuées sont souvent considérées comme des culstdehstiis (Lynch & Gabriel
1990). Ce constat est d'ailleurs illustré par le fait queelgséces asexuées sont le plus
freguemment sur les branches terminales des arbres phylogénéRire22002), bien que de
rares lignées asexuées semblent se maintenir depuis des milamsées (Judson &
Normark 1996).

I1.2. L'asexualité sous diverses formes

L'asexualité peut étre définie comme un processus reproductif aaotisu
développement d'un organisme ayant recu du matériel génétique d’'un sell'sexmint de
vue évolutif cependant, I'asexualité, sous cette définition englobe ubrearansidérable de
mode de reproduction dont les conséquences évolutives different de manmértante.
convient donc de distinguer spécifiquement les différents cas d'diseéx@ette distinction
peut se faire a deux niveaux. Lorsque I'asexualité n'implique pas ldéeseou de tissus
reproducteurs différenciés, on parlerdproduction végétativdors de laquelle un individu se
développe directement a partir d’'un autre individu par bourgeonnementifagensans qu'il
y ait formation d’'un embryon (de Meeas al. 2007). Ce mode de reproduction ne concerne
gue les organismes dont les cellules sont totipotentes, c'est-éapimbles de se différencier
en tous les types cellulaires. A l'inverse de la reproduction athget la parthénogenése
(Parthénos vierge; Genesisnaissance — développement) est un mode de reproduction assuré
par des femelles vierges impliquant la production d’ceufs ou de grdares des tissus
reproducteurs spécifiques. Dans la majorité des cas, la parthénogshésiytoque, c'est a

dire que la descendance est uniguement constituée de femelles.

On distingue deux types de parthénogenese en fonction de I'implication ou sion de
deux phénomenes majeurs qui caractérisent la sexualité, diestla-méiose et la syngamie.
Cette distinction est primordiale d’'un point de vue des conséquences\@slytiengendre
chacun de ces systemes de reproduction. Ainsi on distingue la pgehése apomictique
(i.,e. sans méiose ni syngamie) de la parthénogenése automictique nj@vese). La
parthénogenése apomictique, peut étre considérée, au méme titra gaprdduction

végétative, comme de l'asexualité «vraie». En effet dans ces a@xlac descendance
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produite présente un génome strictement identique au génome parentavéaaments de
mutations préts). La seule différence entre ces deux modepmbeluction est la présence ou

non de tissus reproducteurs.
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Figure 1.3. Modéle de Fisher-Miller. Ce
modele montre l'effet de la recombinaison
sur I'évolution de la fréquence de
nouvelles mutations émergeant dans des
populations asexuées et sexuées dans des
populations A) de grande taille et B) de
petite taille (Figure tirée de Crow et
Kimura 1965).
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Figure 1.4. lllustration du phénomene du
cliqguet de Mduller. A chaque cliquet, le
géenotype posseédant le moins d'alleles
délétéres est irréversiblement perdu. Le
nombre d’alleles délétéres augmente ainsi
au fur et a mesure dans la population.
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Contrairement a l'asexualité vraie, la parthénogeneése adiguac impligue une
méiose aboutissant a la production de gametes dont le nombre de cmesesd réduit et
impligue de ce fait une étape de re-ploidisation de la cellulé teexiste plusieurs
mécanismes cytoplasmiques de parthénogenese automictique, chacun mhpligsa
conséquences évolutives particuliéres (Suomalaget. 1987; Figure 1.5.). D’'une maniéere
générale, bien que I'ensemble du génome de la descendance soit issuldyanent, ce type
de parthénogenése aboutit a une descendance dont le génome ditdue die parent du fait
des événements de recombinaison intra-chromosomiquer@issing-overliés a la méiose et
a l'étape de re-ploidisation. Ces mécanismes entrainent utee geatielle ou totale de
I'nétérozygotie dans la descendance par rapport au génome mateumelpddit de vue
evolutif, 'augmentation de I'homozygotie au sein de la descendance péainer
I'expression d’alleles récessifs délétéres dont I'effétneasqué par des alleles dominants
«sains» dans le génome parental mais qui se retrouvent a H@tabzygote dans la
descendance. Cet effet s’apparente aux effets de la dépressionsdaguinité et réduit la
valeur sélective de la descendance. Il faut noter I'existdhae mécanisme particulier de
parthénogenése automictique qui n’entraine pas de perte d’'lygétiezindépendamment du
taux de recombinaison. Le doublement préméiotique est un mécanisni@pdjgque un
doublement des chromosomes par endomitose avant la méiose. Pequlantiéae division
de la méiose, les chromosomes s’apparient avec leurs homolggjussnt génétiquement
identiques, ce qui élimine I'effet de la recombinaison au coursagedriement. Il en résulte
guatre cellules filles diploides toutes identiques a la celloé¥e aux événements de
mutations préts (Terhivuo & Saura 2006, Lugeal.2010).

Dans certains organismes, les males peuvent aussi étre produiaripgnogenese
dans ce cas appelée parthénogenese arrhénotoque. Ce type de partteéesyassscié au
systéme de reproduction haplo-diploide dans lequel, les femelleddpkiint généralement
produites par sexualité alors que les males se développent adharticeuf non fécondé
(pathénogénétique) et sont haploides. Ce mode de reproduction esteataépandu dans
plusieurs ordres d'insectes tels que les hyménoptéres, les hémipes coléopteres ou

encore les thysanopteres (Normark 2003).
D’autres modes de reproduction sont considérés comme des syagax@eds mais se

distinguent des autres formes précédemment décrites, parda’iigirequierent I'implication

de deux partenaires sexuels. En effet la gynogenese est un mode de reproduction au cours
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Figure I1.5. Schéma des différents modes de parthénogenese amictique et effet de la
recombinaison intrachromosomique (crossing-overs) sur la descendanparthénogéne

A) La fusion centrale est une fusion non aléatoire entre deux od@pésides qui maintient
I'ensemble de I'hétérozygotie dans le génome de la descendancepaénks n’'étant pas
affectés par la recombinaison. L'hétérozygotie est maintenue llgangést ou totalement en
fonction du taux de recombinaison. B) La fusion terminale est une fusioaléetoire entre

deux oocytes qui résulte en la production d'un zygote partiellement olentetat
homozygote en fonction du taux de recombinaison. C) La duplication gamétique est
phénomeéene post-méiotique au cours duquel les gametes sont dupliquéstqsa @i
fusionnent entre eux. La descendance est constituée uniguement de génotypes homozygotes.

duquel la descendance est issue d’oocytes diploides n'ayant pas swdode et peut étre de
ce fait considéré comme un mode «d’asexualité vraie». Cependameleppement de ces
oocytes requiert une stimulation par un spermatozoide (Hughes 1989). déigdnése est un
autre mode de reproduction impliquant un deuxieme partenaire. Ldisodenése qui se
déroule sans événements de recombinaison, les chromosomes issusdids Ideux parents

(toujours le méme) sont perdus. Une partie du génome correspondant auxscimesiale
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l'autre parent se transmet donc de maniere clonale deagénéen génération. De part ce
mécanisme particulier, ce mode de reproduction est égalementé appsiiclonalité.
L'hybridogenese et la gynogenese sont deux modes de reproduction qui détrése dans
des complexes d’hybrides et notamment chez des espéces de poissbampétibiens
(Schultz 1969; Lampert et Scharlt 2010).

[I-3. Origine de la parthénogenese

La transition de la sexualité vers I'asexualité peut avois tooigines. Premierement,
une transition spontanée vers l'asexualité peut provenir d’événenemusitations sur des
genes impliqués dans la reproduction sexuée (Sietoal. 2003). Ces mutations peuvent
conduire a I'émergence de lignées asexuées facultatives ou obligiatotet égard, certains
auteurs ont suggéré que la transition la plus simple de la sexualité vers liéséxypdilque la
conservation des mécanismes liés a la meéiose. Ainsi la parthésegrriemictique serait le
mode asexué vers lequel la transition est la plus simple {B8R; Schwander & Crespi
2009). Il faut cependant noter que certains organismes, comme feégesotiu les pucerons,
ont un cycle de vie qui alterne entre une phase de reproduction stxuée phase de
reproduction parthénogénétique (i.e. apomixie) en fonction des conditions enviemales
(Simonet al.2002). Il est probable que des lignées apomictiques obligatoiregeihthde ces
lignées cycliques du fait que les mécanismes sous-jacentspdenilae soient déja présents

dans ces organismes (Maynard Smith 1978).

L'asexualité peut également émerger d’événements d’hybridatiospatefique tant
dans le regne végétal (Prenés al. 2008) que dans le regne animal (Judson & Normark
1996). Dans ce cas, le passage a I'asexualité est généradm®ecie a un changement d’état
de ploidie pouvant conférer d’autres avantages, notamment une augmentation de
I'hnétérozygotie et une réduction de la dépression de consanguinité (Soltis &800is
Leeet al.2002; Prentiet al. 2008).

L'asexualité peut finalement étre induite par des parasgtesmoduction (Huigenst
al. 2000). Parmi ces parasitédplbachiaest probablement le plus connu et le plus répandu
(Jeyaprakash & Hoy 2000; Werren & Windsor 2000). Cette bactérie endosymbeontiqu
transmise majoritairement verticalement (i.e. d’'une génératidiauére), est capable de

manipuler le systeme de reproduction de ses hotes sous divers mésgmigir augmenter sa
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propre transmission (Breeuwer 1997; Roussetl. 1992; Hurset al. 1999; Stouthamest al.
1999). L'un de ces mécanismes est I'induction de la parthénogenéserdagt ainsi la
production de femelles au dépend des males qui constituent un cul-éeesad pour les
bactéries endosymbiontiqueslolbachiainduit la parthénogenése particulierement dans les
organismes haplo-diploides en induisant la duplication gamétique pagtguéi(Stouthamer
1994; Figure 1.5.). Adashi-Hagimaet al. (2008) ont réecemment démontré dRiekettsia une
autre bactérie qui se comporte en parasite de reproduction, induit également teogartége
des femelles deNeochrysocharis formosaun hyménoptére, par un mécanisme qui est
similaire & la parthénogenése apomictique et permet donc ddemaitihétérozygotie
parentale dans la descendance.

Comme nous l'avons vu, l'asexualité au sens strict du terme gpemixie
fonctionnelle) peut conférer un certain avantage, au moins a come,taux populations
envahissantes notamment du fait de leur importante capacitélidstanent (i.e. assurance
de reproduction, croissance rapide et évitement de la dépredsi@monsanguinité). Ces
populations sont cependant vouées a une extinction plus ou moins rapidedéudait faible
potentiel adaptatif et du fait qu’elle soient contraintes d’actemles mutations déléteres
sans possibilité de les purger. Cependant, I'asexualité peut avaeupsusrigines et existe
sous diverses formes pouvant mener a des conséquences évolutidéterges desquelles
vont dépendre leurs réles potentiels dans le succés d’invasionpee®sll est de ce fait
primordial d’étudier les systemes de reproduction des populations ssevateis pour

comprendre leur implication potentielle dans le succes d’invasion.

[Il. Principaux scénarios éco-évolutifs d'invasions

Lors d’'une invasion, on considére généralement que les changementsifadaptat
associés au succes d’invasion ont lieu lors de I'établissemesnpropagules dans le nouvel
habitat colonisé (Sakadt al. 2001; Cox 2004). Des exemples spectaculaires illustrent ces
adaptations rapides dans le milieu nouvellement envahi (e.g. Yeh 2004ysRtikl. 2006).
Cependant les changements adaptatifs lors des invasions sont swecapéboir lieu a
n'importe quelle étape du processus d’invasion. L'étude des scéndajoimiifs associés aux
succes d’invasion des populations peut de ce fait, s’avérer canflette section a pour but
de formaliser trois scénarios d’'invasions principaux, en fonctioreddrbit et du moment ou

se déroulent les changements adaptatifs clefs lors du prockissasion. Ces scénarios ne
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sont cependant pas mutuellement exclusifs. Différentes populations diéne espéce
peuvent a priori suivre des scénarios différents et/ou intermgsliantre ces trois scénarios

proposeés. Ces scénarios sont schématisés dans la figure 1.6.

[1l.1. Scénario 1 : Scénario d’invasion avec adaptations indépendantes pohi€tion

Considérons dans un premier temps, le type de scénario le plus commuéeoag€,
qui implique des adaptations post-introduction dans les localités envBlaies ce cas, les
changements adaptatifs ont lieu indépendamment dans les différentss envahies (voir
Figure 1.6-1). Un exemple illustrant ce scénario est I'invasion diepartuis des Canaries
(Hypericum canariengedans trois sites d’invasion indépendamment, sur la céte Ouest des
Etats-Unis et sur I'lle Maui (Hawai) au cours des 50 dersiareées (Dlugosch & Parker
2008a; Encadré 1.1.). Lors des événements d’introduction, ces populationdbiombes perte
d’environ 50 % de la diversité génétique par rapport aux populationssdliette importante
réduction de diversité génétique, n'‘a pas empéché ces populations dhptera
indépendamment aux conditions environnementales locales. En effatfdassaont montré
gue la phénologie de floraison des populations sur les différeassdintroduction est en
accord avec le gradient latitudinal sur lequel ces populatiomeweent. Ce résultat indique
clairement que les populations He canariensese sont adaptées aux variations saisonniéres
locales indépendamment les unes des autres. Un autre exengpilaritltres bien ce scénario
concerne le copépodeurytemora affinigLeeet al. 1999; 2011). Cette espece euryhaline, a
I'origine établie dans les estuaires marins ou les marais salest établie a plusieurs reprises
indépendamment dans des habitats d’eau douce en Europe, en Amérique dtdxiobdie.
A chaque introduction, les populations ont subi des adaptations parall&das douce. Cette
adaptation a d’ailleurs pu étre observée en laboratoire sousiaglartificielle a partir de

lignées océaniques en quelques générationsgilale2011).
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Figure 1.6. Représentation schématique des trois scénari@co-évolutifs des invasions
biologiques 1) Scénario d’invasion avec adaptations indépendantes post-introdu@sion.
scénario implique que les éventuels changements adaptatifs assosigxeés d’invasion des
populations ont lieu dans chaque localité de maniére indépendante2rigriSad’invasion
avec adaptation unique dans un population téte de pont lors duquel un seul événemen
adaptatif a lieu apres introduction dans la population invasive «tgtentte. Ce changement
adaptatif permet alors a des propagules «pré-adaptées» de digsigelzdéte de pont vers
d’autres localités présentant les mémes pressions de @@lE). 3) Le scénario d’invasion
avec adaptation pré-introduction est caractérisé par des chargeadaptatifs ayant lieu au
sein de l'aire native dans des habitats marginaux suivi d’événerde migration longues
distances a partir de ces habitats marginaux (3’).
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Encadré 1.1. Scénario 1 : Le cas de I'invasion du millepertuides Canaries(Figure tirée
de Dlugosctet al. 2008a; 2008b). Le millepertuis des Canartégpericum canarienséA),

est endémique des iles Canaries. Cette plante est capablpatsatipar bourgeonnement
de s’autoféconder. Cependant la majorité de la variation géngtigsein de I'aire native g
distribue au sein des populations ce qui suggere que les croisemeatinénidus sont
communs. Cette plante ornementale a été introduite indépendamimisnérmpetit nombrg
dans des plantations privées dans deux localités de Californie kdrshipel d’'Hawai sur|
I'lle Maui ou elle s’est propagée trés rapidement au courb@ekerniéres années (B). L
événements d’introduction ont été accompagnés de goulots d’étranglenmeamgssneduisar
la diversité allélique de 50% dans les populations introduiteggpgort aux population
natives (C). Malgré cette réduction de diversité génétiquepdesilations ont connu de
changements adaptatifs en réponse aux conditions environnementales. |[Boaparticulier
des expériences en environnement commun menées sur le Campus derditénide
Californie a Santa Cruz (Etats-Unis) on montré que la dateodaistbn suit le gradien

latitudinal des localités dans lesquelles les différentes lgihgnus ont été introduites (D).

Ainsi, a partir d’'une population source, des propagules se sont éttbbBessont adaptée
indépendamment dans chaque localité. Cet exemple illustre le iscéfiavasion aveg
adaptations indépendantes post-introduction (voir Fig I.6-1 et texte pour plus dg.détails

et
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[1l.2. Scénario 2 : Scénario d’invasion avec adaptation post-introduatiique dans une

population «téte-de-pont»

Lintensification des échanges commerciaux entre populations humaimesaof
especes des opportunités croissantes de sortir de leurs natiees vers des régions
géographiques potentiellement tres éloignées. En particulieGghasges commerciaux étant
organisés en réseaux, des populations s’établissant dans une |[mmahét a leur tour agir
comme des populations sources a partir desquelles des propagulesisseptilsles de
disperser vers d’autres localités appartenant au mémeuréSeascénario, basé sur un
changement de régime de dispersion a partir d’'une localité appart@nant réseau
particulierement développé, a historiquement été mis en évidencardérenthéorique et
empirique sur des especes aquatiques profitant des eaux de bdkastegeaux marchands
(Drake & Lodge 2004 ; Floe#dt al. 2005; 2009). Mais un tel scénario a également été décrit
sur des especes terrestres (e.g. Miller 2005; Ascetretle2011; encadré 1.2).

En plus d'un changement de régime de dispersion, ce scénario peut également
impliqguer des événements évolutifs dans les populations établies dargeke primaires
d’'invasions (i.e. sites «téte de pont») avant d’éventuels événementispersion vers
d’autres localités du réseau. L'exemple de I'anole brun illustrgicplierement bien ce
dernier scénario (Kolbet al. 2004). Ce lézard est originaire de la région Caraibes & a &
introduit a plusieurs reprises en Floride au cours dir*1siecle a partir de populations
provenant de différentes iles Caribéennes. Des propagules ont enséfteidées activités
commerciales internationales accrues en Floride pour déspeess des localités éloignées
telles que, Hawai, Taiwan ou d’autres régions des Etats-Unis (KbHie2004). Au cours de
ce sceénario, les populations de Floride ont bénéficié d’'un apportiqgénétontinu leur
permettant d’acquérir une diversité génétique supérieure a aedlepopulations natives
insulaires, sur laquelle la sélection a pu agir efficacemeainst potentiellement permettre
des changements adaptatifs clés dans le succeés d’invasion. A cet égaret IRb&904) ont
notamment observé une augmentation de la taille du corps des indivelpspidations de
Floride par rapport aux populations natives des files Caribéennes. rieerliee ces
modifications morphologiques et la valeur sélective des individus migsulations
envahissantes n'a cependant pas été mis en évidence et I'tioplida ce trait dans le succes

d’invasion des populations de Floride reste de ce fait hypothétique.

-27-



Etats-Unis (Sud EU et Californie)

L 2006
L® L.
1", J-’ . N
s [N
Ao ~4
tnee =9 Chine
— @
B (J

[f-. d &

B Australie . %
== T
\ A\ .
1\

2006
200 -~

Encadré 1.2. Scénario 2: Le cas de la fourmi de feG@olenopsis invictaFigure tirée de
Ascunceet al.2011).
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Encadré 1.2. Scénario 2 : Le cas de la fourmi de feBolenopsis invictgsuite)

La fourmi de feuS. invicta(en médaillon), est une fourmi originaire d’Amérique du Sud
a profité des bateaux marchands pour envahir le Sud des Etatauiébut du 20" siécle
et depuis peu d’autres localités géographiques, a savoir, plusiesrsur I'lle de Taiwan, |
Chine et I'Australie. A partir de marqueurs génétiques (66 miaitised), les routes
d’'invasion de ces populations ont été retracées (Ascehcd. 2011). Des analyses (
réassignation génétique, ont montré que la plupart des individus génotyygassignent «
'un des deux groupes obtenus, I'un constitué des populations envahigsarteges Etats
Unis, Californie, Taiwan, Chine et Australie); l'autre des poporatide I'aire native (A)
Seuls les individus de populations natives du Nord de I'Argentine (N-grégentent de

qui

D

je

5

S

caractérisées par quatre haplotypes principaux, absents dansotaéntgs populations de

génotypes pouvant se réassigner aux deux groupes. De plus les populationsaﬂeafﬁsr{

I'aire native mais présents dans les populations N-E A (B)auésurs en ont conclu que |
populations envahissantes ont suivi un scénario «téte-de-pont», dont i@rerémape &

consisté en l'établissement d’'une premiére population envahissarstded&ud des Etats

Unis a partir de propagules issues d’'une région de l'aire nadfisfe A). La seconde étap

correspond a la dispersion récente de propagules vers Taiwann&aet I'Australie a partir

de cette population téte-de-pont du Sud des Etats-Unis. Il est cepengdartant de note
gue cette étude est uniguement basée sur des données génétiquespéilieet donc pas (
proposer un scénario adaptatif associé au succes de la popédédiaiepont. En d’autre
termes, on ne peut pas savoir si le succes d’invasion de la populatetétede-pont (Su
des Etats-Unis) s’explique principalement par un changement deeréigimispersion ou s’
y a eu au sein de cette population des changements adaptatifs fav@tsbligsement dan
les localités lointaines.

S

Récemment, ce scénario éco-évolutif d'invasion a été fornalismommé «téte-de-

pont» (Lombaeret al. 2010; Guillemaucet al. 2010), en référence a un dispositif milita

ire

servant principalement a établir un périmetre a l'intérduquel I'armée peut manceuvrer

dans le but d'augmenter ultérieurement le territoire conquis.bdernet al. (2010) ont
montré que la coccinelle asiatique, originaire d’Asie a probableswwt ce scénario en
s’établissant dans une téte-de-pont localisée dans le Nord-E&stdeique du Nord avant de
disperser et de s’établir en Amérique du Sud, en Europe et en Aflig&eid a partir de la
téte-de-pont. Une étude montre par ailleurs que les populations itéodans Nord-Est de
I’Amérique du Nord mais aussi en Amérique du Sud, en Europe et en Abiqusubi une
purge d’'alléles déléteres leur permettant d’éviter lessefiet dépression de consanguinité
(Faconet al. 2011). Cette étude suggére que cette purge a probablement eneliseule fois
dans la population téte-de-pont I'aire primaire d’invasion et qushargement évolutif ainsi
gu'un changement de régime de dispersion ont pu faciliter I'étabksgede certaines

propagules vers des localités lointaines.
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D’un point de vu évolutif, le scénario d’invasion avec adaptation poseinttion
unique dans une population téte-de-pont est plus parcimonieux que le sc@adapiations
indépendantes post-introduction car il minimise le nombre d’événerdentbangements
évolutifs nécessaire aux populations envahissantes pour s’établir wansouvel
environnement (FIGURE 1.6-2). En effet, contrairement au scénamigliquant des
changements évolutifs indépendants post-introductions dans chaque lecakidie, les
changements évolutifs clés dans le succes d’invasion au couréradurisdéte-de-pont n'ont
lieu gu'une seule fois dans la téte de pont avant dispersion versed'tatelités présentant
potentiellement des conditions environnementales semblables & deilepremier site
d’'invasion. Ce scénario n’exclut pas le fait que d’autres changsnaslaptatifs peuvent

également avoir lieu localement dans les sites d’invasions secondaires.

[ll. 3. Scénario 3 : Scénario d’'invasion avec adaptation pré-introduction

De plus en plus d’études montrent que les espéces envahissantesngoogees de
populations fortement structurées et différenciées au sein daiteurative et qu’'une partie
seulement de ces populations ont la capacité de devenir envassfiaad & Gelembiuk
2008 et références citées). Des changements évolutifs semblent powoioilieu dans des
populations établies dans des habitats marginaux de l'aire natiae & des propagules
issues de ces populations ne soient dispersées et ne s’étdblizss des localités
géographiques éloignées présentant les mémes pressions tiers¢ldGURE 1.6-3). Les
populations du sénecon du capcénecio inaequidensriginaires d’Afrique du Sud, et
établies en Europe centrale illustrent potentiellement aceascé(Bossdoret al. 2008). En
effet, ces auteurs suggérent que le changement adaptatif ayans paugmentation du
rapport racine/tige (permettant aux plantes de mieux capitalisdes ressources nutritives
disponibles) dans les populations introduites a probablement eu lieu dangiens
montagneuses de l'aire native avant la dispersion de propaguéeadqgptées» vers I'Europe.
Cependant, la relation génétique entre les populations d’Europe egilmss montagneuses

d’Afriqgue du Sud n’a pas été vérifiee. Ce scénario reste de ce fait hypothétique.

D’un point de vue évolutif, plusieurs arguments supportent I'occurrenceadions
via un scénario avec adaptation pré-introduction. Les changements évabgdciés aux
populations des habitats marginaux des aires natives ont fait 'objgdbrdbreuses études

(e.g. Kawecki 2000; 2008; Sextat al. 2009). Les populations qui s’établissent dans ces
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milieux sont souvent considérées comme des populations « puits » vouéeinetibe et
uniqguement maintenue par un flux de migrants issus des habitats natuesants.
Paradoxalement, ce flux de migrant permanent entraine un flux d’aliélesfiques dans
I'habitat naturel mais « maladaptés » aux conditions marginalesaetffaiqsi I'effet potentiel
d’alléles adaptés au nouveau milieu ayant émergés dans les populatagisales (i.e.
«genetic swamping»; Kaweki 2004; Blondel 2006; Bridle & Vines 2007). Cepg&nslaus
certaines conditions et notamment dans le cas d'un flux de gené liest populations
naturelles vers les populations marginales ou dans le cas deeflgnes symétriques entre
les populations marginales et naturelles, des événements adaptivent avoir lieu
permettant ainsi aux populations de se maintenir dans les milietginanax. Ces deux
dernieres situations aboutissent a des résultats difféereng$feEdans le premier cas (i.e. flux
de gene limité des populations naturelles vers les populations mesyjnaks populations
marginales peuvent s’'adapter localement et ainsi devenir « sgtésiali des nouvelles
conditions environnementales (Kawecki 2000; Kawecki 2008). Les populatiapttad aux
habitats marginaux ne sont alors plus adaptées aux conditions environtesneatarelles.
Dans le deuxieme cas (i.e. flux de genes symétriques entre lestpmmiimarginales et
naturelles), les alléles adaptés aux nouvelles conditions amaautaians les populations des
habitats marginaux dispersent vers les populations naturelles cenggme a deux
conséquences principales. D’'une part, une partie des migrants isquspdéations naturelles
qui dispersent vers les habitats marginaux possedent déja ces atlaf@és ce qui limite
I'effet du «genetic swamping» (Kawecki & Holt 2002; Lenormand 2002). Déapért, les
populations des habitats marginaux, mais également des milieux natusebngslj s’adaptent
a une gamme environnementale comprenant les conditions des hahitgitsanx et celles
des milieux naturels adjacents (a condition que les alleleswapdans les habitats marginaux
ne soient pas déléteres dans le milieu naturel). On assistéd@meergence de populations
« généralistes » adaptées a une gamme environnementale supérielleet@écée par les

populations naturelles d’origine.

Les habitats marginaux semblent par ailleurs propices a kEmee et a la
propagation de lignées asexuées (Vandel 1928; Haag & Ebert 2004), cesdgniésentant,
comme nous l'avons vu dans la section «ll. Le réle des systemepraeluction dans le
succes d’invasion des populations», des capacités d’'invasions supéiiéemes congénéeres
sexuées. En effet, dans la plupart des especes de plantesireaabaqui présentent des

lignées asexuées, celles-ci ont tendance a étre localiggeteddabitats marginaux vers des
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latitudes ou altitudes élevées, des habitats perturbés oumestréar rapport a leurs
congéneres sexuees (Vandel 1928). Ce patron spatial, appelé parthéng§egegehique est
expliqué par plusieurs facteurs (Backer 1965; Haag & Ebert 2004)si)idreees asexuées
peuvent plus facilement coloniser ces habitats recevant peu dantsigiu fait de leur
assurance de reproduction. ii) Les lignées asexuées, isoléétiqgément de leurs
congéneres sexuees sont impermeéables a d’éventuels flux de genadaptéak issus de
I'habitat principal. iii) La réduction des interactions biotigu@bservée au moins dans
certains de ces habitats marginaux, est favorable au maintiesesddignées. iv) Les
populations dans ces habitats marginaux se comportent en métapopulatices sited
marginaux sont voués a des épisodes récurrents d’extinction etodesaon. Or, lors des
événements de colonisation, les lignées asexuées ne sont padesffpat des effets

fondateurs.

IV. Modéle d’étude : la petite fourmi de feuWasmannia auropunctata

L'étude des processus évolutifs associés aux invasions biologiqge®rreune
guantité d’informations importante sur les espéces modéles. lta fmtrmi de feu figure
parmi les espéces envahissantes les plus prosperes ét@ke2000) et de ce fait, a attiré
I'attention de nombreux chercheurs. De nombreuses études ont notapemeist de mettre
en évidence un polymorphisme original de son systeme de reproduction nooie se
étroitement lié au succes d’invasion des populations. D’autre ptd, @spece a récemment
fait I'objet d’études approfondies dans son aire d’introduction maigrégat au sein de son
aire native. Cette section consiste a présenter les principadetéaristiques de cette espece.

IV.1. Aire native déMasmannia auropunctata

Le genréeWasmanniaest endémique de la région néotropicale et ne comprend que dix
especes mais est largement surreprésenté écologiquement patitéafourmi de feu,
Wasmannia auropunctaté.ongino & Fernandez 2007; Figure 1.7.). L'aire native de cette
espece s'étend du Mexique a I'Argentine. Bien que le plus souvenieétdbhs les plaines
tropicales recouvertes par la forét primaire, des populations obété&es jusqu’a 3000m
d’altitude en Equateur (M. Leponce, communication personnelle).dlagie de cette espece
au sein de son aire native est relativement bien documentée®auuie un avantage certain

pour étudier les processus éco-évolutifs ayant lieu dans les populations ent@gissa

-32-



Gyne

Male

Reine

Ouvriére

Figure 1.7. Photo d’'un nid de W. auropunctataen laboratoire. Les nids sont polygynes (i.e.
plusieurs reines), chaque reine (5-6 mm) ayant été fécondée paulumale (i.e. espéce
monoandre). Les gynes (i.e. reines non fécondées) et les malegésorites ouvrieres (1-2
mm) sont stériles. Des larves et plusieurs stades de nymfilees individus en
développement) sont visibles sur la photo.

W. auropunctatdait partie des espéces sur lesquelles I'impact destastivumaines a
considérablement modifié la biologie de certaines populations. Aingeondistinguer deux
types de populations en fonction du type d’habitat qu’elles occupenair@sripopulations
sont confinées dans les zones de forét primaire régulierementbgext par des facteurs
naturels et en particulier dans les plaines forestiéres inomsddbBigure 1.8-A). Ces
populations sont caractérisées par de faibles densités de niddedguosls la densité
d’ouvrieres est également faible (Orivatlal. 2009). Ces populations présentent un systeme
de reproduction sexuée classique des hyménopteres haplo-diploidemed#ss, c'est-a-dire
les reines et les ouvrieres (stériles) sont diploides etpsodtiites par reproduction sexuée.
Les males se développent a partir d’ceufs non fécondés par parthéeogehénotoque et
sont donc haploides (Figure 1.9-A). Les populations caractériséeanpsel systeme de

reproduction seront qualifiées de «sexuées» au cours de ce document.

Des populations ont régulierement émergé de ces populations seauéeslpniser
principalement des habitats profondément perturbés notamment partil@®sahumaines
(e.g. carriéres, foréts secondaires, bords de route, plantationsué@tica. 2007a; 2009;

Figure 1.8-B). Ces habitats sont caractérisés par des condliotigues et abiotiques
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différentes de celles des habitats naturels de forét par(@rivelet al. 2009). En particulier,
les amplitudes thermiques et hydriques sont plus importantes audeolargournée. Dans ces
milieux, les populations atteignent des densités beaucoup plus impsrtantles nids
concentrent une densité d’ouvriéres et de couvains importante. La préseesegpdeulations
est également associée a une réduction de la richesse spéddidaermis (Orivelet al.
2009). Il est cependant difficile de distinguer entre une dominance lde®/. auropunctata
due au déplacement d’autres espéces ou due au fait que la pluparttréssespeces de
fourmis n'occupent pas ces habitats. Du fait de cette forte dafesinids et d’individus et du
fait que peu dautres espéces cohabitent, ces populations sont cossidéréme
envahissantes dans ces milieux particuliers de l'aire nafivied] et al. 2009). Dans ces
populations, un systeme de reproduction particulierement fascinantdemdi&é (Figure 1.9-
B). En effet, alors que les ouvriéres sont produites par reprodiggikuée classique entre les
reines et les males, les reines (diploides) produisent les llesuggnes par parthénogenése
thélytoque et les males (haploides) transmettent égalemengéeome a leurs fils par
clonalité. Ainsi, males et reines se comportent comme deux ligiv@agtives indépendantes
entre lesquelles il N’y a pas de transfert de génome nuc{Eauenieret al. 2005; Foucauet

al. 2007a). Seules les ouvrieres héritent des deux génomes parentadfi@me#es et les
males des couples de clones sont caractérisés par des génoggpedifférents. En
conséquence, les ouvrieres de ces lignées ont en moyenne un niveau d’hétérgiygoti
elevé que les ouvrieres des populations sexuées (Fowtaaid 2007a). Ces populations
seront appelées clonales dans le reste de ce document. Ceesgstagproduction n’est
cependant pas sans faille. En effet, Foucatidal. (2006) ont montré dans certaines
populations clonales en milieu naturel que de rares événementsudditéeavaient abouti a
la production de gynes. De méme ces auteurs ont identifié la pe&demares males issus de

la parthénogenese arrhénotoque de certaines reines clonales.

Ces deux types de populations qui se distinguent par le systempraduction des
reproducteurs et par les conditions environnementales des habitatkesguetupent,
partagent cependant de nombreuses caractéristiques en comnieirespete est généraliste
tant au niveau des sites de nidifications qu’au niveau alimentaireeffEt, les individus
s’agglutinent dans des refuges improvisés (e.g. écorce d'un arbrd)éaaase) directement
au sol ou dans la végétation épiphyte. Ce comportement de nidificatiorbemdgapermet
de garantir aux ouvrieres de fournir aux reines et au couvain legionadie température et

d’humidité optimales et de se rapprocher des ressources dispohidlesnourriture est
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principalement constituée d’arthropodes (Clark 1982), de nectaraufl ainsi que des
exudats d’homopteres (cochenilles ; Delabie 1994). A cet égaible que les populations
clonales établies dans les milieux anthropisés (et notammentetaptahtations) profitent
d’'une abondance de ces hémipteres avec lesquels elles formessaaatepns mutualistes
(Delabieet al. 1994; 2001).

ﬂ A. Habitats naturels

B. Habitats perturbés
(milieux anthropisés)

Figure 1.8. Habitats classiques dans lesquels les populatiode W. auropunctatasont
observées dans l'aire nativeDes populations caractérisées par de faibles densités de nids e
d’ouvriéres habitent les foréts primaires (A). Les reprodustedes populations se
reproduisent selon un schéma haplo-diploide classique dans lequel édsddimuvrieres et
reines) sont produites sexuellement et les males sont issapdeHénogenése arrhénotoque.
Des populations caractérisées par de fortes densités de ndlsuetieres habitent des
habitats perturbés notamment par les activitts humaines @. réeproducteurs sont
caractérisés par un systéme de reproduction clonal particuligilg¢ddans le texte; voir
également la Figure 1.8.).
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De plus, quelques soient les populations, les nids sont la plupart du geipggnes (i.e.

plusieurs reines dans un méme nid) et organisés en supercolonieaugFeual. 2009),

lesquelles sont fortement structurées génétiguement. Cette isttiocilentre supercolonies
tend a étre plus prononcée dans les populations clonales ce qui suggeeeneoins de flux

de geénes entre les supercolonies clonales. Cette structuratipligeie en partie par le fait
gue la fondation de nouveaux nids au sein d’'une supercolonie s’effectbeurgeonnement.
Une fois les reines fécondées a l'intérieur du nid, elles quiteenmtid avec un cortege
d’ouvrieres par voie du sol. Les vols nuptiaux dans cette especes@orgnt considérés
comme inexistants ou inefficaces bien que certains individusdegteurs volants aient été
apercus épisodiquement en milieu naturel (Toeteal. 2001; J.C.H Delabie communication
personnelle). L'absence de vols nuptiaux efficace est supportée fadtr que les reines sont

incapables de fonder une nouvelle population sans l'aide des ouvrieres (Ulloa-C88apn

A B
Populations sexuées ‘ Populations clonales ‘
Reine Méale Reine Male
EEE | E |
Reproduction P. arrhénotoque P. thélytoque \ Reproduction /
sexuée sexuée

e e -

Ouvriéres ou reines Reines Ouvriéres Males
i [ HEEH . -

Quvriéres ou reines Male Reines Ouvriéres Males

Figure 1.9. Polymorphisme du systéme de reproduction d&/. auropunctata Certaines
populations sont caractérisées par un systeme de reproductioguedades hyménoptéeres
haplo-diploides (A). Dans ces populations, appelées ici «sexuée$emkdes, c'est-a-dire
les gynes et les ouvrieres (stériles) sont produites sexegitezhles males se développent a
partir d’ceufs non fécondés par parthénogenése arrhénotoque. D’autresigupdant
caractérisées par un systeme particulier de reproduction el(Bpal Dans ces populations,
appelées ici « clonales», les gynes sont produites par parthénogengseubétt les males
sont produits par androgenése par lintermédiaire des ceufs prpdwitles reines. Les
ouvrieres (stériles) sont elles produites sexuellement.
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IV. 2. Aire d’invasion déMasmannia auropunctata

Au cours du XXeme siécle, la petite fourmi de feu a été diépgrar 'homme et a
envahi la quasi-totalité de la zone tropicale (Wetterer &eP@003; Foucauet al. 2010;
Figure 1.10.). Cette espéce s’est également établie arlextéde la zone tropicale, une
premiere fois, en Floride en 1924 (région subtropicale) et plus réeetnaans le bassin
Méditerranéen en Israél en 1998 (Figure 1.10.). LimpactVWe auropunctatasur les
écosystemes envahis et sur les activités humaines lui arvalassement parmi les « pires »
especes envahissantes (Logteal. 2000). En effet, les études effectuées sur les populations
etablies dans les différentes localités, en Afrique (Walker 2808&utoumeet al. 2007), sur
les iles du Pacifique (Lazasd al. 2000) ou en Israél (Vonshakt al. 2009), montrent toutes
gue cette espéce déplace les especes de fourmis locales etépee avoir des impacts sur

d’autres especes d’arthropodes ainsi que sur des vertebrés (Vehahak09).

Quelque soit la zone envahie, les populations introduites sont assauaiactivités
humaines et sont globalement similaires aux populations dominantesa®ative du point
de vue de leurs traits démographiques, de leur systeme de reproducteteer structure
sociale (Foucaucet al. 2010). Les propagules introduites sont toujours constituées d'un
unigue couple de génotypes clonaux male et femelle, tres difféentde I'autre, ce qui se
traduit chez les ouvrieres produites sexuellement par des individuseauw d’hétérozygotie
élevé. Les routes d’introduction ont en partie été retracéemndent a partir de marqueurs
microsatellites (Foucauet al. 2010; Figure 1.10.). A la vue de leurs résultats, ces auteurs ont
suggéré que les populations envahissantes suivent un scénario d’invasiadatation pré-
introduction, le changement de systeme de reproduction ayant lieu esnmilieux
anthropisés de l'aire native avant que des propagules issues g@eptdations ne soient
dispersées vers d’autres habitats anthropisés dans des sogalitgraphiques éloignées de

I'aire native.
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V. Principaux objectifs et articulation de la thése

La petite fourmi de feu présente un polymorphisme de systéme de rdfmodyd
semble étroitement lié a des changements tant au niveau desshadmtgpés qu’au niveau du
statut écologique des populations (dominance et statut envahigsaefjet, les populations
sexuées occupent majoritairement les férets tropicales pesndirl’inverse, les populations
clonales de l'aire native occupent principalement des habitateopisfis. Enfin, toutes les
populations envahissantes (clonales) sont établies dans des lduitalss caractéristiques
environnementales different, parfois de maniére considérable dares ldes populations

établies en Israél, de I'habitat naturel ancestral de I'espécéoféts tropicales primaires).

L'origine et les mécanismes du systeme de reproduction clondl. dairopunctata
sont encore mal connus et son role dans le succes d'invasiancest 8ou. Ce systéme de
reproduction ne confére aucun avantage démographique aux lignées clonadgp@draux
lignées sexuées. En effet la présence d’ouvrieres est indagpensour la fondation et le
maintien des populations. Or celles-ci sont produites sexuelleteeqti implique que les
males sont essentiels dans ces lignées asexuées. Il est @isembtable que le systeme de
reproduction clonal confere des avantages d’ordre évolutif. Comme retend vu
précédemment, les conséquences évolutives de I'asexualité dépendgainde partie des
mécanismes sous-jacents. La compréhension du réle du systenpeodieicgon clonal dans
le succeés d’invasion des populationsWeauropunctatamplique donc I'étude approfondie
des mécanismes de ce systeme. D’autre part, I'invasion des jpuomildé\W. auropunctata
étant étroitement liée a des changements de milieu importaess,&galement important de
tester si ce changement de systeme de reproduction de la texead la clonalité est
accompagné de changements adaptatifs en réponse aux nouvelles conditions
environnementales des milieux envahis. Enfin il est égalemenésstart de déterminer les
conditions qui favorisent I'émergence de tels changements évolatifotamment de

déterminer ou ont lieu ces changements au cours du processus d’invasion.

Cette thése s’articule donc autour de deux axes principaux constiegmtelix
chapitres suivants. Le premier est consacré a I'étude approfondistéme de reproduction
caractérisant les populations clonales afin d’en déterminer sgmeoret les mécanismes
sous-jacents et d’en apprécier les conséquences évolutivesdrel @t consacré a I'étude

des changements adaptatifs associés au succés d’invasion des popcilatiales et aux
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scenarios éco-évolutifs d’invasion suivis par les populations envatgssaopicales d’'une
part, et par celles établies dans le bassin méditerranéemedfut. Enfin, 'ensemble des

résultats obtenus dans cette thése est discuté d’'une malobade dans un troisieme
chapitre.
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#we. CHAPITRE || =%
MECANISMESET ENJEUX EVOLUTIFS DU

SYSTEME DE REPRODUCTION CLONAL DE
W. AUROPUNCTATA
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|. Introduction

Le but de ce chapitre est de mieux comprendre I'origine et leaniséres des systemes
de reproduction des populations clonalesdeauropunctataafin d’en apprécier les enjeux
evolutifs et leurs roles dans le succeés invasif de ces pamdatte chapitre s’articule autour

de trois articles scientifiques qui sont présentés brievement dans uner@issuotéon.

Nous avons vu dans le chapitre précédent que I'asexualité au serduléegme, peut
étre issue d’événements d’hybridation entre des entités génétigtiestds (Prentigt al.
2008; Judson & Normark 1996) ou d’avoir une origine infectieuse (Huigeris 2808) ou
spontanée (Simonrst al. 2003). Dans le cas d#&. auropunctataFoucaudet al. (2007a) ont
trouvé des indications permettant d’écarter raisonnablement I'hypottiéme origine
hybride. En effet, ces auteurs ont trouvé des niveaux d'hétérozygalis elifferences de
tailles alléliques a des loci microsatellites similaieesre les reines des populations clonales
et sexuées ce qui indigue que les reines clonales ne sont pas @gvénements
d’hybridation entre des lignées génétiquement distantes. D’autrecpadins résultats de
these de Julien Foucaud (2007b) suggerenMduibachia I'un des parasites de reproduction
les plus rependus, et notamment connu pour induire la parthénogenéss ¢heménopteres,
ne joue pas de réle primordial dans le déterminisme du systeraprdduction des individus
des populations clonales. Cependant ce dernier point n’a pas étddoremtldémontré et la
présence et I'implication d’autres parasites de reproduction pamété verifiées. Le premier
objectif de ce chapitre est donc de vérifier la non-implication itk @arasites de
reproduction parmi les plus répand¥splbachia Cardinium Rickettsia Arsenophoruset
Spiroplasma dans le polymorphisme de systeme de reproduction des populations de
auropunctata Cette étude fait I'objet d’'un premier article scientifiqarepréparation (Article
1) présenté a la suite de cette section. Nos résultats mogtre seule la bactéridolbachia
est présente dans des populationsWdeauropunctataWolbachiaest notamment présente
dans les populations sexuées alors que les populations clonales gwiiainganent saines.
Ainsi, aucun des parasites de reproduction ne semble induire le mogfgraduction asexuée
chez W. auropunctata Nous suggérons que le patron d’infection observé résulte d’'une

différence écologique entre les différents types de populations (sexuteséds).

