Université Paris VI - Pierre et Marie Curie

These
Présentée pour I'obtention du grade de Docteur de I'Université Paris VI

Discipline : Ecologie et Biologie Evolutive

Evolution des stratégies de dispersion et de reproduction
chez la fourmi Cataglyphis cursor

Par

Johanna CLEMENCET

Soutenue le 17 Mai 2006 devant le jury composeé de :
Robert BARBAULT ProfeSSeuUr........cccvuiiiiiiiiiiie e Président
(Université de Paris VI, France)

Jurgen HEINZE ProfeSSEeUr ... Rapporteur
(Universitat Regensburg, Allemagne)

Frédérique VIARD Chargée de recherche.........cccccccvvviiiiiiiinn, Rapporteur
(Roscoff, France)

Alain LENOIR Professeur........cccveeieieii i ciiiie e eee ... .Examinateur
(Université de Tours, France)

Claudie DOUMS Maitre de conférences.........coovveeieci i, Directrice de
(EPHE, Université de Paris VI, France) These

Christian PEETERS Directeur de recherche........cccoooiiiiiiiiiiiiiiiii. Directeur de
(CNRS, Université de Paris VI, France) Thése

Laboratoire Fonctionnement et Evolution des Systémes Ecologiques
CNRS ENS UMR 7625
Ecole Doctorale Diversité du Vivant



Université Paris VI - Pierre et Marie Curie

These
Présentée pour I'obtention du grade de Docteur de I'Université Paris VI

Discipline : Ecologie et Biologie Evolutive

Evolution des stratégies de dispersion et de reproduction
chez la fourmi Cataglyphis cursor

Par

Johanna CLEMENCET

Soutenue le 17 Mai 2006 devant le jury composé de :
Robert BARBAULT ProfeSSeuUr........cccouviiiiiiiiiiie i e Président
(Université de Paris VI, France)

Jurgen HEINZE ProfeSSEUN ..o Rapporteur
(Universitat Regensburg, Allemagne)

Frédérique VIARD Chargée de recherche.........ccccccoiviiiiiiiin, Rapporteur
(Roscoff, France)

Alain LENOIR Professeur.........ccoveeieiiiiciiiiiiicie i e eee ... .Examinateur
(Université de Tours, France)

Claudie DOUMS Maitre de conférences.........coovveeeeii i, Directrice de
(EPHE, Université de Paris VI, France) These

Christian PEETERS Directeur de recherche........cccooviiiiiiiiiiii i, Directeur de
(CNRS, Université de Paris VI, France) Thése

Laboratoire Fonctionnement et Evolution des Systémes Ecologiques
CNRS ENS UMR 7625
Ecole Doctorale Diversité du Vivant



RESUME

Chez les insectes sociaux, les stratégiesligpersion et de reproduction ont un réle
majeur dans I'évoltion des actesl@uistes puisqu’elles dérminent I'apparetement ente
individus au sein et entre les colonies. Le Batce travail est d’expler les stratégies de
dispersion et de reproductiaa priori exceptionnelles, de ladirm Cataglyphis cursa

Notre étude de génétigue des populatiorss I'aide de rmarqueurs nucléaires
(microsatellites) et mochondriaux (géneCOl), supporte l'idée que les colonies se
reproduisent par fission chez cettgpéce mnogyne et souligne I'ftuence de I'labitat sur la
distribution de la variabilitg§énétique a fine échelle. Unaudé socio-génétique enée dans
deux populations issues de ditfats habitats a confirgn que les reines utilisent la
parthénogrése théljoque pour produire B nouvelles reines, &@is s’accoufent avec
plusieurs rdles pour produire les ouvrieres. b nontrons, pour la premre fois chez les
fourmis, qu’a tailles égles, les clonies les fus diverses génétiquent ont en noyenne des
ouvriéres de plus grande taille.

Dans plusieurs populations étudiées, lifletales ouvriéres est positivemt corrélée
avec la taille des colonies. Une awgtation dela taille des ouvriérepeut représenter un
avantage importdrchez cette espece theyphile.Elle pernettrait aux céonies de fourrager a
des terpératures difficilenent supportables pour les petites ouve® et les autres especes.
Nous avons mntré expérintalenent que larésistance a la dessicaatiaugnente avec la
taille des ouvrieres. Toutefoisyr le terrain, les fourrageuse®taien pas sigificativement
plus grandes aux heures leagpthaudes de la journée.

Dans les colonies orphelines @e aursor, les ouvriéres peuvent égalent produire des
oeufs diploides (ouvrieres eatines) pa parthénognése thélytoque. Des observations
conporteanentales ont mis en évidence quepletentiel reproducteudes ouvriéres augemte
avec leu taille. Ceci soligne que cbzC. cursor,les traits phénotypiques des colonies et des
ouvrieres sont le résultat de pressions decséns potentiellemnt divergentes (sélection

individuellevs sélection au niveade la colonie).

Mots-clefs: Insectes sociayxCataglyphis cursor(Hymenoptera, Forntidae) dispersion,
fondation dépendante, viscosité des populatipaghénogenese thélytoqumlyandrie, taille
de colonie, taille d’ouvriérefécondité, dessiccation, niveaux délection, ricrosatellites,
ADNmMt



ABSTRACT

In social insect, understanding the reprodwetand dispersal strategies are adjon
interest & they deterrme the réatedness betwan interading individuds (within and anong
colonies), a paraater with a na@jor influence orthe evolution of altruigc behaviour (division
of labour, regulation ofeproducdbon). The aim of this workwas to explore the peculiar
reproductive and dispersal diegies observed in the aGataglyphis cursar

A population genetic study df. cursorpopulations strongly supported the idea that
colonies reproduce by fission in thisonogynous sgcies and ephasized the role diabitat
in driving the patterrof local population genetic structum.socio-genetic study conducted in
two populations frondifferent habitat types showed thatettpeculiar reproductive system
previously demnstrated in a single populatiorppears to be a genersituation. Indeed, in
both populations, the queens used thelytokouth@aogenesis to pduce new queens but
mated with several @es (5-12) to produce thearkers.

We found bat the nore genetically diverseolonies harboured greater nean worker
size after controlling for colongize. In the two populations studied, worker size was indeed
positively correlated with colony size. In thisetimophilic species, an increase of workeresiz
could be advantageous to the colony by alimyva foragig tenperatue that snmall workers
and other species caot tolerate. Effectivgl, we experinentally found an increase of worker
thermdl tolerance with &ze. Howeve in the feld, foragers were not sigicantly larger than
inside rest workers.

In orphaned colonies df. cursor,workers can also produce diploid eggs (gynes and
workers) by thelytokous parthegenesis. Behavioural obsatwns of an orphan colony
indicated that size is also linked to the reprodcpotential of workers, larger workers being
more likely to reproduce thasmaller. This underlines thatolony and individual phenotypic
traits in C. cursorare the resit of conflicting (individualvs colony level seletion) selective

pressures

Key words. Social irsect, Cataglyphis cursor(Hymenoptera, Forigidae), sexbiasal
dispersal, dependant colony foundation, popaoitatiscosity, thelytokougparthenogenesis,
polyandry, colony size, worker size, workerpreductive potential, dgccation, level of

selection, nctrosatellites, DNA
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INTRODUCTION

Les fourms ont toujours provoquiétonnenent et stinulé lacuriosité intdectuelle des
biologistes. Darwin, le pref@r, s’intéessa a la caste stérile des ouvrigred percut comme
un sérieux accroc a la théorie dévdlution par sélectin naturelle (1859)En effe, dans le
cadre de la théorie darwinieen comnent explique I'évolution et le naintien du
conmportement altruiste des ouvries qui ne se reproduisentspat travaillentpour aider
d’autres indvidus? La théorie de la s&ition de pardele proposée go Hamilton (1964a)
apporta une solution élégante a cette émiguolutive, en postulant gues individus peuvent
égalenent propager leurs genes de facon indegenfavorisant la rproduction d’individus
apparentés. Dés lors, étudier I'évolution dedigersité des systéss de reproduction et de
disperson ez les insctes so@mux revét un imérét tout paticulier. lls déternnent en effet
les degrés d’ apparenterant erre individus au sein decdonies et entre coloniesoisines,
élénents fondarentaux pour corprendre I'évolutionet le naintien de lasocialité et de tout

conmportement altruiste.

La fourmi Cataglyphis cursompré®nte des caractétiguesremarquables au sein des
fourmis, qui en font un modéle unique potoeder I'évolution des systés dereproduction
et des traits d’histoires deevichez les insectes sociaux. Lagh présentée ici se propose de
caractériser par une approche génétiquenteslalités de reproduction et de dispersin
priori exceptionnelles de cette espel@us nous intéresserodgalement a I'évolution de

parangtres cruciaux, tels que la taille de anie et le polyrarphisie de taille des ouvrieres.

Avant d’abader ndre travail,il convient derappeler briévernt cequ’est I'eusaiaité.
Nous présenterons ensuite, la diversité dedand’organisations des colonies, les différentes
stratégies de reproduction et dispersion existant chez laesectes sociaux, et leurs
conséquences sur les degrés d’'apparesierante indvidus, au sein et entre les colonies
Nous exposerons les hypotheses génémleproposées pour expliquer l'origine évolutive

des différentes stratégg de reproduction.



1. L'eusocialité

Le passage de ldessditaire au stde le pus avancé de la vie en @été, I'eusocialite,
est narqué par l'apparition de parasnes deconplexité croissante linter-attraction, le
conmportement parental, I'existece de sites d’élevage commia,coopération dans les soins
aux jeunes, la spécialisation des tached'agtparition d’individus spécidisés dans la
reproduction. Selon Wson (1971), le stade eusatiest atteint lorsque trois critéres sont
remplis :

- le chewauctement d’au noins deux génératics d’individus, de telle sorte que les
descendas assistent leg parents pendant auans une partie de leur vie,

- I'existence d’'une coopération dans le soin aux jeunes,

- l'existence d’individus spédiaés dans la reproduction, @tissant a une division du
travail repoducteur entre lesdividus féconds (reproducteurs) et lesdividus plus

ou moins stériles(hdpers).

Pour Sherman et al. (1995), l'eusalde peut étre considérée comnun continuum
entredes gpeces des primitivement eusoiales, chez qutous lesindividus peuvat a priori
se reprodire et des esiwes hautemnt eusocias, chez lesquelles il existe une division stricte
du travail reproducteur.

Chez les g®eces printivement eusocikes, les fourmis sans reines (Peeters 199
certaines guépes (Reeve 1991), certaineslled (Wison 1971), certains bourdons,ais
aussi chez certains ammiferes et oiseauscciaux (Solanon & French 1997 ; Stacey &
Koening 1990), les individus sont totipotentsaanaissance et peuvent aussi bien devenir
reproducteurs qu’assistants (beis). Les reproducteurs sent donc pas morphologiquemn
différenciés des individus silas et la division de lareproduction s’effectue par une
régulation corporterrentaleentre adultes (\lson 1971).

Chez les g®ces haiement eusociales (lesrtaites, la plupart & fourms, certaines
guépes et abeilles, les ratsypas (Jarvis 1981)), les individusproducteurs et les individus
stériles sont mrphologiquenent distircts (Wheeler 1986 Bourke 1999). Cette
différenciation norphologique sefait, selon les espéces, a diffats stades de la vie des
individus. Chez les insectes sociaux, la diffécgation intervient au cours du développaem
larvaire. Les hyrénopteres sociaux (guépefurmis, abeilles) ont un développent

holométabole: apres la rétanorphose, aucum transformation d’ouvriere en reine n’est
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possible, la différenciation onphologique eis donc irréversible. B revanche, certains
isoptéres (terites) ont un développesnt hétérmétabole, une réversibik est alors toujours
possible. Les ouvriers et ouvriersgnt des stades laives autonoms n’ayant pas encore fini
leur développemnt et qui, dans certainesrabnstances, peuvent évoluer vers la east
reproductrice. Chez les rats-taupes glabrddstérocephalus glabgrla reine nenait pa
morphologiquerant spécialisée pour la reproductioraismle devient au cours de sa vie. Elle
accede d’'abrd au steut de donmante puis, une fe fertile, grossit suité I'édargssement de

ses vertébres (O’Riain et al. 2000).

L’évolution et le naintien d’individus stéites et altristes au sein des sociétés
eusocialesposéerent ua difficulté maeure a Darwin. Dapres sa théorie de la sélestion
naturelle (1859), seul le suscéeproducteur des individus peztnla transnssion des
caracteres. Pourquoi alors, les oeves sont-elles aussi altruistetsnhésitent pas a sacrifier
leur propre reproductio® Comment ce carage peut-il se propager utie génération a
I'autre, puisque les ouvriéres simtapables dee reproduire ?

2. La sélection de parentele

La théorie de la sélection de parentéle kon selectionproposée par Haitton (1964a)
apporte une explication élégante a ce paraduestitf. Elle établit qudes individus peuvent
transnettre des copies de leurs génes ag&nération suivante, non seukmh en se
reproduisant, s €galerent demaniére indirecte, en favorisaita reproducthn d’individus
apparentés. La capacité d'undividu a propager ses genest edors appelée la valeur
seéletive dobale ouinclusive fitnessLa théorie de la séleoth de parentele stipule qu’un
gene déterminant un comportem altruiste peut étre favorisé pkar sdection naurelle et se
répandre dans la population lorsque :

c<bxr
avec :
e c: le colt infligé a l'acteur du comportent altruiste lié a la dinmution de son succés
reproducteur, exprig en terne de nombrele copies de géne non transes.
e b: le bénéfice que retire le skinataire de l'actaltruiste, ce gainse traduisant par une
augmnentation de son succes regucteur, expmeé en teme de norbre de copiesle gene

transnises.
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e r : la corrélation génétiqueelatedness, entre le donneur et le recay de I'acte altriste,
autrenent dit la probabilité que le receveur donportenent altruiste posséde aussi le gene
de l'altruismre.

L’altruisme sera favorisé lorsque le codt infligqu gene altruiste sera plus que pensé
par l'accroisserent de sa fréquenceia le bénéficiaire de I'ae. Il est alors possible
d’expliquer I'apparition d’individusstériles awsein de société amale lasque le cofidelewr
stérilité est plus que compenseé par I'aegaion du succes reproducteur des bénéficiaies d

I'altruisme.

L’évolution de l'altruisne par la sélection de paréi¢ denande dong non seulerant
que les individus interagissasbient apparentés,ams aussiun rapport approprié entre codts
et bénéfices. Si la corrélation génétiquentre les individus joue un role capital dans le
modéle de I'évolution de I'luisme de Haiitton, il n'est cependant panécessaire que la
valeur der soit tresélevée.L’altruisme peut goluer et se rmntenir méme lorsque la
corrdation génétige eg faible ente individus, il suffit simplement quer soit syérieue a
zéro. Cette situation peut appar@jtpar exemle, lorsque ge le colt de l'altrisme est trés
faible. Dans un environneant contraignant (emprésence de prédatsu de parasites, de
conpétiteurs, de lirntation de I'halitat, de faibles ressoursede faible taux de succeés des
fondatrices pour initier de noules colonies), les colts dien stérilité ®nt largenent
conpensés par les béfices de la vie swale (défenses collectas ontre lesprédateurs
parasites, ampétiteus, acces facilité auxessource3. D’'une naniere générale)'action
conjointe de la sélection de parentéle et cms$raintes écologiques jaué un role important
dans I'évoltion de l'altruisne de reproduatin (Aron & Pasera 2000. La régle d’Hanilton
impliqgue par définition que les facteurs gégeéis et écolgiques doient étre cosidéres
conjointenent pour conprendre I'évolution de toutonportenent altruise et de I'eusocialité
(Bourke & Franks 1995). Si les analysesnétiques permittent dévaluer la orrélation
génétige entre indvidus, les pameétresc et b, colts et bénéfices des cpontenents, sont

difficilement évalables etdépendent forteant de I'environnemnt des individus.

2.1 Chez les organismes diploides

Chez les orgnismes diploides, comme legitdtes, le roi ¢ lareine tranmettent chaen
la moitié de leurs génea leurs desendants. Un individutérile (ouwvier ou ouvriere) d’'une

colonie nonogyne (une seule reine) ebnoande (reine accouplée avec un seldlen est
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donc autant apparenté a ses freres etsopuil le serait a sa propre descendance ,5). Il

n'y a donc pas de gain génétigue qualitatif aédleses fréres et sceurs plutbt que ses propres
descendants. En revanche, dans la mesure caldaie produit beaucoup plus de sexués que
n'en produirait un individu solitairel] y a un gain génétiguquantitatiftres fort a vivre en
société. Chez les especes diploides eusoaalese les rats-taupe@arvis 1981), certaines
espéeces deugerons (Benton & Fost 1992) les crevettes dgenreSynalpheugDuffy 1996),

une espéece de coléoptére xylophage (Kent & SImA992) et les terites, le gain génétique
quantitatif que proae la vie en stiété et probablenent un facteuimportant expliquan
I'apparition d’'individus sériles danses especes.

2.2 Chez les organi smes haplo-diploides

La sélectimé de parentele cotimie une théorie ence plus puisante chez les
organisnes dont le rade de déterination du sexe est lié au degré de ploidie des inditidus
Chez les hyrnopteres, les abes sont haploide (n chromesones) et obtenus a partir du
développerant d’'ceufs vierges produits pagparthénogenése arrhénotoque. Lemdies
(reines et avriéres) sont diploides (2n chromosas) et se développent a partir d'ceufs
fécondés. Ce déteimisme du sexe par hapldiploidie induit des asyétries de parentés
géneétiques entre les individus au sein d’'om@ne société. Dans une colonieonogyne (une
seule reine) et onoande (reire accouplée avec un seudlg), uneouvriere est apparentée a
75% avec pe sceur, 5% avec soréventuelle dscendance (fils ofille) et 25% avec un frére
(Figure 1, ci-apres). Les ouvriéres peuventdangnenter leur succes reproducteur global
(c'est-a-dire le noinre de genes transsn a la génération s$eante) en élevan
préférentiellenent des sceurs fortement appaéss ( = 0,75) plutdét que de tenter de se
reproduire et d’élever las propres descendants< 0,5) (Bourke & Franks 1995). A ce gain
génétige qualitatif s’ajoute églenment ungaingénétiqe quantitatif. Comne chez les especes

! La détermination du sexe est enréalité pus sibtile et dépend du nanbre dalléles dstincts & m ou plusieurs
loci de déermination du sexe (Crozier & Pamilo 199%). Siles individus possalentdeux alléles distincts pair au
moins w des laci, ils deviendont femelles. Dars le cas catraire (un sed allele), ils dviendont méles. Aingi,
les aaifs diploidespeuvent a priori devenir méles oufemelles. Enrevarche, ks oeufs non fécondéshaploides
sonthémzygotes au loci concemnéset deviennant toujours des néles. Ges méles dploides st généralement
stéiles (Cook & Crozier 1995; Krieger et al. D99), leur production représeite dort un fardeaupour la cdonie.
Ceci explique sans date quun trées grad nonbre d'dleles pair les géls du déterminisme du sexe ait &t
sékcionnépar la sékection returelle (Beye etal. 20). En caoisé@quence les méles dploides sat relativement
rares tiez les inseces socw et géndalement issus de crgements consaguns (Pamilo et al 1994. Nous
corsidéraonsdonc, pou simplifier, queles individus dploides dewnnent des fenalles.
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eusocialegliploides, lescolories haplo-diploides produisen¢duicoup plus de sexués que ne

pourrait en produire un individu solitaire.

2n n

)
YQ\I”

G Q@

Figure 1. Parenté au sein des sociétés d’hynapieres.

Le méle (n) transmet l'intégralité de ses génes a ses filles, mais ne transmet jamais
de génes aux fils de la colonie. La reine (2n) transmet la moitié de ses génes a
chacun des deux sexes. Les ouvriéres ont donc une parenté plus élevée avec leurs

sceurs qu'avec leurs fréres.

L'eusocialité est ainsi appagudusieus fois de facons indépendantes chez les
hyménopteres (12 fois au immum d’apres Wilson 1971), mais aussi également chez
certaines gmces de thrips, haplogdoides é@lenent, ou des soldats stériles défendent la
colonie (Crespi 1992).

Chez les hymnoptéres, le déterimsme du see par haplo-diploid responsable d’'une
tres orte carélation géétique etre les emelles a certaineent favorig I'eusaidité par la
sélection de parentele. Cette derniérexptime néanmoins dans un contexte ou les
contraintes écologias (défense colldove contre les parasites, les prédateurs...) et les
avantages de la coopération sont tres pravaiit considérables. Soulignons que I'haplo-
diploidie ne conduit pas inévitablemt a lavie sociale, de nobreuses espéces haplo-
diploides (aleurodes, rotiferesertaines guépes...) ont unee éolitaire (Aron & Passera
2000). Chez les espéces haplo-giipes, les seuils écologiquéssorables a I'évolution du

conmportement altruiste sont néanoins inférieus a ceux attethus chezes especes diploides.
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3. Diversité des m odes d’organisation et des stratégies de

reproduc tion

Les nonbreuses études guniques nontrent qe l'organisation des société®lsigne
trés souvent du sch@ classique ou la coloaine possede quie seule reine accouplée avec
un seul ndle (Figure 1; Bourke & Franksl995; Heinze & Tsuji 1995 Bourke 1999). Chez
les fourms en particulier, drganisation soele e$ extrémement variable d’'une espece a
I'autre et parfois au seide la néme egpece (Holldobler & Vilson 1990; Ross & Shomaker
1997 ; Herbers & Banschbad®99; Tsutsui & Case 2001Lette dversté ed principalenent
liée a deux facteurs(1) le nonbre de renes par colonie, mnogynie (une reineys polygynie
(plusieurs), et (2) le mobrede néles avec lesaels chaqueeine s’accaple, nonoandrie (n
méae) vs polyandrie (plusieurs) (@®urke & Franks1995). La polygynie et la polyandrie
tendent a dinmuer I'apparenteent noyen entre Is ouvrieres au sein des colonies et ainsi les
bénéfices e actes altristes.Une aivriére transmettra seggénes rains efficacerent que si
elle se reproduisait elleme. La dimnution du succes repductif indirectdes ouvrieres
peut théorigenment fragiliser la cohésion soata{Reichardt & Weeler 1996) et asn affaiblir
les forces sélectives quiamtiennent Eusocialié. Le «paradoxe> de la polyandrie et de la
polygynie chez les insectes sociaux, soulevéHaarilton lui-méme (1964b), peut néamims
s’expliquer de la fagon suivanteine fois quda socialité a été sélectinée et raintenue a
cours de I'évolution, par un @ésanisne hamiltonien, elle a pu ensuiteddver et prendre des
formes qui apparaissent cordietoires avec la sélection edparentele. Des lors que les
individus sont pris dans le piegvdutif de la scialité, la polyandrie et la polygynie ont pu
étre sélectinonées et @intenues par un étamsme consécutif de type darwinien, ceci pour

avoir apporté un nouvel avantage adaptatine vie sociale pré-existante.

3.1 Monogy nie / Pol ygynie

Chez les insectes sociaux, Henbre de reines par colamiest extrémeent variable
d’'une espéce a l'ane et parfois au sein de laéme espéce (Bourke & Franks 199%), chez
les espéces/fores faiblenent polygynes, les re@s sont souvent apparentées et parfois sceurs
(Pamlo & Rosengren 1984 Seppa 1994), envanche, chez les especes fortatnpolygynes

ou chaque société cqate plusieurs mlliers de reines reqductrices pewu non apparentées
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(Passera 1984Passera & Keller 1994Rosengren et al. 1993Ro0ss & Shoemker 1993),

I'apparenterant entre ouvriéres peut alors desdre jusga des valewr proches de zéro.

Des contraintes écologiques sur I'efficacité ldedispesion des émelles (cod de la
dispersion, fragmentation de I'habitat, climat) etdes fortes pressions de sélection locale &ur |
fondation de nouvelles colonies (liation dessites de nidifications sont généraleemt
considérées comme étant a l'origine de dkéNion de la polygynie (Eller 1995; Panilo
1991; Bourke & Heinze 1994). Par exelr, sil’habitat d’'une espécest rare, une nouvelle
reine aura peu de chance de fonder une nouvdbmiecsi elle s’éloignele sa colonie natale.
L’habitat risque, pour cette ran, d’étre saturé en colonidé.sera donc rains risqué pour
une reine de s’établir dans une colonieture. Plusieurs études antrent en effet que les
facteurs écologiques déteimant en grande pagt I'organisation social des colonies (Bourke
& Franks 1995 Herbers 1986, 1989). Herbers & Banschbach (1999) oruntrén que
I'organisation sociale de la fourvlyrmica punctiventigtait influencée par deux paréimes
écologiques, la disponibilité de nouwie et de nids exploitables. Chdzptothorax
longispinosus,des études cqgparatives réelent égaement que la proportion de colonies
polygynes est plus forte dans lgspulations a forte densité ¢kbers 1989). Chez la fourm
Solenopsis invictal’organisation sociale decdonies et détermnée génétigement par le
gene @-9 (Ross & Keller 1998 ; Ross & Keller 2002).

3.2 Monoandrie / Poly andrie

L’évolution et le naintien de la polyandriehez les hymnoptéres eusociaux sont des
phénonénes énigratiques (Boorsma & Ratnieks 1996). Comenchez les autres espéces
animales, les accoupleants nultiples des fenelles sont prbablenent colteux pour les reas
elles-mémes. lls impliquent non seuleemt uneperte de temps et dénergie (Thornhill &
Alcock 1983) nais égalernent une augentationdes risques de prédation et d’infections
parasitaires (Thornhill & Alcok 1983; Hurst & Peck 1996 Arnqgvist & Nilsson 2000). La
valeur adaptative de la polyandrie suscite nontreuses interrogations. Le colt des
accouplerants nultiples pour les reines’a cegndant jarais été estiré.

Par ailleus, I'accougement réduit la corélation génétique ayenne entre individus
d’'une néme colonie pouvant aingiffecter la stabilité et Istructure sociale des colosie
(Reichardt & Wheeler 1996). La corrélath génétiqgue myenne entre ouvrieres)(chute de
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0,75 a 0,25 a esure que le nobre d’accoufements de la reia augnente (Figure 2ci-
dessousy = 0,25 + (0,9,) ave M, le nonbre de partenaires différents contribuant

équitablenent a la production d’ouvriéres).
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Figure 2. Evolution de la corrdation génétique moyenner| entre
ouvrieres en fonction di nombre d’accouplements des reines.

Si la nonoandrie seble étre la regle aez la najorité des Hynénopteres sociaux
(Boomamna & Ratnieks 1996; Chapuisat 1998; Bosna d al. 1999; Strassamn 2001 pour
revue), il exste n@nnoins de excefions notables dans chatdes groupes (abeilles, guépes
et fourmis). De forts taux de polyandrie togté détectés chez les fousnaes genreatta, (Me
2 = 3.1; Fjerdingstad & Boorsma 1998),AcromyrmexMe = 3.9-5.3; Reichardt & Wheeler
1996; Boonmsma et al. 1999, Sumner et al. 200PogonomyrmexM. = 6.8, Cole &
Wiernasz 1999a, 1999bGadau et al2003; Wiernasz et al. 2004 Dorylus (Me = 17.5;
Kronauer et al. 2004) dkciton (M = 33.4; Denny et al. 2004) chez la guépespula
maculifrons(Me = 7.14; Ross 1986 et chez lesbeilles du genr@pis (Me = 5.6 a 40 selon
les especes ; Padm& Oldroyd 2000, 2001).

Diverses hypothéses ont été proposées pxuligeier quels pouvaierétre les bénéfices
susceptibles de cqmanser les colts associ&da polyandrie chez les Hymopteres sociaux
(voir Bourke & Franks 1995 Chapuisat 1998 Boonrsma & Ratnieks 1996 Crozier &
Pamilo 1996 ;Strassmann 2001 ; Crozier & Fjerdingstad 2001 ; pour revues).

%2 M, = le nanbre d’accougements effectifs
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Hypothese 1 La femelle peut accepter deultiples copulationscar cela peut
reprégnter un colt pleiélevé @ résster quede subir (Thorhill & Al cock 1983). Tatefois,
diverses observations biologiques $&bant indiquer que cette hypothése est peu probable
chez les Hyrénoptéres sociaux. Chez les abeilles ggeemple, les reinesffectuent plusieurs
vols nuptiax (Tan et al.1999). L’accouplemnt multiple e$ donc bienun choix des reines
elles ne sont pas contraintes par le@lesy Chez les bourdons, les rem sont d’ailleurs
capables de chasser leéles indéirables ainsi que de fermewuteorifice génial (Duvoisin et
al. 1999).

Hypothese 2 Une autre hypothése s’appuie sur gescessus de sélection spetique
post copulatoire. Un accouplemt multiple petipeamettre a la reine d’effectuer une sélection
spernatique du neilleur méle ou du ndle le moins apparenté (Thohill & Alcock 1983;
Starr 1984). Selon cette hypothese, la podiyee devrait étre ssociée a un biais de
représentation des aes dans la descendance ldaeine. Siun tel biais a bien & déecté
chez les farmis Acromyrmex actospinosugBoonsma et al. 1999) etA. echinatior
(Bekkevold et al. 1999), le speemastutilisé aléatoirerant chez la fourimFormica truncorum
(faiblement polyandre) ainsi quehez certaines especesaletilles (Boonsma & Ratnieks
1996 ; Haberl & Tautz 1998 ; Bo@ma & Sundf§rém 1998).

Hypothese 3 Une hypothese ppmse que les feelles s’accoufent avec plusieurs
males pour constituer une grande réserve de spéf@ole 1983). CheAtta cdombicyg la
longue vie @ la reine (& 10 a 16 ans) asséei a une forte reproductidplusieurs nilions
d’ouvriéres) serpble indiquer que la reine a besaile plus de sperequece que lui fournit un
seul néle. L'accoupement multiple lui permet d’augnenter la quantité elsperne disponible
et donc sa productivité (Fjerdingstad & Boana 1998). En revanche, chez les abeilles, les
reines, elles aussi trés prodwets, ne retiennent pas davamate sperm que ce que peut
fournir un seul réle (Crozier & Page 1985). @e hypothése est égalent peu probable chez
des espéces dont les re$nont des vies dearte durée et une production lige. Par ailleurs,
cette hypothese a été trés critigusans la msure ou la sélection naturelle devrait favoriser
les méles portah assez d sperne pour correpondre aux besoins des reines (Crozier & Page
1985).

