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Abcrrace.—A usigue reproductive system has previously been described b Waisuaeaie qeropimctsta, B oaidespread
invasive aml specics, where mabes are prodwced clonally, female quesns are parthenogess, and female workers are
prodisced sexunlly, However, these findings were mostly based on samples originating from only a limited part of the
native range of the species in South America. 'We used microsatellite markers 10 uncover fhe reproductive modes
displaved by a larpe number of nesis collecisd in varicus invasive W awrapanciane populations infroduced 20 years
e bnto Mew Caledonia, whese the apecies pow forms o single 450-km-lang supefcolony. Although the main repri-
duction sysiem in Mew Caledonia remained clonality for beth male and female feproductives, we found evidence of
rare sexual reproduction events that led 1o the production of bolk pew gueen and malke clonal lineages. All cloaal
limeapes ohserved in New Caledonin potentially derived from sexual reproduction, recombinasion, end molation svimite
from & single female and & singzle male pematype. Hence, the male snd. female gene pools are not sirictly separated
in Mew Caledonia and (B two seres do nol follve mdependent evolutionary imajectories. Our resalis alse suggest
genetic determinalion Tor boh parbenogenesis and casie, We discuss the evolutionsry [mplicstions of the emergescs

af sex im ke clonal reproduction system of inreduced populations of W, raropumei.

Ky wrrely, —Claste deternmnation, isvasien, peribenogenssls, reproduction system, Wirtsimeiila derofuncian.
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Insects display a wide vaslety of genetic fyitems, such as
diptodiploidy, thelytoky, haplodiploidy and mixed systems,
as well as other rere extrieygolic inheritance mechanisms
freviewsd in Mormark 20033 Ants (Formicidoe) generally
proghwce diploid gueens and stenle workers by sexual repro-
duction (e, msciosis and fermiizationt and bagloid males by
arrhenotokous parthenngenesis (e, unfernilized meiodic epgs
developing inta qupl-:r:id indivicuals). More unusoal modes
of reprodecthon have boen described in sofe ant species
(Mormork 20023, incleding the species studied here; War
ruarmii cnropanciata {Fouarnder ¢ al, 2005,

In this small myrmicine species, female workers are pro-
duced sexsually, whereas Female gueens reproduce by thely-
tokous parthenogencsis ¢Le., diplold epps produced from Fe-
male genetic material only, by mitosis or the fusion of menbc
praoducis), a penetic svstem uscovered o only Bve other ant
species: Prismmermes prncfahes (Tsoji |98R), Cawaglyphin
cursor [Pearcy etal, 2004y, Platvifyres pooclatn (Henee and
Hitlidobler 19953, Cerapaclivs tiral (Tsuji and Y amaschi
1995%, and Mesior capitanes {Grasso et al, 2000, The male
reproduction system of W, anropuncteid 13 eVen maie anigque,
in that males also reproduce clonally, a feature suspecied,
but not stecily demonsirated, inoonly ope other social liy-
mengpleran specigs, Aps weiifers (Koeniger en al, 19E%). In
mest aid species. males achieve victually all thely reprodec-
tive anccess throvgh the sexoal tansmiission of their genome
tor the new gensration of female reproductives, The repro-
dwetive swecess of W awropurciaia males is thos poientially

reduced to rero by the parthenogenetic production of female
gueens. Malke clopal reproduction could therefore be consid-
ered as an evolulionary responss 0 avercome n compdels
reducticn of their finess (Pournier et al. 2003ak, Male clonzl
reproduction in W, aumpanciais 15 thooght o invelve pa-
termal elimination of the maternal genome Irom the cgg (Four-
nier et al. 2005a), Although elimination of the paternal ge-
nodse has been uncoversd noa vaneny of taxn (Mormark
WAy, W mwropenciola represents one of the few known
examples of clongl reproduction invelving climination of the
mpternal geneme (MceKone and Holpern 20033, Thas unigus
reprocluction system results in the complews seporation of
male and female gene pooli. potentially allowing thwe wo
sexes to follow different evelutionary pathways. provided
that they continue fo cooperate o the mutenlistic production
of slerile workers (Quieller 20053, This system might zllow
mabe and female sexoals b reorganize their genomes inde-
pendently and potentially cscape the load of carrying func-
tional genes from the other sex, thereby directly incrensing
their own gene transmission rake. Sexual production of work-
ers increnses their gesctie diversity, potentially enhancing
overall colony Tunction through efficient division of fabaor
{Robinson 1%92; Pearcy ot al. 2004}, resistance Lo parasiles
(Hughes and Boomsma 20MY, or increasing the range of
environments tolerated by the colony (Crogier and Fage
L83},

The W awropunciaie reprodiection sy sionm i= mot the only
remarkable leatuse of this species: il is plso  so-Calbed ramp
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ant species (Passera 19940, Tramp ants are often ceologically
dominant within vanous habitais of their introduced runge,
where they pose sedlous threats o both matuce] ecosysiems
and hamin pclivities (Sakoi ot al. 20061 Holway et al. 2002 )
These anls, whach hr:fnnﬂ' by various laxa, wsually possdss o
cobony struciure known as unicolondality. in which repro-
ductives, workers, and brood con min freely between nesis.
This social organreation whimately leads do the formation of
wAsE coperative nebworks of mests showing me intraspecific
uggn:t.':iqm, called :-:upn:rmlqm'iﬁ iMarkin 1B6R) Four tramgp
species, including W smpopenciatd, have been classified
among the most damaging invasive species on Barth (Lowe
el al, 2EKH Woasmanma auropenchote originaies from the
South American rainforest Long-disance hunsan Uansguor
his readily spread the species in nearly all the fropics, from
Adrien to Ocewxniz (Jowerdin 1997 Walsh et al, 200045, where
it has now Become a serbous concern for the conservation of
hiiudiversity and human activities Clourdan et ol 200005 Le
Breton o al, 3003, 310085 It waos hest recorded e the mad-
960 in Mew Caledonia (Joardan 19974, & larpe Pocilie is-
Tand (19,000} kim™) clnssifiedd ns o modiversiay hodspol ( Myers
cral, 20000, In the 40 years since s antroduciaon, W oo
ropuicrati hos invaded the entire island and now forms a
siigle d450-km-long supercolony (Le Brebon etoal 2004).