Le deuxieme objectif de ce chapitre est d'identifier lesanistnes sous-jacents aux

modes de reproduction des femelles et des males des populatiofssclEnace qui concerne
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la parthénogenese femelle, les études menées jusqu’a préseas @armis de préciser les
mécanismes cytologiques qui en sont responsables. Plus particulieréesepatrons de
transmission du génome observés dans les lignées femelles suggénéctinisme qui, d’'un
point de vue fonctionnel, s’apparente, a premiere vue, a la parthéseggmamictique (i.e.
sans méiose) permettant de conserver en grande partie I'hétdérezayayes la descendance
(Fournieret al. 2005; Foucauet al. 2007a). En effet ces auteurs ont mis en évidence, a partir
de 12 marqueurs microsatellites, que la majorité de I'hétéraeyget conservée dans la
lignée parthénogénétique femelle. Cependant ces mémes auteagalentent identifié des
transitions de I'hétérozygotie a 'hnomozygotie ponctuelles et r&ksieurs mécanismes
peuvent aboutir a ce résultat. 1l est notamment difficile dgingjuer la parthénogenese
apomictique associée a des événements de mutations et/ou de convergjoe, gie la
parthénogenése automictique a fusion centrale associée a uneéétutdion du taux de
recombinaison génétique (voir Figure I.5. du chapitre précédent). iqhément, une
maniére élégante de distinguer ces deux mécanismes est der \&fifiide de techniques
cytogénétiques, la présence ou non d’événements de meéiose lorpradeldation d’ceufs
parthénogénétiques. Ces méthodes se basent traditionnellement ofigervation
microscopique de gametes dans des ovaires matures disséquéslids feamthénogénétiques
(Verma & Ruttner 1983). Cependant, dans le cag/dauropunctatade telles approches ne
sont pas envisageables car la trées grande majorité des gapméthiits par les reines
parthénogénétiques sont haploides et utilisés pour la production d'osiviéae la
reproduction sexuée, et la production d'ceufs parthénogénétiques pour laiprodeaynes
est beaucoup moins fréquente et surtout imprévisible. Nous avons donc opté pour une solution
indirecte basée sur I'étude des ouvrieres produites sexuellemdsstant les hypothéses
suivantes. Sous un mécanisme d’automixie a fusion centrale, c'est-argiliquant la
méiose, associé a une réduction du taux de recombinaison, les oopytédelsadestinés a
étre fécondés pour la production d’ouvriéres sont susceptibles d@isedu méme processus
méiotique que les oocytes destinés a fusionner pour se développer en gynes
parthénogénétiques. Dans ce cas, une réduction du taux de recombasisttendue au
niveau du génome maternel hérité dans la descendance ouvriere des dtipmadss,
relativement au taux de recombinaison mesuré dans une descendance olwnedignée
sexuée. Au contraire, sous I'hypothése d'un mécanisme apomictique, delesspiOC
indépendants sont alors impliqués, I'un impliquant la méiose pour la piamdutbocytes
destinés a étre fécondés pour la production d’ouvrieres et liayptiguant la mitose pour la

production d’oocytes diploides pour la production de gynes apomictiques. Daas, aac
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s’attend a ce que le taux de recombinaison chez les reines slestifeé a partir du génome
hérité maternellement de leurs ouvrieres ne soit pas diffée celui des reines sexuées
estimé a partir de leurs ouvrieres. D'un point de vue évolutif, dms&x systemes de
reproduction n’ont pas les mémes conséquences. En effet, la parthéeogetodsictique,
méme associée a un mécanisme de réduction du taux de recombinaison méiotiqueténtraine
ou tard, une augmentation de '’homozygotie dans le génotype parthénogénétiquee el
conduire a I'expression d’alleles déléteres récessifs jusqu’sil@rscieux sous l'effet d’'un
alléle sain dominant et de ce fait induire une réduction delkur sélective au méme titre
que la dépression de consanguinité. D’autre part une baisse de redsonbassociée a un
mécanisme d’automixie, qui affecte également la descendance ouwpi&cuite
sexuellement, permet la transmission de complexes d’allelegdaqmés au sein d’'un méme
chromosome dans la descendance ouvriére. Il est intéressant dgueoka distinction entre
les deux mécanismes peut également nous renseigner sur la frédiéenesgence de la
parthénogeneése. En effet, 'apomixie est un mécanisme cytoplasmiqueequiert des
changements évolutifa priori complexes ce qui impliquerait que I'émergence de la
parthénogenése cheW. auropunctataest un phénomene plutbét rare. Au contraire,
'automixie, du fait de la conservation des mécanismes meéiotiggeégonsidérée comme
étant la transition de la sexualité vers l'asexualité la plogple a mettre en oeuvre
(Schwander & Crespi 2009). Dans ce cas, il est probable que lanum#nése puisse
apparaitre régulierement dans les populationgVdauropunctataCette étude a fait I'objet
d’'un article scientifique paru en 2011 (Article 2). Nos résuliadgqjuent que les reines des
populations clonales produisent une descendance de gynes (i.e. reines non s§quardée
parthénogenése automictigue a fusion centrale associée a uneiorediict taux de
recombinaison méiotique. Cette réduction du taux de recombinaisore afigatement les

ouvriéres produites sexuellement.

Enfin ; 'étude de I'androgenese des males est primordiale pour endrprles enjeux
évolutifs du systeme de reproduction clonal & auropunctatadans son ensemble.
L'androgenese est définie comme étant la production d’'une descensanoatenant que le
génome nucléaire du parent méale. Ce mode de reproduction permet donc esd’atdiser
un ceuf d’'une femelle sans que celle-ci ne contribue au génome dedadnce. De ce fait,
des auteurs considérent 'androgenése comme étant un phénomene tisrpamdess ceufs de
la part des méles (Hedtk al. 2008). Ce mécanisme est le principal mode de reproduction

pour un faible nombre d’espéces appartenant a des groupes taxonomiagéetents. Ce

- 44 -



phénomene a été observé dans des populations naturelles de quatre dsrages d'eau
douce hermaphrodites du gei@erbicula (Komaruet al. 1998; Byrneet al. 2000; Qiuet al.
2001), dans un complexe d'hybrides de phasme du @asalluset dans le regne végétal,
chez le cypres hermaphrodite du sah&mapressus dupreziangPichot et al. 2001).
Récemment, ce phénomeéne a également été identifié dans des popdéatiens espéeces de
fourmis, chez la petite fourmi de felMy. auropunctata(Fournier et al. 2005) et plus
récemment cheRaratrechina longicornigPearcyet al. 2011), et suspecté mais non confirmé
chez la fourmiVollenhovia emery{Ohkawaraet al. 2006). Dans la mesure ou ce mode de
reproduction est apparu dans des groupes taxonomiques tres divergjeshtses probable
que différents mécanismes en soient a I'origine et que ceuximutiasent pas aux mémes
conséqguences évolutives. CHézduprezianal'androgenese semble résulter d'une apomixie
male. Les embryons androgénétiques peuvent également se développer dans le tisgn nourric
d'une graine d'une espece sceur (Pichot et al. 2001). Dans le regakilasemble que dans
la plupart des cas, un mécanisme d’exclusion du génome materrigi@mié (McKone &
Halpern 2003). Dans le cas des praires du g€oréicula les gamétes males possedent un
génome non-réduit semblable aux cellules somatiques des aduttemr(Ket al. 1997),
résultant probablement de processus de divisions cellulairestamés (i.e. apomixie). Il
semble que lors de la fécondation, le génome nucléaire matermeksloi du zygote dans
deux globules polaires (Komaat al. 1998; 2000). Chez les phasmes du g&ascillusles
males diploides produisent des gametes haploides ce qui impliqueécemisme de
reploidisation du zygote pour la production d’'une descendance androgénétigidedipé
mécanisme le plus parcimonieux ayant été proposé pour expliquer ldaidisiion du
zygote implique la pénétration et la fusion de deux gametes maleardansyte vidé de son
bagage génétique nucléaire maternel (Tinti & Scali 1996; Mantonovi 199%s éfemelles
peuvent résulter d'un tel mécanisme bien que certains de ces hyieidesnblent pouvoir
produire que des descendants méles (€ireil. 1995).

Les conséquences évolutives de l'androgenese sont encore mal connuadf, En f
jusqu’a présent, une seule étude théorique a tenté de décriredaxz émplutifs d'un tel
systeme de reproduction (McKone & Halpern 2003). Cette étude ne concellles gapéces
diploides et tente de modéliser le devenir d’'une mutation andragénéans une population
en fonction i) du mode de reproduction des organismes dans lesquelsutattermapparait
(i.e. hermaphrodite ou dioique), ii) du mécanisme sous-jacent au méeatimmirogenese

(i.e. apomixie, fusion de plusieurs gamétes males, dédoublement d’'un géaploige), iii)
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de la dominance ou de la récessivité de la mutation, et iguelesexe est hétérogamétique
dans la population initiale. Dans cette étude, I'émergence nidrégenese aboutit souvent a
la fixation de la mutation associée dans la population et ainikgxin des populations
(McKone & Halpern 2003). Les populations qui conserveraient la capacité d’'une reoducti

femelle seraient logiquement plus épargnées de I'extinction.

Dans le cas des especes qui présentent un systeme de reprodudtiéloigaie d’'un
systeme diplo-diploide, les mécanismes et les conséquences évalatlisxrogenése n’ont
pas été traités par des modeles théoriques et demeurentaiieereore inconnus. Dans le
cas des hyménopteres, et des insectes sociaux en particuli@preducteurs n'ont pas le
méme état de ploidie; les femelles reproductrices diploidespsodtiites par reproduction
sexuée, une partie de la descendance diploide produite sexuellement neeraduit
généralement pas (i.e. ouvrieres) et les méles, haploides, $epgéwt par arrhénotoquie a
partir d’'un ceuf non fécondé. La transmission du génome des malesissasée que par la
production de femelles reproductives par reproduction sexuée, les candipi@des étant
stériles. Chez les espéces de fourmis pour lesquelles desnévdsal'androgenése ont été
identifiés, deux mécanismes hypothétiques qui s’opposent ont été proposéxmuer
'androgenése a partir des études menéesWsuauropunctata L'androgenése dans cette
espece a été identifiée dans certaines populations initialem@008&, a partir d'une étude de
génétique des populations (Fournier al. 2005). Dans cette espéce, l'androgenese est
étroitement liée a la parthénogenese thélytoque des reinesgaiss ouvrieres qui sont
stériles sont produites sexuellement (Fournier et al. 2005; Foetald?2007a; 1010 ; mais
voir Foucaudet al. 2006). Cela semble également étre le cas dans les deuxemjeess de
fourmis pour lesquelles I'androgenese a été identifiée ou suspéetéparthénogenese
thélytoque aboutissant a la production d'une descendance femelle uniqpeonenie du
génome maternel et les ouvrieres étant stériles, Fouetied. (2005) ont suggéré que
I'androgenese est une réponse adaptative des males pour contfetmmdrement de leur
valeur sélective (réduite a zéro) du fait de I'émergenceadédlytoquie, s'engageant ainsi
dans une «guerre des sexes». Ces auteurs ont suggéré un mécanmimatmélidu génome
maternel par le génome male lors de la fécondation. Cependant, Faicdu(?007a) ont
apporté plusieurs arguments a I'encontre de cette hypothése. uagsaconsiderent
notamment que sous ce scénario, les ouvrieres qui sont produites esegneltevraient
également étre affectées par le conflit génomique entreeless.sOr, les ouvrieres sont

produites en large exces par rapport aux individus reproducteurs et notamment par uapport a
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males ce qui va a I'encontre d’un tel scénario. Ces auteudonotsuggéré que I'androgenése
pouvait étre un trait femelle, notamment par la production d’ceufdésudepuis aucune
étude spécifique, impliquant notamment des croisements récipraguesignées clonales et
sexuees, n'a été menée pour tenter de distinguer entre ces deux kgpptimespales (i.e.
contrdle de 'androgenese male ou femelle). C'est le sujgbthieme article qui compose ce
chapitre (Article 3). Nos résultats suggerent que l'androgemésst pas un trait
caractéristique des males mais au contraire, est controléspamelles parthénogénétiques.
Dans le cas d&V. auropunctatanous considérons donc que l'androgenése n’est pas un
mécanisme de parasitisme d’ceufs par les males mais plutétapaeité des femelles a
«kidnapper» un génome male dans la lignée clonale, pour la production d’aipriedeites

sexuellement.
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ABSTRACT

Some vertically transmitted endosymbiotic bacterispldy the ability to manipulate the
breeding system of their hosts to increase their omeds. This can be achieved by a variety of mechanisms
leading to as much as aberrant reproduction schemésein hosts and often to reproductive isolation of
populations. On the other hand, like other paras#adpsymbionts may be lost during habitat shift of some
populations and especially during invasion. The maanea of reproductive parasites in populations may
therefore depend on the capacity of the endosynmbiontmanipulate their hosts and the history of pomati
The little fire antWasmannia auropunctatdisplay a fascinating polymorphism in breeding sys{egmluding
female parthenogenesis and male clonality) associaté tvorldwide invasive success. To date no studies
focused on the possible role of endosymbionts in thater@ance of the peculiar breeding system polymonphis
amongW. auropunctatgpopulations. We here fill this gap by investigatiray the presence of five major
reproductive parasites (i.8Volbachia ArsenophonuysCardinium Rickettsiaand Spiroplasma ixodetjsin W.
auropunctatapopulations. We screened a total of 86 individualseéms and workers) from 43 nests covering
most of the species’s world distribution through the wo$ediagnostic PCR screenings specific to each
endosymbiont. Further investigations were conductedWadbachia which was the unique endosymbiont
detected in the present study by extending our sicrgem a larger set of samples and estimated its presale
within and among populations in queens and workegsveithin nests in the worker cast/olbachiastrains
present in the infected populations W auropunctatavere characterised using phylogeny based orwte
gene and to a lower extant using a multilocus seaquming approach. Our results revealed that modbobt
populations wer&\olbachiafree while sexual populations were almost all infdctehis clearly indicates that
Wolbachiais not responsible for the clonal breeding systemaaitarizing the invasive populations. We suggest
that the strong association between the breeding systdndividuals and the infection status within nests
probably results from confounded environmental effatiat differentiate clonal and sexual populations, i
particular their habitat preferences.
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INTRODUCTION system: queens use thelytokous parthenogenesis and sexual
reproduction in a conditional manner to produceegyfi.e.
Endosymbiotic bacteria, as other cytoplasmianfertilised queens) and (sterile) workers respectively
elements, are transmitted vertically and their fisnss (Fournieret al. 2005; Foucauekt al. 2010). A recent study
hence tightly linked to their hosts’ reproductiomn® revealed that gynes are produced via automictic
of them behave as reproductive parasites by altenimg tparthenogenesis with central fusion (Rey al. 2011).
breeding system of their host so that the number Moreover, contrary to other species in which queens
infected daughters produced by an infected femateproduce by thelytoky, unmated queens were founbeto
exceeds the average production of daughters pemable to lay viable eggs (Foucawd al. 2010). The
uninfected female (Rousset 1992). Investigations in th@roduction of parthenogenetic eggs, irrespectivethimir
field of reproductive parasitism have long been ldaseploidy level (i.e. haploid or diploid), seems therefatrictly
towards Wolbachia This is logical, to some extent, dependent on the fertilisation process. Finally, femal
given that this endosymbiont is the most widespregthrthenogenesis is tightly associated to male clonality
endosymbiotic bacteria within arthropods (JeyaprakagRournier et al. 2005, Foucaudet al. 2009; 2010). The
& Hoy 2000; Werren & Windsor 2000). To date, thisgenome of males is also transmitted clonally via matern
bacterium was found to induce four major classes @fggs through a mechanism yet unresolved. To our
breeding system manipulation: cytoplasmiknowledge no study has investigated the role of
incompatibility (Cl; Breeuwer 1997), feminisation ofendosymbiotic organisms in this peculiar clonal bregdin
genetic males (F, Rousset al. 1992), male killing polymorphism. If endosymbiotic organisms are in fact
(MK; Hurst et al. 1999) and induction of thelytokous involved in the breeding system &¥. auropunctatathe
parthenogenesis (P), the latter effect being spewfic expectation of infection pattern would be an exceks o
hymenopteran hosts (Stouthamet al 1999). In infection within clonal against sexual populations.
particular, the induction of parthenogenesis by

Wolbachiaoccurs through a post-meiotic modification mon V\Iln;eurre()sul;]r?gt/étthg 3;;‘:\'2?3 2¥$§T zcs)lsyon;ioa?e r:j'stg]
known as gamete duplication resulting in thja gwv. P @op gly

production of a complete homozygous  offsprin he habitat used by populations and their invasiatust

(Stouthamer 1994). Finally, this reproductive paﬂasitsne?(iz(ljs’ Wh::ticstlvedormggﬁtm'n;ng p?r?\l;;asti'\?gs ?gﬁ;g‘&e d
was also found to be obligate for oogenesis in the y

parasite waspAsobara tabida(Dedeineet al. 2001). populations_ are all characterised by the clonal hnged
Since recently, other endosymbiotic bacteria ar%y::tz rrnO(fofr&'l\gbfozlézzogég;ﬁgzugtf?é Zuoeongt’ dzl?nlr?) $Al;xsn a
receiving increasing attentio@ardiniumwas found to L P req @
induce the same four major phenotypic effects (ile. dProcesses (Torchiet al. 2003). In this respect, the loss of

F, MK, P) in a variety of host species (reviewed irgagc')%?rlg;?]r ?nnionsty?b;?;:sbéCter'gﬁgéan;;xglpm
Duron et al. 2008). Hagimori et al. (2006) P 9. : *

demonstrated thaRickettsiawas also able to induce Tsuitsuiet al. 2003; Reuteet al. 2005; Yanget al. 2010).

parherogenesis 1 @ Tymenopteran species, THET, & Iason seenaro perspectue e expeciion
endosymbiont was already known to be associated with P PP

male killing in a buprestid beetle (Lawsenal. 2001). ?ﬁ( ;{efstagﬁ;;|naegags,ios)gms;gggﬁsmggilﬁ UI?:Iezoen Qr):? :I]exu
Finally, other bacteria from the genussenophonus native populations infe?:tgd b endosgmbionts In this
and Spiroplasma seem specialised in male killing pop y y :

within their hosts (reviewed in Durcet al. 2008). All context, we investigated the infection status amond an

of these reproductive parasites lead to biases Y\ch'n sexual native and clonal invasive populatiofs\b

reproductive schemes beneficial for infected femal ugﬁ)%%?ﬁtati:;;noﬁ\%eon kgog;r di;?L?mdué?;vkitts?:riﬂges’
and therefore may have drastic effects on th§ a phony m

evolutionary dynamics of their hosts. It is therefore p.iropla_sma ixodeti's_n order to depermine the dr_iving .force
crucial to investigate the presence and the potentia of infection pattern (i.e. reproductive system velignasion

of reproductive parasites in organisms that preseR[oceSS) in this species.
peculiar breeding systems.

The little fire ant,Wasmannia auropunctata MATERIAL AND METHODS
has been both recognized to display a fascinating
polymorphism in breeding system and a tremendo®creening for endosymbiotic bacteria
invasive success worldwide (Wetterer & porter 2003;
Foucaud et al. 2007; 2010). In some populations We used specific PCR-amplification to investigate
(hereafter called “sexual populations”), queens anidr the presence oiVolbachia Cardinium Arsenophonus
males are produced following a classical haplo-diploiRickettsiaandSpiroplasma ixodetien 86 individuals from a
scheme where diploid females (i.e. queens and sterdet of 43 nests covering most of the distribution arfew/.
workers) are produced sexually and haploid malesuropunctata including its native and introduced range
develop from haploid eggs through arrhenotoky. Som@able 1). Twenty two of the 43 nests belongedWo
populations (hereafter called “clonal populations”auropunctat&d native area. Based on previous studies, 11
emerged recurrently from these sexual populations, were known to be clonal and 11 to be sexual (Fouetiadl
which reproductives display a peculiar breedin@009). The other 21 nests belonged to the introdtasge
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Native area Introduced area

Location Population  Individual screened Location Population  Individual screened
French Guiana Fg1 wQ Gabon GA1 wQ
French Guiana ggo wQ Gabon GA2 WQ
French Guiana Fg3 wQ Cameroon CAl wQ
French Guiana pgg WQ Cameroon CA2 wWQ
French Guiana pgg wQ Coco Isl. co1 ww

SEXUAL | French Guiana rgg wQ Tahiti TAl WQ
French Guiana pg7 wQ USA Florida FL1 WQ
Brazil BR1 ww USA Florida FL2 wQ
Brazil BR2 ww USA Florida FL3 ww
Costa Rica CR1 WW GUA GU1 WQ
Costa Rica CR2 WW CLONAL | gua Gu2 wQ
French Guiana ggg wQ cuba ot e
French Guiana Fg10 wQ pominica PO w
Eronch Guiana ot wo Dominican R(—*‘Tp. DR1 WW
French Guiana sy wo New Caledonfa NC1 WQ
French Guiana reys wo New Caledonia ~ NC2 wQ

) Vanuatu Isl. VAL WQ

CLONAL ::z: 2:2:: ":2: xz Vanuatu Isl. VA2 wQ
Eronch Guiana Australia AU1 WQ
o :‘;;6 xs Israel IS1 WQ
Brai o Wo Israel IS2 wWQ
Brazil BR5 wQ

Table 1: W. aruonpunctatapopulations sampled from the native and introduced ara for the broad screening of
the five endosymbiotic bacteria.

and were all known to be clonal (Foucaatdal. 2010). distribution of this endosymbiont among and within
When possible, a queen and a worker from each ngsipulations (hereafter called théVolbachia additional
were screened. In nests in which no queens wespecific screening’). Together with individuals scrn
sampled, two workers were screened (Table 1). previously, a total of 203 queens and 394 workers
The total genomic DNA was extracted fromoriginating from 261 and 174 nests respectively fréfn
all individuals following a standard CTAB protocol. populations were screened following the same prbtaso
We performed PCR-based screening using a protoatetailed in thescreening for endosymbiotic bactesaction.
modified from Shoemakeet al.'s study (2000) for We estimated the prevalence \WWblbachiawithin
Wolbachia(see supplementary material), and followingpopulations in the queen and worker castes based sn thi
the protocols described in Durat al. (2008) for the Wolbachia additional specific screening. The prevalence
four other endosymbionts. We used an arthropodithin a population was simply the number of infected
specific DNA fragment of theEF1 gene onW. individuals of a given caste on the total of indiatkiof the
auropunctatato serve as an internal control of DNAsame caste screened in the population. To indireedy t
extractions and PCR quality using the universal primavhether Wolbachia is involved in the breeding system
set trs4F / trs9R (Warek al. 2005). PCR products were polymorphism ofW. auropunctatave tested for statistical
then loaded and electrophoresed in 1.5 % aggarose gedsociation between the breeding system within nests (i.e
and finally visualised under UV illumination after asexual or clonal) and the infection status (i.e. preseor

staining in an ethidium bromide solution. absence of\olbachig of individuals within the nests. Nests
with at least one worker infected were considered as
Wolbachia additional specific screening infected, and nests in which all individuals w&velbachia

free were considered as non-infected. The associatisn
Based on our first screening, we detected the
presence ofWolbachia in several individuals (see
results). We therefore extended our screening of
Wolbachiaon a larger dataset to better appreciate the
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Area Location Population Breeding N(nests) N(Q) Prevalence within population

system
French Guiana FG1 Sexual 1 1 1
French Guiana FG2 Sexual 4 4 1
French Guiana FG3 Sexual 5 5 1
French Guiana FG4 Sexual 2 6 1
Native French Guiana FG5 Sexual 10 13 1
French Guiana FG6 Sexual 3 3 1
French Guiana FG7 Sexual 1 1 1
French Guiana FG8 Sexual 2 1
French Guiana FG9 Sexual 1 1
Brasil BR2 Sexual 10 10 1
Sexual 39 46 1
French Guiana FG14 Clonal 0
French Guiana FG9 Clonal 0
French Guiana FG10 Clonal 3 11 0
French Guiana FG11 Clonal 17 24 0
Native French Guiana FG12 Clonal 0
French Guiana FG15 Clonal 0
French Guiana FG16 Clonal 0
Brasil BR5 Clonal 5 5 0
Brasil BR3 Clonal 13 13
Brasil BR4 Clonal 10 10
New Caledonia  NC1 Clonal
New Caledonia  NC2 Clonal 7 8 0
New Caledonia  NC3 Clonal 4 4 0
Tahiti TA1l Clonal 4 4 0
Gabon GAl Clonal 7 7 0
Gabon GA2 Clonal 5 5 0
Gabon GA3 Clonal 2 2 0
Gabon GA4 Clonal 1 1 0
Gabon GA5 Clonal 2 2 0
Cameroun CAl Clonal 4 4 0
Cameroun CA2 Clonal 5 5 0
Cameroun CA3 Clonal 5 5 0
Introduced  Cameroun CA4 Clonal 4 4 0
Israel 1S1 Clonal 1 1 0
Israel 1S2 Clonal 1 1 0
Israel 1S3 Clonal 1 1 0
Israel Sl4 Clonal 1 1 0
Guadeloupe GuU1 Clonal 1 1 0
Guadeloupe GU2 Clonal 0
Cuba Cul Clonal 1 0
Florida FL1 Clonal 0
Florida FL2 Clonal 0
Vanuatu Islands VAl Clonal 1
Vanuatu Islands VA2 Clonal 1 1
Australia AUl Clonal 6 6 1
Clonal 135 157 0.143

Table 2: Prevalence ofMolbachiainfection in queens from nests sampled in the nativend introduced range.
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tested using a Fisher's exact test (Fisher 1922) and B&ldo & Werren 2007). As a resuliVolbachia from
measure of the strength of this association was assesd#férent clusters might share similassp sequences (Baldo
conducting a Cramer's V statistic (Cramer 1946). & Werren 2007). To verify whether these clonal pagiohs

In ants, the prevalence ®folbachiawithin  actually share the same strain with sexual populatioBs,
nests in the sterile workers caste (dead-end host) megnducted an additional analysis on a small subset of 12
vary from one nest to another (Russell 2011). Wiadividuals from both sexual and clonal populatiosed
therefore specifically estimated the prevalence dfigure 1) based on the multilocus sequence typingoappr
Wolbachia within nests by screening 120 additionalMLST). This method is based on an unambiguous
workers originating from eight distinct nests (i.e. 2@procedure for characterising strains\Wblbachiausing the
workers per nests). Four of these eight nests weadlelic profile at five conserved genes as molecularkers
known to be sexual and the other four were known to genotype a strain (i.&atB FbpA CoxA FtsZandHcpA
be clonal. The four sexual nests originated from twBaldo et al. 2006). We amplified and sequenced fragments
populations established in the primary forest, one iof these five genes following Baldx al’s protocols (2006).
French Guiana (FG2) and one in Brazil (BR1) andhe allelic profile of each strain was then compareth w
were found to be infected byWolbachia in the identified strains in the MLST database
Wolbachia additional specific screening. Two of théhttp://pubmist.org/wolbachip/
four clonal nests originated from the native rarae
from French Guiana (FG11) and the other from BrazRESULTS
(BR4) and the two others originated from the
introduced range, from Australia (AU1) and from NewScreening of endosymbiotic bacteria
Caledonia (NC3). Based on the previous Wolbachia
additional specific screening, two of these clonal siest Among the five main endosymbiotic bacteria
were known to be infected bwolbachia (AUl and screened in the present study (Mgolbachia Cardinium
BR4) and the two others were estimated to bArsenophorus Rickettsia and Spiroplasma ixodetis)

Wolbachiafree (i.e. FG11 and NC3). Wolbachiawas the only one detected in the sampled wild
populations ofV. auropunctata
Genetic characterisation of the Wolbachia strains Our Wolbachia additional specific screening

revealed a strong association between the reproéuctiv
A phylogenetic analysis was performed tosystem within W.auropunctata'snests and the infection
assess the position of the straind\flbachiadetected ;15 of individuals byVolbachia( ~ = 143.24; p — value

in W. auropunctataindividuals. To this aim, we . 0.001; Cramer's V = 0.74). The mean prevalenceiwith
sequenced a fragment of thesp gene on 74 goy 5 populations was 1 and 0.99 within the queen and
individuals from 17 populations (see the abovg,er castes respectively (Table 2, 3). In the 3Qalex
screening of endpsymblotlc bacteria” section for Pq?ﬁests in which queens were sampled, all 46 sexually
amplification details). PCR products were then pedifi reproducing queens as well as all workers were indebte
and sequenced on an ABI 3730 DNA sequencefoihachia However, we found four workers originating
(Applied Biosystems). Individual electropherograms,on o sexual nests that wedolbachia— free. These
were checked for eventual errors using the Seqscapfyers belonged to two nests from populations of €hen
software (Applied Biosystems). Our phylogenetiGs jiana (FG2, FG5; Table 1) in which no queens were
analysis was performed on unique haplotypes (i.e. fi@mpleq for these nests. Note that two others screened
haplotypes). We added to this sequence matrbwsiL \qkers from the nest of the FG2 population werebto

sequences of somé/lbachiastrains infecting other o infected while the other worker from FG5 was also
ant species. Because ant species are generally KNowygpachiafree.

be infected by strains from the phylogenetic In clonal populations, the mean prevalence within

supergroups A and B (Stouthaneral. 1999; Loet al. = 4, jations was 0.14 and 0.13 within the queen ariteo
2002), our set of reference sequences comprised n tes respectively (Table 2, 3). We found that 1B3the
and twelve haplotypes from these two SUpergroups7 cional queens (i.e. 83.4 %) from the 135 sampéestisn

respectively. Awsp sequence from the supergroup By ere wolbachiafree irrespective to their origin (i.e. from
was used to root the tree (Wsp ST-35). All seqUENC@sy native or invasive range). All workers from themal

were aligned using clustalW (Thompsenal. 1997). A hagts were also non-infected. A total of 35 infeatéhal
phylogenetic tree was constructed in MEGA V. 4,6ens were found within 23 nests of the native rimgeo

(Tamura et al. 2007) using the neighbour-joining gy45ijjan populations and twelve nests in the intoetl
method with Kimura two-parameter distance measutg, e in Australia and in the Vanuatu Island. Workteom

(Kimura 1980). Bootstrap analysis was performed Witfhege populations were also all infected. Finaliye f

1,000 replicates. workers from a unique nest originating from FloritaS.A)

, Some rare clonal populations were found t0 bgere 51 infected bywolbachia No queen was sampled in
infected by the sam&Volbachiastrain than most of ..c Fioridian nest.

sexual populations according to our phylogeny base The prevalence diVolbachiainfection within nests

on the wsp gene (see rg_sults below). Desfpite d“?natches a binary pattern. The 20 workers sampled from
extensive use in many studies, epgene was found jtected sexual and clonal nests were all infected.ti@n

to be under strong d|vers_|fy|r_19 selecnon_ z_and t ontrary, workers from the tw@/lbachiafree clonal nests
undergo extensive recombination both within an

. i ere all non-infected (data not shown).
between strains (Jiggiret al. 2001; Baldcet al. 2006;
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Genetic characterisation of Wolbachia strains In agreement with ouwspbased phylogeny, the
MSLT approach indicated that the rare infected alon

Our wsp-basedphylogeny indicated that five populations share strictly the sardéolbachia strain than
different Wolbachia strains infected the sampledmost of sexual populations. Interestingly enough, thedica
populations ofW.auropunctata(Figure 1). Most of profile of the strain shared by clonal and sexualutetions
individuals from sexual populations were infected by aorrespond to the allelic profile of a strain thatsw
single strain belonging to the supergroup B. Only thpreviously identified inSolenopsis invictdST-29; SinvA).
sexual populations originating from Brazil hostThis strain belongs to the supergroup A in the MLST
Wobachia strains belonging to the supergroup Aclassification but belong to the supegroup B when
Interestingly, we found that the few infected clonatonducting phylogenies based on this unigqusp gene due
populations host a singlé/olbachia strain from the to recombination events betwe&volbachiastrains (Baldo
supegroup B, the one also found in most sexu& Werren 2007).

populations.
Area Location Population Breeding N(nests) N(W) Prevalence within population
system

French Guiana FG1 Sexual 1 1 1
French Guiana FG2 Sexual 8 14 0.93
French Guiana FG3 Sexual 10 18 1
French Guiana FG4 Sexual 6 14 1
French Guiana FG5 Sexual 15 22 0.91
French Guiana FG6 Sexual 10 16 1
French Guiana FG7 Sexual 6 10 1

Native French Guiana FG8 Sexual 4 8 1
French Guiana FG9 Sexual 1 2 1
French Guiana FG10 Sexual 2 4 1
French Guiana FG11 Sexual 3 6 1
French Guiana FG12 Sexual 4 8 1
French Guiana FG13 Sexual 3 6 1
Brasil BR1 Sexual 10 20 1
Brasil BR2 Sexual 10 15
Costa Rica CR2 Sexual 1 2 1

Sexual 94 166 0.99

French Guiana FG9 Clonal 3 5 0
French Guiana FG10 Clonal 4 4 0
French Guiana FG11 Clonal 16 20 0
French Guiana FG12 Clonal 6 8 0
French Guiana FG17 Clonal 1 3 0
French Guiana FG13 Clonal 2 2 0

Native | French Guiana FG14 Clonal 2 2 0
French Guiana FG15 Clonal 2 2 0
French Guiana FG16 Clonal 2 2 0
Costa Rica CR1 Clonal 1 2 0
Brasil BR5 Clonal 10 15 0
Brasil BR3 Clonal 13 27 0.78
Brasil BR4 Clonal 10 10 1

Table 3: Prevalence oiNolbachiainfection in workers from nests sampled in the nativand introduced range.
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Area Location Population  Breeding N(nests) N(W) Prevalence within population

system
New Caledonia  NC1 Clonal 4 4 0
New Caledonia  NC2 Clonal 8 8 0
New Caledonia NC3 Clonal 4 4 0
Tabhiti TAl Clonal 4 9 0
Gabon GAl Clonal 7 7 0
Gabon GA2 Clonal 6 6 0
Gabon GA3 Clonal 3 3 0
Gabon GA4 Clonal 1 1 0
Gabon GA5 Clonal 2 2 0
Cameroun CAl Clonal 5 5 0
Cameroun CA2 Clonal 5 5 0
Cameroun CA3 Clonal 5 5 0
Cameroun CA4 Clonal 5 5 0
Israel 1S1 Clonal 1 1 0
Israel 1S2 Clonal 1 1 0
Introduced | |srael 1S3 Clonal 1 1 0
Israel Sl4 Clonal 1 1 0
Guadeloupe GuU1 Clonal 7 7 0
Guadeloupe GU2 Clonal 2 2 0
Guadeloupe GU3 Clonal 1 1 0
Cuba Cul Clonal 2 7 0
Cocos Isl. COo1 Clonal 3 0
Dominica DO1 Clonal 2 6 0
Dominican Rep. DR1 Clonal 1 3 0
Florida FL1 Clonal 1 1 0
Florida FL2 Clonal 1 1 0
Florida FL4 Clonal 1 2 0
Florida FL3 Clonal 1 5 1
Vanuatu Isl. VA1l Clonal 5 10 1
Vanuatu Isl. VA2 Clonal 1 2 1
Australia AUl Clonal 6 8 1
Clonal 167 228 0.131

Table 3: Continued.
DISCUSSION

Among the five studied endosymbioticThis finding echoes with those of Wenseleers & Billen's
bacteria in which some strains are known to manipula(2000) who showed that queens of six other ant sptti¢s
the reproductive system of their host (Mdolbachia reproduce via thelytokous parthenogenesis, were not
Rickettsia Cardinium Arsenophorusand Spiroplasma infected byWolbachia
ixodetig, only Wolbachiawas found in the sampled The second main result emerging from this study is
populations of W. auropunctata This result is not the strong association between the reproductive system
surprising given thatolbachiais estimated to infect characterisingW.auropunctats nests and the infection
more than one third of species from the Formicidastatus by Wolbachia of individuals within nests. While
(Russel 2011) while the four other endosymbionts weradividuals from clonal nests are mostyolbachiafree, all
found sporadically in few arthropods orders andampled queens and most of workers from sexual nests are
seldom in ants (Duroet al. 2008; but see Sirvio & infected by the bacteria. This pattern suggested thiat t
Pamilo 2010). Among the individuals screened, most tfacterium is maintained if not favoured in sexual
queens reproducing via thelytokous parthenogenetiopulations. However, none of the described mechahism
were Wolbachia — free These results clearly indicate which Wolbachiaalters the breeding system to enhance its
that thelytokous parthenogenesis i auropunctata own transmission (i.e. cytoplasmic incompatibility male
gueens and the associated male clonality, is not idudédlling and feminisation), can explain the maintecawf the
by Wolbachia neither by any of the four other bacteria in sexual nests better than in clonal nests.
endosymbiotic bacteria screened in the present study. First, cytoplasmic incompatibility is the most
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&5 L. humile (AF 546756)
L. humile (AY 446992)

A. octospinosus (AF 472557)
B w. auropunctata BR1

5| s, invicta (AF 243435)

100 W. auropunctata BR1

61 A. echinatior (AF 472558)

A. insinuator (AF 472559)

59 S. daguerrei (AY 878104)
91 {

S. daguerrei (AY 878099)

e W. auropunctata BR2
100

Supergroup A 31 W. auropunctata BR3

F. truncatum (AF 326978)
S. daguerrei (AY 878100)
| S. richteri (AY 755414)

S. invicta (AF217722)
S. daguerrei (AY 878107)

Supergroup B
52

S. daguerrei (AY 878101)

A. octospinosus (AF 472561)

W. auropunctata FG (1,2,3,4,5,6,7,2,10) ;s CR2; FL3; VA1; AU1

A. echinatior (AF 472564)

a9

[A. octospinosus (AF 472565)

A. octospinosus (AF 472562)

. humile (AY 446990)

L
ssi L. humile (AY 446983)

B. malayi (ST-35)

Figure 1: NJ tree based on thevsp nucleotide alignment of the differentWolbachiastrains infecting native and
introduced populations of W. auropunctata Note: EachWolbachiasequence is labelled with the name of its host
species (GenBank Accession number is indicated in pesis). Only bootstrap values (computed from 1,000
replicates) of nodes are figured for values > B@®tbachiastrains found in individuals from clonal populatioms @
grey characters. Strains underlined were used fthiduanalyses using the MLST approach (see text for detegls).
Note that the two different strains found in BR1 wéoend in different nests from the same population BR1

prevalent phenotypic effect induced Wyolbachia bacteria (data not shown) and there is no precedent f
from the super group A and B (Stouthans¢ral. these two Wolbachiainduced phenotypes in any
1999) In the case oW. auropunctatacytoplasmic hymenopteran. Finallyolbachiawas recently found to
incompatibility would lead to the same outcome otve obligatory for oogenesis in the hymenopteran genus
the transmission of the bacteria in both sexually antisobara (Dedeine et al. 2001). In the case ofN.
clonally reproducing queens (i.e. no improvemerduropunctata sex, and hence oogenesis also occur in
of transmission within the sexual nests compared Wolbachiafree clonal queens which use sexual
clonal ones) and therefore would not explain whyeproduction for worker offspring  production.
Wolbachia is favoured in sexual populations.Furthermore, some clonal queens producing their gyne
Second, male Killing or feminisation inductionoffspring through automictic parthenogenesis (i.ehwit
seems unlikely to occur M. auropunctatalndeed, meiosis) were found to be infected by the same
classical arrhenotokous males from sexudlolbachia strain than the one found in most of
populations were found to be infected by the
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sexually reproducing queens. The induction oéxperimental purposes. Classically these treatments
oogenesis is therefore also unlikely to explain theequire rearing hosts’ larvae at 33°C to 35 °C faw fe
infection pattern observed iW. auropunctata days to several generations (Wright & Wong 1980, Van
populations. Opijnen & Breeuwer 1999). While in primary forests
The stricking association between thahese temperatures are seldom reached, they are
breeding system and the infection status ofommonly surpassed in human-modified habitats
individuals within nests might rather results fromoccupied by clonal populations (Orivelt al. 2009).
ecological / environmental confounding effects thatynder this scenario, the loss ®fblbachia in most
differentiate sexual and clonal populations otheintroduced populations diV. auropunctatds consistent
than their breeding system itself. In particularwith predictions of the enemy-release hypothesis
reproductive system is strongly associated to th@orchin et al. 2003). Assuming thatVolbachiainduces
invasive status ofV. auropunctatgFoucaudet al. physiological costs to infected individuals in sexual
2009). The loss of endosymbiotic bacteria ipopulations (e.g. reduction of fecundity, adult suaVi
invasive populations is common in ant specieand locomotor performance; Fleurgt al. 2000;
(Shoemakeet al. 2000; Tsutsuet al. 2003; Reuter Wenseleers®t al. 2002; but see Bouwma & Shoemaker
et al. 2005) and several hypotheses were propose®11), the loss ofWolbachiathis might in part explains
to explain this loss: iWolbachiacan be eliminated the success of Wolbachiafree invasive clonal
through drift during introduction if all founders populations compared to their ancestral sexual reftiv
were un-infected. ii)Wolbachia can be lost in (Orivel et al.2009).
invasive populations after the introduction through A second hypothesis is th&tblbachia might
drift or selection. In the case &Y. auropunctata have been lost in clonal populations through selectio
we consider both of these explanations to beelaxation and/or counter-selection against infected
unlikely because invasive clonal populations havidividuals. Recent studies suggest thafblbachia
recurrently emerged from sexual populationgrotect their Drosophila hosts against RNA viruses
(Foucaudet al. 2007) and none of all the sexually(Hedgeset al. 2008, Teixeiraet al. 2008), and might
reproducing queen were found to\Welbachia-free promote up regulation of immunity-gene expression in
suggesting that the emergence of uninfected sexuabsquitoes thus reducing their loadsPtdismodiumand
populations may be extremely rare. Furthermordilarial nematodes (Kambriset al. 2009, 2010).
the prevalence within populations and within nestédditionally, although no direct evidence exists, some
was found to be fixed in all sexual populationsorrelations between infection status and prevaleiice o
suggesting that vertical transmission\Wblbachia virulent RNA viruses withinSolenopsis invictawild
is almost if not perfect. It is therefore unlikely tha nests suggested thatolbachia might also play this
Wolbachia could have been lost in invasivedefensive role in ant species (Valles & Hashimoto 2009
population through the unique mean of driftYanget al.2010). In the case d&W.auropunctatasexual
Interestingly, the invasive status\W auropunctata populations are established in primary forests in which
population was found to be strongly associated withiotic pressures are likely to be more important than
an important habitat change (Foucatdal. 2009). those undergone by clonal populations established in
We here propose two non-exclusive alternativeuman perturbed areas (see Origell. 2009). In such
hypotheses based on ecological features relative ¢ase, one might expect that while the defensive
this habitat change to explain the infection patterd/olbachiastrains are selectively maintained in sexual
in W. auropunctatgopulations. populations, despite a probable physiological cost the
Clonal populations might have lostdecrease in biotic pressure in human-modified habitat
Wolbachiaby natural heat treatment. Indeed, whilevould lead to the loss dfVolbachiathrough selection
non-invasive sexual populations are established nelaxation and/or through selection. Furthermore, if
primary forests, clonal populations settle in humak\Volbachia promote protection against pathogens, all
perturbed areas. In this respect, Origehl. (2009) individuals from infected nests including sterile wengk
reported clear abiotic differences in habitatgonsidered as dead-end hosts are expected to be #most
occupied by both types of populations. Humannot all infected. Interestingly, all workers withinxsel
modified habitats invaded by clonal populations araests were found to be infected; a pattern contrasting
hotter and drier than the primary forests. Moreovewith the expected low prevalence of the bacterithia
Foucaudet al. (submitted) have shown that clonaldead-end sterile host offspring.
populations are adapted to these abiotic conditions Despite this strong association between the
allowing workers to tolerate temperatures as high dseeding system and the infection status of individuals,
36°C while the mortality rate in workers fromsome rare clonal nests were found to be infected &y th
sexual populations reach near 40% at thigolbachia Interestingly, infected clonal nests from the
temperature. Furthermor&yolbachiais known to native area (i.e. BR3 and BR4 in Brazil; Table pw@re
be sensitive to hot temperature and heat treatmetfitsind in some particular habitats. Both Brazilian sest
are commonly used to remove it from hosts fowere sampled in
recently abandoned plantations where all humgpmeculiar sites, environmental conditions are different
activity was stopped since at least 10 years. In thofem those of the typical habitat where clonal
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populations are usually found and rather woulgharthenogenesis in this species is under a genetic
approximate to those found in native forestsleterminism (Foucauet al 2006). The infection pattern
habitats (data not shown). This result strengthertd Wolbachiain wild populations ofW. auropunctata
the idea that environmental / ecological effects magchoes with previous studies revealing a loss of
drive the infection status of individuals ofWolbachiain invasive populations (e.g. Shoemacker
W.auropunctats nests. al. 2000; Tsuitsuet al. 2003; Reuteet al. 2005; Yanget
Several infected individuals were alsoal. 2010). The most likely explanation is that this loss
found in some introduced populations established mesulted from a shift in habitat of invasive populaso
Florida, Australia and in the Vanuatu Islands, all ofhrough natural heat treatment and / or selection
them being infected by the same strain (SinvA). relaxation. This latter hypothesis assuming both a
It was recently reported that Australia and Vanuatdefensive effect and/or a physiological cost indulogd
Islands were characterised by the same singidolbachiain sexual populations, it would be of interest
maternal clonal genotype and therefore mogb experimentally verify those hypothetical phenatyp
probably originated from the same unknown sourceffects in the most commowolbachiastrain found in
population (Foucauckt al. 2010). This result is sexual populations. Finally we found that invasive
strengthens by the fact that these populations shayepulations harbour the same strain than those infectin
the same mitochondrial haplotype (Rest al. other invasive ant species. This suggests that these
submitted). In the latter study, Florida was als@opulations have undergone a secondary infection and
found to share the same mitochondrial haplotyp&ence reinforces the view that horizontal transmission
Furthermore, the maternal clonal microsatellitéVobalchiamay be possible in ants.
genotypes in the Floridian populations are closely
related to the genotype characterizing the oceani&/ACKNOWLEDGEMENT
populations (i.e. Australia, Vanuatu Islands,
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[I. Article 2: Meiotic recombination dramatically decreased in thelytokous queens of the

little fire ant and their sexually produced workers
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Abstract

The little ®re antVasmannia auropunctatdisplays a peculiar breeding system polymorphism. Classical haplo-
sexual reproduction between reproductive individuals occurs in some populations, whereas, in others, queens*f®
reproduce clonally. Workers are produced sexually and are sterile in both clonal and sexual populations. The evolutior
fate of the clonal lineages depends strongly on the underlying mechanisms allowing reproductive individuals to transr
their genomes to subsequent generations. We used several queen-offspring data sets to estimate the rate of transition f
heterozygosity to homozygosity associated with recombination events at 33 microsatellite loci in thelytokou
parthenogenetic queen lineages and compared these rates with theoretical expectations under various parthenogen
mechanisms. We then used sexually produced worker families to de®ne linkage groups for these 33 loci and to com|
meiotic recombination rates in sexual and parthenogenetic queens. Our results demonstrate that queens from clor
populations reproduce by automictic parthenogenesis with central fusion. These same parthenogenetic queens prod
normally segregating meiotic oocytes for workers, which display much lower rates of recombination (by a factor of 4
than workers produced by sexual queens. These low recombination rates also concern the parthenogenetic productiol
queen offspring, as indicated by the very low rates of transition from heterozygosity to homozygosity observed (from 0%
2.8%). We suggest that the combination of automixis with central fusion and a major decrease in recombination rat
allows clonal queens to bene®t from thelytoky while avoiding the potential inbreeding depression resulting from the loss
heterozygosity during automixis. In sterile workers, the strong decrease of recombination rates may also facilitate
conservation over time of some coadapted allelic interactions within chromosomes that might confer an adaptiv
advantage in habitats disturbed by human activity, where clonal populatnausbpunctatare mostly found.