Hypothese 4 La polyandrie peut perettre de dirmuer le fardeau génétique da a la
production de réles diploidesstériles (Parnto et al. 1994 Chez les hymnoptéres, nous
avons vu que le sexe est détamnpar le géngpe a un ou plusieurs loci spécifiques. Les
hétérozygotes a ce locus deviennent dewlfes, alors que les hamaygotes ou hémygotes
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(haploides) deviennent desédes. Les rAles honozygotes diploide sont &riles et
représentent une charge pdarcolonie d’origine. Aussiune reine qui s'accouplen grand
nombre de fois augmente ses chances nge produire qu’une peét fraction de rées
diploides. Si cette hypothésermet d’expliquer le passage #iétat monoandre a polyandre,
elle justifie difficilement I'évolution de tauxextrénmes détectés chezrtaines espéces (jusqu’a
100 néles chezApis dasata Wattanachaiyingcharoen et &003). L’influence de la charge

en néles diploides ra pas encore été dlament dénontrée chez une espece polyandre.

Hypothese 5 L'augmentation de la variabilitgjénétique peut égalemt réduire les
conflits sociaux entre reines et ouvrieres.elheine peut s’accoupler avec plusgeuwéles
pour forcer l'intérét des ouvrieress converger vers le sien congant la valeur de la sexe-
ratio de la descendance sexuée (Starr 1984milo 1991). En situation mnoandre, les
ouvriéres sont trois fois plugpparentées aux filles {uvriere — fille sexuse de Ia reire 0.75) qu’aux
fils (r ouviere - fils de 1a reine= 0.25) de la reine.|es devraiehdonc favoriser la production des
sexuées femelles au détant de celle des @tes (sexe-ratio attendue de 3nles pour 1
male). En revanche, la reine esitant apparentée a ses fils gsé&s filles, etlevrait favoriser
une sexe-ratio équiliorée. A asure qe le nombre d’accouplesnts augrante,
I'apparenterant des ouvriéres aux feftes décrdt (Figue 2, p. 17) dimmuant ainsi I'intensité
du confit quant a la see-raio de la descendare sexuéeHigure 3 ciapres). CheZormica
truncorum, les ouvriéres des rares colonies paolyees (jusqal trois néles) produisent
davantage de &@es que les ouvrieres deslonies nonoandres (Enhdstrom 1994). En
revanche, chezLasuis niger, awcune différence n'a été@bservée entre les colonies
monoandres et les colonies pamgres (jusqu'a quatre &es) (Ferdingstad et al. 2002). La
faiblesse de cette hypothése est qu'’il Blemeu probable que les ouvriéres puissent détecter
le nonbre act de riles avec lesquels les felles se sont accouplées, et donc ensuite ajuster
avec precision la sexe-rat{palmer & Oldroyd 2000).
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Figure 3. Evolution de la sexe—rab optimale des ouvriéres en

fonction du nombre d’accaiplemerts des reines.

Hypothese 6 Une pus forte variabilité géndéique des ouvrieres a lintérieur des
colonies augmanterait la perforrance des colomis (Crozier & Consul976) par une meilleure
résistance aux parasites ou aux pathog@dasilton 1987; Shernann et al. 1988 Schmd-
Hempel; 1994, 1998), par une aitieure distribdion des taches (FalN & Page 1993) ou
encore pa une nelleure camcité d'adptaion a desmodificatiors environrementales
(Williams 1966). Ceci suppose do I'exigerce d'une base génétigua la résikance aux
parasites ou pathogenes et un déteisme génétique des perforamces des ouvrieres dans
les différentes taches au sein des colonies. Chez lenf®@wgonomyrmex occidentalikes
colonies ou les ouvrieres sont les moins appaemnbnt déctivenent le plus fort taux de
croissance (Cole & VWérnasz 1999a, 1999b), taison exacte n’est cependant pas encore
déterninée. Des études expémmales surles bourdons ont ontré que les colonies
caractérisées par une plus mga variabilité génétigue étamt avantagées erterne de
production de sexués et étdiemins infestéepar différentes espécesg garasites (Shykoff
& Schmd-Hempel 1991; Baer & Schnid-Hempel 1999). En revanche, chez différentes
espéeces d’abeilles (Wyciechowski et al1994), le taux @hfestation a un parasite particulier
n'est pas différent entre des colonies polyasdet nonoandres. Neuann et Moritz (2000)
n'ont trouvé aucune associationtrenla fréquence d’accouplemt, la taille des colonies, la
productivité¢ ou mme la résstance aux parasites ch@pis mellifera Cependant, il a été

montré que les colonies ayant de plus hawsaux de variabilité génétique s’adaptemneumx
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a des changeents environnerentaux pendant léourragenent (Fewell & Page 1993). Par
ailleurs, la redistribution de la vaiabilité généique dimnuerait les pressions de sélection au
niveau des colonies puisque la variance tigné entre les colonies est dimée (Page &
Metcalf 1982).

Finalerment, les études epiriques qui ont été mnées afinde tester ces différées
hypotheses sont peu nhombreusesoetvent contradictoires. Dans l&suare ou ces hypotheses
ne sont pas mutuelleant exclusives, I'influene relative des différentes pressions de sélection
est difficilerrent estinable et reste largeent méconnue.

Bien que le taux de jh@ndrie ait étéestimé chez différetes especeéBoonsma &
Ratnieks1996; Strassrann 2001, pour revue), peu d’étudeont visé a tester la variation de
ce taux entre les populations. Pourtant, une tranales taux de polyand entre populations
pourrait pernettre de tester les hypothésesisa® concernant I'évolution de la polyandrie. A
ce jour, seuls quelques emples de variationintra-spécifigue sont disponibles. Chez la
fourmi monogynelLasius nigey Boormsma et Van der Have (1988t détecté des différences
de taux de polyandrie entre populations et wrs dbrt niveau de polyandrie a été observé
dans la population ou la cqdtition était la plis forte et les ressources itges. Che Bombus
terrestris les reines des populations dord de 'Europe s’accoupléplusieurs fois alors que
dans le reste de I'Europe, leomoandrieest la régle (Estoup al. 1995). Chez Apimellifera
canicg le rombre de parteaires @s reines varie 'dine ile a I'atre (Me = 1321.1vs Me =
18+1.1 ; Neurann et al. 1999)

3.3 Reproduction sexuée et asexuée

Nous avons vu précédemment que les dnapteres sociaux Uigent la reproduction
sexuée pour produire degielles (issues d’ceufi@condés) et la parthégenése arrhénotoque
pour produire des Abes (isss de garates nonfécondés).Chez quelges rares espéces, les
femelles utilisent également la reproductioreasée pour produire ldemelles. Ces fenelles
sont issues d’ceufs diploides produits path@amogenése thélytoque. Ce type de reproduction
n'a été nis en évidenceuwg chez sepespeces ises de farties trés dfférentes :

1 : Pristomyrmex pungenb]yrmicinae (Iltow et al.1984 ; Tsuji 1988),

2 : Cerapachydiori, Cerapachyinae (Tsuji & ¥mauchi 1995),

3 : Platythyrea punctataPonerinae (Heinze & &lldobler 1995 ; Hartnann et al. 2005),
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4 : Messo capitatus Myrmicinae (Grassoteal. 2000),

5 : Cataglyphis cursqgrFormicinae (Cagniant 18 ; Pearcy el. 2004),
6 : Wasmannia auropunctatdyrmicinae (Fournier et aR005),

7 : Apis mellifera capens (Greff 1996).

D’'une espece a lautre, la parthénogendisélytoque peut étre facultative (5,6),
prédoninante (3) ou obligatoire (1,2). Elle esapanage des reines (6), des ouvrieres (7, 2, 3),
ou des deux (5). Les mécanesrcytologiqes mis en jeu sont égalemt différents d’'une
espéece a l'autre (Sittler et al. 199 ; Pearcy et al. 2004 Fournier et al. 2005)En effet, la
parthénogenése peut étre de type autbque (5) ou aporittique (3, 6), respectiveemt avec
ou sans méiose. Dans le piemcas, une fmelle hétérozygote pourra produire par
parthénogenése des génotypes différents ¢aggok et hétérozygote).dds le second cas, la
femelle transnet de fagon clonale son génem

La reproduction parthénogéigue des ferdles est donc vraiselablenent apparue a
plusieurs reprises de facon inddante aucours de I'évdution. L'origine évolutive de la
reproduction parthénogénétique desiddles chez ls insectes sociaux agqu relativerant peu
d’attention. Pour des raisorécononiques, la parthénogenédieélytoque a été davantage
étudiée chez 'abeille du Cap. Une étude rézemntre que la thélpquie est sous le conted
d’un seul genetk) et déternmée par un allele récessifun seul locus donné (Lattorff et al.
2005).

L'utilisation stricte de la parthénogenése conduit ini@blemrent a des structures
clonales des colonies parfois des population®(atythyrea punctata Schilder et al. 1999)
alors que son utilisatio facultdive pernettrait, enthéaie, d’obtenir toute une gamme de

diversité génétique asein des colonies.

4. Diversité des stratégies de dispersion et de reproduction des

colonies

Au méme titre que les stratégies de reprotioie des individus au gedes colonies, les
stratégies de dispersion dessés et de reproduction des @oles déteriment la facon dont
la diversité génétique se repamu sein et entre colonies goies. Connaitre les relations
génétiqes entre nid adjacents et la viscoéitles populatiaest un pré-requis a aranalyse

correcte de drganisation soale (Ross et al. 1999).
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Chez les fourns, un consensus général a étghe les nodalités de reproduction et de
dispersion sont forteemt associées (Bourk& Franks 1995). L'orgmisation sociale des
colonies, en particulier le ndmme de reies @ colorie, est condérée comma étant un
déterninant ngjeur des modalitégle reproductionet ce digpersion.Chez les esges/fornes
monogynes, les sexués s'acclemp généralemnt lors de vds nuptiaux drant lesquels ils se
dispersent sur de plus ouoms longues distares. Les reines ailées sont physiologigesm
capables d’établir de nouveau nid sansdBaid’ouvriéres, on pagl alors de fondation
indépendare des colores. En reanche, chez les espéces/feampolygynes, les fmelles
s’accouplent en général preslder nid natal et sont incapabld étabir seules de nouvelles
colonies. Elles débutent leurpmduction dans des nids dé&aistants. k| reproduction des
colonies se fait par fissn (fondation dépendante), un pessus au cours duquel une ou
plusieus reines accopagnées parrmugrouped’ouvrieres partenétallir une nouvelle colonie
a proximté du nid naternel. Cette associatioentre nonogynie/fonddon indépendante et
polygynie/fondation dépendante @stjourd’hui largerent remse en question (Peeters & Ito
2001). Chez certaines especes monogynedonaation de nouvelles colonies se fait
égalenent de facon d@mdante. C’esle cas @s fourmis mercenairegciton (Franks 1989),
des fournis sans reine du genrBiacamma (Douns et al. 2002) et de la foon
Aphaenogaster senili§T. Monnin, com pers.). Ceci pouriaétre égalerantle cas chez de
nonbreuses especes tiogles qui, a ce jour, stent tres peu étudiées par rapport aux especes
des nilieux tenpérés Formica Lasiug. Par ailleurs, chez de nobmeuses especes/foes
polygynes, les colonies présentent des straségixtes, elles peuvent é@tire des reines
ailées capables de fonder seules des nowsvelidonies et egaleant fonder de nouvelles

colonies par bourgeonnexmt de la ctonie mere (Cherix et al. 1991).

A l'échelle de la population, lesiodalités de disperon et de reproduction vont
fortement affecter la distribution de la nabilité génétique. Ldondation dépendante des
colonies peut générer une agrégation spatiate fréquences alléliques et induire une forte
viscosité a I'intérieur des populations, c’'est a djte les colonies sodtautant plus proches
génétiquerant quelles le sont géograpfuenent (Hamlton 1964). Plusieurs études ont
effectivenent montré une forte viscost des populatizs chez les especes polygynes
(Chapuisat & al 1997 Seppa &Pamilo 1995; Tsutsui & Gse2001). De norreuses études
conparatives, chesolenopsis invict§Shoenaker & Ross 1996 Ross et al. 1997) ou entre
especes treproches chz lesgenres-ormica (Pamilo & Rosengren 1984 Sundstromil994)

et Myrmica(Seppéa & Paiifo 1995), ont ns en évidencedkistence dine structure génétique
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locale chez les populations polygynes et stwsence chez les population®nogynes a

fondation indépendante des colemipas de viscosité).

A une plus grande échellesleapacités de dispersion ségalenent souvat corrélées
a la structuration génétique entre les popoiles (Bohonak 1999). Larsicturation génétique
entre les populations est souverautant plis forte que les capacités de dispersion des
especes saonrédiites (Bohonak 1999). Chezslefourms, la fondation dépeadte as
colonies, si elle est associ@aine dispersion liitée des méalea grande échelle, peut induire
une forte structuration génétique entre [@gpulations. Connaitre tte structuration est
essentiel pour copnendre les processus éviifs en généralpuisqu’elle conditionne les
potentialitésd’adaptation locale.Des divergences génétiquegrerpopulations pourraient par
ailleursindure des dfférencesconmportenentales en paticulier concenant les nodalitésde
reproduction, et a terenconduire ades processus de spéciationafd/1989). Le norbre
d'études de génétique des populations a grartdléchez les foumis reste cependant faible
par rapport a celui des étudesncernant brganisation sociogetique et la viscosité des

populations.
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5. La fourmi Cataglyphis cursor

Parni les espéces de foursiconnues a ce jou’'espece méditerraieme Cataglyphis
cursor (voir Figure 4 ci-aprés), présente un ensend@earactérisgquestout a fait eiginales
et pertinentes pour étudier I'éwion des systeas dereproductionet des traits d’histoire de
vie en lien avec I'évolution deparangtres sociaux, comala régulation de la reproduction

ou la division du travail.

5.1 Des stratégies de reproduction exceptionnelles

Avant d’entreprendre ce travail déheése, nous connaissions @& cursor deux
caractéristiques reanquables :

1. Chez cette especeonogyne, les ouvrieres sbcapables de produiren I'absence de
la reine,desfemelles (reineset ouviéres) pa parthénogenese thélytaguet desmalespar
parthénogenése arrhénotoque@@iant 1973). & production defemelles parthénogénétiques
est, nous l'avons vu, exceptionnelle et n'a @portée que chez cing autres especes de
fourmis. D’aprés Lenoir (1986), la parthéremgse des ouieres ne serait qu’'un @écanisme
«de secours en cas de dispaon aciderielle ce la reine mere. A ce jour, l'utilisation de la
parthénognrése par leswvrieres en nilieu natuel rese néamoins a démontrer.

2. Les observations de temaiindiquent que les reinesaccouplent successivement
avec plusieurs dles (Lenoir et al. 1988). dutefois nous ignorions si ces acplaments
multiples s’accorpagnent de transfts efficace de sperm Seules desnalyses g#étiques
permettent d'estirer le taux de plyandrie desreines. Lesaccouplerants nultiples (non
anecdotiques) des reines sont égalememnémement rares chez les fourm(voir 3.2).

C. cursoroffrait d’ores et déja un modele unigpeur étudier la diversité des stratégies
de reproduction et leur impact sur la structurs delonies, puisque la polyandrie des reines
augrente la diversité génétigue au seins deplonies alors quéa parthénogenése des

ouvriéeres la dirmue potentiellerent.

Au cours de ce travailathese, les travaux de Morgan Peafegarcy et al. 2004) ont
mis en éviénce d'autres caractdigues renarquables, jusqu’alors jaais observéeshez les
fourmis.

1. Dans l'unique population étiéd, des analyses génétiques confirmé les transferts
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efficaces de sperelors des nororeux accoupleems. Le nonbre de partenaires parrfelles
varie de quatre a huit (5.6+1.3 emyenne, n = 12).

2. Le génotypage de gynes (reingerges) et d’ouvrieres awélé que les reinegtaien,
elles aussi, capables tiliser la parthénogenese thélytegpour produire des festtes. Plus
surprenant encore, elles sont capables d’atilia reproduction sexuée et asexuée daiéne
sélective. les nouvelles reines (gynes) soptoduites en mgorité par parthénogenese
thélytoque autometique™ alors que les ouvriéres sont prités par reproduction sexuée. Cette
stratégie, inédite chezddoumis, pernet donc a la reine daaximiser la proportion de genes
transnis a lagénéréion suivante touen consezant une diversité génétique élevée au sein des
colonies, tirant ainsi les béiees de chacun des types dpraluction (fearcy et al. 2004). I
conviendra de vérifier si Utilisation de la parthénogereset de la polyandrie est

exceptionnelle a la population étudiée ou caractéristique générale de I'espece.

C
Figure 4. L’espéeceCataglyphis cursor

—+

A- Reine; B- Male; C- Reine et OuvriéresD- Couvain: ceufs, larve €

cocons

! La parthénogerése utilisée est @ type auomictique. La cellde mére swit une division de méiose (ks
reconbinaisans peuvent avoir lieu) puis les noyaux polaires caitenant chacun une moiti € différente du génome
fusionnent et forment le zygote. Unefemelle hégrozygote paurra conc produre pa cetype de pehénogenes
deux génotypes dff érerts, un hanozygote paur les allelesnatenels et un Btérazygae.
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5.2 Dispersion des sexués et reproduction des colonies

Contrairenent a la najorité des espécesanogynes connues, ch€z cusor, les reines
senblent incapables de voler et la fonida des nouvelles colonies se fait de fagon
dépendante (avec l'aide d’ouvriéres). Bguelles soient ailées, les reines @eaursor ne
s’engagehpas dans un e nuptial mais s’accodpnt au sol, a proxinté de leur ind natal. Des
études d’aatonie comparée induent que les erves énergétiques des reines sont trés
faibles et vraisemlablenent insuffsantespour pernettre le vol (Keller & Passera 1989
Passera & Keller 1990). Par ailleurs, la fonolatindépendante de noules colonies par les
reinessenble trés improbable, eci pour plusieurs raiss : (i) aucune fondatrice isolée n’a été
observée emilieu natuel (Lenoir & Cagniah 1980; Lendr et al. 198 ; obs. pers, (ii) en
laboraoire, les émelles insénnées maurent Apidenent lorsqu’elles sont isolées ouéme
acconpagnées de quelgs ouvrieres (Lenp & Cagniant 980), (iii) a deux reprises, des
fissions om été obervées en itieu naturel (leroir et al. 188), desieunes reinedécondeées
acconpagnées d’'un grque d’ouvrieres quittaidgrie nid natal pour étdip un nouveau nid. La
dispersion par voie fedie est donc probableemtlimitée a de courtes distances (distance de
marche des ouvriéres). Leséas ailés, quan& eux, peuvent voler et donc disperser leurs
genes sur de plus longues distances. Un ted Hieg capacités de dispersion entre les sexes est

rare chez les espécesnogynes (viv Article 1).

5.3 Cycle de vie des colonies

Les colonies d€. cursorsuivent un cycle annuel, sacuvain hivernant. En automne,
les colonies ne contiennent glaereine et les ouigres qui se regroupent dans le fond du nid
pour se préparer a hiven En hiver I'activité cese totalerant, I'entréedes nids est obstruée
et les charres superficielles’effondrent sous I'action dgduies (Cagniant 1976b). Apres la
diapause hivernale et la mge dactivité (mars), les sxués ailésémergent lespremiers au
printenps (mai-juin), suivis par les ouvrieres jgsa la fin de Eté. Lareproduction a lieu éb
la sortie des sexués, lesles senvolent rapidment et parcourent anoins plusieurs dizaines
de netres a la recherchealltres nids. Les fedles ailées sortant duchne £nvolent paste
restent a éntrée du nid ou les d@es viennentes rejoindre. laccouplemant peut avoir lieu
avec plusieurs étes lors dine course nuptialé\prés I'accouplerant, les ferdlles sont ré-
adoptées dans leur nid d’origimél elles vont perdre leurs adleLes reines apteres peuvent

ressortir du nid et s’accoupler a nouveaun®des jours suivants, un groupe d’ouvrieres
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pourrait quitter le nid avec une fetle insémnée pour fonder une nouie colonie (ceci n'a
été observé que deux fqisLenoir et al.1988). Si la fission n’'a pas lieu, les reines
surnunéraires sont alors suppréas ou rejetéade la colonie et laonogynie est rétablie. Au
cours des mis suivants les jeunes ouvrieresconnaissables a leur tégemh encore pale,
émergent en noiore. La production dimmue en adt et se terine début septebre au plus
tard.

5.4 Traits d’hi stoire de vie

Comme l'ensenble des espéeces du genrat&ylyphis C. cursor est thermophile,
stricterrent diurne et fourrage aux heures f#gs chaudes de laymée (Cerda et al.1989).
Elle est principalemnt nécophage et se nourrit essetlitenent d’arthropodes mrts.
L’espéce hest pas territoriale dés aires de récoltesesl cdonies se recouvrent seent. Les
ouvrieres présentent un polpmphisne de tailleassez important, de 3 a 11 mnsans caste
différenciée (Cagniant 1983 obs. pers.). & colonies deC. cursor sont de taille
relativerent petites (675 = 440Lenoir et al 1988). Les effectifs sont néanmoins tres
variades, les pluspetites coloresrécoltéegprobablenent des jeunesolonies) comtant une
centaine d’ouvrieres et lesyd grosses jusqu'3000 indivilus (Cagniant 1976pRetana &
Cerdéa 1990 obs. pers.). Dans les chierm de vigne®t dans le sable en bord derpies nids
sont nonbreux et régulieremnt répartis au davec une distanceagenne de 3,5 nentre eux
(obs. pers.). La densité des niks relativerrent forte et petiatteindre jusqgd’ un nid par
dans les sentiers sableux du littora¢loir 1986, obs. pers.).

Les nids deC. cursa sont étroits et profonds @nard 1968) et présentent
systénatiguenent la méme architecture (&gniant 1976a obs. pers.). lls s’ouvrent
directenent sur I'extérieur par un discret orificke 0,5 & 1 cnde diangtre (Fgure 5). Il n'y a
pas de cratere de déblais autour de I'entesepuvrieres déposantterre qu’elles rerantent
assez loin de l'ouverturecontrairenent aux especesiord africaires de Cataglyphis
(Cagniant 1973). L'entrée débouche sur un tuneetical qui s'ouvre d’abord sur quelques
chanbres superficielles pouvastétendre sur un rayon de 30 cires cocons et les larves
ageées y sont entreg@s au printerps et en étpendant la journée. La galerie, plus oaims
verticale, rejoint endte des chaires plus profondes ote diennent la reine, les ceufs, le
jeune couvain et la gorité des ouvriéres. La pfondeur des nids varielsa les stations et la
nature du substrat (Cagniant 1976a ; Lenoir €t388 ; voir Article 4). Sute littoral, les nids

construits dans un sol sableux sont peu profaerdsaison du fort taux d’hudité lié a la
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présence de la nappe phréatiguerviron 60 cmsous la surface du sol. Sur terrain calcaire,
les nids peuvent atteindre jusgd'20 cm de praihdeur (voir Article 4)Jes nids descendant a

travers la terre et les cailloux jusgua limte de la roche @re.

C
Figure 5. Nid deCataglyphis cursor

A- B- Entrée de nid d€. cursor respectiverant en sol calcaire (&
Boutenac) et sableux (a Cane@-;Chanbres superficielles d'un nid
en sol sableux ; D- Récolte delonie a Canet (sol sableux).

5.5 Des habitats a priori trés différents

L’espéce Cataglyphis cursor est distribuée dans tautla partie nord du bassin
méditerranéen (Cagniant 19764). cursorcolonise des siteouverts, plats, arides et pauvres
en végétation. Au sein de son aire de réfan francaise (lgure 6), on distingue deux types
d’habitats: le bord de mer etihtérieur des tees (les Corbiére}. En tord de ner, les nids
sont construits dans un sol salt (potentiellerent instables)jls sont proches du niveau de
la mer et sont peu profonds (environ 66 A I'intérieur des terres, dans les Corbiéres, les
nids sont construits dans un sol calcairgetvent étre beaucoupugl profonds (Cagniant
1976a; Lenoir et al. 1988). La diribution des colonies est plas noins continue en bord de
mer, mais goparait beaucoup plus irrégulierd’iatérieur des terres. Dans les Corbiéres, les
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sites sont souvent assez isdEs urs des aties, et parfois séparés par des espacesektiers

non colonisés pat. cursot

.

Figure 6. Distribution géographique et illugration des différents

types d’habitats colonisés pak. cursor
A- Distribution de I'espéc€. cursoren France (en rouge); B- Bord de
mer (St-Cyprien) ; C- Gemin devigne (Ste-Marie, Corbiéres) ; D-

Friches (Ferrals, Coiéres)
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6. Problématique

La fourmi Cataglyphs cursoroffre un nodéle exceptionngdour étudier EBvolution des
stratégies de reproduction chez les insesegaux. Aucune étude génétique n’avait été
menée cheL. cursor

Dans un premer tenps, nous avons donc conduit une approche de génétique des
populations a différentes échelleaBales. Ce type d’étude esgtsentiel pour définir I'échelle
populationnelle etaractériser la différenciation gérgie entre les populations, parmire
déternminant pour connaitre lepotentialités d’adaptation lo@alet donc comprendre tout
processus évolutif. Chez les organgsm saiaux, cette approche revét un intérét
supplénentaire car identifier les liites dela population est indispensable pour estim
correctenent 'apparentemnt entre les embres de sociétésCet apprentement est, en effet,
fonction des fréquences alléliques auinsales populations. Une connaissance de
'apparenterent des individus au sein desciétés est, comme nous l'avons vu en
introduction, un parasgtre fondanental lorsquel’on s’intéresse a I'évaition des parasires
sociaux. Nous avons donc détaménl’'organisaéion sociale des coloniga savoir les niveaux
de polyandrie et de parthénogenése.

Dans un deuxiémtenps, nous nous sones inéressés au polyomphisme de taille des
ouvriéres, qui nous semble étre un trait d’histalesvie crucial pour les colonies, car il peut
avoir des coséquences sur les stratégiesreleoduction. Chez cette espece thepile, la
taille des ouvrieres pourrait étliée a leur résistance a la teéngture. Seules les ouvriéres de
grande taille tolereraient dertes températures. Une grantiglle d’ouvriére pourrait ainsi
représenter un avantage pour la colonie, @¢tamt aux ouvriéres de rechercher la nourriture a
des heures trés chaudds la journée pendant lesquellesctarpétition interspédfique est
extrémement réduite. Toutefois, au niveagnergétique, les gransleouvrieres sont plus
colteuses a produire et aintenir que les petites ouvriéres. ¢ eolonies sont probablemt
confrontées a un cquromis: investir dans desuvriéres de grande tailleu investir dans un
grand norbre d’ouvriéres. Seules les coloniles plus perfanantes (les plus grandes ou
méme les plus diverses génetepent) pourraient alors investilans des grandes ouvrieres.
Cette especa priori polyandre offre un mdele pertinent par tester I’lhypothse de division
du travail aqii est déja bien étuéle chez les abeilles, ams rarenent considérée chez les
fourmis. Sil existe un @terminisme, au noins en partie, gétique de la taille @s owrieres,

alors une plus forte diversité génétique au sigig colonies perettrait une plus large gamme
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de tailles des ouvriéres et pourra@rmettre unemeilleure division du travail (en particulier
dans lctivité de réctie).

Pour nener ce travail, nous avons essayé, dansesure du possible, de considérer la
diversité des habitats colonisés f@arcursor(bord de rer vs Corbiéres). Nous avons donc
travaillé sur des populations repedsativesdes deux types de ilux afin de détecter
d'éventuells varations inta-sgécifiques concernant ldistribution e la variahlité génétique
et lorganisation socio-génétique des coémnilLes facteurs édogigues sont en effet
susceptiblesd’exercer de fortesressios de sélection sur I'évolubn des stratégies de
reproduction et des traitd’histoire de vie, rais leurs varations sont rareemt prises en
conpte chez les insectes sociau®hez C. aursor, un seul facteur écologique (la nappe
phréatique) est susceptible d’exerceie forte contrainte sur farofondeur des nids. La taille
des colonies, paragtre crucial pour I'évolution déa socialité et de divers par&tres sociaux
(Bourke 1999), pourrait donc varier considdesbent d’'un habitat a l'autre, entrainant
probablenent des répercussions sur d’autregtsrd’histoire de vie des colonies, comme
I'étendue du polyrarphisne de taille des ouvriese ou encore les odalités de fission des

colonies.

7. Objectifs de notre étude

Pour répondre a nos questions, desrgueurs génetiques nucléaires (huit loci
microsatellites polymrphes) et ntochondriaux (gene cytochrom oxydase COI) ont été
développés pouCataglyphis cursofArticle 1 et 2). Les rarqueurs microsatellites sont des
marqueurs co-doimants, hauteent polynorphes généralement considés comne neutres et
a hérédité rendélienne (Jarne & Lagoda 1996). $ignt particuliererent pertinents pour les
analyses de parenté et I'étude la structuration intra- @hter-populations de la diversité
neutre (Queller et al. 1993). Lesargueurs ntochondriaux sont, quant a eux, dearqueurs
a hérédé materelle et permsttent donc de suivre exclusivemt les flux géniquesefnelles.
Les nodalités de reqduction et de dispersiorsouvent difficiles a évaluer par des moyens
directs, peuvent étre obtenues a partir degreimtes qielles laissent sur la distribution de la
variabilité génétique a différentéshelles spatiade(Avise 1994).

Afin de caractériser les capités de dispersion d&. curs@, dans des habitats plus ou
moins fragnentés, nous avons alé la diversité génétiguau sein d'une vingtaine de

populations de&C. cursoret étudé canment elle se structama différentes échdles spadiales
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la région Languedoc-Russillon (Article 2. L'utilisation des @ux types @ marqueurs
(nucléaire et nmtochondrial) est indispensableyr caractériser la structure génétique et la
viscosité des populations, enrfeulier lorsqle les capacités de dispersion des deux sexes
sont asyratriques. La dispersion réduite desnes, due au ade defondation par fission,
devrait induire une forte structuration gégéie nucléaire entre lgmpulations ainsi qu’une
viscosité a fine échelle sideflux géniques @es sont insfiisants pour horogénéiser la
distribution de la variabilité gétique nucléaire. La différence ttagmentation de I'habitat a
I'échelle de quelques kilo&tres, pourrait contraindre les potenlités de dispersion et ainsi
affecter la dstribution atide de lavariahlité génétique. De plus, en raison du caractere
priori ingade du st et de la sibmersion probable des colonids bord de rar, I'histoire
dénographique de ces populations pourraite @onctuée par des goulots d’étrangiemn
diminuant la diversité génétique.

