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GENERAL INTRODUCTION

General Introduction

Social hymenopteran species are generally assumexhibit relatively uniform and simple
ways of reproduction. In most ants and other sdoyahenopterans, shortly after emergence
winged reproductives typically disperse and matth vioreign individuals away from the
natal nest. During this brief period of time, queenay mate once or multiply, but do not
remate after this mating event. Males die soorr afi@ing, and mated queens seek to start a
new colony either solely or together with other hewnated queens. They start to lay
fertilized eggs to build up a worker force andetatalso produce sexual offspring (Wilson
1971).

However, some members of the social Hymenoptera enyibit remarkable diverse

reproductive life cycles, including alternative meguctive tactics of males (reviewed e.g. for
ants: Heinze and Tsuji 1995; for bees: Paxton 2@Dis) female reproductives (Heinze and
Tsuji 1995, Ruppell and Heinze 1999, Heinze andek&l000), linked to diverse behaviours,

morphologies and physiologies.

The ant genu€ardiocondylaEmery, 1869 is extraordinary, as its species devia many
aspects from the typical reproductive life-histafythe social Hymenoptera (Heinze 2017).
Instead of dispersing and mating away from the, maating regularly takes place inside the
natal nest and between closely related individdelg. Kinomura and Yamauchi 1987,
Heinzeet al. 2006). Besides the occurrence of winged males;iwdiie present in some of the
species, all species produce non-dispersing, lmegtimales with a superficial worker-like
morphology and continuous spermatogenesis (HeindeHslldobler 1993). These ergatoid
males display an enormous variation in reproductredaviours across different species
(Jacobs and Schrempf 2017). In several speciedoegaales locally compete and may
monopolize mating with available females over menitly eliminating all male rivals (e.g.
Kinomura and Yamauchi 1987, Heinat al. 1998). In addition to diverse male mating
tactics, number of queens and queen mating freqeerare diverse across species of
Cardiocondyla(Heinze 2017).

The myrmicine genu€ardiocondylas widely distributed in the Old World, and severaits
species are cosmopolitan tramp ants, which hawe ialsaded the New World (Fisher and
Bolton 2016). To date, 70 valid species are idettif(Bolton 2017), assigned to at least
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twelve species groups (Seifert 2003 and pers. cofdeinzeet al. 2010, Heinze 2017) and

belonging to two clades (Oettlet al. 2010). This thesis presents data based on stoflies
thirteen different species (Fig. 1) belonging toghti species groups. Colonies of
Cardiocondylaspecies may be easily reared in the lab and aat fioleexamining a variety of

different aspects of the life cycle in the contektreproduction, such as colony founding,
mating systems, number of reproductive queens,inlestitance, consequences of inbreeding
and sex determination system. Furthermore, as a&lhsydtem for sexual selection, studies
may retrace the evolution of male traits such asphmlogy and reproductive tactics. The
following paragraphs highlight the peculiarities different aspects of the life cycle with

regard to reproduction i@ardiocondyla which are focused on in the individual chaptdrs o

this thesis.
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Fig. 1: Phylogenetic tree of the ant gei@ardiocondyla(modified after Oettleet al. 2010).
Red circles indicate species examined in this shesi

Males in Social Hymenoptera

Social hymenopteran males typically die within & feours after the mating event. After
death, the male persists in the colony only asnspevhich is stored in the queen’s

spermatheca (Hoélldobler and Bartz 1985). The quesss this sperm throughout her life to
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fertilize eggs, resulting in life-long pair-bondiegen years after the male’s death (Holldobler
and Wilson 1990). Males of the social Hymenoptemtgpically short-lived and appear to
play a minor role in a colony’s life cycle. Equigp®ith wings, large eyes, long antennae and
only a limited amount of sperm, as spermatogereesises before or shortly after emergence,
they are generally considered to exhibit traitsy@adapted to disperse, locate and mate with
female reproductives. Only few genera exhibit maleg differ from the typical ant males
described above, e.Gardiocondyla(e.g. Heinze and Hélldobler 1993, Heingzeal. 1998),
FormicoxenugLoiselle and Francoeur 1988)JypoponeraYamauchiet al. 1996, Foitziket

al. 2002), andTechnomyrmexXYamauchiet al. 1991, Pech and Be&kl 2016). Species of
these genera produce wingless, so-called ergatai@smwith a morphology superficially
resembling workers. The loss of wings is most pobbpan adaptation to staying in the

maternal nest and intranidal mating (Hélldobler &vitson 1990).

In contrast to males of e.g. many mammalian tageiak hymenopteran males typically do
not have the opportunity to monopolize females,abse mating takes place only during a
brief period and typically occurs in large swaridgiléon 1971), with low chances to prevent
male competitors from mating. Thus, alternativereodpctive tactics, which are often
associated with aggressive interactions and theldpment of morphological traits effective
as weapons, have only rarely evolved, and competdmong males is mainly present in the
form of scramble competition (Boomsmat al. 2005). However, inHypoponera
punctatissimaand several species Gardiocondyla as a consequence of the intranidal life
cycle, ergatoid males compete with each other (lowte competition, Hamilton 1967) in
order to monopolize mating with female reprodudielamilton 1979, Stuaet al. 1987,
Yamauchi and Kinomura 1987, Heinze and HOlldob#33] Heinzeet al. 1993).

Males in the Ant GenuSardiocondyla Alternative Reproductive Tactics

The genusCardiocondylais characterized by a striking male diphenism witlo male

phenotypes reflected in different reproductive wvetas. Winged males are produced under
environmentally stressful conditions (Cremer andnke 2003), they behave docile, and,
before dispersing and mating with foreign virgiregas, they mate within the nest (Kinomura
and Yamauchi 1987, Cremet al. 2002). Besides the occurrence of these wingecedisp

males (Fig. 2A) in about one quarter of the spe¢ldsinze 2017), all species produce
worker-like, ergatoid males, which stay in the maaé nest throughout their lives. This non-
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dispersing, but wholly intranidal life cycle is nomly reflected in their morphology, but also
in the physiology and behaviour, i.e. in the expi@s of alternative reproductive tactics.
Ergatoid males are wingless, lack ocelli and havy small eyes (Fig. 2B). They may be
relatively long-lived (up to one year, Yamaucht al. 2007), and exhibit life-long
spermatogenesis, a trait unique among the socialddygptera (Heinze and Hoélldobler 1993).
The presence of both winged and wingless maldseisncestral condition of the genus, with
ergatoid males engaging in lethal fights to inceeabeir reproductive success by
monopolizing mating with available female sexudgifze and Hdolldobler 1993), which are
present year-round in species of the tropics arutrgpics. Different fighting techniques
occur in the genus: ergatoid males of several specse their robust “shear-shaped”
mandibles to crush the weakly sclerotized cutidlegang male competitors (Heinzs al.
1993, 1998, Frohschammer and Heinze 2009), whaeldhg and narrow “sickle-shaped”
mandibles of ergatoid males of other species ae#l us both pierce the not yet fully
sclerotized cuticle of emerging males (Kinomura aadhauchi 1987; Stuaet al. 1987), and
to clasp around the rival’s body and besmear ihaitindgut secretion, which elicits worker
aggression and leads to the elimination of thel byavorkers (e.g. Kinomura and Yamauchi
1987; Stuartet al. 1987; Yamauchi and Kawase 1992; Yamauwhal. 2006). In contrast,
male fighting has been lost in several species rooguin Palearctic regions, as ergatoid
males are tolerant of each other’s presence (elyeBpfet al. 2005; Lenoir et al. 2007).
Male territoriality revealed in one speciesCGdrdiocondyla(C. venustulaFrohschammer and

Heinze 2009, Jacobs and Heinze 2016) presumabhegepmts an intermediate condition

between fighting and tolerance.

Fig. 2: Males ofC. obscurior lateral view. A: winged male, B: ergatoid malmalges by S.
Frohschammer.
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Lack of Data on Male Traits

Information on the biology of males of the sociainienoptera is generally scarce. This is
presumably due to a) the limited availability doethe short time spans during which males
are produced and their limited lifespan, and, pbbpas a consequence, b) because of the
erroneous belief that ant and other social hymemaptmales are “ephemeral sperm-delivery
vessels” (but see Boomsned al. 2005, Shiket al. 2012, 2013), only adapted to disperse,

locate virgin queens and subsequently mate witmthe

The vast majority of studies examining the morpgglghysiology and behaviour of ants are
thus focused on female colony members, i.e. workiedsfemale sexuals. Males are unknown
for several genera, and described for only aboyater of the approximately 12.800 valid
ant species (Boudinot 2015). The current taxonomthe Formicidae is largely based on
worker morphology (but see e.g. Yoshimura and Omaya002, Yoshimura and Fisher 2007,
2009, and 2012, Boudinot 2015). However, it turoetl that male morphological characters
are important for taxonomy (e.g. Egucoki al. 2006, Yoshimura and Fisher 2012) and
systematics (LaPollaet al. 2012). In Cardiocondyla the morphology of ergatoid male
mandibles is useful for discriminating between thwe clades of the genus (Oettlet al.
2010). Characters of male ant external genitadia, tmay allow e.g. for the identification of
species (Gotzelet al. 2012), as well as for distinguishing genera (Yoslia and Fisher
2012) and subfamilies (Yoshimura and Fisher 20kihapter 1 a detailed morphological
description of the male external genitalia of 12aes ofCardiocondyla(Fig. 3)is given.
Several characters turned out being useful foragé#neric taxonomy and phylogeny.
Moreover, one character is potentially useful fesalving the phylogenetic relationships
among the subfamily Crematogastrini, and may rewvib&l phylogenetic position of
Cardiocondyla which is unclear to date (Warmt al. 2015). Furthermore, the study is a
valuable contribution to the study of sexual setextas it also compares the morphology of
genitalia between ergatoid and winged male phemstyand, in addition, examines the
potential influence of different levels of spermmmuetition in ergatoid males having different
reproductive tactics, which may lead to specifiapmological adaptations of the male genital
apparatus. While fighter males should have lowlkeweé sperm competition, as only a single
male is able to mate, tolerant ergatoid males véersd Palearctic species are assumed to
exhibit high sperm competition levels. As a reselfborate genitalic structures, such as e.g.
claspers, may have evolved to increase male maiutgess under highly competitive
situations (Eberhard 1985).
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Fig. 3: External genitalia of males Gfardiocondyla ventral view. A:C. obscurior winged
male; B:C. tjibodana winged male; CC. elegansergatoid male.