Key wordsparthenogenesis, thelytoky, recombination, inbreeding, biological iMeasioannia auropunctata
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Introduction 1993and Barton and Charlesworth 1R9Bowever, the

The ubiquitous nature of sexual reproduction in the tree of0rt-term advantages of sexual reproduction remain a mat-

life is a key question that is addressed by evolutionaf§" Of debate, and asexuality appears to emerge easily and

biologists but not yet resolved. Sexually produced iradvid independently from sexual lineag&sifn et al. 20nFhere

need both a mother and a father, so sexual offspring are co'ﬁ—bOth theoretical and empirical evidence to suggest that, in

: - o speci®c conditions, asexual populations displace related sex
sidered to suffer from the ~2-fold cost of meiddzs/nard ual populations in the short terf@ifrger 199%eiman and

Smith 197)1 Several theoretical models have been proposgc nksvayer 20{8offmann et al. 208The most direct line

to highlight the potential evolutionary bene®ts coutierac of argument in favor of asexual lineages is demographic, as
ing this cost of requiring two parents. These models haw,ch lineages are not subject to the 2-fold cost of meiosis. |
generated about 20 hypotheses accounting for the long-terather words, two parthenogens produce two offspring at the
advantage of sexual reproduction (review&aimirashov ~ same time as a male and a female produce just one. However,

© The Author 2011. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, |
e-mail: journals.permissions@oup.com
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Fa. 1. Hypothetical cytological mechanism of parthenogenesis in queens displaying the ability to use parthenogenesis conditionally for 1
production of gynes and sexual reproduction for the production of workeXk.the (queen lineage is automictic, and there is only one
meiotic process for producing oocytes, which then either fuse together to generate parthenogenetic gynes or are fertilized by male gamete
the sexual production of workers. In (B), the queen lineage is apomictic, and the cytological mechanism of queen parthenogenesi
independent of the meiosis used to generate oocytes for fertilization by male gametes.

asexuality may also have other evolutionary advantagesciyiological mechanism underlying automixis described
arelatively uniform environment with few biotic intesasti ~ above, the offspring displays a partial, or total loss of
asexuality facilitates the conservation of favorabktedd heterozygosity, which may lead to inbreeding depression
allelic interactions over tim&urger 199Neiman and  (Engelst&dter 200Bhere is a peculiar mode of automictic
Linksvayer 200)6whereas sexual reproduction breaks upparthenogenesis, the premeiotic doubling mechanism,
both interchromosomal (i.e., via segregation) and mtrach which preserves overall heterozygosity in the resulting off-
mosomal (i.e., via recombination) allelic associatiegs. Tspring. In this case, a premeiotic doubling of chromosomes
advantage applies to strictly asexual lineages, butigsexuas achieved through endomitosis, and the number of chro-
occurs in highly diverse forms. mosomes is subsequently reduced through meiosis. During
Thelytokous parthenogenesis (i.e., thelytoky) is théme ®rst division of meiosis, all chromosomes pair with their
development of a female individual from an unfertilizedyenetically identical counterpart eliminating the effect of re-
egg. Two main types of thelytoky, de®ned cytologicallgpmbination during pairing. As a result, the four resulting
are recognized (Suomalainen 19%8uimmalainen 1962  daughter cells are diploids and all identical to the mother
ameiotic (i.e., apomictic) and meiotic (i.e., automictic)cell (i.e., overall heterozygosity is preserved baring mutations
Apomictic thelytoky generates offspring that are strictlyand gene conversions). As for apomixy, the mechanism of
genetically identical to the parent (barring mutationspremeiotic doubling only gives rise to diploid gametes
and gene conversions), thus maintaining overall levels afid was described in species were females solely reproduce
heterozygosity. By contrast, meiosis, and hence recombinader parthenogenesis (d.grhivuo and Saura 2006tes
tion, occur in automictic thelytoky. A process for restoringet al. 201)) Because of its similarities with apomixis with re-
diploidy in the resulting reduced oocytes is thereforepect to genomic outcomes (i.e., diploid resulting oocytes,
required. Two such processes are known, each with diff@reservation of overall heterozygosity), this peculiar mode
ent genetic consequences. First, diploid restoratioof automictic parthenogenesis was classi®ed as a speci®c
through gamete duplication leads to the complete lossase of apomixy in some studiesn(Wilgenburg et al.
of heterozygosity, thus erasing genetic diversity in th200§. We will hence hereafter use the term “apomixy" to
resulting offspring. There are only a few known examplesfer to both standard apomictic parthenogenesis (ke., mi
of this mechanism in nature, generally in insects, and iotic parthenogenesis) and premeiotic doubling.
most cases, this situation has been shown to result from In some species, reproductive modes are a combination
manipulation by endosymbiotic bacteria, such a®fboth sexual and parthenogenetic reproduction. In social
Wolbachiale.g.,Stouthamer and Kazmer 19&bttlieb insects, males are classically haploid and develop from
et al. 200R Second, diploidy may also be restored bywnfertilized reduced oocytes through arrhenotokous
the fusion of two reduced oocytes. If both oocytes arisparthenogenesis, whereas diploid females are produced
from the same nucleus (i.e., terminal fusion), global hetersexually Grozier and Pamilo 1996here is generally
zygosity is lost throughout the genome. However, recona reproductive cast (i.e., queens and males) responsible
bination events during the ®rst meiotic division mayfor reproduction, whereas the workers share the tasks
conserve some heterozygosity, particularly for loci far fromecessary for the maintenance of populations. Automictic
chromosomal centromeres. If oocytes from different nucléielytoky with central fusion has recently been demon-
fuse (i.e., central fusion), overall heterozygosity should steated in some individuals from three different social
conserved, except at loci far from the centromeres, whidhsect species. In the @ataglyphis cursaueens take
are affected by recombinatiobg( 1\ Regardless of the advantage of the caste organization to bene®t from the
-62 -
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advantages of both sexual and asexual reproduction The underlying mechanism of thelytoky/iauropunctata
(Pearcy et al. 20(2006). Queens make use of automicticqueens has yet to be demonstrated convincingly. In arecent
thelytoky with central fusion to produce female reproducstudy,Foucaud, Estoup, et @009 observed a limited
tive individuals (i.e., gynes), thus increasing the transmisimber of transitions from heterozygosity to homozy-
sion of their own genes to production of the ““germline'osity during female thelytoky. However, it was not possi-
lineage, whereas they use sexual reproduction to produbte, based on the results of this study, to discriminate
workers, thereby increasing the genetic diversity of the *“dmtween apomixis with few gene conversion events and
matic" lineageCataglyphis cursgueen lineages would be automixis with central fusion associated with a loss of re-
expected to suffer a progressive loss of heterozygosity, dumenbination, as described in Cape honeybee workers. The
to the frequent recombination events associated with augenomic consequences of these two mechanisms may
tomictic thelytoky with central fusidhearcy et al. (2004 differ considerably in the sexually produced worker off-
2006) argued that the maintenance of populations ovespring. Under apomixis (and premeiotic doubling), the pro-
time implies the continual replacement of queens by sexduction of diploid unfertilized eggs destined to develop
ually produced parthenogenetic queens or nonsterile worlato gynes would be independent of the production of hap-
ers (i.e., pseudoqueens). In the Cape honefpise, loid oocytes destined to be fertilized for the production of
mellifera capensipseudoqueens produce new queensworkers ©g. B). By contrast, if automixis occurs, oocytes
by automictic thelytoky with central fusiohe(ma and  destined to develop into queens (fusion of two maternal
Ruttner 1983 Baudry et al. (200demonstrated a genet- oocytes) or workers (fertilization of oocytes by sperm)
ically controlled mechanism for reducing the frequency ahay follow the same process of meiotic division. In partic-
recombination events during pseudoqueen meiosis. Thigar, oocytes with different fates might originate from the
process avoids the loss of heterozygosity resulting fropame ®rst meiotic division, during which potential meiotic
thelytoky with central fusion automixis and is thoughtrecombination events occ@®d. 1} In this case, sexually
to provide pseudoqueens with a means of limiting inbreedsroduced workers hatching from eggs laid by clonal queens
ing depression in the resulting queen offspring. A similavould be expected to display a very low recombining
genetically controlled mechanism for reducing the reconmaternal genome.
bination associated with thelytoky has been suggested in In this study, we ®rst characterized the underlying mech-
the ponerine anPlatythyrea punctatieliner and Heinze anism of thelytoky . auropunctatelonal queens by 1)
201). comparing global and locus-by-locus patterns of heterozy-

Thelytoky has also been demonstrated for queens of sorgesity in both clonal and sexual queens and 2) by directly
native and all invasive populations of the little ®ré\as; analyzing the rate of heterozygosity to homozygosity tran-
mannia auropunctai@ournier, Estoup, et al. 20@fucaud  sition at 33 microsatellite loci in female reproductive
et al. 2007Foucaud, Estoup, et al. J0TBese populations offspring of clonal queens. We then investigated the poten-
(hereatfter referred to as “clonal’ for the sake of syripticit ~ tial decrease in recombination rate in sexually produced
caud et al. 20)7are found almost exclusively in ecologicalworkers hatching from eggs laid by clonal queens. We
environments disturbed by human activity (e.g., plar#tatio did this by comparing recombination rates between these
open quarry). Molecular studies have indicated that thes&3 microsatellite loci in workers produced by both clonally
populations probably emerge recurrently from populationgnd sexually reproducing queens. We found several lines of
displaying classical sexual haplo-diploid reprodiieaf-  evidence to suggest that clonal queens use automictic
ter referred to as “sexuatiucaud et al. 200Wnlike clonal  thelytokous parthenogenesis with central fusion combined
populations, sexual populations are found principally- in p with low recombination rates. Consistent with this ®nding,
mary forests. The speci®c ecological features of cleral pope demonstrated that clonal queens produced meiotic
lations, differentiating them from sexual populatiogpgesti  oocytes for the generation of sexually produced workers
that clonality may play a major role in the invasive pdtehtia with dramatically low levels of recombination. These ®nd-
W. auropunctat@opulations Foucaud, Orivel, et al. 2009 ings have evolutionary consequences for both queens and
2010 Orivel et al. 2009As inC. curserthe clonal queens workers, in the particular ecological context of invasive
of W. auropunctataise thelytoky and sexual reproduction clonal populations of the little ®re ant.
in a conditional manner, to produce gynes and workers,
respectivel\W. auropunctates unusual among thelytokous I\ﬂaterials and Methods
species, in that queen thelytoky is closely associated wit
androgenesis (i.e., the production of haploid song &tgel ~~ Sampling, Experimental Set-Up, and Microsatellite
tical to their father baring mutatiosurnier, Estoup, et al. Genotyping
2005 Foucaud, Estoup, et al. 2008oreover, contrary to  In 2008 and 2009, we sampled 4 sexual and 10 clonal pop-
other species in which queens reproduce by thelytoky, udations ofV. auropunctata the native range (i.e., French
mated queens &F. auropunctatérrespectively to their re- Guiana) and from various locations within the area of
productive system) were found to be unable to lay viable eggstroduction (i.e., New Caledonia, Israel, Floalda; ).
(Foucaud, Estoup, et al. J0Bence, the production of par- Previous investigations had precisely determined the repro-
thenogenetic eggs by clonal queens seems strictly dépenddactive system (i.e., clonal or sexual) of all the sampled
on the fertilization process. populationsftoucaud, Orivel, et al. 20®1(). Ten clonal
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Table 1.Sampling Sites and Reproductive Systems of the Callestadinnia auropuncta®opulations.
Geographical coordinates

Reproductive system Range Country Site name X y Number of lineages
Sexual Native French Guiana M1 +52.980300 5.067717 2
Sexual Native French Guiana M3 +52.950000 5.022817 5
Sexual Native French Guiana M7 +52.974967 5.049300 1
Sexual Native French Guiana Pi32 +52.959967 5.048367 1
Total 9
Clonal Native French Guiana Cay +52.213234 4.485450 1
Clonal Native French Guiana RN +52.917417 5.270533 1
Clonal Native French Guiana Ker +53.045750 5.071333 1
Clonal Native French Guiana M3 C +52.949967 5.041300 1
Clonal Native French Guiana M6 C +52.973950 5.048650 1
Clonal Native French Guiana P2 +52.917800 5.287783 1
Clonal Native French Guiana P3 +52.914833 5.291750 1
Clonal Introduced USA (Florida) Orl +81.352333 28.590000 1
Clonal Introduced Israel Hz 32.174577 34.834464 1
Clonal Introduced New Caledonia Mp +20.587833 164.821333 1
Total 10

NoteBThe number of analyzed monogyne families per site is indicated in the last column. Note that our experiment initially started from 33 sexual and 23 clonal lineage
many of queens died before laying enough worker offspring for genetic analysis.

and 9 sexual fertilized queens originating from the samplesthd much less frequently. We therefore looked for indirect
clonal and sexual populations were isolated in the labor&vidence about the underlying mechanisms of thelytoky, by
tory, together with 50 workers each from the same popuanalyzing three different microsatellite data sets.
lations. These ants were placed in individual monogynous First, the most striking contrast between apomixis and
arti®cial nests consisting of 80.5 cm boxes (height automixis is that meiotic recombination events lead to
diameter). Microsatellite genotyping showed that each ma gradual loss of heterozygosity over generations in auto-
nogyne lineage was composed by different queen and matectic lineages, whereas heterozygosity is maintained and
genotypes and were hence genetically different. These @y even increase through the accumulation of mutations
monogyne lineages (i.e., families) were housed in a wakk-apomictic lineages$omalainen 1962We therefore
in climatic chamber at a constant temperature 6€25 compared global and locus-by-locus heterozygosities at
with 70% relative humidity and a 12:12 h (light:darkB3 microsatellite loci in the 10 clonal and 9 sexual queens
photoperiod. They were fed ad libitum with a honeyzof our monogynous nests reared in the laboratory. A non-
yeasttwater solution algbhestiaggs throughout the ex- parametric ManntWhitneytest was carried out to assess
periment. For each of the 19 families, we collected 48 nevihye signi®cances of differences in mean individual hetero-
produced workers at the last pupal stage, after at least Aygosity between clonal and sexual queens.
weeks, to ensure that these workers were produced by the Second, as meiotic recombination does occur in auto-
focal queens. Workers were stored in 95% ethanol, amdictic thelytoky, transitions from heterozygosity to homo-
DNA was extracted for each of the 912 newly producedygosity would be expected to occur frequently in the gyne
workers and their parents (i.e., queens and fathers), accoddffspring of a given queen. By contrast, heterozygosity in
ing to a Chelex-based protodatioup et al. 19Rdndi- newly produced gynes would be expected to be retained
vidual genotypes for each worker were obtained for 3®llowing rare gene conversion events in apomictic thely-
microsatellite markers-durnier, Foucaud, et al. 2005 toky. We extended the individual multilocus genotypes ob-
Almany et al. 2009Polymerase chain reaction productstained for 38 F1 gynes and their respective mothers from
were separated on an ABI 3130 DNA sequencer (Applidioe various clonal lineagesy 8) studied byFoucaud,
Biosystems). Genetics pro®les were analyzed with Gestoup, et al. (200%y genotyping 21 new microsatellite
Mapper software version 4.0. (Applied Biosystems).  markersAlmany et al. 2009giving a total of 33 analyzed

loci. We also produced two entirely new queen-gyne data
Indirect Evidence for the Underlying Mechanism ofsets, each for 96 gynes produced by a clonal queen sampled
Thelytoky in Israel (both queens originated from the same clonal lin-
Traditionally, cytological methods have been applied to digage). Genotypes from individuals displaying homozygosity
sected mature ovaries to demonstrate directly the mode @b maternal heterozygote loci were replicated twice (i.e.,
thelytoky (i.e., apomixis vs. automixis and mechanigm of ditwo independent DNA extractions and two independent
loidy restorationyerma and Ruttner 198®nfortunately, — genotyping procedures) to ensure that homozygosity at
such methods cannot be usedNh auropunctathecause the concerned loci were not due to genotyping error. Mean
unmated clonal queens of this species cannot lay viable eggsd single-locus rates of transition from heterozygosity to
Furthermore, once they are mated, queens predominantly lagmozygosity were estimated directly from these queen-
fertilized eggs generating sexually produced workgilayThe gyne data sets and compared with theoretical expectations
parthenogenetic eggs for queen production unpredictablfor each mechanism of thelytoky.
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Third, as the observed transition rate turned out to beof acetic acid, ethanol, and distilled water. Slides aweeel st
very low in F1 gyne offspring (see Results), we analyzedwdth DAPI (i.e.#6B-diamidino-2-phenylindole) and observed
additional data set, in which we investigated the pattern ofinder a Zeiss A1 microscope (Zeiss S.A.S., Le Pecq, France).
transition event accumulation on linkage groups over sevmages were acquired, and the number of chromosomes was
eral generations in a populational sample of queens. Thisunted with Genus Software (Applied Imaging, Genetixn
multigenerational pattern of transition events on linkagegQueesway, United Kingdom).
groups has the potential to inform on the parthenogenetic
mode characterizingV. auropunctataclonal queens. Mapping of Microsatellite Loci
Under apomixis, transitions to homozygosity result fronThe 33 microsatellite loci studied were mapped based
gene conversion or mutational alteration. In this case, @n the microsatellite genotypes obtained from worker
is expected that, for a given maternal linkage group, a trafamilies produced by queens from sexual populations.
sition event to homozygosity will affect a unique marker ofVhen maternal and paternal genotypes were not obtained
the group without altering heterozygosity at the neighbordirectly, they were deduced indirectly from the genotypes
ing markers. By contrast, under automixis, transition event§ the workers. This inference is straightforward in
to homozygosity are more likely to result from recombina¥V. auropunctatas the queens are monoandrous (i.e., each
tion events. When such a recombination event occurgueen mates only oné¢egyucaud, Estoup, et al. 20Qhce
between the centromere and a given linkage group, seveddll detectable mistyping errors had been ruled out and
if not all markers of the group are likely to transit fromthe few mutations observed in worker genotypes had been
heterozygosity to homozygosity simultaneously. Undeliscarded from the data set, we tested for distorted
automixis, one might therefore expect an excess of nonisegregation at each locus, in each family, by performing
dependent cotransitions to homozygosity over indepenv? tests. In the absence of distorted segregation, the two
dent single locus transitions for loci located within thematernal alleles should be even distributed among workers.
same linkage group. We therefore analyzed the microsat®€he number of signi®camf (at the 0.05 threshold)
lite genotypes of 105 queens and gynes collected at diffebserved for all sexual families was compared with the
ent locations in the ®eld for an invasive clonal populatiodistribution of the number of signi®cafitobtained by
present in New Caledonia since about 197@cgud et al.  simulating the same number of families with the same
2009. All these queens were known to originate fromnumber of genotyped workers (as in the observed data
a well-known single clonal lineage (i.e., the QO clonal linget) and assuming no segregation distortion. We simulated
agejFoucaud et al. 200Q6naking it easy to identify tran- data for 10 million families with a custom-developed
sition events. Allindividuals were genotyped at the same @mputer program for calculating the probability that
microsatellite loci, and we focused our analysis of transitiaghe observed number of signi®oantould be obtained
events on groups of microsatellite loci found to belong tdy chance, without segregation distortion. We tested for
the same linkage groupd/ih auropunctatésee Mapping  differences in segregation distortion between clonal and
of Microsatellite Loci). sexual lineages for 27 of the 33 loci studied (6 loci were

homozygous in all clonal lineages), using a Wilcoxon
Analysis of Recombination Rates Based on Workegigned-rank test.
Families We established linkage groups in our microsatellite loci at
Cytological Analysis a two-point logarithm of odds (LOD) score threshold of 3.0,
Analyses of mitochondrial DNA and microsatellite markengsing the Carthagene software ““group” optiernG{vry
indicated that queens (or males) did not cluster accordingt al. 2006 As the phase of the alleles was unknown, we
to their reproduction system (i.e., clonal or sexual) and he expected there to be some bias when mapping loci in linkage
that sexual and clonal individuals did not correspond-to difgroups including more than three loci. We therefore inferred
ferent species or subspediesitaud et al. 200However,  the phase in each linkage group with more than two loci, as
we nonetheless analyzed mitotic metaphases from workdadlows. We ®rst identi®ed a central locus (i.e., linked to all
from a subset of populations (i.e., three sexual and falr clo other loci of the linkage group) by a two-point analysis. We
lineages), to identify potential differences in chromgosomthen arbitrarily assigned a code to each worker: A or H (cor-
number between populations with different reproductiveresponding to usual “"F2 backcross" data types in genetic
systems. Such differences might account, at least in partapping software), depending on the particular maternal
for differences in recombination pattern between clonaallele it displayed in each family. In parallel, we constructed
and sexual populations. Chromosome preparations weeetable in which, for each pair of linked loci, the number of
obtained from the cerebral ganglia of worker nymphs, agcombinant and parental types was calculated (the parental
described bymai et al. (1988but with the following mod-  type being the predominant association of two alleles at two
i®cations to the protocol. As the larvae of this speciesyare v loci). We then determined the phase of all linked loci, taking
small, we placed the entire body in a hypotonic colchicineito account the identi®ed parental and recombinant
citrate solution (0.005%). We made a small hole in the/orker types at the central locus. Several genetic maps were
cephalic capsule, allowing the colchicines solution ¢e penthen designed for each linkage group (from 3 to10, depend-
trate into the brain. Two hours later, the brain was exdracte ing on the number of loci constituting the group) using the
dissociated directly on a slide, and ®xed in a seriesaisolut Build option of Carthagene software. Maps displaying the
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maximum likelihood were eventually selected and genomidowever, our mapping results demonstrated that these six
distances between loci were estimated. loci belonged to ®ve different linkage groups (see below).
'rd, in conditions of apomixis, episodic transitions to

Comparison of Recombination Rates in Sexual and Clcﬁmm , it resulting from mutafians and/or gen .
Queen Lineages omozygosity resulting from mutations ana/or gene con-

The rates of recombination between each pair ofrjoci (versmn might be expected. However, it is unlikely that such

. events would occur recurrently, at the same six loci, in dif-
were calculated as the total number of recombinantworkef, . 0o lineages. By contrast, in conditions of auto-
genotypes divided by the total numberof genotyped WOrKmixis with central fuéion recomb}nation events would
ers, based on a LOD score approach in multiple famlll%s '

oridinating from either clonal or sexual lineages e expected to lead to transitions to homozygosity for

\g/'Ve cor% ared recombination rates betwee?ﬁ séxual art | loci located far from the centromeres, whatever the or-
clonal Iinezfges for pairs of loci within each linkage grou' in of the clonal lineage. The observed pattern would thus
Three of the 28 microsatellite loci belonging to de®ne € easy to explain by a mechanism of automictic thelytoky

linkage arouns were homozvaous in all clonal linea |Sthe six homozygous loci were actually located at some
ge group i yg . g%lstance from the centromere.
and were therefore discarded from the comparative anal- . .
We detected very few single-locus transitions to homo-

ysis. We found thatestimates between some loci from , gosity in our various thelytokous queen-gyne offspring
d!fferentlmkagegroups m?‘pped In sc_axual Imeages_were Udta sets. The mean transition rate per locus ranged from
ni®cantly lower than 0.5 in clonal lineages. We includ ,

. . . : ) to 2.8%. The rate of homogenization during automixis
theser estimates in our comparative analysis, which was. h | fusion i d f in the ab
thus based on a total of 29 pairwisstimates calculated with central fusion Is expected to range from Qin the ab-
in both sexual and clonal lineages. We com des  Se€nce of recombination events to 1/3 in the presence of
for each pair of loci, usin Fishe?'s éxact testsp We correct§ ombination Rearcy et al. 2008ldroyd et al. 2008

pair ' 9 ' e observed pattern of transition rates is hence consistent
the 5% signi®cance threshold by the number of tests per- "

) o . with what would be expected under conditions of auto-
formed using the Benjamini and Hochberg false dlscoverw L . . .

S ixis with central fusion only if the number of recombina-
rate procedureBenjamini and Hochberg 1R9%e then . .
s . tion events is globally very small all over the genome.
calculated mean recombination rat¢#(clonal and sex-

ual lineages. We assessed the signi®cance of difference iy ne small number of transition events observed in the

in . : .
between clonal and sexual lineages, with a non aramet%geen-gyne offspring data sets concerned unlinked loci.
ges, P e were therefore unable to check for the occurrence of

MannWhitneyJ test. cotransitions for loci from the same linkage group in these
data sets. Such cotransitions would be expected to occur
Results with automixis, but not with apomixis with episodic gene

conversion events. Only when we analyzed our multigener-

Mechanism Underlying Queen Thelytoky ational population data set including data for 105 reproduc-
The thelytokous queens of our experimental lineages ditve females from New Caledonia did we ®nd a clear excess of
played a signi®cantly lower level of heterozygosityxhah se nonindependent cotransitions to homozygonrity 8/10)
queens (meaf,,5 0.55and0.80, respectiwBy9 10, over independent single-locus transitios 2/10) for loci
Supplementary table,Supplementary Mater@iline). Lo-  belonging to the same linkage grabippplementary Table
cus-by-locus analysis revealed that the observed lehar lev S2 Supplementary Materiailine).
heterozygosity was accounted for mostly by six loci tleat wer
homozygous in all clonal queens but heterozygous in mostGomparison of Recombination Rates in Sexual and
not all sexual queer(pplementary table,Stipplementary ~ Clonal Queen Lineages
Materiabnline). By contrast, none of the 33 loci was found tdNVe found that 28 of the 33 microsatellite loci genotyped in
be homozygous in all sexual populations. worker families produced in sexual queen lineages were dis-

There are several possible reasons for such a large gdersed over 11 different linkage gro@gs R The ®ve re-
crease in heterozygosity at the same six loci in all clonalaining loci displayed no signi®cant linkage and could not,
lineages. First, clonal lineages may originate from the satherefore, be mapped. We compared recombination rates
common ancestor, which was homozygous at these six looetween the 29 pairs of loci estimated from worker families
In this case, all clonal lineages would be expected to hapeoduced in either clonal or sexual queen linetdes £
the same allele at a given locus. The high degree of alledig. . No recombination events were detected in worker
diversity between clonal lineages observed for these six Iinilies produced by clonal queens, for 19 of the 29 pairs of
(from three to eight alleles per locus) does not support thisoci considered. The mean recombination rates were
hypothesis. Second, a lower level of heterozygosity mayp55% in clonal queens (ranging from 0% to 2.50%) and
result from selection or bottleneck events occurring durin@5.2% in sexual queens (ranging from 0.368% to 47.7%).
the transition from sexuality to clonality or during the The mean recombination rate was thus lower in clonal
establishment of clonal populations. Transition to homogueens, by a factor of 4580(e 3. Consistent with these
zygosity would not be expected to occur for the same &trikingly different patterns of recombination, several link-
microsatellite loci in all 10 clonal lineages under both evage groups that were considered independent in analyses
lutionary forces unless those 6 loci were genetically linkeaf. worker families from sexual queens were found to be
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He. 2.Linkage groups Wasmannia auropunctadaduced from families of workers from sexual lineages and estimates of recombination rates
for both sexual and clonal queen lineages. Recombination rates estimated from sexual queen lineages are shown on the right of linkage ¢
(red characters) whereas those estimated from clonal queen lineages are shown on the left (black characters). Kosambi distances betwee
inferred from sexual lineages, are shown in bold black characters within linkage groups. The names of microsatellite loci are shown in w
Microsatellite loci in yellow are homozygous in all clonal lineages analyzed, making it impossible to estimate the recombination rate for th
loci in these lineages. Other microsatellite loci did not display any signi®cant linkage.
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Table 2.Mean Recombination Ratesdnd Recombination Rates for Each Pair of Linked Maylestnjated from Workers Produced
Sexually in Clonal and Sexual Lineages.

Clonal Sexual
Locus 1 Locus 2 Nrecombinant N parental rc lod N recombinant N parental rs lod rc/rs  Pvalue
113 1176 0 172 0 51.777 45 255 15 35235 0 7.92E-10
1166 429 0 340 0 102.350 116 158 42336 1404 O 2.20E-16
1166 5152 5 293 1.678  78.678 136 183 42.633 1.509 0.039 2.20E-16
1166 813 1 47 2.083 12.338 138 175 44.089 0.952 0.047 4.10E-10
1166 815 0 324 0 97.534 61 190 24303 15.109 O 2.05E-01
lgam 716 0 360 0 108.371 1 92 1.075 25595 O 0.21
2164 749 0 388 0 116.800 120 186 39.216 3.116 O 2.20E-16
225 566 0 85 0 25.588 66 73 47.711 0.077 O 0.02
225 626 0 82 0 24.684 12 171 6.557 35.852 0 2.20E-16
275 225 0 87 0 26.190 107 127 45726 0372 O 2.20E-16
275 566 0 130 0 39.134 15 211 6.637 44.069 0 0.001503
275 626 0 213 0 64.119 78 109 41711 1121 O 2.20E-16
418 1164 2 418 0.476 120.922 37 297 11.078 50.045 0.043 6.72E-12
429 5152 5 345 1.429  93.979 1 271 0.368 79.012 3.883 0.24
429 813 1 45 2174  11.755 42 232 15.328 31508 0.142 2.20E-16
429 815 0 288 0 86.697 85 127 40.094 1819 O 2.20E-16
471 4139 1 180 0.552  51.796 74 233 24.104 18.782 0.023 1.14E-15
471 687 3 273 1.087 75.897 134 206 39.412 3.336 0.028 2.20E-16
5152 813 1 47 2.083  12.338 39 233 14.338 33.323 0.145 0.02
5152 815 5 241 2.033 63.444 106 146 42.063 1.385 0.048 2.20E-16
521 30 0 222 0 66.829 25 158 13.661 23.396 0 9.06E-10
566 626 0 81 0 24.383 59 84 41259 0954 O 1.23E-14
584 4139 0 136 0 40.940 10 258 3731 62134 0 0.02
584 471 0 118 0 35.522 63 200 23.954 16.287 O 7.84E-12
584 687 0 140 0 42.144 45 256 14950 35.466 O 2.23E-08
687 4139 0 196 0 59.002 54 294 15,517 39532 O 1.27E-11
730 113 0 171 0 51.476 22 332 6.215 70.769 0 2.34E-04
730 1176 0 185 0 55.691 70 287 19.608 30.734 O 1.81E-14
815 813 1 39 2,500 10.010 117 132 46.988 0.196 0.053 4.19E-09
Global rc5 0.555% rs5 25.161% rers5 45.335%

NoTeBr values for each pair of loci were compared using Fisher's exact test.

linked in analyses of worker families from clonal queer’&y). The segregation of our microsatellite loci during quee
(i.e., linkage groups 3 and 4, and linkage groups 5 andn@eiosis hence appeared similar in both clonal and sexual lin
®g. » eages, despite the large differences in recombinat@ngatt
The observed much lower rates of recombination in )
clonal than in sexual queen meiosis could not be accountddISCUSSION
for by differences in chromosome number between sexu
and clonal lineages. Our cytological analysis indeed
vealed thatV. auropunctataorkers had the same number . .
of chromosomes iP5 32) whether produced by clonally Wasmann_la auropunctat@roucaud et al. 2007like
or sexually reproducing queessifplementary fig. ,S1 Vollenhovia emer@hkawara et al. 200&nd C. cursor
Supplementary Materianline). There were therefore (Pearcy et al. 2002009, is one of the rare species of
no major cytological differences between clonal and sext3f Hymenoptera in which some queens are able to make
W. auropunctataopulations. cond_ltlonal use of both sexuality and the]ytoky in the pro-
Finally, we tested for an excess of meiotic segregation d#tction of workers and queens, respectively. In this study,
tortion in low recombining clonal lineages due to more wideWe obtained indirect evidence thel. auropunctata
spread hitchhiking effects in such lineages in compaitfson waueens from clonal populations give rise to gyne offspring
sexual ones. We found only a small percentage of signi®@céiit @ mechanism of automictic thelytokous parthenogen-
distortion segregation in the sexually produced worker offsis with central fusion. This is not in agreementvaith
spring from either clonal or sexual queen lineages. The prédtilgenburg et al. (200@ho classi®ed/. auropunctata
portion of observed signi®cantvalues in all tests was, queen parthenogenesis as apomictic (premeiotic doubling)
however, similar to the proportion expected in the absencbased on the ®rst study showing parthenogenesis in some
of distortion segregation, and the observed distorticer seg queens of this speciés(irnier, Estoup et al. 200%&uto-
gations were randomly distributed over loci and linehges. Tmixis with central fusion, also foundVin emeryand
proportion of signi®cant distortion segregation at the 0.0C. curserseems to be a common way for individuals to
level did not differ signi®cantly between workers froal clonuse both sexuality and thelytoky in the production of their
and sexual lineages (Wilcoxon signed-rarikGe8t93n 5 offspring. This mechanism appears to be the simplest

- 68 -

‘?belytoky and Loss of Recombination in
R(/J\/asmannia auropuncta@@ueens

2598



Loss of Recombination in Parthenogenetic Lineapé&40.1093/molbev/msr082

mechanism for transition from sexuality to parthenogenetataworker families produced in sexual queen lineages (i.e.,
sis, as it does not require major changes in the cytologichl groups of 2 or more markers) might seem at ®rst sight
mechanism of meiosdhwander and Crespi 20@onal  particularly low considering that only 33 microsatellite
queens produce meiotic oocytes, which may either fuse torarkers was used in this study. This might indicate that
gether for gyne production or be fertilized by male gameteggenomic recombination rates are already low in sexual
for the production of worker®(. A). gueens of this species. Unfortunately, the present data
Theoretically, automictic thelytoky with central fusionset has a too limited resolution (i.e., include a too small
leads to partial genetic homogenization in the newly pronumber of markers) to allow a robust comparison of
duced offspring, due to recombination events during meithe number and con®guration of linkage groups with pre-
osis. However, we found unexpectedly low rates ofious mapping studies conducted in other social insects.
transition from heterozygosity to homozygosity in thelyto- The decrease in recombination rat&¥.iauropunctata
kous queen lineages, con®rming, for a much larger data $leglytokous queen meiosis compared with their sexually
the low rates previously observe&tycaud, Estoup, etal. reproducing relatives seems to be much greater than that
(2009. A genetically controlled mechanism for decreasingeported for Cape honeybees (factor 46 vs. 10, re-
recombination, thereby limiting the transition to homozy-spectivelyBaudry et aR004. This extreme decrease in re-
gosity, has been demonstrated in the Cape honeybesgymbination rates is probably a response to particularly
whose orphaned workers (i.e., pseudoqueens) produs&ong selective pressure against recombination in queens
new queens via automictic thelytoky with central fusionduring the establishment and maintenance of clonal line-
(Moritz and Haberl 1998audry et al. 20p4Kellner  ages.
and Heinze (201pyovided indirect evidence of the exis- Decrease in meiotic recombination is expected to limit
tence ofasimilar mechanisminthe ponerinBgminctata  the negative effects of the loss of heterozygosity associated
In this study, we showed that workers produced sexually lwith automictic thelytoky with central fusion (particularly
thelytokous queens also displayed a much lower recombini@r genes far from the centromere). Theoretically, this loss
tionratethanworkers producedfrom sexualqueens (by afacof heterozygosity may lead to inbreeding depression, which
tor of about 45). Our results hence demonstrateWhat has been shown to have various negative effects on life his-
auropunctat@lonal queens produce meiotic oocytes withtory traits in many specieXdller and Waller 2002
normal chromosome segregation but with very low rate€harlesworth and Willis 200 some ant species, brood
of recombination during the ®rst meiotic division. These cyuality, queen life span, male quality, and, more generally,
tological features apply to gyne production, as the diploidolony survival are negatively affected by inbreeding de-
restoration system during automixis involves the fusion giression §chrempf et al. 2006aag-Liautard et al. 2009
reducedoocytes(i.e.,central fusion) that probably originatdmit seeThurin and Aron 2009Moreover, additional costs
from the same ®rst meiotic division procegsA). of inbreeding are likely in Hymenoptera due to the system
Baudry et al. (2004ygued that automictic thelytoky of single-locus complementary sex determination in this
and low recombination rates were probably controllecorder (fan Wilgenburg et al. 2Q0fsulting in individuals
by different genes in the Cape honeybee. We observed vegmozygous at the sex locus developing into nonviable or
low rates of recombination in ®ll. auropunctatalonal sterile malesPetters and Mettus 19&0ook 1992but see
lineages (genetically different according to our microsateGowan and Stahlhut 2004
lite data), whereas such low rates of recombination were The maintenance of heterozygosity through a large de-
not observed in any of the nine sexual queens from fouwrease in recombination ratevih auropunctatéhelyto-
genetically different populations studied. This suggesk®us queens would therefore be expected to increase the
that, inW. auropunctatahelytoky and the reduction of life time of clonal lineages.Gncursomo decrease in re-
recombination are two coadapted traits that have emergedombination has been observed in queens reproducing by
together, several times, in different lineages, during the evatomictic thelytokous parthenogenesis with central fu-
lutionary shift from sexuality to clonality. We therefore sugsion, and populations are thought to be maintained partly
gest that, inV. auropunctataboth traits are likely to be by a renewal of parthenogenetic lineages suffering from in-
genetically controlled by either the same gene(s) or bigreeding depressioRdarcy et al. 2004This renewal is
gene(s) close enough together to be ®xed jointly in varioashieved through both sexual events for gyne production
clonal lineages. It is also possible that selection pressamd the production of new queens from sexually produced
against transitions to homozygosity is particularly strongiorkers, by thelytokous parthenogend3isarCy et al.
in thelytokous queen lineages, resulting in rapid count€t004. By contrastyV. auropunctatavorkers are sterile
selection against clonal lineages not bearing the gene(s)both sexual and clonal populations, and although sexual

for low recombination rates. reproduction events to produce new queens do occur in
clonal populations, they are much rarer than parthenogen-

Evolutionary Consequences of Reducing esis events-pucaud et al. 200Boucaud, Estoup, et al.

Recombination Rates During Automixis 2009. Moreover, the presence within each clonal popula-

Given the high genomic recombination rates reported ition of a single maternal genome as well as a single paternal
others social insect§&ddau et al. 20pWVilfert et al.  genome reproducing through androgenesis would lead to
2007, the number of linkage groups fountMnauropunc-  the rapid increase of homozygosity for both gyne and
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worker offspring within such sexually produced lineagdbat develop into haploid males strictly identical to their
(Foucaud et al. 2006, 20ITthe large decrease in recom- father (i.e., the so-called male clonality reproductive
bination observed in clonal populationg\ofauropuncta-  system) is also still unresolved. We are currently leading
ta thus constitutes the only means by which this speciesome laboratory cross experiments between reproductives
can preserve clonal lineages over time. Consistent with tise., queens and males) originating from lineages character-
hypothesisylikheyev et al. (2008yggested that a partic- ized by different reproductive systems to clarify the respec-
ularW. auropunctatelonal lineage has been maintained intive role of the male and queen genetic contribution in this
Gabon (Africa) since the beginning of the last century. uncommon reproductive system.

In a lineage reproducing by automictic thelytoky with
central fusion associated with a large decrease in recomBitipplementary Material

nation, the most if not the entire genome is transmitted tOSuppIementary tabland®gurare available Molecular

the next generation and selection acts on the genome o . .
a whole. In a given stable environment, an emerging thagology and Evolutionline (ttp://www.mbe.oxfordjournals.

lytokous parthenogenetic lineage adapted to the environqrg/)‘
ment will conserve interactions of coadapted alleles ov

time (Maynard Smith 1978ynch 1988Burger 1999Con- %CknOWIedgmentS
sistent with this hypothesis, several authors have note@/e would like to thank Patrice David, Tatiana Giraud, and
that thelytoky often occurs in habitats in which biotic in- Fabrice Vavre for their comments on the manuscript and
teractions are limited, the diversity of biotic interactiongAshraf Tahey for support. We thank the ""Laboratoire En-
being a signi®cant element in environmental uncertaintyironnement de Petit Saut, Hydreco" and “"Centro de Pes-
(Lynch 1984 Wasmannia auropunctatdonal popula- quisas do Cacau" (CEPEC/CEPLAC) for allowing us to use
tions are found mostly in habitats disturbed by human actheir equipment and laboratory facilities. This work was
tivity, which often display fewer biotic interactions thansupported by a grant from the French " Mimiste I'Eco-
natural habitats\{/etterer and Porter 2003rivel et al.  logie et du Beeloppement Durabi®'for the ECOTROP
2009. Well-adapted thelytokous queens may thereforéall for proposals, awarded to A.E. and J.O. and a grant from
have an advantage over their sexual relatives in such ardadPq awarded to J.H.C.D. Some of the data analyzed here
Furthermore, in the sterile worker offspring with limitedwere generated at the molecular genetic analysis technical
recombination, lower rates of recombination during queeffacilities of the Environment and Biodiversity IFR119 at
meiosis may also preserve maternal allelic interactions, entpellier.

least on individual chromosomes. Although sterile, workers
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1. Article 3: Androgenesis in the little fire ant corresponds to a male genome

kidnapping by females rather than a male egg parasitism.
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Running title: Androgenesis Wasmannia auropunctata

ABSTRACT

Among the variety of modes of asexual reproductangrogenesis is probably the least studied and the most
puzzling. Androgenesis is the production of an offsprtontaining only the nuclear genome of the fatiger
male via the maternal eggs and their nutrient reseiMais hijacking of eggs often leads evolutionarydgts

to consider androgenesis as an “eggs parasitism” stréggyales. While populations of the little fire ant
Wasmannia auropunctatare generally characterized by a classical sexudb{tiploid reproduction mode, in
some populations androgenesis occurs in tight assatiattb queen parthenogenesis and workers are produced
via sexual reproduction. We conducted laboratoryprecal-crosses experiments involving reproductives from
both types of populations and analysed their reproguaffspring at 12 microsatellite markers and one
mitochondrial gene to decipher the role of males famdales in androgenesis. Our results demonstrate that
androgenesis ikV. auropunctataloes not correspond to an egg-parasitism strategyatgsrbut is rather under
the control of parthenogenetic queens, hence qonekng to a so called “male genome kidnapping’tstya by
females. We argue that this male genome kidnappinthamésm allows parthenogenetic females lineages to
increase their adaptive potential indirectly throwgixually produced workers, hence allowing them tsige
over a long time in changing environments.