Nous avons ensuite caractérisé les nixeale polyandrie des reines et vérifié
I'utilisation de la parthénogenése thégtie pour la productiordes gynes dans deux
populations provenant de chacun tgses d’habitats (Article 3Nous avons testé si une plus
forte diversité génétiqgue au sein des coloritst assoiée a une plus grande variance d
taille des avrieres et une milleure perfornrance des colonies. Nous avons considéré la
moyenne de taille des ouvrieres et sa vaeawlans la ®sure ouelles pourraient étre
indirectenent associéea la prodativité des cdonies. Plusieurs étudasontrent, en effet,
gu’une augrentation de la taille moyenne des aawes ou de leur variance, accroit le succes
des coloresvia une neilleure exploitdion de leur environneent extérieur (Wson 1953,
1980 ; Billick 2002).

Nous nous@mmes alors intéressés plus pe&enent a ce polymorphisgrde taille. Chez
cette espéce theophile, nous avons vérifieexpérimentalerent si la résistance a la
tenmpérature des ouvrieres augnteavec leur taille. Sur le terraimous avons testé si la taille
des ouvrieres affectait leur tadté de fourragerent. Si les grandes ouvriese sont plus
résistantes a la tguérature que les petitesn s’attend donc a observer des ouvriéres de plus
grande taillesortir checher dela nourriture aux heures lesugl chaudes de la journée. Nous
avons donc égaleant regardé si la taille oyenne des fourrageusesriat en fonction des
heures d la jourrée, comm cela a & observé chez une espéece procheCdeaglyphis
(Article 4).

Par une approche écologique dans plusiqaopulations, nous avons étudié la taille

moyenne des ouvrieres. On s’attelacte qu’elle augente linéaiement avec la taille de la
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colonie, confirnant I'hypothése que seuleles colonies suffisament grandes peuvent
investir dans des ouvriéres geande taille (Article 5).

Enfin, dans la resure ou les ouvriéres ont gardépossibilité de se reproduire, detés
pressios ce sélection peuvent égaleant s’exercer auniveau indviduel sur les tris
phénotypiques des ouvrieres, en particulier sur taille. Au sein dune colonie orpheline,
une étude coportenentale assciée a des alyses génétiques etonmphorétriques a été
réalisée afin de déteiner sile potentiel reproducteur des ouves est lié a leur taille et/ou

différe selon leur lignée parrelle (Article 6).
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ARTICLE 1

Characterization of nuclear DNA microsatellite markers

in the ant Cataglyphis cursor

Pearcy M, Clémencet J, Chameron S, Aron S, Doums C

Molecular Ecology Notes (2004) 48: 498-504
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Développement de marqueurs gé nétigues microsatellites pour la

fourmi Cataglyphis cursor

Nous avons développé huit paires daoes deloci microsatellites a partir de 'ADN
génonmque de Cataglyphis cursar Ces huit marqueurs se sont révélés hautm
polymorphes. Cing a dix alleles par locus etfdes taux d’hétéroggotie (de 0,77 a 0,85) ont
été détectés sur seulemt 19 ouvieres issues d’'une éme popuhtion. Des amplifications ont
égalenent été réalisées avec succés sumgciautres espéeces [pterant au genre
Cataglyphis(C. fortis C. velox C mauritanicus C. bicolor et C. nodu}. Ces narqueurs
microsatellites, destinés a I'étude de la cliiee génétique des poptitans et de I'analyse
socio-génétiqgue des colonies @e cursor, pourront donc égaleemt servir pour d’autres
especesealCataglyphis
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the ant Cataglyphis cursor
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Abstract

The ant Cataglyphis cursor is exceptional in that unmated workers are potentially able to
lay both male and female eggs. We characterized eight pairs of primers for microsatellite
loci, developed from genomic DNA for this species. Variability was tested with DNA from
19 workers and all eight loci were highly polymorphic, displaying 5-10 alleles and a high
level of heterozygosity. Cross-species amplifications indicate that these microsatellites
might be useful in genetic studies of other species belonging to the genus Cataglyphis.

Keywords: ant, Cataglyphis, cross-species amplifications, microsatellite, thelytoky
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Kin selection (Hamilton 1964) explains the evolution of a
sterile worker caste among social insects in a context of
natural selection. Altruistic individuals do not reproduce
but still can transmit copies of their genes to the next
generation by favouring reproduction of kin, such as
parents and siblings. Ants are a well known example of
societies where workers sacrifice their own reproduction
to participate in cooperative tasks, such as foraging, nest
building or rearing offspring nestmates (Holldobler &
Wilson 1990). In the ant Cataglyphis cursor, workers have
kept functional ovaries and can lay eggs that will develop
into males, by arrhenotokous parthenogenesis, but also into
females, by thelytokous parthenogenesis (Cagniant 1979).
Worker reproduction is rare in the Formicidae and thelyto-
kous parthenogenesis has been shown in only four other
species: Pristomyrmex pungens (Itow et al. 1984), Cerapachys
biroi (Tsuji & Yamauchi 1995), Platythyrea punctata (Heinze &
Holldobler 1995) and Messor capitatus (Grasso et al. 2000).
Despite its peculiar reproductive biology, population and
colony genetic structure in C. cursor remains unknown
and no genetic markers are available for the genus.
Here, we characterize eight highly polymorphic micro-
satellite markers from Cataglyphis cursor nuclear DNA. We
also report the results of cross-amplification of these
primers on five other Cataglyphis species belonging to four
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different groups of the genus: C. bicolor (bicolor group), C.
fortis (fortis group), C. mauritanicus and C. velox (altisquamis
group) and C. nodus (niger group). In addition to these five
species, we also tested these primers on workers belonging
to a remote C. cursor population from Mongolia.
Genomic DNA was extracted from three cocoons of
C. cursor collected at Port Leucate (France) using a high salt
procedure (Sambrook ef al. 1989). RNA strands were removed
by incubating the sample for 2 h at 37 °C with 1% RNAase.
Genomic DNA was then partially digested with the
enzyme Sau3A and a fraction ranging from 400 to 800 base
pairs was isolated after electrophoresis in low melting aga-
rose gel (NuSieve®). The resulting fragments were puri-
fied with GFX PCR DNA and Gel Band Purification Kit
(Amersham Biosciences), ligated into a phagemid vector
(pbluescript®II SK(+), Stratagene), and cloned in Escherichia coli
XL-1 Blue competent cells (Stratagene). Synthetic oligo-
nucleotides (TC),, and (TG),, labelled with the DIG system
(Boehringer Mannheim) were used to screen about 3150
recombinant colonies. Out of the 73 positives clones that
were successfully sequenced (single strand) by Genome
Express (France), 65 contained repeated patterns. Twenty-
seven sequences contained mononucleotide sequences:
8 polyA and 21 polyT. Thirty-eight sequences contained
dinucleotide sequences. From these sequences, 20 pairs of
primers were designed using the online software PRIMER 3
(Rozen & Skaletsky 2000; URL: http: //www.molbiol.ox.ac.
uk/cgi-bin/primer3_www.cgi/). After a prescreening using
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Table 1 Characteristics of microsatellite loci in the ant Cataglyphis cursor. The size range, the number of alleles (N,), the observed (H) and
expected (Hp) heterozygosities and the frequency of the most common allele [Freq (A)] are based on 19 workers collected in St Hyppolite

(France) in 2001
Locus AN Repeat motif Size (bp) N, Hg Hg Freq (A) Primers (5-3")
Ccurll AY590645 [Galy5 239-279 10 0.851 0.827 0.237 F: GATTGGCTTGGCGGTATC*
R: GGTCGCAAGAGTCACGAG
Ccur26 AY590646 [Galy, 102-114 5 0.781 0.780 0.333 F: TGACTCGTGATCTGCTCGTG*
R: ATGGGCGTGAATCTCTCTTTC
Ccurd6 AY590647 [rcl,, 151-181 10 0.750 0.733 0.474 F: TGACAACTACCTGCAATAGACG*
R: CCAACCAACGAGATTCGAC
Ccur58 AY590651 [TGly5 134-182 9 0.833 0.810 0.316 F: TAGTTGGCGTGCTCGAATG*
R: TGTGCCTGTCGTTGAATCTC
Ccur63b AY590654 [Galyy 180-214 9 0.787 0.765 0.421 F: GTGTATTAACTCTCCGAAGCAAG*
R: GTACCTCACCTGGCATACCG
Ccur76 AY590656 [TGl,q 190-212 9 0.799 0.800 0.389 F: TGCCTCCCGTTGAGTATG
R: TGCTTGGAAGGTAAATGAGC*
Ccur89 AY590658 [aGl,, 126-144 9 0.729 0.780 0.500 F: CTGAAGTCCTCCGACATATAGC
R: GAACGAGAACCAGGCAAGG*
Ccur99 AY590662 [calg 101-137 10 0.840 0.840 0.306 F: GCGGAACATTACACGCATAC*
R: GTTGAATGACCAGTAACACACG
*Labelled primer.

Table 2 Cross-species amplifications of four polymorphic microsatellite loci. The localization of the sampling is indicated for each species,
and the number of individuals (workers) screened is given in brackets. The size range of the amplification product is given for each locus
together with the number of alleles found among the sample (in brackets)

C. fortis (3) C. velox (2) C. mauritanicus (5) C. bicolor (6) C. nodus (3) C. cursor (2)
Locus Tunisia Spain Tunisia Tunisia Greece Mongolia
Ccurll 243 (1) 245-257 (2) 242-250 (3) 258-267 (3) — 239-243 (2)
Ccur26 106-126 (2) 104-121 (2) 100-106 (4) 109-119 (3) 94 (1) 94-112 (2)
Ccur46 137 (1) — - . — 137 (1)
Ccur58 138 (1) 175-193 (2) 138-201 (4) 154 (1) — 145-154 (2)
Ccur63b 171 (1) 164-185 (2) 171-185 (6) 171 (1) — 179-192 (2)
Ccur76 — 176-184 (3) 184-194 (4) — 194-198 (2) 196-206 (3)
Ccur89 118-124 (2) 113-121 (2) 112-114 (2) 118-123 (3) 118 (1) 112-118 (2)
Ccur99 — 122-132 (2) 90-94 (2) 100-117 (2) 102 (1) 103-117 (2)

radioactive dATP, eight markers out of the nine that success-
fully amplified were selected on the basis of the quality of
amplification and potential variability. Their variability was
then assessed further on a sample of 19 workers originating
from 19 different colonies (one worker per colony) collected
in a population close to St Hyppolite (France) in 2001.
Amplifications were carried out in a 10 pL volume
containing about 20 ng of genomic DNA, 0.19 mm of each
dNTP, 0.25 um of each primer, 1X Tag Buffer (containing
15 mm MgCl,) and 0.03 U Tag DNA polymerase (Qiagen).
Amplifications were performed in a GeneAmp PCR
system 2700 (Applied Biosystems) thermal cycler with
the following parameters: after an initial denaturing step
of 2 min at 94 °C, the PCR consisted of 10 cycles of 15 s at
94 °C, 15 s at 52 °C (the annealing temperature) and 30 s at
72 °C, followed by 20 cycles of 15 s at 89 °C (to preserve the
fluorescent markers), 15 s at 52 °C and 30 s at 72 °C, with
10 more minutes at 72 °C for the final extension. Amplified

fluorescent fragments were visualized using the automated
Applied Biosystems Prism 310 sequencer (Perkin-Elmer,
USA). The size of the different alleles was determined using
the ROX-400HD internal size standard and the GENEscAN
version 3.2.1 analysis software (Applied Biosystems).

All eight loci were highly polymorphic (Table 1). The
expected heterozygosity (Hy) ranged from 0.73 to 0.83 and
we found five to 10 alleles within the study population.
The probability of deviation from Hardy-Weinberg equi-
librium or linkage disequilibrium between pair of loci were
both calculated using GENEPOP version 3.4 (Raymond &
Rousset 1995), and alpha was adjusted using sequential
Bonferroni correction for multiple tests. No significant
deviation from Hardy—Weinberg equilibrium were detected
for any locus, and all pairwise tests of linkage disequilib-
rium were nonsignificant.

Results of the cross-species amplifications are given in
Table 2. Seven of the eight loci amplified successfully on

© 2004 Blackwell Publishing Ltd, Molecular Ecology Notes, 10.1111/j.1471-8286.2004.00759.x



most other Cataglyphis species. The locus Ccur46 success-
fully amplified only in samples of C. fortis and C. cursor from
Mongolia. The occurrence of different alleles indicate that
these primers are potentially useful for genetic studies in
other species of this genus.
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Analy se hiérarchique de la stru cture génétique des populations de
la fourmi monog yne Cataglyphis cursor a l'aide de marqueurs

génétiques nucléaires et mitochondriaux

Chez C. cusor, les reines, pourtant ailées, sontapables d’établiseules de nouvelles
colonies, la fondation de nouvelleslonies se fait donc par fissi. La dispergin par voie
femelle est donc probableemt trés restreinte pujg’elle se linite a la distance dearche des
ouvrieres.

Afin d’évaluer I'étendue desuk géniques femlle et nucléairedans des habitats plus ou
moins fragnentés (bord de mr et Corbieres) nous avons étudiée la distribution de la
variabilité génétique a l'aide d’'unarmgueur génétique ntochondrial et de huit emqueurs
microsatellites. Nous avons caractérisé laediité génétique au sein d'une vingtaire d
populations et étudié la fagcon dont elle se stmech différentes échelles spatiales de la région
Languedoc-Roussillon. La distribbon de la varialiité génétique a été étudiée a une grande
échelle spatiale (16 sites séparés de 2,5 a 120airsi qu’a une échellglus fine (le long de
deux transects de 4,5 Km darecun des types d’habitat).

La forte structuration génétique itmchondriale détectée a fine échelle indique que la
disperson efficace desemelles est tres restreia Par aillews, la dstribution des haplotypes

a grande et fine échelle suggéue les nouveaux sites sontonisés par des sites voisins,
confrmant les fibles capacités al dispesion par voie ferdle. Une forte structuration
géneétiqe nucléaire a égaleemt été détectée autes les échelles spatiales ébed.Les flux
géniques males sont donc insuffisants pour dggméiser la structation induite par la
disperson limitée des femdles, ceci néme a I'échelle de quelquesentaines de atres.
Néannoins, les flux de génesaies entre populatins sont vraisehtablement plus iportants
que les flux géniques fieelles puisque la structuratiombservée avec des amueurs
nucléaires est 15 fois inférieure a eatbservée au niveautochondrial.

Malgré les capacitégle dispesion limitées deC. cursor et l'utilisation potentielle de la
parthénogenése thélytoque pguoduire de nouvelles reinespus ne détectons aucun signe
de perte de diversité géniquepoitante dans les populations étudiées.
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Abstract

Despite having winged queens, female dispersal in the monogynous ant Cataglyphis cursor
is likely to be restricted because colonies reproduce by fission. We investigated the pattern
of population genetic structure of this species using eight microsatellite markers and
a mitochondrial DNA (mtDNA) sequence, in order to examine the extent of female and
nuclear gene flow in two types of habitat. Sampling was carried out at a large spatial scale
(16 sites from 2.5 to 120 km apart) as well as at a fine spatial scale (two 4.5-km transects, one
in each habitat type). The strong spatial clustering of mtDNA observed at the fine spatial
scale strongly supported a restricted effective female dispersal. In agreement, patterns of
the mtDNA haplotypes observed at large and fine spatial scales suggested that new sites
are colonized by nearby sites. Isolation by distance and significant nuclear genetic structure
have been detected at all the spatial scales investigated. The level of local genetic differentia-
tion for mitochondrial marker was 15 times higher than for the nuclear markers, suggesting
differences in dispersal pattern between the two sexes. However, male gene flow was not
sufficient to prevent significant nuclear genetic differentiation even at short distances
(500 m). Isolation-by-distance patterns differed between the two habitat types, with a linear
decrease of genetic similarities with distance observed only in the more continuous of
the two habitats. Finally, despite these low dispersal capacities and the potential use of
parthenogenesis to produce new queens, no signs of reduction of nuclear genetic diversity
was detected in C. cursor populations.

Keywords: Cataglyphis cursor, dispersal, fragmented habitat, microsatellites, mtDNA, population viscosity
Received 9 March 2005; revision accepted 18 July 2005

Introduction

The ability of individuals to disperse is a fundamental life
history trait shaping the distribution of genetic variability
within and between populations and, is sometimes
crucial to ensure population survival (Clobert et al. 2001).
In a fragmented habitat, the restricted migration among
populations as well as the potentially lower population size
is supposed to lead to high genetic differentiation between
populations. Even in a continuous habitat where no obvious
fragmentation prevents the movements of individuals, other
mechanisms can also lead to some genetic differentiation
(Ehrich & Stenseth 2001). For instance, a decrease of dispersal
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efficiency with geographical distance, associated with local
genetic drift, can create a pattern of ‘isolation by distance’
(IBD; an increase of genetic differentiation with geographical
distances) (Wright 1943). Most natural habitats are, however,
not truly continuous or fragmented and the spatial scale
considered can largely affect the level of fragmentation
observed. Even at a fine scale, an IBD process could be
observed in species with highly restricted dispersal, leading
to some population viscosity, i.e. an increase in genetic
similarity between potentially interacting neighbours
(Hamilton 1964; Rousset 2000). The biology of a species,
especially its dispersal behaviour, is one of the main factors
(with the level of fragmentation) influencing the scale
at which genetic differentiation takes place. The sampling
scale is therefore a crucial parameter affecting the observed
pattern of population genetic structure. Even though the
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species’ life history can give some obvious cues for choosing
the relevant sampling scale, a clear picture of the population
genetic structure may often require the study of different
sampling scales, especially in species with sex-biased
dispersal. In social species, the fine scale is of particular
interest as the level of population viscosity affects the
relatedness between interacting individuals and therefore
the evolution of altruistic behaviours (Kelly 1992; Queller
1992).

In this study, we investigated at different spatial scales the
population genetic structure of the ant Cataglyphis cursor,
living in more or less fragmented habitats and in which
female dispersal is likely to be restricted. Indeed, even
though queens are winged, they seem unable to fly (Lenoir
et al. 1988; Keller & Passera 1989; Passera & Keller 1990)
and the foundation of new colonies by fission (a new
colony is established with the help of workers) has been
observed in the field (Lenoir et al. 1988). This mode of
colony foundation clearly restricts female dispersal to ant
walking distance and should lead to high mitochondrial
DNA (mtDNA) genetic differentiation whatever the spatial
scale considered. In contrast, the winged males can poten-
tially disperse their genes over longer distances with male
gene flow being likely dependent on the geographical
distance. This may translate into different patterns of nuclear
genetic structure according to the spatial scale considered.
We therefore investigated two main spatial scales, a large
spatial scale (populations from 2.5 to 120 km apart) at which
male gene flow could be clearly restricted by geographical
distance, as well as a fine spatial scale (from 1 to 4500 m)
at which no clear prediction on male gene flow could be
made.

At alocal scale (< 5 km), the habitat could also affect the
pattern of population genetic structure. C. cursor inhabits
dry and open areas and colonies are found both on the
seaside in a sandy soil and in vineyards in a stony soil. In
the region studied, these two habitats differ not only by the
hardness and the stability of their soil but also by their level
of fragmentation. The colonies are more or less continu-
ously distributed on the seaside but patchily distributed in
the vineyard. If female, but also male gene flow is limited
at this scale, the pattern of IBD could differ according to the
habitat considered. A pattern of IBD could be expected in
the continuous habitat and not in the fragmented one.

Restricted dispersal and genetic drift may decrease local
genetic variability, especially within fragmented populations
in the vineyard where less than 30 colonies can sometimes
be found within a given site. This process can be reinforced
by the peculiar reproductive system recently described
in a population of this species. In this monogynous species
(one single queen per colony), gynes (unfertilized young
queens) are produced by thelytokous parthenogenesis
whereas the queen mates multiply and uses sexual reproduc-
tion to produce workers (Pearcy et al. 2004a). The thelytokous

parthenogenesis with central fusion observed in C. cursor
should lead to an increasing level of queen’s homozygosity
over time (Pearcy et al. 2004a). In this particular context, male
gene flow appears as a crucial parameter for maintaining
worker genetic diversity within colonies and populations.
Potential variations in reproductive systems among popu-
lations as well as the difference between habitats in the
level of fragmentation could induce variations in genetic
diversity among populations.

The aim of this study was to address the following ques-
tions. First, does restricted female dispersal translate into
a male-biased gene flow at the two main spatial scales
considered? Second, does restricted dispersal lead to a
pattern of IBD and is this pattern affected by the level of habitat
fragmentation at a local scale? Third, do the restricted dispersal
and the peculiar reproductive system of this species leave foot-
prints on the level of genetic diversity within populations?

Materials and methods

Samples

In order to investigate the pattern of population genetic
structure at different spatial scales, two different samplings
were performed. First, a large-scale sampling was conducted
in July 2001 to assess the distribution of genetic variability
between sites separated by 2.5-120 km. More than 300 colonies
were sampled in 16 sites (100 X 150 m areas) distributed in
six subregions (6-9 km diameter), themselves included in
three regions (20-50 km diameter) in Languedoc-Roussillon,
France (see Fig. 1). Such sampling allowed to investigate
different hierarchical levels of genetic differentiation: (i)
between sites within subregion, (ii) between subregions
within regions and (iii) between regions. Both seaside and
vineyard sites were sampled in order to cover the different
types of habitats colonized by Cataglyphis cursor. The
characteristics and number of colonies sampled in each site
are given in Table 1.

Second, a fine spatial scale sampling was conducted in
May 2002 by sampling and mapping 82 colonies along two
transects of about 4.5 km. One transect was located on the
seaside near Argeles (Trg) whereas the other transect was
sampled in an inland area with vineyard and bushes near
Lézignan (Tr,) (Fig. 1). These two transects clearly differed
by the level of habitat fragmentation. In the seaside transect,
the colonies are more or less regularly found along the beach
whereas in the vineyard transect, colonies are irregularly
found, due to the rarity of colonies within the vineyard and
their absence in the bushes. For both transects, colonies
were sampled within five and six patches more or less
regularly located along vineyard and seaside transects,
respectively (see Results, Fig. 4a, b). This sampling schema
of colonies was chosen because in the vineyard; the habitat
discontinuities did not allow to perform a regular sampling

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 3735-3744



POPULATION GENETIC STRUCTURE OF THE ANT C. CURSOR 3737

= A
" France
T
N
"
B ________
s T3 T Narbonne
{ Trebes Lézignan >«
\ 0012 “
S Tl L3:.L2 )
e Try “L1.-~
//' Barcares
/ B2e
/' Bie
C
1
'
\
‘\
10 km LAl

Pras

Mediterranean Sea

Fig. 1 Geographical location of Cataglyphis
cursor sites (black points) and transects (grey
lines) in Languedoc-Roussillon, France. Three
regions (ovals A, B, C), two subregions
within each region (characterized by the
name of the closest village) and 16 sites
(characterized by the first letter of their
subregion and a number) were studied.
The transect was 3.2 km long on the seaside
(Trg) and 4.2 km long in the vineyard (Tr,).

-
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Table 1 Sites and transects description. The number of colonies sampled (N), the habitat type, Nei’s estimator of gene diversity (Hy), allelic
richness (A), and mtDNA haplotypes are given for each site. mtDNA sequences were deposited in GenBank (Accession nos from DQ105530

to DQ105559)
Region Subregion Site N Habitat type Hg A Haplotypes
A Sete S1 19 seaside 0.75 5.45 H,
S2 17 vineyard 0.81 5.92 H,, H,
Coursan C1 12 vineyard 0.75 4.81 H,
C2 15 vineyard 0.79 5.56 Hs
B Trebes T1 20 vineyard 0.65 412 Hg, H,
T2 18 vineyard 0.66 441 Hg, H,
T3 21 vineyard 0.60 3.78 H,, H,,
Lézignan L1 28 vineyard 0.80 5.9 Hy,
L2 26 vineyard 0.82 6.22 H,, Hy,
L3 20 vineyard 0.71 4.85 H,
L4 22 vineyard 0.74 5.34 Hy;
C Barcares B1 27 seaside 0.79 524 H,,
B2 19 pondside* 0.80 5.66 His
B3 16 vineyard 0.82 6.22 H,,
Argeles Al 19 seaside 0.73 4.74 H,,
A2 18 seaside 0.85 6.66 Hig
Trg 59 seaside 0.75 1.76 H,o, Hyy, Hyy, Hyy
Try, 65 vineyard 0.72 1.70 H,,, H,,, Hys, Hy, Hyp, Hyg, Hyo, Hyy

*B2 is located on the sandy side of a pond.

and for comparative purpose the same sampling was also
chosen on the seaside. For each transect, a map of the
colonies was made using a compass and a measuring tape
within a patch and using a GPS for locating patches. For
the vineyard transect, we used the colonies sampled and
mapped in July 2001 in the sites L3 and L4. As the mating

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 3735-3744

season is very short and occurs usually before the end of
June, the parental generation has not changed and therefore
the allelic frequencies of workers should not vary between
the two sampling dates.

For each colony sampled, workers were collected at the
nest entrance and immediately placed in 95% ethanol. For
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both types of markers, we determined the genotype of only
one individual per colony to avoid the nonindependence
of genotypes attributable to family structure. For the
microsatellite markers, all colonies sampled were analysed
(i.e. 317 individuals for the large scale and 82 others for
the fine-scale sampling, i.e. a total of 399 individuals). Con-
cerning the mtDNA marker, for the large-scale sampling,
only two individuals from the most distant colonies were
sequenced in each site (i.e. 32 individuals). For the fine-scale
sampling, we sequenced 42 and 40 individuals in Trg and
Try, respectively.

Genetic analysis

DNA was extracted using two different methods, first follow-
ing a classic high salt protocol, and then using a QIAGEN
DNeasy kit, which provided better results. Extracted
DNA was resuspended in 100 pL elution buffer and stored
at-20 °C.

Eight microsatellites developed for C. cursor were used
to study nuclear polymorphism (Pearcy ef al. 2004b). Poly-
merase chain reactions (PCR) were carried out as described
in Pearcy et al. (2004b), except that two sets of loci were
co-amplified (first set: Ccur26, Ccur89, Ccur 46, Ccur 63b,
second set: Ccur 99, Ccur 58, Ccur 76, Ccur 11). Each PCR
was runina 10-puL volume containing 1 uL of DNA solution,
200 pum of each dNTP, 0.15 um of each primer, 1 uL Buffer
10x and 0.1 unit of Tag polymerase (QIAGEN). The amplified
fluorescent fragments were visualized using an automated
ABI PRISM 310 Sequencer (Applied Biosystems) and allele
sizes were estimated using the GENESCAN software.

Mitochondrial DNA variation was assayed following the
amplification of a region of the mtDNA cytochrome oxidase
subunit 1 region (COI). To develop specific primers for
C. cursor, we sequenced 6 kb around the cytochrome ¢ region
using the insect’s universal primers Jerry and Barbara, in
the middle of COI and in COII, respectively (Simon ef al.
1994). This sequence was used to design two specific primers:
CC-COI (L), 5-AGGAGCTGTATTTGCTATTATTG-3’
and CC-COII (R), 5-TTTCAATTAGATCTTGA-3". Each PCR
was runin a 35-uL volume containing 1 uL of DNA solution,
10 mm of each dNTP, 0.15 um of each primer, 1x Taq buffer
and 1.25 units of Taq polymerase (QIAGEN) using a PCR-
100 thermal cycler (M] Research). The thermal cycle profile
was as follows: an initial denaturation of 2 min at 94 °C; 30
amplification cycles of denaturation for 30s at 94 °C,
annealing for 30 s at 50 °C and extension for 45 s at 72 °C;
and a final extension for 3 min at 72 °C. Purified template
DNA was sequenced with an ABI 310 automatic sequencer
(PerkinElmer). For the large-scale sampling, PROSEQ
2.9.1 software (Filatov 2002) was used to analyse the 408 pb
sequences. For the fine-scale sampling, the amplified
products obtained were sequenced by Genomexpress,
which permitted to obtain 600 bp sequences.

Data analysis

Large-scale sampling. The analysis of microsatellite data was
carried out using GENEPOP 3.3 (Raymond & Rousset 1995) and
FSTAT 2.9.3 (Goudet 1995) programs. Linkage disequilibrium
between each pair of loci and deviation from Hardy-Weinberg
equilibrium at each locus were examined in all sites by exact
tests using GENEPOP. None of the linkage disequilibrium test
performed for each locus pair across all sites was significant
(all P > 0.5). Hence, independence among loci was assumed
in the subsequent analyses. Allele frequencies, allelic richness
(A) and expected frequencies of heterozygotes (Hg) in each
site were estimated from worker genotypes using FSTAT.
Permutation tests conducted by FSTAT permitted to deter-
mine whether genetic diversity (A and Hg) significantly
differed between regions and subregions as well as between
habitats.

The significance of the genetic differentiation between
sites was examined by conducting permutations tests of
allele frequency differentiation (GENEPOP). The joint prob-
abilities of differentiation over all microsatellite loci were
obtained using Fisher’s combined probability tests (Sokal
& Rohlf 1995). The Wright's fixation index, Fgp, was used to
describe the amount of genetic differentiation between
sites, subregions or regions. Fg; was estimated using the
method of Weir & Cockerham (1984), which corrects for
unequal sample size (FSTAT). Standard errors of the esti-
mates were obtained by jackknifing over sites and loci
(FSTAT), and probabilities that Fg; were significantly differ-
ent from zero were assessed using permutations tests
(GENEPOP). As described above for A and Hg, permutation
tests were conducted by FSTAT to determine whether the
amount of genetic differentiation observed between sites
among regions and subregions significantly differed.

A pattern of isolation by distance was tested by plotting
modified Fgp [i.e. Fgp/(1 - Fgp)] coefficients between pairs
of sites against the logarithm of geographical distances
(Slatkin 1993; Rousset 1997). The significance of Spearman
rank correlation coefficient between genetic differentiation
and geographical distance was assessed using a Mantel
test with 10 000 permutations (GENEPOP).

We further investigated the importance of the scale on
spatial genetic structuring by performing a hierarchical
F analysis, allowing the estimate of the amount of genetic
variation found at each hierarchical level. A nested four-level
analysis of molecular variance (amova; Weir 1996) was
performed by partitioning the total sum of squares into
components representing variation among regions, among
subregions within regions, among sites within subregions
and among individuals within sites using the GpA software
(Lewis & Zaykin 2001).

The analysis of mitochondrial data was carried out using
the software ARLEQUIN 2.00 (Schneider et al. 2000). The
genetic relationship between all mitochondrial haplotypes

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 3735-3744
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was investigated by constructing the minimum-spanning
network of the haplotypes using the pairwise differences
with ARLEQUIN.