Because of the above mentioned elusive naturetahates, only few studies focused on the
evolution of ant male biology and examined adapitetiof male traits (exceptions e.g.
Boomsmaet al. 2005, Shiket al. 2013). These studies, however, revealed that male
biology is much more diverse than previously thdu@everal traits appear to be correlated
with mating success (male size and mandible lengbell et al. 1999), mating syndrome
(eye and mandible size with female calling syndrorBaik et al. 2013) and mating
opportunities (male lifespan: Heinze 2016). The photogy of wingless males of
Cardiocondylais assumed to be generally adapted to fightingaehr (“fighter-phenotype”,
Seifert 2003), however, morphometric data is atélgorimarily of workers of about 50
species of the genus (e.g. Seifert 2003, He@tza. 2010, Seifert and Frohschammer 2013).
Chapter 2 therefore presents detailed measurena¢atodl several morphological characters
of ergatoid males and workers and compares it lmtween species having different

reproductive tactics, and between ergatoid maldsaarkers of the respective species.

Furthermore, this study examines the morphologgrgétoid male mandibles. In general, ant
mandibles are the tools serving to manipulate thdrenment, and they have to fulfil a
variety of different tasks (Holldobler and Wilso®9D). Morphological characters of ant
mandibles have been proven useful for ant classific and may help to reveal phylogenetic
trends especially within species groups (e.g. Ehemk 1966, Gotwald 1969, Boudinot 2015).
Recently, it has been shown that ecological factah as prey size (Ohkawaetal. 2016)

or food quality (Camarget al. 2015) may influence mandible morphology of antorkérs

of many species possess derived mandibles servingae weapons in order to defend the
colony (e.g. genug&citon) or possessing a morphology adapted to cuttinfg leag. genus
Atta) (Holldobler and Wilson, 1990). In contrast, matandibles are typically described as
‘reduced’ and ‘often without function’ (Ettershari966, Gotwald 1969), and functional
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adaptations of male mandibles remain obscure, @hot has been reported that males of
several species use their mandibles to grasp tin@léeduring copulation (e.g. Nagel and
Rettenmeier 1973, Abedit al. 1999, Mercieret al. 2007). Mandible morphology of ergatoid
males (Fig. 4) is associated with the different svay killing male competitors in the two
clades ofCardiocondyla and it has been indicated that minor shape éiffegs may be linked
to the specific reproductive tactic of ergatoid esabf the respective species (e.g. Heieize
al. 2016). Despite of this, mandibles of ergatoid maéCardiocondylahave been studied
only superficially (e.g. Kugler 1983, Terayama 1p@8d never been quantified. Chapter 2
thus provides a detailed analysis of the morphokigdifferences of mandibles among
ergatoid males of the gen@ardiocondylahaving different reproductive life histories to
reveal possible correlations between mandible naqgy and reproductive tactics of

ergatoid males ofardiocondyla

Fig. 4: Head capsules of ergatoid male€afdiocondyla full-face view.
A: C. “argyrotricha” (preliminary name for taxon currently being desedlby B. Seifert),
B: C. obscurior C: C. minutior.

Inbreeding and Sex Determination

In the social Hymenoptera, typically both sexes/éethe maternal nest, often at different
times, and mate with foreign individuals (Hélldoblend Wilson 1990). This pre-mating

dispersal is the primary mechanism to avoid inbregdh social hymenopteran species. The
recognition of close kin through olfactory signaédsanother mechanism to prevent mating

between closely related individuals (Smith 1983).

Organisms generally avoid inbreeding, as matingladely related individuals abolishes the
advantages of sexual reproduction (reviewed in Ct8@4), arising from the production of

genetically variable offspring. Instead, mating adbse relatives produces offspring with

7
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increased levels of homozygosity, and, due to tkpression of recessive deleterious
mutations (Charlesworth and Charlesworth 1999)ticaous inbreeding is associated with
detrimental effects, which reduce fitness (inbregdilepression, Keller and Waller 2002).
Inbreeding is believed to be less detrimental iplddiploid organisms, as such deleterious
recessive mutations are exposed to selection idoidapnales, and thus are effectively
expelled from the population (Werren 1993jowever, inbreeding in the haplodiploid
Hymenoptera nevertheless is often associated wetative effectsMost hymenopteran
species reproduce via arrhenotokous parthenogeniesisvhich fertilized, diploid eggs
develop as females, and haploid, male offspringlt®$rom unfertilized eggs. The common
underlying genetic mechanism is single locus completary sex determination (sl-CSD),
which is assumed to represent the ancestral conditi Hymenoptera (Cook 1993, Heimpel
and de Boer 2008). Under sl-C3ultiple alleles at a single locus are determirseg, with
heterozygotes at the sex locus developing as femalkeile hemizygotes and homozygotes
develop as males. Inbreeding may lead to homoztyg@gi the sex determining locus,
resulting in the production of diploid males, whieme typically sterile or not viable
(Stouthameret al. 1992, Cook and Crozier 1995; but see functionediyroductive diploid
males in thesolitary vespid wasjEuodynerus foraminaty€owan and Stahlhut 2004, and in
the gregarious endoparasitoid wasjptesia glomerata Elias et al. 2009). In social
Hymenoptera, diploid male production at the expesfs@orkers or female reproductives is
particularly disadvantageous with respect to colgmywth and survival (e.g. Plowright and
Pallett 1979). Consequently, sl-CSD is especialbtrichental under inbreeding (van
Wilgenburget al. 2006), and members of the social Hymenopteratypisally avoid mating

between close relatives.

Nevertheless, some species of socially parasitis @xhibit regular mating between closely
related individuals (e.g. Winter and Buschinger3,9Buschinger and Linksvayer 2004), and
it is assumed that mechanisms other than sl-CSDremmonsible for sex determination in
these species (Buschinger 1989). However, in centt@ non-social Hymenoptera (e.g.
Beukeboomet al. 2000), the absence of sl-CSD has only rarely bemven in social
hymenopteran species (Schrengpfal. 2006). Alternative mechanisms of sex determination
are for instance multiple locus CSD (e.g. de Beteal. 2008) and genomic imprinting (e.g.
Beukeboom 1995).
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Intranidal Mating and Inbreeding @ardiocondyla

The risk of inbreeding is particularly high if madi occurs inside the nest. Mating between
close relatives may be nevertheless avoided byneate dispersal prior to mating (Peeters
and Crewe 1986) or adoption of alien males (PasmadaKeller 1994). In addition, in some
species, different colonies are characterized Ileyetkclusive production of either male or
female reproductives (Boomsma and Grafen 1990)pilebeing exposed to potential mating
with close sib, intranidal mating minimizes thekssfor a young queen associated with

dispersal and independent colony founding.

In Cardiocondyla mating both takes place in the nest and regulemylves close sib
Colonies of several species of the genus, espgaalgle-queened ones, are thus highly
inbred (Schrempét al. 2005, Lenoiret al. 2007, Schrempf 2014). In the polygynous tramp
ant Cardiocondyla obscuriono negative effects of inbreeding have been redeel natural
populations (Schremt al. 2006). After several generations with constanteeding, some
experimental colonies showed negative effects, siscteduced queen lifespan, reduced male
fecundity and higher brood mortality. Only 1.5%roéles in nine examined colonies ©f
obscurior were diploid, which sharply contrasts the highelevof diploid male production
under sl-CSD, revealing that sex is determinedrimtteer mechanism i@. obscurior and the
same presumably holds true for all specie€afdiocondyla It has already been pointed out,
that absence of sl-CSD may be advantageous edpeitaltramp species (Heinzet al.
2006), as genetic loss due to founder effect magratise lead to diploid male production,

which is often associated with failure at colonyridation (Ross and Fletcher 1986).

To avoid negative effects of constant inbreedingraseveral generations, colonies @f
obscuriorare assumed to regularly outbreed by e.g. matitigseasonally produced, winged
disperser males (Heinzgt al. 2006). Other mechanisms of outbreeding have bbeseareed in
species ofCardiocondyla such as dispersal of ergatoid males (Bolton 1@82yansfer of
uninseminated queens into alien nests (Leebal. 2007). In addition, the adoption of alien
gueens may lower genetic relatedness in polygyspasies such &. obscurior As nothing
was known about the genetic structure of this umsbte tramp ant, which has successfully
spread from its presumed origin in Southeast Asiahie tropics and subtropics of all
continents, six polymorphic microsatellite markesse established, and both relatedness and
the level of inbreeding in a Japanese populatio@.afbscuriorwas analysed (chapter 3). By
doing so, the mechanisms by which negative effeftsnbreeding are avoided, and the
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characteristics, which make the species so effedtivestablishing in new habitats, may be

revealed.

Mother-Son Inbreeding

Due to restricted mating sites under intranidal ingatlocal mate competition may arise
(Hamilton 1967). In several species@drdiocondyla ergatoid males fight against each other
in order to monopolize mating with available virgjueens (Andersoet al. 2003). As a
consequence, queens adjust sex-ratio to an extrema&le-bias and produce only enough
males to ensure insemination of available virgireens (e.g. Cremer and Heinze 2002,
Schrempfet al. 2005). Therefore, especially in monogynous spegesng emerging queens
may face the risk to end up without mating partireparticular when emergence takes place
after their mother’s death. Uninseminated queeascapable of laying unfertilized, haploid
eggs, Yet, this results in male offspring only. Mgiit the possibility to produce a large worker
force (diploid offspring), such unmated queens ¥ail to establish a colony. The only option
to raise worker offspring is to mate with the quseswn son to produce diploid offspring.
However, mating between the mother and her ownis@mactically inexistent in the social
Hymenoptera because of a) the detrimental effddtsboeeding under slI-CSD, and b) due to
the fact that mating usually occurs only duringrayke event early in a queen’s life and no
remating takes place after the start of egg pradugWilson 1971). Indeed, only two cases
of mother-son mating have been reported in socyahéhoptera (Garofalo 1973, Liebag al.
1998), which sharply contrasts the situation intant haplodiploid taxa (e.g. Ueda 1997,
Hardyet al. 1999) and diploid social insects, i.e. termiteslfyashiet al. 2013). Chapter 4
documents, however, that young, uninseminated guee@. “argyrotricha” (Fig. 5) may
avoid colony failure by first producing haploid readffspring, mating with one of their own
emerging sons several weeks later, and subsequensiyng workers and female sexual
offspring resulting from fertilized eggs. This iogdies that slI-CSD is absent i@.
“argyrotricha” , too. The study highlights the striking plasticti/social insect life-histories
by demonstrating how alternative female reprodectactics as well as sex determination

systems may evolve under certain constraints.