The umssual reprodluction syswea of W mierapioneiaia may
copstitele o key element in its invasive socoess. 1 is come-
monly argeed that & clonal reproduction system can elp a
species to establish irself sucecsafully early in invasion, be-
cunse of the assurance of reproduction of initially small pop-
ulations (Sakai eral. 200 Clonal reproductaon sysieims neay
also constitvte o major demographic sdvantge (the twao-fold
cosl ol sen) during the range-expansion phase | Vorburger e
nl. 2005 5, Consistent with these by potheses, clonnl plonts and
animals have been shown o be effective colonists (Baker
1955; Samadh et al. 1990, Howerer, sech arguments oy
nid apply to W, arreparciens of Woants inogeneral, A single
inseminated gueen, whether clonal or sexual, olome or with
o few workers, may bave the reprodectve potential o es-
tablish a new population, ns the gueen doss not peed 1o en-
connter & male when already mseoinaed (Moller 19
Moreover, the unusual reproduction system of Woaprapine-
fam coes ned render the male sex obsolete becaase waorkers
are produced sexually.

To dlate, the uniges reproduction system of W, aurapeec-
fertaa b been described in a Hmiled part of e aative range
(L., French Guoianal and only in o small sample from the
imtroduced range of the species (ie. four nests from Mew
Caledonia: Fournier el al, MeSa). However, new ecelogieal
canditicns encountered by introdeced pogulations of W, au-
romnchate such ps those of Mew Caledonia ore likely o
Pepresenl pew selective pressuses that inay affect thels modes
of repriluction. In paricular, sexwn! reproduciion has the
putential to pencrate new pemctie varlants more rapadly thin
parthenogenesis (Colegrave 2002 bu see Loshoi etal, 20002,
n feaiure thal cum be cridical For the successtul establhishment
and spread of a species In a sew environmant {(Sakai et dl
2001 ). However, the clonal prodection of repmdectives can
muniain efficient combapations of genes over tme, wheneas
sexual reprodwction randomly breaks wp fovorable genctic
combianations of gach penerabion (Rowzine el al. 20030 There-
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fore, imtroduced populations of W, swrapiecieio may, ol leas)
theoretically, display i mixed reproduction syslem.

Here, we wsed microsasellite mackers. to uncover dhe re-
procluctive modes displayed by a large number of nests and
introduced New Caledonion popolations of W, wiropurcin,
with a particular interest in idenufying evolulionary fransi-
tinms between choial ond ssxun] masbes of reproduction. The
second aim of this stody was o provide insights imo the
cobenization process of New Caledonin by W, geropunciata

Marerials ani METHODS

Field Colleciion

A total of 82 nests (e, an aggregation of workers, broasl,
amilior queens within a woodstick or berween dead Ledves)
were colipeled in Augast HH3 and October 2004 froan ning
sites |locntesd acnoss the maln sland of New Caledonia (Fig,
i Sites weie separaied by [-45] km (mean £ 5D = 204
= §32 k) andd represent vadous ypes of ecologically dis-
fwrbed or natarzl habitas: Por-Loguerre (secondory fonest,
st known ocourrence of W, aarapunctara in New Caledonia,
25 pests b Bowlooparis-Thio droadside, 20 nests), Bois du Sud
itropacal rxinfisrcst, |3 nests), Hienghene (plantations. live
ieatsd. Pooutn (plamiations. hve sesis). Pusdad (tropical dry
foresi, fve nests), Rowmae {(mesophyll foress, foor nests),
and two sites in the Incality of Mont Panié. Mont Panié |
(tropical rainforest, two nesis) and Moot Panié 2 (secondary
forest, three nests). For cach nest. at lenst M) workers anel
aet b ot all of the reproductives peesent wene collected.
Cueens were present in 68 of the 82 collecied pesis (one b
A7 gueens pér meat), gynes (e, vitgin female repriductivis )
were present in 14 nests (one o 23 gynes per nesish, and
males wene present in seven nests (thres o 29 males per
nesth, The distance between saompled pests wis never less
thaon 2 m, Four of these nests included inseminifed queens,
gynes, and mabes af the larval stage (ie, three nests from
Stont Pamier and one mests from Bans do Sadh, Only these
lwtter four nests wers previously analyzed by Fournier eg ol
(254 becavse they provided direct parent-oifspring relz-
tionships and therefors allowed confirmation of more indireo
evidence of clonality obiaised from a large number of nests
collected in French Guinnn, The remaimng T8 mesls wene
xpur_:iﬁuully nnalyeed Lor tlse PRCSENL SHrvey,

Microvate e Genorypdng and Siatinfieal Analysic

DA was extrocied from 2l leasi eight workers and all
collected reproductives for each mest, We cariied oul gene-
typing at 12 microsatelline locl, a5 described by Fourmier e
al. (2005k). We also analyeed the spermathecial comrents of
21 queens, us deseribed by Chapuizat (1998, We genotyped
484 specimens in wal (quesns, workers, males, and sper-
mathecal contenis). The number of genovyped individuals Tor
pach gnste and site are presenied in Toble | The genotype
dataset can by obigined from the nuthors upen reguest. Foly-
merase  chain  reaclion  products wers separaied on oa
MegaBace DNA sequencer (GE Healthcare, Uppsala, Swe-
dend, end gel files were analyzed using Genetie Profiler (GE
Healihcarel.