Fine-scale sampling (100-4500 m). As described above for
the large spatial scale, A and Hg were estimated and com-
pared for both transects. The significance of the genetic
differentiation between patches was examined and tested
by conducting permutations tests of allele frequency
differentiation (GENEPOP), and the Fg; index was used to
describe the overall amount of nuclear genetic differentia-
tion among patches. The distribution of nuclear genetic
diversity along the transects was first investigated using the
individual-based method of Rousset (2000). The estimator
a, of genetic differentiation between individuals, analogous
to Fgp/(1—-Fgp), was calculated using GENEPOP and the
significance of the correlation between a, and the logarithm
of geographical distance was tested using a Mantel test
as described above. As viscosity can be restricted to small
distances, we also studied the distribution of alleles within
each transect by spatial autocorrelation analysis (Sokal
& Oden 1978) using the program spaGep1 3.0 (Hardy &
Vekemans 2002). Spatial autocorrelation has the advantage
of providing results on the shape of the relationship between
genetic and geographical divergences (Stow et al. 2001).
Moran'’s I statistics for diploid multilocus genotypes were
computed for five (Try) and six (Trg) geographical distance
classes, which were defined such that there was approxi-
mately equal number of pairwise comparisons in each
class. To test the significance of each Moran’s I, they were
compared to the distribution of the statistics under the null
hypothesis of no spatial structure generated using 10 000
resamplings of the data, permuting spatial location among
distance groups.

Mitochondrial genetic structure was examined for each
transect by a classical analysis of variance calculating
haplotype frequency-based Fqp. The probability that the
fixation indices were significantly positive (indicating
differentiation) was determined by permutation analyses
using 1000 randomly permuted data sets with SPAGEDI.
To study mtDNA viscosity, spatial autocorrelation analyses
were also conducted for each transect. Moran'’s I statistics
were tested as described above for the nuclear markers.
Finally, minimum-spanning networks of the haplotypes
were constructed with ARLEQUIN using the pairwise
distance for both seaside and vineyard transects.

Results

Large-scale sampling

Genetic diversity. Only seven of the 128 probability tests for
Hardy-Weinberg equilibrium were significant at P < 0.05.
Moreover, all these tests were not significant after a Bon-
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ferroni correction (Sokal & Rohlf 1995), suggesting a general
lack of inbreeding in workers of Cataglyphis cursor. The eight
microsatellite loci displayed fairly high and quite similar
degree of variability in the 16 sites studied (Table 1). Allele
frequencies for each locus and site are available upon
request. The total number of alleles detected per locus in
all C. cursor samples ranged from 11 (locus Ccur26) to 28
(locus Ccur76), allelic richness (A) per site ranged from 3.78
(T3) to 6.66 (A2) and genetic diversity (Hg) from 0.6 (T3)
to 0.85 (A2) (see Table 1). Interestingly, the three lowest
values of gene diversity and allelic richness were obtained
for the three sites of Trebes subregion located in a frag-
mented landscape at the limit of the repartition area of
C. cursor. The mean values obtained for Trebes subregion
(Aryapes = 41, Hgprapes = 0.64) significantly differed from those
obtained when considering all others subregions together
(Aher = 558, two-side P value after a 10 000 permutations
test: P, = 0.0012 and Hg ;... = 0.78, P}, = 0.0014). However,
no significant difference was detected when comparing
between the two types of habitats (A =5.23, Ayineyard
=5.52, P =053 and Hg,gie = 0.74, Hyipeyarg = 078, Py = 0.44).
Over the 32 individuals sequenced, 18 different mtDNA
haplotypes were detected with 48 variables sites out of 408 bp
(percentage of polymorphic sites = 11.8%). The overall
nucleotide diversity, i.e. average number of nucleotide
differences per site between two sequences (Nei 1987), was
2.3% (£ 1.2 SD). In all sites, the two individuals sequenced
share the same haplotype except for the three sites of Trébes
subregions (T1, T2, T3) and the sites L2 and S2 (Table 1).

Seaside

Genetic differentiation among sites. Exact test of genic differ-
entiation computed across all pairs of sites were highly
significant at each microsatellite locus, as well as over
allloci (P < 10-5), except for the pair T1-T2, which are 3 km
distant (P =0.089). In agreement with this high genetic
heterogeneity, the overall Fg value was relatively high 0.139
*0.021(x SE) compared to its maximum value (Fgy ., =
0.245) deduced from the average within-locality homozy-
gosity (Hedrick 1999). The values of Fg; decreased with
decreasing the hierarchical level considered (Table 2), though
they always stayed highly significantly different from zero
(all P < 10-5). In agreement with these results, a significant
pattern of isolation by distance was detected (R = 0.69, P <
10-5, Fig. 2). The Fg; values estimated between sites within
regions did not significantly differ among the three regions
(P = 0.705). Similarly, the Fg values estimated between sites
within subregions did not significantly differed among the
six subregions studied (P = 0.994). The hierarchical AMova
(Table 3) revealed that some nuclear variation was found
at each hierarchical level (varying between 4% and 8% of
the total variation). Fixations indices at each level were all
significant (Table 3) and confirmed the general trend that
values of Fq decreased with decreasing the hierarchical
level considered.
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Table 2 Allelic richness (A), expected heterozygosity (Hg, Nei's 0.5 q

estimation) and estimates of genetic differentiation between sites °

(Fgp) with jackknifed standard errors are given for the different 041 . s

spatial scales investigated :'? 03 4 . -'..'

|
Spatial scale Hg A Feor < 02 .. & .?. %
R e .?.‘.‘}’.' .24'

Over all sites 0.139+0.021 0.1 1 . "o . 8 A .

Within region: o o e s ° *

A 0.77 5.43 0.125+0.023 0 2' "1 é
B 0.72 4.95 0.089 +£0.019
C 0.79 5.70 0.092 +0.015 Ln(geographical distance)

Within subregion: Fig. 2 Relationship between logarithm of geographical distance
Sete 0.78 5.69 0.035+0.022 and nuclear genetic differentiation between sites, estimated as
Coursan 0.76 5.18 0.050 £0.016 Fgp/(1=Fgp). The correlation is high and significant (R =0.69,
Trebes 0.64 4.11 0.039 £0.016 P <10-5).

Lézignan 0.77 5.58 0.039 £0.011
Barcares 0.80 571 0.075+0.014
Argeles 0.79 5.70 0.067 +£0.020
Hq (T>)
IHH,;
H, (L1L2)

Sixteen out of 18 mtDNA haplotypes were specific to
a given site (Table 1). Haplotypes from the same subregion
were in general more similar than haplotypes from different
subregions as illustrated in the phenogram (Fig. 3). How-
ever, there are two exceptions to this general pattern, the
two haplotypes found in S2 (H,, H,) are highly divergent
from all the other haplotypes including those from the
same subregion (H,). Similarly, the haplotypes found in B2
and B3 (H;5;, H;) were highly divergent from the others,
especially the one observed in the other site of this sub-
region (H, ). Interestingly, these two subregions with high

Fig. 3 Minimum-spanning network depicting relationships

mtDNA divergences are the only ones including sites from
both seaside and vineyard habitats and in both cases the
vineyard sites were the most divergent. Note that these

between the mtDNA haplotypes (408 pb) detected in the 16 sites.
The tree was constructed using the pairwise distance. For each
haplotype, the site in which it was detected is indicated in

divergences are not reflected in the Fg; values estimated parentheses.

with the nuclear markers.

transect (8) than in the seaside transect (4), but this is not
significantly different (Fisher’s exact test; P = 0.356).

For both transects, nuclear genetic differentiation between
pairs of nests, measured as pairwised a,, was significantly
positively correlated with the logarithm of geographical
distance (Mantel test Pg,, 4, < 0.001 and PVineyard =0.004),
which shows that nuclear gene flow is also restricted by

Fine-scale sampling

No difference in nuclear genetic diversity was detected
between the two transects both for allelic richness (Ag,,qige
=1.726, AVineyard =1.708, P = 0.4) and gene diversity (Hgg,,iqe
=0.758, Hg Vineyard = 0.726, P = 0.48). However, the number of
mitochondrial haplotypes was twice higher in the vineyards

Table 3 Four-level hierarchical analyses of

Percentage nuclear molecular variance (aAmova). Hier-

F statistics variation df. archical fixation indices and the percentage

of genetic variance explained by each hierar-

Among regions 0.161 (0.120; 0.208) 4.59 2 chical level are given. The significance of

Among subregions within regions 0.115 (0.074; 0.162) 7.79 3 Fstatistic estimates were obtained by boot-

Among sites within subregions 0.038 (0.015; 0.064) 3.76 10 strapping over loci (1000 replicates), 95%
Within sites 83.86 303

confidence intervals are given in parentheses
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Fig. 4 Distribution of sampled patches and
haplotype frequencies within patches along
both seaside (a) and vineyard (b) transects.
Along each transect, patches are represented
by a circle labelled by a number and the
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between mtDNA haplotypes (600 pb) are
depicted by minimum-spanning network
constructed using pairwise distance.

Fig. 5 Spatial autocorrelograms estimated
from multilocus microsatelitte genotypes
for seaside (a) and vineyard (b) transects
and from mtDNA haplotypes, for seaside
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distance at this spatial scale (< 5 km). However, the slope
of the regression was significantly higher in the continuous
habitat than in the fragmented habitat (bg,, ;4. = 0.014,
bv.meyard =0.005, t-test = 12.63, P < 0.001). A difference between
the two transects was also found in the pattern of spatial
autocorrelation. For the seaside transect, the Moran’s index
decreases regularly with the distance classes, with all
indices being significantly different from zero (Fig. 5a). This
indicates a linear decrease of genetic similarities with
distance in the habitat with the continuous distribution of
colonies. For the vineyard transect, the pattern is not linearly
decreasing with distances given that only the first Moran’s
I'was positive and significantly different from zero (Fig. 5b).
This indicates that nests less than 54 m apart (upper limit
of the first distance class) were more similar than two nests
taken at random on the transect. The habitat discontinuities
might preclude a regular pattern of IBD along this transect.
Spatial autocorrelograms pattern of mtDNA were qualita-
tively similar to the one obtained for the nuclear marker,
with a linear decrease of Moran’s indexes only on the
seaside transect (Fig. 5¢, d). Note though that the values of
Moran’s [ are about 10 times higher for the mtDNA reflecting
the stronger genetic structure. The geographical distribution
of haplotypes along both transects reveals a strong spatial
clustering (Fig. 4a, b). Networks depicting the genetic rela-
tionships between mtDNA haplotypes matched quite well
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the geographical distance relationships, confirming the strong
genetic viscosity (Fig. 4c, d). Interestingly, the four haplo-
types (H,;, H,,, H,; and H,,) found in a single patch were
all closely related but quite distant from those detected in
the other transect’s patches (see Fig. 4).

For both transects, the overall level of nuclear genetic
differentiation was significantly different from zero (Fgrg.,cige
=0.058 +0.012 and Fgr yipeyarg = 0-041 +0.006) but did not
differ significantly between the two transects (P = 0.09).
Concerning the mtDNA, a very high and significant levels
of genetic differentiation over all patches were detected
in both transects (Fgr gp5ige = 0-90 £0.06 and Far yineyara =
0.59 £0.05).

Discussion

Mitochondrial genetic structure and females” dispersal
abilities

Our results revealed an extremely high level of mtDNA
genetic differentiation among patches separated by 300—
4500 m, suggesting that at this fine spatial scale, effective
queen dispersal is very restricted. This strongly supports
the hypothesis that despite having wings, new queens do
not fly and found new colonies by fission, as suggested by
Lenoir et al. (1988). Active female dispersal is thus restricted
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to ants” walking distances. Moreover, the low content of
fat and more specially of carbohydrates (energy needed for
flight) in queens, compared to flying males or to queens of
other species with known nuptial flights (Keller & Passera
1989; Passera & Keller 1990), points out that flight should
be very restricted or even not possible in Cataglyphis cursor
queens. In agreement with this restricted dispersal, the
patterns of the mtDNA haplotypes at both large and fine
spatial scales suggest that new sites are colonized by nearby
sites.

Our finding of restricted female dispersal in the mono-
gynous ant C. cursor is interesting as it stands in contrasts
with the traditional view that monogyny would be associ-
ated with nuptial flights and high rates of female dispersal
whereas polygyny would be associated with colony bud-
ding and low dispersal rates (Bourke & Franks 1995). In the
later case, ecological constraint on female dispersal, such as
cost of dispersal, habitat patchiness or availability of nest
sites, may have promoted dependent colony foundation,
and potentially selected for polygyny (e.g. Keller 1995). At
a fine spatial scale, some population genetic studies have
indeed revealed no mtDNA structure in monogynous
ants (Shoemaker & Ross 1996; Ross et al. 1997, 1999;
Seppa et al. 2004) and a significant genetic differentiation
of mtDNA in polygynous ones (Ross & Shoemaker 1997;
Goodisman & Ross 1998; Liautard & Keller 2001; Ruppell
et al. 2003). However, other recent studies tend to show
that monogyny is not necessarily associated with high
rates of female dispersal. First, in ant species with no queen
caste or with apterous or short-winged (brachypterous)
queens, female dispersal should be clearly limited what-
ever the number of queens per colony. This was confirmed
by population genetic studies in the monogynous
queenless ant, Diacamma cyaneiventre (Doums et al. 2002),
as well as in the monogynous ant with brachypterous
queens, Nothomyrmecia macrops (Sanetra & Crozier 2003).
Second, even in monogynous species with fully developed
wings, a philopatric behaviour of queens can limit female
dispersal, as suggested by the strong spatial structure of
mtDNA haplotypes detected in some inbred populations
of Formica exsecta (Sundstrom et al. 2003) and in the
slavemaking ant, Protomognathus americanus (Foitzik &
Herbers 2001). Limited dispersal in ants is therefore not
systematically associated with polygyny, and female
dispersal behaviour as well as the mode of colony founda-
tion appear to be crucial to determine female dispersal
abilities.

Nuclear genetic structure at a fine-scale and male-biased
dispersal

At the fine spatial scale (less than a few kilometres), the
population genetic structure displayed by the two genomes
were very contrasted. The level of genetic differentiation

for mitochondrial markers was 15.5 and 14.4 times higher
than for the nuclear ones for the seaside and the vineyard
transects, respectively. Even if part of the differences can
be explained by the smaller effective population size and
the larger susceptibility to genetic drift of the mithochondrial
markers (Chesser & Baker 1996), the strong discrepancy of
genetic structure between the two markers probably reflects
differences in dispersal pattern between the two sexes.
Such extreme male-biased dispersal in a monogynous ant
has been detected in only two other monogynous species:
N. macrops (Sanetra & Crozier 2003) and D. cyaneiventre
(Doums et al. 2002).

However, even at a fine scale (500 m), male dispersal
appears insufficient to homogenize the nuclear genetic
structure induced by the restricted female dispersal. As in
most ant species, no information is available on male dispersal
capacity in C. cursor. Male dispersal has rarely been observed
directly but this apparently limited dispersal is in accordance
with the few observations in nature (personal observation).
Males were observed flying clumsily at a very low altitude
(less than 1 m). Moreover, male dispersal does not neces-
sarily imply gene flow. The success of dispersers probably
decreases with increasing distances, even at a fine spatial
scale, because the cost of flight is likely to increase while
the probability of encountering other patches of nests,
with females ready to mate is likely to decrease with geo-
graphical distances. Such process would lead to a pattern
of population viscosity as observed at a fine spatial scale
(see below).

Patterns of IBD

Isolation by distance and significant nuclear genetic structure
have been detected at all the spatial scales investigated. At
the large spatial scale, IBD is shown both by the decrease
of Fgp estimates with the decrease of the geographical scale
considered and by the significant correlation between genetic
and geographical distances between sites. The pattern of
IBD seems to loose its linearity after 65 km with a higher
amount of scatter around the regression line (Fig. 2). This
larger variance of Fgp at longer distances indicates that
at this large scale, the influence of genetic drift is strong
relative to gene flow (Hutchison & Templeton 1999) and that
problems of homoplasy could be more important (Jarne &
Lagoda 1996). It is therefore likely that the observed pattern
of IBD would probably not hold over the entire home range
of C. cursor.

At a local scale, even if significant population viscosity
was detected in both transects, the pattern of decreasing
genetic similarities with distance was different between the
two habitats, as highlighted by the spatial autocorrelation
analysis. In the seaside transect, where no major obstacle
prevents the individual movements, the pattern of isola-
tion by distance was continuous for both markers. On the

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 3735-3744
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other hand, in the vineyard transect, only nests sampled
within a single patch were more genetically similar than
any other pair of nests. This pattern could result from
different constrains on gene flow between the two habitats.
In the vineyard, the habitat discontinuities and the rarity of
patches of nests may force the males to engage in longer
flights than at the seaside to find nests. Moreover, in the
vineyard transect male can fly in all directions to find
new nests whereas at the seaside transect, the direction of
male flight is constrained by the sea on one side and by
an unsuitable habitat on the other side. Alternatively, the
different pattern of IBD may also result from the fact that
populations in the vineyard have not yet reached a drift—
migration equilibrium, due to either recent colonization of
some patches or to mixing events (Slatkin 1993).

Genetic diversity, habitat fragmentation and reproductive
strategies

In spite of its restricted dispersal and its potential peculiar
reproductive strategies, C. cursor does not show any sign
of an important reduction of nuclear genetic diversity in
workers in all the sites studied, the overall average expected
heterozygosity being of 75.5%. Habitat fragmentation could
potentially reduce local genetic variability by restricting gene
flow and decreasing local effective population size (Ehrich
& Stenseth 2001). However, the amount of genetic variability
was globally not significantly lower in the vineyard than
in the seaside, when comparing between sites as well as
between transects. A lower genetic diversity was detected
in Trébes subregion. This lower genetic diversity could
result from different processes. These populations could
have a lower population size and be more isolated due to
their peripheral situation (Durka 1999) in the species range.
C. cursor cannot be found further north (personal observa-
tion; Cagniant 1976). This could also result from different
reproductive strategies, such as a lower level of polyandry
or/and a higher level of parthenogenesis. The use of
parthenogenesis for queens’” production and a lower level
of polyandry could also decrease local genetic diversity
by decreasing female and male effective population size,
respectively. Further studies on the reproductive systems
of C. cursor, in different populations, are needed to have
a better understanding of its potential effects on the popu-
lation genetic structure.
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Forts taux de polyandrie chez la  fourmi parthénogénétique

Cataglyphis cursor

Chez leshymeénoptéeressociaux, 'accouplenent multiple des ferelles est non eilement
colteux poules reines qui s’exposent a desguaes accrus de préedatiet de trasmission
parasitaire, rais également coétix a I'échelle de la colonie, puisqu’il dinue I'apparterant
moyen entre ouvrieres et ainsi les béoédides actes altruistes. La fouataglyphs cursor
est un nodéle particuliérerent pertinent pourtester quels pourraierdtre les avantages
susceptibles de cqgmanser les colts de la lpandrie. En effet, dans l'unique population
étudiée a ce jour, les reines utilisent latip@nogenese thélytoque pqunoduire les nouvelles
reines, mais s’accouplent avec plusieurséles et utilisent la reproduction sexuée pour
produire les ouvriéres. Ceci suggalonc que la diversité des oitres au sein des colonies
doit étre avantageuse.

Dans un premer tenps, nous avons étiélles stratégiesle reproduction d€. cursordans
deux populations issues d’habitatss différents (bord de mer €orbieres), afin de détecter
d’éventuelles variations intra-spiques. Nous avons ensuite t&si la diversité génétique au
sein des colonies pouvait étrer@ée avec certaines cpusantege la valeur sélective des
colonies.

Dans les deux populations étéds, nous confirmons I'utilisan de la parthénogenese pour
la production des gynes (a 70%) et la reproductexuée pour celle des ouvriéres. Les taux
de polyandrie détectés sont trés élevés M@, n =14) et ne sont pas significativent
différents entre les deux habitats. Il n'y a pagelation positive eng la divergé génétiqe
des coloies et les paemetres clasiquenent utilisés pou estimer la valeur glective des
colonies (taille de colonie et production de sexuEs revanche, a taille égale, les colonies
les plus diverses génétiquemh ont en myennedes ouvriéres de plus grande taille. Ce
dernier résultat, &e jour inéditchez les fourns, suggére qu'aaille égale, les colonies
disposant d'une plus forte \dirsité génétigue sont capabl d'obtenir davantage de
ressources.

Chez cette espéece thermophile euaugnentationde la taille des owiéres ausein des
colonies pourrait castituer un avantage non négligeable dans ['exgltion de

I'environnenent extérieur.
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Abstract

In social hymenoptera, multiple mating by females can be costly both at the queen and colony
level. The monogynous ant Cataglyphis cursor provides an excellent model to investigate
benefits potentially outweighing theses costs and thus promoting the maintenance of queen
multiple mating. In the single population studied so far, C. cursor had an extraordinary
reproductive system. Queens produce gynes (virgin queen) by thelytokous parthenogenesis
but mate with several males and use sexual reproduction to produce the workers. This
suggests that intra-colony genetic diversity should be advantageous in this species. Here, we
examined the reproductive strategies of C. cursor colonies in two populations from habitat
types known to differ in ecological factors and life history traits (colony size and worker size).
We confirmed the use of parthenogenesis for the production of gynes but also found that the
use of sexual reproduction for the production of gynes is possible and not negligible (almost
one third). Workers were sexually produced but our estimates of polyandry in both
populations was higher than reported previously (11 males per queen on average). There was
no relationship between genetic diversity and colony parameters, such as colony size or
sexual production. However, we found, for the first time in ants, that for a given colony size,
the mean worker size was larger in colonies with higher level of genetic diversity. This
suggests that for a given colony size, colonies with higher genetic diversity can acquire larger

amounts of resources.
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Introduction

The evolution and maintenance of female multiple mating (polyandry) in social Hymenoptera
has long puzzled evolutionary biologists. As in other animal species, this behaviour may
impose costs on reproductive females, by increasing time and energy expenditure, risk of
predation and risk of acquiring sexually transmitted disease (see Moritz 1985; Sherman et al.
1988; Arnqvist & Nilsson 2000). In social Hymenoptera, multiple mating imposes additional
costs by reducing relatedness among nestmates and therefore decreasing the advantage of
reproductive altruism (Hamilton 1964). Although in many social insect species, a greater
fraction of queens mate only once (see Boomsma & Ratnieks 1996; Crozier & Pamilo 1996;
Strassmann 2001), in few species from several of the major groups (i.e., honey bees, wasps,
ants), queens mate a moderate to a large number of times. High levels of polyandry, with
queens commonly mating with more than 10 males, have been documented in honey bees (see
Palmer & Oldroyd 2000; Palmer at al. 2001), and ants (Kronauer et al. 2004; Denny et al.
2004). However lower polyandry levels are more often found in social insects (Wasps: Ross
1986; Atta and Acromyrmex leaf-cutting ants: Boomsma et al. 1999; Fjerdingstad &
Boomsma 2000; Pogonomyrmex seed harvester ants : Gadau et al. 2003; Wiernasz et al.
2004; Rheindt et al. 2004; Lasius niger : Fjerdingstad et al. 2002). Polyandry level has also
been shown to vary among populations within species (Estoup et al. 1995; Boomsma & Van
der Have 1998; Fjerdingstad et al. 1998; Neumann et al. 1999). Investigating potential
variation within a species is a crucial step to shed light on the factors that drive the evolution

of the number of female mating patterns.

Several hypotheses have been proposed to explain the evolution and maintenance of
polyandry (see Boomsma & Ratnieks 1996; Crozier & Fjerdingstad 2001; Strassmann 2001
for recent reviews). The ‘front running’ ones, called the genetic variance (GV) hypothesis
(Keller & Reeve 1994), holds that increased intra-colonial genetic variability benefits the
colony by reducing the cost of diploid, sterile male production (Page 1980; Crozier & Page
1985; Tarpy & Page 2002), by increasing the efficiency of division of labour (Page et al.
1989; 1995; Crozier & Page 1985; Fuchs & Moritz 1999), by increasing colony-level
resistance to diseases (Hamilton 1987; Sherman et al. 1988; 1998; Schmid-Hempel 1994;
1998) or by reducing worker-queen conflict over sex-allocation ratio and male parentage
(Starr 1984; Moritz 1985; Ratnieks & Boomsma 1995; Crozier & Page 1985). These potential

mechanisms are not mutually exclusive and have in common that they predict an increased
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fitness of colonies with greater genetic variance thus leading to a higher fitness of multiply
mated queens. Indeed, in some species, genetic diversity was positively correlated with
colony fitness parameters, such as colony growth or colony resistance to parasites (Fuchs &
Schade 1994; Schmid-Hempel 1998; Baer & Schmid-Hempel 1999, 2001; Cole & Wiernasz
1999; Tarpy 2003; Wiernasz et al. 2004).

The monogynous ant Cataglyphis cursor is an interesting model system to investigate the
evolution of reproductive strategies. This species has a unique reproductive strategies known
in ants. Most of the queens wused asexual reproduction (automictic thelytokous
parthenogenesis) to produce new queens while they mated with several males (up to 8) and
used sexual reproduction to produce the workers (Pearcy et al. 2004a). The fact that queens
do not use the less costly asexual production for workers, implies a benefit associated with the
genetic diversity of workers.

So far only a single population of C. cursor has been studied and nothing is known about the
natural variation in the reproductive strategies. In fact C. cursor lives in contrasted habitats,
ranging from beaches on the seaside to vineyard pathways in the inland. Ecological factors
such as soil composition and depth of the water table often vary profoundly between the
habitats (Cagniant 1976a), and this can affect major life history traits such as colony size and

worker size (Clémencet & Doums, submitted).

In this study, we examined the reproductive strategies of C. cursor colonies in two
populations from the extreme ends of its habitat spectrum (seaside vs vineyard). First, we
determined the level of parthenogenesis and polyandry. Then, we investigated whether
genetic diversity was correlated with potential components of colony fitness (sexual
production, colony size). In particular, we considered mean worker size and its variance, as

they could be indirectly associated to colony productivity (Wilson 1953; 1980; Billick 2002).
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Materiel & Methods

Study species and sampling

C. cursor is a Mediterranean formicinae ant, living in arid and open habitats. Colonies are
monogynous (one queen per colony) and present a clear seasonal pattern of brood
development. There is no over wintering brood and reproduction occurs in spring and
summer. Sexuals are produced first and typically emerge on mid- May (1:3.2 female to male
investment ratio, Pearcy & Aron 2006) , whereas workers are produced till the end of August.
Mating occurs in early June and can be followed by colony fission, 1 to 3 weeks later (Lenoir
et al. 1988). Nests of C. cursor are built in the soil, with a single entrance and one vertical
burrow leading to chambers located up to 1 m deep (but never deeper than the water level,
Cagniant 1976a)

In order to estimate the levels of polyandry, 14 entire colonies were collected in two
populations from contrasting habitats in the region of Languedoc-Roussillon, France. Seven
colonies were sampled in the village of Luc-sur-Orbieu (Luc) in the inland near the city of
Lézignan, the seven others on the beach of Argeles, e. 80 km S-E of Luc. The two locations
differed by the hardness of the soil (silty in the inland vs sandy on the beach), and by the
depth of the water level (60 cm depth on the beach vs 150cm in the inland). By sampling in
mid-May (13-17 May), we collected sexuals at the adult or cocoon stage, which and allowed
us to investigate the mode of production of gynes. Although nest excavation was easy because
of its predictable structure, extra care was taken not to miss any room or gallery that might
contain individuals or brood. Adults ant (queens and workers) as well as brood at various
stage (eggs, larvae and pupae) were collected. Only one colony in the inland and three on the
seaside contained pupae. The large size of the pupae indicated that they were all destined to
develop into sexuals (Cagniant 1979). However at this early stage of development it was
impossible to determine their sex visually.

In the laboratory, the number of workers in each colony was counted before transferring
colonies to the nest boxes, where they were reared at 24°C under 12-h light/ 12-h dark cycle
and were fed ad libitum with mealworm, Tenebrio molitor, and sugar water. Queen mating
frequencies were estimated on eggs rather than workers to avoid potential overestimation that
could be due to the occurrence of sequential polygyny by clonal queens in colonies. During
60 days, some eggs were removed in 10 days intervals to avoid disturbing the colony and

stored in 95 % alcohol until genetic analysis. A total of 412 eggs (15 to 47 per colony, from at
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least three sampling dates) were collected for genetic analysis. We further genotype pupae

collected in the field (n = 32) and gynes produced in the laboratory (n = 10).

Genetic Analysis

Six DNA microsatellites developed for C. cursor (Pearcy et al. 2004b), were used to
determine genotypes. DNA extractions from queens, gynes and pupae were carried out using
a QIAgen DNAeasy kit (Valencia, CA), with extracted DNA resuspended in 100 pl elution
buffer. DNAs from eggs were obtained by classical digestion. Each egg was squashed in a
20ul solution with 10mM Tris, ImM EDTA, 25mM NaCl and 0.2 pl of Proteinase Kinase
(20mg/ml), digestion lasted overnight at 37°C and ended by a final 2min denaturation step at
90°C. The polymerase chain reactions (PCR) were carried out as described in Pearcy et al.
(2004b), except that two sets of loci were coamplified (first set: Ccur26, Ccurd6, Ccur76,
second set: Ccur89, Ccur63, Ccurll). Each PCR was run in a 10 pl volume containing 1 pl of
DNA solution, 400 uM of each dNTPs, 0.15 units of Taq polymerase (QIAgen), 1 ul Buffer
10X and 0.1 pM of Ccur26, Ccur76 and 0.3 uM of Ccur46 primers or 0.1 uM of Ccur89, 0.2
uM of Ccur63 and Ccurll primers. The amplified fluorescent fragments were visualized
using an automated ABI Prism 310 Sequencer (Applied Biosystems) and allele sizes were

estimated using the GENESCAN 2.0.1™ (Perkin Elmer/ABI) software.

Pupae and sexual type determination

In colonies of Cataglyphis cursor, female brood is potentially produced by sexual
reproduction or by thelytokous parthenogenesis, and male brood by arrhenotokous
parthenogenesis. For eggs and pupae for which the sex could not be determined, we used the
following criteria to discriminate among these modes of reproduction. Brood was considered
as sexually produced females when an allele not present in the queen was detected for at least
one locus. When the brood harboured only maternal alleles with at least one heterozygous
locus, we considered it a female produced by thelytokous parthenogenesis. The probability
that such a female was produced by sexual reproduction with a father harbouring no distinct
alleles from the mother at any loci, varied from 0.004 to 3.10° depending on the colony and
was thus considered negligible. When the brood had only maternal alleles at the homozygous
state, we considered them as males only if the probability to be a female produced by

thelytokous parthenogenesis was lower than 5%. This probability was estimated for each
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queen using the recombination rate available for four of the loci used in our study (Pearcy et

al. 2004a). If this probability was higher than 5% we considered the brood as undetermined.
Mating frequency estimated from eggs

The observed number of mates per queen (Kons) Was calculated by reconstructing paternal
genotypes on the basis of offspring and queens genotypes across the six loci. MATESOFT
software vs 1. (Moilanen et al. 2004) was used to confirm the genotypes of putative fathers
and estimate the sum of squared paternity contributions.