10
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Queen Number and Nest Inheritance

Queens of the social Hymenoptera exhibit a vamdtgifferent reproductive tactics (Heinze
and Keller 2000), similarly to the surprisinglyXible traits of males. Queen number appears
to be highly plastic within ants, and is variableee within some species (Ggit al. 2009).
Monogyny (a single reproductive queen) seems teesgmt the ancestral state in ants (Ross
and Carpenter 1991). While polygyny (several repotiste queens per nest) typically is
associated with dependent colony founding by bugildigoung queens emerging in
monogynous colonies typically disperse, mate awasnfthe nest and found a new colony
after finding an appropriate nesting site (indemgraolony founding). Polygyny presumably
has evolved as a response to the high costs ¢dugotiolony founding e.g. in patchy habitats,
with queens selected for seeking adoption in thtalmeest (Bourke and Heinze 1994). A
reversal from polygyny to monogyny is for exampberid in slave-making ants (Beiét al.
2005), but seems to be rare, as queens of polygymolonies often do not exhibit
morphological adaptations necessary for independeluny founding, such as a high fat
content, reflected in a bulky thorax. Polygyny esmnts the ancestral state in the genus
Cardiocondyla(Oettleret al. 2010), while several Palearctic speci€s ¢élegansC. batesij

C. nigra) show a reversal to single queening (Heietzal. 2002, Lenoiret al. 2007, Schrempf
and Heinze 2007). In chapter 5 we document a semratsal from polygyny to monogyny

in the Southeast Asian specfeés“argyrotricha”.

.

- y 6L Schrader

Fig. 5: Wingless queen @. “argyrotricha”.

Staying in the natal nest is often beneficial ig@ared to independent colony founding, as
dispersal is associated with a high risk of failahee to greater mortality before colony

establishment and the risk of not finding a sugahésting site. Theory predicts a trade-off
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between dispersal and staying in the nest, i.@eadsof dispersing and facing the risks of
independent colony foundation in order to reprogdacpotential reproductive may stay in the
nest in order to inherit this resource in the fatand subsequently reproduce (Myles 1988). A
stable nest with a worker force thus constitutegsecially valuable heritage for queens of
the social Hymenoptera. However, fights over nekeifitance are surprisingly uncommon,
and the colony’s lifespan is typically bound to tliespan of the single reproducing queen,
with the colony quickly declining after her deaffew studies indicate that group members
compete for inheritance of the nest. For exampiirv queens of the honey beégpis
mellifera are known to show fatal fighting over nest infarie (Gilley 2001), and conflict
over reproduction also occurs among subordinates nmnogynous queenless ant (Monnin
and Peeters 1998).

Chapter 5 describes nest inheritance in monogyrmmlsnies of the antCardiocondyla
“argyrotricha” . In contrast to two polygynous species of the sapezies-group, which are
known to establish rank hierarchies and to engagéethal fights over nest inheritance
(Yamauchiet al. 2007, Heinze and Weber 2011), analysis of queeatiln and aggressive
interaction between colony members in small expental colonies, containing several
consecutively emerging queens, shows that aggressicurs on a low level only. Instead, it
appears that mainly the order of emergence of qudetermines which of them will become
reproductive and inherit the nest. The status ef rgproductive queen is reflected in the
location in the nest, as the reproductive queenasitthe brood pile, while non-reproducing

gueens spend most of their time in the periphesdsa
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AIMS OF THIS THESIS

Aims of this Thesis

In species of the myrmicine ant gerardiocondylaseveral aspects of reproduction deviate
from the typical reproductive life cycle of the sddHymenoptera. Intranidal mating, regular
sib-mating linked to high levels of inbreeding, ate® occurrence of worker-like males,
which stay in the maternal nest, is associated avifriety of different life-history strategies,
which have evolved in species @ardiocondyla Both male and female sexuals of
Cardiocondylaexhibit a wide range of reproductive tactics, whiate accompanied by
correlated morphological traits. This thesis foessson morphological, genetic and
behavioural aspects concerning reproduction inahie genusCardiocondyla in order to
provide data helpful for gaining insights into teegolutionary pathways of the different

reproductive tactics and correlated traits in dansects.
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Chapter 1

Genital Morphology of Winged and Wingless Males time Ant Genus

Cardiocondyla(Formicidae, Myrmicinae)

Christine V. Schmidt* & Jirgen Heinze

Zoology / Evolutionary Biology, University of Reg&murg, Universitatsstrae 31, 93053

Regensburg, Germany

* corresponding author: christine.schmidt@biologim-regensburg.de

Key words:Cardiocondyla ergatoid males, morphology, external genitaliaJardiphenism,

Myrmicinae

Abstract

The myrmicine ant genuSardiocondylais characterized by a peculiar male diphenism with
winged disperser males and wingless, “ergatoidhtg males. Here we describe and
illustrate the morphology of the male external ¢gia of 13 species of this genus. Several
characters, especially the parossiculus of theellaland the medial face of the paramere,
vary between different species groups and mightubeful to clarify the infrageneric
taxonomy ofCardiocondyla External genitalia between different phenotypés species
differ primarily in size. All examined males, bowinged and ergatoid, have a parameral
hook that resembles a structure describedN@somyrmexmalesbut which is apparently
absent in other studied myrmicine ants. The presemd absence of this hook might be

useful for future studies on the relationships witihne myrmicine tribe Crematogastrini.
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Introduction

The current taxonomy of the Formicidae is largedgda on worker morphology, and data on
the morphology of ant males generally is scarcdt@Bo2003). This lack of information is
probably due to the limited availability of ant reg) which in most taxa are produced only
during a short period of the year (e.g., Boomshal. 2005). Nevertheless, recent studies
have revealed the value of morphological charaaiémsales for taxonomy (e.g., Equati

al. 2006, Yoshimura & Fisher 2012) and systematic{la et al. 2012). Among other
morphological features, male external genitaliavig® useful characters for species
identification (Gotzeket al. 2012), infrageneric taxonomy (Eguchi 2003), dgtiishing
genera (Yoshimura & Fisher 2012) and subfamilieesspfmura & Fisher 2011), as well as
for identifying new genera (Francoeur & Loiselle889. Male characters can offer new
information for the phylogenetic analysis of unigsed clades. Detailed descriptions of the
genital apparatus across ant taxa are therefdreatly needed.

The ant genu€ardiocondylaEmery, 1869 is part of the myrmicine tribe Crengafgirini
(sensu Warcet al. 2015) and contains 70 valid species (Bolton 20E8jgned to at least
twelve species groups (Seifert 2003 and pers. cotdminzeet al. 2010, Heinze 2017). It is
characterized by large variation in reproductivetits of both sexes and an ancestral male
diphenism with winged disperser males and wingheakes (ergatoid males), which engage in
lethal fighting for access to female sexuals inrtimatal nests (Kugler 1983, Seifert 2003,
Oettler et al. 2010, Heinze 2017). Ergatoid males have a veryrabe morphology and
originally were mistaken as ergatoid queens of tmew genera of ants parasitizing
Cardiocondyla(Emeryia Forel 1890 andXenometraEmery 1917). While the position of
Cardiocondylawithin the diverse ant subfamily Myrmicinae rensianclear (Warcet al.
2015), its infrageneric taxonomy (Seifert 2003) aglogenetic relationships (Heine¢ al.
2005, Oettleret al. 2010) have largely been resolved based on extemogbhology of both
males and workers and on molecular datecording to a molecular phylogeny, all presently
studied species groups Gfrdiocondylabelong to one of two basal clades. This dichotomgl$o
reflected in the mandibular morphology of ergatwmiales, which arsickle-shaped or shear-shaped
(see Oettleet al. 2010). Ergatoid males occur in all species ofgarusCardiocondyla but
winged males have been lost convergently in sewp@ties groups. Furthermore, in several
species lethal fighting among ergatoid males has breplaced by complete tolerance or

intranidal territoriality, resulting in differentugen mating frequencies and different levels of
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sperm competition. An examination of male genitaharefore is of interest not only for

taxonomy and systematics but also in the contesert@ial selection.

Males are currently known for 24 speciesG#rdiocondylaand their morphology has been
described in more or less detail for 16 specigés“argented group, C. pirata Seifert &
Frohschammer, 2013: Frohschammer and Seifert 2013jatesiigroup, C batesii Forel,
1894: Santschi 190T. elegangroup,C. elegan€Emery, 1869: Minozzi 1918, Kugler 1983;
C. emeryigroup,C. emeryiForel, 1881: André 1881;. minutiorgroup:C. minutior, as ‘C.
tsukuyomi,” Terayama 1999C. nudagroup, C. kagutsuchirerayama 1999; Terayama 1999;
C. mauritanicaForel, 1890: Forel 1904, and. nudaMayr, 1866: Emery 1897, Terayama
1999; C. paradoxagroup, C. thoracicaSmith, 1859: Heinzet al. 2016; C. “Prosopidris”
group, C. papuanaReiskind, 1965: Reiskind 196%;. shuckardigroup, C. shuckardiForel,
1891:Heinzeet al. 2014 andC. venustulaVheeler 1908: Heinzet al. 2013;C. stambuloffii
group, C. stambuloffiiForel, 1892: Forel 1892Z7. wheelerigroup,C. nigrocereaKaravaiev,
1935: Heinzeet al. 2010; C. wroughtoniigroup: C. wroughtoniiForel, 1890: Kugler 1983
and, as C. yamauchii,” Terayama 1999). Male external genitalia have tagn described
and/or illustrated in five of these speci€s élegansC. emeryji C. papuanaC. stambuloffii

C. wroughtoni). Here we examine the male external genitalia d¢btal of 13 species of
Cardiocondylaand determine their value as genus-level ideatifim tools and for the
identification of species groups. Our study extetits knowledge of male morphological
characters in ants in general and in the future Ingdyy to clarify phylogenetic relationships of
the Crematogastrini (sensu Waetdal. 2015).