T charscierize the reproductive systems and the nelation-



1648

Kasenal | M)

Pl Paried J (1)

Pengnata 135

Ponalai | M)

Feg, L.

100 K fmeers
i

JULIEN FONOCA LTS ET AL

P T {ER

et Laguaerag (£}

Srudy sites and quesn type discribution. 'White, Q0 quesns; gray, Q; black, 03 quesns {for details see results sections Makn

Muodex of Reproduction of Reproductives ond Alternative Modes of Reproduction of Reproduectives). Ecological stalos of site in parens
theses: D, dismrbed; N, namiral, The white srrow indicare the original imroduction poant {Por-Lagoerre),

ships betwesn genodypes, individual microsatellite genoty pes
were investigated visually and ssing three personal programs
developed in the Pascal object programming language {in-
quiries about details of the ProETan:s should be sent o 1.
Fouwcaud). The first program was used 10 ldentfy clones (Le.,
identical multilocus genotypes) in a given sample of geno-
types. The second program was used 1o compute the prob-
ghility of ohserving identical individun] genotypes assuming
sexual reproduction ghven: (1) the number of heterozygouy
laci in the mother's genotype ) (2) the number of genotyped
dipboid edlsprimg . aned (3) the number and size of groups
of offspring with identical multilocus genoaypes. More spe-
cifically, this program simulates the procuction through sex-
aal meproduction of v diplobd genotypes (withoul mstation)

Tanrk 1. Mamber of genotyped queens, workers, males, and sper-
mathecal conlents for asch eainpled sae
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Fon Lagueme 1032 19 i 1 any
Mont Panid I 40 &0 ix 18 133
Hiemglsine 435 &0 0 L 25
Paouts 4% 40 i L} S
Todul SED 702 BT e 1458

from a mother’s genodype o and compares the simolated num-
ber and size of groups of offspring with wentical gensiypes
with those observed in the samples. This process is iterated
10 times, and the probability thot the observed configuration
can be produced by sexual reproduction alone is compated
a3 the proportion of times the nomber of groeps in the sim-
ubated dataser 15 al least as larpe as that in the observed
dataset, A third personal program was used to construct den-
dragrams (rom individual genotypes using the neighbor-join-
ing algorithm, The genetic distance wsed to construct the
dendrograms was a varant of the Chakraborty and lin's
(1993} allebe-shared distance. as defimed in Pournier et al,
(2005a), A four-level hierarchical F-statistics annlysis was
performed for the entire worker dataset using HierFaran (Goa-
ded 2005). The hierarchical levels were individual, nest, site,
and across Mew Caledonia.

REsULTS
Muain Modes of Reproduction of Neproductives

For 203 of the 206 male gemotypes, &t least one other male
in the sample displayed an identical genotype at all 12 mi-
crosatellive loci. These males clustesed ino five groups, com-
prisimg twa to 93 penotypically identical individuals, OF 580
genodyped queens, 512 clustered e 30 groups of tao Lo
242 individuals with identical genodypes at all 12 loci: These
resulls indicate that most male and female reproductives were
produced by means of two different clonal reproduction sys-
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LEEE (.. E‘ltH‘laH!j.' e mankes amd thelytekous FII,I¢1'||'bﬂI'||_1gi_'I1-
esis for guesns),

This gratlerm is comsistent with the findings of Fournler e
al. (S in Woamropeeinte popukiations fren French Gui-
uma tand four nests From Mew Caledonia, see Mawnals and
Methsls section), However, a neighbour-joining dendrogram
inciieding reproducizves froan Lhis stucky and From the datased
iof Fowrriter et ol (20054) showed different selitionships
umong the New Caledonian genstypes and among the Gui-
amess genotypes (Fig. 21 Whereas Guinnese genolypes pather
tgather into well-defined clusiers connected by long branch-
£5. the Mew Cabledonian genolypes form a single dense ag-
gregation of genstypes connected by shon branches, This
patteen bndicates o cioser coancestry ond hence o more recend
diversification of Mew Caledonian genstvpes than Guisnese
genotypes, Moreover, Mew Caledonlan male and queen ge-
polypes do oot ferm srictly seporated clesiers, as for the
Guianese populations. The New Caledonian male and gueen
main clusters are connested via a pumber of intermediote
queen genotypes. amd one New Caledoninn make genotyps is
pested within the Mew Caledonan queen cluster (Fig, 25,
Thiz pattern mdicaies thal male and queen gene pools ane
151 ﬁll'i:l.'ll:r' sephrated o Mew Caledonis ond that sexual re-
production may aceur, probably an bow lreguency. in Uuls sres,
i coatrast o whal has been previously found for the Goi-
anese popukntiors (Fourmier ef al. 2005a). Fually, we nole
thal Mew Caledonian and Guisness gensiypes fomm iwo com-
pletely distinet closters, indicating that the introduced Mew
Caledonian population does nad ariginate T e previously
sapplied sives of French Guiana, Similar individuad tree to-
perlogies were oblained wsing genetic distances raditionally
used for micmsniellite population dara (ie. MNel er als
| FOR3] £, destanee and Cavalli-Sforen und Edwards' | 1967]
chiord distance: Tokezaks and Mer 1906)

The five Mew Coledonian male clonal groups, plus two
uniquc mitle genoiypes (al the very basttom of the dendrogrom
im Fig. 21, differed from eoch other by a stingle locus, with
one allele shorer or larger by o single dinnclectide repeal.
This allelic pattern i typacal of mutational events al micro-
satellite loci. The observed genafypes are therefore consistent
with the transmilssion of a sigle male penome vin o clonal
repraduction system, which sliswly diversilbes through rare
mutational events, These 205 moles will be hereafter referred
to as b0 males,