Then, queen mating frequency statistics (i.e the number of equally contributing fathers that
would have produced the same average relatedness among offspring) were estimated
following Nielsen et al. (2003) correcting for sample-size:

Me = (n—1)? Zk: pi?(n—1)(n—2)+3—n ; where n is the sample size, k is the number of patrilines
observed and pi is the proportional contribution to the brood of the ith mate.

However, underestimation of mating frequency estimates may arise from limited variation of
genetic markers. By chance, two males may bear the same alleles at the 6 loci studied (Ppon-

detection)s We therefore estimated this non-detection error in both populations according to
k. aj

Boomsma & Ratnieks (1996): Pyon-detection = H(Z J#); where fij denotes the frequencies of a;
j=1 =l

alleles (j =1 to k) at each of k£ loci. With 8 to 15 alleles per locus and an average

heterozygosity (H.) of 0.82 and 0.76 detected in Luc and Argelés population, respectively, the

microsatellites loci were sufficiently variable to adequately differentiate paternal genotypes

within the colonies studied. The probabilities of failing to detect a fathering male were very

low in both populations (Puon-detection < 107).
Genetic relatedness

Regression relatedness among diploid eggs of each queen were assessed following Queller &
Goodnight (1989) using the program RELATEDNESS 5.0.7 (Goodnight & Queller 1998).
Colonies were weighted equally and standard errors were obtained by jackknifing over
colonies. To account for differences in allele frequencies between the two sampling sites the
relatedness values were estimated from the allele frequencies of eggs of each site using the

‘deme’ function of the RELATEDNESS program. We controlled using the program FSTAT 2.9.3
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(Goudet 1995) that the eggs’ inbreeding coefticient (Fjs of Weir & Cockerham (1984)) was
not significantly different from zero (Fis = 0.010 + 0.016) and therefore could not biased

relatedness estimates.

Measurements

Thirty randomly chosen workers per colony were measured under a binocular microscope
connected to a Leica XC-ST70 video camera module. Matrox Inspector software was used to
analyse the digital picture. Given that the traits typically measured in ants are highly
significantly correlated (Clémencet & Doums, submitted, Cagniant 1983), only the most

repeatable one was recorded: the tibia length.

Data analysis

In both populations, we tested whether relatedness estimates (r) correlated with colony size,
number of sexual produced, or mean and variance of worker size. This parameter, », was
chosen as it integrates both the estimated effective mating frequency (M,) and the level of
queen homozygoty. These two parameters explained a significant part of the variation in
relatedness estimates among colonies (Multiple Regression, M. : P=0.011, Queen
Homozygoty, P=0.001). Note however that the estimator M. gave the same qualitative results
as r. As in both populations, variation in colony size explained 62 % of the variation in mean
worker size (Clémencet et al, submitted), we removed the effect of colony on worker size by
using the residuals of the Standard Major Axe methods (type II regression like, Sokal & Rolf,
1995).
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Results

Sexual production

In the field, 32 pupae were collected from three colonies and 29 were successfully genotyped
(see Table 1). All pupae harboured only maternal alleles. The probability that theses pupae
were sexually produced with a father having no distinct alleles from the queen was very low
in all colonies (P1o31 = 0.0078, Pigso = 0.0051, P1p77 < 10°). From these 29 pupae, 13 had
heterozygous loci and were therefore females produced by thelytokous parthenogenesis. The
size of these pupae indicated that they were destined to become gynes. The 16 other pupae
had a single allele at all loci and were thus likely to be males produced by arrhenotokous
parthenogenesis. Given the rate of recombination of the four loci used (Ccurll, Ccur46,
Ccur58, Ccur63b) estimated by Pearcy ef al. (2004a) and according to the queen genotype,
the probability that these pupae were diploid gynes produced by thelytokous parthenogenesis
was low (Pios9 = 0.017, P1977 = 0.003).

In the laboratory, five of 14 colonies produced a total of 15 males and 10 gynes (see Table 1).
Pedigree analysis revealed that the seven gynes from Col 1073 harboured, at several loci,
alleles not present in the mother queen and were thus produced by sexual reproduction. At
least four fathering males are needed to explain the observed gyne genotypes. The paternal
genotypes, inferred from gyne and queen genotypes, were not different from those deduced
from egg’s genotypes; hence no additional mates were detected. The other three gynes had
only maternal alleles and were thus considered to originate from thelytokous parthenogenesis.
The probabilities of mating with a male harbouring no different allele at any loci were very
low for both colonies (Pioae= 0.0048, P1o77 < 10°°). The overall rate of sexual production was
30%, but note that all the sexually produced gynes originated from a single colony (Col 1073,
Table 1).

Level of polyandry and relatedness

On average, 26 (range: 10-33) diploid eggs were successfully genotyped per colony. All these
diploid eggs had an allele not present in the queen and were therefore sexually produced.

Overall, the observed numbers of matings per queen (Kps ) ranged from 5 to 13 (Table 1), and
did not significantly differ between the two populations with on average ten males per female

(see Table 1). Patriline frequencies among queens’eggs are represented in Fig. 1. Sample-size
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corrected estimations of effective queen mating frequencies (Me) were on average lower (3.4
to 14.5), but still very high for an ant species (see Table 1). Me also did not differ between the
two sites (Table 1).

As expected for colonies with highly polyandrous queens (Bourke & Franks 1995), the
average intra-colonial relatedness estimate was significantly lower than 0.75 (one- tail #-test,
P <107), but still significantly higher than would be expected under monogyny with an
infinite number of fathers (one- tail #-test, P = 0.007). The average population estimates of
within-colony genetic relatedness did not significantly differed between the two populations

(Table 1, # Lue= 0.3 £0.03; 7 Argeres= 0.35 £0.05, P = 0.65; Z = 0.45).

Genetic diversity and components of colony fitness

Colonies producing sexuals were significantly larger than the others (Mann and Whitney U
test, Z=-2.05, P = 0.04). The genetic diversity was similar for colonies that produced sexuals
compared to those that did not (Mann and Whitney U test, Z = -1.425, P = 0.142). Thus, there
was no significant correlation between genetic diversity () and colony size (Fig. 2.a,
Spearman rank correlation, P = 0.68). Genetic relatedness was not significantly correlated
with the variance in worker size (Spearman rank correlation, P = 0.87). However, after
controlling for the effect of colony size on worker size, a significant negative relationship was
detected between relatedness and residual worker size (Fig. 2.c, Spearman rank correlation, P
= 0.033). For a given colony size, the mean worker size was larger in colonies with the higher

genetic diversity (i.e. lower relatedness).
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Discussio n

High level of polyandry was found in two populations differing by their habitat type (seaside
vs vineyard) and major life history traits (colony size and worker size, Clémencet & Doums,
submitted). We found no evidence of single mating and instead queens mated with on
average, 10 males in both populations. C. cursor represents the fourth independent
evolutionary origin of obligate multiple queen-mating in ants and the first case known within
the subfamily of the Formicinae. As observed in the population studied by Pearcy et al
(2004a), most of the gynes were produced by thelytokous parthenogenesis. However, the
proportion of gynes sexually produced was not negligible in our study (7/21 vs. 2/56, Fisher
exact test; p < 0.01). The minimum number of males in our study was similar to that in the
population studied by Pearcy et al. (2004a). In contrast, the mean number of males was
almost twice as high (Pearcy: n = 12, range 4-8, mean = 5.56 males), leading to higher
estimates of queen mating frequency (M. = 7.7-8.4 vs. M. = 4.63) and lower relatedness
estimates (» = 0.3-0.35 vs. » = 0.42). Given that our estimates were based on egg genotypes
and not on freshly eclosed workers (as in Pearcy et al.), the difference observed between the
two studies might result from variation in patriline survival. Ecological factors can differ
between sites or years and this can lead to variation in reproductive characteristics among
populations (Estoup ef al. 1995; Boomsma & Van der Have 1998; Neumann et al. 1999).
These variation are however subtle and our results showed that the peculiar mode of
reproduction of C. cursor is not an artefact found in a single population but is likely to be a

characteristic of this species.

Our results, together with the knowledge of C. cursor biology, allow to discriminate between
certain alternatives hypothesis of multiple mating. Field observations indicate that young
gynes leave their nest several times to mate with surrounding males (Lenoir et al. 1988),
suggesting that the hypothesis of “mating by convenience” (Thornhill & Alcock 1983) does
not hold in C. cursor. It is also unlikely that multiple mating has been selected for to increase
the life-time supply of sperm (Cole 1983; Fjerdingstad & Boomsma 1998). Colonies of C.
cursor are relatively small and hardly exceed 2500 workers. Moreover, the amount of sperm a
male can provide does not appear to be a limiting factor for the queen’s egg production
(Pearcy, PhD thesis). Further, the cost of producing diploid males is unlikely to select for

multiple mating in C. cursor since diploid males have never been detected (Pearcy, PhD
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thesis; pers. data) and high degrees of genetic diversity have been reported in C. cursor

populations (Clémencet et al., 2005).

Of the hypotheses based on the selective advantages of increased within—colony genetic
variance, the most likely to apply to C. cursor are the “facilitation polyethism” and “parasite
resistance” hypothesis (Crozier & Page 1985;, Hamilton 1987; Shermann et al. 1988; Schmid-
Hempel 1994; 1998; see also Keller & Reeve 1994). Both predict higher colony productivity
in the genetically more diverse colonies. We did not find a difference in relatedness between
colonies producing sexuals and the others. However, it should be noted that only few colonies
produced sexuals in the field. These colonies had a larger number of workers than the others,
consistent with previous observations by Lenoir et al. (1988). However, because the age of
colonies was not known, colony size may be a poor indicator of colony fitness, especially in
species with dependent colony foundation. This may be one explanation for the absence of a
correlation between colony size and genetic diversity. Interestingly, after controlling for
colony size, mean worker size significantly increased with the level of genetic diversity, even
though the variance in worker size did not. This is the first empirical evidence that increased
genetic diversity could positively affect mean worker size. Other studies on the relationship
between worker polymorphism and genetic diversity did not detect a positive relation between
genetic diversity and mean or variation in worker size (Bargum et al. 2004; Schwander et al.
2005). However these studies did not consider the potentially confounding effect of colony
size. Producing large workers could be advantageous for this thermophilic ant as larger
workers have a better thermal tolerance (Clémencet, Cerda, unpublish data). This may allow
the colonies to send foragers at temperature that smaller workers and other species cannot
tolerate and therefore to decrease both intra- and inter-specific competition. Moreover, since
large workers are more expensive to manufacture and maintain than small workers
(Holldobler and Wilson 1990), the relationship observed here could indirectly suggest that for
a given colony size, colonies with higher genetic diversity can acquire more resources. This

hypothesis merits to be tested by field investigations.

We should however keep in mind that the advantage of multiple mating need to be evaluated
against the cost of mating. In C. cursor, queens do not take part in mating flights and mate
close to their natal colony surrounded by worker (Lenoir et al. 1988), and thus mating costs
(energetic or predation) should be low. Interestingly, in the other highly polyandrous ant

species(army ants: Kronauer et al. 2004; Denny et al. 2004; and Pogonomyrmex harvester
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ants: Rheindt et al. 2004), queens also mate on the ground, which imposes little cost of
mating. Very high levels of multiple mating, in species such as C. cursor or army ants, might
therefore have no adaptative significance (Tarpy & Page 2000; Denny et al. 2004; Kronauer
et al. 2004). Note that dependent colony foundation is generally associated with polygyny
(several queens per nest; Bourke & Franks 1995), and the few monogynous ant species
(except the queenless ant species, Peeters 1991) where colonies reproduce by fission have in
common with C. cursor that they exhibit very high levels of multiple mating (Strassmann
2001; Denny et al. 2004; Kronauer et al. 2004). In species with dependent colony foundation,
the entire colony experiences the strong selective pressures associated to the founding stage
whereas in species with independent colony foundation, it is the queen and not the colony that
experiences these selective pressures. The difference in the level of selection (queen vs.
colony) may have two major consequences. First, in monogynous species with dependent
colony foundation, colonies could benefit from increased genetic diversity and this might
favour the evolution of polyandry. Second, lower selection pressures at the queen level might
favour the evolution of parthenogenetic gyne production, because this would decrease its
potential costs (e.g. increased of queen homozygosity (Pearcy et al. 2004a)). A similar
situation of conditional use of sex for worker production, but not for gynes has been reported
in the ant Wasmannia auropunctata, which also found the colonies with the help of workers
(Fournier et al. 2005). The mode of colony foundation, by changing the hierarchical level at
which selection applies, may therefore be an important determinant of the evolution of mating

system.
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Table and figures

Site  Colony Colony N eggs Mating frequencies Relatedness Sexual production
label s1ze Obls<erved Effje‘;tlve among ¢ eggs B  Pupae Adult
obs e
Luc 1030 - 26 5 34 0.5+0.16 0 - -
1031 1520 28 9 8.1 0.35+0.06 2 109 63
1032 260 29 13 14.5 0.25 +0.05 0 -
1035 600 30 10 7.9 0.15+£0.12 0 - -
1044 1036 22 10 10.5 0.35+0.09 1 - -
1045 280 26 12 12.1 0.21+0.09 0 -
1046 1252 10 7 9 0.38+0.12 1 - 13,29
Mean 825 9.4 7.7 0.30
+SE +214 +2.8 +3.54 +0.03 )
Argelés 1052 968 33 12 10.8 0.24+0.05 1 - -
1055 208 33 8 5.8 0.46 £ 0.07 0 - -
1056 477 27 10 8.4 0.22 +0.08 1 - -
1058 343 28 11 10.2 0.31£0.12 1 -
1059 940 15 7 7.6 0.34+0.07 2 114 84
1073 811 25 11 9.7 0.43+0.13 1 - 79*
1077 628 22 10 8.9 0.42 £+ 0.06 2 53,39 19
Mean 625 9.9 8.4 0.35
+ SE + 111 +1.8 +1.7 +0.05
Pvalue 047 0.74 0.65 0.65

* indicated that it was sexually produced

Table I. Colony size, mating frequency, genetic diversity and sexual production are given for
each colonies in the ant C. cursor. The total number of diploid eggs successfully genotyped
(N eggs) is indicated for each colony. Ky 1s the minimum total number of queen matings
(observed number of patrilines), M. the sample-size corrected estimate of the effective queen
mating frequency according to Nielsen et al. (2003); (harmonic mean + SE from jackknifing
over queens). For each colony is given the estimate of genetic relatedness among diploid
eggs. Brood production at colony collection (B) was defined in 3 class, 0: no brood, 1: only
few small larvae ; 2: cocoons and larvae. The number and the sex of pupae in the field and
sexuals produced in the lab are indicated. The mean (+ SE ) colony size and mating
frequencies parameters are given and compared between the two populations using Mann and

Whitney U tests, for which the P values are given.
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Figure 1: Ranked numbers and frequency distribution of observed patrilines among queen’
eggs of Cataglyphis cursor. Patrilines are represented by alternate shading patterns with their
total number (minimum number of detected fathers) given above the bars and the number of

unambiguously assigned offspring in parenthesis.
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Figure 2: Regression of colony size (a), variance in worker size (b), and residuals of the
regression: mean worker size / colony size (c), on genetic relatedness. White circles are
colonies sampled in the population on the seaside and black circles are colonies sampled in
the population in the vineyard. All correlations were non significant (P>0.05), except for (c) P

=0.033.
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ARTICLE 4

Worker size, thermal tolerance and foraging activity in the

thermophilic ant Cataglyphis cursor (Hymenoptera; Formicidae)

Clémencet J & Doums C

En préparation

76



Tallle des ouvrieres, résistance a la température et activité de

récolte chez la fo urmi thermophile Cataglyphis cursor

Chez les espéces de fousmle polynorphisne de taille des ouvrieres est généradam
étratement associé a la divign du travail au sein des colonies. Chez les espéces
thermophiles, ce polymorphisendetaille peut étreparticulierenent utile pour résister aux
fortes tenpératures peraht I'activité de réctie a I'extérieur du nid. Au sein d'uneéme
espece, la résistaa desindividus a la dessicd@n est sougnt liée a leutalle. Les grandes
ouvrieres résistent raux au stress theigue queles petites. Ainsi, Igprésence de grandes
ouvriéres au sein des colonies peut représemtevantage non négligeable pour exploiter le
milieu extéieur.

Nous avons étudié chez feurm méditerranéennéC. cursor le lien entre la résistance a la
température des ouvriéres et feaille (de 3 & 1 mm). Nous &ons tet en nilieu naturel si

les ouvriéres qui sortent pour fourrager sont plendes que les autres, et si leur taille varie
en fonction des heures de la journée.

En laboratoire, nous montrons expéemtalenent que la résistance des ouvrieres a la
tenmpérature augmnte significativement avec letaille. En nilieu naturel, nous ne détectons
cependant pas de différence sigrafive de taille eme les ouvriéres saht pour fourrager et
les ouvriéres présentes a l'intérieur du nid. Lddailes fourrageuses est l&me quelle que
soit I'heure de la journée. Néamins, nousobservons une corrélation poséientre la taille
des colonies et la t&l moyenne des ouvrieres, ce qui laisgpposer que seules les colonies
disposant de suffisament de ressources peuveinivestir dans la mduction d’ouvriéres de
grande taille. Ces dernieresident donc étre avantageuses ptes colonies qui préferent
investir dans leur productiogolteuse plutdét que dans gius grand nofore de petites

ouvrieres.
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Abstract

In thermophilic ant species, worker polymorphism, usually thought to be linked to the
division of labour, could be of special interest to face high temperature during foraging
activity. Within a species, desiccation resistance may vary among individuals according to
their size, larger worker resisting better thermal stress than smaller.

We investigated in the thermophilic ant Cataglyphis cursowhether worker thermal tolerance
is related to their size and further tested in the field whether foraging workers were
significantly larger than others. Patterns of thermal tolerance were investigated in colonies
from different habitat types (seaside vs vineyard) to detect any variation that could be
attributable to different adaptation to diverse environmental conditions. In the laboratory, we
found that large workers resist better to high temperature than small workers. No effect of
habitat type but a strong effect of colony was detected on worker thermal tolerance. However,
in the field, foraging workers were not significantly larger than inside nest workers and the
size of foragers did not vary according to the hour of the day as observed in a closely related

species.
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Introduction

The abiotic environment exerts strong selective pressures on the mechanism of thermal
tolerance of terrestrial invertebrates. Survival strategies adopted by ecotherms to adapt to
thermal stress have been abundantly documented (Heinrich 1993). Insects may respond
differentially to exposure to extreme temperature: avoiding it by escaping, or adapting to it by
changes in morphology, life history or physiology (Chen & Kang 2005 for a review). Ant
community of Mediterranean regions perfectly illustrates how species vary in their strategies
to escape or face thermal stress. In Mediterranean regions, ant colonies have to cope with
seasonal variations in environmental temperature, as well as with the naturally occurring daily
temperature fluctuation. During the summer, the temperature outside the nest may be
considered as stressful and foraging activity of ants in such xeric areas may be limited by
desiccation stresses. The role of temperature on Mediterranean ant community structure and
activity pattern has been well studied (Cerda & Retana 1997, 2000; Cerda et al. 1997, 1998a,
1998b). Among sympatric ant species, temporal differences in foraging rhythms are common
(Cros et al. 1997). Indeed, subordinate species are active during the day, when conditions are
more severe and forage at high temperature (maximum activity 40-50°C), very close to their
physiological thermal limits. These ant species run a high mortality risk by foraging near
lethal temperature (Cataglyphis Ghering & Wehner 1995; Ocymyrmex Marsh 1985;
Melophorus Christian & Morton 1992). The risk of mortality during foraging can represent
an important cost for colonies and different life history traits have evolved to adapt such

stressful environment conditions.

Increased worker body size is one of the most obvious mechanisms to face hot environment.
It has been abundantly reported that desiccation resistance (Hood & Tschinkel 1990; Kaspari
1993), running speed (Bartholomew et al. 1998; Cerda & Retana 2000), maximum foraging
time and temperature (Lighton & Feener 1989; Porter & Tschinkel 1987) vary among workers
according to their size. Specific physiological (Bartholomew & Lighton 1988; Lighton &
Feener 1989; Lingthon et al. 1993) and biochemical changes (Gilby 1980; Gerhing & Wehner
1995) have also evolved to get better resistance to high temperatures and to reduce
evaporation of the body water. Ant species can also exhibits behavioural mechanisms which
decease the thermal stress, such as making frequent pauses at thermal refuges (Marsh 1985;
Christian and Morton 1992; Wehner et al. 1992; Cerdd & Retana 2000) or raising their
abdomen to protect the vital organs from high temperature (Cerdd & Retana 2000).
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Interestingly, within one of the most thermotolerant ant genus Cataglyphis(Gehring &
Wehner 1995), adaptation to extreme heat conditions followed different evolutionary
pathways among species (Cerda & Retana 2000). In the ant Cataglyphis velox4.5-12 mm),
thermal tolerance as well as foraging at high surface temperature is clearly dependant on
worker size. Larger workers withstand temperatures that small workers can not tolerate and
therefore forage at different time of the day. At the colony level, worker polymorphism
generated by the production of large workers, could have evolved to increase the daily activity
period and ultimately the benefit in prey collection. In contrast, in the ant C. rosenhaueri,
which exhibits a lower worker size variation (4.5-7.5mm), thermal tolerance is not related to
size, small workers can cope with extreme heat condition by raising their abdomen to protect

the vital organs and probably by achieving physiological adaptation (Cerda 2001).

The thermophilic ant Cataglyphs cursorpresents interesting features to investigate adaptation
mechanism to high temperature, especially to test whether worker thermal tolerance is related
to their size and affects pattern of foraging activity. Workers of C. cursordo not raise their
abdomen to protect the vital organs, as observed in C. rosenhaueri,and present an
intermediate size variation (range: 3.5-11mm; Cagniant 1983; pers. obs.). The large workers
are still more than twice larger that the smallest workers and body weight ranges from 2 to 15
mg (Cagniant 1983). We found in two populations of C. cursor that mean worker size
increased with colony size, suggesting that only colonies that have sufficient resource invest
in the production of large workers (Clémencet & Doums, submitted). Producing these large
workers could benefit the colonies by allowing a better exploitation of external environment,

as observed in C. velox

In this study we address two main questions. First, we tested in the thermophilic ant C. cursor
whether worker thermal tolerance is related to their size and whether this relation varies
among colonies and populations. Then, we conducted field observations to investigate
whether larger workers are more likely to forage than others and whether the size of foragers
varies according to the hour of the day. If larger workers are more thermotolerant, we would

expect to find them foraging at the hotest hours of the day.
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Materials and methods

Species

Among all other species co-occurring in the Mediterranean ant community the position of this
subordinated species is extreme. Its greatest activity takes place when open ground surface
temperature is the highest (45-50C°) and this species forages very close to its thermal
capacities (CTM = 50°C). In the ant community, other species can not withstand such high
temperatures, and at the hottest time of the day, C. cursoris the only ant species found on the
ground surface (see Cerda and al 1989). Like other species of the genus, C. cursordisplays an
individual foraging strategy. C. cursoris a zoonecrophagous scavenger ant that collects
mainly corps of arthropods (Cagniant 1976; Cerda et al. 1989) and occasionally nectar on

fennel plants (Foeniculum vulgarg(Cerda et al. 1989; pers. obs.).

Laboratory experiment

To test for a positive relationship between size and thermal resistance of workers, ten colonies
of C. cursorwere collected in two sites from contrasted habitats in Languedoc-Roussillon
(France) in May 2004. Five colonies were sampled in the village of Luc-sur-Orbieu (Luc) in
the inland, and five other colonies on the beach of Argelés, approximately 80 km SE of Luc.
In the laboratory, thermal tolerance was monitored by means of an electric hot plate (Salvis
30-120°C, AG. Emmenbriicke, Luzern). Ants were exposed to two temperatures: 48°C, the
maximal activity temperature of foraging and 52°C, the maximum surface temperature for
foraging in the field (Cerda et al. 1998a,b). For each temperature and each colony, 30
individuals were placed on the surface of the hot plate and the time each ant died or lost
muscular coordination was noted. To cover the entire worker size range of each colony, the 30
workers analysed were selected among the smallest (10), the intermediate (10), and the tallest
(10) workers of each colony (i.e. 30 workers per temperature and colonies).

The 600 desiccated workers were then measured using a binocular microscope associated to a
Sony XCD-SX910CR video camera module. National Instruments Vision Assistant vs7.
software was used to analyse the digital pictures. Since in C. cursorall the classical traits
measured in ants are highly significantly correlated (Cagniant 1983; pers. data.), only the

most repeatable one was recorded, i.e. the tibia length (Clémencet & Doums, submitted).
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Moreover, in the context of our study, tibia length is the most pertinent trait as it directly
determines the elevation of the worker body from the hot substrate.

To test for an effect of size, temperature, population and colony treatment on thermal
tolerance, a generalized linear model was performed. Populations were considered as a fixed
factor given that they were not sampled at random but were chosen to differ in some
ecological factors (see above). In contrast, colonies among site were sampled at random and
were therefore considered as a random factor nested within population. Time to death was
logl10-transformed to fulfil the assumptions of the general linear model. The analyses were
performed using Proc GLM of SAS 8.0 for Windows (SAS Institute, 1990) with type III sums

of square.

Field experiment

A field study was performed on the beach of Canet-Plage (Languedoc-Roussillon, southern
France) in Mid June 2003. This site is characteristic of dry and arid habitats of C. cursor It
consists of an open area having sparse vegetation and exposed to the sun all day long. Nests
of C. cursorare quite abundant and can only be scout out by their small entrance on the
ground (1cm large).

Foraging activity was studied in 12 colonies distributed within an area of 8x30 meters. Field
study was carried out from 11h00 to 16h00, a time period during which more than 90% of the
activity of C.cursoris recorded (Ruano et al. 2000). Foraging activity was monitored at the
nest entrance by capturing the workers leaving the nest during four sessions of 20 min (at
11h15, 12h15, 14h45 and 15h45). During each capture session, the ground surface
temperature was measured. The 12 colonies were excaved at the end of the day. Although nest
excavation was easy because of its predictable structure, extra care was taken not to miss any
chamber or gallery that might contain individuals. Experiments were conducted on four
different days, three to four colonies being studied per day. In each colony, a sample of 30
individuals taken at random were measured later in the laboratory. All the workers collected
at the nest entrance (n = 632), as well as within colonies (n = 360) were measured as
described above (n total = 962, see Table 1).

To test for an effect of activity (foragers VS inside workers) and colony treatment on worker
size, a generalized linear model (GLM) was performed. We also used a GLM procedure to

test for an effect of hour on worker size. The analyses were performed using Proc GLM of
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SAS 8.0 for Windows (SAS Institute, 1990) with type III sums of square. Colony was

considered as random factor.
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Results

Laboratory experiment

Time to death ranged from 31 s to 7382 s at 48°C and from 14 to 405 s at 52°C. Tibia length
had a highly significant positive effect on time-to-death (see Figure 1, Table 2). As predicted,
temperature had also a significant influence on time-to-death, workers surviving longer at
48°C than at 52°C (Figure 1). Interestingly, we detected a significant effect of colony but no
effect of population on time-to-death. We therefore investigated whether the variation among
colonies could be explained by differences in colony parameters, such as colony size or
genetic diversity. Indeed these parameters could be positively correlated with colony
performance. To do so, we used the residuals of the regression of thermal tolerance on worker
size, estimated separately for each temperature. The level of genetic diversity was obtained
from eight colonies already analysed (Clémencet & Doums, submitted). We first confirmed
that the residuals significantly differed among colonies at both temperatures (48°C: Fg 299 =
7.98, p =107 52°C: Fo,90 = 4.64, p = 107). However, the mean value of the residuals per
colony, did not significantly vary neither with colony size (Spearman-rank correlations, n =9,
48°C: r = -0.49, p= 0.14; 52°C: r = -0.59, p = 0.48), nor with the level of genetic diversity
(Spearman-rank correlations, n = 8, 48°C: r = 0.09, p=0.99; 52°C: r =-0.25, p=0.31).

Field experiment

As observed in two other populations of C. cursor(Clémencet and Doums, submitted), mean
worker size (inside the nest) was positively correlated with colony size (Spearman’s rank
correlation test, n = 12, r = 0.61, p = 0.043). This effect of colony size was also reflected in
the mean size of foragers which significantly increased with increasing colony size (r = 0.65,
p = 0.029; see Figure 2). No difference in worker size was observed between inside nest
workers and foragers (Table 3). However, a significant interaction between colony and
activity (foragers and inside workers) was detected. We therefore tested for each colony
whether the size of foragers and inside workers differed by using t-test comparisons. Over the
12 comparisons, two remained highly significant and one was closed to significantly after
correcting for Bonferonni multiple comparisons (Sokal & Rolf 1995). Foragers were
significantly larger than inside workers in the smaller colony (982: tos= -4.87; p <10,

whereas the reverse was observed in the largest colony (953: tog= -4.26; p <10™). Similarly,
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no difference in the size of foragers was detected between the different hour of the day, and

no interaction between colony and hour was detected (Table 4).
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Discussio n

In Cataglyphis cursarresistance to temperature is clearly dependent on size, large workers
resist longer than small workers both at 48°C and 52°C. These differences could result from
different additive mechanisms. Long legs keep the body highest above the ground, thereby
decreasing temperatures experienced by large workers compared to small workers. It has been
shown that at a height of 4 mm above the ground, the temperature may be 10°C lower than on
the soil surface (Gehring & Wehner 1995). For instance, in C. veloxa height increase of 1-2
mm permits to decrease the temperature experienced by the ant of 6-7°C (Cerda & Retana
2000; Cerda 2001). Differences could also result from a better physiological adaptation of
large workers. Since surface area is negatively proportional to mass for organisms of a given
shape, small organisms tend to desiccate faster than larger (Hood & Tschinkel 1990; Kaspari
1993). Some studies have even reported that large workers had larger body water reserve after
adjusting for body mass and therefore loose the water more slowly than small workers, even

after adjusting for cuticular surface area (Kaspari 1993; Lighton et al.1994; Cerda 2001).