Material and Methods

Examined species

We examined external male genitalia of 13 differgmécies ofCardiocondylabelonging to
different species groups (Seifert 2003), includiogr species with both ergatoid and winged
males (table 1). Several specimens of each speci@sif present, both male phenotypes,
were studied. The length of penisvalvae could basued in only seven of these species (see
asterisk in table 1), as only few individuals wexailable for some of the species, and many
preparations failed because of the difficult prepian of the minute structures.
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No material was available frotwo species groups, which originally were considete

belong to separate (sub-) genera but later werengynized with Cardiocondyla(Bolton
1982). While Reiskind (1965) provided a careful lgsia of the genitalia of the male @f.

papuana(as Prosopidris papuang C. monardi(described as subgenusncyda Santschi

1930) is known only from type materi?donomorium cristatungantschi 1912transferred

by Santschi (1930) into a new subgertardiocondyla(Dyclong, apparently does not

belong toCardiocondyla(B. Seifert, pers. comm.).

Table 1: Examined species of different speciesggpoollection sites and occurrence of male

phenotypes.
species group species collection site male plpeot
o C. wroughtoniigroup C. obscurior* Bahia, Brazil ergatoid, winged
o
2 ) Limay, Bataan, o
Q@ C. wroughtonii o ergatoid, winged
2 Philippines
2
< g Pulau Obi,
g b C. wheelerigroup C. nigrocerea* _ ergatoid
% S Maluku Utara, Indonesia
<
E C.“argented group C. “argyrotricha™  Los Bafios, Philippines ergatoid
X
% _ Pulong Palillo, _
C. “microseta” o ergatoid
Philippines
C. minutiorgroup C. minutior Okinawa, Japan ergatoid, winged
o C. tjibodana* Gua Londron, Indonesia  ergatoid, winged
o
>
5 C. nudagroup C. kagutsucHii Okinawa, Japan ergatoid
2
2 o Porto Moniz, Madeira, _
. @ C. mauritanica ergatoid
o g Portugal
S 3
‘—g S C. shuckardproup  C. venustul& Kaudi, Hawaii ergatoid
ey
(%))
§ C. batesiigroup C. batesii* Padul, Spain ergatoid
<
* C. nigra Limassol, Cyprus ergatoid
River Allier, Chemilly, _
C. elegangroup C. elegans ergatoid

* measurement of penisvalve length

Allier department, France

! C. “argented, C. “argyrotrichd’, and C. "microsetd are the preliminary names for taxa
currently being described by B. Seifert
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Sample preparation and assessment of morphologiaaiacters

Ants were collected either in the field or from dahtory colonies and kept in 70% ethanol in
small plastic flacons. Whole specimens were deligdran an ascending alcohol series (80%,
90%, 99.6% ethanol).

Male external genitalia were removed from dehydragpecimens to allow qualitative
description using a scanning electron microscoge male gaster was dissected and the
external genitalia were mounted in different posis on metal stubs with double-sided
adhesive carbon pads and air-dried for at leash.48 addition, we dissected genitalia to
examine the morphology of external genitalia. Attés procedure, samples were coated with
a mixture of gold-palladium with the use of a sputtoater [Fisons Instruments, Ukbefore
being examined in a DSM 950 Zeiss Scanning Elecivticroscope. Three elements of
Cardiocondylamale genitalia were studied: the paired valvethefparameres, volsellae, and
penisvalvae. The terminology follows Boudinot (2D&8d Schulmeister (2003).

To measure the size of male penisvalvae, the gakteales of several dehydrated individuals
(see Table 1) was removed and subsequently soakedh potassium hydroxide for 12-24
hours at room temperature. Dissections were carioet] under a Stemi 2000-C
stereomicroscope (Carl Zeiss Microscopy GmbH, Gexhna The penisvalvae were
transferred to glass slides and embedded in Depmxitimg medium (Electron Microscopy
Sciences Hatfield, PA, USA). An Axiophot microscope (Carl ige Microscopy GmbH,
Germany) was used to create digital color pictafethe penisvalvae. Pictures were imported
in AxioVision and subsequently the length of thenipealve (straight-line distance between
the basalmost (anteriormost) point of the ventratgim and the apex (posteriormost point) of
the penisvalve, see Fig. 1J) was measured. Mearsureaent error based on three
measurements was 0.1 um. Only penisvalvae, whiotplaiely were in the focal plane, were

measured. In addition, we counted the number ¢ t@e the penisvalvae.

Cephalic length (CL) and width (CW) of respectivadividual lacking the gaster were
measured using a WildM10 stereomicroscope (Leicarddystems, Germany) with the aid of
an ocular micrometer. Definition of numeric chaesstwas (according to Seifert, 2003): CL:
maximum cephalic length in median line, excavatiohecciput and/or clypeus reduce CL;
CW: cephalic width; across and including the ey&sphalic size was used as an indicator of
body size of individuals (see Seifert 2003) andcdated by (CL+CW)/2. A mean
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measurement error of + 1.4 um was calculated basdtree measurements for CL and CW.

To allow for comparison within and between spegiesisvalve length was divided by CS.

Statistical analyses were carried out using théwsoé IBM SPSS Statistics 23 (IBM

Corporation).

Results

Description of male external genitalia of Cardiocdyta
All thirteen examined species Gardiocondylashare the following characteristics:

Parameres: The paired parameres meet both basiNyeaind basidorsally (Fig. 1A and B). In

profile these outer valves are subtriangular, thesal face is bent ventrally, the apex is
rounded (Fig. 1C). The parameres are the largégev@ncompassing the volsellae and the
penisvalvae. The parameres are composed of themé@sand the distal telomere. In ventral
view, the telomere is laterally convex and its apears setae externally. A ventrolaterally
oriented, curved hook is present in all specieslistl (arrows in Fig. 1A). This hook

originates at the medial wall of the telomere (HiB). The medial parameral face protrudes
close to the ventromedial margin, creating a cawitgeveral species (arrow points to cavity
in Fig. 1E). Medial face of paramere antero-latgrabjacent to the parameral hook either
smooth or with microsculpture (Fig. 1F). Furthermothe medial face of the paramere

develops deep depressions or furrows in some dheies examined (Fig. 1G).

Volsellae: The paired middle valves are heavilyesttized. The volsellae consist of the
parossiculus and the digitus (gonossiculus). Theivblsella is attached to the median
basiventral part of the paramere. The parossicshavs much variation among different
species groups dfardiocondyla In some species, the ventral surface of the panasis is

concave, while in others a short, slender projeatinginating from the ventral surface of the
parossiculus is present (basivolsellar projectibig. 1H). The ventral surface of the
parossiculus bears at least a few setae and iesdibitus is laterally compressed, in profile
hook-shaped, curved ventrad, gradually taperingatde the apex. The lateral surface of

digitus bears very short setae.

Penisvalvae: These paired inner valves are layecalinpressed, in profile longer than high,
subtriangular (Fig. 1J). The penisvalvae consisttha blade-like valviceps and a basal

apodeme termed valvura, which extends basidorsalbteThe ventral margin is serrate with
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little tooth-like projections, teeth are absentcapentrally. In profile, pits are found beneath

the ventral margin. Penisvalvae are rather sinmldne examined species.

The general morphology of external genitalia doesstow differences within a phenotype.
In the four diphenic species, ergatoid and wingedlesn do not differ in the general
morphological characteristics of the genital appeabut show differences in the size of
genitalic valves (i.e., penisvalvae) and the numiifeteeth on the ventral margin of the
penisvalvae (Table 2). Winged malesGdrdiocondylaare larger than ergatoid ones, and the
same holds for their penisvalvae (Table 2). Thgtlemf penisvalvae is positively correlated
with body size (CS) in winged males of the two dipic species in which it was studied,
while there is no such correlation in ergatoid rmalé examinedCardiocondylaspecies. The
coefficient of variation (CV) of penisvalvae lengthhigher in ergatoid than winged males.
Number of teeth is not correlated to length of peaivae within a phenotype. However,

winged males tend to have more teeth on the vemiaadin of the penisvalve.

Table 2: Measurement data of males of seven diffe@ardiocondylaspecies. CS: cephalic
size, CV: coefficient of variation

Species male length of | Pearson’s | length of | CV of number | Pearson’s
phenotype | penisvalve| correlation | penisvalve| penisvalve| of teeth | correlation
[um] (length of | [um]/CS | length (number
penisvalve of teeth -
-CS) length of
penisvalve)
. nigrocerea ﬁ\rlgftg]'d 134+3 | 0.386 0.327 0.021 8-9 0.302
. ,argyrotricha ‘[al\rlgj‘tg]'d 121+3 | -0.157 0.252 0.027 9-11 0.494
. obscurior ﬁ\rlgft%'d 109+4 | 0.747 0.285 0.040 710 | -0.193
‘[’lv\;”f‘;‘]j 120+3 | 0.958* | 0.278 0.024 912 | 0.676
. tjibodana ﬁ\rlgftg]'d 119+4 | 0.013 0.290 0.030 910 | 0132
‘[’lv\;”f‘;‘]j 136+2 | 0.849* | 0.295 0.015 10-11| 0571
. kagutsuchi ﬁ\rlgft%'d 149+2 | 0,245 0.286 0.016 1114 0.221
. venustula ‘[al\rlgj‘tfl’]'d 196+6 | 0.648 0.317 0.028 11 0.859
. batesii ﬁ\rlgftg]'d 181+5 | -0.185 | 0354 | 0.025 911 | -0.102

* 0.05 significance level
** .01 significance level

20




CHAPTER 1

Fig. 1: Male external genitalia of different spexc@f Cardiocondyla A: C. minutior, ventral
view (arrows point to the parameral hook), B: vahtriew, C. minutior, C: lateral view,C.
minutior, D: apico-medial-view showing volsella and paraen@rrow points to parameral
hook), C. nigra, E: detail of paramere, showing parameral hook etwdvation of parameral
wall, C. nigra F: ventral view showing microsculpture (arrow)aagént to parameral hook,
tiibodang G: medial view of volsella and paramere (arrowspto depressions in medial
face of paramere)C. tjibodana H: apico-medial-view of volsella and paramefg,
“argyrotricha” , I: mesial view of volsella and parame@,“argyrotricha”, J: lateral view of
penisvalve (pl: length of penisvalve]}, “argyrotricha”. BM: basimere, BVP: basivolsellar
projection (indicated by circle), DG: digitus, Paramere, PH: parameral hook (indicated by
arrow), PO: parossiculus, T: telomere, V: volséll&,: valviceps, VV: valvura.