0F the M) New Cuoledeniian gueen clonal groups, 29 in-
cluded o moderale aumber of quesns [from two to 385, where-
as the lasi groop was much larger (242 gqueena). The geno-
types shared by the queens ofF one smoll growe (three di-
viduals} differed only shighuly from that of the lorgest group,
in that these gqueens wers homozygois for one of e pao
alleles of the largest group al o single Iocus, Becauss the reno
ariginil alleles differed by four dinoclestide repeats, this sar
tation s more likely v resplt from a recombingtion evenl
during thelyiekods panlicnagenesis (Haccow and Schneider
20047 than froam a mutational event. The gueens of these [ast
pan groups 4245 of the S8 senotyped queensi will be re-
ferred b heresfier s 00 gucens,

Interestingly, QU queens amd M males do pod shore 2y
alleles at |1 of the 12 genotyped loci. This alowss compleie
separution of the clonal O and MO gene pools s consistent

[G44

with the siloation abserved by Fourmer el ol (2005}, Mole
thal the four nesis Teom Mew Caledonia analyzsd in Fournier
al gl () ineluded only Q0 and MO penotypes, We hence
defined twn categories of allele o the 11 loci diffedng be
tween neales wnd queeis: O alleles and their mutocional de-
nivarives were clpssifed a= Cfemale™ alleles, ond MO alleles
amd their mutational derivatives werne clasalied as “mals'”
ablebes (Tabde 2k This classificaton facilitated further in-
vestigation of the evolutionsry origin of non-C0 gueens and
o= N males.

Adrgmrative Meodes af Reprodieion of Reprodyenives

The 333 pon-00 gecens of our sample con be classified
imeon three ivpes ncconding v the number of male alleles pre-
send i their genolypes (Fig 34 )

Firs1, only ong guaen in oor sample, hereafrer referred 1o
as (31, had 50% of male alleles amt 500 of female allebes
al the dingooste loct and was, therefore, probabkly the resol
of o sexual reproduction eveni between s 00 gueen and &
MO male fwhich do maet share any.alleles, Figs: 38 ond 4
This 1 gqueen probably produced s onky on-M0 aile of
our sample, ereafier named MU, by classic arrhensokous
parthenogenesis. This unigoe M1 male had 50% of male al-
leles and S0% of lemale allebes o the diagnostic loce. We
fiiisl sirsss thar noe meabe bearing onply female allefes was
abserved i our sample, indiceting that Q0 gueens do pol
praluce amy male thremgh arrhewnokous parthenogenesis,

Secomd, we pbaerved 323 gueens (02 typeb with three w
0 evnbe alleles o the B diagnostic loci (FRe. 3A0 This pat-
BEsTTy Fll'l.'l-h;_l_bh' reflects the sccorrence of several independeni
sexual reprocuction evens between O queens and diffesent
511 manle genodvpes (Figa. 38 amd 45, Fioallv, 11 queens (03
pepeh hisd 13 10 18 male allebes ot the diapnastic loci (Fig
3AY Soch genpdypes probably resulted from several (32 x
50 semual events (Frgs. 313 and 4.

Foblawing their production by a Q0 = M1 sexual repro-
duction event, we l[ownd evidence that most Q2 gquesns e
produce  purthesopenetically. First, Q2 gueens formed 28
grondps uf andividuals showing identical gemstypes (hetwesi
twn nmd 38 individoals per group, mean = 9.5), Sacondly,
ol 032 gqueens and their daoghier gynes collected within the
simne mesd cisplayved fdentical genobypes (11 occwences in
four different sites). All genoavpes of the 56 Q2 queens thal
did not belong o any proup of clones differed from one of
thae 24 O clomal lineages by a single mulation slep o i
single roecombimation siep, as defined above, indicating that
they mighe also have been clonally produced, Some of the
28 clonal hineapes alsn differed hy 4 sangle izl g slep or
asgle vecombnation step from cach other. &lhosether,. these
observations suggest that 02 gueens mainly reproduce par-
|h¢nng¢r|l:u::tll],'. Chose eximination ol the refutionships -
tween multlocoy geeen genctvpes indicased thar the cmer-
gence of the 28 QF clonal linepges mny be expluined by 13
i|'|.l!'|.|,'.|'|rl1|'.||;‘:l1l O = A sexual events, and 14 recombination
amcd bwo mutation events cosastent with panbenogenstc re-
procduciion {Fig. 5y Moreover, as Q3 penotypes imiply Q2 =
ot [4 rr[madluclin:n events, i lenst 11 additional sexmal repr-
duction events might have occwrmred an MNow Caledomian pop-
wlatioms of W, w@irrapims i,
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Unlike O prd 62 gueens, we foamd e evidenee of clonal
reproduction for Q1 amd QF queens. Mone of the Q) or the
Q3 gueens bad stoctly identica] genovpes of gepotypes tht
conld be denved through recombination or mutation events,
Huowiever. the small sample size for both Q1 {one individisal}
and Q3 (11 individuals) queens precludes any definitive con-
clusion om this point. Monetheless. the strong underrepresen-
tatron of (1 and Q3 queens in our sample may aself indicate
that these gueens could be unable 1o reproduce clomally,

ode of Worker Production

Unlike reproductives, we found that the workers were pro-
iduced by sexual reproduction. In the 31 nesis in which the
spenmathecal comtent of queens has been gemstyped, o ma-
bority of worker genotypes (63% ) displaved an allelic seg-
regation fully consistent with sexual prosuction by the local
gueems and their sperm content, The sest displaved eifloer a
genotype that differed ag & single lecus with one allele shonter
ar Larger by o single dinocleotide repeat, hence suggesting &
mutational event ai this loeus (2%, 0F & geldype consiskent
with their sexual production in a neighboring nest (33%).