INTRODUCTION 2007; 2010). In the single population Bf longicornis
studied so far a similar mating system was found
Parthenogenesis is a mechanism in which th@®earcy et al. 2011). It remains however unknown
offspring develop from unfertilized eggs, laid by awhether the whole species is only made up of such
virgin female, into females (thelytoky) or malespopulations. By contrast, Foucauét al. (2007)
(arrhenotoky; Suomalainen 1950). In strictdemonstrated that populations  displaying an
thelytokous parthenogenetic species, males aamdrogenesis-parthenogenesis system (hereafter referred
absent (e.g. Himleet al. 2009). Gynogenesis, andto as ‘clonal populations’ for the sake of simplicjty)
androgenesis are two other mechanisms that leadhtave recurrently emerged from classical haplo-diploid
the production of an offspring that contains thesexual populations (hereafter referred to as ‘sexual’)
genetic nuclear from only one parent, but diffewhereby females (i.e. queens and sterile workers)
from parthenogenesis in that two sexual partners adevelop from diploid fertilized eggs and males depelo
required for the development of the offspring. As &rom haploid unfertilized eggs (arrhenotoky).
result, one of the two sexual partners invests in the The emergence of a thelytoky mutation in a
mating without transmitting its nuclear genomesexual population theoretically reduces the male
Due to its use of sperm from heterospecific maleeproductive success to zero and potentially leatheo
for egg activation, gynogenesis is considered atinction of males (e.g. Himler et al. 2009). Foerret
“sperm parasitism” (Hughes 1989). Similarly, theal. (2005a) therefore argued that, \M. auropunctata
hijacking of eggs by males’ chromosomes duringndrogenesis emerged in males as a response face to
androgenesis often leads to consider this breedifgmale parthenogenesis, to preserve their reproductive
system as “egg parasitism” (Hedtlk¢ al 2008). success. The same authors also suggested that
Androgenesis has been identified as the main forandrogenesis might involve a maternal genome
of reproduction in very few species from fourelimination of diploid eggs by males (MGE). However,
distinct taxa; in the hermaphroditic Saharan cypress stated by Foucaiet al. (2007), because workers are
tree, Cupressus duprezian@Pichotet al 2001), in diploid females produced sexually, they should also
four hermaphroditic species of freshwater clams inuffer from the above conflict between sexes. As alties
the genugCorbicula (Komaru et al. 1998; Ishibashi a drastic decrease of worker production at the expanse
et al. 2003; Byrne et al. 2000; Korniushin 2004), imales would be expected. Yet, males in these popokati
a hybrid complex of some stick insects in the genumre scarce and clonal nests in the field display great
Bacillus (Mantovani & Scali 1992; Tinti & Scali worker densities compared to their sexual relatives
1996) and recently in two ant specie§y. (Orivel et al. 2009). These observations weakened the
auropunctata(Fournieret al. 2005a; Foucaudt al. MGE hypothesis. Foucauet al. (2007) suggested two
2007) andParatrechina longicorni(Pearcyet al. alternative  mechanistic  hypotheses to explain
2011). androgenesis. First, they proposed a variant of th&MG
Androgenesis is traditionally regarded as &ypothesis, the “permissive MGE” hypothesis under
trait under the control of males, giving them awhich the sperm is adapted for replacing the egg's
substantial fitness benefit compared to theinucleus whenever the egg lacks counteradaptations to
sexually reproducing relatives (McKone & Halpernprevent it. This modified hypothesis stems from the
2003). As a consequence, evolutionary modekxpected arms race between males and females for
predict that an androgenesis mutation will oftemccess to the egg. In this case, the production of
spread rapidly to fixation but consequently leadndrogenetic males may result from a process controlled
populations to extinction (McKone & Halpernby both sexes. Alternatively, androgenesis may result
2003). However, extinction may be avoid infrom the production by parthenogenetic queens of
populations that retain female reproductive capacitgnucleate oocytes later fertilized by males. In thet |
(McKone & Halpern 2003), for instance, throughhypothesis, androgenesis is a trait characteristic of
hermaphrodism as it is the case @r dupreziana females.
and the clams of the genworbicula or when Despite the magnitude of the evolutionary
androgenesis result from hybridization betweeoutcomes behind the three above hypotheses, no specific
sexual relatives as in the stick inse®sacillus studies so far attempted to decipher the role of sreahel
hybrid complex (Tinti & Scali 1995; 1996). females in androgenesis. To fill this gap, we conduated
We are not aware of theoretical orlaboratory controlled reciprocal-crosses experiment
empirical studies that have investigated thévolving reproductives (i.e. females and males) from
evolutionary outcomes of androgenesis in haplesexual and clonal populations and used genetic markers
diploid organisms such as ants.\WWh auropunctata to determine how their sons were produced to iffer t
androgenesis occurs in some populations in whialole of males and females in androgenesis. This was
female reproductives (i.e. queens) reproduce vizchieved by comparing the nuclear microsatellite
parthenogenesis (i.e. thelytoky) and workers (i.ggenotypes and the mitochondrial DNA haplotypes of the
sterile individuals) are produced via sexuaproduced sons to those of their parents. Because,
reproduction (Fournieet al. 2005a; Foucaudt al. androgenesis is tightly associated to female



parthenogenesis in natural clonal populations, wihe crosses were collected and sacrificed for subsequent
also genetically determine how female reproductivgenetic analyses.

progeny resulting from these crosses were produced Each freshly fertilized (i.e. dealated) queen was
to better understand the association between theben individualized in a new box with 50 workersnfro

two genetic systems. We found that M. their source population and food was suppéiddibitum
auropunctataandrogenesis is not induced by male¥hese monogynous lineages were then reared under the
but rather is a parthenogenetic female tratame laboratory conditions than sources populations. We
characteristic. We argue that the capacity to kidnaghecked twice a week and collected the reproductive
the nuclear genome of males from otheprogeny (i.e. daughters and sons) produced in ethanol
populations may allows parthenogenetic queewials until the queen died or after a maximum tinfe o
lineage to indirectly increase their adaptive621 days. At the end of the experiments all mothering
potential through sexually produced workers andueens and their workers were collected.

hence allowing them to persist over long-time in

changing environments. Genetic analyses

MATERIALS AND METHODS Crosses effectiveness and identification of the fatgerin
males

Sampling and cross experiments Among the 90 initial crosses, only 34

monogynous dealated queen lineages were obtained

We sampled a total of nine populationsamong which 27 produced female and male reprodaictiv
eight in French Guiana and one in Israel (seprogeny and in some cases gynandromorphic sexuals
supplementary materials), consisting in(i.e. individuals displaying female and male pheniutyp
approximately 20 — 30 fertilized queens and 5000 eharacters; see result and discussion section). To check
10 000 workers. Based on previous genetic studi¢ise effectiveness of the 27 successful crosses and identify
of population samples collected in the field at théhe fathering males, we genotyped at 12 microsaellit
same locations (Foucaw al. 2007;Vonshak et al. markers all males that have participated to thescrie
2009; Reyet al 2011), we could predict that four of queen and eight of the adult workers collected atetid
the collected populations were sexual and five weraf the experiment. Individual DNA extraction and
clonal. The mode of reproduction of eachmicrosatellite genotypes were obtained following
population sampled was confirmeal posteriori Fournieret al. (2005a; 2005b). For a given monogynous
through prior genetic analyses on a subset @foss, multilocus genotype of each worker was compared
reproductives. to the genotype of the queen and all males involwed

Ants were maintained at constantthe cross. A male was identified as the effective faibe
temperature and humidity (25°C; 70% RH; L:Dmale if its allele at each locus was compatible wiis t
12:12) and fechd libitumwith Ephestiaeggs and a paternal allele identifiable from the genotypes bé t
honey-yeast-water solution. These populations wessght workers.
bred as source populations for the production of
males and alated (unfertilized) queens that were Determination of the mode of offspring production
turn used for the reciprocal cross-experiments. The
production of reproductive individuals in laboratory A total of 398 reproductive offspring, 178 males
source populations diV. auropunctatas laborious and 220 females, from 22 of the 27 successful crosses
and stochastic. Crosses were thus stronglyere genetically analysed at the same 12 microsatellit
constrained by the synchronous production of malesarkers following the same protocol. The numbers of
and females in sources populations characterized ale and female offspring genotyped for each cross ar
different mating systems. Crosses consisted in tlggven in Table 1. We inferred the mode of productid
fertilization of queens from sexual populations bythe offspring as follows: A male offspring was
males from clonal populations (hereafter denotedonsidered as being produced by androgenesis when his
“Fs x Mc”) and in the fertilization of queens from haploid multilocus genotype was identical to the ohe
clonal populations by males from either sexuahe fathering male and by arrhenotoky when his hdplo
populations (hereafter denoteBc*x Mg’) or from  multilocus genotype was solely composed of maternal
unrelated clonal populations (hereafter denofeg “ alleles. A male offspring was considered as polyploid
X Mc"). We set up 90 crosses between reproductiveghen his genotype included more than one allelenat o
from the different clonal and sexual populations alcus at least. A female progeny was considered as being
follow. One to six virgin (i.e. alated) queen(s) fromproduced by parthenogenesis when her diploid
a given population were placed in an artificial nesiultilocus genotype was identical to the one of the
isolated in sealed and meshed boxes with one to terothering queen, and by sexual reproduction when her
males, and without workers until at least some diploid multilocus genotype at each 12 loci was ideldi
the queens lose their wings (cf. they lose thein allele inherited from each parent. A female prmyg
wings only after mating or with age; Ulloa-Chacorwas considered as polyploid when her genotype included
1990). All the potential fathering males involved inmore than two alleles at one locus at least.



Table 1: Details on the number of reproductives (i.ereproductive females and males) produced and
analysed in each of the 27 successful crosses studiedte: Sex ratio correspond to female over male dfigp
production.

A subset of 49 individuals from seven We found that queens from clonal populations
monogynous lineages was used to determine hgwoduce haploid male offspring through androgenesis
the mitochondrial genome was transmitted to thalmost exclusively (i.e. all but one; Table 2), ahds t
next generation in each type of cross and eadhrespectively of having been fertilized by malesnfr
female and male offspring (For details on thethers unrelated clonal populations (Fe.x Mc) or from
numbers and types of genotyped specimens seexual populations (i.€c X Mg). This result echoes with
supplementary materials). We amplified a 700 previous studies indicating that queens from clonal
710 bp fragment of the mitochondridOl populations seldom produce arrhenotokous male progeny
(Cytochrome oxidase bene from each of these 49both in natura (Foucaudet al. 2006) and in laboratory
individuals following Foucaudet al. (2007). conditions (Foucaud et al. 2010). The single
Individual electropherograms were checked foarrhenotokous male produced by the parthenogenetic
potential errors with Segscape software (Appliedueen in this study is thus probably not a consequénce o
Biosystems). Aligned sequences were analysdtkr crossing with a male from a sexual population. In
visually by comparing the sequence of eachgreement with this, the parthenogenetic queen that
reproductive offspring to the sequences of theiproduced the arrhenotokous male also produced eight

parents. androgenetic males (Table 2). We also demonstratéd tha
the mitochondrial genome is always transmitted thhou
RESULTS AND DISCUSSION the cytoplasm of the mothering queen whatever bwgh t

nature of the offspring (i.e. arrhenotokous or

Genotypic data show that all maleandrogenetic male and sexually produced or
offspring from theFs x Mc crosses developed from parthenogenetic female progeny) and the naturdhef t
unfertilised eggs through arrhenotoky (Table 2)cross.
The so called “androgenetic males” from clonal Altogether, our results indicate that idV.
populations are hence, incapable of producing auropunctataandrogenesis is not under the control of
male offspring via androgenesis when fertilizing anales but rather of the parthenogenetic females. This
female from sexual populations. Additionally,leads us to unambiguously refute the hypothesis of
female offspring from these crosses werd-ournieret al.(2005a) stating that androgenesis emerged
exclusively produced via sexual reproductioras an evolutionary response of males face to female
(Table 2). Hence, males from clonal populations dparthenogenesis to preserve their reproductive success.
not influence the breeding system of queens frofwo mutually exclusive hypotheses might account for
sexual populations. the origin of androgenesis W. auropunctatakirst, the



Table 2: Number and type of males and females offspringroduced by the 22 crosses genetically analysed
at 12 microsatellite markers.

androgenesis mutation may appear in the queamechanism of maternal genome exclusion easier or even
lineage independently from the emergence of thdirectly lead to the production of empty eggs fieed
female parthenogenesis mutation. This hypothedsiy males to produce androgenetic drones. Yet, this
seems however unreasonable for at least thregechanism remains purely hypothetic and further studie
reasons. i) So far not any parthenogenetic queen te® required to better understand the cytologicatgss
been found producing exclusively arrhenotokouthat lead to androgenesis. A detailed study of the
males; ii) occurrence of androgenesis was nevgynandromorphs produced such as those observed in
observed in sexual populations; and iii) thissome of the crosses studied here, might potentially give
scenario is not parcimonious as it requires twaew insights on the fertilization process as suggested by
independent evolutionary changes in the sami@obataet al. (2011). We will come back to this point
parthenogenetic queen lineage. later in this results and discussion section.

In the second hypothesis, androgenesis The evolutionary consequences of androgenesis
may emerge simultaneously in queens as a bgentrolled by parthenogenetic females are far-reagchi
product of female parthenogenesis (see FoueaudFirst, androgenesis may allow the reproduction between
al. 2007). This second hypothesis is mordemales and males from the same cohort without
parcimonious than the first one as only onénbreeding depression effects in their sexually preduc
evolutionary change is required for the emergenagorkers. Second, this mechanism may maintain over
of both parthenogenesis and androgenesis and ntaye high level of heterozyosity and/or beneficiahgtic
better explain the tight association between the twabmbinations in the sexually produced worker offspring
genetic systems in  natural populationsas previously suggested by Foucaet al. (2007).
Furthermore, Rey et al. (2011) recently Finally, the kidnapping of new males’ nuclear genome
demonstrated that queen parthenogenesis involvethy indirectly confer to parthenogenetic queendges
meiosis (automixy) with central fusion of oocyteshe ability to adapt to changing environment andcke
with drastic reduction of genetic recombinationincrease their life-time through time. Theory preslittat
during meiosis. Mechanistically, recombination idiploid asexual lineages are devoted to dead-end in
primordial for proper chromosome segregatiomarticular because of their limited ability to ceeatovel
during meiosis (Bascom-Slack 1997) and @enomes through syngamy of two meiotically
reduction of recombination potentially lead to theecombined gametes (Fisher 1930; Muller 1932). This
missegregation of chromosomes and consequentlpst of asexuality may be reduced W auropunctata
to the production of aneuploid eggs (Balstral. parthenogenetic female lineages by creating genetic
1976, Bascom-Slack 1997). This would render a diversity among parthenogenetic-androgenetic lineage



at the level of the sexually produced workesstressing that about one third (i.e. 29 %) of the fema
offspring. Selection may act on the combination obffspring resulting of th&c x Mswas produced sexually.
female’s and male’s genomes indirectly on workerghis proportion is substantially higher than that of
but will always preserve the same parthenogenetabserved in crosses involving reproductive from
female lineage. In a changing environment, thanrelated clonal populations (i.e. 1.67% in this case;

kidnapping of a new adapted male genome by 2 _ 13.53; p-value = 2.35x1H Table 2) or

parthenogengtic queen for the .produc'gion of thPeproductives from the same clonal populations (see
worker offspring may allow selection to fix a betterFoucaudet al.2010 for comparison).

adapted combination between a new male genome We here hypothesize that the production of

and the same conserved female genome in tB%Iyploid males, gynandromorphs and sexually produced
clonal population. In eusocial species, whereggn ., ctive females in thec x Ms crosses may result
queens are generally confined to favorablg,y gimilar negative interactions between cytoplasmic
conditions within the nest, selection is more likely, a6 tactors inherited from the sperm and thosehén t
to act on workers which are faced with biotic andejjizeq oocytes. In most of sexually reproducing
abiotic environmental factors during foraging. We,ganisms, crucial cytoplasmic elements controlling the
therefore argue that this gene kidnapping ganisation of the cytoplasm and the progress of cell
mechanism might be an unprecedented manner fggisions (i.e. centrioles) are generally inherited the
parthe_nogenetlc queens fo Increase _the|r ada_pt'f’aﬁhering males (Kellogeget al. 1994). Moreover, the
potential and hence their life-time in changing,mergence of  arrhenotokous  parthenogenesis  in
environments. hymenopteran involved modifications of some maternal

The benefit of the genome kidnappingc toplasmic elements allowing them to organize

process (i.e. androgenesis) 'for parthenogeney fertilized egg-cells without the implication ofetimale
gueens would be accentuated if such queens wo

. , : terial (Riparbelliet al. 1998; Tram & Sullivan 2000;
allocate_ their resource preferentially in th%iparbelli et al. 2010). Finally, although not yet
production of female compared to  maleyemonstrated in hymenopterans, female parthenogenesis
reproductives, hence increasing their genomg. aiso result from modifications of the cytoplasmic
transmission in the female offspring whilep5teria) in females (Riparbelli & Callaini 2008). We
producing a minimum of male reproductlvgs that dgyerefore argue that our results are compatible ti¢h

not share their genome, for the production of thgia that cytoplasmic elements transferred by sperm
worker offspring. In agreement with this, we foundy,m majes” originating from sexual populations may
that parthenogenetic queens produced 93.55% a erfere with the probably modified cytoplasmic

92.23% of reproductive females in the x Msand aterial of eggs produced by parthenogenetic queens,
the Fc X,MC crosses respectively, while sexually, ading to the production of a fraction of aberrant
reproducmg queens prodqqed 37.84% ygotes developing into irregular reproductive
reproductive females when fertilised by males fron}, 4iiquals, Under this hypothesis we would expect tha
clonal populations (Table 1). normally developed androgenetic haploid males resplti
Interestingly, we found that 47.5 % of theq,m the F . x Mg crosses have inherited from maternal
male progeny from thEc X Ms Crosses corresponds ¢ 1onjasmic material. This would nullify the negative
to  polyploid individuals according 1o their gftect of cytoplasmic conflict in the following geration
microsatellite genotypes (Table 2). Althoughpen they fertilize a female progeny from the same
morphologically identified as males, we SUggesionort (cf. with the same cytoplasmic material). This
that these ponp!0|d_ |n.d|.V|dua|s are .aCtua”ytransition step may be required for the emergence of
gynandromorphs (i.e. |nd|V|du.aIs displaying bOF arthenogenetic - androgenetic stable lineages wieen t
female fand malg phenotypic - characters) withenome of a male is introgressed into a clonal lineage
female ‘internal tissues. As a matter of factg,her o cross-experiments would be useful to aonfir

gynandromorphs were also morphologically easily,is hynothesis. It still remain unclear however, whg t

identified in the offspring of these crosses and werg ., or progeny produced by parthenogenetic queens

found to be polyploid too. Such polyploid maleeq ndated by males from sexual populations do not
progenies were found at a significantly lowery,0qr 14 syffer from the above cytoplasmic conflicks

frequency in the=c x Mc crosses involving queens o a0y nolyploidy or gynandromorph workers were
and males from distinct clonal pOpUIat'onSobserved).
(16.13%; ? = 3.97, p-value = 0.04). The In conclusion, this study demonstrates that,
production of polyploid males hence appears to b&)stead of being an “egg-parasitism” male trait
at least partly, a consequence of the fertilizatiba o characteristic, ~ androgenesis is  controlled by
parthenogenesis queen by a male from a sexymrthenogenetic female W. auropunctatand therefore

population. Although the fithess of polyploidrather corresponds to a male genome kidnapping
individuals remains unknown it seems reasonable tnechanism. The tight association between the two
hypothesize that their ability to reproduce iggenetic systems observéa natura most likely results

reduced, and hence represent a cost for tifim the fact that androgenesis is a by-product of the
parthenogenetic mothering queens. It is wortinechanism of parthenogenesis. The ability of kidnapping
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the sexually produced workers, hence allowing H., and Mueller U.G. 2009. No sex in fungus-
such parthenogenetic lineages to persist over a long farming ants or their crops. Proc R Soc B-Biol Sci
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CHANGEMENTSADAPTATIFS
ET
SCENARIOSD’'INVASION



Le but de ce chapitre est i) de tester si des changementatddapit accompagné l'invasion des
populations envahissantes W auropunctataen réponse aux conditions environnementales des
localités envahies de la ceinture tropicale et de la régiafitdféanéenne; et ii) d’'identifier ou ont
eu lieu ces changements adaptatifs. Nous nous sommes intérdaséapacité des ouvrieres a
tolérer des stress thermiques, un trait particulierement iamgorthez les insectes qui sont

totalement ou partiellement dépourvus de systeme de régulation thermique interne.

I. Les outils utilisés en biologie de l'invasion

Létude des invasions biologiques en général fait appel a différeafroches
méthodologiques, chacune permettant de répondre a des questions biegs:pf@oed est le
potentiel invasif d’'une espéce? D’ou viennent les populations envaksfarComment les
populations deviennent envahissantes ? Dans cette section, cesntééféspproches sont

brievement présentées.

I.1. Modéles de distribution d’espéces

Ces approches dites SDM, paecies distribution modellingnt été utilisées pour prédire
I'expansion de l'aire de répartition d’espéces envahissantes de graxpesmiques tres variés
(e.g. Mufioz & Real 2006; Kulhanet al 2010; Ghirardi 2011). Elles se basent sur le fait que les
populations envahissantes conservent leur niche écologique (i.e. tedtdlarecespece a maintenir
les requis écologiques ancestraux; Wiens & Graham 2005), et supdoserjue les populations
envahissantes ne s’adaptent pas au cours du processus invasifirédisions réciproques
permettent cependant de mettre en évidence de tels changemertisedaseociés aux invasions
(Broennimanret al. 2007; Roedder & Lotters 2009). Cela consiste a calibrer un modéial siea
niche a partir de données d’occurrence de populations dans I'aire masvé prédire I'occurrence
de I'espéce a partir de ce modéle dans l'aire d’introductioncgiregluement c'est-a-dire, calibrer
un autre modele a partir des occurrences connues dans l'airedliction et prédire I'occurrence
de I'espéce dans laire natif a partir de cet autre modetpure I11.1.). Ladéquation ou non des
distributions obtenues a partir des modeles prédictifs, peutenegttévidence un conservatisme ou
un changement de niche lors du processus d’'invasion (Broennehah2007, Figure Ill.1.). Dans
certains cas, cette méthode peut également informer grossigrsun |'aire (i.e. aire native ou aire

d’introduction) dans laquelle le changement de niche a eu lieu.



Figure Ill.1. Exemple d’approche de modeles de distributiond’espéces (approche SDM)
réciproques, appliquée a une espéce de plante envahissaateentaurée maculéeCentaurea
maculosa(en médaillon). Cette figure représente les cartes de prédiction des awcesreleC.
maculosa a partir des modéles calibrés en Europe (A) et au Nord-ouesgitatssUnis (B) et de
chacun des modeles projetés dans l'autre aire (Figure tiréeodarBmanret al. 2007). Les ronds
noirs sont les occurrences réelles @e maculosaau sein de l'aire native et dans laire
d’introduction. Les modéeles incluent 19 variables bioclimatiquesivetata la température, a
I'humidité et a I'évapotranspiratiorC. maculosaest originaire d’Europe et a été introduite aux
Etats-Unis a la fin du £9° siécle. Les modeles calibrés en Europe et projetés auxUEtmtsie
permettent pas de prédire avec certitude I'expansion des populdiGnsnaculosaaux Etats-Unis
ce qui reflete un changement de niche de ces populations. De plus, casune population de
I'aire native ne se trouve dans la zone climatique «principdédinie sur les populations de l'aire
d’introduction, les auteurs suggérent que le changement de niche aobablgment eu lieu dans
I'aire d’introduction.



1.2. Approches génétiques pour retracer les routes d’invasions

Les approches génétigues permettent d’identifier les routesadions et donc les
populations sources desquelles sont issues les populations envahisE@sttegiuement, les
analyses les plus souvent utilisées pour retracer les roitgasions impliquent la construction de
dendrogrammes basés sur des données génétiques obtenues a partirref@sdiifpes de
marqueurs neutres (e.g. microsatellites, genes mitochondriaux). Bieglapiveement efficaces, ces
méthodes se heurtent a certaines limitations. En effet, les pkBaasnt’invasions biologiques
étudiés sont la plupart du temps contemporains et les temps de doecegere populations natives
et introduites sont relativement cours. Les signatures génétiquess dentps de divergence (i.e.
différentiation génétique inter-populations) sont généralement $ad#equi rend difficile et/ou
incertaine l'inférence les routes d’introduction. Des événemeetsgoulots d’étranglement
génétique pendant de longue période suivant l'introduction peuvent faciditeinférences, la

dérive génétique pouvant augmenter la divergence génétique entre populations.

Des méthodes plus récentes ont été développées afin de permetesileoment de retracer
les routes d’invasion mais également d’identifier des événsnd&rhographiques associés aux
invasions (i.e. présence et durée de goulots d’étranglement; EstdBpill@maud 2010). Ces
approches sont basées sur des inférences statistiques BayesiAppexxifiate Bayesian
ComputationABC; Beaumont 2002) permettant d’approximer des vraisemblance&iposts de
différents modeles (i.e. scénarios d’invasion) par le biais delaions de jeux de données et en
comparant les données observées aux données simulées. Les approches #BIE révélées
efficaces pour retracer des routes d’'introduction parfois comp(&kéler et al. 2005; Lombaeret

al. 2010; voir également encadré 1.2. dans le Chapitre ).

[.3. Analyses de traits d’histoire de vie

L'analyse comparative de traits d’histoire de vie entreplgsulations envahissantes et les
populations natives est une des méthodes les plus directes qui dermettre en évidence des
changements adaptatifs associés aux invasions. Ces analyses p&evefiectuées en laboratoire
ce qui permet de contrbler précisément les conditions environndesentes études en laboratoire
ne prennent cependant pas en compte la complexité des interactibigpselsi du milieu naturel.
D’autre part, ces études portent généralement sur des mesuragsdehénotypiques mesurés sur
des organismes élevés dans des conditions d’élevages optimassnme¢nt sur les conditions

environnementales qui caractérisent les milieux dans lesquedegopulations étudiées ont été



récoltées. Ces mesures peuvent également étre effectuéenditions semi-contrélées dans des
«jardins communs» ce qui permet de tester des conditions dueatiplus «naturelles». Il est
intéressant de noter que la plupart des études utilisantétbsdas dans un contexte d’invasion,
tentent de mettre en évidence des différences de traits phénosypitoe populations au sein de
I'aire d’introduction (Hierroet al. 2005). Cela traduit une vision biaisée a travers laquelle les
eventuels changements adaptatifs sont généralement suspectés dievoidahs [aire
d’introduction. D’autre part, les rares études qui montrent desatitfés entre populations de l'aire
native et de l'aire d’introduction négligent souvent de mesurerdétions de filiations entre
populations (i.e. qui est la source de qui ?), par exemple en estimamidgons de proximité
géneétique entre les populations comparées. Ce dernier point esnpesdantiel pour affirmer
avec certitude que des éventuels changements adaptatifs ont bieu earis les populations
envahissantes étudiées par rapport a leur(s) population(s) shuide(sns que ces dernieres

peuvent étre établies dans I'aire native et/ou dans une autre locdlitiéedenvahie.

Dans le cadre de I'étude des scénarios éco-évolutifs des popslativahissantes, I'idéal
serait certainement d’avoir recours simultanément aux trois dmwoprésentées ci-dessus.
Cependant, une telle démarche nécessite une quantité d’'informatiennedtériel qui n'est pas
forcément accessible pour toutes les especes. Ceci expligo®i@i en partie, pourquoi jusqu’a
présent peu d'études ont permis d’identifier avec certitude énago éco-évolutif d’invasion.
Dans le cadre de cette thése, nous avons étudié les scahimm@sions de populations dé.
auropunctataétablies dans la ceinture tropicale et dans la région Métitsnne. Ces deux cas
d’études n’ont malheureusement pas pu faire I'objet d’approcheglistifilinaires. En effet dans
le cas des populations envahissantes établies dans la céiopicale nous avons été confrontés a
des limitations techniques que nous discuterons plus en détail dahapi¢re 1V de discussion
générale. Dans le cas des populations établies dans la région Mééiene, nous avons pu
développer une approche pluridisciplinaire couplant des analyses de &3Manalyses de
génétique des populations et des mesures de traits d’histoire afinvile retracer le scénario éco-

evolutifs d’invasion de ces populations.



[I. Evolution de la thermotolérance et scénario évolutifs assodéaux invasions deW.

auropunctata

II.1. Populations envahissantes établies dans la ceinture tropicale.

Foucaud et al. (2010) ont montré que toutes les populations envahissante¥/.de
auropunctatadans l'aire d’introduction sont caractérisées par un systemepdeduction clonal.
Ces auteurs ont également suggéré que les populations envahissaatdsia scénario d’invasion
avec adaptation pré-introduction impliquant des populations clonalesaide tative a partir
desquelles des propagules dispersent vers des localitées épggegraphiquement hors de l'aire
native. D’autre part, ces populations clonales de I'aire nateldissent majoritairement dans des
habitats marginaux anthropisés (e.g. plantations, bord de route; Fatcalud009). Orivelet al.
(2009) ont montré que ces milieux sont caractérisés par des conddimr®nnementales
particulieres, notamment des températures élevées ethdesféaux d’humidités, par rapport a
celles qui caractérisent les milieux naturels ancestraux tgfopEimaires; Figure 111.2.)
principalement occupés par des populations sexuées. Nous avons tesiésalecette these si le
succes d’invasion des populations clonales etait également aasde& changements adaptatifs
permettant aux ouvrieres de tolérer des températures élegits.éide fait 'objet d’'un article
soumis dans la revuBvolution (cf. Article 4: Thermotolerance adaptation to human-modified
habitats occurs in the native range of the invasive ant Wasmannia auropubetatz long-
distance dispersgl présenté dans ce chapitre. Nos résultats montrent queulesres des
populations clonales, indépendamment du fait qu’elles soient établiesl’'dse native ou dans
I'aire d'introduction, tolérent mieux les températures élevges les ouvrieres issues des
populations sexuées établies dans I'habitat ancestral (i.e. fmiétaires). Ce résultat suggere
fortement que les populations envahissantes sont issues de populati@isscétablies dans les
milieux anthropisés de l'aire native et donc adaptées a dg®tamres élevées. Ces résultats
supportent I'hypothese d’'un scénario d’'invasion avec adaptation pré-introddatisrdes milieux

perturbés par les activités humaines.



Figure 1l11.2. Distribution de données de température et thumidité enregistrées toutes les 20
minutes entre Avril 2006 et Janvier 2008, dans (A) deux habitatsaturels (i.e. forét primaire)
et (B) deux habitats anthropisés (i.e. forét secondaire ; ba$té d’'une piste).Graphiques tirés
de Orivelet al. 2009.

[I.2. Populations envahissantes de la région Méditerranéenne

Dans un deuxiéme temps nous avons voulu comprendre comment des populations d’'une
espéece de fourmi native des foréts tropicales de '’Amérique du Syd @mvahir une localité de la
région Méditerranéenne caractérisée par des saisons et notapanees hivers particulierement
froids. W. auropunctata été identifié en Israél pour la premiére fois en 2005 pwtiprobablement
présente dans cette région depuis 1998 (Vonshail. 2010). Malgré les températures basses de
cette région, les populations d&. auropunctataqui y sont établies présentent une écologie
semblable a celle des populations tropicales (Vonshal. 2010). En effet, les nids se trouvent
dans des débris végétaux ou sous des pierres et les ouvrieredigesttaate la journée méme en
hiver. Il semble de ce fait que ces populations ont subi des changesdeptatifs permettant aux
ouvrieres de ces populations de tolérer les températures froatastéristiques des hivers

Israéliens.

Vonshaket al. (2010) ont suggéré que ces populations ont suivi un scénario d’invasion avec
adaptation indépendante post-introduction. D’apres ces auteurs, leatjpopudeéVN. auropunctata
établies en Israél auraient été accidentellement intesidipuis le Brésil via 'importation de bois
dans une usine de contreplaqué située dans la vallée du Jourdan, aattéteégi caractérisée par

des températures relativement clémentes par rapport audtepteys. Dans cette vallée, certaines



populations se seraient adaptées aux conditions plus rudes que dares dégions d’Israél et
auraient alors envahi I'ensemble du territoire (i.e. adaptationimtostiuction). Cette hypothése se
confronte cependant au fait que ces populations envahissantes sonsadmadesont constituées
gue d’'un seul couple parental clonal. (i.e. un seul génotype reime gtul génotype male) sur
I'ensemble du territoire (Vonshadt al. 2009; 2010).Ces populations présentent donc un potentiel
adaptatif relativement limité bien que les reines de ces pamdgteuvent kidnapper des génomes
males d’autres populations (cf. Article 3). Cette caradigus permet en effet, au moins
temporairement, d’augmenter la diversité génétique au sein des es\sigrlaquelle la sélection
peut agir. Il semble cependant peu probable que ce seul moyen d’augmeliersité génétique
puisse permettre a une population tropicale de s’adapter a desdemggraussi basses, a moins
gu’un génome male kidnappé ne provienne d’'une population pré-adaptée au frordladépeicun
autre génotype male n’a été identifié en Israél y compris ldaredlée du Jourdan qui a été définie
comme le site primaire d’introduction 8&. auropunctataen Israél, ceci étant également valable

pour des échantillons récoltés peu apres le signalement de l'invasion (Vehsha&010).

Nous avons étudié les changements adaptatifs de ces populationdagtpdéuae approche
multidisciplinaire pour identifier I'origine des changements addptayant permis aux ouvrieres
de tolérer des températures froides. Cette approche a comngsidpler des analyses SDM, des
analyses de génétiques de populations et des mesures de traisyphées en conditions
contrblées, ces trois outils étant généralement utilisés decreaindépendante en biologie des
invasions (voir section précédente). Cette étude fait I'abjet article actuellement en préparation
(Article 5: Where do adaptive shifts occur during invasion? A multidisciplinary approach to unravel
cold adaptation in a tropical ant species invading the Mediterranean zdhes résultats indiquent
gue les ouvrieres des populations établies en Israél sont mieux adaptdéempératures froides de
cette région comparativement aux ouvrieres des populations tropicdlesaleative ou de l'aire
d’introduction. Nous avons également mis en évidence que les populations emtakigtablies
en Israél, sont tres probablement originaires du Nord-est dge¥ine, une région qui présente des
températures similaires a celles d’lsraél, et ou des pamsateW. auropunctatares proches
génétiqguement de celles d’lsraél se sont avérées égalemeritesdapx températures froides. Ces
résultats suggerent fortement que les populations envahissanteglddst suivi un scénario

d’invasion avec adaptation pré-introduction.
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ABSTRACT

Key evolutionary events associated with invasion sucees traditionally thought to occur in the introddgcrather
than the native range of species. In the invasivéMasimannia auropunctatéowever, a shift in reproductive system
has been demonstrated within the native range, frmmséxual non-dominant populations of natural habitthe
clonal dominant populations of human-modified haisit Because abiotic conditions of human-modified thtsbiare
hotter and dryer, we performed lab experiments omke&rs from a set of native and introduced populatidas,
investigate whether these ecological and geneticsitrans were accompanied by a change in thermotaeramd
whether such changes occurred before establishmeheimtroduced range. Thermotolerance levels werkehign
native populations from human-modified habitats thanative populations from natural habitats, but wa&reilar in
native and introduced populations from human-modiffeabitats. Differences in thermotolerance could het
accounted for by differences in body size. Our figdihighlight the importance of human land use ina@rpig major
contemporary evolutionary changes within the nataege of species. Transitions from natural to humadified
habitats of native populations can occur in a feeades, and ultimately pave the way for new bioinvade




While the idea of human activities promoting
INTRODUCTION invasion success through prior adaptations in the eativ
range is not new (Elton 1958; Ehrlich 1989), a rertewe
Most recent studies trying to decipher thettention has been turned to the study of the nativge and
reasons for the success of invasive species hageolutionary changes occurring before introduction
focused explicitly on the introduced range of invasiv(Dlugosch and Parker 2007; Lee and Gelembiuk 2008;
species (Richardson et al. 2000; Sakai et al. 200%aléry et al. 2009; Hufbauer et al. 2011). Howeuis
Colautti and Maclsaac 2004). This is logical, to sominterest has been mostly theoretical, and the impoeta
extent, given that post-introduction ecological angrior adaptations to human-modified habitats in gatirey
evolutionary challenges are likely to be more imaort successful invaders has seldom been studied using natural
than those occurring before long-distance dispersalopulations (van Kleunen et al. 2010). Notable etioap
After their introduction into a new area, migrantare studies comparing life-history traits between veati
individuals generally have to cope with newpopulations of invasive and non-invasive species (Spfdae
environmental conditions when compared to theiet al. 2010; Jenkins and Keller 2011; van Kleuneralet
native habitats. Such new demographic (in case of2811), or population history of native populationffeding
founder effect), biotic and abiotic conditions carin their physiological ability to invade novel htdis
constitute severe barriers to successful invasigiVinkler et al. 2008). To date, these studies all dimdethe
(Blackburn et al. 2011). In this respect, comparisonsportance of prior adaptations to human-modified or
between native and introduced populations of invasivearginal habitats within the native range in exptan
species implicitly seek to unravel the evolutionarpuccessful invasions events. However, the relative
changes that may have occurred in the introduaggkra contribution of prior adaptation and other processes
(Keller and Taylor 2008; van Kleunen et al. 2010).  (multiple introductions, post-introduction adaptajioto
However, critical biological switches can alsoinvasion success remains speculative, given the scarfcity o
occur within the native range of invasive specieexperimental studies of native populations of invasive
(Bossdorf et al. 2008; Lee and Gelembiuk 2008). Thgpecies.
role of preadaptation (or prior adaptations, see Wasmannia auropunctatan invasive ant species
Hufbauer et al. 2011) of certain native populatibms ranked among the most destructive invaders worldwide
explain invasive success has not received adequét®we et al. 2000), presents the opportunity to testte
attention (van Kleunen et al. 2011), despite earlgypothesis of important adaptations occurring withie t
studies underlying this possibility (Elton 1958). Innative range before long-distance introductions. iBusv
particular, native populations adapted to humarstudies have shown that this ant underwent major hicdbg
modified habitats may be particularly prone to beeomshifts within its native range before the long-distance
invasive elsewhere (Ehrlich 1989). Human activitieglispersal events leading to worldwide invasion. In ratu
are now widely recognized as a major force promotingreas of its native range (primary forests of Southioag
biological invasions (e.g. King and Tschinkel 2008W. auropunctatdorms low-density populations (Orivel et al.
Leprieur et al. 2008), both through large-scale parts 2009). However, this ant has also successfully coldnize
(Floerl and Inglis 2005; Suarez et al. 2005; Tat¢ml.e human-modified habitats within its native range, dhid
2006) and biotic homogenization (e.g. McKinney anthabitat change was paralleled by a striking switch in
Lockwood 1999; Olden et al. 2004; McKinney 2006)ecological dominance (Foucaud et al. 2009; Orivehle
Human activities provide native species with ar2009). A switch in reproductive system also took plaictne
opportunity to cross habitat boundaries locally, amd time of habitat transition: primary forest populagon
adapt to human-driven biotic and abiotic conditiongenerally display a classical haplo-diploid reprodiecti
within their native range (i.e., pre-adapt). Initidd to  system (hereafter referred to as *“sexual”’), whereas
triggering a general decrease in species abundanpepulations from human-modified areas are almostedntir
functional diversity and other biotic effects (Olden clonal (Foucaud et al. 2007). All introduced
al. 2004; Ekroos et al. 2010), human activities tend fpopulations studied to date appear to be drawn from
alter the abiotic properties of habitats, such as salbminant populations of human-modified habitats loé t
chemical and physical features, water resources andtive range of the species (Foucaud et al. 2010).
properties, air filtering, light incidence and clitica We have previously shown that abiotic conditions
conditions (Pickett et al. 2001; Kozlov and Zverevaliffer considerably between the natural and humadifieol
2007; Hrodey et al. 2009). Native populations adhapti environments ofV. auropunctatan its native range (Orivel
locally to such profound changes to their environmergt al. 2009). Over the course of the year, temperatu
may subsidiarily benefit from the opportunity for ¢gn remains stable at values below 30°C and humidity never
distance dispersal provided by human activities. Faeach less than 80% in natural habitats, whereas, imMmum
instance, the worldwide airline transportation networmodified habitats, temperatures may reach 40°C and
provides numerous high capacity routes betwedrumidity may drop to 50%. The worker caste, in chafje
geographically distant but climatically similar Iticens  the foraging outside the colony, may be particulaffected
(Tatem and Hay 2007). Native species that adaptedhiy these conditions. These abiotic differences glearl
human-modified habitats are thus likely to access negonstitute a major ecological challenge, which has
areas characterized by similar habitat alterationgpparently been met by some natiVé. auropunctata
potentially multiple times, following human-driven populations. However, it remains unknown whether
introduction events (e.g., McKinney 2006; Foucaud gtopulations from natural and human-modified habttigter
al. 2010; Hufbauer et al. 2011). in their ability to tolerate hot and dry abioticnehitions. If
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TABLE 1: Sampling design for native and introducedW. auropunctatapopulations. Note: The locations of the
sampling sites and their names correspond to previststiied sites (see Fournier et al. 2005a; Foucaud 20ar;
Foucaud et al. 2009). Note that the habitat antodetive system factors are confounded (see Materiditethods
section for details).

both native and introduced populations from humarsize variations. The importance of prior adaptation t
modified habitats can tolerate such conditions, arttuman-modified habitats within the native range in
native populations from natural habitats cannot, thiexplaining invasive success is discussed.
would indicate the occurrence of a major evolutigna
shift before long-distance dispersal into the intr@dlic MATERIALS AND METHODS
range.
Sampling

A possible way for certain populations to
tolerate difficult abiotic conditions could be tosplay We collected ca. 140 queens and several thousand
variation in worker body size. Worker body size ha¥orkers from 11 populations from natural and human-
been Shown to p|ay an important ro'e irm0q|f|ed habltatS_ W|th|n the nat|Ve. I‘ange (|.e., m
thermotolerance in several ant species (Kaspari 199§uiana) and the introduced range (i.e., Camerotrida
In particular, Cataglyphis veloxworkers, desert ants and New Caledonia) of. auropunctatgTable 1). Sampling
that have to deal with extreme heat, have beé¥as conducted between December 2007 and March 2008.
demonstrated to make use of their large body size [OM a phylogenetic point of view, the sampled idtrced
forage at higher temperatures (Cerda and Retana 19p9pulations are derived from various introduced pafois
2000). In W. auropunctata previous studies have from the Caribbean area (Foucaud et al. 2010). Those
shown that workers from populations established in tHBtermediate Caribbean populations show a large amofu
introduced range are smaller than those found in tg€netic similarity with French Guianese populatioasd
native range (McGlynn 1999; Mikheyev & Mueller may originate from the northern part of the natigage of
2009). However, these studies did not compare th&. auropunctataTherefore, sampled native and introduced
body sizes of native and introduced workers origimatinPopulations used in this study are not phylogendical
from populations established in different habitats. (i.¢listant, considering the vast amount of genetic strectu
natural versus human-modified habitats, as in thid'esent in the native range of the species, despitee so
study). divergence in the mitochondrial genome (Mikheyew an

Mueller 2007). Based on our previous genetic studighenf
The main goal of this study was thus tosampled populations, we expected three of the sampled

investigate a putative evolutionary shift within theoopulatlons to be sexual and eight to be clonal €rdhl

native range before long-distance dispersal (i.enrpri':c’ucaud et al. 2006; Foucaud et al. 2007). This was

adaptation of certain native populations to becom pnfirmed by genotyping a minimum of three queerts 30

invasive), by testing in laboratory the putaltiVeworkers from each population at 33 microsatellitel, las

differences in thermotolerance between nativgzescribed by Fournie_r et al. (2005b) and _Almany I_et a
populations from natural and human-modified habita 009). The reproductive system was determined by bysua

as well as introduced populations from human!—nSpe.Ctmg genotypes and using a program to identify
Eenncal multilocus genotypes that we had developed

modified habitats. We further investigated whethe : : .
observed thermotolerance differences were duedg bo ascal object programming language (available upguest



to the authors; see Fournier et al. 2005ahamber. The number of dead workers at the end of
Foucaud et al. 2007). this three-hour period was used as a measurement of the

All the populations sampled from naturalworker abiotic tolerance (hereafter referred to as
habitats were sexual, whereas all the populationthermotolerance’sensu largh Workers from experimental
sampled in human-modified habitats were clonal (Tablgopulations were tested more than 40 days after sagmpdin
1): the factors “habitat” and “reproductive systemé ar ensure that all the workers tested had been produactxd
thus confounded. In previous studies (e.g., Foucaudlaboratory and not sampled from the field (the life
al. 2007), we encountered, on very rare occasionspectancy oM. auropunctataworkers is about 30 days,
clonal populations in natural habitats (only twice irJlloa-Chacon 1990). This time lag to the start of the
French Guiana) and sexual populations in humamxperiments minimized the impact of the acclimafiactor
modified habitats (only once in French Guiana). A the interpretation of our results. In additionalesation of
these types of populations are extremely rare arlde impact of acclimation on the measure of upperntial
difficult to sample, we were unable to include thiam limit in Linepithema humileshows that in our case of 25°C
this study. Furthermore, clonal populations fronacclimation temperature and a high rate of tempeszat
natural habitats have so far been sampled only fh@m tchange, no acclimation effect should be expected\{@het
canopy, whereas sexual populations are found only @t 2009). Similar experiments carried out on woskigom
ground level. It therefore seems likely that clonadl a populations housed in the laboratory for more thayear
sexual populations from natural habitats do not shapeovided qualitatively similar results, confirming tha
the same ecological niche. We were thus unable &zclimation is unlikely to account for our finding$ata not
assess the interaction between habitat and reproductsrewn).
system in this study, essentially because it was seldom Preliminary experiments were conducted in the
present in the field. laboratory on one sexual population from a natuedditat

We set up 11 populations (Table 1), consistingM7) and one clonal population from a human-modifie
of more than ten queens and at least 500 workenabitat (Ker), to determine the range of tempeeatand
originating from three to 10 nests sampled in locatiorhumidity conditions yielding moderate to high worker
known to harbor a single population (Foucaud et amortality rates. We studied a total of 14,250 waoskier 39
2009). These laboratory populations were kept in @ombinations of temperature (seven values from 25°C to
climate chamber at a constant temperature of 25°@2°C) and humidity conditions (seven values from 100% t
with a humidity of 60% to 70%. Food (sugar water an@5%; see Supplementary Figure S1 for details). The
worms) and water were providedl libitum once per proportion of dead workers per groups of ten workees, (

week. the mortality rate) at the end of the incubatiomiquk was
used to assess the tolerance of the workers to thecabiot
Thermotolerance assays conditions to which they were exposed. Based on the

findings of these preliminary experiments, we chose fou
We assessed the tolerance of the workers temperature and humidity combinations giving milchigh
abiotic conditions in a resistance test in whictworker mortality rates for the main experiment: 3&%%0,
mortality rate was determined in groups of workers. W38°C-65%, 39°C-70% and 40°C-75%. We chose to co-vary
placed ten individual workers in a Petri dish sealegemperature and humidity in our main experimentabee
with a grid and maintained for three hours at coristamild levels in mortality inW. auropunctatavorkers also co-
temperature and humidity conditions within a climateary with these two factors (see Figure S1).

TaBLE 2: Significance of fixed effects in the

statistical analysis of thermotolerance Note: Effect Num DE Den DE FValue p value
Degrees of freedom for the numerator ard
denominator are provided for each effectype 2 8.632 10.46 0.0049
(columns Num DF and Den DF, respectively).
Effect ‘Type’ corresponds to the three differerféond 3 4.541 8.62 0.0248

types of habitat), ‘cond’ to the temperature-
humidity conditions tested and ‘rack’ to thé¥ack 4 39.35 36.68 < 0.0001
vertical position of the Petri dish in the climat "

chamber. See Materials & Methods section @rond Rack 12 8425 6.38 < 0.0001
details.