Morphology of male external genitalia of 13 diffierepecies of Cardiocondyla
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Morphology of male external genitalia in the anthge Cardiocondylarevealed minor
differences between closely related species. Howeaveral morphological characters are

well-suited for distinguishing several of the sgscgroups.

C. wheeleriandC. “argentea” groups: C. nigrocereaFig. 2),C. “argyrotricha” (Fig. 3),C.
“microseta” (Fig. 4) (preliminary names for taxa currently lgettescribed by B. Seifert)

Medial face of paramere laterally adjacent to tammeral hook without microsculpture (Fig.
2B, 3A, 4A). Volsella (parossiculus) producing adhslender projection directed ventrally
(basivolsellar projection, Fig. 2B, 3B, 4B). Paiogkis with several setae. Digitus in situ

shorter than, or as long as penisvalve.

Fig. 2: C. nigrocerea ergatoid male: A, B: ventral view of male extdrgenitalia (circle
indicates basivolsellar projection), C: medial viefwolsella and paramere, D: lateral view of
volsella. BVP: basivolsellar projection (indicateg circle), DG: digitus, PH: parameral hook,
PO: parossiculus.
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Fig. 3: C. “argyrotricha”, ergatoid male: A: ventral view of male externangalia, B:
medial view of volsella and paramere, C: medialwief volsella. BVP: basivolsellar
projection (indicated by circle), DG: digitus, Pparameral hook, PO: parossiculus.

Fig. 4:C. “microseta”, ergatoid male: A: ventral view of male externahgalia, B: medial
view of penisvalve, volsella and paramere. BVPiMmasellar projection (indicated by circle),
PH: parameral hook.

C. wroughtonii group: C. obscuriorWheeler, 1929 (Fig. 5) and. wroughtoniiForel, 1890
(Fig. 6)

Medial face of paramere antero-laterally adjaceat the parameral hook without
microsculpture. Paramere with approximately dorsotrally oriented rugae on medial face
(Fig. 5B, 6C). Volsella without projection. Apicpart of parossiculus in profile well-rounded
(Fig. 5E, 6B). Parossiculus covered with setae raiptand apically, setae having distinct
sockets. Digitus with approximately basi-apicallyeated rugae on lateral face (Fig. 5C, 6B).

Digitus in situ longer than penisvalve.
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Fig. 5: C. obscurior winged male: A, B: ventral view of male exterrggnitalia of C.
obscurior, C: rugae on medial wall of paramere and digi@sofs), D: medial view of
penisvalve, volsella and paramere, E: lateral vadwolsella. DG: digitus, PH: parameral
hook, PO: parossiculus.

Fig. 6: C. wroughtonij winged male: A: ventral view of male external i@, B: medial
view of volsella and paramere with rugae on mefdie¢ of paramere (arrow). PH: parameral
hook.

C. minutior group: C. minutiorForel, 1899 (Fig. 7)C. tjibodanaKaravaiev, 1935 (Fig. 8)

Medial face of paramere antero-laterally adjacerthe parameral hook with microsculpture
(arrows in Fig. 7B). Two deep depressions on thdiahdace of the paramere, one apically
adjacent to parameral hook, and one near apexw@rio Fig. 7C, 8B and D). Volsella

without projection. Basi-lateral part of parossialand medial margin slightly bulged,
ventral surface slightly concave. Ventral surfaéearossiculus with several pits and few

setae. Digitus in situ shorter than penisvalve.
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.' ‘\ '-
.l\\ » /, 200 ol 24
Fig. 7: C. minutior, winged male: A, B: ventral view of male extergahitalia (arrows point

to microsculpture), C: medial view of penisvalvaelsella, and paramere (deep depressions
indicated by arrows). DG: digitus, PH: parameralyd®O: parossiculus.

Fig. 8:C. tjibodana winged male: A, B, and C: ventral view of mal@ezral genitalia (deep
depressions of the paramere indicated by arrowsm@&lial view of volsella and paramere
(arrows point to deep depressions in medial fadhe@paramere), E: medial view of volsella.
DG: digitus, PH: parameral hook, PO: parossiculus.
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C. nudagroup: C. kagutsuchiferayama, 1999 (Fig. 9. mauritanicaForel, 1890 (Fig. 10)

Medial face of paramere laterally adjacent to pam@inhook with microsculpture (arrows in
Fig. 9B, 10B). Large excavation between parameomkhand medial wall of paramere
present. Medial wall of paramere producing a narfawow starting at the base of the
parameral hook and running towards parameral gpigx 9B, 10D). No projection present on
volsella. Basi-lateral part of parossiculus and mechargin slightly bulged, ventral surface
concave (Fig. 9C, 10D). Parossiculus in profileetapy apico-ventrally, dorsal and ventral
margin meeting at an acute angle (9C, 10C). Vestrdhce of parossiculus with several pits
and a single seta. Digitus in situ shorter thangyatve.

Fig. 9: C. kagutsuchiergatoid male: A and B: ventral view of male emé genitalia (arrows
point to microsculpture), C: medial view of volsedind paramere.

Fig. 10: C. mauritanica ergatoid male: A and B: ventral view of male em& genitalia
(arrows point to microsculpture), C: medial viewwalsella and paramere, D: antero-ventral
view of volsella and paramere showing furrow (arroRG: digitus, PH: parameral hook, PO:
parossiculus.
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C. shuckardigroup: C. venustulaVheeler, 190§Fig. 11)

Medial face of paramere laterally adjacent to theameral hook with microsculpture (Fig.
11B, C). Large excavation between parameral hodknaedial wall of paramere present (Fig.
11B). Medial wall of paramere producing a broaddur running from base of the parameral
hook and running towards apex. Volsella withoutjgetion. Basi-lateral part of parossiculus
protruding latero-ventrally, medial margin slighthylged, ventral surface concave. Ventral
surface of parossiculus covered with numerous lguge (Fig. 11B). Few setae present.
Digitus in situ shorter than penisvalve (Fig. 11A).

Fig. 11:C. venustulaergatoid male: A, B, and C: ventral views of maldernal genitalia
with detail of microsculpture antero-laterally azhat to parameral hook (C), D: medial view
of volsella. DG: digitus, PH: parameral hook, P@tgssiculus.
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C. batesiigroup: C. batesiiForel, 1894 (Fig. 12)C. nigraForel, 1905 (Fig. 13)

Medial face of paramere antero-laterally adjacerthe parameral hook with microsculpture.
Large excavation between parameral hook and meehdll of paramere present. Narrow
furrow present on the medial face of the paramarming from base of parameral hook
towards apex. No projection present on volsellssiHBderal margin of parossiculus with a
distinct latero-ventral extension, and medial marglightly bulged, ventral surface concave
(arrow in Fig 12C, 13C). Ventral surface of parogkis with several small pits and a single
seta. Digitus in situ shorter than penisvalve.

Fig. 12:C. batesij ergatoid male: A: ventral view of male externahgalia, B latero-ventral
view of male external genitalia, C: medial view\aflsella and paramere (arrow points to
concave ventral surface of parossiculus). D: medialv of volsella. DG: digitus, PH:
parameral hook, PO: parossiculus.

Fig. 13:C. nigra,ergatoid male: A, B: ventral view of male extergehitalia, C: medial view
of volsella and paramere (arrow points to concagetral surface of parossiculus). DG:
digitus, PH: parameral hook, PO: parossiculus.
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C. elegangroup: C. eleganEmery, 1869 (Fig. 14)

Medial face of paramere laterally adjacent to taemeral hook with microsculpture. Large
excavation between parameral hook and medial Wwalhcamere present (arrow in Fig. 14B).
Narrow furrow present on the medial face of theapsre, running from base of parameral
hook towards apex (arrow in Fig. 14C). Volsellahsiit projection. Basi-lateral margin with

a distinct ventrally oriented extension (arrow ig.FL14A), and medial margin bulged, ventral
surface concave. Ventral surface of volsella witered numerous small pits and a single

seta. Digitus in situ shorter than penisvalve.

Fig. 14: C. elegans ergatoid male: A: ventral view of male externangalia (distinct
ventrally oriented extension of parossiculus intédaby arrow), B: medial view of volsella,
parameral hook and microsculpture on paramerewapaints to large excavation between
parameral hook and medial wall of paramere), C: ialedew of volsella and paramere
(arrow points to furrow in medial parameral wall), lateral view of volsella, E: medial view
of volsella. DG: digitus, PH: parameral hook, P@rgssiculus.
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Table 3. Character matrix for male external gefaitaf Cardiocondyla showing intra-generic
variations in six characters, making them usefubdistinguishing different clades and species
groups.

1: microsculpture adjacent to parameral hook ab@@npresent (1)

2. medial face of paramere (0) without depressiohfurrows; (1) with deep depressions
apically adjacent to parameral hook and near af@®xyith a furrow running from base of
parameral hook towards apex

3: rugae on medial face of paramere and latera GHcdigitus (gonossiculus) absent (0);
present (1)

4: basivolsellar process absent (0); present (1)

5: ventral surface of parossiculus not concaved@)cave (1)

6: digitus (gonossiculus) in situ shorter or asgl@s penisvalve (0); longer than penisvalve

1)

Cladem species group Species/Character2 B 4 5 6
2
% C. wheelerigroup C. nigrocerea 000100
<L‘% C. “argentea” group C. “argyrotricha” 0 0 0 1 0 O
ég_ C. “argentea” group C. “microseta” 000100
of—_:, C. wroughtoniigroup C. obscurior 001001
[¢))
é C. wroughtoniigroup C. wroughtonii 001001
C. minutiorgroup C. minutior 110010
% C. minutiorgroup C. tjibodana 110010
% C. nudagroup C. kagutsuchi 120010
ﬁg C. nudagroup C. mauritanica 120010
ZEE;- C. shuckardgroup  C. venustula 120010
% C. batesiigroup C. batesii 120010
E C. batesiigroup C. nigra 120010
C. elegangroup C. elegans 120010
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Discussion

Male external genitalia of the genGsardiocondylacorrespond to the general pattern found in
the ant subfamily Myrmicinae as described by O¢a®91). With regard to the volsella, the
identity of the elements that constitute the pacodss of Cardiocondylais unclear.
According to Schulmeister (2003) basivolsella anstiwblsella (cuspis) are not separate
elements but one contiguous sclerite, and it ha® loficult to discriminate between these
two parts of the parossiculus in other species Iiifosra & Fisher 2012, Boudinot 2015).
Furthermore, the homology of the lobe developedthsy lateral apicoventral part of the
volsella in the genuBheidoleWestwood, 1839 has been questioned (Eguchi 2@Xet-
Smith (1981) defined the cuspis as “a lobe produtedh the apico-lateral corner of the
volsella, lateral of the digitus.” Il€ardiocondylathe lateral part of the volsella extends
apicoventrally, but we could not reveal a procesdsrél to the digitus. We consequently
assume that the cuspis is completely reduce@ardiocondylaand that the parossiculus is
completely formed by the basivolsella. It is poksithowever, that irCardiocondyla the
cuspis is derived and comprises the apical-mogtqgdathe parossiculus. Further studies are
needed to determine the identity of the elementhefparossicular lobe @ardiocondyla

We propose to use micro-CT analyses to examineather small volsellae of the genus.