Variation in worker size, even if highly significant, explained only a small part of the
variation in thermal tolerance. Workers having the same size could differ in their age and
physical condition. Younger workers could have a better physical condition with more water
reserve allowing longer resistance to high temperature. This variation could also have a
genetic origin. Since queens mate multiply (with up to ten males, Pearcy et al. 2004;
Clémencet & Doums, submitted), workers of the same colony are genetically diverse and may
exhibit different resistance to desiccation. In insects, there is a growing evidence that
variation among individuals in thermal tolerance may depend on genetic differentiation in key
physiological and biochemical characters (Huey et al. 1991; Krebs & Feder 1997; Krebs &
Bettencourt 1999; Neargarder et al. 2003). In polygynous colonies of the ant Solenopsis
invicta, worker thermal tolerance was not related to size but a genetic variation in time-to-
death and a significant heritability of resistance to desiccation have been reported (Li and
Heinz 1998). Genetic variation in time-to-death and size among worker merits to be tested in

C. cursor.

Colony explained also a significant part of the variation in thermal tolerance. However, after
controlling for the size of workers, we could not associate this variation neither to colony size,

nor to colony genetic diversity. Larger colonies and the more genetically diverse colonies did
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not tend to have better thermal tolerance than others. However, given that the mean worker
size increased with colony size as previously observed in two other populations (Clémencet &
Doums, submitted), larger colonies had a greater potential to resist high temperature.
Similarly, even if there was no significant difference in pattern of desiccation between the two
habitat types colonies from the vineyard populations had indirectly a higher potentiality to
resist high temperatures since their workers were on average larger (Clémencet & Doums,

submitted)

The better resistance to temperature of large workers could translate into difference in size
between foragers and inside workers. In the field, we failed at detecting any size difference
between foragers and workers taken at random inside the nest. In addition, contrary to what
has been observed in other ant species (Formica neorufibarbis Solenopsis invictaPorter &
Tschinkel 1987; Cataglyphis veloxCerda & Retana 1997), the size of foragers did not
significantly differ according to the hour of the day at which they had been captured. Note
however that our study has been performed on only few, and sometimes cloudy days. The soil
temperature at which the experiment has been conducted in the field (31°C to 49°C) may
simply be not sufficiently high to select for large workers only. Our field study did not
provide evidence that larger workers are more involved in foraging activities or foraged when
temperature is higher as it was observed in the closely related C. velox However, larger
workers could still performed longer foraging trip, with a greater running speed because of
their longer legs. They could also spend less time at thermal refuge and therefore be more
efficient at collecting prey. Small workers are also more sensible to low temperature than
large workers, leading to a higher mortality rate during the winter (Cagniant 1983). In this
species, a larger worker size may therefore help surviving hibernation and should then be
favoured both at the colony and the individual level. Given that C. cursoris forced to reduce
its midday activity because of very high temperatures on some days, or to accept a high
forager mortality risk (Cerda et al. 1989). Selective pressures on resistance to temperature
should be strong. Both physiological adaptations and worker polymorphism might have been
developped by colonies to expand their daily activity period and avoid inter-specific
competition by foraging mainly during the hottest hours of the day. More experiments are

needed to estimate the benefits a colony can obtain by producing these large workers.

In orphaned colonies, workers of C. cursorcan produce both males and females (gynes and

workers) by arrhenotokous and thelytokous parthenogenesis, respectively. Given that their
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reproductive potential increases with their size (Cagniant 1983; pers. data.), selection at the

individual level may have also favored the evolution of larger workers.
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Tables and figures

Table 1 For each colony studied in the field, are given the colony size, the number of
foragers collected during the four sessions (N f) as well as the number of workers collected

inside the nest (N ).

Colony Colony N N ne
label size

953 1424 68 30
954 559 79 30
955 454 44 30
981 749 61 30
982 138 68 30
983 525 36 30
984 1332 59 30
988 315 45 30
989 771 41 30
991 260 34 30
992 1357 51 30
994 1261 46 30
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Table 2.General linear model for thermal tolerance in C. cusor workers. Temperature and
site were considered as fixed effects and colony as random effect nested within site.

Significant effects are indicated in bold.

Source df. MS F P
Tibia length 1 1256 103.05 <10°
Temperature 1 1.06 8.69 0.003
Site 1 0.19  0.69 0.43
Colony within Site 8 0.28 2.3 0.020
Tibia length X Temperature 1 041 344 0.064
Tibia length X Site 1 0.09 0.76 0.382
Tibia length X Colony 8 0.17 143 0.179
Temperature X Site 1 0.002 002 0.896
Error 577  70.85
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Table 3.Effect of activity (inside nest workers I vsforagers F) and colony on worker size.

Source d.f SS F P
Activity (I vs F) 1 0.08 1.64 0.20
Colony 11 5.72 10.06 <0.0001
Activity*Colony 11 2.42 4.26 <0.0001
Error 968 50.27
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Table 4.Influence of colony and hour on the size of foragers.

Source df MS F p
Colony 11 2.59 4.42 <10™
Hour 3 0.21 1.32 0.26
Colony*Hour 32 1.56 0.91 0.61
Error 585 31.2
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Figure 1. Relationships between worker size (tibia length, mm) and thermal tolerance (log10

time to death, s) at 48°C (e) and 52°C (o).
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Figure 2. Relationships between colony size and mean (+£SE) tibia length (mm) of workers
sampled inside (©) or outside the nest (foragers: ®). Both correlations are significant (o, r =
0.61, p=0.043; e: r = 0.65, p= 0.029). Stars indicated when significant differences between

foragers and non foragers were detected (t-test) within a colony.
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ARTICLE 5

Habitat-related microgeographic variation

of worker size and colony size in the ant Catagly phis cursor

Clémencet J, Doums C

Soumis a Oecologia

100



Influence de I'’habitat sur les varia tions de taille de colonies et de

taille des ouvrieres chez la fourmi  Cataglyphis cursor

Chez les insectes sociaux, la taille de col@astun parastre crucial pour I'évolution et la
conplexification de la socialitéBourke 1999). Elle est considé& conme un élément clé de
I’évolution du polynorphisne de &ille des ouvieres. Les facteurs écologiques susceptibles
d’influencer la taille de coloei et d’expliquer les variatiorabservees entre populations sont
néannoins peu étudiés et restemijourd’hui largerentméconnus.

Nous avons étudié, par une approche écologigseyddations de taille de colonies et taille
des ouvrieres de la fouin€. cursor dans deux types d’habitats (bord dernintérieur des
terres). En bord de en, les nids, construitdans un sol sableux, sont ltés en profondeur par

la nappe phréatique (environ Gfn), alors qu’ils peuventtteindre plus d'un eire de
profondeur a l'intérieur deterres. Si la profondeur du nid infhee la taille deolonies, et si

la taille de colonies influence la tailleoyenne des ouvrieres, on peut alors s’attendre a
observer des tailles de coloniesdes tailles d’ouvries plus faibles ebord de ner. Dans
deux populations (bord deametintérieur des terres), les deuxéplictions sont vérifiéesla
taille de cdonie est posivement corrélée a lprofondeur des nids, et la tailleoyenne des
ouvrieres a celle de la colonie. Ainsi la taitidyenne des colonies et celle des ouvrieres sont
significativenent plus faibles dans la populatien bord de rer. Une étude a grande échelle,
dans 16 autres populations issues des deux typabitats, nous peret de vérifier que les
ouvriéres sont en ayenne plus petitedans les populations du bord de mer.

Nos résultats suggérent qu’'un seul facteur égqle proxinal peut avoir des conséquences

considérables sur I'évolution géraits d’hispire de vie.
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Abstract

In social insects, colony size is a crucial lifetbry trait thought to hae mgjor implication in
the evdution of social comlexity especiallyin relation toworker size polyrarphism Yet,
little is known about how ecogical factors can affectnd constrain colony. Here, we
explored the pattern ofolony size and woes size variation inthe Mediterranean ant
Cataglyphis cursarin relation with the type of habitds cdonized geasde vs vineyad). The
high level of the water table in the seaside habitat (6@gamst 150 in the vineyard) could
constrain the depth @. cursorunderground nests and directly @slony size. If worker size
increases with colony size, as observed in rstlat species, larger colony size and larger
workers should be found in the vineygrdpulations. By coaring worker size among 16
populations, we verified that workers are sigrahtly larger in thevineyard populations. &/
further controlled that the anphological smilarities detected aamg populations fronthe
sane habitat type were not due to geograpbicgenetic proxinty. In two populations from
each haibat type, tle depth of nests were positely correlated with clony size ad colony
size with worker dze. Using a tye Il regression approach, we furer showed that
difference in the depth of nest between th® populations was suffient to explain the
difference in colony size and siarly that variation in colonysize was sufficient to explain
variation in worker sizeOur results suggest that a singleximate ecological factor could

lead to significant variation imgjor life history paransters.

Keywords: worker size, colony size, nest strut, dependent colony foundation, social

insed.
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Introduction

Individual size in insects, as in other organs, is aen consideredsaan inportant life-
history trat which correlates with @ajor fitnes paramsters such as fecundity, dispersal,
mating success or survival (Stearns 1992). Inroh@tabolous insects, the absence of growth
during the adult stage prewsnany size adjustent afta metamorphosis (Nijhout 2003).
Adult size is then aiXed pararster deternmed by genetic and envirorental factors acting
during the post-ebryologic developrant of thke insect and is tightly linked to the
developnent time and growth rate (Nylin and Gotthard 1998). Natural variation in body sizes
has often been investigated atmacro-gographical sale, often in relation to thdatitude
with the aimof testing the Bergamn’s rule (Blanckenhorn and Deont 2004 for review). In
social insects, variation of individual size haseiged a lot ofttention as it is linkd to a key
social pararater, the division of labouanong colony merpers (Oster and Wson 1978;
Holldobler and WWson 1990). Theeproductive individual(s), thgueen(s), can exhibit thorax
volume up to 8000 tiras larger than the worker€#rebara viduaM. Mollet, pers. con).

Even though the workers usually do not repmeuheir body size isti$ an important life-
history trait that can affect thability of colony to rear offspng and therefore their indirect
fitness. For various ant specjdarger workers perfornbetterthan snaller workers to cary
out particular tasks linked to foraging andshdefence (Cerda aRetana 1997; Reyes-Lopez
and Fernandez-Haeger 2001; Braendle @083; Nowbahari et &l999; 2000). Such pattern
has also been observed at the inter-spetfiel (Davidson et al 2004; Ness et al 2004).
Larger workers also tend to survive bet{@orter and Tschinkel 1985, Calabi and Porter
1989) and be ore resistant tstarvation (Heinze et al 2003roducing larger workers could
therefore be advantageous for the colonytgeaworkers are howeveamore energetically
expensive to @nufacture and m@ntain than srall workers, and colonies have to face the

tradtional trade-off between worker nuser and size (Boukkand Franks 1995).

Consideringhe extra diransional level of te colony is therefore necessary for understagdin
the proximate and ultimate factors detammg worker size. Colony cabe considered as a
super-organisnwith modular growth such as dain plants or coralsthe nodules being the
different menbers composing the colongHoélldobler and Wilson 1990, Kaspari 2005).
Colony size is then deteined by the rate of kih and death of its odules. As worker size,
colony size can then be considéras a crucial life history trtaof the super-orgnism. Colony

size is generally pdsvely correlatedo cdony reproductive sccess (Oer and Wison 1978;
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Tschinkel 1993; Sorvari and Hakkaraien 2005), dalge colonies beingble to obtain the
resources needed to rear thexuals (Oster and Won 1978;Hdlldobler and Vilson 1990;
Bourke and Franks 1995). Interestingly,pasitive relationship between colony sizedan
worker size has been frequently doanted (see Brian 1957; Eé® 1974; Wood &
Tschinkel 1981; Porter and Tschink&®85; Gibson 1989; Tschinkel 1988; 1993; 1998;
Wetterer 1994; Kaspari and Byrne 19%biggesting that only large lomies can also afford
the production of large workers. Even though worker size and colony size aregfamlife
history traits, few studiebave investigated their patteof natural variation awng colonies
and populations. This is however a crucial step only for understanding life-history traits
evolution in social insects, an area stiligely unexplored (Bourk& Frank 1995), but also
for understanding the evolution of social qaexity such as the evolution of war castes
(Holldobler and Wson 1990) or the repductive division of labour (Bourke 1999).

In ants, thesize ofthe nesting ocaty, the naure and theavailablity of the nest-builohg
materials are known to potentially constmagcolony growth and size (Wilson 1959, Hansell
1987). The Mediterranean a@ataglyphis cursoris an interesting speies to invetigate how

a sinple proximete ecological factor, the levelf the water table, can constrain colony size
and indirectly worker sizeC. cursornests are underground and possess a single entrance
open on a single vertical well leading to chmns located up to 1ndee. Horizontal galleries
have never been observed and the velwhnest can only be increased by increasing nest
depth (Cagniant 1976;ehoir et al 1988; pers. obsyhe depth of the wer table is a siple
ecological factor that clearly lilnthe deph of nests (Cagniant 1976; Lenoir et al 1988).
Interestingly,C. cursor colonizes two ran types of habitathat clearly differ by the depth of
their water table : fron60cm on the seaside (synsoil) to 1m20 in the vineyard (chalky soil;
Lenoir et al 1988).

In this study, we explored the patternvadrker size and colony size variation@ cusor, in
relation with thetype of habitds. C. cursoris a nonogynous species thi dependant colony
foundation, the queen found a new colony withtielp of workers (Lenoir et al 1988). Even
if the colonies therefore nevpass through the critical phasesofall incipient colonies, large
variation in colony size can #t be observed in the field (froml50 to 2500; Leoir et al
1988;, pers obs.). If the two hypeises about the ptise correlations between nest depth and
colony size and betweenloay size and worker size are verified@ cursot we could then

predict larger colony size andrger workers in the vineyandopulations. This prediction was
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verified by conparing the nean worker size lieeen populations frorbah types of habitats.
Moreover, in two poplations (seaside andineyard),the depth of ests were psitively
correlated with colony sizend colony size with worker sizdJsing a type Il regression
approach, we further showed that the differe in the depth ohest between the two
populations was sufficient to exgdh the difference in colonyze and sinfarly that variation

in colony size was sufficient texplain variation in worker ge. This suggests that a single

proximate ecological factor cdd lead to significart variaion in major life histay
paraneters.
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Materials and methods

Variation of worker size among populations

We used workers sagpied for a previous popui@n genetic structure stly (Clénencet et al
2005) for which the tw types of habitats iffe seaside and 11 vineyard populations) were
represented. In July 2001, tatal of 317 colonies were saiad in these 16 populations
(300x150mareas), in Bnguedoc-Russillon, Francésee Clérancet et al 2005, for theam

of populations). As for the genetic study, ymne randomly chosen individual per colony
was neasured (see sample size ig E). The gené data dtained ugg eight microsatdlites
markers by Clémencet et al (2005) were uséd conpare the genetic and arphological
differentiation.

In the laboratory, workers were removed fraicohd, dissected,dried at roomtemperature
and digitally photographed using a Leica XT¥® video carara module. Five nrphological
traits were reasured using Matrox Ineptor software (to the nearest 0.015 mmBndy

L ength fromthe beginning of the clypeus tap view to the end of the abdem (BL); Tibia
Length of the righhind leg (TL) ScapeL ength, i.e. straight-line siance fronbase to apex
of the scape (SL)}HeadLength from the beginning of the clypeus in top view to the end of
the head cagule (HL) ard HeadWidth at the iterocula line (HW).

The effect of habitat tygp(sea&le s vineyard on the nean size was tésd using aranalysis

of variancewith populations ested within habitat type for each norphological trait. Tle
analysis was perfored using tle MIXED procedure for nested alysis of variance in SAS 7
for Windows (SAS Institute 1996) with habitgpe defined as a fixefhctor and population
as a randontactor. Morphological divergencebetween populations were estited by
MahalanobisD? distances using Proc Candisc in SASAS Institte 1996). Compared to
Euclidean or Pythagorean distances, Mamhabis distances have the advantage of
incorporating the effects o€orrelation between anphological variables (Capbell and
Atchley 1981). Degrees of getic divergences ammg populabns were estiged by kst
pairwisecoefficients. Levels of association be®nthe natrices of norphological distances
(D?), genetic distance@sr) and geographical distances (Kmere exarmed by Mantel's
tests (1967). Significance levelsenwe obtainedby conparing the digibution of observed
values to 10000 values obtained by randmenmugtion of row and colum elerents in the
independent @rices UsSingKLSTAT-PRO7.5.
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Variation of worker size among colonies

In May 2004, a new sampling was perfednto invedigate the relatinoship between nest
depth, colog size and worker siz&\e colleced colonies frontwo populations, one in each
type of habitat. Thirteen colonies weremgded in the population L4 in the inland while
eleven other colonies were spled in the population A2 on the seasidehefe two
populations were included in thpgevious study and were shown to differ in worker size for
the five norphological traits onsidered (Post hoc test, Blk 10°). Nest excavation was gas
because of its predictable stture (see introduction), but exttare was taken not toigs any
room or gallery that nght conain ants. The depth of the ness recoded whenwe attaned
the deepest charer, in which the queen wasysteratically found. In the laboratory, the
nunber of workers in each ¢ony was counted and a sgi@ of 30 randorty chosen workers
per colony was masured as described abogre = 720). Given that the five previous
morphological neasures were all highly corredat, only the one with the loweseasurerant
error (1.3 %) was taken, i.e the tibia lengtfleasurement error (ME) was assessed by
repeated reasurenents and was quantified as % ME following Bailey and Byrnes (1990) for
a set of 1QC. cursorindividuals encompassirtbe entire e range.

We first examine if workers fram the two popuhbtions differed in size using an analysis
of varian@ model, vith colonies nested ithin populations The analysis as performed
using the procedure MIXED o08AS, with population as a fixed factor and colonies
within population as a random factor. Véxamined whether the depth of nest and
colony siz differed betveen the tw populaions and explored the relationshiy@tween
colony siz and depth of nest by standa&zed major ais (SVIA) methods (type Il
regresson like; Skal and Rolf1995). SMA slope fitting tdmique is appropriate ken
the purpose ido0 estimate andompare theline-of-best fit relating two variables each
having a random variation. SMAsene fitted for each population individuallyThen
tests for homogeneity of slopes beewn p@ulations and calculation of a common slope
were conducted flowing Warton and Webef2002). When a common slope could be
fitted (test of homogeneityy > 0.05), ANCOVA-like comparisons ere conducted to test
for difference in elevation (intercept) ofopes (i.e significant diffenece on the Y-axis
between p@ulations) and separation ofédlpopulations along the common slope (i.e.
significant diffeence on the Xaxis betveen populations) usingsyMATR 1. software
(Falster et al 2003). The sam& 8 procedire was conducted to examine relationship

between mean as ell as variance in wrker size and colony sig in both populations.
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Results

Variation of worker size among populations

We conirmed that in C. cursot worker size is noraily distributed with uni-nodal
distribution and with the fiveneasures taken being highly cdated (correlation coefficient
ranging from 0.76 to 0.92, all significantRi10). Overall size aplitude and coefficient of
variation, ranging froml0.7 t016% for the scape length atide head width, respectively,
were very close to those reped by Cagniant (1983Mean (+SE) of th five norphological
traits for the 16 populations are givin Fig.1.The analgis of variarte on eactof the five
morphological traits measuredhowed that workers fromseaside populations were
significantly 15% (for BL) to 1% (for HW) smaller than wakers fromvineyard populations
(P <0.01 for the five measuresnts, Fig.1). Allthe vineyard populations except one had a
mean worker size larger thanetlseaside populations (Fig 1)itih a given habitat, workers
did not significantly vary in size ammg populations. The genetic distancés§ anong
populations ranged from 0.006 (T1-T2) to 0.309 (S1-T3), while the MahalabBdbinged
from 0.065 (T2-L4) to 4.96 (T2-B). The natrix of morphological distances was neither
significartly correlatedwith the genetic distancer (= 0.002; P = 0.27) nor with the
geographical distancesamces ¢ = 0.05;P = 0.11).

Variation of worker size among colonies

As predicted fromthe habitat type, the ean depth of nests was ggiificantly different
between the two populationsiann-Whitney tes#Z = 3.048,P = 0.002), with nests being on
average almost twiceeeper in te vineyard (rean +SE; nmy = 62.4 £22cm than in the
seaside population @@= 38.3 £9.3ch As expected from th difference in n& structure,
mean colony size was abst twice higher in the vineyd population (rean £SE; nmy =
1107.8 +485.8; range = 260-1714) than in the seaside population(m 577.7 +275.85;
range, = 208-968;Mann-Whitney testZ = 2.636,P = 0.008). Finally, agletected in the
previous part of this studypy sampling one worker per colony,ean worker size was
significantly higher in colonies from thengyard than from the seaside populatiém,f =
14.18; P = 0.0011). Colonies explained a non-ngigle part of the random variance
conmponent (16%P = 0.0024), indicating that, ithin a popuation, nean worker size varied

among colonies.
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In both populations, the depth of nest sigrfily increasedwith colonysize (see Fig. 2.&

4= 0.009; P a2= 0.049) and slopes did ndliffer between populationsP(= 0.404). In
agreenent with the diference in colony ze between the two populations, a significant
separation along the common slope, i.e. along<tage (colony size), was detected between
the two populationsH; 23= 13.03,P = 0.002). M significant diffeence of the intercept value
was detcted 123 = 0.274,P = 0.6), indicating that for a gen depth of nest, colony size
should be the saenin both populations. The geession of rean worker size on colony size
was significantly positive in bothopulations studied (seégr2. b;P 4= 0.0066;P A= 0.017)
with the two slopes being not signitantly different between population® € 0.081). A
significant separation along tlt®mmon slope, i.e. along the a&e (colony size), was also
detected between the two populatioRg,¢ = 14.39,P = 0.001) reflecting the difference of
colony size detected between the two populatitmerestingly, no significant difference of
the intercept value was detectbétween the two populationgibz = 0.23, P = 0.63),
signifying that for a given colony size, ean worker size should be the sanmn both
populations. In contrast, the variance in worké&re was not related to colony size in both
populations (see Fig 2.€, 4= 0.94;P a;= 0.19). In addition, slopesene not significantly
different between the two population® & 0.073). As observed above, a significant
separation along the common slope was detected between the two popufatiorsd(357,

P = 0.006), while no significant difference tife intercept value was detectéd 3= 2.367,

P = 0.138), indicating that, on average, varianakies are the sanin both populations.

110



Discussio n

C. cursor colonizes two ran types of habitatsseaside and vineyard, that differ by an
ecological factor, the depth ofdlwater table, Wich is known to clearly constrain the depth
of nest in this species (Gaiant 1976). The water table the vineyard populations was
shown to be deeper than in the seaside pojpuis (Cagniant 1976; our obs.)eWund that
the mean worker size @as up to 27% suiler (for head width) in the seaside populations than
in the vinewrd. Such reult was prdicted asuning a podive relationship between worker
size and colony size as well as beén colony gie and the depth of nesfThese two positive
relationships were verified in both vineyard and a seaside population @f cursor
Moreover, the standardizedauar axis (SMA) nethods (type Il regression) showed that the
regression paragaters (slope and intercept) veethe sara in both populations and that the
two populations were significly separated along this wonon regression line. This
indicated that the difference the depth of nests betweere ttwo populations was sufficient
to explain the difference in amhy size and that the differencedalony size was stitient to
explain the difference in man worker ize. The deepdsnests were twiceigher in the
vineyard population than in the seaside aodesponded approxitely to the appearance of
humd soils (Cagniant 1976; persbs.). Interestingly, thenaximal colony size ves about
twice higher in the vineyarthan in the seasadpopulation even though thammal colony
size was the sam(see Fig. 2). It is #refore terpting to conclude that differences of a plm
proximate ecological factor lead to a drastariation in colony sizeand nean woker size
between populations, twmgjor parangters tightly linkeal to colony productivity.

It could be argued that otherfigirences, of genetic and/or ermimental origins, could also
shape the pattern observed between populatiorst, fiven that theesaside populations were
sanpled in a smaller geographical area, genetsimilarity or geographical proxiity of
seaside populations ight lead to mrphological simlarity. However, no significant
correlation between morphologicand genetic or geographicdistances was detected.
Second, differences in ating/ breeding systenmay be linked with worker size variation
(Oster and Wson 1978; Frurhoff and Ward 1992; Fjerdingstad an@rozier 2006). For
instance, the nuber of queerper colony has been shown to affect the body size of workers in
Leptothorax acervorunfHeinze et al 1995)%o0lenopsis invictédGoodisnan and Ross 1996)
andFormica selys{Schwander et al 2005{owever, the two populations studied exhibit the
sane colony organization with a single quepar colony and a high level of polyandry (on

average 11.1 +3.6 des in the vineyard populath and 10.8 +2 in the aside (Clémencett e
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al, subnitted). Finally, we cannotule out that other ecologal factas could ale differ
between the populations studied even though dnstcaint due to the ater table appears to
be the nost likely. The variation in the depth okst explained a rearkably high part (60%)
of the variation of clony size, a paraster generally spposed to be affected by various
ecological and social facto(Bourke 1999). Experiental manipulations are however needed

to clearly conclude on the causal liokthe relationships observed here.

As generally observed in ants (see Brian 13ihes 1974; Wod & Tschinkel 1981; Porter
and Tschinkel 1985; Gibson 1989; Tschink8B8; 1993; 1998; \Aterer 1994; lgspari and
Byrne 1995), worker size was found to be posiivassociated with colony size. This pattern
is often due to theazurrence of nanitic workers in themall recently dunded colonies in
species with independent oaly foundation (Wson 1971). It isalso commonly observed in
ants with clearlypolymorphic worler castesin such case, the largeworker cage is orty
produced oce the coloy reaches a sufficient siznd tle increas in mean worker size with
colony size is associated wistm increase of the viance in worker sie (Brian 1957; Gibson
1989). InC. cursotr none of these explanations holdicg the species founds the colony
dependently and has no distinct worker ca€agniant 1983). The immal colony size
observed in our populations agll as in populations stiel by Lenoir et al (1988) was
around 200. This gives an idea of thenmmal propagules size during a fission event, and
agrees with the observations of Lenoir e{1888) estimting around 250 workers the size of
a propagule. Basically, a colomy 200 workers can not be aseggetically constrained as a
gueen founding alone its colony. Two hypothesas explain our correlation between colony
size and worker size. First,samall colony mght not afford tle production of large workers
because these workers could specialize toiquaar tasks and that physical specializatio
could be costly for small cohies by decreasing flexibility in response to envirental
variability (Wheeler 1991). Tik explanation based on thevidion of labour, would imply
that large wrkers are poduced to increasthe variarce in worker e and thusncrease th
efficiency of colonies. fie absence of correlatidoetween variance inarker size and colony
size goes against thisypothesis. Second, the level of resmes a colony can obtain could
linearly increase with its size in the colony siaage observed in our study. This wouldam
that colonies never reached thant at which the curve of the seurce gained as a function
of colony size becoes asynptotic. Note that sgciesthat have a po#slity to fisson when
this critical point is attainedheuld be favoured to do it (Tsuji 1995).
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From an evolutioary perspective, if there isa trade-off between the nier and size of
workers, the increase of worksize with colony size suggestatlinvesting in larger worker
size is advatageous o@r invesing in a highernumber of workers. In thermphilic ants,
worker size is a @or paraneter affecting theithermal tolerance (Cerda and Retana 1997). A
higher resistance to temperature ofgkr workers has also been found @ cursor
(Clémencet et al, irprep. A larger worker &ze could tlerefore allow cdoniesto expand their
daily adivity period and avoid inter-sp#ic conpetition by foraging nainly during the
hottest hours of the day. At theolony level, selection shouldhen favour an increase in
worker body size since it would enhance théwrg's survival or r@roduction (Crozier and
Consul 1976). However, at the individual leviélthe reproductive potential of workers is
linked to their size, as observed in differemtecies (Tsuji 1995; Heinze et al 1999; Heinze
and Oberstadt 1999; Dietamn et al 2002Hartmann and Heinze 2003; Gobin and Ito 2003;
Ravary and Jaisson 2004), mdiual-level selection shouldavour the evolution of an
optimal size for worker reproduction. This apium might diverge fromthe one favoured at
the colonylevel. Such onflicting sdective pesaires potentially occur irC. cursor In this
species, although being uatad, workers havebeen shown to produce bothales and
females (gynes and workers) by arrenothokond #helytokous parthegenesis, respectively,
in the absence of the queen (Cagniant 198®)reover, workers of interediate size
(between 6.3 and 7.4 mrappeato produce rare eggs than sai or large workers (Cagniant
1983). The optiral size for the worker nght trerefore be differenthan the one for the
colony. The evolution of workesize in this species probab#ysults frommany, and probably

conflicting selective pressures alsdar frombeing elucidated.
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Figure legends

Figure 1. Worker size variation aong populations

Morphological neasurerants [nean £+ SE mm)]: scape (a), bia (b), body (c) and head
length (d) as well as head dtih (e) are yen for eachof the 16 populations stigtl. The
nunber of workers neasured ireach population is given on theptof each bar in (a). Seaside
populations are represented with white bard ameyard populations with black bar. The
results of tle analgis of variance testinglifferences in worker size between habitat types
(populations being nested withiralditat typg are given for each rorphological traits. Tk
percentage of the randowariance explained by population ranigieom 1 to 7.6% and never

significant.

Figure 2.

Regression of depth of the neaj, (meanworker size ) ard varian@ of worker si2 (c) on
colony size. White circles are colonies ghed in the population A2 othe seaside and black
circles are colonies sampl@dthe population & in thevineyard. Significance (* foP <0.05;
* P <0.01 and ***P <0.001) and ? values are given for eachgmssions, equations for the

common regression lines are also given.
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ARTICLE 6

Size related fecundit y of partheno genetic workers in an orphaned

colon y of the poly androus ant Cataglyphis cursor

Clémencet J, Rome Q, Fédérici P, Doums C

En préparation
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Lien entre fécondité et taille d es ouvrieres chez la fourmi

parthénogénétique Cataglyphis cursor

Chez les hymnopteres sociaux, ldivision du travd reproducteur essouvent étroiternt
liée a la diférencede taille ente les individus. Au sein des colonies de la fourCataglyphis
cursor, la reproduction est anopolisée par la reine accdép a pusieus méles. En I'absence
de celle-ci, les ouvrieres sont capables delpire des gynes (reinegmn fécondées) et des
ouvrieres par parthénogenése thélytoqunsi que des @es par parthénogenese
arrhénotoque. Nous avons testbez cette fourinfacultativenent parthénogénétique, si la
taille des ouvriéres (de 3 a 11 mimfluence leur potentiel reproducteur.