During the main experiment following our assessed through approximate F-tests and the number of
preliminary tests, we tested a total of approximatelgenominator degrees-of-freedom for each test was atatp
8,800 workers as follows. For each of the four chosarsing the Kenward-Roger approximation, as recommended
sets of abiotic conditions, we tested all 11 populatiorby Bolker et al. 2009).
twice, using ten Petri dishes of ten individuals (i. It is worth stressing that our full model yielded an
conditions * 11 populations * ten Petri dishes * twoestimate of O for the variance component of theréution
runs = 880 Petri dishes, minus one missing). All eighietween replicate and vertical position within tHenate
assays were conducted in the same climate chamberciramber (i.e., ‘rack*rep(cond)’) and the interactimetween
which two Petri dishes per population were placed #te type of habitat and the conditions tested (i.e.,
random positions on five vertical racks. As before, witype*cond’) was clearly non significanE, 25 = 1.15P ~
used the proportion of dead workers per Petri digh, (i. 0.36). Therefore, as suggested by Zuur et al. (2008), w
the mortality rate) as a measurement of the tolerafic fitted a second model from which these two terms were
the workers to the abiotic conditions to which theyemoved. With this model, the coefficient of overdision

were exposed. was moderate (1.58E = 0.08), estimates of variance
components were not large (i.e., << 1, Lin and Breslow
Statistical analysis of thermotolerance 1996) and all fixed effects other than the condgidested

(‘cond’) gave smallp-values (see Table 2). This second
Our main goal was to investigate putativemodel was therefore selected for subsequent analyses.
differences in abiotic tolerance between populatwins
different origins (native natural, native human-Effect of body size on thermotolerance
modified and introduced human-maodified), througé th
use of a statistical model. Explanatory variables We tested for a possible effect of body size on our
consisted only in categorical factors. We used fivehermotolerance results, by investigating worker bgidg in
categorical factors: ‘type’ (corresponding to theeth five native populations — two from natural habitats3(&hd
different types of habitat), ‘pop’ (the sampledM11) and three from human-modified habitats (Ker,aR8
population), ‘cond’ (the tested temperature-hurgiditCay) — and two introduced populations (New Caledonia
conditions), ‘rep’ (the number of the replicate, fro and Australia). The introduced Australian populatiwhijch
one to two), and ‘rack’ (the vertical position oétRetri was not tested in our main thermotolerance assay, has
dish in the climate chamber, from rack 1 to rack Spreviously been shown to be clonal (Foucaud et GLOP
Note that ‘pop’ was nested within ‘type’ and thaé th and subsequently to exhibit thermotolerance leveldaind
variable ‘rep’ was nested within ‘cond’ (hereafterthose of other introduced populations (results notwsho
denoted ‘pop(type)’ and ‘rep(cond)’). Both the ‘pop We collected and point-mounted 20 foraging workeosnf
and ‘rep’ factors were treated as random effectgach population. Multifocus images (x40) of workead®
whereas the remaining factors (‘cond’, ‘rack’ andvere acquired with a GT Entovision System and
‘type’) were treated as fixed effects. For the purposeirchimed™ software (Microvision Instruments). Four
of interpretation, only the following interactionsese  morphological parameters of the head were measured on
included in the full model: cond*type, cond*pop(g)p each worker (maximum head width, maximum head lengt
rack*pop(type), rack*rep(cond) and and head width in front of and behind the eyes) with
rep(cond)*pop(type). Given that the response variabl@artograph software (Microvision Instruments).
was a proportion, we assumed a binomial distribution. Preliminary analysis showed that all morphometric
With fixed and random effects and ameasurements were highly correlated (all Pearson'sigirod
binomially distributed independent variable, we @n moment correlations > 0.66). Thus, as maximum heachwidt
generalized linear mixed model with a logit linkis often considered a standard proxy for body size
function (Zuur et al. 2009). We were principally(Hoélldobler and Wilson 1990), we used only this
interested in estimating the magnitude of the difiee morphological variable for subsequent analyses. After
in mortality rates between the three types dfesting for normality and variance homogeneity, we
population, while correcting for several clusteringnvestigated putative differences in body size between
factors (e.g., population). We therefore used Pesdhlizpopulations originating from different habitats in thbo
Quasi-Likelihood methods (PQL; Breslow and Claytomanges (native natural, native human-modified and
1993), as implemented in SAS 9.1, to fit the modehtroduced human-modified), by fitting a linear mikmodel
(PROC GLIMMIX, SAS Institute 2002 PQL methods implemented in R (R Development Core Team 2005) and
may Yyield biased estimates of variance components iincluding the following factors: ‘type’ (fixed faato
some situations (Lin and Breslow 1996). Howeveorresponding to our three types of population) goagp’
based on previous work (Breslow and Clayton 1993random factor corresponding to the sampled populati
Breslow and Lin 1995; Bolker et al. 2009), wenested within ‘type’).
conclude that our estimates may only be subject to a
negligible bias, given that (i) the data were onhRESULTS
slightly unbalanced, (ii) all fixed effects reacheidh
levels of significance (all p-values of interactions o hermotolerance assays
main effects < 0.005, see Results), (iii) all variance
component estimates were small (< 0.36, see Results) Mortality rate was significantly higher for workers
and the overdispersion coefficient was moderate (1.58f populations from natural habitats of the natiange
see below). The significance of fixed effects wagNaN) than for workers of populations from human-



FIGURE 1: Mortality rates of workers from three W. auropunctatapopulation types for each experimental
condition of the thermotolerance assayNote: Populations types are sexual populations frotralahabitats in the
native range, clonal populations from human-modifietitats in the native range and clonal populatfmms human-
modified habitats in the introduced range. Mortalifes are mean proportions of dead workers per gobupn

workers placed in the same Petri dish. Error barg@&tdi95% confidence intervals.

modified habitats of the native (NaH) or introducedody size and thermotolerance
ranges (IntH) (mortalityyany = 0.79, ICgsy = [0.60;

0.91]; mortality gy = 0.29, ICgs, = [0.16; 0.47]; Maximum individual head width was normally
mortality = 0.21,1Cgs59 = [0.09; 0.40] tyannar= - distributed (Shapiro-Wilk test: W = 0.989, = 0.41) and
4.97, df = 7.94p = 0.0011 andnanim= -4.63, df = individual variances were homogeneous for workers from

7.85,p = 0.0018). By contrast, no significant differencedifferent population types — that is, for workers fraative
was found between the mortality rates of the workematural, native human-modified and introduced human
of populations from human-modified habitats of themodified habitats (Brown-Forsythe Levene-type test: p >
native and introduced rangéga(.in= -0.95, df = 7.85, 0.09). The linear mixed model analysis revealed that t
p=0.37). type of population factor was not significant € 0.6287, df
We also found a significant condition effect=2,p = 0.73; Figure 2). Workers thus had similar bodyssize
(Figure 1; Table 2), meaning that our four sets afgardless of their habitat of origin (i.e. natiatural, native
conditions resulted in moderate to high mortalittesa human-modified and introduced human-modified).
as expected on the basis of our preliminary results
(summarized in Supplementary Figures S1 to S3). THBSCUSSION
lack of interaction between the factors “type of
population” and “condition” indicates a constantAdaptive shift between natural and human-modificithts
relationship between population type and mortality
from mild to harsh abiotic conditions (Figure 1). Our study of the thermal and hygrometric tolerance
However, without a priori power computations, wdevels of native and introduced populations o¥.
cannot discard definitively that these interactionauropunctatafrom different habitats indicated that a major
existed and were not significant because of a lack phenotypic transition likely occurred within the iwatrange
power. The vertical position of the Petri dish witttie of this worldwide invasive species. Workers from native
climate chamber had a significant effect on workesexual populations sampled in natural habitats were less
mortality rate (Table 2). This effect was expectedplerant to hot and dry conditions than both natared
given the pitfalls of current climate chamberintroduced clonal populations sampled in human-niediif
technology (i.e., the occurrence of vertical grati habitats. By contrast, populations established in human-
and was controlled through the equilibration of oumodified habitats in the native and introduced range
experimental design (i.e., equal mixing of alldisplayed similar, higher levels of thermotolerance. A
populations at each vertical position within thengie previous study has shown that climatic conditions differ
chamber). considerably between adjacent natural and humanfieddi



FIGURE 2: Maximum head width of workers from the three populaion types.Note: Diamonds indicate means,
blocks and horizontal bars indicate 50% and 95% pelesntespectively.

in the native range AN. auropunctatawith the latter is showing a striking transition in social system betwee
reaching higher temperatures and lower humiditpopulations from natural habitats and populations from
(Orivel et al. 2009). Some of the abiotic condifon highly urbanized habitats within its own native range
tested in our study correspond to the worst possib{Buczkowski 2010). The urban populations also evolved
conditions found in the field during an 18-monthinvasive characteristics within the native range, sash
period, rather than to conditions likely to beimproved demography and ecological dominance. s th
experienced on a regular basis by workers in thd.fielspecies, the role of human disturbance in the form of
However, the higher mortality rates for workers frormurbanization has been clearly demonstrated (Buczkiowsk
native sexual populations in the conditions testeglfik 2010; Menke et al. 2010). So far this species is not
translates in a lower foraging efficiency and loweconsidered invasive because it has not established itsel
fitness in the actual conditions measured in nativeutside its native range. Given the dispersal oppiits
human-modified habitats when compared to heaprovided by human-dominated landscapes, it is neveghe
tolerant clonal populations. Consistent with thigprobable thal. sessilewill invade distant urban areas in the
hypothesis, Cerda et al. (1998) have shown that, inn@ar future. Agricultural activities also cause majoanges
Mediterranean ant community, heat-tolerant speciés the biology of native species (e.g., distributiorigration,
have a higher foraging efficiency at high temperdu dominance, demography), especially with novel pbetion
than heat-intolerant species. regimes or the introduction of new hosts (Via 1990)tHe
These findings highlight the importance ofbutterfly Euphydryas edithaa host plant shift occurred
selective processes due to human activities in thathin 10 years following the introduction by humasfgwo
native range. Indeed, the switch from heat-intalera plant speciesPlantago lanceolataand Collinsia torreyj
sexual populations confined to natural moist and codluring logging and cattle ranching in previous natur
habitats to heat-tolerant clonal populations estaligshi habitats (Singer et al. 1993). The reproductive dugbiE.
in hot and dry human-modified habitats is probably adithahas been shown to be much higher on its new hosts
key first step towards invasive success, as it allows tii§inger et al. 1993; Singer and Thomas 1996) anits if
species to gain access to new resources and to ngetential for migration were not so low (Brussard and
transport opportunities, specific to human areas. TheE#rlich 1970), it might have colonized vast areasvirich
results are consistent with the “two-step” scenario dfs new hosts were introduced through agriculture. (éng
invasion process put forward by Foucaud et al. (2010 alifornia and Nevada). In some cases, host-switching
which is largely based on the potential of nativepecies evolve invasive features, thrive in their human
populations to evolve under direct human pressure onmodified native range and eventually invade ren@tas.
landscape properties (see also Hufbauer et al. 2011). This was the case for the Colorado potato beetle,
The hypothesis of human selective pressurdseptinotarsa decemlineata which switched from its
modifying species within their native range, drivinghistoricalSolanumhosts toSolanum tuberosufiollowing its
them towards invasive characteristics, is supported byirgroduction for farming. It subsequently invaded thor
growing number of studies on various species. Fdmerica, Europe and Asia to become the most threagenin
instance, the arftapinoma sessijaative to America, pest of potato crops (Alyokhin et al. 2008).



Effect of body size on thermotolerance provides a striking example of a species that evdmtual
crossed such a valley, thereby gaining access to new

In some ant species, differences irresources and new areas. This may not be an uncommon

thermotolerance can be accounted for by differeirces process, considering that most of the worst cases of

worker body size (Kaspari 1993; Clemencet et abiological invasion are due to human commensals @hrli

2010). For instance, largéataglyphis veloxworkers 1989; Lowe et al. 2000). More empirical studies ie th

withstand temperatures 6 to 8°C higher than thoswtive and introduced ranges of invaders are needdchw

tolerated by smaller workers (Cerda and Retana)l99general conclusion on the relative contribution ofop

However, morphological measurements indicated thatlaptations (with a special emphasis on human halstadis)

this was not the case W. auropunctataas workers of post-introduction evolutionary events (e.g., multiple

both heat-tolerant populations (i.e. established imtroductions, purging of deleterious mutations tigtou

human-modified habitats in both the native and theoderate bottlenecks, “bridgehead” effect, hybatdom;

introduced range) and heat-intolerant populatiores (i Ellstrand and Schierenbeck 2000; Abbott et al. 2003;

established in natural habitats) had bodies of simil@ossdorf et al. 2005; Durka et al. 2005; Facon e2@08;

size. McGlynn (1999) and Mikheyev and MuellerLombaert et al. 2010; Facon et al. 2011) to the sscoé

(2007) found that workers from introduced populationinvasive species (Lee and Gelembiuk 2008; van Kle@en

were smaller than those of native populations, based ah 2010; Hufbauer et al. 2011). This later pointnscial to

a wide geographic sampling range. Additionahelp building biologically coherent managing pa@gito

Student'st tests on pairs of population types revealegrevent invasions worldwide.

only a non-significant trend of this type in our own

data set (results not shown). Most importantly, th&l goACKNOWLEDGMENTS
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ABSTRACT

Evolution is now recognised to improve the invasivecsas of populations but it often remains unclear where
and when key adaptation events occur. We used adisulfilinary approach to disentangle the eco-evahaiy
scenario of the invasion of a Mediterranean regismadl) by the tropical antasmannia auropunctata aboratory
experiments showed that Israeli populations were tbattapted to cold temperatures than tropical nahekinvasive
populations. Species distribution modelling showed ddaptation to the colder-temperature conditigpgal of Israel
may have occurred at a primary site of invasionr{éf&) and/or at the southern edge of the nativeedngrth-eastern
Argentina). Phylogeographic analyses indicated thatlsraeli populations were loosely related to patohs from
Florida but remarkably similar to populations frongantina. Our results strongly suggest that the Ispmglulations
were established following a two-step invasion scenaith prior adaptation to cold in north-eastern é&mtjna before
long distance dispersal to Israel.
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for statistical analyses, development of species disimibuhodels and phylogenetic analyses respectively; ABR,
MV, AL, JF, JO, LC, LC, ML and TS collected samples. &lithors contributed substantially to the correctibthe
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INTRODUCTION
successfully used to illustrate post-establishment afilaypta

Evolution is now recognised to play an important rolef invasive populations (e.g. Yeh 2004; Phillips 2006
in increasing the invasive success of some populatio@enetic tools were successfully used to decipher campl
(e.g. Lee 2002; Cox 2004, Suarez & Tsutsui 2008vasion histories (e.g. Lombaest al. 2010 and Ascuncet
Most studies addressing this concern has a tempoedl 2011) and niche-based models were successfully used to
and geographical focus on evolutionary changes thaentify ecological niche shift associated to invasion
occur following introduction into a usually rematew processes (e.g. Broennimaanal. 2007). However, to our
location, as an evolutionary response to novel biotknowledge, experimental, genetic and niche modgllin
and/or abiotic selection regimes (e.g. Yeh 2004pproaches have not been combined simultaneously on a
Phillips 2006). This scenario implies that evolutionargingle species to test the assumptions proposed by Hufbau
changes occur independently in each distinct invaded al. (in press).
locations. A notable illustration of this pattern et We here propose an integrative multidisciplinary
marine copepod, Eurytemora affinis, that has invadeapproach combining phenotypic, genetic and niche-
and has adapted to freshwater habitats multiple timesodelling analyses, to tease apart the three maineabov
independently with the advent of ballast water stmgpi mentioned eco-evolutionary scenarios of invasion,guttie
and discharge into freshwater lakes on severaliccessful invasive antWasmannia auropunctataas
continents (Lee 1999). biological model. Some populations of this tropicalt a

Two alternative (although not exclusive) eco+ecently successfully invaded the Mediterranean zone i
evolutionary scenarios of invasion have been recentlgrael (Vonshaket al. 2010). First we tested whether the
formalized to explain the success of some invasivestablishment ofW. auropunctata populations in the
populations. First, adaptation results from evolutigna Mediterranean zone was accompanied by an adaptetion
processes occurring in a primary invaded site followedorkers to local cold temperature. Then we assessed
by subsequent introductions into other territories frorwhether this adaptation occurred within the intraalicange
this site, a scenario recently described as the lIsrael, or before transportation to Israel, eitlara
“bridgehead” effect (Lombaes#t al. 2010). Under this primary site of invasion (i.e. bridgehead scenariojvithin
scenario, adaptive change(s) may occur only once fine native range in some peculiar habitats (i.e. Biep
the bridgehead area. The adaptive changes in thel initscenario). We addressed the first question by carrying o
site of introduction may break biotic and/or abiotidaboratory experiments to compare the response to cold
barriers to invasion and therefore rendering easistress of workers from Israeli populations and workens fro
subsequent establishment into sometimes remadelarge set of populations established in either thieenar
biogeographical areas, displaying selective pressurt introduced range of the species. We addresseddhiedse
similar to those in the bridgehead area. In the secoqdestion by first conducting species distribution maaig!l
invasion scenario, key evolutionary changes necessd8DM) analysis, to identify geographic regions wheativie
for the invasion of new biogeographic regions may alsor invasive populations dfV. auropunctatanay be subject
occur within the native range, before long-distanct® cold temperature selection pressures similar to those
dispersal events into the introduced range (Bossetorfisrael. We then conducted a worldwide phylogeog@phi
al. 2008; Lee & Gelembiuk 2008; Jenkins & Kelleranalysis based on mitochondrial and microsatellite tigene
2011; Hufbaueret al. in press). This scenario wasDNA, to determine the putative genetic origin oé tisraeli
recently called “two-step” (Foucauet al. 2009) and lineage, focusing more specifically on the candidate
more specifically AIAI for “anthropogenically-indude geographic areas identified in our SDM analysis.
adaptation to invade”, when prior-adaptation istegla
to human-altered habitats (Hufbawtmal.in press). MATERIALS AND METHODS

Unravelling of the eco-evolutionary scenario
underlying invasive populations has importanStudy species
implications for both invasion theory, to better
understand circumstances that favour adaptive changes W. auropunctataoriginates from the neotropic
during invasion processes, as well as for managemestozone, from Mexico to Northern Argentina (Wettege
policies, as it may guide actions to prevent or céntrdorter 2003) and displays two different types of patioihs
undesirable invasions. Yet, the distinction between theithin its native range. Ancestral native populaticare
three main eco-evolutionary scenarios of invasiooonfined to primary forests, occupying naturally disad
requires a substantial amount of information thatos areas (e.g. floodplains), and are characterised Wwynlest
far difficult to pile up for most species (Hufbawsral. and worker densities (Wetterer & Porter 2003; Oristehl.
in press). Required evidences include phenotypR009). Some populations have repeatedly successfully
analyses involving both native and introducednvaded human-modified habitats within the nativage
populations to test whether adaptation occurred durirfe.g. road sides, plantations; Wetterer & Porter 2@8;el
invasion; some genetic data for documenting thet al.2009). This change of habitat within the nativegeais
genetic relationship between native and invasivassociated with a major ecological shift with high kesr
populations and retrace the routes of invasions; amhd nest densities (Orivet al. 2009) and a genetic shift in
finally environmental data (climatic and/or biotitt) the reproductive system, from a classical haplo-diploid
assess selection pressure on key life history traits sexual model to clonally reproducing queens and males
both the native and introduced populations. CommotfFoucaucet al.2009).
garden experiments and phenotypic analyses have been
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Site Area Climatic zone Country Habitat

M11 Native Tropical France (FG) Natural

M3 Native Tropical France (FG) Natural

M7 Native Tropical France (FG) Natural

Cay Native Tropical France (FG) Human-modified
P2 Native Tropical France (FG) Human-modified
Ker Native Tropical France (FG) Human-modified
Mp Introduced Tropical France (NC) Human-modified
Cam Introduced Tropical Cameroon Human-modified
Orl* Introduced Subtropical USA (Florida) Human-nifoed
Zarate 1* Margin native Subtropical Argentina Hunmaodified
Zarate 2* Margin native Subtropical Argentina Hunraodified
MaAb Introduced Mediterranean Israel Human-modified
NeveUR Introduced Mediterranean Israel Human-madlifie
NY Introduced Mediterranean Israel Human-modified
Hz Introduced Mediterranean Israel Human-modified

Table 1: W. auropunctatapopulations sampled for laboratory experiments assessing ldotolerance. Note: About

20 fertilised queens and 2000 — 5000 workers per ptipalwere sampled. FG= French Guiana; NC = Newdoalia.

Refer to the "material and methods” section for fertlletails on different types of areas. * Populatiorrem
specifically used to verify where adaptation to cofcturred given the results obtained from the SDM genetic

analyses (see Figure 2, 3 and 4).

Since the beginning of the “Ccentury, W. given the results obtained from the SDM and genetic
auropunctatahas successfully invaded many countrieanalyses (see results section). The first set of twelve
in tropical and subtropical zones (Wetterer & Portepopulations includes: (i) six populations from the veti
2003; Foucauet al.2010). In its introduced range, thetropical area representing the core habitat of {heciss,
invasive populations settle in human-altered habitatgith three populations from natural habitats (i.eimgairy
with several traits similar to those of the clonaforest) and three populations from human-modifieditass
populations established in the native area (i.€i.e. plantation or roadside) and (ii) six populagdrom the
ecological dominance and clonality; Foucaed al. invasive range, two populations from the tropicahe@nd
2010). In 2005, established populations ®Y¥. four populations from the Mediterranean zone (Israehe
auropunctata were found in Israel, in the three other populations, more specifically used tafywer
Mediterranean zone, which is characterised by clonativhere adaptation occurred given the results obdafrem
features, especially colder winter temperatures, vetiie SDM and genetic analyses, were sampled as folipwin
different from those in the tropical core habitatwo populations from Zarate (Buenos Aires province,
(Vonshak et al. 2010). Despite the harshness of thérgentina), a zone located at the southern mardithe
abiotic conditions of the Mediterranean zone witnative range and one population from Florida which
respect to the tropics, the Israeli populations displagorresponds to a subtropical zone of the introdueede.
nesting and foraging behaviour similar to that obsirveAll but the two Argentinean populations were reassdl
in the tropical and subtropical areas (Vonstekal. studied at the CBGP laboratory (Montpellier, Franddje
2010). The ability of foraging workers to cope withtwo populations from Argentina were reared and studie
cold winter temperatures suggests that the Isragtie SABCL laboratory (Buenos Aires, Argentina) daehe
population may have undergone adaptation to coktrong legislation constraints associated to the impontaf
temperatures to successfully invade this neWwve W. auropunctatafrom Argentina in Europe. In both
biogeographic area. laboratories, ants were reared in a walk-in climatiamber
maintained at constant temperature and humidity G25°
70% RH; L:D 12:12) for at least two months, to ensue th
all the workers tested in the experiments had beedugced
in the laboratory. This time lag before the experitae
minimised the impact of the acclimation factor ineth

We sampled a total of 1BV. auropunctata interpretation of our results. During this periodisawere
populations (Table 1). Twelve were used for verifyinded ad libitum with Ephestiaeggs and a honey-yeast-water
whether adaptation to cold occurred in Israelsolution.
populations during invasion and three were used to
more specifically verify where adaptation occurred

Laboratory Experiments

Sampled populations



Cold tolerance the time taken to reach half the maximal proportimhn
recovered workers as response variables (see Appehdix S
Time to recovery from chill coma (a reversiblesupporting information for details).
state of narcosis induced by cold) is an appropriate
phenotypic surrogate for the assessment of colpecies distribution modelling analyses
adaptation in insects (Gibeat al. 2001; Hoffmaret al.
2003). We therefore measured the time to recovedy an We used the “domain” algorithm (Carpentdral.
the survival rate of workers after a cold stress. A1993) to model the distribution &%. auropunctateon the
populations were tested following the same protocohasis of 88 geo-referenced occurrences of the species in
We placed 50 workers from each population in fivésrael. Half of these occurrences were used for mattiakf
sealed and meshed boxes (10 workers per box) and fad other half being used for model evaluation. @tandata
them with 0.5 ml of honey-water for one hour. Wagke included four variables describing the cold-tempegtu
were then placed in a climatic chamber at 2°C #r lconditions typical of the habitats occupied bw.
hours. This temperature is close to the lowest absolwdearopunctatain Israel: the minimum temperature of the
minimum air temperature recorded in the wintecoldest month, the mean temperature of coldest qu#ne
months between 1981 and 2000 in Israel (Januargnnual mean temperature and the annual range of
2.5°C and February: 2.6°C, Israeli meteorologicalemperature (available from the WORLDCLIM database;
service). At the end of the cold stress period, boxdd$ijmans et al. 2005). Data were managed with the GIS
were placed in a walk-in climatic chamber withsoftwvare GRASS (GRASS Development Team 2008),
standard climatic conditions (i.e. 25°C, 70 % RH)eThinterfaced with R via the R packages spgrass6 (Bizaid)
proportion of workers recovering from cold stress irand raster (Hijmans & van Etten 2010). Models wetedit
each box was determined at 11 time points: just aftand evaluated with the R package dismo (Hijmahsl
the cold shock, after 27, 40 and 60 minutes and th@010).
every 30 minutes until 5 hours. This experiment was The performance of the models was evaluated for
then repeated except for the two tested Argentinedine Israeli region, by comparing model predictionghwi
populations hence reaching a total of 1400 testawbservations, through calculations of the area under
workers (50 workers x 13 populations x 2 runs at theurve (AUC) of a receiver operating characteristROC)
CBGP and 50 workers x 2 populations at the SABCL) plot (Fielding & Bell 1997). As only data for occances
We investigated putative differences in thewvere available, pseudo-absences were randomly getherate
response of workers to cold stress as a function of the geographical region over which the model was
biogeographic origin (native area in natural hdbjta defined, except for populated and urban areas @hessary
native area in human-modified habitats, introducethnd-use information was obtained from the NaturatttEa
area in tropical zones, subtropical populations iwebsite: http://www.naturalearthdata.com/). This appho
Florida, subtropical populations in Argentina, andvas adopted becauséd/. auropunctatais known to be
introduced area in the Mediterranean zone). Fdn ec intimately associated with human-modified habitatsitin
those six origins, we investigated the relationshiprea of introduction, particularly in Israel (Vonkhat al.
between the proportion of workers that had recoveré&t09). The domain algorithm applied to our climatita set
and the time since cold stress by fitting a non-linegielded a model that was ultimately used to spot dveide
mixed model (nlme) according to a reparameterisegeographical regions displaying similar climatic cdioais
Gompertz relationship implemented in R statisticahnd in which the presence @f. auropunctatgpopulations
software (R Development Core Team, 2010), with had previously been reported.
mean function defined as follows:
Phylogenetic analyses
f(x) = plateau* exp (- exp € * (d - X)))
We conducted phylogeographic genetic analyses to
Two parameters, the platead and the investigate the branching position of Israeli indivads
parameter d”, which represent the maximum within a large set of samples from tropical/subtropicive
proportion of surviving workers and the abscissa at trand invasive populations (see Figure SF1 in supmprtin
inflection point (i.e. a good proxy of the time forinformation). This analysis was based on mitochondridl an
workers to recover), respectively, were estimated amdicrosatellite data. DNA was extracted and purifiean all
compared for each six biogeographic origin. Théndividuals analysed, by a standard CTAB-based pratoco
parameter ¢", for which the biological interpretation is
difficult in this case study, was not used in subsequehtitochondrial data
statistical analysis. Parameter estimates with non-
overlapping confidence intervals were considerecdeto b We amplified a 700 — 710 bp fragment of the
significantly different. The data from ArgentineanmitochondrialCOIl (Cytochrome oxidase) lgene from 136
populations were included in the main statisticahdividuals (83 workers and 53 queens), with two s#ts
analyses but the estimates should be interpretpdmers (See Appendix S2). In total, 123 of theséviddals
carefully as the experiment was conducted in ariginated from 31 native and 20 introduced popoitet in
different laboratory by different observers. the tropical/subtropical zone, whereas the other 13
We also conducted complementary analyseésdividuals analysed (five queens and eight workers)
based on general linear mixed models (GLMM), usingriginated from seven nests established in Israel (segd-ig
both the maximal proportion of surviving workers andSF1). Two sequences from the closely related species
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Figure 1: Cold tolerance in laboratory experiments usig Gompertz relationships.Note: Box (A) shows the fits of
non-linear mixed models using Gompertz functions ® gloportion of recovered workers at each observdiioe.
The Symbols correspond to the mean proportion ofvereal workers at each observation time in all pdpna of
each of the six biogeographic origins considededs native area in natural habita®;[ native arethuman-modified

habitats;\*[* introduced area in the tropical zorj&f

introduced area in the Mediterranean zone (irely =

introduced area in the subtropical zone (Floridg)j* Zarate (Buenos Aires province, Argentina). Plain syisibo
correspond to populations used to test whether aitaptaccurred in the Mediterranean populations compa
populations established in the core habitat of thev@aange. Open symbols correspond to the popukatised to
more specifically verify where adaptation to coldweed given the results from both the SDM and geraatalyses
(see Figure 2, 3 and 4). The curves are the fitted g&om functions. Box (B) shows the comparison of Gertzp
function parameters estimated for each biogeogragigin of populations, for the paramefglateauat the top, and
parameted at the bottom (see text for details). Cold toleraoicerorkers for all but the two Argentinean popwas
was assessed at the CBGP (Montpellier France). Colchtale of workers for the two Argentinean populatiovas

assessed at the SABCL laboratory (Argentina).

Wasmannia rochai (GenBank accession numbers
EF459732 — EF759824) were used as an outgroup.
Our phylogenetic analyses were performed on
unique haplotypes (35 in total). Sequences were
partitioned into codon positions (cp) and models of
evolution were independently selected for five sets of
partitions (£ cp; 2 cp; 3% cp; TY2" cp; £12"%3“ cp).
This was achieved by comparing Akaike’s information
criteria corrected for samples of small size (i.e. AlCc
Posada & Buckley 2004 and references therein) in
JMODELTEST (Posada 2008). Relationships between
W. auropunctatehaplotypes were then constructed by
Bayesian inference, with MRBAYES v3.1.2 (Ronquist
& Huelsenbeck 2003). Three distinct partitioning
strategies (PS) were used (unpartitioned analysis, one

partiton per cp, one partition forS2™ cp + one
partition for 3° cp). For each PS, two independent runs
were carried out, for 20 million generations eastth
eight Markov chains. The best PS was then identified
by comparing Bayes’ factors (Kass & Raftery 1995)
and the corresponding tree was constructed with a
conservative burn-in of 25%. Node support was
estimated from posterior probabilities (i.e. the
proportion of post burn-in trees recovering a paldicu
clade; Ronquist & Huelsenbeck 2003).

More specifically, we evaluated the robustness
of the affiliation of the Israeli haplotype to claBgsee
results). We constrained the position of the Israeli
haplotype by forcing it into the other clade (ictade
A), using the settings for the best PS. We then used



Bayes' factors to determine whether there was
significantly less statistical support for the constrained
analysis than for the unconstrained analysis.

Microsatellite data

In W. auropunctataclonal populations, the
nuclear genomes of queens and males behave as two
independent lineages (Fournier al. 2005a; Foucaud
et al. 2007). We therefore carried out microsatellite
analyses on the two sexes separately. We added to the
data set published by Foucaetdal (2010) a new data
set including the genotypes of 12 males and 33 queens
from seven populations sampled from Argentina. A
global data set of 453 male and 1093 queen genotypes
was therefore analysed in this study. For sites from
which no males were sampled, we analysed the
spermatheca content of the queens, when possible (for
details, see Fourniest al. 2005a). If the spermatheca
was empty, we deduced the paternal genotype from

*

workers in clonal populations. All individuals were
genotyped at 12 microsatellite loci (Fournier al
2005b). Dendrograms were constructed from
individual genotypes with the neighbour-joining
algorithm (Saitou & Nei 1987) and using a variant of
Chakraborty & Jin's allele shared distance
(Chakraborty & Jin 1993; see Fournatral. 2005a).

RESULTS
Cold tolerance

All estimates of the Gompertz function
parameters fitted for the six biogeographic origiresev
significantly different from zero, indicating a godid
of this function to the pattern of worker recovery
following cold stress over the period of observation
(Figure 1A).

*

Figure 2: Species distribution modelling (SDM) resultsNote: Box (A) show the SDM result in the region Yahnich
the model was fitted, Box (B), SDM results withirethative range and surrounding invaded areas andsB@D),
SDM results in regions remote from the native ramgehich the presence of invasi auropunctatgpopulations has
been reported. Yellow to red patches indicate thargess of fit, with red patches corresponded to thledsi level of
agreement between the model and the observed Tatanative range dfV. auropunctataaccording to Wetterer &
Porter (2003), is surrounded by a green strip in Esults of model fitting for the tropical islands ldéwaii and
Tahiti, whereW. auropunctatas established, are not shown as these islands displaydinatic similarities to Israel.
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Workers from Israeli populations survived significantly The individual nuclear microsatellite data obtained
better plateau = 0.95, ) and recovered fasted € from both queens and males confirmed that Israeli
35.67, ) than workers from natural habitgitateau=  populations were established from a single pair of 1oj@ee
0.15, ;d = 59.01, ) and human-modified habitatamale genotypes reproducing clonally. These clonal
(plateau= 0.35, ;d = 52.86, ) in the native area, andgenotypes were strictly identical to those found byps¥ak
than populations established in the tropical introduceet al. (2009) in older samples collected in 2005. Both the
area plateau= 0.46, ;d = 74.95; Figure 1B). Workers queen and male genotypes from Israel were assigned to
from subtropical populations, Floridpléteau= 0.79, ; genetic clusters including only genotypes of individua
d = 62.83, ) and Argentinglateau= 0.91, .d = 7.24,) from Argentina (Figure 4). For queens, the closest
also recovered better and faster than tropic#irgentinian genotypes were those of individuals oaging
populations. Workers from Israeli populations survivedrom populations established near the city of BuenassAi
better and recovered faster than populations otigipga and in the Ocloyas mountain region (C4, C5 and @GRjre
from Florida but did not do better than Argentinead; see also Supplementary figure SF1). The Israeliatlon
populations. male lineage had a multilocus haploid genotype rkatdy
Additional analyses based on GLMMssimilar to that of clonal males from Argentinian ptgiions
revealed similar trends and led to the same maastablished near Buenos Aires (C5 and C6; Figure 4).
conclusion (See Appendix S$pecies distribution Consistent with phylogeographic results based on mtDNA
modelling analyses, the Israeli queen and male microsatellitetgpes
were only distantly related to those of populationsmf
The climatic envelope model defined on thd-lorida (Figure 4).
basis of the occurrences Wi. auropunctatanests in
Israel accurately predicted the presence W DISCUSSION
auropunctatanests throughout this geographic region
(Figure 2A; AUC=0.95). Our predictive analysesAdaptation of invasive populations to a new enviroant
across the global distribution rangeWf auropunctata
highlighted a small number of regions with climatic Adaptation to local temperature conditions is
conditions similar, in terms of coldness, to thosehef t particularly crucial for ectotherms, which havelditor no
locations at whiclW. auropunctatabccurs in Israel. We capacity for regulating their body temperature. rh&sion
identified the north-eastern region of Argentinattess of W. auropunctata, from the tropical zone to the
largest geographical regions with similarities to thé&lediterranean zone, is an excellent case study tciigete
climatic envelope defined in Israel within the mati whether and where physiological adaptation occursngur
range of this species and the surrounding regiomsvasion within a biogeographical region that strgngl
(Figure 2B). In the introduced range, some regions diiffers in climate from the core habitats of the vatiange.
North America, Australia and Africa were also found t Our results clearly indicated that workers from
display locally similar cold temperatures (Figure 2 Bpopulations established in the Mediterranean zone are
D). However, Florida was the only such region iradapted to local cold temperatures compared to ptpas
which the presence of populationsWf auropunctata from the introduced or native range within the tcapzone.

was reported. This adaptation may have made it possible for workers to
continue foraging throughout the year, even in liaesher
Phylogeographic analyses winter conditions of the Mediterranean climate oééd than

of the tropical zone of origin. This result echoeshvather

Our tree based, on the COI region of mtDNAstudies showing that evolutionary changes may faiglita
encompasses two main clades: clades A and B (Figurasion (e.g. Yeh 2004; Phillips 2006). Interestingly
3; see also Mikheyev & Mueller 2007). All theenough, most of the studies that investigated on agapt
populations established in Israel were characterised blianges during invasion of animals focused on life histo
a unigue haplotype branching off within clade B.rOutraits such as growth, reproduction or dispersal amd fe
data provide positive evidence that the alternativiecused on physiological traits (but see Lee & Gelembiuk
topology (i.e. Israeli haplotype constrained intodela 2008). Our results provide one of the few illustnasidhat
A) was less supported than the best topology obtainedaptation on physiological traits, here tolerancecdtu,
(Bayes’' factor = 5.1). The Israeli haplotype wasnay also improve the success of invasion of some
rigorously identical to that found in clonal poputats populations.
established in Zarate, Buenos Aires province
(Argentina C5, Figure 3 and see map in Appendix)SFWhen and where adaptation occur during invasion
and differed from the haplotype of the clonal ligea processes?
established in the city of Buenos Aires by only one
nucleotide (Argentina C4, Appendix SF1). Clade B The use of phenotypic experiments is crucial to
also contains all the Argentinian haplotypes sampled demonstrate that adaptation occurred but does neidero
this study, together with haplotypes from Paraguay anformation about where evolutionary changes resptmsi
southern Brazil, all of which were obtained fromfor adaptation took place. Our phenotypic experimen
populations located in the southern margin of thtev@ea conducted on tropical and Mediterranean populatamgd
range. The Florida haplotype was assigned to clade lkad us to consider that adaptation occurred locally
indicating a loose genetic relationship between thiellowing introduction. This scenario is however uelikin
populations of Florida and Israel. the case olW. auropunctatalsraeli populations. This sce-

*



Figure 3: Consensus tree for the phylogenetic relatiohgp between native and introduced populations.
Note: Posterior probabilities of nodes are shown &ues > 50%. For each shared haplotype, the naitie sampled
population is provided and the number of individisgguenced per population is indicated in brackets. TgerAinian
haplotypes are shown in bold characters, the Fldnaalotype is shown in bold italic characters and Igraeli
haplotype is shown in underlined bold characters. @lbsely related specied/asmannia rochaivas used as an
outgroup.

originating from the same or two genetically similar
-nario requires the genetic diversity in the originapopulations (see discussion below). Moreover, muligoc
propagule introduced to be sufficiently high fordbc microsatellite genotypes of reproductive individuaient
adaptation to occur. Adaptive genetic variation i¢sraeli populations sampled in this study were strictly
favoured by large size of the original propagule/and identical to those reported for populations samptedhis
by admixture events between genetically differeatlat area five years previously by Vonshetkal. (2009). It seems
introduced populations (Facat al. 2008). We found therefore unlikely that cold adaptation occurrederaf
that the Israeli populations were established from aransportation to Israel. The sole use of phenotypic
initial propagule including only a single pair ofegn experiments is thus not sufficient to pinpoint wheoél
and male genotypes reproducing clonally and probablgdaptation most likely occurred.



Figure 4: NJ dendrograms of the microsatellite allele shad distances between individual queens (A) and males
(B) from populations sampled in the native and introdiced ranges.Note: The Argentinian genotypes are shown in
bold characters, the Florida genotypes are shown id ialic characters and the Israeli genotype is show
underlined bold characters. Dendrograms are notedootiue to the lack of PCR amplification for makiy
auropunctatamicrosatellite loci in the closely related specWsrochaiused as an outgroup in figure 3. Bootstrap
values (computed from 1,000 replicates) for nodesshosvn only when > 50%. Note that low bootstrap valaee
usually obtained when individual trees are bootstrdmyer microsatellite loci.

SDM approaches are useful to investigatal. 2008; Lee & Gelembiuk 2008; Foucawd al. 2010;
geographical regions among the world wherdenkins & Keller 2011). According to th&. auropunctata
populations undergo similar selective pressure (i.@istribution map produced by Wetterer & Porter (2003
similar climatic characteristic) than within the targ north-eastern Argentina is located at the southernlaertte,
introduced range (here Israel) and may hence provideldest edge of the native range of the species. Triies [of
an overview of candidate regions where adaptivihe range of an organism are often viewed as zones of
changes may have occurred before the dispersal ldterogeneous habitats, in which numerous evolutjonar
populations in the invaded area. We found, using SDNprocesses may occur (Kirkpatrick & Barton 1997; Thoetas
that population established in north-eastern Argentinal. 2001). Furthermore, the potential to evolve ipoese to
at the colder limit of the native distribution ofeth new conditions is generally considered to be greattirw
species, and in Florida (USA), in the introduced eangor at the edge the native range than in the intteduange,
are likely to undergo similar cold selection pressurdue to the larger effective population sizes, genetitation
than populations established in Israel. At this stage, tvand propagule pressure (Hufbawral. in press). Finally,
main invasion scenarios are possible relative to the tveonsistent with this hypothesis (i.e. adaptation to dold
geographical zones identified by the SDM approach. Argentina), we found that workers from the Argendine

First, adaptation may have occurred irpopulations survived as well as workers from Israeli
populations established in north-eastern Argentin@opulations, to the same cold stress experiment.
before long-distance dispersal events directly toelsra In the second scenario, the Israeli lineage may stem
according to a two-step invasion process (Bosseorff from a successful invasive population already adapbed

cold temperatures in Florida. Under this so called



bridgehead scenario (Kolbet al 2004; Floerlet al. temperatures than those used in our experimental rdesig
2009; Lombaertet al. 2010), adaptation could have Consistent with this hypothesis, we found that althotigh
occurred after the introduction of some tropicaliveat cold temperature conditions tested in our laboratory
populations within Florida. In agreement with thig, experiment reflected the extremes of temperatureaddn
auropunctatawas first reported in Florida in 1924 Tel-Aviv (Israel), many, if not all workers from e¢hlsraeli
(Wheeler 1929), long before the Israeli populatias h populations recovered rapidly from cold stress. Morgove
been introduced. Many evolutionary processes mgyeliminary results indicate that workers from Argeatn
have occurred over this period, enabling the Floridaopulations collected around Buenos Aires were able t
populations to adapt to cold (e.g. admixture, Fagbn survive to negative temperatures (L.C.A and L.C
al. 2008). Furthermore, consistent with this hypothesisinpublished data). The notion that the Israeli paiporhs
we found that workers from populations sampled imay have originated from Buenos Aires is also suppdiyed
Florida tolerated cold stress better than workers frothe important commercial ports in this city, whichgit
other tropical populations (native or introduced)have facilitated the long distance dispersal W.
Alternatively, populations established in Florida mayuropunctata
originate from an Argentinean population pre-addpte In conclusion, our integrative multidisciplinary
to cold temperatures and could have then been movedy is, to our knowledge, the first to unambiguously
and successfully established in Israel in a second timdentifies the biogeographic origin of evolutionaryanges
In this case, adaptation to cold might have occurrathdergone by an invasive population established in an
only once in Argentina. A similar invasion scenaricswaecological niche that on average greatly differenftbe core
recently proposed for the fire ablenopsis invicta, habitat within the native range. The eco-evolutigna
which originated from Argentina, and that havescenario of invasion of Israeli population illustrateveo-
invaded Florida before invading more distant terig® step” invasion scenario. Our study highlights the newd f
(e.g. New Zealand, China; Ascunek al. 2011). Yet, studies focusing on populations established in marginal
Ascunceet al. (2011) did not assess whether and whergabitats and areas surrounding the native range of the
adaptive changes occurred during the invasion processpecies, with a view to identifying populations capabf
Our phylogeographic survey allowed us tdnvading remote areas characterised by similar
distinguish between the above invasion scenarios. V@avironmental conditions.
found that the lIsraeli lineage was strongly related to We believe that our integrative multidisciplinary
populations established in the southern part of thepproach could be successfully apply to other invasive
native range of the species and in particular tspecies to identify the origin of adaptive changesndur
populations located near Buenos Aires (Argentina). Biyvasion. Yet some limitations may weaken such apjroac
contrast, the Israeli mtDNA haplotype as well as theshen applied to at least some species. In particuiatic b
microsatellite multilocus genotypes were found to biteractions may also play an important role in the
only loosely related to those of the Florida popolati establishment and spread of invasive populations (Kenned
samples. These results indicate that, the two bridgehestdal. 2002). The approach used in this study does not
scenarios involving populations from Florida in theaccount for this type of factors although integrating
invasive success of Israeli populations should be ruleptoreferenced biotic data could be considered. @mwee
out and that the Israeli lineage directly origindtesn  practical view, a large number of live populationse
Argentina, where prior adaptation to cold most lkel required for phenotypic studies in the laboratorycdese
occurred. the transfer of live invasive species is under increfsing
Altogether, our multidisciplinary results stronger legislation constraints, it becomes more ang mo
support the view that the adaption to cold of Israetifficult to conduct phenotypic studies analyses on such
populations occurred at the southern limit of théive  populations simultaneously.
range of the species before long-distance dispersal to
Israel. However, there is a slight spatial incongreen(ACKNOWLEDGEMENT
between the phylogeographic identification of the
origin of the Israeli lineage (i.e. the city of Busn We would like to thank Roy Federman for providing%
Aires) and the region at the edge of the nativegean coordinates folW. auropunctatanests in Israel, available
found to display cold temperatures similar to thostom the website of the Israeli Environmental Pratect
found in Israel using SDM (i.e. north-easterrMinistry (in Hebrew). We thank Martin Kenne, Paulr@e
Argentina). This slight discrepancy might come fronMbenoun Masse and Maurice Tindo, Hervé Jourdan and
the fact that the actual source population of #radli Sanford Porter for providing living populations from
lineage may be established further north than Buen@ameroon, New Caledonia and Florida. We would aks®o |
Aires, in the climatic regions identified using SDMitb to thank Gary Morton for providing workers from Auia
not sampled in this study. Alternatively, the Israelfor morphological measures. Finally, we thank Caeolin
lineage may actually originate from populationgCoulin that helped to conduct cold tolerance expent at
located in the region of Buenos Aires characterised lthe SABCL laboratory (Buenos Aires, Argentina). Thigkvo
temperatures colder than those found in Israel (@as supported by grants from the Frerdinistére de
climatic feature confirmed by various standard’Ecologie et du Développement DurabléECOTROP
bioclimatic databases; results not shown). In thisrlatt@rogramme) awarded to AE and JO and from the French
case workers from populations established close #gropolis foundation (RTRA- Montpellier, BIOFIS praje
Buenos Aires and, hence, also those from IsraelD01-001) to AE, JPR and BF. Some of the data aralyse
populations would be expected to tolerate colddrere, including the genetic data in particular,evgenerated
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Appendix S1: Details and results of statistical analyses bad on general linear mixed models using both the
proportion of surviving workers and time to reach half the maximal proportion of recovered workers after old
stress as response variables.

Analytical methods:

We assessed the effect of the biogeographic origagachi population on the maximal proportion of sungyi
workers observed throughout the experiment and the t© reach half the maximal proportion of survivimorkers.
The maximal proportion of surviving workers in pogidas was determined regardless of the time at whigh th
maximum was reached. The biogeographic origin of gagulation was included as a categorical fixeddia¢six
levels: native area in natural habitats, native amelauman-modified habitats, area of introductiontriopical zone,
Florida in subtropical zone, Argentina in subtr@pizone and area of introduction in the Meditereaneone), whereas
run number and population locality (nested in thiedlbographic origin” factor) were considered as ramdiactors. For
the maximal proportion of surviving workers, we usedeneral linear mixed model to consider binomiebreterms
and Laplace approximation to estimate parameters. ighéisance of the fixed factor was assessed in a hkeld
ratio test. We used generalized linear mixed modedl@uGLMER in R) to assess the effect of the origin oheac
population on the time to reach half the maximalgortion of surviving workers. Gaussian error termsensemsidered
and we used restricted maximum likelihood approxioma(REML) to estimate parameters. The significance of the
fixed factor was assessed in a likelihood ratio test.tNé®m compared the time taken to reach half the mmaixi
proportion of surviving workers for each origin ajgulations in Studenttgests.

Results

Maximal proportion of surviving workers after cold shock

The table below indicates the mean proportions of gimyi workers from populations of different
biogeographic origins after cold shock at 2°C for Hdlurs and the results of the general linear mixedehfor

populations from the introduced area in the Mediteean region (Israel) as the baseline level.