So far, only few studies have focused@ardiocondylamale external genitalia (summarized
in Kugler 1983) and the information on their morjggy is incomplete and has led to
erroneous conclusions. The parameral hook has quelyi been described only in the
ergatoid male o€ardiocondylapapuana(formerly Prosopidris Reiskind 1965) and was not
mentioned in other descriptions of male externalitgka of the genus (André 1881, Forel
1892, Minozzi 1918). Kugler (1983) apparently oweked this morphological character in
males ofC. emeryj C. wroughtonij C. stambuloffii andC. elegansBased on this and other
morphological characters, he supported the separati the genugardiocondylainto the
two subgener&ardiocondylaandProsopidris(Reiskind 1965). In the present study we show
that the parameral hook is shared by all examinpties ofCardiocondylabelonging to
several species groups of the genus, includingridypgamaged male of. emeryi(data not
shown). Similarly, in their study oNesomyrmex wildgsee below), Francoeur & Loiselle
(1988) en passant mention a ventrally protrudihgmeral process iardiocondylasp. and
C. wroughtonii This all supports Bolton (1982) who consider@bsopidris as junior

synonym ofCardiocondyla

31



CHAPTER 1

At present we cannot determine if the paramerakh®@n autapomorphy @ardiocondyla

as the position of the genus within the Myrmicimamains unclear and detailed information
of males from many genera is still lacking. Basedgenomic dataCardiocondylais nested
within the Crematogastrini (sensu Watal. 2015), however, the clade is not well-resolved
at the base an@ardiocondylais a long-branched taxon with an unstable posiacross
different analyses. Unfortunately, we were not ablexamine males of potentially closely
related taxa@cymyrmeXemery, 1886 CataulacusSmith, 1853 AtopomyrmexAndre, 1889,
Carebara Westwood, 1840,Diplomorium Mayr, 1901, XenomyrmexForel, 1885, and
NesomyrmeXVheeler, 1910, Wardt al. 2015). Bolton & Marsh (1989) examined males of
the potential sister-group @fardiocondyla OcymyrmexXWardet al.2015), and described the
parameres to be “heavily sclerotized”. No informaaton a potential parameral hook is given,
and the other valves remain undescribed, so wenasgdbat genitalia were only roughly
observed and the study does not give reliable nmédion about the presence or absence of the
hook. All three valves of male external genitalicCataulacugBolton 1974), several species
of the genusCarebara(Wheeler 1922, Ettershank 1966, Fernandez 2004)Xanomyrmex
(Wheeler 1931) have been described without merdfotme hook. No information on male
external genitalia is available in the gené&@pomyrmexand Diplomorium However, in
several species of the gemdesomyrmexXFrancoeur & Loiselle 1988) a “dentiform process
protruding angularly and ventrally from the innealiof the valve” (valve = paramere) has
been described and illustrated. We examined thé@ajexpparatus of other Crematogastrini
(Formicoxenusnitidulus Nylander, 1846 Leptothorax gredleriMayr, 1855,L. muscorum
Nylander, 1846 Temnothorax unifasciatusatreille, 1798) and did not find a parameral hook
in ventral view However, detailed observations based on disse@rilatja are necessary to
fully confirm the absence of a parameral procesth@se species. Absence of the hook in
other potentially close relatives (see also Fraacee al. 1985, Francoeur & Loiselle 1988)
indicates that the parameral hook ©&rdiocondylaand Nesomyrmexas either evolved
convergently or that the parameral hook found enttho genera is homologous and the two
taxa thus are sister-groups. A careful study ofesiéilom additional myrmicine genera might
reveal whether the parameral hook constitutes &ulusharacter to resolve the taxonomic

position ofCardiocondyla

An exclusively qualitative examination does nobwallthe identification ofCardiocondyla
species, as males of closely related species leatvely similar external genitalia, as has
also been reported for other genera (e.g. GoematogasterLund, 1831, Buren 1958).

However, within the genuSardiocondyla several characters allow assigning species o the
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respective species group and corroborate previenstg studies (Heinzet al. 2005, Oettler

et al. 2010) (see table 3 above). Three characters (&n@,5 in table 3) of male external
genitalia are suitable to differentiate between tine major clades A and B of the genus
(Heinzeet al. 2005, Oettleet al. 2010). Within clade A, the basivolsellar projeatis shared
by males of the three examined species ofGhevheeleriand C. “argentea” groups and
distinguishes this lineage from the. wroughtonii goup and also the other species of
Cardiocondyla The basivolsellar projection has also been desdrinC. papuangReiskind
1965), which together with the sickle-shaped madedilof ergatoid males suggests that it is
closely related to the former species groups.

In contrast to clade A, it is difficult to charadie discrete character states for the examined
species groups of clade B. However, we reveal twods concerning the development of
morphological characteristics of the paramere &edvblsella from earlier branching species
groups (i.eC. minutiorgroup) towards more recently diverging grou@s lfatesiigroup,C.
elegansgroup). We found (1) an increasing sculpturatibthe medial wall of the paramere,
leading to the formation of deep depressidbsniinutiorgroup), furrows C. nudagroup,C.
shuckardigroup,C. batesiigroup,C. elegangroup) and large excavatior@.(hudagroup,C.
shuckardigroup,C. batesiigroup,C. elegangroup), and (2) a more pronounced relief of the
ventral surface of the parossiculus due to bulgadyms C. minutiorgroup,C. nudagroup)

or protrusions €. shuckardigroup, C. batesiigroup, C. elegansgroup) accompanied by a

more pronounced concave surface.

Although the function of the three paired valvestbé external male genitalia during
copulation has been studied (summarized in Boudif@B), to date nothing is known about
the function of peculiar structures thagviate from the general pattern of hymenopteran
genitalia. Projections of the parameres (e.g. 867 Myrmecia tarsataSmith, 1858 M.
vindex Smith, 1858: parameres with “dorsal, median praett Francoeur and Loiselle
1988, Nesomyrmex wildaSmith, 1943: paramere with “dentiform process rming
angularly and ventrally from the inner wall”; Yoshira & Fisher 2011Aptinoma mangabe
Fisher, 2009,Tapinomasp.: “basimere with apicoventral process”; Boutlieb al. 2013,
Megalomyrmex modestismery, 1896: telomere with “dorso-median dentifopnocess”;
present study: all examined speciesQGardiocondyla’ a ventrolaterally oriented, curved
hook originating at the medial wall of the teloni¢rand the parossiculus (Yoshimura &
Fisher 2012 Adetomyrmasp., Stigmatommasp., Mystrium sp., Prionopelta descarpentriesi
Santschi, 1924Xymmersp.: “process on the basal portion of the cuspigha volsella”;
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present studyCardiocondyla nigrocereaC. “argyrotricha”, C. “microseta™ “volsella with
short, slender projection directed ventrally”) hdween revealed in several ant genera. The
function of the potentially homologous paramerabgass found inCardiocondyla and
Nesomyrmexs so far unknown. We assume that it serves asansto ensure close contact
between the male and the female during mating, ginlgb enhanced by the adjacent
microsculpture present in several species. Framcdewiselle (1988) speculated the hook to
be associated with a telomeral glandNiesomyrmex wildaVe could not find such a gland in
Cardiocondyla however, deep depressions or the furrow preseseveral of the examined
species suggests that some kind of fluid is inviblieeenhance the firm connection between
mating partners during copulation by wet adhesiohe future, studies are needed to resolve
the function of the parameral hook, the adjacentrosculpture and evaluate presence or

absence of a potential fluid.

Interestingly, we observed a more pronounced satdpon of the volsella and the paramere
in species of clade B, in which wingless males dbabligatorily engage in lethal fighting
but are territorial €. venustula or mutually tolerant €. elegansC. batesij reviewed in
Heinze 2017). At least in the latter two speciesndle sexuals are known to mate multiply
(Schrempfet al. 2005, Lenoiret al. 2007), while wingless males typically do not harey
rivals in C. “argented or C. nigrocerea and genetic data suggest single mating Gor
obscurior (Schmidtet al. 2016). More data on the function of the describ&gdctures are
needed to clarify whether the observed variatiomdeed a response to differences in queen

mating frequency and male competition.

Although the length of the penisvalvae was differamong winged and ergatoid males in
diphenic species. This differs from the large slfferences in male-diphenibtechnomyrmex
albipesSmith, 1861. However, in this species different enghenotypes mate assortatively
with different female phenotypes (Ogata 1996), whih Cardiocondyla queens mate
similarly with winged and ergatoid males (e.g. Kimora & Yamauchi 1987, Cremet al.
2002) We assume that the difference in variatiopenisvalve length between ergatoid and
winged male phenotypes is due to the different libgweent time, which is faster in ergatoid
males (Schrempf & Heinze 2006) and probably invelgevelopmental instability.