Although TH groups of twae @0 seven workers displayed
identical genotypes, this patlern is siill compatible with sex-
ual reprostuction being the amdn, i mol the only means of
producing workers. Firsi, none of the wirkers in our sample
al 02 individiuals caricd only female alleles, indicat ng that
al least QO quesns did nad produce workers parthenngenet-
ically. Second, 57 of these T8 growps included workers from
geogrophically remote sites thal could not have originaied
Froe the same mother quesn. Third, the relaively small som-
bers of male and guecn genotypes increases ihe probability
o Ebividuals produced by sexual mesns having identical
Zeneiypes. Sumulation-based compatations consddering (-
derived workers (0 queens being heterozygous af cight boci
showed thal the probability of obaining the ohuerved patiern
of groups of individuals with idéntical genotypes was equal
bo (L5 when workers ane assamsed 1o be produced by sexuil
reprodeciion alone.

Favasion Srenarios

Al non =06 Bineeapes could derive from a single Q0 lineags
el g single MO Hneage through sexual reproduction, recon-
biitation, and mutation eveacs. This pattern is therefore con-
sistent with the introduetion info Mew Caledonia of a single
0 genotype amd a single MO genstype,

A licst altermative scenario would be that the originally
introduced queen wype is O or O3, and that O is o derived
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Tanee 2. MNew Czledonian “'maode” and *female™ allobes a0 the
11 diapesosiee boci. Freguent alledes (ie, with a freguency =0.25
i the prven sexl & in bold-italie charpcless, sther alkcles are rane
{ie., with o freguency =0.05). Nowe that freguens Temale allzles
nogrwseal Lhe THY genodvps and thag Frequent male allefes represent
the M genotvpe dsec ekt for detnils), Moke alleles 326 and 328
al locus Wawr-2 064 bave been found at high frequesncy and hence
buith appear in bald-italic charnclers. Clamsification of alleles |18
al |osas W4 04 pd 1 TR of foces Wowr- 730 are tentalive, because
ol thesir imermediote size becween clearly defined male und female
alleles. We classifizd thems as make and female. respectively. becanse
They were Toand imoe single msle and 0 single gueen.

i — b —
Loizas Made alfieles Femile allzkes
Wenne- 1 gvesn i 1w 2NE g
Wianie-2 1 324 X126 425 3y 2EH O 29w 292
¥anr- 225 125 223
Wonr-275 s e 1m I
e £ 1 70 L § 3 2
Wonr 18 s 12 123 e Iig
Wonnr-521 Ja G W 213 MF
Wresar- S0 T g2
Wiratr- 8L fas  1a7 ]
Weenr-7 I 1y 192 I&d T8
Wnar- 720 174 176 586 155 178 180

T B T e T . e e

type. This scenano seems much less p.arsirn.uninl.u-; fhan the
above O aptrodection sceracio for ar least three reastons,
First, a male beanng only fernale alleles would be requined
0 gemende o QU gueen from a 12 queen. We never ohserved
sl & mabe genolype despite extensive sempling and the
male clonal reprosfuction, Scoopd, we observed only twio
groups of Q0 gueens, with only shightly different highly het
erogygous genotypes, Even if the 00 gueen tvpe was o be
a suecesshal Q:"rl.i-uri-.'ml type, we woulld expect o nhserve
many cifferent O genstvpes with varows level of hetens-
sygosity (a5 found for the Q2 gueen typey, Thind, generuting
a Q0 gueen tvpie from o O3 wype seenis difficelt, as this woulid
require many differepi O3 perorypes and a pumber of wmler-
meclinte male amd gqueen genotypes That were nod oheerved
in oadr sasmple,

A second ulternative seenorio would be that the obeerved
genadvpe pattern 1% due 1o mulople mtreductions of reloted
quesns, MAgain, this scenarie seems aolikely for twe maia
rensops. First, given the large distnnce and the scarcity of
tranfing betwesn Mew Caledona and the W, auropanciaia na:
tive pren, introduction events are unlikely e be freguent.
Second, in 15 native range in South America, W PR -
daro 15 organized inoa patchwork of small (generally bess than
I kw1 eodonies thai are geneticully differeist one from an-
other (Fournier et al, 20805a). Therefore, the moltiple intro-

—

Fia. 2.

Meaghbor-joiniag desdrogrum of the genetic (allebe-shared | distance berween a subsel of genmypes of repraductives from New

Caledomis and genotypes of reproductives from Fresch Guiana (Foumier et 2l 3050). 'White bars on the right indicate queens i Q4 and
black bars males (M5 The queen type (00, 1, G2, 03 o mabe type (M0, M1 a5d the aumber of sdestieal pemsoypes inl ane indcate)
in bruckets. The Mew Caledoiin sishset comsisis of all male andd femnle clonnl lineages (e = 1} and 24 medomly chosen aniqee genary pes
of reprodactives in = i The upigue MI and 91 genolypes of oor sample are indicated with 5 block and @ gray arrow, respectively,
Black siars indicavs the New Caledomion genatypes in Fonrmer & ol, (200507, New Coladonian sampling sirgs are given for each penotype
E‘ u bwn leiter code: BS, Bode du Sud: PL Pindoz MP, Mo Panig; KO, Beomec: BT, Boubosparis-Thio, PL, Pen Lagasie, HI,

temphene; PA. Pavuin {(see Fig. 1) Freésch Gusana siles are given by o single better code 25 an Foumser ef al. (3005a), The rooting
shiown should nol be taben a5 evidence Tor evolutionary fransitions and cansot be used Tor inference of the ancestral genoivpes first

mntroduced in Mew Coledania
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number of "male® alleles