Biogeographic origin Mean Estimate Std. Error Z Value P-Value

Introduced area in the Mediterranean zone 0.98 1799 0.10226 -0.176 0.86034

Native area, in natural habitats 0.33 -1.13936 @187 -6.091 1.13x1®
Native area, in human-modified habitats 0.57 -0.86060.16441 -3.41 6.50x10
Introduced area in the tropical zone 0.56 -0.57968.18799 -3.084 2.05x10
Florida in subtropical zone 0.96 -0.02297 0.20388 .11B8 0.91

Argentina in subtropical zone 0.88 -0.11157 0.23117 -0.483 0.63




Time to reach half the maximal proportion of surviving workers after cold stress

Our comparison of models revealed that the biogebigagrigin of populations had a significant effect on
worker survival (p-value = 5.15xT). Time to reach half the maximal proportion of \éuing workers was
significantly shorter for Israeli populations (mean2:60) than for tropical introduced populations (meahl1.73, p-
value = 1.57x16) or populations originating from the native areajatever the type of habitat (human-modified
habitat: mean = 86.87, p-value = 1.82%16r natural habitat: mean = 117.5, p-value = 3.80%1Workers from
populations established in Florida (mean = 81.0, Ipeva 7.54x10) recovered also slower than workers from Israeli
populations. It seems that workers from Argentina vered faster (mean = 14.49) than all population®dest this
study. However, this result must be interpreted cdyefid these Argentinean populations were tested indiepdy at
the SABCL laboratory (Buenos Aires, Argentina) ahid tmeasure (i.¢ime to reach half the maximal proportion of
surviving workers after cold stress) is sensible to hovkarsrwere considered by observers as recovered.



Appendix S2: Details on the amplification and sequencg protocols of the mitochondrial DNA of cytochrome

oxydase COI) sequences.

LCO and HCO universal primers (Folmetral. 1994) were used for 97 individual DNA to PCR ampéf710
bp fragment. However, we did not obtain any PCRdpobd with this set of primer for 39 individuals froseveral
localities (i.e. French Guiana, Guiana, Peru, Brd&dnama, Surinam, Ecuador, Paraguay, DominicantiRepCGosta
Rica and Coco Island). For these individuals, we castbithe LCO primer with a new designed internal Rever
primer called newCOI-R (TGY-TGG-TAT-AAA-ATA-GGG-TCT) to amplify a 700 pb DNA fragment. For both sets
of primers we used the same PCR mixtures as in Fowstaald(2007). Thermal cycling conditions were as follows:
denaturation at 95 °C for 3 min, then 37 cycles efiaturation at 94 °C for 1 min, annealing at 55(48°C for
LCO/newCOI-R primer set) for 1 min, and extension4f for 1 min, followed by a final extension at @ for 10
min. PCR products were purified and sequenced onEBIn3&X30 DNA sequencer (Applied Biosystems). Individual

electropherograms were checked for eventual ersing iseqscape software (Applied Biosystems).
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Figure SF1: Continued
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DISCUSSION GENERALE



Les résultats obtenus au cours de cette these nous ont permis ifaosgaémeilleure
connaissance des changements évolutifs associés au succes d'invaegiopulations. Bien
gue nos résultats concernent principalement notre modéle dasimannia auropunctata
ceux-ci ont cependant une portée plus générale en biologie des invasonévelution des

systémes de reproduction.

I. Les facteurs évolutifs associés au succés d’invasion\tke auropunctata

[.1. Le réle du systéme de reproduction

Foucaudet al. (2009) ont suggéré que le succes d’invasion des populatiokd de
auropunctataest indirectement associé au systeme de reproduction asexn@layig les
caractérise. Les résultats obtenus au cours de cette tmspermis d’identifier les
mécanismes de ce systéme de reproduction et permettent de fatesulg/pothéses robustes

sur son réle dans le succés d’'invasion de ces populations.

En général, on considere que les organismes asexués ont un potentigiatiinva
supérieur a leurs congénéres sexués du fait de leur croissamogrdghique plus rapide (i.e.
pas de colt de deux) et de leur capacité a éviter les effetaxi@ppulations de petites tailles
(i.e. assurance de reproduction et évitement de la dépressiancdasanguinité) lors de
I'établissement et de la propagation dans le milieu colonisé. Qud&il'absence de
recombinaison, l'asexualité permet également de conserver desnemubs d’alleles
coadaptés dans le temps. Ces populations souffrent cependant d’'un patiEpiatif limité
et accumulent des mutations délétéres. Elles sont de ce fadgsvaudne extinction plus ou

moins rapide, en fonction de leur fond génétique, méme dans des environnements stables

L'asexualité pratiquée par les reines des populations clonaléé daropunctatane
suit pas les mémes regles que l'asexualité classique. Qess ratilisent de maniere
conditionnelle la parthénogenese (i.e. asexualité) pour la production desdandance
reproductive femelle (i.e. reines), I'androgenése pour la productomékes et la sexualité
pour la production douvrieres stériles. Les avantages que procurent Esmeysde
reproduction ne sont pas d’ordre démographique. En effet, ce type d’asekuplitjue un
colt associé a la production de méales indispensables au maintiggopldations. Les

reproducteurs ne bénéficieatpriori pas non plus de I'assurance de reproduction, bien que



dans ces populations clonales, I'accouplement a certainement liseirawu nid entre
individus issus de la méme cohorte, ce qui réduit considérablemenfiteassocié a la
recherche de partenaires sexuels (cf. absence de vols nuptiaaa<Qbhcon 1990). D’autre
part, I'émergence de la parthénogenese femelle a suivi le scétariransition «le plus
simple» entre la sexualité et 'asexualité dans la mesucelaici conserve les mécanismes
de méiose (i.e. automixie; Schwander & Crespi 2009). Cela expliquenesnent en partie
pourquoi les reines parthénogénétiques conservent la capacitée latiteproduction sexuée
(i.e. production d’oocytes haploides) pour la production d’ouvrieres. L'automiygqune
cependant une perte, au moins partielle, de [I'hétérozygotie dans slkeendance
parthénogénétique du fait de la recombinaison meéiotique, ce qui enpati@eatiellement
I'expression d’alleles déléteres a I'état homozygote (mécengemblable a la dépression de
consanguinité). Les reines parthénogénétiqued.deuropunctataévitent cependant en partie
ce colt grace a un mécanisme de réduction du taux de recombinaisaquaé&ioi réduit
considérablement le taux de transition a I'état homozygote (Ar2clCe mécanisme permet
également de conserver a plus long terme des combinaisons d'eflatieptés au sein du

génome reine.

L'avantage que procure ce systeme de reproduction par rapport a dltgexu
classique, réside dans la capacité des reines parthénogénaticmeserver la reproduction
sexuée pour la production d’ouvriéres et a produire des males par andeodéamedrogenese
permet & une méme lignée parthénogénétique femelle (i.e. génetgpe de s’associer a
plusieurs génotypes males différents (Article 3). Dans le adelsenvasions biologiques, et
contrairement aux lignées asexuées «classiques», un méme génotype fauklainsi
bénéficier d’apports de génes issus d’autres propagules ce quinggutdeer, au moins
temporairement, une augmentation de diversité génétique dans |anddesmE Ouvriere
produite sexuellement. Cette caractéristique est donc suscegibigmenter le potentiel
adaptatif d'une méme lignée parthénogénétique femelle. Cet apporhele igéus d’autres
populations peut également conduire a d'éventuels effets de vigueur hylande la
descendance ouvriére. Certains résultats empiriguesitura semblent d’ailleurs indiquer
que des événements de kidnapping «multiples» de génomes males ont euchewsadu
processus d’invasion dans cette région. En effet, des études phylogénitigées sur des
marqueurs microsatellites montrent que certaines populations iné®dians des localités
differentes en Océanie (i.e. Australie, lles Salomon, Vanuatuoeweélle Guinée) sont

caractérisées par des génotypes reines identiques mais pandgpes paternels différents



(Foucaucdet al. 2010). Le fait qu’il n’y ait qu’'un couple de génotypes parentaux daague
localité peut résulter de la perte de I'un des génotypesnetdepar dérive. Cela peut
également résulter de la sélection ayant fixé un couple de génotypesapa particuliers
indirectement via la performance des ouvriéres. Il semble cepegdantes événements
d’introgression de genes issus de nouveaux migrants males dans les popd&ati@ie
d’introduction soient rares, ces populations étant majoritairemeattéasées par un seul

génotype paternel.

Le systéme de reproduction clonal\Weauropunctatgpermet également de conserver
dans le temps une combinaison de deux génotypes parentaux. Cetteistgaetéaonfere
deux avantages principaux. Premiérement, il permet de conservemal@saisons de genes
coadaptés portés par des mémes chromosomes dans la descendaigce proauite
sexuellement dans le temps. Deuxiemement, les génotypes parétdatxfixés d’une
génération a l'autre, les individus reproducteurs d’'une méme cohartergese reproduire
entre eux sans que la descendance ouvriére produite sexuellemeutfreedseffets liés a la
dépression de consanguinité. Ainsi, une propagule constituée d’'une seuféaeie suffit
théoriguement a engendrer une nouvelle population clonale dans un milieu eroewnel|
colonisé. Il serait intéressant de quantifier I'intensité deetsefde la dépression de
consanguinité dans cette espece, afin d’apprécier le bénéfice daystighe de reproduction.
Cela pourrait étre testé par des expériences contréléesberatbire sur des populations
sexuées, en forcant des individus apparentés a se reproduire. Cepenaanipildation en
laboratoire de cette espece est délicate et il est naamparticulierement difficile de
maintenir des lignées sexuées plus d’'un an en laboratoire.int@&gssant de noter que cette
difficulté d’élevage ne concerne pas les populations clonales. plosstble que cela refléte
un effet d’évitement de la reproduction entre individus trop appardatés les populations
sexuees, ce qui se traduit par I'extinction de la population.

[.2. Adaptation aux conditions environnementales des localités envahies

Le réle de I'évolution dans le succes d’'invasion est aujourd’honrecet illustré par
de nombreuses études empiriques (e.g. Philipd. 2006; Yeh 2004). La plupart des études
effectuées sur des organismes du régne animal ont cependant pddé saits d’histoire de
vie relatifs aux propriétés intrinséques des populations (e.g. dispersimsance, fécondité),

mesurés dans des conditions de laboratoire optimales, sansoteptecdes spécificités des



environnements natifs et de l'aire d'introduction. Dans notre études aeons étudié des
changements de traits d’histoire de vie en réponse a des conditiwitennementales
caractéristiques des nouveaux milieux dans lesquels les populationfissantes

s’'établissent.

Nos résultats indiquent que le succés d’invasion des populationsesl@tablies dans
des localités de la ceinture tropicale (Article 3) ou dan®dgon Méditerranéenne (Article
[1I-2), est associé a des changements adaptatifs permettarmuatigeres de tolérer des
températures extrémes par rapport a celles caractérisabitdt ancestral de I'espéce (i.e.
foréts tropicales primaires). Les changements adaptatifs suraies physiologiques relatifs
aux températures locales sont cruciaux chez les insectes qui nEsdot peu) capables de
réguler leur température interne. Chez les insectes socigoartculier, et notamment chez
les fourmis, le maintien d’'une colonie est directement adsida capacité des ouvrieres a
récupérer efficacement des ressources dans le milieu envird@raater & Pamilo 1996).

La mortalité est élevée lors de la recherche de ressof@egesSchmid-Hempel & Schmid-
Hempel 1984) et une adaptation aux conditions environnementales peuttqgedadimiter

la perte d’ouvriéres. Dans le cas\e auropunctataces changements adaptatifs permettent
aux ouvrieres d’'étre actives a I'extérieur du nid a n'importe quehend de la journée et de
'année. A cet égard, les ouvrieres des populations établies eh deraélent trés actives
méme pendant I'hiver (Vonshadt al. 2009). Cette capacité des ouvrieres a rester actives
indépendamment des conditions environnementales confére un avantage petai
s’approprier et exploiter une ressource face aux espéces danivieéres ne sortent du nid
que pendant certaines heures de la journée, comme c’estpgewade nombreuses especes
de fourmis Méditerranéennes (Cetsal. 1997)

Chez les fourmis, plusieurs stratégies d'adaptation face aux cosditi
environnementales ont été décrites. Celles-ci impliquent des chantgede comportement
(Croset al. 1997), des changements physiologiques permettant la réduction desperation
cuticulaire, des changements de métabolisme (Cerda & Retana 2008hcote des
changements morphologiques (Clémeneetl. 2010). Dans le cas des populations\Vile
auropunctataétablies dans des localités de la ceinture tropicale, riausns trouvé aucune
différence significative entre la taille des ouvrieres des papotate foréts et de celles des
milieux anthropisés de l'aire native ou de l'aire d’introductiorrtide 4). Des études

complémentaires sont nécessaires pour identifier les méammssociés a la tolérance des



ouvrieres des populations envahissantes tropicaléd/.deuropunctataa des températures
élevées. Dans le cas des populations établies en Israéinedeses morphologiques ont
également été effectuées sur les ouvrieres des populationgld’srandiquent que ces
derniéres sont en moyenne plus grandes que des ouvrieres des poputgiicaes natives

ou introduite$ (Figure 1V.1.). La plus grande taille des ouvriéres de ces populationsipour
étre associée a leur capacité a tolérer des tempérhagssss. Cependant, cette association ne
peut pas étre vérifiee statistiquement sur des données populdésn@dla pourrait étre
vérifié en comparant des mesures morphologiques au sein d’'une mématipopemtre des

ouvriéres tolérantes et intolérantes au choc thermique.

Figure IV.1. Largeur maximale moyenne de la téte d’ounieres issues de populations établies dans quatre
types d’habitats différents. Cette mesure est un bon proxy de la taille totak iddividus. Le nombre de
populations par habitat et le nombre d’ouvriéres mé&supar population est indiqué entre parentheses.
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! Cette étude a fait I'objet d’'un stage de mastersantia étudier des différences entre les populationgesxai
les populations clonales sur d’autres traits d’histogevié, afin d’identifier d’éventuels compromis adajis
dans les populations clonales. Ce stage a été réatifaphCourtoisier sous la direction de Benoit Fadatee
moi-méme en 2010.



[.3. Les phénotypes invasifs sont-ils généralistes ?

Les changements adaptatifs permettant aux ouvrieres de tolérdendesratures
particuliéres ont été étudiés indépendamment et pour des condiioespérature fixées: au
chaud pour les populations tropicales (Article 4), et au froid pous le
populations Méditerranéennes (Article 5). Cependant, les ouvriéeres desatmomul
envahissantes, qu’elles soient établies en zone tropicale ou Vet#enne, sont confrontées
a des amplitudes thermiques plus importantes que celles subidespauvrieres des
populations établies en forét primaire. Des études théoriques suggémmtréponse a des
conditions environnementales fluctuantes «rapides» (i.e. a I'éatella durée de vie d'un
organisme), I'évolution tend a favoriser des génotypes généralistaestf@art aux individus
de tolérer des larges gammes environnementales par rappdridaidus des populations
ancestrales (Slatkin & Land 1976; Fierst 2011). Ce changement ésdutibduit par une
valeur sélective des génotypes généralistes plus élevée quealtgnotypes ancestraux
pour des conditions environnementales qui s’éloignent des conditions optirfiae
conditions stressantes). On considére généralement que cette augmelgablérance de
gamme environnementale est associée a un compromis évolutif qte Esuine réduction
de la valeur sélective des génotypes généralistes dans les amndititimales. En ce qui
concerneW. auropunctatales populations clonales envahissantes établies dans legxmilie
anthropisés de la zone tropicale sont confrontées a des réginhestulatibn de températures
quotidiennes plus marquées que les populations établies en forétd EDale2009). Il est
donc attendu que la sélection fixe des combinaisons de génotypes pactmaux de type
généralistes, qui produisent des ouvrieres capables de mieux tolé&recodditions
environnementales stressantes. Par ailleurs, les populatisrséti'sont susceptibles de faire
face a des fluctuations quotidiennes plus importantes encore quapldations tropicales et
également a des fluctuations saisonniéres qui s’étendent sypssuddaemps supérieur a la
durée de vie des ouvrieres. Ainsi, alors que les ouvrieres subssemplitudes thermiques
diurnes, les reines vivent le temps de plusieurs saisons. ldi@®lagit cependant sur les
génotypes parentaux, en grande partie indirectement sur la descerstént® ©uvriere
produite sexuellement (Crozier & Pamilo 1996). Il est de ceaateghdu que les changements
adaptatifs dans ces populations Méditerranéennes soient égalemetdcord avec une
stratégie généraliste, et que les ouvrieres soient plus torasex conditions

environnementales stressantes, que les ouvriéres des populations tropicales.



Nous avons compilé I'ensemble des données de thermo-tolérance réamoltéess de
cette these (i.e. données des pré-manips, des expérienchberatoiee et des témoins utilisés
au cours des expériences) et reporté graphiquement la survieudgéres issues de
populations établies dans quatre types d’habitats (i.e. Natit&dogn forét, Natif tropical en
milieu anthropisé, introduit tropical en milieu anthropisé ebuhtit méditerranéen en milieu
anthropisé) pour trois températures : Une température optimaleofdition de maintien des
populations en laboratoire : 25°C) et deux températures stressanteassméile. 2°C) et une
haute (i.e. 40°C). Ce graphique indique que les populations envahissantes oatsélah
une stratégie géneéraliste leur permettant d’étre plus tdésraface a des températures
stressantes que les populations natives occupant les forétsrgsirfieigure 1V.2.). Comme
attendu, les populations établies en Israél semblent mieux tbéreemble de la gamme de
températures que les populations introduites dans la région tropicale. Il essemée noter
que nos données n'ont pas mis en évidence de compromis évolutif des ggradtyraux
généralistes et sont de fait en accord avegémeral purpose genotgp> proposé par Backer
(1965), lequel présente une valeur sélective supérieure au génotgstral quelques soient

les conditions environnementales.

Figure 1V.2. Taux de survie des ouvriéres issues de populans établies dans quatre types d’habitats
différents, mesurés pour trois conditions de température2°C, 25°C et 40°C.Le nombre de populations
testées dans chaque type d’habitat et indiqué entemthases. Les symboles correspondent aux moyennes du
taux de survie des ouvrieres pour chaque habitesdtdrres verticales représentent les intervalles danoafa
95%.




I.4. Perte d'un pathogéne et succes d’invasion : quiWalbachia?

Notre étude sur I'occurrence et le réle éventuel de bactngssymbiontiques dans
le polymorphisme du systeme de reproduction des populatioh®. @eropunctatandique
gue seuléNolbachiaest présente. Nous avons mis en évidence que les populations sexuées
sont tres majoritairement infectées alors que les populationalet sont trées majoritairement
saines, ceci indépendamment du fait qu’elles soient établies’dmashtive ou dans l'aire
d’introduction (Article 1). Cette bactérie est surtout connue en tgmet parasite de
reproduction. Etant absente dans la plupart des populations clolédésachia n'est
certainement pas impliguée dans le systeme de reproduction asiEx\\WWeauropunctata
L'une des hypothéses permettant d’expliquer le patron d’infection obsenvédiéesau
changement d’habitat que connaissent les populations clonales. Enlesffgtopulations
clonales sont établies dans des habitats marginaux caracfaisdes températures élevées
(Orivel et al. 2009). Or ces bactéries peuvent étre perdues par leurs hotekeencontrélé
lorsque ces hbtes sont élevés a des hautes températures (VWiging&1980; Van Opijnen
& Breeuwer 1999). Il est donc possible que les populations clonal&¥. deiropunctata
puissent bénéficier d’'un traitement thermique naturel qui pouriaiing€r cette bactérie.
Dans le cas oWolbachiainduirait un colt aux populations infectées, comme c’est leheas ¢
la fourmi F. trucatum(Wenseelergt al. 2002), la perte de cette bactérie dans les populations
clonales pourrait également contribuer au succés d’invasion depaktions sous un effet
de relachement de la pression biotique (i.e. enemy releasehim@at al. 2003). Cette
hypothése est extrémement difficile a tester. La facon la ptestdipour tester I'effet de
Wolbachiasur ses hotes, est de comparer au sein d’'une méme lignée dekimififectés et
des individus dans lesquels les bactéries ont été élimirmdepastraitement antibiotique soit
par traitement thermique. Cependant ces études demandent géndraerteds traitements
sur plusieurs générations. Du fait de la difficulté a maintel@is populations déw.
auropunctataen laboratoire et du temps de génération élevé chez cette,abpstélifficile

d’envisager de telles expériences.
1.5. Conclusion
Le succes d'invasion des populations \de auropunctatasemble s’expliquer, au

moins en partie, par des changements évolutifs qui impliquent un chartgégmeode de

reproduction de I'asexualité vers un systeme asexué particuiggrgaie par des changements



adaptatifs qui permettent aux ouvriéres des populations envahiss@&tteglus tolérantes a
des températures stressantes que les ouvrieres des populatiosfrakescesexuées.
L’'association entre le systeme de reproduction clonal et leatwlé des ouvriéres est encore
mal définie. Il est cependant possible que la clonalité feragle male participe au maintien
d’'une architecture génétique particuliere dans la descendance opvadugte sexuellement
responsable de la tolérance des ouvrieres. Il est intéregsaotat que bien que le systeme
de reproduction clonal d®V. auropunctatasuit un schéma trés différent de I'asexualité
classique (i.e. conservation de la reproduction sexuée pour la proddesomuvrieres
stériles), la combinaison des génotypes clonaux parentaux permattardduction d’'une
descendance ouvriére tolérante a des conditions environnementasssirde®, peut étre
considérée comme une combinaison du typgeneral purpose genotypeBacker 1965).
Cette caractéristique, commune aux systemes de reproduction eaggral® que soient les
mécanismes sous-jacents, semble donc étre un trait pargowdier important pour le
maintien des lignées asexuées. D’autre part, ce type d’'asexgatitét également de profiter
d’avantages normalement attribués uniquement a la sexualitétent é&s inconvénients qui
lui sont associés. En effet, les reines des populations clotaMé auropunctatgpeuvent
ponctuellement bénéficier de I'apport de nouveaux génomes méles migsasts’'une autre
population pour la production des ouvriéres et ainsi augmenter leuriplaelaptatif. Du fait
de la fixation des génotypes parentaux d’'une génération a l'autre, deduspurs issus
d’'une méme cohorte peuvent se reproduire entre eux en évitantelsslié a la dépression

de consanguinité dans la descendance ouvriere produite sexuellement.

Il. Scénarios éco-évolutifs des invasions

Bien que I'évolution puisse manifestement jouer un réle majeur dapsotessus
d’'invasion comme nous I'avons clairement illustré dans le cad.dmuropunctatal’origine
biogéographique des changements adaptatifs est souvent mal connue et om suppos
généralement que ces changements ont lieu apres I'établisséesepbpulations dans la
localité nouvellement envahie (Saldial. 2001; Cox 2004). Comme nous l'avons vu dans
I'introduction, les événements évolutifs sont pourtant susceptiblesedyer n'importe quand
au cours du processus dinvasion. Nos études ont permis de retracging’
biogéographique des changements adaptatifs observés dans les populationsagnesitis

W. auropunctata



[I.1. Populations introduites dans des localités de la ceinture tropicale

Nous avons mis en évidence que les ouvriéres des populations envahidealates
ceinture tropicale tolérent mieux les températures élewaiedes déficits hydriques
caractéristiques des milieux anthropisés, que les populationsréks primaires de l'aire
native (Article 4), une caractéristique qui doit largement ppeticau succes d’invasion de
ces populations (voir section précédente). Récemment, Foatailid2010) ont suggéré que
les populations ont suivi un scénario d’invasion avec adaptation pré-intamducé scénario
implique des populations établies dans les habitats anthropisesrdenbitive ayant subi un
changement de systéme de reproduction a partir desquelles des propagulispersé a
I'extérieur de I'aire native dans d’autres habitats anthropés résultats montrent que ce
scénario, initialement formalisé a partir du systéme de repiioductonal, est également
valable pour des changements adaptatifs qui permettent aux ouwliérdslérer les
températures particulierement stressantes des milieux amssoptn effet, nous avons
montré que les ouvrieres des populations établies dans les milieuopésékrde l'aire native
tolérent aussi bien les températures élevées que les ouvriengspidations introduites dans
les localités de la ceinture tropicale et mieux que les ousri@ées populations du milieu
naturel (i.e. foréts tropicales primaires; Article 4; Figure 1V.2.).

Il est important de souligner que les activités de 'homme pamtrgouer un réle
central dans ce scénario dinvasion avec adaptation pré-introdud@en populations
envahissantes dé/. auropunctataEn effet, la transformation locale de I'habitat naturel de
cette espéece (i.e. foréts primaires) en habitat marginalnfilieux anthropisés tel que des
plantations ou des bords de route) favorise 'émergence de ligioéedes (Foucaueét al.
2010). Ce patron est en accord avec le fait que dans les organismesrtngs lignées sont
asexuées, ces derniéres sont généralement établies dans des mdiginaux de l'aire
native (Vandel 1928; Haag & Ebert 2004; voir aussi chapitre 1 detbede). Nous avons
également montré que ces milieux anthropisés caractérisés par fludggations
environnementales plus importantes que dans les milieux naturels(inatifsréts primaires)
favorisent I'émergence de changements adaptatifs permettant avgreside mieux tolérer
les températures stressantes que ne le font les ouvrienespigations sexuées. D’autre part,
les connexions établies par 'homme entre localités géographiguéenées permettent a
certaines de ces populations de disperser sur de longues distances a |'aladianar native.

Enfin, du fait de 'homogénéisation des habitats par les actikiiésines, ces populations



pré-adaptées aux milieux anthropisés tropicaux peuvent facilemeaiblis’@t envahir ces
nouvelles localités a I'extérieur de I'aire native dans latoeg tropicale. La contribution de
'Homme a I'’émergence de populations prédestinées a devenir ennéddssau sein méme
de l'aire native des organismes, a été formalisée dans ale aiquel j'ai participé et qui est
actuellement sous presse A@thropogenically-Induced Adaptation to Invade (AlAI):
Contemporary adaptation to human-altered habitats within the native rangeroemote

invasions, voir annexe 3 : Article 8).

Bien que ce scénario d’invasion avec adaptation pré-introductiotrésifortement
soutenu par nos résultats, plusieurs informations seraient néecegsaire le valider de
maniere définitive. En effet, nous n'avons pas réeussi a mettnadanée des relations de tres
forte proximité génétique entre les populations clonales de l'airdratiuction et les
populations clonales établies dans les milieux anthropisés deratine. L'origine de ces
populations n’a donc pas été précisément identifiée. Cela s’expliguametd par la forte
structuration géographique des populations au sein de l'aire nates. de ce fait difficile
d’échantillonner (par chance) les populations sources des populatigakissantes de I'aire
d’introduction. D’autre part, bien qu’il soit raisonnable d’assuqes les milieux anthropisés
de la ceinture tropicale présentent des conditions environneegmntas semblables, nous
n'avons pas verifié que les pressions de sélection sur lesédtadiés (i.e. thermotolérance)
sont véritablement similaires dans les milieux anthropisésadte hative et ceux de I'aire
d’introduction. Une maniére directe de vérifier cette similssééait de mesurer directement
les températures et I'humidité des localités occupées parpdgailations clonales
envahissantes d&. auropunctatalans I'aire native et dans l'aire d’introduction ce qui, d’'un
point de vue logistique est relativement lourd. Une autre soluticst séutiliser des
approches indirectes par des techniques de systeme d’information pigggea (SIG).
Cependant, il n'existe pas de données suffisamment précises poureedtra données
climatiques a I'échelle a laquelle les populationd\eauropunctatas’organisent dans I'aire
native. En effet, la plupart des populations clonales de l'aireenatétablissent dans des
milieux anthropisés de faible surface entourés de foréts trepiqaimaires (e.g. piste,
plantations). Or les couvertures de données SIG ont une résolutioe émgorfaible (250

metres) pour pouvoir les utiliser convenablement dans le das @eropunctata



[1.2. Populations introduites dans la région Méditerranéenne

Afin de retracer le scénario éco-évolutif d’invasion des pojuatétablies en zone
Méditerranéenne (i.e. Israél), nous avons développé une approche iveégmatouplant des
analyses de modeélisation spatiale de niche, des analyses génétigi@ssmesures de trait
d’histoire de vie. Cette approche permet d’identifier, au moins dasmigyilandes lignes,
I'origine biogéographique probable des changements adaptatifs asso@éacces d’'invasion
des populations. La démarche suivie consiste a déterminer, dangniergegnps, les zones
géographiques pour lesquelles les pressions de sélection soairesril celles exercées dans
la localité envahie, en utilisant des approches de modélisatiomlepa# niche. De telles
approches permettent d’identifier des zones de l'aire ndtiee sites d’adaptation preé-
introduction potentiels) et/ou de l'aire d’introduction (i.e. si&sdaptation post-introduction
en téte-de-pont potentiels), pour lesquelles des populations sont glesepavoir subi des
changements adaptatifs similaires. Cette premiére approchetmgidentifier des zones qui
sont importantes a échantillonner pour des analyses génétiques sulestdaestle but de
retracer les routes d’invasion. Ces deux approches combinées émddehiche et analyses
génétiques) peuvent permettre d’identifier des populations potentait sources ou au
moins une région géographique dans laquelle la population source de la ipopulat
envahissante est tres probablement présente. Des analysesatoras de traits d’histoire de
vie en milieu contrélé, comparant les populations envahissantes, leatmmuidentifiees
comme étant potentiellement a l'origine des populations envahissaites que les
populations établies dans I'habitat principal de I'aire nativeedpéce, permettent finalement

d’identifier I'origine biogéographique des changements adaptatifs.

Dans le cas d&V. auropunctatacette approche nous a permis de montrer que les
populations envahissantes d’Israél proviennent trés probablement de ipoputdbnales
établies dans la région Nord-est de I’Argentine, confrontées impgratures basses et a des
amplitudes thermiques annuelles similaires a celles obseméssaél. De plus, nos analyses
de traits d’histoire de vie ont montré que les ouvriéres isdaepopulations Argentines
présentent une adaptation au froid similaire a celle des ow/déepopulations établies en
Israél. L'origine de la lignée clonale établie en Israél paa été précisément identifiee au
niveau populationnel, bien que le génotype male caractérisant gatte kit été observé dans
certaines lignées clonales d’Argentine. Cependant, notre étude peusia de pointer une

région géographique relativement restreinte, au sein de laqualira$ études plus fines



seraient utiles pour préciser ou et comment ont eu lieu ceg@mants adaptatifs. Il est
intéressant de noter qu’a linstar des populations envahissantascdmture tropicale, les
populations établies en région Méditerranéenne semblent égalemenswvbun scénario

d’invasion avec adaptation pré-introduction.

Cette étude nous a également permis de mettre en évidencesqpepldations
établies en Floride, confrontées a des températures froidédabées a celles ressenties en
Israél, se sont également adaptées au froid mais dans une mueslree, et de maniere
indépendante (Article 5). En effet, les relations génétiques eeregpopulations et celles
établies en Argentine ou en Israél sont trées relachées. Ggigere que les populations
envahissantes établies en Floride ont suivi une route d’invagiéredie et encore méconnue

actuellement.

Le role de 'homme dans l'organisation spatiale et écologiquepdpslations en
Argentine est encore flou et des études approfondies sont nécessat@esnent dans la
région géeographique identifiée par notre étude. Il est intéredsamiter que les populations
clonales en Argentine ont toutes été observées dans des miliewoupiusins perturbés par
'homme (Luis Calcaterra, communication personnelle). Cependanpadela situation
biogéographique de I'Argentine, il est probable que certaines populatmraes de cette
zone se soient adaptées a des conditions froides dans des milietnamargii n’ont pas été
faconnés par I'homme. En effet, I'Argentine se répartit selongradient climatique
latitudinal qui comprend une région tropicale a I'extréme Nordest conditions polaires a
'extréme Sud. La limite de distribution &&. auropunctatase situe dans ce gradient dans la
partie nord de I’Argentine. Cette situation de limite de distribugistnpropice a I'émergence
de populations adaptées a des milieux marginaux (Kaveeeki2000; 2008; voir chapitre I).
Des études approfondies sur les populations Argentines semblent aite ioelispensables si
I'on veut mieux cerner le role de ’homme dans le succés d’'invas®pagrilations d’origine

Argentine deW. auropunctatatablies en Israél.
[1.3. Conclusion
Nos résultats s'accordent sur le fait que les populations enaatdss deW.

auropunctataétablies dans les zones tropicales et Méditerranéenmisese avoir suivi un

méme scénario d’invasion, avec adaptation pré-introduction, impligaantdébut du



processus d’invasion, des populations «clefs» établies dans des mbegiaux de l'aire
native. Ce scénario illustre le fait que certains milieuxgmaux de l'aire native peuvent
imposer des régimes particuliers de sélection, qui aménent desipmmib développer des
traits leur conférant un succés d’invasion dans certaines régionapiogies a I'extérieur
de l'aire native. Nos études montrent notamment que les milietwIp&s par I’hnomme, ainsi
que les limites de distribution de laire native sont propiceBéiergence de telles
populations. Ces changements évolutifs sont possibles en partie Judiaithétérogénéité
des habitats et de I'étendue de l'aire native, ii) de la strattbn genétique des populations et
iil) des caractéristiques intrinséques des populations (e.g. sydmeproduction). Il est de
ce fait important de considérer les aires natives comm& ét@e mosaique d’habitats,
composée d’'un habitat principal parsemé d’habitats marginaux dans pegweint émerger
des populations susceptibles de devenir envahissantes. Une connaileséimspact de ces

milieux sur les populations natives est essentielle dans I'étude de®irs/asi

[ll. Emergence des lignées clonales envahissantes dans I'aire native

Les invasions d&V. auropunctataétudiées au cours de cette these semblent toutes
avoir suivi un méme scénario avec adaptation pré-introduction mapliqau départ, des
populations établies dans des milieux marginaux de I'aire natigem@ieux correspondent a
des habitats perturbés par I'Homme et/ou aux limites Sud de tlaidistribution de I'espéce.
Les populations établies dans ces milieux marginaux ont subi un changkr®rteme de
reproduction, ainsi que des changements adaptatifs permettant auxesudgéetolérer une
gamme de conditions environnementales supérieure a celle tolérdespaunvrieres des
populations ancestrales établies en foréts (Articles 4 etd)seémble de nos résultats permet
de formuler une hypothése pour expliquer comment ces populations clodalet®ea a des
conditions abiotiques particulieres et a l'origine des populations essaaites, apparaissent
dans les milieux marginaux de l'aire native. Lémergence de lagargenese femelle suit le
mode de transition de la sexualité vers l'asexualité le plupleirti.e. parthénogenese
automictique, Article 2). Il est de ce fait probable que laatimt de la clonalité puisse
apparaitre régulierement. Ce processus est d'ailleurs supporaeatude de génétique des
populations montrant I'émergence de plusieurs lignées clonales indépsnelar@eaiyane et
au Brésil (Foucaucet al. 2007a). Comme nous l'avons vu, le systeme de reproduction
asexuée daVN. auropunctatacontourne certaines regles traditionnelles de I'asexualité en

permettant notamment des flux de génes entre les lignées sexuésslighées clonales



(Article 3; mais voir Simon et al. 2002). Lors de I'émergence duénotype
parthénogénétique femelle, celui-ci peut donc s’associer aetiffégénotypes males et ainsi
donner différents types de descendance ouvriere sur laquelle tdiioselpeut agir. Les
populations de l'aire native étant génétiquement trés structuféasgudet al. 2007b), les
lignées parthénogénétigues émergentes peuvent bénéficier d'un apponnalds
génétiquement tres différents, ce qui augmente d’autant plus |aithvgénétique potentielle
dans la descendance ouvriére issue d'un seul génotype maternel partéggogerna
sélection peut alors agir et fixer une combinaison génétique paredi@ptée aux nouvelles
conditions environnementales, notamment une combinaison génétique pernaetkant
ouvrieres de tolérer de larges gammes de températures (FgBr8). Une fois cette
combinaison génétique créée, elle est maintenue dans le temps di [fagsociation de la
parthénogenése avec lI'androgenese. Ce maintien des génotypes paramet»également
d’éviter les effets de dépression de consanguinité dans la descenolavriere produite

sexuellement.

Ce scénario d’émergence de lignées clonales envahissantefadaneative reste
hypothétique. Une premiere conséquence notable de ce scénario est cgig, gallaire
native, des lignées parthénogénétiques femelles peuvent kidnapperndesegéle males
issus de populations sexuées avoisinantes. A cet égard, Foucaud (2007u)fi@ akux
lignées clonales distinctes, établies sur une piste forestigractérisées par des génomes
males issus de populations sexuées avoisinantes. Dans ces liggagines sont
génétiguement différentes des reines des populations sexuées d’ou gioaires les deux
males. Ce résultat illustre potentiellement la notion de kidnapgpéengénomes de males
migrants, probablement issus de populations sexuées, qui a été mideste au cours de

cette these via des expériences de croisements en conditions controiéks3Art

Une deuxieme conséquence notable de ce scénario est la possimig&oexistence,
au moins transitoire, de plusieurs génotypes males associégéaatygpe parthénogénétique
femelle, lors de I'émergence mais aussi au cours de la vieesl@apulations clonales
envahissantes. En accord avec cette hypothese, deux lignées partégémogefemelles ont
été trouveées chacune associée a deux génotypes males distingis deudsux populations
clonales, I'une établie dans une carriere abandonnée, I'autre daptantaion (Foucaud et
al. 2007b). Ces situations sont cependant relativement peu fréquentasete de ces lignées

femelles associées a différents génotypes malesitura peut s’expliquer d’au moins trois



facons. i) Les événements d’introgression de génomes malesdsquzpulations sexuées
dans les lignées clonales sont rares. ii) Les populations cioétaidiées jusqu’a présent sont
anciennes et la sélection a déja agi, ne conservant le plusmsoumgne seule combinaison
génétique. iii) Les événements d’introgression sont nombreux maielkede transition
associé a ces evénements (i.e. production de reproducteurs @héwridecie 3; Figure IV.3-
B.) est élevé. Dans ce cas, seules les combinaisons géndtareaetales ayant une valeur
sélective tres élevée, indirectement via la performance deg@syrse maintiennent. Il est
important de noter cependant que deux lignées clonales ayant passaids fitee sélectif
associé au colt de la transition, peuvent s’échanger des maleastsnggas souffrir de ce
colt de transition. En effet, ce colt associé a la productiomivdus reproducteurs
génétiquement aberrants (i.e. gynandromorphes, polyploides imparfaits) eeneopas les
croisements entre reproducteurs de populations clonales diffé(Antiete 3). A cet égard,
dans le cadre d'un scénario d'invasion avec adaptation pré-introdueompopulations
clonales établies dans l'aire d’introduction sont susceptibiesrecevoir des migrants,
majoritairement issus de populations clonales des milieux marginalizirgenative. Cet
apport de nouveaux génotypes males migrants dans les populations enehissantdonc

pas associé a ces colts de transitions.

Enfin, troisiemement, ce scénario implique gu’'une méme lignée parthétiggéné
femelle associée a différents génotypes males produise desd@sces ouvrieres dont la
tolérance aux conditions environnementales varie en fonction du génonreepdtearce qui
concerne le trait étudié dans notre étude, cela impliqueraitlajubermotolérance des
ouvriéres soit dépendante du génome paternel fixé dans la lignéecldaalexpériences de
thermotolérance sur des ouvriéres issues de croisements impliasargines d’'une méme
lignée parthénogénétique (i.e. méme génotype) fécondées par desssiedei populations
clonales différentes et de populations sexuées permettraient flerveégite hypothese. |l
serait particulierement intéressant de conduire une expérienckirg sur des lignées

maternelles ayant kidnappé différents génotypes patemeddura



Figure IV.3. Emergence d’une lignée clonale potentiellemeri I'origine de populations
envahissantesA. Une reine kidnappe différents génotypes males et produit des desuenda
ouvrieres dont les performances sont différentes. La sélectionld{s@ couple(s) de
génotypes parentaux pour lesquels la descendance ouvriére est penidusiante. B. Le
kidnapping d’'un génome male issu d’'une population sexuée engendre un coiisierira
probablement di a des interactions cytoplasmiques négatives. Unetogindde par un male
issu d'une population sexuée produit en effet une partie de ces fdsrpénotoquie (1), des
reines par sexualité (2) et des individus reproducteurs généequerberrants (3). Ce codt
est tres probablement transitoire et disparait une fois qugrée a fixé un matériel
cytoplasmique unique (4).



IV. Conclusion générale

Trois résultats principaux découlent de cette these. i) Leésudtnvasion des
populations déV. auropunctataest associé a un changement de systeme de reproduction, de
la sexualité vers un systeme de reproduction clonal particulienaugeavons pu caracteriser
finement. ii) Le succes d’invasion repose également en partaesurhangements adaptatifs
permettant aux ouvrieres de mieux tolérer des températuresécastapies des localités
envahies comparativement aux ouvrieres des populations non-envahiseahd@® native.

iil) Ces changements évolutifs (i.e. systeme de reproduction rebdtaérance) ont émergé
dans des habitats marginaux de I'aire native qui présentent desarmditvironnementales

similaires a celles des localités envahies.

Dans cette section nous discuterons de deux retombées detgdée [Fune part,
nous reviendrons sur la méthodologie suivie dans notre cas d'étude pacerrkds scénarios
éco-évolutifs des invasions biologiques et discuterons de la pertidercaite méthodologie
pour I'étude d'autres organismes. D’autre part, nous verrons comresntrésultats
«fondamentaux» de nos travaux peuvent étre transférer dans le doméappligué et en
particulier dans la gestion des populations envahissani&s aleropunctata

IV.1. Approches méthodologiques pour retracer I'histoire des invasions

Au cours de cette thése nous avons eu recours a de nombreuses approches
méthodologiques pour étudier le rble de I'évolution dans les processwssibn. Cette
multidisciplinarité nous a permis de retracer, a partir des piqmsaenvahissantes établies
dans des localités distinctes, I'histoire évolutive de ces populations jusgtsa&mergences.

Notre étude permet de proposer un protocole couplant une approche deatiodélis
de distribution d’especes (SDM), des analyses de génétique des pogubhties mesures de
traits d’histoire de vie permettant de retracer les rodtewasions des populations pour
identifier l'origine de certains changements adaptatifs pouvargrgem au cours des
processus d’invasions. Les méthodes de SDM permettent d’identiisr zbnes
géographiques au sein de l'aire native mais aussi dans l'aiteodiiiction caractérisées par
des conditions environnementales en adéquation avec celles quéiseattle site envahi

etudié. En terme évolutif, cela permet d’identifier des locatigss lesquelles les pressions



de sélection sont similaires et dans lesquelles des changeéwatitifs importants pour le
succes d’invasion ont pu avoir lieu. Pour notre étude, nous nous sommeése$osal des
changements adaptatifs en réponse a des conditions de tempéraisieetddaapproche peut
également étre envisagée pour d'autres caractéristiques abiotigugs humidité,
luminosité,...) ou méme biotiques, par exemple, dans le cas d'un changdim@es au
cours d’'une invasion de parasites. La limitation de ces appreshgsincipalement liée a la
disponibilité des données géoréférencées et de leurs résolutionad@epee domaine de
recherche est en pleine expansion en biologie. Ces données seront doeaxdemmmnieux
adaptées aux problématiques de la biologie des invasions. Dans un dewedgpse des
analyses de génétique des populations sont importantes pour estiretatiess de filiations
entre populations, c'est-a-dire pour identifier la source etcegtidhistoire démographique
des populations envahissantes. Cela demande un effort d’échantillonnagkredmsidans
I'aire native mais également dans l'aire d’introduction. Leshoe#s SDM permettent
notamment de cibler des régions géographiques pour lesquellesciluestl d’avoir des
échantillons. Dans notre cas, nous n’avons pas eu recours aux métB&i¢soik Chapitre
3) du fait de la difficulté de les utiliser dans un cas comeilei cde W. auropunctata
(polymorphisme de systeme de reproduction, organisme haplo-diploide, asexualité
particuliére). Il est cependant évident que ces méthodes sontlégmr lorsqu’elles sont
applicables. Enfin, des mesures de traits d’histoire de vie pouparemles populations
envahissantes, les populations de I'habitat principal et les pamdatilentifiées comme
sources potentielles au travers des deux approches précédenteeperde mettre en
évidence ou le changement adaptatif a eu lieu.

IV.2. Retombées en termes de gestion des populations envahissaMesudepunctata

On distingue deux grandes stratégies pour lutter contre les egraadsssantes.
D’'une part, les stratégies de prévention qui sont destinéemp@cher les espéces de
s'implanter dans une nouvelle région géographique. Celles-ci se aganiment sur le
contréle de quarantaine. D’autre part, les stratégies «de guérisonzgrgistent a freiner
I'expansion de l'espéce une fois établie dans le nouveau miliete €atégie requiert
souvent l'utilisation de produits chimiques mais peut égalemeng fappel a la lutte
biologique (Macket al. 2000). En termes de colts, Maatkal. (2000) ont souligné l'intérét de
centrer les efforts sur les stratégies de prévention @na@nt les controles de quarantaine.

En effet, la plupart des invasions impliquent initialement I'ésablnent de propagules de



petites tailles. Le colt associé a la destruction de ces prepaggi| de ce fait, plus faible que

le colt qu’engendrent les efforts de lutte contre une especetai#ie éans le milieu (Mack

et al. 2000; Leunget al. 2002). Idéalement, l'identification des zones géographiques
susceptibles d’étre sources de populations envahissantes et desgéogeaphiques qui
risquent d’étre envahies permettrait de cibler les efforf®uanir (i.e. quelles zones a
surveiller). Mais ces localités sont la plupart du temps mal cenimes études comme celles
menées pouWV. auropunctatgpermettent de mettre en évidence des zones particulierement
propices a I'émergence de populations a caractére envahissahie@as notamment de la
région Nord-est de I'Argentine a partir de laquelle des populationgéténdispersées et ont
réussi a s'implanter avec succes en Israél en s’adaptast terdpératures particulierement
froides. Des contréles de quarantaines de marchandises (pour tfedpos cette région
seraient donc particuliéerement utiles. D’autre part des apgesode modeles de distribution
d’espéces pourraient permettre de prédire ou cette espexesemptible d’envahir en prenant

en considération I'adaptation au froid des populations mise en évidence dans notre &ude. Ce
permettrait de définir des zones a risques dans lesquellgsitl r#&cessaire de renforcer les

contrbles de quarantaine surtout sur des produits provenant d’Argentine.