Previous studies on sexual selection Gardiocondylafocused on fighting and mating
behavior. Our study adds data on the morphologh®imale genital apparatus, which in the
future might prove helpful both for infragenericyidgeny and lead to a better understanding

of the dynamics of sperm transfer and, if presspgerm competition. Furthermore, the
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parameral hook might be useful for resolving thglpenetic relationships among the tribe

Crematogastrini.
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Abstract

The ant genufardiocondylais characterized by wingless, ergatoid males, wincBome
species have fully replaced the typical wingedmaate. Depending on species, ergatoid males
engage in lethal fighting for access to female aésgiestablish territories within their nests, or
are mutually tolerant. Here we investigate, whethermorphology of ergatoid males and in
particular the shape of their mandibles reflectlpggny or male behaviour. In contrast to the
worker mandible, which is relatively consistent shape in the ten examined species,
mandibles of ergatoid males show a great size hagesvariation not only between the two
clades ofCardiocondylabut also among species belongingQardiocondylaclade A. This
diversity appears to reflect the diverse reprodectiactics of ergatoid males of different
species, with extremely long, distally oriented wliafes associated with indirect killing of
adult competitors, while particularly short mandwlpossibly constitute an adaptation to a

mating tactic with ergatoid males exclusively ciagithe cuticle of young rivals.
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Introduction

The genugardiocondylais unusual among ants, as it exhibits two differaale phenotypes,
winged males and ergatoid males. Winged maleshargypical males of most ant species but
have been found only in less than 25% of the exathspecies o€ardiocondyla(Heinze,
2017). With fully developed wings, large eyes, bcelnd a bulky thorax they are well
adapted to dispersal, searching for female sexaal$,mating away from their natal nests.
Ergatoid males are known from all examined speafeSardiocondyla They stay inside the
maternal nest and locally mate with the availaldendle sexuals (Heinze, 2017). Their
entirely non-dispersing life cycle is reflected ansuperficially “worker-like” morphology:
ergatoid males are wingless, have small eyes, ariddcelli. They may be relatively long-
lived (up to one year, Yamauchkt al. 2006), and, in contrast to all other males of &loci

Hymenoptera, are characterized by life-long spesgeiesis (Heinze and Holldobler 1993).

WingedCardiocondylamales uniformly are docile and do not engage algtivefighting for
access to female sexuals. In contrast, competiiolong ergatoid males ranges from
complete mutual tolerance (Schrengpfal. 2005, Schrempf and Heinze 2007) and the defense
of small territories in the nest (Frohschammer Bethze 2009, Jacobs and Heinze 2016) to
regular killing of immature rivals and fatal figh among adults (e.g. Kinomura and
Yamauchi 1987, Yamauchi and Kawase 1992). Differfggititing techniques are clearly
associated with different mandible morphology. medranch of the phylogeny (clade A,
Oettleret al. 2010), ergatoid males use their “sickle-shapedhadhitdes to puncture the soft
cuticula of young males (“callows”). In additiommely grasp older, sclerotized rivals and daub
them with hindgut secretion, which elicits aggreasby workers towards the besmeared
individual (Kinomura and Yamauchi 1987, Stuettal. 1987, Yamauchi and Kawase 1992).
In the other branch, clade B, ergatoid males haleedr-shaped” mandibles superficially
similar to those of workers. They eliminate unsafized callows by crushing or
dismembering them (Heinzet al. 1993, 1998, Frohschammer and Heinze 2009) but are
rarely capable of injuring competitors with theiandibles once the cuticula of the latter has
hardened. Nests of species in clade B may therefonéain multiple adult males, which
typically do not show agonistic behaviour (Heirezeal. 1993, 1998). In one particular lineage
of clade B male fighting apparently has been cotepteost (e.g., Schrempét al. 2005;
Lenoir et al. 2007), with male territoriality probably being amermediate stage between

fighting and tolerance (Frohschammer and Heinz® 20@cobs and Heinze 2016).
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Here we compare males and workers of several speti€ardiocondylaand investigate
whether it is possible to extrapolate male morpgplisom that of workers, which are known
for many more species (Seifert 2003). More impdlyaimandibles of mosCardiocondyla
males so far have been described only superfic{ally. Kugler 1983, Terayama 1999). We
therefore describe the morphology of mandibles mfa®id Cardiocondyla males with
different reproductive life histories. By doing se@e aim to reveal possible correlations

between male morphology and reproductive tactics.

Material and Methods

Examined species

For morphometric examination, specimens of eigffedint species (Table 1) belonging to
different species groups (Seifert 2003) were exathifMorphometric measurements were
carried out in both ergatoid males and workersegpkan C. eleganswhere only ergatoid
males were available (see Table 1). In additionnaitde morphology was qualitatively
assessed by the use of a WildM10 stereomicroscagh@raby scanning electron microscopy
in the above mentioned species and two additiopetiss C. wroughtonij C. tjibodana.
Mandibles of winged males were qualitatively exagdirin four speciesq. obscurior C.

wroughtonij C. minutior, C. tjibodana.

Sample preparation and assessment of morphologieiacters

Ants were collected either in the field or from da#tory colonies and kept in small plastic
flacons with 70% ethanol. Whole specimens were dedtgd in an ascending alcohol series
(80%, 90%, 99.6% ethanol). Seven morphological attars were measured on mounted,
dehydrated specimens using a WildM10 stereomicpmsd¢beica Microsystems, Germany)

with the aid of an ocular micrometer. Definition miimeric characters (mostly according to
Seifert, 2003): CL: maximum cephalic length in naadiine, excavations of occiput and/or
clypeus reduce CL; CW: cephalic width; across amduding the eyes; ML: mesosoma
length; measured in lateral view from the caudainpmstion of propodeum to the frontal-

most point of the anterior pronotal slope; MW: Maxim mesosoma width; PEW: maximum

width of petiole; PPW: maximum width of postpetioREW and PPW could not be measured
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in ergatoid males o€. venustulabecause of their dense pubescence, which did llet a
accurately identifying the actual borders of thedyooCephalic size CS was used as an
indicator of body size of individuals (see Seif2®03) and calculated by (CL+CW)/2. After
measurement of the above mentioned characters,ib@mavere removed and mounted in a
ventral position to measure mandible length MDL:ndible length, straight-line distance
between the ventral articulation point with the dhe@psule and the tip of the apical tooth
(shear-shaped mandibles of ergatoid males and workadibles) and the tip of the mandible
(sickle-shaped mandibles of ergatoid males). Weirassthat the landmarks chosen are
homologous in the two mandible types. A mean messent error of + 1.4 um was
calculated based on three measurements for smaditstes (e.g. PEW, PPW) and of = 2.5
pm for larger structures (e.g. ML). To allow forngparison within and between species,
characters were divided by CS. In order to desamlamdibles qualitatively, complete head
capsules and detached mandibles of additional waenke male specimens were removed and
mounted in different positions (dorsal, ventral,smm& and lateral) on metal stubs with
double-sided adhesive carbon pads and air-driedafdeast 48 h. After this procedure,
samples were coated with a mixture of gold-palladwith the use of a sputter-coatéigons
Instruments, UKbefore being examined in a DSM 950 Zeiss ScanBiegtron Microscope.
The terminology to describe mandibles largely feboEttershank (1966) and Gotwald
(1969), except for mandibles of ergatoid and wingedes belonging t€ardiocondylaclade

A (C. obscurior C. wroughtonij C. nigrocereaandC. “argyrotricha”). Here, we use ‘dorsal
margin’ because of the derived morphology of thesendibles, which makes it difficult to
homologize this margin with the ‘basal margin’ gpical triangular mandibles. Furthermore,
we avoid the term ‘external margin’ in the desceaptof Cardiocondylamandibles, as it is
usually used in in-situ descriptions, and corresigoto the lateral margins seen in full-face
view of ants. In our description of detached maleditwe use the term ‘ventral margin’ to
describe the margin running ventrally from the valtost point of articulation with the
head capsule to the frontal-most point of the miaedi

We used the software IBM SPSS Statistics 23 (IBMpOration) andhe software B.2.1 R
Development Core Team, 2015) to perform statistiaablyses, including a Principal
Component Analysis (PCA) to examine the variationthe morphometric data of six
characters within and among species. We excludeuliible length from PCA. This character
clearly distinguishes ergatoid males of clades A & (Oettleret al. 2010) and might
therefore have obscured other morphological trefidstake body size into account, we

carried out a PCA of these six morphological characdivided by CS. PCA results were
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Results

Morphometric data

Principal component analysis using morphometria a@étsix morphological characters of six
to 12 workers and ergatoid males of each of sixisgeC. obscurior C. nigrocerea C.
“argyrotricha” , C. minutior, C. kagutsuchiC. batesi) produced two axes, which together
explained 91.42% of the total variance (Fig 1). Tinst axis accounted for 75.83% with
nearly equal contribution of the measured charac(@W: 19.42%, CL: 13.54%, MW:
18.24%, PEW: 14.14%, PPW: 16.26%, ML: 18.40%). $beond axis explained 15.59% and
showed a relationship to CL, PEW and PPW (CL: 3t/8EW: 33.48%, PPW: 14.01%).
Ergatoid males were mainly separated from consipegdrkers by PC 2.

The diverse directions of the vectors between thetroids of relative worker and male
measurements shows that from the limited numbepeties it is not possible to make more

precise predictions about male morphology.
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Fig. 1. Analysis of Principal Components of the ptwmetric data of ergatoid males
(squares, triangle) and workers (circles) of siecsps ofCardiocondyla
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Several trends are present when comparing theadaeven characters (including mandible
length) between workers and males in seven speti€ardiocondyla CL/CW is generally
smaller in ergatoid males (Fig. 2A), while PEW/CHg( 2B), PPW/CS (Fig. 2C) and
MWICS (Fig. 2D) are larger in ergatoid males.