Fra. 3,

Diseribution of the number oF “'maie™” alleles in gqueess over 11 dlagnosnic loci: (A) observed disiribuovicn; (B) tkeoretical

distribstion. White, dashed, gray, ond black bars indscate O, 1, Q2, and 03 queens, respectively. In (), the probabilities of 'hl:urimlq;
i male allebed for Q2 queens and of bearing @ + 11 male alleles Tor Q3 gqueens were analytically calcubasted as Pogify = El O (100

and Fogld + 111 = Ey O (- 14y respeciively

ductions pastulated under the second allemative scenano are
unlikely, because they should ofiginate from a very small
geographic area to accound for the genodype pattemn observed
i Mew Caledonia.

Hence, an invasion scenario involving a single introduction
of the Q0 genotvpe and the MO genotype. which further dil-
ferentiate through mutstion, recombination, and sexuval re-
production events represents the mosl parsimonious Scenario
to account for the observed gencavpe data.

Spatial Distribarion ard Dispersal of Reproductives

The imitial introdfuction site, Port-Laguerme, is o no-{x), all-
Q2 site, whereas the sies the furthest (Kowmae, Most Panid

| and 23 are all-00, no-0}2 sites (Fig. 1), The five remaining
sites coplasned a mixtore of Qb and Q2 gueens. The spatial
distnbution of queen tvpes appears o be related o the dis-
tance from the original point of intreduction. Although mot
statistivally significant (bot note that & = 8), 8 sirong positive
comeiation could be abserved beiween the quesn type ratin
WO + 01 + 02 + 03} and the distance to the poini of
introduction {linear distance, ro= 006, P = 0LT7; distance
oy moud, r = 062, P = L1, We contidered hoth linear
dhistance and distance by road because the large-scale migra-
tion of reproductives is thought 1o be mediated primarily by
human wransport (Passera 1994; Walsh et al. 2004).

The 28 032 clomal lineapes were highly structured spatizlly,
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Fige 4. Reprodoction modes of reprodectives in Mew Caledonian populations of Waesmeanéa guroprscieir. Black armow imdicates clonal
roproduie Lhom, gray arrew indicases sexual reproduclion, while amow indscales arthenolokous panbenogenesis, crosisd anmows with -ql.lt-'iill:ln
mark indicaie other posential bt not ohserved reproductive modes, broad amows indice freqguent events, amd marmow anmows indicsle

rare events.

with 25 of these lineagss found at n single site and mosi
liveages differing by recombination or matation events found
at the snme site (Fig, 5h, This pottern indicates o low dispersal
rate of gueens i Mew Caledonian populations. Consistend
with this. significant gqueen genetic differentiation was ab-
served between sites (F o = 0098, P < [0-9) and he-
rween mests within sites (Fuw = 00132, £ < 109 A
fower but significant level of worker differentiation was ob-
served between shes (Fje mg = 0025, £ < 107 and be-
pween nests within sites (Fge = 0021, P < 104, The
lower differentiation for workers than for gueens 15 an ex-
pected micome of the sexual production of workers involving
almosl exclosively clonal MO makes. Moreover, three of the
five MO clopal growps of males were widely distribated
throughouwt MNew Caledonia, o pattern compatible with the
occurrence of more frequent long-distance dispersal evems
fior males than for quesns,

(B EEA ]

A pecent genctic sorvey of W awropuwnciama restricted o a
small peographic areas of the native range of the species
{French Guiann) and four nests from New Caledonia showed
& unique reproduction system in which males and females
reprowluce separnfely throagh clonal systems, while only the
wirkers are produced sexuslly (Fowrnber en al. H2i5a) The
present exlensive survey (82 pests collected at various lo-
catkons across New Caledonia) confirms that reproductives
and workers were primarily produced by similar reproduction
systems all over Mew Caledonin. However, we found that,
unlike the populations in French Goiana (which onlv dis-
payed clonal production of reproductives, lesding to a strict
separation of male and female gene pools), Mew Caledonian
populntions showed the hallmarks of rare sexual reproduction
ewents in the production of queens and males, Such sexual
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Fig. 5. E\'-ututinnary arigin and geographic distribution of the two 0 and 28 G2 clonal gueen 1i.l1E:IE-'.i foand in Mew Caledonia. Q0

gacens &re chown in bold charactors, the other gueens are QT queens. The number of individuals in
A modnl of 13 sexwal reproduciion events, 15 recombination events (4 in 2 limeages and ome in the

rowp is shown in pareniheses
ng lineage), and o muational

evenls could be inferred. An additional |] sexual reprodeciion events were inferred from Q3 gqoeens (not shown).
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reproduction evenis led o the production of npew derived
clongl lineages. As a consequence. although the separation
of male and female geae pools remains strong, this sepacation
ks nod complete in Mew Calédonian populations. Wassuermmia
aurapnrciaia makes and females therefore do not strictly form
reparife evnlutionory units, ot least in the particular historical
and conlogical context of New Caledonian introduced pop-
lations, Our findings also suggest the possibilily of vanation
b the reproduction systems of W, auroparcien, with pop-
ulations showing dilferent rates of clonal versus sexual pro-
disztion of moles apd Queens,