Les contrdles de quarantaine en zone d’introduction (i.e. a I'import) en effet
également importants notamment pour éviter toute nouvelle introductiospedes
potentiellement envahissantes mais aussi pour éviter les intimduchultiples. En effet,
comme nous l'avons vu, des introductions multiples peuvent engendrer une aigmele
diversité génétique et augmenter le potentiel adaptatif des popslanvahissantes (e.g.
Kolbe et al. 2004; Lavergne & Molovsky 2007). Ces introductions multiples peuvent
également conduire a des effets de vigueur hybride a la suite éfgats de reproduction
entre des individus de populations génétiquement trés divergentesdeanet al. 2005;
2008). Dans le cas d#&. auropunctatales résultats de cette thése indiquent clairement que
des flux de génes entre populations clonales peuvent avoir lieu vigles (i.e. kidnapping
de génes; Article 3). Il est ainsi primordial de poursuivre tedrbles de quarantaine pour

cette espece méme dans les zones déja envahies.

Parmi les stratégies de «guérison», c'est-a-dire destinéesnar I'expansion de
I'espece établie dans le milieu envahi, il faut distinguer la lutte chimique daiddlologique
(Mack et al. 2000). La lutte chimique est la plus utilisée pour lutter coeseorganismes

envahissants. Plusieurs produits tels que 'Amdro®, I'Esteem® owisdlve® permettent



de réduire fortement les densités\WeauropunctatgdWetterer & Porter 2003; Causten al.
2005; Souzat al 2008) mais il est rare que les populations soient définitivemestijgéses
des localités traitées. A notre connaissance, un seul cas ickdi@u compléte dew.
auropunctataa I'aide de molécules chimiques a été répertorié et céjleide Maui (Hawai ;
Vanderwoudeet al. 2010). Cependant, les auteurs précisent que la dendie ale@opunctata
sur cette ile était faible. Ces résultats soulignent quaitetnent précoce peut étre efficace
tant que les populations n’atteignent pas des densités trop impartdégesnoins, une fois
bien implantéeW. auropunctataest extrémement difficile a contréler, du moins par voie
chimique. Il faut noter que ces méthodes présentent en plus de nomdésenantages. Elles
peuvent se révéler néfastes pour I'environnement du fait d’'un effetafjéteersur des
organismes de différents groupes taxonomiques, peuvent également comstdaager pour

la santé publique et sont souvent onéreuses.

Une solution possible pour lutter contre les especes envahissasteln lutte
biologique (Hoddle 2002). Cette possibilité a déja été proposéEquaaud (2007b). Cet
auteur a soumis lidée d'utiliseWolbachia si celle-ci s’avérait étre impliguée dans la
manipulation de la reproduction, notamment en imposant une reproduction. demefeet,
les populations envahissantes étant tres majoritairement céastitiun seul couple de
génotypes parentaux clonaux, il suffit d’'un seul événement de reproductiore pexuégue
le degré d’apparentement entre reproducteurs (i.e. reines ef) maleen résulte soit élevé
(i.,e. plein fréeres). La reproduction de ces individus produits sexnefit est de ce fait
susceptible d’entrainer des effets de dépression de consanguinienéielement une
réduction de la densité des populations. Cependant, nos résultats mguerdfmlbachiane
joue pas de réle dans le déterminisme du systeme de reproduction degtigugpuleW.
auropunctata Par contre, I'effet de cette bactérie endosymbiotique sur tebolésme des
individus n’est pas encore connu, et il n’est pas exclu que cettibguuisse représenter un
colt important pour les populations. Dans ce \6&adbachiapourrait quand méme s’avérer
étre un moyen de lutter contvé. auropunctataCette solution a d’ailleurs été proposée pour
lutter contre d’autres especes de fourmis envahissantes du §eleropsiset pour
Linepithema humil¢Tsutsuiet al. 2003).

*
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Abstract

Polymorphic genetic markers are useful tools for evolutionary studies in social
insects. We have characterised 21 novel microsatellites in the invasive ant,
Wasmannia auropunctata. All loci genotyped on individuals originating from two
populations were polymorphic. Within population, the number of alleles ranged from
1 to sixteen and observed heterozygosity from 0.000 to 1.000. Cross-species
amplification tests were achieved on six other ant species. Several primer pairs
yielded reproducible results in two other major invasive ants, eight in the Argentine

ant Linepithema humile and 11 in the red fire ant Solenopsis saevissima.
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The little fire ant Wasmannia auropunctata is one of the most threatening invasive
ant species. Native from South America, it has been expending its range all around
the tropical zones where its impact is worrying (e.g. Wetterer et al. 2003). Twelve
microsatellite markers were developed previously in order to investigate the genetic
structure and mating system in populations from both the native and the introduced
ranges of the species (Fournier et al. 2005a, Fournier et al. 2005b, Foucaud et al.
2006, Foucaud et al. 2007). Theoretical and empirical studies both indicate that
invasive success might have a strong genetic component in several species,
including W.auropunctata (Sax et al. 2005, Foucaud et al. 2006). In order to study the
association between genetic markers and phenotypic traits related to invasive
success (e.g. through linkage disequilibrium or correlation with levels of multilocus
heterozygosity), it is crucial, however, to increase the amount of pre-existent genetic
markers. We report here the isolation and characterization of 21 novel microsatellite
loci for W.auropunctata.

A partial DNA library of 1768 recombinant clones was obtained without enrichment
from W. auropunctata individuals originating from New Caledonia, and was screened
using a nonradioactive method (detailed protocols available at

http://www.inapg.inra.fr/dsa/microsat/microsat.htm; Estoup et al. 1998). One hundred

and forty of the 1768 recombinant clones showed a strong hybridization signal with
(GT)10 and (CT)40 probes. Sixty-seven of the 78 sequenced inserts contained
microsatellites and 26 were tested for amplification using fluorescent polymerase
chain reaction (PCR). DNA extraction was performed following a Chelex-based
protocol (Estoup et al. 1996). PCR amplifications were performed with a Mastercycler

ep gradient (Eppendorf) under the following conditions: an initial denaturing step of
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15 min at 94T followed by 35 cycles of 30 s at 94C, annealing at 57<C for 90 s, and
extension at 72T for 60 s; then a final extension at 60T for 30 min. Twenty-one loci
were selected on the following criteria: good quality of allelic patterns (i.e. low
number of stutter bands) and ranges of allelic size compatible with the design of a
total of four PCR multiplex sets (see below). Primer sequences and various features
are given for each selected locus in Table 1. The flanking regions of each
microsatellites loci have been blasted with the arthropoda genomes database
provided by GenBank before being deposited (Accession Nos FJ970003 to
FJ970023). We found some significant alignments with sequences all belonging to
the Apis mellifera genome, for four of our 21 loci (Wa2-97, Wa3-85, Wa4-29 and
Wa4-71; Table 1). Based on allele size ranges, the 21 markers were co-amplified in
four independent PCR sets using Multilocus Amplification Kit (QIAGEN) in a 10- L
volume containing 1x QIAGEN Multiplex Master Mix, 2 M of each primer and 10 - 50
ng of genomic DNA. The forward primer of each pair of microsatellite DNA primers
was labelled with a fluorescent dye (FAM, VIC, PET or NED) in order to detect alleles
at all 21 loci using only two electrophoresis runs (see Table 1).

For each locus we estimated the number of alleles, the observed and the expected
heterozygosities by typing 30 workers from a population from New Caledonia
(introduced area) and 30 workers from a population from French Guiana (native
area). Within population, the number of alleles per locus, the observed and the
expected heterozygosities ranged between 1 and 16, 0.000 and 1.000, and 0.240
and 0.871, respectively (Table 1). Differences between values of observed and
expected heterozygosity are a result of both relatedness of individuals within nests

and of the reproduction systems of each populations (i.e. clonal for males and
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females in the Caledonia and sexual in French Guyana; Foucaud et al. 2006 and
Foucaud et al. 2007).

We could not apply any of the methods and programs traditionally used in population
genetics to test for linkage equilibrium or for the presence of null alleles. This is
because such methods and programs are based on an assumption (random mating
within population and hence Hardy-Weinberg equilibrium), that does not apply to a
social insect such as W. auropunctata for which the genotyped workers are more or
less related. The genotyping of several monogynous laboratory families (i.e. full sister
workers) have shown, however, that the large majority of the cloned microsatellites
were statistically independent and there were only few evidence of null alleles in the
analyzed families.

We examined the conservation of the primer sequences and the level of
polymorphism of the 21 selected loci in six other ant species. For each species,
extraction and PCR amplification were performed on five individuals as described
above. Results are reported in Table 2. All loci were successfully cross-amplified in at
least one species. Six of them were cross-amplified in at least five species
suggesting a strong conservation of the flanking regions of those loci among the
tested species. While 17 and 16 loci were amplified in the two tested species of the
genus Wasmannia (W. rochai and W. Sigmoidae respectively), a minimum of three
and a maximum of 19 loci were amplified in species of the Blepharidatta and
Allomerus genus, respectively. Several primer pairs yielded reproducible results in
two other major invasive ants: eight in the Argentine ant (Linepithema humile) and 11
in the red fire ant (Solenopsis saevissima). This novel sets of 21 microsatellite loci

will be useful to investigate the association between particular genomic combinations
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99 and invasive traits in W.auropunctata and will increase the number of genetic

100 markers available in other invasive ant species.
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Table legends

Tablel. Microsatellite loci developed for the ant Wasmannia auropunctata. (1), (2),
(3) and (4) refer to co-amplification PCR set. Cloned allele size is based on New
Caledonian individuals. The observed allele size range, number of allele (N;) and
observed (Ho) and expected (He) heterozygosities were estimated from 30 workers
collected in a population from French Guyana (FG) and 30 workers collected in a
population from New Caledonia (NC). Blast result corresponds to the accession
number of the alignment sequences, the identities (proportion of identical sites) and
expected values of observing the same identity by chance (E). n.s: non significant

alignment.

Table 2. Cross-species PCR tests for 21 W.auropunctata microsatellite loci in six ant
species. Tested species included two species of the Genus Wasmannia (Wasmannia
rochai and Wasmannia sigmoidea), three species of the subfamily Myrmicinae and
belonging to the three Genus Allomerus, Solenopsis and Blepharidatta genus
(Allomerus decemarticulatus, Solenopsis invicta and Blepharidatta spp) and one
species belonging to the subfamily Dolichoderinae (Linepithema humile). The
numbers of alleles and the size range of alleles (between parentheses) are based on

5 individuals genotyped for each species. Amplification failure is indicated by a dash.

10
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ORIGINAL ARTICLE

Thelytokous parthenogenesis, male clonality and
genetic caste determination in the little ®re ant:
new evidence and insights from the lab

J Foucaud3, A Estoup?, A Loiseau?, O Rey* and J Orivel?
1INRA, UMR CBGP (INRA/IRD/g:irad/MontpeIIier SupAgro), Campus intgrnational de Baillarguet, Montferrier-sur-Lez, France and
2| aboratoire Evolution et Divers&Biologique, UMR-CNRS 5174, Universit&oulouse IIl, 118 route de Narbonne, Toulouse, France

Previous studies indicate that some populations of the little ®@e
ant, Wasmannia auropunctata, display an unusual reproduc-
tion system polymorphism. Although some populations have a
classical haplodiploid reproduction system, in other popula-
tions queens are produced by thelytokous parthenogenesis,
males are produced by a male clonality system and workers
are produced sexually. An atypical genetic caste determination
system was also suggested. However, these conclusions were
indirectly inferred from genetic studies on ®eld populatio
samples. Here we set up experimental laboratory nests that
allow the control of the parental relationships between
individuals. The queens heading those nests originated from
either putatively clonal or sexual populations. We character-

Keywords:
auropunctata

Introduction

Understanding the evolution of the wide diversity in

reproduction systems is a major goal in evolutionary
biology (Maynard Smith, 1978; Bell, 1982; Normark,
2003). A promising pathway to ful®I this ambition is the
uncovering and careful study of extant organisms
showing both sexual and asexual reproduction (for

example, see Vrijenhoek, 1993; Kearney and Shine, 2004).

Recent genetic studies on the little ®re ant, Wasmannia
auropunctata highlight the coexistence of two distinct
reproduction systems, both indirectly inferred from the
genotyping of individuals sampled in the ®eld (Figure 1;
Fournier et al, 2005a; Foucaudet al, 2007). The ®rst
reproduction system indirectly inferred is haplodiploidy
(sensuNormark, 2003; that is, fertilized, diploid eggs
produce female queens and workers and unfertilized,
haploid eggs produce arrhenotokous males), which is
classically the rule for Formicidae (HoHldobler and
Wilson, 1990). This reproduction system will be here-
after referred to as “sexual reproduction’. The second

Correspondence: Dr J Foucaud, Laboratoire EvolutidhoGes, Shga-

ized the male, queen and worker offspring they produced at 12
microsatellite loci. Our results unambiguously con®rm the
unique reproduction system polymorphism mentioned above
and that male clonality is strictly associated with thelytokous
parthenogenesis. We also observed direct evidence of the rare
production of sexual gynes and arrhenotokous males in clond
populations. Finally, we obtained evidence of a genetic bass
for caste determination. The evolutionary signi®cance of
the reproduction system polymorphism and genetic caste
determination as well as future research opportunities are
discussed.

Heredity advance online publication, 25 November 2009;
doi:10.1038/hdy.2009.169

reproduction system; thelytokous parthenogenesis; male clonality; genetic caste determination; Wasmannia

reproduction system indirectly inferred from ®eld
populations is more unusual, but not unique (Ohkawara
et al, 2006), as it includes three distinct types of offspring
production, one for each caste and sex (Fournier et al,
2005a). Female queens are produced by thelytokous
parthenogenesis (that is, diploid females produced
uniquely by female genetic material), males are pro-
duced through a male clonality system (that is, males are
genetically identical to their haploid father, although laid
by queens) and female workers are produced sexually
(Figure 1). This reproduction system will be hereafter
referred to as “clonal reproduction’. Previous genetic data
from ®eld population samples also indicated that sexual
queens and arrhenotokous males might be still rarely
produced within populations displaying clonal repro-
duction (Foucaud et al, 2006).

Some W. auropunctatapopulations may also possess
another unusual feature: a genetic caste determination
system (that is, a genetic in"uence over the determina-
tion of the queen versus worker phenotype), at least in
clonal populations (Foucaud et al, 2006). Previous ®eld
genetic studies on W. auropunctatandicate that, in clonal
populations, thelytokous individuals were most prob-

tion, UMR-CNRS 9034, Avenue de la Terrasse, Bat 13DAvenue de la ably targeted to the reproductive caste (that is, queens)

Terrasse, Gif-sur-Yvette 91198, France.

E-mail: julien.foucaud@legs.cnrs-gif.fr R R

SCurrent address: Laboratoire Evolution, Aeenes, Sgmation, UMR-
CNRS 9034, Avenue de la Terrasse, 91198 Gif-sur-Yvette, France.

whereas sexual individuals were almost invariably
directed to the worker caste, with some rare exceptions
(Foucaud et al, 2006). This pattern suggests that the caste

Received 4 September 2009; revised 22 October 2009; accepted 30 fate of diploid eggs may have a genetic basis in
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W. auropunctata However, in ants, the caste fate of a



Reproduction and caste fate in the little ®re ant
J Foucaudet al

B

Figure 1 Schematic representation of the gene transmission between two consecutive generations in the two types of reproduction system
found in W. auropunctata Note: individual genotypes are represented by rectangles (diploid females: two lines; haploid males: one line),
constituted of several loci represented by squares (white and gray squares: ‘female' alleles; black squares: ‘male’ alleles). Sexuality,
arrhenotokous parthenogenesis, thelytokous parthenogenesis and male clonality events are represented by dark gray, light gray, white and
black arrows, respectively. It should be noted that clonal males are produced from eggs laid by female queens.

particular diploid egg (that is, queen or worker) is
generally thought to be environmentally driven and
controlled by the workers (HoHldobler and Wilson, 1990;
Crozier and Pamilo, 1996; Queller and Strassmann, 1998).
The genetic content of diploid eggs has been shown to
in"uence its caste fate in only a few ant species (Fraser
et al, 2000; Helms Cahanet al, 2004; Anderson et al,
2008a). As a consequence, genetic effects on caste
determination are thought to be relatively rare in
eusocial species (Crozier and Pamilo, 1996, but see
Anderson et al, 2008a; Loet al, 2009).

In this study, we seek to replace the indirect inferences
accumulated so far in W. auropunctatawith direct and
unambiguous evidence of (i) a reproduction system
polymorphism (that is, sexual and clonal populations),
and (i) a genetic caste determination system (that is, a
genotype in'uence on caste). To this end, we set up
experimental nests in the laboratory, each with a single
mothering genotype, and characterized at 12 microsa-
tellite loci the reproductive and worker offspring they
produced. Unlike previous population genetic studies,
our laboratorytnest design allowed the control of both
the number of egg-laying queens and parental relation-
ships between these queens and their male, queen and
worker offspring.

Materials and methods

Sampling and experimental conditions
We collected 132 queens and several thousand workers
from nine populations from French Guiana and New
Caledonia (Table 1). On the basis of previous genetic
studies of population samples collected in the ®eld at
same locations (Foucaud et al, 2006, 2007), we could
predict that three of the collected populations were
probably sexual and six were probably clonal (Table 1).
We set up 117 experimental nests, the large majority of
them being mothered by a single dealate queen (n~ 112),
and a few of them including four dealate queens (only
for one putatively clonal population with a single queen
genotype, n~ 5). These queens will be hereafter referred
to as FO queens. All nests were initially founded with at
least 200 workers from the same population as the queen.

Heredity

These nests were held in climate chambers at a constant
temperature of 251C and at a 65% humidity rate. Food
(sugar water and mealworms) was provided ad libitum.
For each nest, we collected at the pupal stage all
reproductive individuals (queens and males) as well as
a dozen workers; collecting offspring at the pupal stage
allowed to distinguish castes by morphology and
ensured that all have been produced by the mothering
FO queen after the setting up of the experimental nest.
This offspring will be hereafter referred to as F1 queens,
males or workers. The F1 reproductive individuals were
collected after a couple of months and until 1.5 years
after the beginning of our experimental setup. We also
collected around 20 F1 adult workers in each experi-
mental nests older than 90 days (cf. life expectancy of W.
auropunctataworkers was measured to be around 30
days; Ulloa-Chacon, 1990). Finally, FO mother queens
were collected when they died or at the end of the
nest-rearing experiment (that is, after 1.5 years for the
oldest nests).

We also tested whether virgin queens (that is, F1 alate
gynes produced by our FO queens) from both clonal and
sexual populations could produce viable offspring, with
a particular interest in the possibility of virgin parthe-
nogenetic queens to produce queen daughters. To this
end, we set up two types of nests: 15 parthenogenetic
gynes were installed in individual nests and 15 parthe-
nogenetic gynes and 14 sexual gynes were installed in
seven nests containing one to six gynes according to their
population of origin. About 0+100 workers of the
corresponding population were added into every nest.
Nutritional resources were added equally and simulta-
neously to all other experimental nests. Some experi-
ments that we carried out independently indicated that
newly mated queens produced their ®rst adult offspring
after a single month (unpublished data). We therefore
conducted this experiment on virgin queens for over four
months (or less when a gyne died) to control for an effect
of the gyne age on its production of adult offspring. It is
important to note that there is no obligatory mating “ight
for W. auropunctataqueens, as observed both in the ®eld
and in our experimental stock colonies. We recorded
whether eggs, larvae and adults were produced every
2+3 days.
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Table 1 Numbers and origin of laboratory-settled nests and number of produced gynes and males

Sampled Putative reproduction Number of Number of nests with Number of Number of
site system laboratory-settled nests  produced reproductives (gynes/males) produced gynes  produced males
Ker Clonal 20 10 (9/5) 32 8

RN Clonal 15 2 (2/1) 2 1
M6-C Clonal 13 1 (1/0) 15 0
M3-P Clonal 2 0 0 0

P2 Clonal 15 2 (2/1) 3 1

NC Clonal 6 0 0 0

M7 Sexual 29 13 (11/4) 109 23
M3-F Sexual 14 6 (6/0) 51 0

M6 Sexual 3 0 0 0
Total 117 34 (31/11) 212 33

Names and locations of collection sites are identical to those in the study by Foucaud et al, 2007.

Genetic analyses

Following Fournier et al (2005b), we extracted DNA from
all reproductives produced in our experimental nests,
together with at least eight workers (pupae, adults or
both). When possible, we extracted the DNA from their
mother queen as well as the spermathecal content of the
latter to directly obtain the genotypes of the mother and
of the fathering male. In some cases, the mother queen
could not be collected because it had died and was not
found again. For these nests, however, we could easily
infer the mother and father genotypes from the geno-
types of the workers (see Results section).

A total of 616 specimens were genotyped at 12
microsatellite loci, as described in the study by Fournier
et al, 2005b). The numbers and types of genotyped
specimens (queens, males and workers) are detailed in
Table 2. The PCR products were separated on a
MegaBace DNA sequencer (GE Healthcare Bio-Sciences,
Uppsala, Sweden) and gel ®les were analyzed using
GENETIC PROFILER (GE Healthcare Bio-Sciences).

Statistical analysis and interpretation of data

To infer the reproduction systems of our laboratory
families, the relationship between parents and offspring
genotypes was investigated both visually and with the
help of a personal programme identifying identical
multilocus genotypes (can be made available by the
authors on request). The identi®cation of the modes of
production of each caste and sex was straightforward.
For a female offspring, if her multilocus genotype is
identical to the genotype of the parental female geno-
type, then parthenogenetic (thelytokous) production is
supported. If the genotype is a combination of half of
male and female parental genotypes at each locus, then
sexual production is supported. For a haploid male
offspring, if his multilocus genotype is identical to the
parental male genotype, then clonal production is
supported. If it is a combination of one of the queen's
alleles at each locus, then arrhenotokous parthenogenesis
(that is, “sexual' production, according to our previous
de®nition) is supported. It should be noted that
workers are sterile in this species (Ulloa-Chacon and
Cherix, 1988), so that males could only be produced by
the queen.

The co-occurrence of parthenogenetic and sexual
modes of female offspring production (that is, queen
and workers) found in the clonal populations of
W. auropunctataprovides an opportunity to test whether

the caste is genetically determined in this species. If the
caste is genetically determined, we expect that (i) the
parthenogenetic females produced by a thelytokous
mother queen will be all targeted toward the queen

caste and (ii) most sexually produced female offspring

will be targeted to the worker caste. This is because the
genetic combination needed for the queen phenotype is
likely to be broken by recombination and the male's

genetic contribution. On the contrary, if the caste is
environmentally determined, we expect no signi®cant
relationship between the mode of production and caste
fate for the female offspring. Using the data we obtained

from the 14 clonal laboratory-settled nests that produced
both female reproductives (that is, F1 gynes) and
workers, we have statistically tested the association
between the mode of offspring production (parthenoge-

netic or sexual) and the offspring caste (queen or worker)
using a Fisher's exact test. The total amount of data
for this test was 265 individuals (52 gynes and 213
workers). Our approach is similar to that used in

previous studies dealing with genetic caste determina-
tion in social insects (for example, see Fraser et al,
2000; Smithet al, 2008).

We also searched for some evidences of a genetic caste
determination mechanism in the sexual population
samples by testing for a genetic differentiation at our
12 microsatellite loci between gynes and workers.
Following Schwander et al (2007a), we considered in
each sexual population the sampled gynes and workers
as two genetic groups and tested the signi®cance of kst
values computed at each microsatellite locus and overall
loci. Signi®cance of the overall loci and locus-by-locus
Fstvalues were tested by randomizing genotypes among
genetic groups (10000 randomizations) using FSTAT
(Goudet, 2001).

It is worth pointing that, in some rare cases,
parthenogenetic production of females is not strictly
synonymous with identical genotypes between queen
and daughter gynes in W. auropunctatadepending on the
type of thelytokous parthenogenesis occurring (Foucaud
et al, 2006). This survey allows the computation of the
rate of locus homogenization (that is, the conversion of a
heterozygous locus into a locus homozygous for one of
the two maternal alleles) during thelytokous partheno-
genesis (Foucaudet al, 2006; Pearcyet al, 2006). This rate
allows, at least theoretically, the discrimination between
the types of thelytoky displayed by parthenogenetic
organisms. Basically, automictic organisms (that is,
whose parthenogenesis involve meiosis) commonly

-
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Table 2 Reproduction system for the gynes, males and workers produced in laboratory nests, inferred from multilocus genotypic data

Putative Number of Number of nests with Number of produced Number of produced Number of produced Total
reproduction laboratory-settled produced reproductives gynes males workers
system nests (gynes/males)

Clonal Sexual Clonal Sexual Clonal Sexual
Clonal 71 15 (14/7) 51 1 7 3 10 203 275
Sexual 46 19 (17/4) 0 160 0 23 0 158 341
Total 117 34 (31/11) 51 161 7 26 10 361 616

All reproductives and only a subset of workers were genotyped.

exhibit high rates of locus homogenization (for example,
from 1/3 for loci independent from the centromeres to
1.0 for a gamete duplication mechanism; see Oldroyd
et al, 2008), whereas apomictic organisms (that is, whose
parthenogenesis do not involve meiosis) usually exhibit
low rates of locus homogenization (typically r~ 0.0; but
see Baudry et al, 2004). Here we computed the rate of
locus homogenization independently for each locus. We
averaged the number of homogenization events over the
number of thelytokous individual heterozygous for each
particular locus (n”~ 1+61 individuals depending on the
investigated locus).

Results

Production of gynes

The FO queens (that is, mother queens) in 31 of our 117
experimental nests produced F1 gynes (14 and 17 queens
from putatively clonal and sexual populations, respec-
tively; Tables 1 and 2). A total of 51 gynes of the 52
produced by a queen originating from a putatively clonal
population displayed a multilocus genotype identical to
the genotype of their mother (except one homogeniza-
tion event, see below), and did not bear any allele of the
male mated to their mother (see Supplementary Table S1
for an illustration). This result demonstrates unambigu-
ously the occurrence of thelytokous parthenogenesis in a
subset of W. auropunctatgpopulations. We also found that
a single gyne was produced sexually by a queen that also
produced two parthenogenetic gynes (Table 2 and see
Supplementary Table S3 for an illustration). Therefore,
although the vast majority of gyne offspring is produced
through thelytokous parthenogenesis, at least some of
the thelytokous queens retain the ability to produce
gynes sexually. In agreement with indirect evidences
from ®eld studies, we observed a low rate of locus
homogenization during the thelytokous production of
new parthenogenetic queens (meanr” 0.13% overall loci
with single locus r values ranging from O to 1.64%).

We found that all 160 gynes laid by queens originating
from putatively sexual populations were sexually pro-
duced (Table 2 and see Supplementary Table S2 for an
illustration). No parthenogenetic reproduction event was
identi®ed for those queens. This result demonstrates that
gynes are exclusively produced sexually in another set of
W. auropunctatapopulations.

Interestingly enough, four of the 44 isolated F1 virgin
queens originating either from clonal or sexual popula-
tions produced few to many eggs; none of these eggs
could develop into pupae (worker, gyne or male), and
this during more than four months of experiment.

Heredity

Production of males

On 117 experimental nests, the FO queens of 11 nests
produced F1 males during our experiment (seven and
four queens from putatively clonal and sexual popula-
tions, respectively; Table 1). A majority of males
produced by queens isolated from putatively clonal
populations displayed a multilocus genotype identical to
that of their father and did not bear any allele of their
mother (n~ 7; Table 2 and see Supplementary Table S1
for an illustration). This pattern clearly demonstrates the
occurrence of male clonality in some W. auropunctata
populations. However, one parthenogenetic queen also
produced three males through classical arrhenotokous
parthenogenesis (in addition to one clonal male; Supple-
mentary Table S3). The production by parthenogenetic
queens of new males through classical arrhenotoky is
therefore feasible.

We found that all 23 males laid by queens isolated
from putatively sexual populations were produced by
arrhenotokous parthenogenesis (Table 2 and see Supple-
mentary Table S2 for an illustration). We did not observe
any clonal reproduction events for those queens. This
result demonstrates the occurrence of only classical
sexual production of males in some other W. auropunctata
populations.

It is worth pointing that all clonal males ( n” 7) were
produced by queens also producing parthenogenetic
gynes. Male clonality was thus strictly associated to
thelytokous parthenogenesis.

Production of workers

We observed that a very large majority of workers (361
workers from all genotyped nests) were produced
sexually regardless of the mode of production of gyne
and male offspring (Table 2). In all nests for which the
genotypes of both the FO queen and her spermathecal
content could be directly obtained, workers displayed a
genotype demonstrating their sexual production (that is,
at each locus, one of the two alleles of the worker
genotype was present in the FO queen genotype and the
other one present in the spermathecal content genotype;
see Supplementary Tables S1 and S2 for illustrations).
Monoandry (that is, a single fathering male for each
gueen) was also obvious from these data. This important
observation allowed us to safely infer the parental
genotypes from worker genotypes, in those experimental
nests for which the queen or male genotypes could not
be directly determined.

Interestingly, we found some worker genotypes that
did not ®t the above reproduction rules in a single clonal
nest (Table 2 and see Supplementary Table S1 for an
illustration). In this nest, the large majority of adult



workers were sexually produced but most pupae, as well

as two adults, displayed a multilocus genotype identical

to the genotype of their mother and did not bear any

allele of their mother's male mate. This small set of
workers, mostly composed of pupae, was thus produced
by thelytokous parthenogenesis.

Caste determination

Within clonal populations, we genotyped a total of 52
gynes (51 parthenogenetic and 1 sexual) and 213 workers
(10 parthenogenetic and 203 sexual; Table 2). Partheno-
genetic diploid eggs were hence signi®cantly more
directed toward the royal caste than sexual diploid eggs
(Fisher's exact test: Po 10"%). This result holds when
considering independently each set of parthenogenetic
queens originating from different populations and that
were characterized by different microsatellite genotypes
(all Po 1079). It is also worth stressing that the only
parthenogenetic queen laying clonal eggs directed
toward the worker caste produced adult workers at a
very low rate (cf. most worker larvae did not complete
their development). Although most pupal workers laid
by this particular queen were parthenogenetic, most of
the few adult workers were sexually produced. In clonal
populations, we thus observed a clearly disproportionate
allocation of individuals between castes depending on
production mode, together with a high parthenogenetic
worker mortality during development.

Regarding sexual populations, we found that gynes
and workers directly sampled within two ®eld popu-
lations were genetically different, as evidenced by low
but signi®cantly different from zero F stvalues computed
overall microsatellite loci (population M7: F gt~
0.017 0.005,P" 0.006; population M3-F: Fst~ 0.028
0.005, P™ 0.006). Single locus Kkt values were signi®-
cantly different at four (M3-F) and six (M7) loci, with
only one locus showing signi®cant differences in
common for both populations.

Discussion

This study provides, to the best of our knowledge, the
®rst direct experimental evidence of the co-occurrence of
thelytokous parthenogenesis and male clonality within
some populations of W. auropunctata(that is, “clonal'
populations). Thelytokous parthenogenesis is relatively
common in insects (Normark, 2003), and has already
been observed in seven ant species (see references in the
study by Himler et al, 2009). On the contrary, the male
clonality system demonstrated here is extremely rare
(McKone and Halpern, 2003). Alternative variants of
androgenesis have only been evidenced twice in insects
and four times in all lifeforms (in  Vollenhovia emeryi
Ohkawara et al, 2006; inBacillusstick insects, Mantovani
et al, 2001; in Corbiculaclams, Komaru et al, 1998; and
in the desert tree Cupressus duprezian®ichot et al, 2001).
In these cases, androgenesis occurred through a variety
of mechanisms, such as through the syngamy of
two spermatozoa in Bacillus (Tinti and Scali, 1996),
or unreduced triploid spermatozoa in Corbicula(Komaru
et al, 1998). The androgenetic system found in
W. auropunctatais original in that clonal males remain
haploid (as measured by “ow cytometry; Fournier et al,
2005a) and that workers are still produced through
standard sexuality. Although sterile, workers are crucial
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to the ®tness of queens and males. Interestingly enough,
the joint occurrence of thelytoky and androgenesis in
queens and males would theoretically avoid inbreeding
depression and enable speci®c worker genomic combi-
nations to be maintained over time. This system might
enable workers to experience an increased niche breadth,
as suggested for other ant species displaying separate
male and female gene pools, through different hybridi-
zation mechanisms (Umphrey, 2006; Anderson et al,
2008b).

A particular ®nding, not to be overlooked, is the rare
production of sexual gynes and arrhenotokous males in
otherwise clonal populations. This result echoes indirect
evidence obtained from an extensive population genetic
survey of W. auropunctatain New Caledonia (Foucaud
et al, 2006). Even at low frequency, these events are most
likely of evolutionary importance, especially in the case
of geographically isolated invasive populations such as
those in New Caledonia. Such rare events might indeed
disrupt the putative advantages of clonality by increas-
ing genetic drift, inbreeding depression and diploid male
load, and by breaking genomic combination potentially
adapted to the new invaded environments (Foucaud
et al, 2006).

Our experimental results do not permit to favor any
current hypothesis on the mechanisms of the clonal
reproduction system. We found low rates of single locus
homogenization during female parthenogenesis (single
locus rates ranging from 0 to 1.64%). Although estimated
from a relatively low number of individuals (from 1 to 61
individuals depending on the locus), such low rate
values favor an apomictic mechanism associated with
rare gene conversion events rather than automixis with
central fusion (our 12 microsatellite loci are indeed
unlikely to be all close to centromeres). This result echoes
that found in the study on Platythyrea punctataSchilder
et al, 1999), but contrasts with the automixis mechanism
inferred on another thelytokous ant species, Cataglyphis
cursor (Pearcy et al, 2006) and to the Cape honeybee
(Baudry et al.,, 2004; Oldroyd et al, 2008). Our results
regarding the male clonality system do not allow to
discard either of the two current mechanical hypothesis
(that is, ‘'maternal genome elimination' and “anucleate
ovules’; Fournier et al, 2005a; Foucaudet al, 2007).
We are currently running some reciprocal crossing
experiments using sexual and clonal males and females
to investigate this issue. Cytological investigations of
W. auropunctatagametogenesis are also required to get a
clearer view on the mechanisms involved in both clonal
reproduction systems. Beside the above mechanical
issues, W. auropunctatarepresents a promising biological
model to unravel the genetic bases of male clonality
and thelytokous parthenogenesis using large-scale geno-
mic tools.

Our 30 isolated virgin queens originating from clonal
populations did not produce any pupa of worker, queen
or male. This result suggests that the parthenogenetic
production of queens may require mating to occur.
Alternative hypotheses, such as the age of the gynes, the
resources intake or the necessity of “ying cannot be
discarded, but seem, however, unlikely due to our
experimental procedure and previous observations (see
Materials and methods section for details). Some (alated)
gynes produced a large amount of eggs indicating that
dealation is not necessary to lay eggs as inlLasius niger

-

Heredity



Reproduction and caste fate in the little ®re ant
J Foucaudet al

B

queens (Jemielity et al, 2006). None of those eggs could
reach the pupal stage, however, indicating a develop-
mental rather than a resource issue. Consequently,
unmated gynes from clonal populations seem unable to
directly bene®t from thelytokous parthenogenesis to
achieve some reproductive success.

This experimental study provides direct evidence that
a standard sexual reproduction system is fully effective
in some other W auropunctatapopulations (that is, the
so-called sexual populations). We therefore unambigu-
ously con®rmed the polymorphism of reproduction
system inferred indirectly from previous genetic studies
on W. auropunctatapopulation samples taken in the ®eld
at the same locations (Fournier et al, 2005a; Foucaud
et al, 2006, 2007). In other species showing such a
reproduction system polymorphism, the balance be-
tween the sexual and clonal reproduction system is
usually best explained by environmental conditions,
whether abiotic (for example, seasonal climatic variation
in Myzus persicag Vorburger et al, 2003) or biotic (for
example, prevalence of parasites; Lively et al, 1990).
As W. auropunctatais an invasive species found in both
natural and human-altered habitats (Tennant, 1994;
Wetterer and Porter, 2003; Orivel et al, 2009), it would
be worth studying the ecology of clonal and sexual
populations to gain insight into both the evolution of
reproduction systems diversity and of invasiveness.

Our experimental laboratory study provides evidence
for a genetic basis for caste determination in W.
auropunctata at least in clonal populations. Genetic caste
determination (most notably in dependent lineages of
Pogonomyrmex Julian et al, 2002; Volny and Gordon,
2002; Helms Cahanet al, 2004; Schwanderet al, 2007a),
or at least some genetic in uence on caste fate (Fraser
et al, 2000; Hugheset al, 2003), have been demonstrated
several times in Formicidae (for review, see Anderson
et al, 2008a). In the case of the clonal populations of W.
auropunctata only 1.9% of all W. auropunctata adult
females did not comply with expectations based on a
purely genetic determination of caste (one adult queen
on 52 sampled and two adult workers on 104 sampled).
This ®gure is similar to the observed proportion of
Pogonomyrmexadult females not complying with a
purely genetic caste determination (1.9%; three adult
gueens on 80 sampled and zero adult worker on 75
sampled; Helms Cahan and Keller, 2003). Alternatively
to genetic caste determination, one could also consider
that these results are the consequence of a cyclical
parthenogenesis mechanism with some environmental
conditions favoring the development of queens or
workers only. However, all W. auropunctata workers
and gynes were sampled and hence produced simulta-
neously in each individual laboratory nest. The occur-
rence of both parthenogenetic and sexual worker pupae
in the only nest in which thelytokous adult workers were
sampled also con®rms that clonal and sexual eggs are
produced simultaneously by parthenogenetic queens.
As a consequence, a cyclical parthenogenesis mechanism
seems highly unlikely to account for the observed
partition of genotypes in each caste. As we showed here,
certain types of genotypes are largely constrained in their
development and caste fate, and thus caste determina-
tion can be considered to be genetically hardwired in
W. auropunctata The correlation between genotype and
caste observed in clonal populations was also indirectly
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detected, although much less clearly, in sexual popula-
tions, in which we observed a low but signi®cant genetic
differentiation between gynes and workers. No cyclical
parthenogenesis mechanism could account for this latter
result because all gynes and workers are sexually
produced. One explanation could be that queens under-
go multiple matings and that different patrilines show a
bias in which female caste they produced, as inferred for
Pogonomyrmex badiugSmith et al, 2008), Acromyrmex
echinatior(Hughes et al, 2003) or Pogonomyrmex rugosus
(Schwander and Keller, 2008). However, our results
clearly indicate that W. auropunctataqueens mate only
once. An alternative explanation could be that, at least in
sexual populations, different queens invest differently in
queen and worker castes (that is, reproductive skew), as
inferred for many ant species, such as Formica exsecta
(Kummerli and Keller, 2007) or Formica fuscaBargum
and Sundstrom, 2007). This hypothesis deserves further
investigations.

It is worth noting that strong genetic effects over caste
determination in social Hymenoptera (see Anderson
et al, 2008a) has only been demonstrated in species
displaying unusual breeding patterns, which prevented
normal segregation of genetic markers. This includes
hybridization in the P. rugosugP. barbatus complex
(Anderson et al, 2006; Schwanderet al, 2007a, b) and in
the Solenopsis geminataS. xylonicomplex (Helms Cahan
and Vinson, 2003), parthenogenesis inVollenhovia emeryi
(Ohkawara et al, 2006) and in W. auropunctata (this
study). This feature might actually simply re ect the fact
that microsatellite markers are traditionally used in
studies dealing with reproduction systems. For
W. auropunctataas for other species displaying “strong’
genetic caste determination (GCD; see Anderson et al,
2008a), hybridization or thelytokous parthenogenesis, in
preventing gene “ow between the male and female gene
pools, necessarily linked all female genes (including the
one(s) responsible for GCD) to a large part of micro-
satellite alleles at each locus, hence the “strong' signal of
GCD (and its detection even using low numbers of
microsatellite loci randomly located on the genome;
Ohkawara et al, 2006; Schwander et al, 2007a).
In contrast, other breeding systems that include sexual
recombination of male and female gene pools necessarily
lead to “weaker' correlations between microsatellite
genotypes and caste (as in W. auropunctata sexual
populations, or in so-called "weak' GCD species, Ander-
son et al, 2008a). Thus, these “strength' differences in
GCD may only re ect different breeding systems and not
necessarily different mechanisms of caste determination,
which could be under the control of various amounts
of genes (see Anderson et al, 2008a). In the case of
W. auropunctatathere is hence no evidence that the GCD
could be “weaker' or different in sexual compared with
clonal populations (sexual populations are most prob-
ably ancestral to clonal ones; Foucaud et al, 2007). This
study as well as previous ones advocate for speci®c
studies of caste determination in social Hymenoptera
using appropriate large-scale genomic tools (for
example, AFLP), especially in non-hybrid, sexually
reproducing species.

Together with recent studies (for example, Matsuura
et al, 2009), our study suggests that eusocial insect
species displaying mixed modes of reproduction
associated with different castes are likely to help us



understand the pros and cons of sexual and asexual
reproduction systems, and unravel the basis of caste
determination.

Con'ict of interest
The authors declare no con’ict of interest.

Acknowledgements

We thank J Grangier for help in the lab; B Facon and
three anonymous reviewers for useful comments on
earlier versions of this paper; A Gilabert, B Gauffre and
M Galan for support. The microsatellite data were partly

produced through the molecular genetic analysis techni-
cal facilities of the IFR119 5 Montpellier Environnement

Biodiversite’ . This study was ®nancially supported by a
grant from the French Ministe/re de I'Ecologie et du
Ddéveloppement Durablebappel d'offre ECOTROP to

AE and JO.

References

Anderson KE, Gadau J, Mott BM, Johnson RA, Altamirano A,
Strehl C et al. (2006). Distribution and evolution of genetic
caste determination in Pogonomyrmexseed-harvester ants.
Ecology87: 2171+2184.

Anderson KE, Linksvayer TA, Smith CR (2008a). The causes
and consequences of genetic caste determination in ants
(Hymenoptera: Formicidae). Myrmecol News11: 119+132.

Anderson KE, Novak SJ, Smith JF (2008b). Populations
composed entirely of hybrid colonies: bidirectional hybridi-
zation and polyandry in harvester ants. Biol J Linn Soc95:
320+336.

Bargum K, Sundstrom L (2007). Multiple breeders, breeder
shifts and inclusive ®tness returns in an ant. Proc R Soc B Biol
Sci274 1547+1551.

Baudry E, Kryger P, Allsopp M, Koeniger N, Vautrin D, Mougel
F et al. (2004). Whole-genome scan in thelytokous-laying
workers of the Cape Honeybee (Apis mellifera capengis
central fusion, reduced recombination rates and centromere
mapping using half-tetrad analysis. Geneticsl67. 243+252.

Bell G (1982). The Masterpiece of Nature: The Evolution and
Genetics of SexualityJniversity of California Press: Berkeley.

Crozier RH, Pamilo P (1996). Evolution of Social Insect Colonies:
Sex Allocation and Kin SelectionOxford University Press:
Oxford.

Foucaud J, Fournier D, Orivel J, Delabie JHC, Loiseau A, Le
Breton Jet al. (2007). Sex and clonality in the little ®re ant.
Mol Biol Evol 24: 2465+2473.

Foucaud J, Jourdan H, Le Breton J, Loiseau A, Konghouleux D,
Estoup A (2006). Rare sexual reproduction events in the
clonal reproduction system of introduced populations of the
little ®re ant. Evolution 60: 1646+1657.

Fournier D, Estoup A, Orivel J, Foucaud J, Jourdan H, Le Breton
Jet al. (2005a). Clonal reproduction by males and females in
the little ®re ant. Nature 435 1230+1235.

Fournier D, Foucaud J, Loiseau A, Cros-Arteil S, Jourdan H,
Orivel J et al.(2005b). Characterization and PCR multiplexing
of polymorphic microsatellite loci for the invasive ant
Wasmannia auropunctataviol Ecol Notesb: 239+£242.

Fraser VS, Kaufmann B, Oldroyd BP, Crozier RH (2000). Genetic
in"uence on caste in the ant Camponotus consobrinug8ehav
Ecol Sociobio#7: 188+194.

Goudet J (2001). FSTAT, a program to estimate and test gene
diversities and ®xation indices (version 2.9.3). Available from
http:/Mmww.unil.ch/izea/softwares/fstat.html. Updated from
Goudet (1995).

Reproduction and caste fate in the little ®re ant
J Foucaudet al

.19

Helms Cahan S, Julian GE, Rissing SW, Schwander T, Parker JD,
Keller L (2004). Loss of phenotypic plasticity generates
genotypezcaste association in harvester ants.Curr Biol 14:
2277+2282.

Helms Cahan S, Keller L (2003). Complex hybrid origin of
genetic caste determination in harvester ants. Nature 424
306+309.

Helms Cahan S, Vinson SB (2003). Reproductive division of
labor between hybrid and nonhybrid offspring in a ®re ant
hybrid zone. Evolution 57: 1562+1570.

Himler AG, Caldera EJ, Baer BC, Ferndez-Mard H, Mueller
UG (2009). No sex in fungus-farming ants or their crops.
Proc R Soc B Biol S@76 2611+2616.

Hdlldobler B, Wilson EO (1990). The Ants Harvard University
Press: Cambridge, MA.

Hughes WOH, Sumner S, Borm SV, Boomsma JJ (2003). Worker
caste polymorphism has a genetic basis in acromyrmex leaf-
cutting ants. Proc Natl Acad Sci USAL0C 9394+9397.

Jemielity S, Gré&f J, Keller L (2006). How to fool a virgin:
arti®cial dealation triggers oviposition in virgin  Lasius niger
queens. Insectes Sob3: 323+£325.

Julian GE, Fewell JH, Gadau J, Johnson RA, Larrabee D (2002).
Genetic determination of the queen caste in an ant hybrid
zone. Proc Natl Acad Sci USA99: 8157+8160.

Kearney M, Shine R (2004). Developmental success, stability,
and plasticity in closely related parthenogenetic and sexual
lizards (Heteronotia Gekkonidae). Evolution 58 1560+1572.