Nous avons suivi les cqortenents de pontegt d’agressions des ouvriéres au sein d’'une
colonie orpheline (n=357, 212h pendant 8ish Les ouvrieres ont ensuitté nesurées et
génotypées a l'aide de sixamueurs nicrosatellites ain de contrder si leu taille et leu
fécondité diferent selorteur lignée paternelle.

Nous nontrons que les ouvriéres de grandddaslrviver mieux, ont une milleure fécondité
et donc pobablenent un neilleur succes reprducteur.Les ouvrieres issues dafifférentes
lignées paternelles ne présenteas de différences significatives netiere de fécondité et de
taille. Nous découvrongour la prerere fois chez cette espéce, I'sstence de nombreuses
interactions agressives. Les oigves reproductrices sont sigigeitiverrent plus agressées que
les autres, ce qui suggére une recassaice des individus reproducteurs cBezusor. En
revanche, nous amtrons que les agressions matspas préférentielleent dirigées contre les
ouvriéres des autres lignées paternelles.

Notre étude révele qu’'une graniddle peut étre égaleemt avantgeuse au niveau individuel.

123



Size related fecundity of parthenogenetic workers in an orphaned colony of the polyandrous

ant Cataglyphis cursor

Clémencet Johanna, Rome Quentin, Fédérici Pierre, Doums Claudie

Laboratoire Fonctionnement et Evolution des Systémes Ecologiques, UMR CNRS 7625
Université Pierre et Marie Curie, Bat A, 7éme étage, CC 237, 7 quai Saint-Bernard
F-75252 Paris Cedex 05, FRANCE

Corresponding author: Johanna Clémencet
Tel: 0033-144 27 38 23; Fax: 0033-144 27 35 16

Email: johanna.clemencet@snv.jussieu.fr

Running title: Size related fecundity in the ant C. cursor

Keywords: worker size, fecundity, parthenogenesis, ant, Cataglyphis cursor

124



Abstract

In social hymenoptera, the reproductive division of labor is often linked to differences in
individual body size with the reproductive caste (the queen) being larger than the workers.
Even if less marked, the reproductive potential can also vary with size within the worker caste
and could affect the evolution of worker size in social insects. In this paper, such relationship
was tested in the facultative parthenogenetic ant Cataglyphis cursor. This species has an
extraordinary social system for which worker reproductive potential could be of major
importance. Colonies are headed by a multiply mated queen but workers can produce gynes
(virgin queens) and workers by thelytokous parthenogenesis after the queen death. To
determine whether reproductive potential of workers was related to their size, the behaviour
of workers (n=357) was observed until the production of gynes (212h over 3 months) in an
orphaned colony. The size of workers was measured and their paternal lineage determined
using six microsatellite markers, to control for an effect of patriline. Larger workers had a
higher probability to reproduce and to lay more eggs indicating that individual level selection
could take place. However, the paternal lineage had no effect on the reproductive potential
and worker size. From the behavioural and genetic data, we also provided, for the first time in
this species, evidence of aggressive interactions among workers as well as a first indication
that nepotism could occur in orphaned colonies since the five gynes produced belonged to a

single paternal lineage.
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Introduction

In many species, individual body size is a key parameter affecting reproductive success
(Stearns 1992). In social hymenoptera, the reproductive division of labour often leads to high
specialisation of the queen caste which harbours a larger body size than the workers
(Holldobler and Wilson 1990; Michener 2000). In a large number of social insects, the worker
caste retains functional ovaries and can produce unfertilised haploid eggs by arrhenotokous
parthenogenesis, these eggs turning into viable normal males (Bourke 1988). So, as observed
for the queen caste (Wiernasz and Cole 2003), even within the worker caste a larger size may
confer reproductive advantages (Frumhoff and Ward 1992). Several studies have reported that
large workers exhibited bigger ovarian structure (with more ovariols) and/or have a higher
fecundity (reproductive potential) than small workers (Dietemann et al. 2002; Heinze et al.
1999; Gobin and Ito 2003). Similarly, in two obligatory parthenogenetic ant species with no
queen caste, the reproductive potential of workers was linked to their size (Cerapachys biroi:
Ravary and Jaisson 2004; Pristomyrmex pungens: Tsuji 1995). Such a relationship may have
major implications in the evolution of worker size in ants, that has mainly be considered from
a social perspective in relation to division of labour (Oster and Wilson 1978; Holldobler and
Wilson 1990). Indeed, individual-level selection should favour the evolution of an optimal
size for worker reproduction which might diverge from the optimal size which could be
favoured at the colony-level, especially with respect to division of labour (Frumhoff and

Ward 1992).

The ant Cataglyphis cursor is an interesting species to test whether the reproductive potential
of workers is related to their size. Indeed, in addition to present a large continuous workers
size variation (range: 3.5-11mm, Cagniant 1983; pers. obs.), this ant exhibits an extraordinary
reproductive system. Colonies are usually headed by a multiply mated queen which
monopolizes the reproduction (Pearcy et al. 2004a). Queens usually use thelytokous
parthenogenesis to produce gynes (virgin queens) but use sexual reproduction to produce the
workers leading to highly genetically diverse colonies (Pearcy et al. 2004a, Clémencet and
Doums submitted). In addition, although being unmated, workers have retained functional
ovaries and can also produce both haploid males by arrhenotokous parthenogenesis and
diploid females (queens and workers) by thelytokous parthenogenesis in the absence of the
queen (Cagniant 1983). In orphaned colonies reared in the laboratory, workers rapidly lay

diploid eggs, which first develop into gynes to replace the queen. Several gynes are produced

125



(4-8) but only one survives and heads the colony (Cagniant 1983). Monogyny is therefore
rapidly restored and worker reproduction in C. cursor is probably just a temporary situation.
Producing the new queen confers a strong selective advantage to the worker since its
genotype will be transmitted to all the future gynes produced by this new queen. Hence, a
phenotypic trait, such as a large size, which increases the probability to produce the gynes,
should be favoured by individual level selection. As colonies of C. cursor are highly
polyandrous (Pearcy et al. 2004a; Clémencet and Doums, submitted), conflicts could occur
among patrilines over the access to gyne production as well as over the selection of the gyne

that will inherit the nest.

Previous studies suggested that, in orphaned colonies of C. cursor, all workers can reproduce
and lay more eggs than a colony can rear (Cagniant 1983). No aggression had been
documented and no regulation of reproduction had been reported. However, Cagniant (1983)
noted that the size of workers may affect their reproductive success in several ways. The
number of ovarioles is correlated with worker size, and larger workers activate faster their
ovary and are therefore the first to produce eggs. This is important because the first eggs laid

are the ones which are the most likely to become gynes.

The primary goal of our study was to determine whether the body size of workers affected
their reproductive success. We also observed behavioural interactions among workers to
determine whether regulation of reproduction through attacks directed towards reproducing
workers occurred in orphaned colonies of C. cursor. As a first step, all the workers (n=357) of
an orphaned colony were observed during more than 200h over 3 months. We explored the
possible associations between body size and some components of the reproductive success by
testing whether larger workers 1) had a lower mortality rate, ii) were more likely to reproduce
or iii) engaged in aggressive interactions towards reproductive workers to potentially ensure
their own reproduction. To control for an effect of genotype on fecundity components in this

polyandrous ant, all the workers were genotyped using six microsatellite markers.
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Methods

Samples and laboratory conditions

In July 2003, a colony of Cataglyphis cursor was completely excavated from Canet-Plage
beach (Languedoc-Roussillon, France). In the laboratory, the colony was reared in a plaster
nest consisting of 4 chambers (approximately 35 cm” each) covered by a glass sheet allowing
observations, and connected to a foraging arena (19 x 19 cm) where mealworm, Tenebrio
molitor, and sugar water were provided ad libitum. At the end of September the queen was
removed and kept at —20°C for subsequent genetic analysis. Afterward, the colony was
artificially placed into hibernation by decreasing progressively the temperature to 10°C and
kept in obscurity. In Mars 2004, we progressively stopped the hibernation period by
increasing the temperature by 2°C every 3 days. The colony was then maintained at 22°C with
a 12:12 light/dark cycle. The surviving workers (n=357) were all individually marked on the

thorax and on the abdomen with a colour code using Unipaint marker px-20.

Behavioural observations

Behavioural observations were carried out from the exit of the hibernation phase on the 10™
of March (day 1) to the end of the gynes’ phase elimination, i.e. when only one queen
remained alive in the colony (1% of June: day 84). Out of these 84 days, observations were
performed on 53 days. Workers involved in aggressive interactions and ovipositions were
identified during eight daily sessions of 30 minutes, which gives a total observation time of
212h. Observations were conducted between 10am and 4pm, which is the period of maximum
activity of C. cursor colonies (Cerda et al. 1989). Aggressions directed towards workers or
gynes lasted from 10 seconds to a few minutes and consisted of violent biting of legs or
antennae often followed by immobilization and/or displacement of the victim. Each morning,
dead workers and/or gynes were removed from the nest and kept at —20°C. On the 8™ of June,
all the labelled workers and the last remaining gyne were collected and stored at —20°C for

subsequent measurements and genetic analysis.

Size measurements

Previous biometric studies on C. cursor indicated that all classical measures of worker size

are highly correlated (Cagniant 1983) and the highest precision of measurement was obtained
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for the tibia length (Clémencet et Doums, submitted). Tibia length was therefore chosen as the
size index in our study. Right hind leg of each workers (n=357) and the five gynes produced
were digitally photographed using a Leica XC-ST70 video camera module at 50x
magnification and Matrox Inspector software was used to record the set of tibia’s

measurements.

Genetic analyses

Six DNA microsatellites developed for C. cursor (Pearcy et al. 2004b) were used to determine
queen, gynes genotypes as well as the paternity of workers. For each individual, DNA was
extracted using a QIAgen DNAeasy kit (Valencia, CA) and resuspended in 50ul of elution
buffer. The polymerase chain reactions (PCR) were carried out as described in Clémencet and
Doums (submitted). The amplified fluorescent fragments were visualized using an automated
ABI Prism 310 Sequencer (Applied Biosystems) and allele sizes were estimated using
GENESCAN software. All workers had an allele in common with the queen, confirming
monogyny. At each locus, the paternal allele for each worker was deduced by elimination of
the known maternal allele. Workers’ patriline was then determined using each worker’s
composite genotype from all six loci. The probability of non-detection of a patriline
(Boomsma and Ratnieks 1996) estimated from allelic frequencies obtained in the same site in
a previous population genetic study (Clémencet et al. 2005) was very low (0.0033) indicating
that the error of non-detection of a second father occurs only 0.3% of the time and could here

be neglected.

Statistical analyses

To test for an effect of patrilines and size on workers life history components, we performed
an analysis of deviance using the Proc Genmod function in the SAS/STAT v.8 ® software for
windows'. For binary dependant variables, that is survival (whether or not a worker survived
until the end of the experiment) and egg-laying (whether or not a worker was seen laying at
least one egg), we assumed a logit link function and a binomial probability distribution
(logistic regression). For the number of eggs laid, we assumed a log link function and a

Poisson probability distribution (log linear model). Only workers that reproduced were

' SAS and all other SAS Institute Inc. product or service names are registered trademarks or trademarks of SAS
Institute Inc. in the USA and other countries. ® indicates USA registration
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included in this log linear model. For analysing egg-laying and the number of eggs laid, only
the workers that survived until the end of the experiment were used. Only the patrilines that
included at least 10 workers were considered in the statistical models. The number of workers
and patrilines therefore varied according to the model considered. The models were never
overdispersed and the statistical significance of each effect was therefore classically tested by
comparing the change in deviance associated to the removal of this effect against a Chi-square
distribution (McCullagh and Nelder 1989). The adequacy of each model was checked by

visually inspecting the residuals.
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Results

Tibia length was normally distributed and ranged from 1.32 to 2.82 mm (mean +SE=2.22
+0.01) with a coefficient of variation of 10.4 %. Nine patrilines were detected within the
colony but were not equitably represented (5 test=111.5, df=8, p <10™"). Forty three percent
of the workers belonged to a single patriline (A). The first egg was produced 6 days after the
total exit of hibernation (on day 1) and five gynes emerged from day 49 to day 55 (see Fig
l.a). A total of 358 ovipositions, involving 145 workers (i.e. 40.7 % of the workers), were
observed during the 212 hours of observation. After an increase of the number of ovipositions
during the first 10 days, the rate of ovipositions stayed fairly constant during all the
experiment with an average of 6.75+3.15 (+SE) ovipositions observed daily (Fig 1.a). A
single worker has never been observed laying more than one egg per day, and there was no
monopoly of the egg production by one or two workers. A total of 465 aggressive acts were
performed by 74 workers (20.7 % of the workers) towards 164 workers (45.9 %). Aggressive
interactions started from day 1, increased rapidly, attained a pick on day 16 (after the
emergence of larvae), then progressively decreased and almost stopped after the five gynes
emerged (see Fig 1.b). As expected, aggressions were preferentially performed by egg-laying
workers (y°=26.72, p<0.0001), and preferentially directed at egg-laying workers (y’=53.7,
p<0.0001), strongly supporting their involvement in competition over reproduction. The
observed frequency of aggressions involving half-sister workers was not significantly
different from the one expected based on the proportion of egg laying workers in each
patriline (°=0.737, p=0.39). Similarly, the observed frequency of aggressions involving half-
sister workers was not significantly different from the one expected based on the proportion
of workers being aggressed in each patriline (y’=1.64, p=0.2). This suggests that workers did
not preferentially attack workers from different patrilines as would be expected if nepotism
occurred.

Both patrilines and worker size had a significant effect on the probability that a worker
survived until the end of the experiment (Table 1). The probability of survival predicted by
the model increased with worker size, and this effect was similar for each patriline since no
significant interaction between patriline and worker size was detected (Table 1, Fig 2).
Considering only the surviving workers, patrilines and worker size had no significant effect
on the probability of being an egg-layer and no interaction was detected (Table 1). However,
when considering the full data set by including the genetically undetermined individuals, the

egg-laying workers were found to be significantly larger (mean=2.31+0.019, n=115) than the
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non egg-laying workers (2.23+0.022, n=104; F, 217=7.22, p=0.008). Considering only the
egg-laying workers, the number of eggs laid by workers significantly increased with worker
size (Fig 3, Table 1) and no effect of patrilines or interaction between patrilines and worker

size was found. Note that the mean worker size did not significantly varied among patrilines

(ANOVA, Fs »77=1.37, p=0.21).

The five gynes produced had genotypes compatible with the patriline A only and at least 3
different egg-laying workers are needed to explain the five genotypes observed. To estimate
the probability of observing five gynes of patriline 1 by random, we used the proportion of
eggs laid by patriline 1 (p;) during the first 10 days of the experiment (15 over 36 eggs,
p1=0.41). Only eggs laid at the beginning of the experiment could indeed produce the gynes
given the development time from eggs to adult in this species (about 40 days). Note that the
proportion of eggs laid by patriline 1 during all the experiment was similar (136 over 358
eggs, 38%). From the binomial distribution and p;, the probability of getting five gynes from
patriline 1 appears to be very low (0.012). The numerical superiority of eggs laid by patriline
1 can therefore not explain by itself that all the gynes belong to patriline 1. The aggressions
performed by workers towards the gynes (n=117) started when all the gynes had emerged
from cocoons and progressively decreased until a single gyne remained (Fig 1.b). Except
gyne G3 who died rapidly, all gynes received attacks (see Table 2) and had the same
proportion of homozygote loci. The selection of the gyne remains unclear. The surviving gyne

was neither the largest nor the less attacked (Table 2).
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Discussio n

The behavioural and genetic studies of an orphaned colony of the ant Cataglyphis cursor
showed that the probability that workers survive as well as the number of eggs they laid
increased with worker size. Two non exclusive hypotheses could explain the higher survival
of large workers. First, they may simply have greater fat reserves and a superior physical
condition. Second, larger workers could survive better just because they are younger. This
could not be tested as the age of workers was unknown. When considering only workers that
survived all the experiment, larger workers were more likely to lay eggs than smaller workers
and to lay a larger number of eggs. This is consistent with the fact that, in C. cursor, the
number of ovarioles correlates positively with worker size (from 2 to 8 ovarioles; Cagniant
1983). Our results provide an additional evidence that worker size plays a significant role in
the differential reproductive success of workers in orphaned colonies (Dietemann et al. 1992;
Gobin and Ito 2003; Heinze et al. 1999). The higher survival rate and reproductive potential
of large workers could give them a selective advantage at the individual level. Given that
larger workers have also been shown to resist better to high temperature (Clémencet et al., in
prep.) and to hibernation (Cagniant 1983), large workers could then also be favoured at the
colony level. Resistance to temperature is known to be a crucial parameter in thermophilic
ants of the Cataglyphis genera (Cerda and Retana 1997; Cerda 2001). Selection at both the

individual and the colony level could therefore leads to an increase of worker size.

We reported, for the first time in this species, the occurrence of numerous aggressive
behaviours among workers. Aggressions were preferentially performed by egg-laying
workers. They were also preferentially directed towards egg-laying workers, irrespectively of
worker patrilines. This suggests that workers of C. cursor can distinguish between
reproductive and non-reproductive individuals, as in many other ant species (e.g. Peeters
1987; Hartmann et al. 2005). Even though many aggressive interactions have been observed,
there was no hierarchy with a single egg-laying worker as observed in the parthenogenetic ant
Platythyrea punctata (Heinze and Holldobler 1995). In orphaned colonies of the ant C.
cursor, many workers reproduce (at least 40%) but only few (here at least 3) produce the
gynes. On the contrary to P. punctata, worker reproduction in C. cursor is probably just a
transitory situation and its frequency in the field is far from clear. Pearcy et al. (1996) argued
that about 60 % of queens should be produced by workers in the natural population they

studied. This value was obtained using a model linking the observed homozygosity of queens
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to the proportion of queens produced by workers assuming no sexual production of gynes by
the queens and automitic parthenogenesis with central fusion. This mode of parthenogenesis
was clearly demonstrated (Pearcy et al. 1996). However, the absence of sexual production of
gynes by the queens is far from clear. First, in another population, one queen out of four was
shown to produce all gynes sexually (n=7) (Clemencet et al. submitted). Second, in the
laboratory, workers have never been showed had activated ovaries in the presence of the
queen (Cagniant 1983) and queenless colonies have never been observed in the field over
about 300 colonies collected so far (Cagniant 1976; Lenoir et al. 1988; Pearcy et al. 2004a;
Clemencet J. umpublished data). Finally, even if the queen dies, workers are able to change
the caste fate of the young larvae (Cagniant 1981). The new gynes originating from these
larvae, intended to become workers, are therefore likely to be produced sexually. More

studies are therefore required to clarify the role of worker reproduction in the field.

If worker reproduction is frequent enough for selection to act, nepotistic behaviours could be
selected for increasing the probability for a worker to pass on its genes by helping other
workers from the same patrilines to produce the gynes. Our data showed the absence of
nepotistic aggressive behaviours. Workers preferentially attacked egg-laying workers, but
they did not discriminate between those belonging to the same patrilines versus others.
Nevertheless, the probability that the five gynes produced originated from patriline 1,
estimated from the rate of egg-laying of each patriline, was very low (1.2 %). This suggests
that more subtle nepotistic behaviours could occur in C. cursor. For instance, workers could
rear preferentially eggs belonging to their own patriline and feed more the larvae. The main
patriline would then be advantaged since such discrimination could result in a greater success
of its eggs and higher probability of becoming gynes. If nepotism is expected from kin
selection theory (Hamilton 1987), intra-colony nepotism has been demonstrated only once in
the polygynous ant Formica fusca in which workers favour their own close kin when rearing
eggs and larvae (Hannonen and Sundstrém 2003 but see Holzer et al. 2006), while other
empirical studies failed to demonstrate the occurrence of nepotistic behaviour in ants (Carlin
et al. 1993; DeHeer and Ross 1997). Our result obtained from a single colony merits to be

verified in other colonies of C. cursor.

Whatever the underlying mechanism allowing the most-represented patriline to produce all
the gynes, this suggests that the male that fathers the largest proportion of workers should be

favoured by natural selection. Indeed, if queens produce gynes mainly by parthenogenesis,
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worker reproduction is the main opportunity for the males to pass on their genes to the next
generations. By mating first, by transferring the largest amount of sperm or by having the
most competitive sperm, a male could increase its rate of genes transmission (Boomsma et al.
2005). The high paternal reproductive skew observed in our colony is a first indication that
sperm competition could occur. Given that only few of the gynes produced will inherit a
colony and finally reproduce, males could face the dilemma to transfer all their sperm to a
single gyne or to share their stocks between several gynes. In the field, males of C. cursor
have been observed mating successively with several gynes (Lenoir 1986). Additional works
are therefore required to obtain a clearer understanding of the reproductive strategies of males
in C. cursor. Such research have up to now received little or no consideration in ants (see
Crozier 1985; Wiernasz 1995; Wiernasz et al. 2001; Fjerdingstad and Boomsma 1997;
Schrempf et al. 2005; Boomsma et al. 2005). Our preliminary results, even if based on a
single colony, suggest that nepotism and male mating strategies might be two important
components to consider for understanding the evolution of female reproductive strategies in

C. cursor.

134



Acknow ledgements

We thank L. Cournault and B. Viginier for their valuable help during the field work, H.
Magalon, T. Monnin, and C. Tirard for their helpful comments on the manuscript. This work
was supported by a French research grant “Action concertée incitative jeunes chercheurs
2001 ACI N°5183. The experiments performed in this study comply with the current laws of

France.

135



Reference s

Boomsma JJ, Baer B, Heinze J (2005) The evolution of male traits in social insects. Annu
Rev Entomol 50:395-420

Boomsma JJ, Ratniecks FLW (1996) Paternity in eusocial Hymenoptera. Philos Trans R Soc
London, Ser B 351:947-975

Bourke AFG (1988) Worker reproduction in the higher eusocial Hymenoptera. Quart Rev
Biol 63:291-311

Cagniant H (1976) Distribution, écologie et nid de la fourmi Cataglyphis cursor Fonscolombe
Hyménopteres Formicidae. Vie Milieu 26:265-276

Cagniant H (1981) Etude des stades larvaires, de la lignée des ailes et de la lignée des
ouvriéres, dans des colonies avec reine et des colonies sans reine chez la fourmi
Cataglyphis cursor Fonsc. (H.F.). Bulletin de la Société d’Histoire Naturelle
116:192-206

Cagniant H (1983) La parthénogénéese thélytoque et arrhénotoque des ouvrieres de la fourmi
Cataglyphis cursor Fonscolombe (Hyménoptéres Formicidae) étude biométrique
des ouvriéres et de leurs potentialités reproductrices. Insectes Soc 30:241-254

Carlin NF, Reeve HK, Cover SP (1993) Kin discrimination and division of labour among
matrilines in the polygynous carpenter ant, Camponotus planatus. In: Keller L (ed)
Queen number and sociality in insects. Oxford University Press, Oxford

Cerda X (2001) Behavioural and physiological traits to thermal stress tolerance in two spanish
desert ants. Etologia 9:15-27

Cerdd X, Retana J (1997) Links between worker polymorphism and thermal biology in a
thermophilic ant species. Oikos 78:467-474

Cerda X, Retana J, Bosch J, Alsina A (1989) Daily foraginig activity and food collection of
the thermophilic ant Cataglyphis cursor (Hymenoptera, Formicidae). Vie Milieu
39:207-212

Clémencet J, Viginier B, Doums C (2005) Hierarchical analysis of population genetic
structure in the monogynous ant Cataglyphis cursor using microsatellite and
mitochondrial DNA markers. Mol Ecol 14:3735-3744

Crozier RH (1985) On being the right size- Male contributions in multiple mating in social

Hymenoptera. Behav Ecol Sociobiol 18:105-115

136



DeHeer CJ, Ross KG (1997) Lack of detectable nepotism in multiple-queen colonies of the
fire ant Solenopsis invicta (Hymenoptera: Formicidae). Behav Ecol Sociobiol
40:27-33
Dietemann V, Hoélldobler B, Peeters C (2002) Caste specialization and differentiation in
reproductive potential in the phylogenetically primitive ant Myrmecia gulosa.
Insectes Soc 49:289-298
Fjerdingstad EJ, Boomsma JJ (1997) Variation in size and sperm content of sexuals in the
leafcutter ant Atta colombica. Insectes Soc 44:209-218
Frumhoff PC, Ward PS (1992) Individual-level selection, colony-level selection and the
association between polygyny and worker monomorphism in ants. Am Nat
139:559-590
Gobin B, Ito F (2003) Suma wrestling in ants: major workers fight over male production in
Acanthomyrmex ferox. Naturwissenschaften 90:318-321
Hamilton WD (1987) Discriminating nepotism: expectable, common, overlooked. In: Fletcher
DJC and Michener CD (eds) Kin recognition in animals. Wiley, New York, NY,
pp 417-437
Hannonen M, Sundstrom L (2003) Sociobiology- Worker nepotism among polygynous ants.
Nature 421:910-910
Hartmann A, D’Ettorre P, Jones GR, Heinze J (2005) Fertility signalling —the proximate
mechanism of worker policing in a clonal ant. Naturwissenschaften 92:282-286
Heinze J, Foitzik S, Oberstadt B, Ruppell O, Holldobler B (1999) A female caste specialized
for the production of unfertilized eggs in the ant Crematogaster smithi.
Naturwissenschaften 86:93-95
Heinze J, Holldobler B (1995) Thelytokous parthenogenesis and dominance hierarchies in the
ponerine ant, Platythyrea punctata. Naturwissenschaften 82:40-41
Heinze J, Oberstadt B (1999) Worker age, size and social status in queenless colonies of the
ant Leptothorax gredleri. Animal Behav 58:751-759
Holldobler B, Wilson EO (1990) The ants. Springer, Berlin Heidelberg New York
Holzer B, Kiimmerli R, Keller L, Chapuisat M (2006) Sham nepotism as a result of intrinsic
differences in brood viability in ants. Proc R Soc Lond. B 273:2049-2052
Lenoir A (1986) Eco-Ethologie des populations de la fourmi Cataglyphis cursor. Coll. Nat.
CNRS « Biologie des Populations ». Publication Université Lyon I, 645-452.
Lenoir A, Querard L, Pondicq N, Berton F (1988) Reproduction and dispersal in the ant
Cataglyphis cursor (Hymenoptera, Formicidae). Psyche 95:21-44

137



McCullagh P, Nelder JA (1989) Generalized linear models. Chapman & Hall/CRC, New
York

Michener CD (2000) The bees of the world. Johns Hopkins University, Baltimore, MD

Oster GF, Wilson EO (1978) Caste and ecology in the social insects. Princeton University
Press, Princeton, NJ

Pearcy M, Aron S, Doums C, Keller L (2004a) Conditional use of sex and parthenogenesis for
worker and queen production in ants. Science 306:1780-1783

Pearcy M, Clémencet J, Chameron S, Aron S, Doums C (2004b) Characterization of nuclear
DNA microsatellite markers in the ant Cataglyphis cursor. Mol Ecol Notes 4:642-644

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

Peeters C (1987) The reproductive division of labour in the queenless ponerine ant
Rhytodoponera sp.12. Insectes Soc 34:75-86

Ravary F, Jaisson P (2004) Absence of individual sterility in thelytokous colonies of the ant
Cerapachys biroi Forel (Formicidae, Cerapachyinae). Insectes Soc 51:67-73

Schrempf A, Heinze J, Cremer S (2005) Sexual cooperation : Mating increases longevity in
ant queens. Current Biology 15:267-270

Stearns SC (1992) The Evolution of Life Histories. Oxford University Press, New-York

Tsuji (1995) Reproductive conflicts and levels of selection in the ant Pristomyrmex pungens:
contextual analysis and partitioning of covariance. Am Nat 146:586-607

Wiernasz DC (1995) Size and mating success in males of the western harvester ant,
Pogonomyrmex occidentalis (Hymenoptera, Formicidae). J Insect Behav 8:523-532

Wiernasz DC, Cole BJ (2003) Queen size mediates queen survival and colony fitness in
harvester ants. Evolution 57:2179-2183

Wiernasz DC, Sater AK, Abell AJ, Cole BJ (1995) Male size, sperm transfer, and colony
fitness in the western harvester ant, Pogonomyrmex occidentalis. Evolution 55:324-

329

138



Figure Legend

Figure 1 Evolution of the number of ovipositions (a) and number of attacks (b) directed
towards workers (®) and gynes (©) observed daily (total observation time: 212h). The date of
apparition of the first larvae (1* L), cocoon (1* C) and worker (1* W) are indicated as well as

the dates of emergence and death () of each of the five queens (Q) produced.

Figure 2 Survival probability predicted by the logistic model including the effect of worker
size (abscise) and the effect of patrilines (different symbols). The survival rate of each
patriline is given between parentheses in the legend. The curve of the different patrilines are
similar in shape since the model did not include the interaction term which was not significant

(see Table 1).

Figure 3 Number of eggs laid by workers in relation to their size (mean tibia length in mm)
for the different patrilines (symbols). The mean number of eggs laid (£SE) per patriline is
given between parenthesis in the legend. The curve corresponds to the probability of the
number of eggs laid predicted by the log-linear model. Given that the patrilines had no effect

on the number of eggs laid, the predicted curve is the same for all patrilines (see Table 1).
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Fig. 2
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Fig. 3
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Table 1 Analysis of deviance to test for the effect of worker size and patriline on survival
(whether or not a worker survived the experiment), egg-laying (whether or not a surviving
worker has laid at least one egg) and on the number of eggs (total number of eggs laid by egg-
laying workers during all the experiments). For each dependant variable, the change in
deviance observed by removing the effect of interest from the model is given with the
associated change in the degree of freedom (df) and the corresponding p value of the y” test
(see M&M for more details on the statistical analysis). The df and deviance of the full model,
corresponding to the unexplained variation, is also given. For the three dependant variables,
the interaction terms between size and patriline were not significant and removed from the
model (survival : y° =9.11, df=6, p=0.17; egg-laying : y* =0.64, df=4, p=0.95; number of eggs
laid : 4% =1.39, df=4, p=0.71).

df Changed in p value

deviance (x°)

Survival Size 1 40.67 <0.001
Patriline 6 25.70 <0.001
Full model 264 291.29 (deviance)

Egg- Laying Size 1 2.71 0.10
Patriline 4 4.92 0.30
Full model 160 221.06 (deviance)

Number of eggs laid  Size 1 6.52 0.01
Patriline 3 3.17 0.37
Full model 80 97.28 (deviance)
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Table 2 Number of aggressions received and size measurements for the five gynes, all being
produced by workers from patriline 1. The number of aggression received (Na) and the
percentage of aggressions given by workers from patriline 1 (% Ar) are given for each gynes.
Naw is the number of aggressive workers and % ,w is the percentage of aggressive workers
belonging to patriline 1. The size measurements are provided for six morphological traits (TL,
BL, HL, HW, THL, AL being measurement in mm of tibia length, body length, head width,
thorax length and abdomen lengths, respectively). The only gyne that survived is indicated in

bold.