Unly a single sampled gueen and a single sampled male
provided dircet evidence of sexun] reproduction events. in
titroduced populations of Mew Caledonia (see Fig. 25, How-
ever, close examination of hoth the relationships between
genotypes and the distnbution of alleles in the different lin-
cages abserved in the &2 nests provided strong indirect eve
idences of additional rare sexual reproduction events, with a
bovtal oof ot least 24 sexual repeoduction events infermed since
the sntroduction of W, giiraparctng in New Caledopia 40
years ago, Such & patiern could not have been inferred from
the four nests from Mew Caledonio anolyzed in Poursier ot
al. (20kSa) because they contamed only 0 pnd M} geno-
ypes, Moreover, the relafionships betwéen the genotypes of
the different clomal lineages observed in populations froem
French Guinna did mot show the close coancesiry and recent
diversification through sexual reproduction events, as we
have found For Mew Caledonion genoivpes (Fig. 23, Although
extensive datasets are now availzble for populations from
both French Guiana and New Caledonia, laboratory experi-
menis with contredied pedigrees would be particularly useful
tor definitively conliom the W, saropimcraie reprodoction sys-
lems amd bo study thedr proxsmate mechanisms, These ex-
periments are under way in our laboratory. Given the occa-
sional sexunl meprodection evenis in Mew Caledonia, such
EVEnts now seem more plavsible than previowsly expecied in
bath mative ond introduced popilations of W, auwopmerans,

Male Clowaline

The make clooality patbern observed in W, auropunciora is
consistent with o maternal penome eliminsion mechanizm
{i.e.. the elimination of the maternal penome by the male
gengme 1 the epp after fenilization), a4 hypothesized in
Foumnier ot al. {2005a). Although rarely observed. maternal
geneme eliminpiion as been previously demonstrated in sev-
eral species of Corlicely cloms {Komana et al. 19498 and in
Bacillus stick Insects (Scali et al, 2003}, However, a mech-
anism of matermnal gesome elimination induced by the male
gename afber fertilization cannot easily explain the observed
worker to male o in W awropwictois nests (ie., few if
any males vs, several hundred workers per nest in most nests:
data nat shown), The I:urgt number of seiunlly prodsced
workers implies that the maternal genome is fod sysiemali-
cally eliminated by the male genetic contribution. Female
coniril woald thercfore be required o sccount for the ob-
served workerao-male ratio in nests; either by gueens st the
level of fertilization of by workers ot the level of egp policing
(e, worker control on egp raisingl A more parsimonious
hypothesis would be thal clonnl males are the outcome of

JULIEN FOUCALUDR ET AL,

normal fertilization of eggs Iocking maternal penomic ma-
werial. produced by o limated sember of gquesns.

Our seudy demonstrated the lack of arrhenotokous male
production by O gueens. Although this stnkimg feature re-
minns 1 be explained, we mse that worker contred over egg
raising mpy nccount for this absence, Becawss workers share
oniy [L25 ol therr genes with arrhenotokows males and U500
of therr genes with the competing MO clonal males, Kin se-
lection theory (Hamilton 1964) predicts that warkers shonld
favor the rearing of MO males.

Female Partheregenesis

Im Fournier el al. (2005ah, only a sangle gueeen genoiyvpe
among the 142 analyzed queens showed evidesce of recom-
himation, hence sugpesting thot quesns from Guianese pop-
ulations were produced by apomictc parthenogenesis (e,
ceps produced from onreduced diploid cells, without meio-
sinl. Char study (580 quesns gl:ruﬁ],lpud] revezls that 14 of the
30 clomal quesn lieages sampled in New Caledonin wese
derived from independent heternzygote-io-homozygote locus
recombinaltion events, suppesiing thal gueen parthenogenesis
may be automictic (ie., eggs produced from the fusion of
two gameies, nllowing restoration of diploidy) rather than
apomictic. The rate of recombination was found 1o be low
i W awroparciera, resuliing in the maintenance of high ley-
els of heteroeygosity, The low rate of recombination 1o W,
gt ropectelo Soggests that s female parthopogenesis mech-
anism might be automixis with central fosion, as recently
fownd in O cureverr (Pearcy el al. 20060) and i the FRTE IR M T AT
A, smeififers coperiis subspecies {Baudry et ol 2045,

Mot all queesn types seem to reproduce parthenogenetically,
We lound mo evidence of clonal reproduction Tor 1 and Q3
gueens, unlike Cdb and Q2 queens. The main difference be-
iween these Dwo groeps of gueen iypes is that ab least hall
of the genome of Q1 amd 3 geeens is of male origin. This
pattern suggests that female panhenogenesiz may be ander
the cottlrol of & single locus, with two female alleles reguined
for parthenogenesis, as recently found in A, mellifene capensis
[LattorlT en al. 200K ).

Gremerfic Determination of Caste

In nnts, caste 1% usuu!l}' considered o he environmentally
determined and controlled by the workers (Crozer amd Pam-
il 19y, However, worker control is unlikely 1o account for
the existing disribution of queen and workes genolypesd i
W. anropanctena. If this were the case, W, apropanciata work-
ers shoald favor the reanng of their own sexually FII'I.II.‘lIJI:ﬂI]
slagers (with which they share .73 of thear genes) as gueens
Imstend, we found that clonally produced egps. who share
anly (LE0 of their genes with workers, invariably develop
into the queen caste. Alternatively, queens themselves could
favor their clonal eges to bediine queens amd alimanaie sex-
ually prodiced gueen larvae, Howewer, gueen control could
not pecount for the pattern uncoverad in the mole sex, where
virially mo gueen alleles are transmilled, Caste determina-
tion may therefore be under genetic control in this species
Chur unalyses show thot 98 of sompled geeens have o high
proportion of female olleles (75-100%: female alleles, 2o thal
il of mot all loct possess oo female alleles) and thas all
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workers hive o high proporion of male atletes (50-73% mabe
wlieles, with ao loci possessing two female alleles). A model
os simple as o single balletic locus with homoeyzotes di-
tected Lo one caste and heterozvgores 1w the ather wanli
aocount Tof the observed disiribution of castes i W, awro.
punera, Althesugh rare dn socil insects, penetic caste de-
termbusation bas been demonsiraicd in harvester ants ( Pagor-
CHINERREN Vigoras-barincius; Cahan e ol 20040, for which a
simple mode] like that the one sigeested bere mny alsos ge-
count for the observed pattern of genetic dimorphism betwesen
queens aml workers,