Komaru A, Tawagashi T, Konishi K (1998). Cytological evidence
of spontaneous androgenesis in the freshwtaer clam Corbicula
leanaPrime. Dev Genes Eva08 46+50.

Kummerli R, Keller L (2007). Reproductive specialization in
multiple-queen colonies of the ant Formica exsectd8ehav Ecol
18 375+383.

Lively CM, Craddock C, Vrijenhoek RC (1990). Red queen
hypothesis supported by parasitism in sexual and clonal ®sh.
Nature 344 864+866.

Lo N, Hayashi Y, Kitade O (2009). Should environmental
caste determination be assumed for termites? Am Nat 173
848+853.

Mantovani B, Passamonti M, Scali V (2001). The mitochondrial
cytochrome oxidase Il gene in Bacillus stick insects: ancestry
of hybrids, androgenesis, and phylogenetic relationships.
Mol Phylogenet Evoll9: 157+163.

Matsuura K, Vargo EL, Kawatsu K, Labadie PE, Nakano H,
Yashiro T et al. (2009). Queen succession through asexual
reproduction in termites. Science323 1687.

Maynard Smith J (1978). The Evolution of Sex Cambridge
University Press: Cambridge.

McKone MJ, Halpern SL (2003). The evolution of androgenesis.
Am Nat 161 641+656.

Normark BB (2003). The evolution of alternative genetic
systems in insects. Annu Rev Entomol48: 397+423.

Ohkawara K, Kakayama M, Satoh A, Trindl A, Heinze J (2006).
Clonal reproduction and genetic caste differences in
a queen-polymorphic ant, Vollenhovia emeryi Biol Lett 2:
359+363.

Oldroyd BP, Allsopp MH, Gloag RS, Lim J, Jordan LA, Beekman
M (2008). Thelytokous parthenogenesis in unmated queen
honeybees @pis melliferacapensis): central fusion and high
recombination rates. Geneticsl80 359+366.

Orivel J, Grangier J, Foucaud J, Le Breton J, Andres F-X, Jourdan
H et al.(2009). Ecologically heterogeneous populations of the
invasive ant Wasmannia auropunctatavithin its native and
introduced ranges. Ecol Entomol34: 504+512.

Pearcy M, Hardy O, Aron S (2006). Thelytokous parthenogen-
esis and its consequences on inbreeding in an ant. Heredity
96: 377+382.

Pichot C, El Maataoui M, Raddi S, Raddi P (2001). Surrogate
mother for endangered CupressusNature 412 39+39.

Queller DC, Strassmann JE (1998). Kin selection and social
insects. Biosciencel8 165+175.

Heredity



Reproduction and caste fate in the little ®re ant
J Foucaudet al

B

Schilder K, Heinze J, Gross R, Holldobler B (1999). Micro-
satellites reveal clonal structure of populations of the
thelytokous ant Platythyrea punctatdF-Smith) (Hymenoptera;
Formicidae). Mol Ecol 8: 1497+1507.

Schwander T, Helms Cahan S, Keller L (2007a). Characteriza-
tion and distribution of Pogonomyrmekarvester ant lineages
with genetic caste determination. Mol Ecol 16: 367+387.

Schwander T, Keller L (2008). Genetic compatibility
affects queen and worker caste determination. Science322
552+55.

Schwander T, Keller L, Helms Cahan S (2007b). Two alternate
mechanisms contribute to the persistence of interdependent
lineages in Pogonomyrmexharvester ants. Mol Ecol 16:
3533+3543.

Smith CR, Anderson KE, Tillberg CV, Gadau J, Suarez AV
(2008). Caste determination in a polymorphic social
insect: nutritional, social, and genetic factors. Am Nat 172
497+507.

Tennant LE (1994). The ecology of Wasmannia auropunctatin
primary tropical rainforest in Costa Rica, Panama. In:
Williams DF (ed). Exotic Ants: Biology, Impact, and Control
of Introduced SpeciesNestview Press: Boulder, CO, USA.
pp 80+90.

Tinti F, Scali V (1996). Androgenetics and triploids from an
interacting parthenogenetic hybrid and its ancestors in stick
insects. Evolution 50: 1251+1258.

Ulloa-Chacon P (1990). Biologie de la reproduction chez la petite
fourmi de feu Wasmannia auropunctatdR.) (Hymenoptera:
Formicidae), PhD Thesis, UniversitéAde Lausanne, pp 161.

Ulloa-Chacon P, Cherix D (1988). Quelques aspecs de la
biologie de Wasmannia auropunctatéRoger) (Hymenoptera,
Formicidae). Actes Colloq Insectes S8c177+184.

Umphrey GJ (2006). Sperm paratism in ants: selection for
interspeci®c mating and hybridization. Ecology87: 2148+2159.

Volny VP, Gordon DM (2002). Genetic basis for queentworker
dimorphism in a social insect. Proc Natl Acad Sci USA99:
6108+6111.

Vorburger C, Lancaster M, Sunnucks P (2003). Environmentally
related patterns of reproductive modes in the aphid Myzus
persicaeand the predominance of two ‘superclones' in
Victoria, Australia. Mol Ecol 12: 3493+3504.

Vrijenhoek RC (1993). The origin and evolution of clones versus
the maintenance of sex in PoeciliopsisJ Heredd4: 388+395.
Wetterer JK, Porter SD (2003). The little ®re ant, Wasmannia
auropunctata distribution, impact, and control. Sociobiology

42 1+41.

Supplementary Information accompanies the paper on Heredity website (http://www.nature.com/hdy)

Heredity



ANNEXE 3:

ARTICLE 8: Anthropogenically-Induced Adaptation to Invade (AlAl): Contemporary
adaptation to human-altered habitats within the native range can promote invasions



Evolutionary Applications

PERSPECTIVE

Evolutionary Applications ISSN 1752-4571

Anthropogenically induced adaptation to invade (AlAl):
contemporary adaptation to human-altered habitats within
the native range can promote invasions

Ruth A. Hufbauer, 2 Benod Facon,? Virginie RavigneA® Julie Turgeon, >* Julien Foucaud, ®
Carol E. Lee? Olivier Rey? and Arnaud Estoup 2

1 Department of Bioagricultural Science and Pest Management, Graduate Degree Program in Ecology, Colorado State University, Ft Collins, CO,

USA

o O~ WN

Keywords

adaptation, agriculture, contemporary
evolution, evolutionary theory, habitat
degradation, invasive species.

Correspondence

Department of Bioagricultural Science and
Pest Management, Graduate Degree Program
in Ecology, Colorado State University, Ft
Collins, CO 80523, USA.

Tel.: +970-491-6945;

fax: +970-491-3862;

e-mail: ruth.hufbauer@colostate.edu

Received: 21 July 2011
Accepted: 27 July 2011

doi:10.1111/j.1752-4571.2011.00211.x

Introduction

UMR CBGP (INRA-IRD-CIRAD, Montpellier SupAgro), Campus International de Baillarguet, Montferrier/Lez Cedex, France
CIRAD, UMR BGPI, Campus International de Baillarguet, Montpellier Cedex 5, France

Département de Biologie, Universifd aval, Quebec, QC, Canada

Laboratoire Evolution, Geomes, Sp&iation, UMR-CNRS 9034, Gif-sur-Yvette, France

Center of Rapid Evolution (CORE), University of Wisconsin, Madison, WI, USA

Abstract

Adaptive evolution is currently accepted as playing a signi®cant role in bio-
logical invasions. Adaptations relevant to invasions are typically thought to
occur either recently within the introduced range, as an evolutionary response
to novel selection regimes, or within the native range, because of long-term
adaptation to the local environment. We propose that recent adaptation within
the native range, in particular adaptations to human-altered habitat, could also
contribute to the evolution of invasive populations. Populations adapted to
human-altered habitats in the native range are likely to increase in abundance
within areas frequented by humans and associated with human transport
mechanisms, thus enhancing the likelihood of transport to a novel range. Given
that habitats are altered by humans in similar ways worldwide, as evidenced by
global environmental homogenization, propagules from populations adapted to
human-altered habitats in the native range should perform well within similarly
human-altered habitats in the novel range. We label this scenario “Anthropo-
genically Induced Adaptation to Invade'. We illustrate how it differs from other
evolutionary processes that may occur during invasions, and how it can help
explain accelerating rates of invasions.

employ a broad de®nition of invasion, encompassing
successful establishment and spread in a new range

The increasing rate at which species are invading newith or without particular environmental or economic
ranges is fundamentally linked to the expansion of inter-impacts.

national trade (Carlton and Geller 1993; Cohen and The facilitating role of evolution in invasions, particu-
Carlton 1998; Levine and D'Antonio 2003; Pysek et allarly rapid adaptive evolution during invasions, has
2010). Policies have been implemented to minimize newecently become a major subject of research (e.g., Carroll
introductions via trade (McAusland and Costello 2004; and Dingle 1996; Reznick and Ghalambor 2001; Lee 2002;
Olson and Roy 2010), yet rates of invasion continue toLambrinos 2004; Wares et al. 2005; Facon et al. 2006;
increase, suggesting that other additional processes miglrentis et al. 2008). Much of this research has a temporal
play a role. We propose that human alteration of habi- and geographic focus on evolutionary shifts that occur
tats within the native range induce evolutionary changesfollowing introduction into a (usually remote) new loca-
that could promote invasion into novel ranges. We tion, rather than a focus on evolution within the native
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range. This perspective is logical, given that introduction preadaptation’, in the invasion literature. However, the
into a new environment is likely to impose a novel selec-term preadaptation already has a widely recognized and
tion regime, making rapid evolution probable. Striking well-established meaning in the evolutionary literature,
examples of evolution following introduction include that of exaptation (Bock 1959; Gould and Vrba 1982). In
reduced size at reproduction in ®sh (Bohn et al. 2004)Box 1, we discuss the two different meanings of preadap-
increased size or reproductive capacity of invasive plantgation and how they each might contribute to invasion.
(e.g., Blair and Wolfe 2004), rapid evolution of physio- To differentiate between the two meanings, we use the
logic tolerance to fresh water (Lee et al. 2003, 2011), anterms “exaptation' and “prior adaptation' (Box 1), where
increased dispersal distance in toads (Phillips et al. 2006rior adaptation is simply evolution of traits in the
Phillips et al. 2010). native range, prior to introduction to a new range, that
However, evolution within the native range, prior to enhance success of introduced populations without a
introduction to a remote and novel range, can also pro- change in function. Both exaptation and prior adaptation
mote biological invasions (Di Castri 1989; Lee and Gel-have the potential to promote successful invasion, but

embiuk 2008). This process has been referred to aprior adaptation is likely to be more important.

Box 1: Preadaptation: exapatation and prior adaptation

Evolution within the native range can lead to traits that confer higher ®tness, i.e., are adaptive, within a novel
Generally, this has been called “preadaptation’. The term encompasses two distinct processes, however: exaj
what we call here prior adaptation. Exaptation occurs when a trait that has evolved under one selection regin
opted by chance for a different function (Bock 1959; Gould and Vrba 1982; see also Grant 1977; Futuyma 20
is the original meaning of the term preadaptation, from the evolutionary biology literature. The classic example
aptation is feathers in dinosaurs. Their original function is thought to have been thermoregulation, and the
were co-opted for use in movement and eventual “ight. While we know of no clear example from invasion h
whereby a trait acquired a truly new adaptive function that enhanced its invasiveness in the new range, theq
it is possible. Thus, exaptation constitutes one mechanism by which traits could evolve in the native range tha
facilitate invasion of a novel environment.

To avoid confusion with exaptation, we prefer to distinguish this second meaning of preadaptation as
adaptation'. Prior adaptation denotes the case in which adaptation to one or more facets of the environment
the native range facilitates invasions to similar environments in the novel range (Parker and Gilbert 2004
and Edwards 2006; Bossdorf et al. 2008; Fausch 2008; Treier et al. 2009). Thus, with prior adaptation, the
a change in function as there is with exaptation. Prior adaptations can be associated with an evolutionary
in “uctuating environments in the native range (Lee and Gelembiuk 2008), which might select for organisma
bility or evolvability, both of which could facilitate invasion into a wide range of habitats. This appears to f
case in the copepoBurytemora af®nisee et al. (2003).

Alternatively, prior adaptation can occur via local adaptation, which can facilitate the founding and spread
populations if those populations happen to be introduced to a region with a similar environment, and thus,
that conferred high ®tness in the native environment do so in the novel environment as well (Sax and Brow
Blumenthal 2006; Dietz and Edwards 2006). One example of this mechanism appears to be fS8enédio inaequ
dens(Bossdorf et al. 2008; Lachmuth et al. 2010). Within its native southern African range, it is able to use a
of habitats, while in parts of the introduced range in Europe this species invades rocky railroad tracks and
ways. Common garden comparisons reveal that invasive populations are phenotypically most similar to nativ
lations originating from rocky slopes and dry riverbeds of mountainous regions in Southern Africa. Bossdor|
(2008) thus hypothesize that populations in the native range found on (and presumably adapted to) rocky
are the source of the populations in Europe invading, which have prior adaptations to similarly disturbed ang
environments of the introduced range.

We introduce here another mechanism leading to prior adaptation called Anthropogenically Induced Adapta
Invade (AlAl), which we detail in the main text. Fundamentally, AIAI begins with local adaptation, but rather
adaptation being to the native habitat, it is to new human-altered habitat. Thus, other forms of prior adaptation
itate invasion when traits that are adaptive in the native range are, essentially by chance, adaptive in the in
range as well. In contrast, because AIlAI starts with adaptation to human-altered environments, it directly fa
invasions into human-altered environments. As such, it may contribute to ever increasing rates of invasion.
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Either local adaptation to a stable environment or partic- We propose that contemporary adaptation to human-
ular disturbance regime and an evolutionary history in "uc- altered environments within the native range is a central
tuating environments (Lee and Gelembiuk 2008) can leadneans by which prior adaptations to invasion evolve.
to prior adaptation to a novel environment (Box 1). The Because the rate at which humans alter environments is
evolutionary processes leading to local adaptation to nativéncreasing, the process we outline might aid in understand-
environments can span many generations and often act oveng mechanisms underlying the ever-increasing rate of
the long-term evolutionary history of the species within its invasions. We call this process Anthopogenically Induced
native range and continue up to the present day. Thesédaptation to Invade (AlAI). AlAl is summarized in
longstanding evolutionary processes in the native rangdig. 1. Brie'y, species are exposed to human-altered habi-
cannot fully help us understand the ever-increasing rate ofats in their native range, and commonly become adapted
biological invasions, because contemporary invasive poputo those habitats. This process leads to an increase in abun-
lations are increasingly facing anthropogenic change withirdance within close proximity to human transportation sys-
their native ranges, often marked by sudden, dramatic, andems, increasing the likelihood that they will be transported
episodic impacts. Such impacts impose selection for newo a new range. Furthermore, the very adaptations that
adaptative states that may create populations within theconfer advantages within the human-altered habitat in the
native ranges that are primed to become invasive. Thus, weative range will also confer advantages in remote, simi-
argue here that anthropogenic change introduces a uniquédarly-altered habitats, facilitating successful establishment
set of circumstances that warrants a separate category.  of new populations and subsequent invasions.

(A) Within the native range (B) Transport (C) Within the introduced
range
@
e © - O
ative range
© o) oo
1 1
)
S9N
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- Y)J L8V}
O
1

Introduced range

Figure 1 Schematic representation of the AIAI scenario. (A) Within the natural habitats (in green) of the native range, local populations (blue
hexagons) are exposed to human-altered habitat (in light orange). Some populations adapt to this new type of habitat becoming either generalists
able to use both habitat types, or specialists on the human-altered habitat (orange and brown hexagon, respectively; see Box 2). Generalist popu-
lations are more likely to have substantial 'ow of movement and genes across habitat boundaries (dashed arrow). (B) Most long-distance trans-
port happens between two human-altered habitats (hence the large arrows). The presence of adapted populations in the human-altered habitat
of the native range results in increased transport probability and a diminished need for further adaptation in the human-altered habitat of the
introduction range. In contrast, populations from natural habitats of the native range are expected to suffer both from rare introduction events
and lack of necessary adaptations to start a population in the introduced range (red cross). C. The introduced populations are expected to invade
rapidly, because of previous adaptation to a similar habitat. Generalist phenotypes may also further cross human-altered habitat boundaries
(dashed arrow) without the additional adaptations needed by specialist phenotypes.
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Accounting for the effects of anthropogenic change onalterations can be found on different continents. Many
invasive success is critical because anthropogenic changefsthe same agricultural crops grown in the same funda-
can fundamentally alter the rate of invasions and the typemental ways are found essentially worldwide. For exam-
of species that are likely to invade. AIAIl represents gle, maize culture and other cropping systems offer a
unique series of ecological and evolutionary processes irelatively homogeneous habitat throughout the world,
the native and then introduced range. First, the adapta-from Africa to Asia, North and South America and Eur-
tion is to human-altered habitats in particular, rather ope (Anonymous 1993). Likewise, forests are harvested,
than to natural environments. Second, anthropogenicforest edges are created, roadsides are mown, and nutri-
change fundamentally alters the landscape nearly instantaents and other pollutants are added to terrestrial and
neously, such that the evolutionary response thataquatic ecosystems in a similar manner on different con-
enhances subsequent invasion is strictly concurrent withtinents. Indeed, there is general agreement that habitats
the anthropogenic change rather than a longstandingand biota are becoming more homogeneous worldwide
response occurring over historic and contemporary time(McKinney and Lockwood 1999; Tilman et al. 2001;
scales. Third, an increase in prevalence of human-altere®lden et al. 2004).
habitat increases the likelihood of adaptation and trans- These newly altered habitats represent novel environ-
port to a new range. As such, we argue that the concepments that impose strongly altered selection regimes. They
tual framework of AIAl is important to distinguish from might select for a wide variety of traits including an
other types of evolutionary change in the native rangeincreased or altered host range of parasites (sensu Price
because it ®lIs in an important gap in our understanding 1980), increased tolerance to physiologic stressors (such as
of factors that promote invasive success and helps us receduced humidity associated with edge effects) or a faster
ognize and understand the rapidity and increasing pace ofr-selected' life history. The potential for adaptive evolu-
biological invasions. It also highlights that contemporary tion in response to the novel selection regime is likely to
adaptation facilitating invasions is not restricted to the be high within the native range because of greater effective
introduced ranges of invasive species. population sizes, genetic variation, and propagule pressure

In support of our ideas, it has long been noted that than might be expected in the introduced range. Box 2
adaptation to human-altered habitats occurs (Wet and provides additional theoretic background for these pro-
Harlan 1975). Additionally, Crosby (1986) and Di Castri cesses. In particular, it details when an outcome of adapta-
(1989) suggested that the dominance of European specid®n to human-altered habitats within the native range is
among invaders might be due to their longstanding assodikely, and under what conditions local adaptation to only
ciation with human disturbances. Jeschke and Strayethe novel human-altered habitat is expected (the evolution
(2006) found that af®liation with humans per se (not just of habitat specialists), and under what conditions adapta-
the increased propagule pressure that comes with such ation of high performance in both the natural and the
af®liation) is associated with increased success of invd&auman-altered habitat is expected (the evolution of habi-
sion. Additionally, in a recent study, Foucaud et al. tat generalists). Populations that adapt, either as specialists
(2009) introduced a process similar to AlAl, calling it a or generalists, to human-altered habitats within the native
‘two-step' invasion, without detailing the evolutionary range, may increase in size or become more abundant in
factors at play, the expected phenotypic outcomes and théhose habitats (Kawecki 2008). Human alteration of habi-
general implications for biological invasions. To ®Il in tat is typically associated with human transportation sys-
these gaps and develop this idea more fully, we (i)tems. Thus, when a species becomes abundant in human-
describe the AlAI process in detail and review some basieltered habitats, the likelihood that propagules will be
evolutionary principles underlying it, (ii) outline the evi- taken up by various modes of long-distance transportation
dence necessary to illustrate it and present several systemdl increase (Lockwood et al. 2007). This will favor the
that are candidates for AlAl, and (iii) conclude by further species reaching a new range in numbers substantial
discussing its importance. enough to establish a new (invasive) population. It is well
known that many introduced species are associated with
agriculture (including both cropping systems and range-
land) and urbanization, both because they increase
As is well documented, humans are altering the environ-resource availability (or "uctuation in resource ability;
ment at an increasing pace, driven by many factors (Sal®avis et al. 2000) and are associated with high propagule
et al. 2000; Daily et al. 2001; Pereira et al. 2004; Scharlpressure (Lockwood et al. 2007). We argue that, in addi-
mann et al. 2004; Jetz etal. 2007). Indeed, the mostion, many of these species may have adapted to anthro-
common and widespread environmental perturbations pogenic modi®cations in the native range prior to
today are those caused by humans. Similar types ointroduction to a novel range. Given the global nature of

Anthropogenically induced adaptation to invade
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humanzhabitat alterations, the likelihood that similar Trade-offs in the ability to locally adapt are central to

human-altered habitat will be found in the region of e theory of adaptation to heterogeneous environments.
introduction is increased and the adaptations from the T5de-offs are constraints on the set of possible ®tness
human-altered native range should be advantageous iRajues (also called ®tness sets, Levins 1968) such that
similarly altered habitats in the introduced range. Theseynen at the optimum in the natural habitat, better adap-
newly introduced species themselves will then contributgation to human-altered conditions translates to a loss of
to the increased homogenization of habitats worldwide 5qaptation to natural conditions. Figure 1 of Box 2 pre-

(Mack et al. 2000), which can then further facilitate addi- sents the local ®tness sets for the natural (black curves)
tional invasions (Simberloff and Von Holle 1999).

Box 2: Factors affecting the potential for adaptation to human-altered habitats within the native
range and outcomes expected in term of life-history strategies

Anthropogenically induced adaptation to invade occurs in a transition zone between natural and human-altered habi-
tats within the native range; thus, ample genetic variation can be maintained more easily than in populations intro-
duced to a new range. In such a setting, adaptation to human-altered habitats is not always possible. When
adaptation does occur, it can lead to habitat generalists or habitat specialists (or both, Abrams 2006). Here, |we pro-
vide readers with the fundamental theory underlying which outcome is expected.
From a management perspective, whether a generalist or specialist evolves can be important. Generalists may be
slow to establish initially, but might readily invade habitats within their new range that are not human-altered.
Specialists on the human-altered habitat, in contrasts, may immediately exhibit high population growth rate$ upon
introduction to comparable human-altered habitats in a new range, but their spread from those habitats may be con-
strained.

Adaptation to human-altered habitats not possible

A population might fail to adapt to the newly available human-altered habitat for three main reasons. The ®rst|reason
is lack of adequate genetic variation. For instance, habitat alteration might be so drastic that the variation reqpired to
adapt is simply not available. Second, adaptation may not occur if there is too much migration from the natural hab-
itat to the new human-altered one, hindering adaptation to the new conditions (underlying this pattern arel gene
swamping, as well as hard selection leading to differences in the number of individuals produced and suhsequent
migrational meltdown; Dempster 1955; Kawecki 2000; Ronce and Kirkpatrick 2001; Lenormand 2002; TraJis et al.
2005; Bridle and Vines 2007; Kawecki 2008; Raé\égré. 2009).
The third reason for failure to adapt to human-altered habitat is because of selective processes, that lead the popu-
lation to remain “trapped' around the source optimum (i.e., that of the natural habitat). This can happen if the|traits
under selection evolve through small mutation steps (as expected when such traits are determined by many loci of
small effect) and the trade-off between adaptation to both habitats is very strong (Holt and Gaines 1992; Kawecki
2000; Ronce and Kirkpatrick 2001; Ruef er et al. 2004; RAagak 2009). Technically, the trade-off curve is said to
be convex (Fig. 1A). In this case, the adaptive valley that separates both optima is so steep that intermediate evolu-
tionary steps are strongly selected against.

Adaptation to human-altered habitats possible producing either generalists or specialists

Generalist phenotype
A generalist phenotype is expected to evolve when the trade-off between adaptation to both habitats is weak, so that
the ®tness of the intermediate phenotype is greater than the mean ®tness of any mixture of specialists (e.g., Levins
1968; Brown 1990; van Tienderen 1991, 1997; Wilson and Yoshimura 1994; Egas et al. 2004; Ruef er et al. 2004; Rav-
ignfet al. 2009). Technically, the trade-off curve is said to be concave (Fig. 1B). This outcome is favored by & combi-
nation of high migration rate and small mutational effects, two conditions that tend to hamper the differentigtion
between habitats (Kawecki 2000, 2004, 2008; Ronce and Kirkpatrick 2001). In many instances, generalist species,
although less ®t than habitat specialists within their preferred habitats, may be ®t enough to be invasive [e.g., poten-
tially exhibiting “jack-of-all-trades' phenotypic plasticity sensu Richards et al. (2006)]. This is expected when traiide-offs
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are weak or when habitats are subject to important temporal variability under which a generalist strategy
advantageous.

Specialist phenotype

A true specialist of the human-altered habitat, with high ®tness (and thus particularly high potential for invas
upon introduction to similarly human-altered habitats) will tend to emerge more readily when migration is low
the traits under selection evolve through large mutation steps (few loci with large effects) (e.g., Levene 1953
ster 1955; Maynard Smith 1966; Hedrick 1990; Kawecki 2008). In contrast, if the traits under selection evolve
small mutation steps (many loci with small effects), then adapting to the human-altered habitat additionally re
a moderate trade-off in adaptation to both habitats (slightly convex trade-off curve) as well as some independe
sity-regulation in both habitats (i.e., soft selection; e.g., van Tienderen 1997; Kisdi and Geritz 1999; Ronce a
patrick 2001; Ravighet al. 2009).

Complex theory and missing data

From a theoretical perspective, the effects of all factors cited earlier on the outcome of adaptation to a new
are now widely documented in a vast number of models, only a small subset of which was cited here. It h
become quite clear that no single factor by itself can determine the outcome. For instance, a weak trade-off m
for either specialization or generalization depending on the level of migration and the genetic architecture @
underlying adaptation. Understanding these factors as deeply as possible will aid in predicting the risk that

populations emerge through adaptation to human-altered habitats. Although some factors may be very tricky

ument (e.g., trade-off strength or the mode of density-regulation), others, though not trivial, may be feasible {
mate (e.g., habitat frequencies, the existence of a strong dissymmetry in habitat productivities, sexual vs
mating system, whether adaptation is likely to evolve through small or large mutation steps). To improve our
to forecast and to prevent biological invasions, better integration of empirical and theoretical research is heng
needed. Future models should explore more thoroughly the relative importance of the various factors at pl
how they interact (e.g., Kawecki 1994, 1996 for another view on trade-offs), while empirical studies should e
measure those factors already agreed to be critical in determining outcomes.
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and human-altered (gray curves) habitats. Narrow ®tnesshat rapid adaptive evolution occur multiple times when
curves lead to highly stringent habitats (gray horizontalorganisms are introduced to multiple different places
arrow) in which only a narrow range of trait values pro- around the globe, the critical adaptations need to evolve
duces individuals with high relative ®tness. Wide ®tnessnly once. At the same time, however, given that
curves produce less stringent habitats in which a widehuman-altered habitats are often created in multiple
range of trait values can produce individuals with high places within one species' range, there is the opportunity
relative ®tness. (i) Strong trade-offs in the ability to for different populations of a species to adapt separately
locally adapt. The generalist phenotype, which is interme+o those habitats. Finally, the AIAI process by no means
diate between both specialist phenotypes, has low ®tnegsecludes either continued adaptive evolution in the
in both habitats. A strong trade-off (also called a convexnew range (e.g., Blair and Wolfe 2004) or a role for
trade-off) tends to hamper adaptation to the conditions hybridization and outcrossing in the new range (Kolbe
in human-altered habitats if mutation effects are small. Inet al. 2004; Lavergne and Molofsky 2007; Facon et al.
contrast, moderately strong trade-offs may favor the2008).
emergence of specialists. (i) Weak trade-offs with the
ability to locally adapt. Weak trade-offs (also called con-
cave trade-offs) may exist if the optimum trait values for
both natural and human-altered habitat are close or if Documenting the AIAl scenario is not a trivial task
habitat stringencies are low (or any combination of the and requires both ecological and genetic approaches.
two). Weak trade-offs enable the generalist phenotype tdBrie'y, it should be demonstrated that contemporary
achieve good ®tness in both habitats. Weak trade-offadaptive evolution has occurred within the native range,
may favor the evolution of a generalist population when and that it leads to native populations with higher ®t-
migration is high or specialists when migration is low ness in a new, human-altered habitat relative to &@ad
enough for differentiation to occur. native population that has not experienced that habitat.
Thus, the combination of high evolutionary potential This adaptive evolution would also need to confer
and strong selection in human-altered habitats within higher ®tness than a B&d native population would
the native range is likely to lead to rapid adaptation have upon introduction to the new range. Additionally,
prior to introduction elsewhere, and furthermore to data from neutral genetic markers, appropriately ana-
increase the probability of successful introduction into alyzed (Keller and Taylor 2008; Estoup and Guillemaud
novel location. Upon introduction to a new location, 2010), should provide evidence that the populations
such altered populations are indeed likely to performfrom human-altered habitat within the native range
well, particularly when introduced to habitats affected were the actual source for populations found in
by the environmental homogenization occurring globally. human-altered habitat in the introduced range. Table 1
It is worth pointing out that the AIAI scenario is evolu- outlines in detail evidence required for unambiguous
tionarily parsimonious because rather than requiring support for this process.

The necessary evidence

Table 1. Evidence required to support conclusively the anthropogenically induced adaptation to invade scenario.

Evidence needed

Native range

Habitat Documentation that the species is in a habitat that is human-altered relative to historical habitat of species
Altered habitat presents a known and measurable challenge (e.g., change in salinity)
Organism Quantitative genetic evidence that the population within the altered habitat has adapted in response to
anthropogenic change
Population genetic Populations are structured at neutral loci within the native range, making it possible to identify areas of origin
structure of the invasive populations
Introduced range
Habitat Habitat documented to be similar to the altered habitat within the native range (e.g. comparable salinity)
Organism Evidence that introduced populations grew to large size in the human-altered habitat similar to native-range

human-altered habitat.
Quantitative genetic evidence that the introduced populations show similar adaptations to those found for
native populations within the altered habitat.
Population genetic Evidence that introduced populations originated directly (primary introduction) or indirectly (secondary intro
structure duction) from population(s) located in the human altered habitat within the native range.
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occurred approximately 10 500 years ago, coincident with
the beginning of agriculture and the domestication of wild
We are not aware of any study system for which robustgrasses in the Fertile Crescent. The timing of divergence
and complete data sets supporting each separate poirgtrongly suggests thd. graminicolaoriginated from pop-
from Table 1 are available. At this point in time, some of ulations of pathogens associated with wild grasses that
the most clear-cut examples of adaptation to human-then adapted to wheat during its domestication. The inva-
altered habitat occurring prior to invasion come from sive populations ofM. graminicolaare speci®c to wheat
crop pests. One likely examplelisptinotarsa decemlineata (Eyal et al. 1973, 1985; van Ginkel and Scharen 1987;
the Colorado potato beetle, which is a pest of many sola-Saadaoui 1987), and following their divergence, spread
naceous crops. Its original geographic distribution throughout the world on cultivated wheat crops.
includes Mexico and parts of the western and central The AIAI process is not restricted to agricultural pests.
USA, and its original host range is thought to span only The little ®re antWasmannia auropunctatés a species
three species of the genus Solanudmlanum rostratum  originating from Central and South America that has been
S. angustifolium and S. elaeagnifolium(Forister et al.  successfully spreading over the World tropics and parts of
2007). The human alteration of habitat comes in the form the Mediterranean zone since the beginning of the last cen-
of potato farming. The potatoSolanum tuberosynwas  tury (Wetterer and Porter 2003; Vonshak et al. 2009). As
introduced from South America into North America and yet, the precise geographic origin of the introduced popu-
Europe for intensive cropping in the 18th century (Glen- lations within the native range is still unknown, but one
dinning 1983) and the beetle. decemlineatatarted to  possibility is that introductions occurred in association
use it as a host in the 1830s and 1840s within its nativewith food products shipped from plantations to markets
range (the central US). Subsequently, the beetle spreadorldwide. In natural areas of its native range (primary
throughout both North America and Europe as a major forests), low density, mostly sexually reproducing popula-
pest. Evidence suggests that adaptation was involved itions are found. The human-altered habitat consists of for-
the use of potato as a host plant. Studies illustrate thatest edges and plantations. In these areas, the little ®re ant
potato, rather than the native hosts, is the most suitableoccurs at high density and has become ecologically domi-
host for US pest populations dfeptinotarsa decelimneata nant (Orivel et al. 2009). A clear shift toward clonal repro-
(Hare 1990). In contrast, potato elicits only weak oviposi- duction is associated with the human-altered habitat
tion and feeding in populations associated with the origi- (Foucaud et al. 2009), and that shift appears to be geneti-
nal hosts S. angustifoliumand S. elaeagnifoliun{Hsiao  cally based (Foucaud et al. 2010a). Additionally, popula-
1978, 1985; Harrison and Mitchell 1988; Lu and Logantions in the human-altered habitat exhibit greater
1994a,b,c). Furthermore, Forister et al. (2007) conductedolerance to stressful temperature and humidity conditions
guantitative genetic experiments showing genetic variatiorthan populations from the natural forest habitats (J. Fou-
in many traits associated with host use, suggesting that aaud, O. Rey, A. Estoup, B. Facon, unpublished data).
dietary shift itself might have evolved as a distinct trait in These life-history and physiologic changes appear likely to
L. decelimneataAfter the inclusion of potato in its diet, be adaptations to the human-altered habitat within the
the beetle was hence able to spread far beyond its originalative range. Populations in the introduced range are most
geographic range, both to contiguous areas and to othecommon in human-altered habitats, and are most similar
continents where potatoes are grown, notably Europe, viawith respect to life-history and physiology traits to popula-
human-aided long-distance dispersal. tions in human-altered habitats in the native range; that is
As biological invasions are generally considered a conto say, they are clonal, and characterized by a high toler-
temporary phenomenon, most candidate systems havance of stressful temperature and humidity conditions. Mi-
spread recently (e.g., neophytes and neozoa introduced tkheyev and Mueller (2007) and Foucaud et al. (2010b)
a new range within the last 2000 years). However, thershow that the main vector ofVW. auropunctatdong-dis-
were human-altered habitats much earlier than that, andtance dispersal is human trade.
thus, older examples also may ®t this pattern. One possi- Animal and human diseases may also follow an AlAl
bility is the ascomycet®lycosphaerella graminicotme of  scenario. Take, for example, AIDS, one of the most fatal
the most damaging fungal pathogens of wheat. Phylogeoinfectious diseases facing humankind. Human immunode-
graphic studies located at the center of originMf gra-  ®ciency virus-type 1 (HIV-1) group M is responsible for
minicola in the Middle East (Banke etal. 2004). In the great majority of all HIV infections in humans and has
addition, using Bayesian inference on DNA sequence datanfected more than 50 million individuals worldwide
Stukenbrock et al. (2007) have provided evidence that th€Hahn et al. 2000). Current evidence indicates that HIV-1
divergence betweerM. graminicola and its congeners moved to human hosts in west equatorial Africa, and
(sampled on noncultivated grasses in the Middle East)arose via transmission from a simian lentivirus (SIVcpz)

Candidate systems
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infecting chimpanzeesP@n troglodytes troglodytékeele It is worth emphasizing, however, that once a popula-
et al. 2006). A fundamental part of most human-altered tion's invasion is facilitated by adaptation to human-
habitats is an increased density of humans themselvegltered habitats in the native range, including establish-
which represents a large unused pool of potential hostsment within similar habitats in the novel range, contin-
Increased human population density may also haveued ecological and evolutionary change might enable it to
increased opportunities for contact with the original host invade further into environments that are not strongly
and hence the likelihood of the initial transmission event. human-altered. As Box 2 illustrates, the outcome of evo-
Molecular data show that the introduction of SIVcpz into lutionary processes in the native range can either lead to
humans, giving rise to HIV-1 group M, most likely habitat specialists or to habitat generalists. Upon intro-
occurred in the early part of the 20th century. It is thought duction to a new range, specialists could evolve to use
that differences in selection pressures in the two hosts hawéifferent habitats in the introduced range (either through
led to differentiation of the viruses (Hahn et al. 2000), and evolution of a new specialist phenotype or a generalist
that viral adaptation to the new human host contributed phenotype). However, if a generalist phenotype invades,
to the outbreak of AIDS as an epidemic by the 1980sthen it is likely to be immediately able to colonize further
(Worobey et al. 2008). In association with dense andinto the introduced range in environments that are not
highly mobile human populations (e.g., migrant workers) strongly human-altered, provided that there is not strong
transmission rates would be high, favoring further adapta-resistance from locally adapted species.
tion leading to the evolution of increased virulence. The AIAl scenario improves our understanding of
some fundamental issues in invasion biology. First, it sup-
ports the idea that populations with “invasive' behaviors
(e.g. high densities or reproductive rates) can be found
We describe a mechanism promoting biological invasionwithin native ranges (Valery et al. 2009) when they evolve
that we label as AIAI. We argue that the combination of to “invade' human-altered habitats. Thus, exceptions to a
high evolutionary potential provided by high effective strictly geographic (i.e. native/introduced) (Wilson et al.
population size and strong novel selection imposed by2009) understanding of invasions may exist.
human-altered habitats within the native range is likely to  Second, AIAI may further elucidate the degree to which
lead to rapid adaptation prior to introduction elsewhere, the Imperialist Dogma, the idea that there is a European
and simultaneously increased probability of introduction. bias to invasions (Crosby 1986; Di Castri 1989), might be
Upon introduction to a new location, propagules adapted true and when and why it might not be (Jeschke and
to human-altered habitats are likely to perform well, par- Strayer 2006; Fridley 2008).
ticularly when they are introduced into habitats that have Third, the AIAl scenario provides yet an additional
been modi®ed in a manner similar to that of their native argument against the presumed paradox of invasion (Sax
range. This phenomenon is likely, given the environmen-and Brown 2000; Frankham 2005; Hufbauer 2008) which
tal homogenization that is occurring globally. We argue suggests that adaptive evolution during invasion is con-
that AIAI is fundamentally distinct from other mecha- strained by low genetic variation, inbreeding and inbreed-
nisms leading to prior adaptation primarily because theing depression. While bottlenecks can constrain evolution
evolution is strictly contemporary rather than longstand- (e.g., Pujol and Pannell 2008), the opposite can also occur.
ing, and because the AIAIl scenario emphasizes the centrtil is now clear that reduction of variation at putatively
role of humans in imposing selective pressures within theneutral loci may not re ect variance available in quantita-
native range and in enhancing dispersal via global trade. tive genetic traits, and thus, suf®cient variation may be
Anthropogenically induced adaptation to invade is thus available for adaptation even following bottlenecks (Van
a contemporary phenomenon that is occurring at acceler-Buskirk and Willi 2006; Olivieri 2009). Also, even if indi-
ated rates and is homogenizing the globe. As such, theidual groups of propagules have passed through bottle-
AIAI paradigm sheds new insights into causes of bio-necks, often multiple introductions can occur, which can
logical invasions, as well as their ever-increasing pace. Asaintain, or even increase, genetic variability in the intro-
noted, this scenario is evolutionarily parsimonious duced populations (Kolbe et al. 2004; Lavergne and Mol-
because rather than requiring rapid adaptive evolutionofsky 2007; Roman and Darling 2007; Dlugosch and Hays
with each introduction into a new location, the critical 2008; Dlugosch and Parker 2008; Facon et al. 2008; Hu-
adaptations need only evolve once. With the AlAl sce-fbauer 2008, Olivieri 2009). Bottlenecks may even be of a
nario, the adaptive challenges are shifted to the nativesize that can actually purge genetic load leading to
range where populations are less likely to have passedbreeding depression (Facon et al. 2011). With the AlAl
through bottlenecks, and variation in traits under selec-scenario, the adaptive challenges are shifted to the native
tion is less likely to be limiting. range where populations are less likely to have passed

Conclusion and implications
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through bottlenecks, and variation in traits under selection Bohn, T., O. T. Sandlund, P. A. Amundsen, and R. Primicerio. 2004.
is less likely to limit the rate and magnitude of adaptive Rapidly changing life history during invasion. Oikb86138+150.

evolution. Thus, the AIAI contributes to further resolving B0ssdorf, O., A. Lipowsky, and D. Prati. 2008. Selection of preadapted
N . . . . populations allowed Senecio inaequidens to invade Central Europe.
the initial paradox of biological invasion.

. . . . . . Diversity and Distributionsl4:676+685.
Finally, given the increase in human alteration of habi- Bridle, J. R., and T. H. Vines. 2007. Limits to evolution at range

tats worldwide, the AIAI scenario also may help explain  margins: when and why does adaptation fail? Trends in Ecology
why it is that rates of invasion continue to increase despite & Evolution 22140+147.
intensive efforts to prevent them. The ever-increasing alterBrown, J. S. 1990. Habitat selection as an evolutionary game. Evolution
ation of natural habitats by human activities, which leads 44732746 '
to contemporary adaptation of native populations to such Carlton, J. T., and J B Geller. 1993. Ecologlcal roulgtte: the global
. . T transpport of nonindigenous marine organisms. Scie?8&78+82.
altered habitats, should increase the likelihood both of X : L
. . . . . . Carroll, S. P., and H. Dingle. 1996. The biology of post-invasion
being transported, and of being able to establish into simi-  , os. Biological Conservatioig207+214.
lar human-altered habitats within a new geographic range. cohen, A. N., and J. T. Carlton. 1998. Accelerating invasion rate in a
Many species appear to conform to the AIAI scenario, highly invaded estuary. Scien2@9555+558.
requiring only a little additional evidence for veri®cation. Crosby, A. W. 1986. Ecological Imperialism: The Biological Expansion
We hope that bringing this explicitly evolutionary per- Qf Europe, 900-1900.. Cambridge University Press,. Cambridge, MA.
spective to how species adapt to human-altered enViron-Da"_y’ G'. C., P. R. Ehrlich, and G. A. Saqchez—Azofglfa. 2001. Country-
ments in their native ranges, and how that can help us s'd.e biogeography: use of hur‘nan-domln‘ated hab.'tat§ by the
. . ' . . . avifauna of southern Costa Rica. Ecological Applicatibh§+13.
understand the increasing rates of invasion into human-Davis‘ M. A., J. P. Grime, and K. Thompson. 2000. Fluctuating
altered environments in their introduced ranges, will resources in plant communities: a general theory of invisibility.
motivate further studies to test for it. Journal of Ecolog8528+534.
De Wet, J. M. J., and J. R. Harlan. 1975. Weeds and domesticates:
evolution in the mad-made habitat. Economic Bota?29.99+108.
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Résumé

Cette thése vise a améliorer notre connaissancprdesssus évolutifs et écologiques liés aux
invasions biologiques au travers de I'étude de latipns envahissantes et non envahissantes de la
petite fourmi de feufWasmannia auropunctat&ette espece présente un polymorphisme du systéme
de reproduction original. Dans les populations atrates, les reines et les males se reproduiskmt se
le mode de reproduction sexué classique des hynénmesp (haplo-diploide). Dans d’'autres
populations, les reines sont parthénogénétiquéssanales sont produits de maniere clonale via les
ceufs pondus par la reine. Ces reines et ces mabekiigent néanmoins des ouvriéres stériles
sexuellement. Ce mode de reproduction clonal seadsecié indirectement au succes d’invasion des
populations. Dans un premier temps nous avonsifielgs mécanismes sous-jacents au systeme de
reproduction des populations clonales. Nos résultatontrent que les reines utilisent la
parthénogenése automictique associée a une réaduaictitaux de recombinaison pour la production de
reines, I'androgenése pour la production des métek reproduction sexuée pour la production
d’ouvrieres stériles. La fixation des génomes parendans les descendances successives permet la
reproduction entre individus d’une méme cohorteéeitant la dépression de consanguinité dans la
descendance ouvriére. Nous avons ensuite montrie gqirangement de systéme de reproduction de la
sexualité vers la clonalité est associé a un chmage adaptatif permettant aux ouvriéres des
populations clonales de mieux tolérer les tempéeatistressantes caractéristiques des localités
envahies, comparativement aux ouvriéres des paipuodatsexuées ancestrales. Enfin, ['utilisation
d’'une approche multidisciplinaire couplant des nlesléde distribution d’espéces, des analyses de
génétique des populations et des expériences amatabe, nous a permis de montrer que les
changements évolutifs clefs associés au succégagiion des populations, ont lieu dans des habitats
marginaux de l'aire native, avant la dispersionsvdes localités distantes caractérisées par des
conditions environnementales similaires.

Mots-clés: Invasion biologique, asexualité, parthénogengsdrogenése, milieu marginal, adaptation,
thermotolérance, traits d’histoire de vie, margseupléculaires

Abstract

The main goal of this thesis is to provide new ghss on the evolutionary processes
associated to biological invasions through thestofdinvasive and non-invasive populations of the
little fire ant, W. auropunctata This species is characterised by an eccentrieding system
polymorphism. In ancestral populations, queens raates reproduce following the classical sexual
reproduction system of hymenopteran species (hdiploid). In some other populations, queens
reproduce by parthenogenesis and the males aredwgged clonally through queens’ eggs. These
clonal queens and males nevertheless produceestedlkers sexually. Interestingly this clonal
reproduction seems indirectly associated with thesive success of populations. In this study, we
first identified the mechanisms underlying the bliieg system of clonal populations. Our results
indicate that queens use automictic parthenogerssigciated with a drastic reduction of meiotic
recombination rate, androgenesis and sexual reptiodufor the production of queens, males, and
sterile workers respectively. The fixation of paetrgenomes in the successive generations allows
individuals from the same cohort to reproduce togeavoiding inbreeding depression in their worker
offspring. We also found that the change of bregdipstem from sexuality to clonality is associated
with an adaptive change that allow workers fromnalopopulations to better tolerate the stressing
temperatures of invaded areas better than workens &ncestral sexual populations. Finally, we used
a developed mutlidisciplinary approach combininghei modelling, genetic analyses and laboratory
experiments, and found that the above evolutiochanges occur within the native range in marginal
habitats prior to long-distance dispersal events ilocalities that display similar environmental
conditions.

Keywords: Biological invasion, asexuality, parthenogenes@ndrogenesis, marginal habitat,
adaptation, thermotolerance, life history trait,|@olar markers