Gynes Aggressions Size measurements

Na %ar Naw Y%aw TL BL HL HW THL AL

Gl 12 60 9 58.3 231 9.04 1.74 1.68 3.76 3.33
G2 53 36.8 18 43.6 2.14 842 1.64 1.58 3.74 3.74
G3 0 - 0 - 2.08 858 1.87 1.62 3.65 3.65
G4 37 50 14 45.9 203 870 160 153 372 372
G5 15 75 9 50 1.81 826 1.68 1.51 329 3.29

Total 117 452 31 45.4
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Résultats et discussion
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SYNTHESE DES RESULTATS

L’ensenble de ce travail d¢hése, couplant approches geémée et écologique, apporte
des élémnts nouveaux sur les stratégide reproduction chez la four@ataglyphis cursar
Nous rappellerons briévemt les résultats prinpaux et dégagerons lpsstesde rechercha

privilégier pour angliorer notre connaissae de ce systéarelativenent conplexe.

1. Flux de génes limités entre populat ions : forte potentialité d’adaptation

locale

L'étude de la structure génétique des papilahs, corhinant marqueurs nucléaires et
microsatellites, nous a peisnd’évaluer lesconséquences d’'une dispersion éienlimitée
liée au node de fondation dépendante des ca@snEn partant fondete nouvelles colonies
avec les ouvriéres, les reines iiemt donc ladistance de dispersion par voienielle a la
distance de mrche possible paun groupe de fouris. A I'échellelocale, cela peut entrainer
une inportante viscosité des populations (Sefpdanilo 1995), cést-a-dire une dimution
de lapparentemnt génétique entre colonies femction de leur éloigneemt géographique, et
avoir des conséquences sur I'évolution detdrliés a la socialité (Kelly 1992, 1994). Une
faible dispersion ferdle a été vérifiee par uni@rte structuration ntochondriale a toutes les
échelles spatiales cddérées. Dans deux populations, unscusité inportante des reines a
été détectéesonfirmant la tresfaible dispersion des figelles & I'échelle de quelques dizaines
de metres (Annexe 1, p 172). Réchelle inter-populationnelleyne trés forte structuration
génétique des populations a été observée psutdax types de amueurs indiquant un tres
faible flux de génes entre les populations et ddadortes potentialités d’adaptation locale
chezC. cursot

2. Utilisation conditionnelle de la reproduction sexuée et asexuée

L'étude des stratégiede reproduction deC. cursor dans deux populations issues
d’habitats différents nous pwet d'établir que la capacité des reines a utiliser
conditionnellerent la reproduction sexuée ou asexiserhle caractéristigue de I'espece et
non une stratégie anecdotique d’'une populaismée. Nous mntrons que les gynes sont
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produites par parthénogenese thélytoque (a 78%6% que les ouvrieres sont produites par
reproduction sexuée de la reine. Noumfaemons égalerant que les reines dé. cursor
saccouplent avec un ndome de partenaires és élevé (en oyennell méles par reine),

placan cette espece partes foumis les dus plyandres canues a ce jour.

3. Polymor phisme de taille des ouvrieres et diversité génétique

Malgré le fort taux depdyandrie observé pour toes les coloies étdiées provenant de
deux populationsifférentes, une aeélation paitive erre la taille noyenne des wriéres
dans la colonie et la diversiggnétique est observée, une foigddle ce la colone prise @
conpte. En effet, desailles plus grandes duvrieres ne sebbent possibles que dans les
colonies assez grandes pour pouassurer leur production pludteuse. Ainsi, a ndme
d’ouvrieres égal, les coloniegs plus forte diversité génétiq produisent, en ayenne, des
ouvrieres plus grandes. Ceci suggere que cémnies pourraient étrecapables d’obtenir
davantage @ressouces et seiiant donc plus perfonantes.

En effet, nous avonsantré que des ouvriesede grande taille pourraient représenter un
avantage obz cette gsece thermophile caelle confére une mgileure régstarce a la
dessiccation. Ceci permettraux ouvrieres de rechercher teurriture a des heures trés
chaudes € la journée pendant Isquelles laconpétition interspéifique et exrémenent
réduite. Totefois, corairement a ce qua été bserve chez dutres esgces deCataglyphis
en nilieu naturel (Cerd& Retana 1997), la taille ayennedes fourrageuses ne semble pas
varier en fonction deHeure dda journée et ne differe pas de celle des autres ouvrieres.

Une grande taille est égalemt avantageusau niveau individuel. Nous avonsisren
évidence dans une colonie orphelimue lesouvriéres de grande taille ont unesileure
survie et une fécondité plus élevée. Leaitér phénotypiques qui augmtent la valeur
sélective des individus, conemune grande tadl devraient étre kEctionnés au niveau

individuel.
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DISCUSSIONS ET PERSPECTIVES

D’aprés nos résultats et discussions prigsemdans nos différemtarticles, certains
aspects du systeamde reproduction de la fourmCataglyphis cursornous apparaissent
surprenants. Nous nous interrogerons $ois paradoxes gjeurs de ce systesn de

reproduction inédit chez les insectes sociaux.

1. Pourguoi s’accoupler avec un si grand nombre de males ?

Bien que leseines & C. cursorsoient capables de produttes fenalles diploides, elles
utilisert la reproductionsexuée et accoupent avec de nobreux males Ml = 8) pour
produire les ouvriéres. Ceci suggére donc qudivarsité génétiqgue des ouvriéres doit étre
avantageuse pour la colonie. Qamtenude nos résultats et de la biologie @ecursor il
nous est possible d’écarter, ale privilégier, certaines dehypotheses psentées en

introduction pour expliquer I'évolution et leantien de la polyandrie chez cette espéce.

1.1 Les hypothéses classiques

Hypothese 1 « Accouplenents forcés ».
Les observations de Lenoir et al. (1988)iquent que des gynes déja acdéap
ressortent du nid natal et s’accouplent a nouveau avec d’audles. th senble donc évident

que I'accoplement multiple des reines soitibnun choix et non une contrainte.

Hypothése 2: « Limitation spermatique ».

ChezC. cursor, la taille des colonies est assetitpe(maximum 3000 individus) et la
durée de vie des reines est probal@etirelativenent courte (deux ans au laboratojrS.
Chameron, com pers.) en coaraison desspéces paulesquelles cette hypaibe a été
proposée initialemnt (Cole 1983). De plus, desnptages speratiques récemmnt réalisés
sur les vésicules sénales des diles et @s spemathéques de reines révelent que la quantité
de sperma fourni par un rle n’est pas un facteur litant pourla fenelle (M. Pearcy, com

pers.). Cette hypothéseyi donc étre écartée enC. cursor
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Hypothese 3. « Sélection speratique ».

L'analyse e la représentatn des lignées paternelles ddes cdonies étudiées a
Pearcy et al. (2004) ontre que dans 75 % des anles, il N’y a pas de biais. Les lignées sont
équitablenent représentées. Dalasseule colonie que nous avonsdi¢e, le fort biais dans la
reprégntation des ligges paternelles pourraitrétdd a we nortalité différentielle lors de
I'hibernation au laboratoireet est donc difficilerent interprétable. Soulignons que pour
estimer correcterant ce biais, il est nécessaide corparer la propdion d’oeufs issus de
chaque ligée ala quarité desperme fourni par chacun desaes D’aprés les bservations
de Lenoir (1986), un méale peut s’accoupleccassiement avec plusieurs feelles (jusqua
huit). On peut donc s’attendre a ce que d’'un rnadlautre, la quantité de speenfiournie a
une fenalle varie enfonctiondu nanbre d’accaoplenents précédds. L utilisationdu sperne
par les femelles n'a recu que trés peuttdiation chez les insectes sociaux (Ross 1986).
Pourtant, comme nou® herrons ultérieuremnt, cette stratégie fegle pourrait avoir des

implicationssur la sructure généque des colores et les cditits sogaux.

Hypothése 4. « Colt des @es diploides ».

Une tres forte diversité géngue a été décelée au sale chacune des populations
étudiées et aucunate diploide n’a jarais été décté (ols. pers.; M. Pearcy, compers.).ll
est donc peu vraisditable que la polyandriait pu étre sélectionnée pour dimaer les co

associés a la production defles diploides.

Hypothese 5: « Diminution du conflit reinegsouvriéres suta sexe-ratio ».

Cette hypothese pourrait @vtuellenent expliquer I'appétion de la poyandrie, la
parthénogenése ne semibrs apparue qu’'apres. En revanatie ne jusifie passon naintien
aujourd’hui, puisque, quel que soit le naom d’accouplerents des reines, les degrés
d’apparenterant entre les ouvriéres et les fits{ 0.25) et filles = 0.5) parthénogénétiques
de la reine resterinchangés. Cheg. cursor,l'influence des contrabes écologjues sur la
sexe-ratio est probablement beaucoup plysoitarte que celle exercée par les asymétries d
parenté. La dispersion litde par fondationdépendante des colonies induit une forte
conpétition entre les émelles apprentées por l'accés aix ressotces (Locd ressource

competition et peut réclire leur valeur séective (Clark 1978; Frank 1987) Les reines et &

! Nous verrons dus ldn quil p ourrait étre avatageux pour la reire d utiliser de maniére sélectie le sgrme
fourni, de €lle sorie que les lignées pakernelles soent écuitablementreprésengées.
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ouvrieres ont donc toutes deuxtérét a biaiser la sexe-ratio en faveur dedesmn Chez
C. cursor les colonesont effectivement une see-raio fortenent biaisée en faveues nales

(obs. pers. ; M. Pearcy, copers.).Cette hypothése peut donc étre écartée.

Hypothese 6. « Variabilité géntque des ouvrieres ».

Cette hypothése selon laquelle une pluande variabilité génétique des ouvrieres
augrenterait la perforrance des coloniepar une rmailleure division du travail ou une
meilleure résistane auxpara#es nous serhle pertinente (Crozier & Consul 1976). Nos
résultats suggerent, en effet, gieés colonies @sentant umplus forte diversité génétique
seraient capables de récoltlavantage de ressources.

ChezC. cursor I'hypothese classique selon laquallee plus forte diversité génétique
permet une plus grande variance de taille dasgrieres n’est cependapés vérifiée (Crozier
& Consul 1976). Seule la tailleayenne des ouigres augrante avec la diversité génétique.
Ceci serble cohérent dans la esure ou Is colonies Bnéficieraient davantage d’une
augmrentation de la taille oyenne des ouvriergdutot que de sa vamnce. L'avantage des
petites ouvrieres sur les gramsdeour certaines taeb reste effectiveemta dénontrer chezC.
cursor, ainsi que chez les especes présentant ympobhisne continu de taille (sans caste
différenciée). S’il existe un détinisme geneétique a la résaice auxfortes vaiations
tenmpérature, comm cela a été observé chez la foupulygyneSolenopsis invicta burefii
& Heinz 19W5) ou chez d’'autres espéces d'otes (Neargarder et al0@3; Krebs & Feder
1997; Krebs & Bettencourt 1999), alors, une plisste diversité génétique au sein des
colonies permattrait d’augnenter la perfamance globale des colonies, d’'une part en
augrentant la terpérature naximale a laquelleles ouvriéres peuvenbdirrager, et d’autre
part, en réduisant la mortaitdurant I'hibernation (Cagant 1983). L’héritabilité de la
résistance a la tgéraure des ouvriéres éniterait d’étre testée che€. cursor L’hypothése
selon laquelle une plus forteversité gnétique augnenterait la réstance tpbale de la
colonie face aux parasites et auxhogenes est égalemt pertinente puisqu€. cursorse
nourrit d'insectes rorts sur lesqds sedéveloppent parasites et pathogenes.

ChezC. cursor, la diversité génétique des ouvriéres est vraidailenent un parameétre
important pour le succes slecolonies, puisquéa reine choisit desaccouger avec de

nonbreux males alors qu’elle a la siisilité de se reproduire seule.
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Hypothese 7: « Tres faible colt a I'accouplemtmultiple et sollicitations des réles ».
ChezC. cursor,le coll des accoudpments multiples est probablenent tres fible pusque les
reines s’accouplent a terre et ne font pas deuptial. Par ailleurs, en raison de la sexe-ratio
biaisée en faveur desdmes, le nombre de p@naires n'est pas un facteur itemt pour la
femelle. Une bis que lafemelle eg sortie du nd et qu’elle a fait un appel sexuel pour attirer
les nméles d'autres donies (Lemir et al. 1988), le colt de algque accoplement
supplénentaire devrait étre mime. Toutesles especes de foursnfortenent polyandres
connues a ce jour, ont en commmavecC. cursorde s’accoupler au sol et de présenter une
sexe-ratio forterant biaisée en faveur des maléscifon burchellii (Denny et al. 2004),
Dorylus molestugKronauer et al. 2004Rogonomyrmeyadius (Rheindt et al. 2004)). De
telles conditions ont probableamt favorisé, cbz ces especes, I'évolution vers des taux de
polyandrie trés élevés.

De plus, les fmelles de C. cursor sont probableent trés slicitées par les méles
Comrre trés peu de gws vont finalerant accédr au statu de reinesles néles ont peut-étre
intérét a s’accoupler avec plusis fanelles plutét qu'une seulafin d’assurer leur paternité.

Nous reviendrons ultérieureamt sur les stratégies reproductives deéles.

Si 'avantage que confere la diversité genggiqies ouvrieres a pétre a l'origine de
I'accouplenent multiple des ferglles, le faibe colt des accoupleants succe#s a sans

doute pu favoriser I'évolution d’'un ndire aussi élevé de partenaires.

1.2 Hypotheses liées a la parthé nogenese

Conmmpte tenu de l'utiliation de la paiténogenése thélytoqumez les ferdles deC.
cursor, deux autres hypothéses peuvent étre egees pur expliqer le maintien de la
polyandrie chez cette espe.

La prenere est dérivée d’'une hypleese souvd avarcée par expliquer I'évaution de
la polyandie chez les espéces ou les ouvriéras/pat prodire des ndles par parthéomgenese
arrhéndoque. Cette hypothése classique msg que l'accoupleemt multiple des reines
permette de dirmuer le corlft « reinesvs ouvrieres» quant a la production desies (Starr
1984). ChezC. cursa, le conflit entre reias et ouvrieres s’élgit a la production des
femelles. La polyandrie pourraidlors avoir été sélectionngmur limiter les colts sociaux
entre reines et ouvriéres quantagroduction des sexués. En ¢ffes ouvriéres sont toujours

beaucoup plus apparentées a leurs propresetielants (&les et femelles) qu'aux sexués
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produitspar la réne (Figure 7 ci-apres). Elles pourraient doaugnenter leur valeur sélective
globale en favorisant leur propre reproductidrorsque la reine utilise la reproduction
asexuée, le degréapprentenent entre une ouiere et les descendards la reine ne varie
pas. En revanche, les degrés d’appareetgentre une ouvrieret ses neveux ou nieces (les
males et les fmelles issus d’ouvrieres) dimuent a nesure que le nobre d’accouplemants
augrente. En théorie, a partir uhe fréquece d’accouplemnt supérieure a deux, chaque
ouvriére est alors en moyenneuplapparentée a ses freresaturs (les sexués produits de
facon parthénogénétique par lane qu’'a ses neveux et niec@gss sexués produits par les
autres ouvrieres). Ceci devraibnduire a I'évolution d’'un coportamnent de «police» des
ouvrieres selon lequel ces derniéres @lent tout ceuf pondu par unsongénére (Foster &
Ratnieks 2000, 2001), ou d’auto-restreinte (iReks 1988). Soulignons que si cette hypothese
permet d’expliquer le passagkune fréquence de un a deux agplenents, elle explique en
théorie plus difficilenent I'évolution d’'un nombre aussi élevé gertenaires. Ceci pourré
s’expliquer par le fait que les reines ont un talixomozygotie tres élevé et ont besoin de
plus de partenaires pour baisser I'appagemeit noyen entre ouvriéres. Nous montrons
effectivenent que le taux d’homzygotie des reies explique une pagignificative de la
variation du taux d’apparentemt moyen desouvriéres entre coloniegArticle 3). En
situation exréme de consanguinité, lajge la reie est accouplée avec dimédes,

I'apparenterant entre ouvriéres est de- 0,55 !
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cursor lorsque les gynesont produites de faca sexuée ou asexuée.

Pour simplifier nous avons négligé les recombinaisons possibles lors de la méiose en
supposant que chaque femelle transmet l'intégralité de ses génes a ses filles (r = 1).
Nous faisons également I'hypothése que les reines ne sont pas consanguines, la
corrélation génétigue moyenne entre une ouvriére et les filles et les fils produits de fagon
asexuée par la reine sont respectivement r = 0.5 et r = 0.25 (ces valeurs sont plus fortes
en cas de consanguinité des reines). Le degré d’apparentement moyen d’une ouvriére a
une femelle produite par reproduction sexuée est estimé d'aprés nos résultats (r = 0.33).
On peut en déduire le degré d’apparentement d’une ouvriére a un neveu (r = 0.17).

Ceci nous conduit a considérer une deuddtypothése celle d’'unestratégie encore
plus subtile de la part de la reine qui s@aglerait avec plusieurs des au lieu d’'un seul
pour « contraindre stesouvriéresa élever ses ceufs diploideduits par parthénogenése en
reine, plutét que ses ceufs produits deofagexuée. En situatiomonoandre, les ouvrieres
devraient favoriser I'élevage de reines produiitke facon saiée, auxquelles elles sont plus
apparetées ( = 0.75). A nesure que le nobre d’accouplerants augrante, 'apparenteent
moyen entre une ouvriere et un fodiploide produit de fagon sexuée par la reineidire. I
est alors plus favorable a une ouvriere d’élelesr ceufs dliloides parthénogénétiques de la
reine ¢ = 0.5). La polyandrie serait une stratégiealeeine pour augemter sa production de
femelles sexuées produites par parthénogen&sdte hypothese priédque les colonies
produisant des reines decbn sexuée devraient avoir un appareet@mnoyen entre
ouvrieres au mins supérieur & = 0,5. Un tel systeme conduitilade facon ultine, au
remplacenent systératigue des reines tcop» consangmes par dg reines issges de

reproduction sexuée. Un large @éctillonnage sera nécessaire poérifier nos prédictions
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dans la mesure ou les colonies produisantsdiemelles sexuées sement rares. @ci nous
éclairerait sur le contrdle da reproduction sexuée et asexu€el décide? Les reines en
produisant séquentiellent desoeufs diploides de facon asexuée au pripterfpériode
d’accouplenent) puis des ceufs de facon sexuéeekte de la saischOu les auvrieres en

choisisant d’éleer préféentiellenent I'un ou l'autre ?

Le systéme de reproduction d€. cursoroffre, par sa complexité, un modele unique
pour étudker les caflits au sein des colonied’insectessociaux et tester lediypotheses
concernant I'évolution des stratégide reproduction de seembres.

2. Comment la parthénoge neése des reines p eut-elle étre associée a

une si forte diversité génétique ?

Au sein des deux populations @e cursor étudiées, nous trouvons tres peu de clones
potentiels pami les reineSet une trés forte diversité génét@est systéatiquenent détectée
(Article 2). Ceci est égaleemt observé darla population étudiée par NPearcy (compers.).
Cette structure estsaez inattendue cqte tenu du nomore élevé de gynes produites par
parthénogenése (70% dans notre étude et 96ld@d6 celle de Pearggt al. 2004) et des
modalités @ reproduction des colonies qui litent la disgersion fenelle. A titre conparatif,
au sein des populations de la fourpolygyne Wasmannia auropunctatéFournier et al.
2005), qui utilise égaleemt de &con conditionnelle la reproduati asexuée pour les reines et
sexuée pour les ouvriéres, les reines ont enrgétgutes le réme génotype. La différence
entre les dux especes est frappante. Rduss hypothéses peuvent étreaavées pour

expliquer le peu de clonesl sein des populations @e cursor:

1. Les colonies déénageraient fréquemmeet les «clones» sortiraient du périgire
d’étude. Cette hypothéseyiettre écartée puisqu’a I'écheliie quelques dizaines dettnes

nous observons une forte viscositéraeau des reines (Annexe 1).

! Lanalyse desgénotypes de 16 reines,rémltées ddacmn exhausive sur le site de Luc sur Orbieu, révéle que

seull coupdedereinesn’' apas pusdedew alléles a chacndes sk loci analysés, efpeutdonc potentiellement
étre apprenté comme soceursu mére-fille isstesde parthénogenese hélytoque. Le chiffre s’éléve a 3 caples

(en réalité urtrio) surllreines étuikes sule site dArgeles.
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2. Les reines seraient en partie produitesiea ouvrieres. Contrairegnt a la fourm
W. auropunctatales ouvrieresie C. cursone sont pas stériles. Lesvriéres ne s’accouplent
pas, nais sont capables de produire demelles par parthénogenése thélytoque, pouvant
présenter le ®@me génotype que des gynesogduites de fagcon sexuée par la reine. Les
observations de Cagniant (1980), réaliséesladoratoire, indiquent cependant que les
ouvriéres n'activent pas leurs ovaires en présafecéa reine. Lenoir et al. (1988) ont ainsi
proposé que la reprodiien des ouvrieres che2. cursorne serait qu un smple mécanisme
«de secours lorsque la reine viendrait a des@itre. Corpte tenu du embre trésfaible e
clones au sein des populations étudiées, @eansme devrait donc étre tres fréquent dans la
nature. Cette hypothese nousnbie cependanpeu probable. La production de nouvelles
gynes prend au ans 40 jours (en laboratoire)nais aucune coloei sans reine n'a été
observée emnilieu natuel, ced¢ quelle que soit la période de I'annda > 300; Cagniant
19764a; Lenoir et al. 1988 Pearcy et al. 20040bs pers.). Si les ouvrieres ont la possibilité
d’anticiper la nort de la reine (ce que sugeg@t des observations cpartenentales que nous
avons faites de facon anecdotique en labomtone gros cocons €sués) devraient étre
observés pendant la saison derogluction (de juin a septdare), ce quin’a jameis été le cas.
Au laboratoire, les nids orphelins ne produisdatsexués qu’a la sortie de I'hibernation
I'été, le couvain diploide sééveloppe en ouvrieres, commenddes sociétés qui possedent
une reine (Cagniant 1979). Leeproduction des ouvrieres, sile a lieu, se déroulerait
nécessaireent a la sdie d hiberration, soit en replagcant lareine qii viendrait juste de
disparaitre (ce qui est peu prbba en raisonde I'absene de colore orpleline), soit en
développant leurs ovaires en présence deife. A ce jour, la ngroduction des ouvriéres en
milieu naturel reste a démontréra premere étape seraedsérifier si les ouvrieres activerou

non leurs ovaires en présence decslae en conditions naturelles.

3. Les reines sont égalemt produite de facon sexuée. Contrairenmt a
W. auropunctatal’utilisation de la paghénogenése pour la productiaes reines n’est pas
obligatoire cheZ. cursor.Dans certaines colonies, les reines sont produites par reproduction
sexuée. Ce taux pourrait tout gil@ment varier d'une année a l'awdret d'une population a

I'autre.

4. Les reines issues de reproduction sexdiéperseraient plus efficacemt. Chez
C. cursor la parthénogenese n’est pas de type aptaque comme che@V. auropunctatales

filles des reines ne sonpas des nais clons. Le systéne chezC. cursorn’est peut-étre pas
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aussi parfait qu’il y paraitau prener abord. La parth@ogenése thélytoque de type
automctique armrene au fil des @nérationsa uneperte d’hétérozygotieCeite augnentation @

la consanguinité peret l'expression d'déles récedfs délétees (Charleworth &
Charlesworth 1999 Keller & Waller 2002) et pourra donc dimnuer les chances de survie et
le succes reproductewdes reines ainsi produites. Les esnissues de reproduaticexuée,
non touchées par la dépressionco@sanguinité, pourraient avale plus forte probabilité de
survivre et d’établir avec saes de nouvelles colonies. On pait égalenent imaginer que
les reines arthénogértiques ne soient produgeque pour remplacer la reine daiannée sur
lautre. Les fissions n’impliqueraient que deseines issues de reproduction sexuée. Ceci
pourrait, non seuleent expliquer le fait qu’asein des populations, nous ne retrouvons que
tres peu de clones paotiels parn les reines mais aussi que lapeoduction sexuée pour la
production des gynes soitamtenue. Soulignons néawins que I'impact de la dépression de
consanguinité sur le succes reproducteur des rein€s darsordevrait étre linté puisque les
reines ne fondent pas seules de nouvelles agaati sont constanant protégées a l'intérieur
du nid.

3. Comment les m ales transmettent-ils leurs genes ?

Chez C. cursor et W. auropunctatales renes utilisert de fagon conditionelle la
parthénogenése pour les sexuéek reproduction sexuée @bnc le spermdes nales pour
les ouvriéres. Une question sespaalors, coment les ndles transrettent-ils leurs gene3
Chez W auropunctata un systéra exceptionnel peret auxméles de se reproduire de fagon
clonale (Fournier et al. 2005). Dans certaindiulgs diploides issues de fécondation, il y a
exclusion du patrimine génétique aternel. Ansi, ces cellules devenueshaploides> se
développent en ées et portent toujours le géne du pere. Les reines ne produisent pas de
males de facon classique siebi que les gesenéles et femalles ne s’associérfinalenment

gu’au sein des ouvriéres stériles.

ChezC. cursor les néles peuvent transettre leurs génes par deux voies :

1. Par la voie classique, si la reine prodigis gynes par reproduction sexuée. Mais nous
avons vu que, dans les troispulations étudiées, ceaae dereproduction n’était pas trés
important chez C. cursor puisque la reine produitprincipalenent ses gynes par

parthénogenése et donc sanbsgti le sperre des nales.
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2. Par la voie des ouvriéres, lorsques ouvrieres produisent des gynes par
parthénogenéese dans les colortgshelines. Cette situaon est probatbement rare égaleant.
Les méles ne transettraient donc que raremmt leurs genes aux généiats suivantes ais ils
sont produits en grand ndone par les colonies, ceci sbla paradoxal.

Dans la prengre situation, les ales auraiat intérét a faire en sorte que les ouvrieres
élévent des gynes issues de reproduction sexuéepbbsibilité serait d’étre le pere du plus
grand norbre d’ouvriéres possible iaf de passer la barre deg = 0,5 entre ouvrieres (si
notre hymthése précédente esénifiée). La méthodela plus sinple pourraitétre de transférer
le plus desperme, ou le sperrale plus cométitif afin de $assurerde sa pateité. Les ranes
quant a elles, pourraient contrer ce biais elisatit le sperra de telle sorte que les ouvrieres
des différentes lignées soiesh proportions égales dansdalonie et, comm on I'a vu, en
essayantels’accouper avec leplus de riles possible.

Dans la seconde situation, urélenaurait tait intérét a faire ersorte que ce soit les
ouvriéres de sa lignée qui produisent les gysegn ses genes ne seront pas transBe
pose alors la question de la régulation deefroduction dans les cailes orphelines. Y a-t-il
un biais de parenté des différentigmées paternelles qui poutramener a la production de
gynes par la lignée paternelle pdus représenté® Nos résultes préliminaires a la sortie
d’hibernation serlent indiquer quec’est le ca (Article 6). Ce biais peut-il s’expliquer par
des survies différentielles des ouvriefe®©n peut égalemnt rechercher desighes de
conpétition spernatique en se Eant les gestions suigntes. Eisce que les aradéres
phénotypiques des ales (taille, poids ...) affeent leur taux de paternif€ Est-ce que la
quantité de sperep l'ordre d'accouplerant, la taille des speraiozoides affectent la
conpétition spernatique ? Un choix cryptique du spesrpar les émelles ou deseffets de
dépression de consanguinité peuvent &es facteurs confondantqu’il faudra donc
considérer. Certaines questions pourront étre abordées qgael’accouplenent peut étre
contrdlé en laboratoire.dar le moment, il n’a été possible d’accoupler des gynes produites en
laboratoire qu’avec des ales capturés pendant &aison de reproducin su le terran (A.

Lenoir, com pers.).

Les stratégies de reproduction dedlen clez les hymnopteres soaux n'ont recu que
peu d’attention (Crozier 1985Wiernasz 1995 Boonsma et al. 208). Des études réctes
chez des espécesonoandres ont ontré que les dles paivaients’assurer de laupaterrité
en déposant des bouclsoropulatoires ou en laissamte partie de leungieces @nitales fixée
sur 'abdomen de la fedle (Duvoisin et al.1999; Sauter et al. 2001 Baer et al. 2001).
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Cependant, les &ts du conportenent des mées et de la compétition spermatique surla
distribution des paternités dalescolonie chez des espegqasyandres restent éonnus. Or
pour les ndles, assurer un fort taux de paternstér la production demeines est le myen
principal de transmttre leurs génes daltes espéces clsigiement étudiées. Che2. cursor,

la situation est inédite puisqleesélection naturelle devraitvarisée les reines qui produisent
les nelleurs méles, mais églenent cdles qu empéchent lesmales, aveclesquels dles

s’accouplent, de devenir le pate leurs filles sexuées !

Pour conclure, afin d’émttre des hypothésesrdes scénarii évolutifs des stratégies de
reproduction cheZatadyphis curso, il est esentiel de replacerdspce et ses ndalités de
reproduction au sein du gen@Gataglyphis L'étude phylogénétique du grou@ataglyphiset
la conraissance apmfondie des modalitésle reproduction et de idperson des autres
espécesa ce jou trés peu docmentées, fourmaiert des élénents soli@s par retracer
I'évolution de ces stratégies aours de I'évolution. Déterimer qui de la parthénogenese ou
de la polyandrie est apparue en piames fondanental pour corprendre les pressions de
sélections responsables de teks®lutions. Ainsi, des traux dans cette voie doivent étre
réalisés pour apporter desponses aux éniges que les isectes sociaux posent aux

biologistes.
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ANNEXE 1

Pattern of queen viscosity using microsatellites markers
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Figure 1. Relationship between genetic damties, estimated as the perdage ofalleles
shared, and geographical distatetween pairs of @ens inLuc sur Orbieu (a) andrgeles
(b) populations. Genetic silarities decreases significantly withcreasing distances in both
Luc sur Orbieu I Lyc= -0.382,P = 0.001) and Argelesr{igeies -0.471, Pargeles< 103)

populations.
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