Cerlemnd zientene of Mew Caledonin

We found our genotvpic data w be consisient with the
introduction ke New Coledonia of 0 single make and a single
female genosvpe fle., the MO and Q0 genotypes, respective-
Iv k. Genetzcally busesd coes wre often asswmed b enable nesi-
miate recoginition n ants OV ander Meer and Morel 1998 The
genetic homogensity &l recognition leci resulting from the
exlrente bottlemeck that occurred i Mew Caledonia may he
insulficiens W induce aggressive interoctions Bepacen nomo-
nestmates | Tsuisnn o al. 2000}, J:-:nlinj_ i thie Formention of
a single 450-km-long supercelony (Le Breton et al, 2004},

The geographic distriibuiion of clonol lineages in New Ca-
fedanin differs greatly from that observed in French Gulana
( Fowrnser el af, 200503, The laver pepulations nre charncier-
ized by several small supercolonies {a few tens to hundreds
of metess longh, each one headed by o single male-female
pair of genotypes different froun thnt of the neighboring su-
percobinies. The human-mediated displacement of o =mall
fraction of a single local supercolony from the native range
would togicolly result in the introduction of a single male-
female pair of gensypes, s vilerred from oor dat in Mew
Caledonia. Once an introduced propagule has successfully
developed. ihe time o the next inreduction evenl may be
sulficiently long for the first propagule o satarale the en-
vieonment. hénce preventing any following propagule from
establishing themselves, even if better adapted 10 the new
environment CTautsut et ol 20031 Given that Mew Caledon-
fen habitats are largely saturated by the QO-M0O clone pair
and its derived clonal lineages, the successful establishment
of other W. dierspanciata introduction propagoles on the is-
lund =eems unlikely in tee near Tutune,

Unicolonialivy is repeatediy cited as one of the most im-
poriem biological feateres of invasive ant species, tchuding
W, aprepuncienr (Passera 19894; Towrdan e ol 200 ; H:_'.Il,l.';”,-
et-al. 202; Tewisui and Suarcz 2003: Le Breton ot al, 2004,
By definition, an unicolonial ant species is arganized into
networks of geographically separated nests cooperating as
single units {Markin [968), Several recent genetic studies of
undcobenisl ant species uncovered o low level of relatedness
hetween workess of the same supercolony, Contrary W ¢x-
pectations of kin-selection theory predicring that such situ-
ateoiss can e evolutionory anstable (Clhoapuisal and Keller
VRl Girnud et al. 2002; Tsotsui ef al. 2003 Eligs et al,
J005h, The penetic data obluined for W, puropinciara -
ilaticms (this stwdy; Fournder et al. 200%a) show that ihe
unicolonialiny of the species is rather unigue as compared o
ether kpown unkcolonial species (Holway et gl 2002 Tautsul
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andd Suarge 2003 ). The clona] reproductive syslem of W au-
PO pn:wil.ius ench sepercolomy with a r'amil:,.' AT LA
genelcally ddentical (el Guianese pepalations, Fourmier g4
al. MM¥5a) or ¢lose (ogr New Caledonian popobatkons) 1o a
msngynogis-monsandroas celony for which the absoloie
sworker eelatedniess is theorerically expected to be high (i,
= [L75). Kin schection thesry predicts that: the -hizh-rebas-
eadness unicolemal ity isplayved by Womerapanciaso mipht be
evelutbonary nuie stahle and henoe persist over longer tHime
thun ather kpown unicobonial pnt species, The clonol repro-
disciion systemn niay combine the advantage of social cohe-
sion due o high absolule relatedness with the ecobogical
advantage of being  demaographically  polygymoes-polyan-
drous, This system may therefore constmite a key {actor o
the invasive saccess of W auropimenats,

Emergenee of Sexuad Reproducrion

Apirl [rom the size of the supercolonies, the main differ-
ence Berween Mew Ciledonian and Guismese populations ol
W, craropmnctarg is the cocarrence of sexual reproduection
events i New Caledonia, The intial infroduction site of W
aupropapciai i New Caledonin {Pori-Laguerre) mow only
clmprises sexualiy dierived 22 clones, :uﬂesling thiu the
aFiginal Q0 clone may have been completely replaced at this
site. The spatil distribidions of QO and Q2 + Q3 gucens
throughour Mew Caledonia suggesis that this puiative re-
placement of the original OO clone by sexually dedved
guesns could be o local process |."|.|.'rr|:-nll!.I nl:u;urriﬂg ull over
the fslamd, The source population of the MNew Caledonian
supereobony is currenthy unknown and would be difficol w
sample due to the high level of genetic structre ohserved
ower short distances in native populstions of the speces
(Fournier ef al, 2005a). Therefore, we cannot determing from
our duts whether rare sexul reproduction cvents are posi-
tively selected or developmentally consfrained (ns defined by
Mapnard Smaith et al. TGRS

Experimental studies (ocosing an putative differences of
ftness between queen types ore needed o ossess whether
semwal peproduction s beoelcial. Temporal surveys of the
demagraphy and gueen tvpe catie in Mew Caledonia could
alsn shed light on the evolution of this supercolony of lorge
size. Together, such stedies might lead o a better under
stamding of the cause and consequences of the emergence of
sexual regroduction in the New Caledonian W, aurommeinig
supercalony,
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