Concerning the morphology of mandibles, MDL/CSengyally larger in ergatoid males with
sickle-shaped mandibles (clade A; > 0.5) than irkexs (< 0.5). Contrary, in clade B
MDL/CS is smaller in shear-shaped mandibles of teiganales (< 0.5) than in workers (>
0.5) (Fig. 2E), except fo€. venustuladMDL/CS > 0.5 in both workers and ergatoid males,
see Table 4). A similar pattern is seen when comgaotal mandible length (Table 2-4)
between ergatoid males and workers among the tades|The length of the mandible is
significantly positively correlated with body si¢€S) both in workers and ergatoid males of
the examinedardiocondylaspecies except for the ergatoid male€okagutsuch(Table 2-
4).
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Fig. 2: Morphometric data of several charactererngfatoid males (blue plots) and workers
(green plots) of eight species Gardiocondyla Medians, quartiles and ranges are given. A:
CL/CW, B: PEWICS, C: PPW/CS, D: MW/CS, E: MDL/CSha&Zacters of males and workers

of all examined species are significantly differé@mto-sample t-test/ Welch'’s t-test, p < 0.05),
except for MW/CS oC. minutior, t =-1.792, p = 0.104).
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Table 2: Measurement data of workers and males peitiss of theCardiocondyla
wroughtonij C. “argyrotricha”, and C. nigrocerea species-groups; arithmetic mean =
standard deviation [range].

species C. nigrocerea| C. nigrocerea C. “argyrotricha” | C. “argyrotricha” | C. obscurior | C. obscurior
caste worker ergatoid male worker ergatoid male worker ergatoid male
[N=10] [N=12] [N=8] [N=8] [N=12] [N=12]
500 + 14 417 + 19 515 + 13 472 + 23 441 + 10 379+ 13
cs
[475,519] | [369, 443] [495, 535] [441, 506] [427, 465] | [351, 395]
cLew 1.150+0.014 5 996+ 0.03§ 1.117+0.010 | 1.040+0.025 |1-108+0.017 1 564+ 0.024
(1124, 1.168] [0-924, 1.043] [1100,1.134] | [1.004,1.078] |1 o7g 1 149] [1:021, 1111
W/CS 0.637+0.014 5816+ 0028 0.677+0.010 | 0.744+0.029 |9:599+0.009 5 705 + 0.025
[0.615, 0.653] [0.754,0.861]  [0.661,0.691] | [0.688,0.776] |1 500 0611] [0-673 0.750]
VLGS 1.325+0.018 1 413+ 0035 1.172+0.032 | 1.237+0.034 |1-201+0.018 4 354, 0 033
[1.202, 1.343] [1:356, 1.500]  [1119,1.203] | [1.165,1.270] |11 177 1 pp5] [1:318, 1.436]
PEW/CS 0.313+0.01% 5 443+ 0029 0.301+0.009 | 0.353+0.015 |9-290+0.01% 5316+ 0017
[0.200, 0.331] [0:405, 0.505] [0.291,0318] | [0.333,0.372] |1 75 0.317] [0.291, 0.340]
PGS 0.578 £0.008 5 590 + 0.048 0.428+0.008 | 0.489 +0.020 | 9-4°5+0.008 4 531 4+ 0023
[0.565, 0.502] [0-641,0.801]  [0.416,0.436] | [0.465, 0.526] |1 442 0 469] [0-494, 0.567]
MDLICS 0.478£0.008 585 + 0.021 0.480+0.007 | 0.558+0.009 | 9-483%0.003 4 759 + 0,027
[0.472, 0.490] [0-560, 0.632]  [0.468,0.492] | [0.546,0.570] |1 478 0.400] (0728, 0.825]
239+ 7 243+ 5 247+ 8 263 + 11 213+5 299 + 19
MDL [um]
[227,249] | [233, 251] [235, 263] [246, 276] [204,223] | [255, 320]
Pearson’s
correlation 0.924%* 0.728** 0.905** 0.944%* 0.952+* 0.932%*
(MDL — CS)

** 0.01 significance level
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Table 3: Measurement data of workers and malepediss of theC. minutiorand C. nuda
species-groups; arithmetic mean * standard dewiditamge].

species C. minutior C. minutior | C. kagutsuchi| C. kagutsuch
worker ergatoid male worker ergatoid male
caste
[N=9] [N=10] [N=12] [N=11]
435+ 6 406 + 16 540 + 29 550 +7
CS
[422, 448] [379, 425] [495, 586] [539, 564]
1.263 £0.014| 1.119+0.026 1.219 + 0.014| 1,130 £ 0.021
cL/cw
[1.245, 1.285]( [1.076, 1.170]| [1.198, 1.245]( [1.101, 1.175]
0.601 + 0.004| 0.615 £ 0.024| 0.607 + 0.010{ 0.688 £ 0.024
MW/CS
[0.595, 0.607]( [0.581, 0.664]| [0.596, 0.626]| [0.665, 0.744]
1.229 £ 0.006| 1.132 + 0.029| 1.281 + 0.014| 1.206 £ 0.022
ML/CS
[1.218, 1.238]( [1.100, 1.198]| [1.250, 1.319]| [1.178, 1.248]
0.268 + 0.007| 0.324 £ 0.017| 0.269 + 0.012| 0.328 £ 0.013
PEWICS
[0.254, 0.278][ [0.297, 0.346]| [0.254, 0.290]| [0.299, 0.344]
0.458 + 0.004| 0.515 £ 0.020[ 0.480 + 0.007| 0.522 £ 0.019
PPWICS
[0.451, 0.463]( [0.475, 0.543]| [0.468, 0.486]| [0.484, 0.550]
0.524 + 0.002| 0.478 £ 0.005| 0.531 + 0.005| 0.460 £ 0.006
MDL/CS
[0.519, 0.527]( [0.470, 0.488]| [0.522, 0.538]| [0.448, 0.470]
228 +5 194 +7 287 + 17 253+4
MDL
[219, 236] [182, 204] [259, 311] [247, 259]
Pearson’s
correlation 0.994** 0.959 0.990 ** 0.525
(MDL - CS)

** 0.01 significance level
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Table 4. Measurement data of workers and malepeaxiss of theCardiocondylashuckardj
C. batesiiandC. eleganspecies-groups; arithmetic mean + standard dewidtange].

species C.venustula| C.venustula] C. batesii C. batesii C. elegans
worker ergatoid male worker ergatoid male| ergatoid male
caste
[N=10] [N=11] [N=7] [N=6] [N=12]
560 + 14 641 + 26 505+4 512 +19 548 + 18
CSs
[545, 582] [598, 671] [496, 509] [495, 545] [521, 577]
1.221 £ 0.015| 1.197 £ 0.025| 1.170 £ 0.008| 1.068 + 0.028| 1.031 + 0.031
CL/CwW
[1.194, 1.239]| [1.155, 1.249]| [1.154, 1.181]| [1.034, 1.120]| [0.986, 1.103]
0.581 + 0.008| 0.742 +0.030| 0.565 = 0.007| 0.696 £ 0.023| 0.670 £ 0.016
MW/CS
[0.570, 0.597]| [0.695, 0.785]| [0.553, 0.575]( [0.665, 0.726]| [0.642, 0.694]
1.256 £0.021| 1.273 £0.068| 1.212 £ 0.011] 1.233 + 0.024| 1.188 + 0.021
ML/CS
[1.220, 1.284]| [1.180, 1.380]| [1.198, 1.229]| [1.202, 1.267]| [1.160, 1.232]
0.298 + 0.005 0.282 + 0.006| 0.454 +0.020| 0.478 £ 0.016
PEW/CS n.a.
[0.291, 0.305] [0.273, 0.292]( [0.435, 0.489]| [0.448, 0.507]
0.424 + 0.008 0.519 + 0.008| 0.633 £0.017| 0.703 £ 0.023
PPW/CS n.a.
[0.412, 0.440] [0.511, 0.531]| [0.607, 0.649]| [0.670, 0.735]
0.534 + 0.007| 0.512 +0.014| 0.534 + 0.003| 0.487 £ 0.005| 0.486 £ 0.007
MDL/CS
[0.524, 0.545]| [0.492, 0.538]| [0.530, 0.537]( [0.479, 0.494]| [0.472, 0.497]
299 +9 328 +19 270+ 3 249 + 10 266 +7
MDL
[290, 316] [296, 347] [264, 272] [237, 265] [255, 279]
Pearson’s
correlation 0.901* 0.892** 0.890** 0.962** 0.890**
(MDL - CS)

** 0.01 significance level

n.a.: morphometric data not available
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Morphology of mandibles of ten speciesCdrdiocondyla

Trulleum and mandalus present in workers, ergatates, and winged males of all examined
species. Mandibles distally curved medially, gelpposable.

Worker mandibles

Worker mandibles show only very little morpholodigariation among the different species
of Cardiocondyla Worker mandibles possess a clear basal angléhaisdwvell-defined basal
and masticatory margins (Fig. 3 A). Masticatory gatbears five teeth, the apical two teeth
are enlarged, the apical tooth is the largest ¢meC. nigrocereaand C. “argyrotricha”
masticatory teeth decrease in size from apicabsab(Fig. 3 D), while the prebasal tooth is
the smallest one in workers &. obscurior C. wroughtonii(Fig. 3 E), C. minutior, C.
tjibodana(Fig. 3 A, B),C. kagutsuchiC. venustulaC. batesij andC. elegans Mandibles
widening distally, with basal margin roughly paehllnterior clypeal margin in full-face
view, ventral margin bent ventrad (Fig. 3 A, D).nffeellus distinct, almost reaching basal
margin, trulleum open, heart-shaped in dorso-lateraw, in dorsal view disto-laterally
distinctly bordered by basal margin, which is proghlias a sharp blade widening towards the
basal tooth (Fig. 3 E). Canthellus, trulleum undhdedus of similar shape among examined
species. Mesial face distally with a short longitadl ridge running towards the apical or
preapical tooth (Fig. 3 G). Another ridge runnirgnbath teeth along the masticatory margin,
ranging from basal border of preapical tooth taapborder of basal tooth, producing a ledge
with third and prebasal tooth out of line compat@demaining masticatory teeth (Fig 3 F, G).
Long setae arranged below this ridge (Fig. 3 F) \ry short setae present along the distal
part of the basal margin. Mesial face distal totlealus otherwise smooth (no microstructure

or setae present).
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Fig. 3: worker mandibles; AC. tjibodana frontal view of head capsule, E:. tjibodana
dorso-lateral view of left mandible, @. tjibodana ventral view of right mandible (MDL:
mandible length), DC. “argyrotricha”, frontal view of head capsule, E. wroughtonij
dorsal view of right mandible, FC. wroughtonij mesial view of right mandible, GC.
elegans dorso-mesial view of right mandible. acm: antedtypeal margin, at: apical tooth,
ba: basal angle, bm: basal margin, ca: canthetlusdistal ridge, ma: mandalus, mm:
masticatory margin, mar: masticatory ridge, triléwm, pbt: prebasal tooth. In 1A & D top-
bottom corresponds to dorsal-ventral, in 1B, C, B-&op-bottom corresponds to distal-
proximal.
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Male mandibles
Cardiocondylaclade A, ergatoid males

Mandibles without distinct basal and masticatorygimg toothless, generally long, narrow in
dorso-ventral dimension. Mandibles narrowing digtgin contrast to worker mandible),

curved inwards. Mesial face longitudinally bulgediasetose.

C. wheelerigroup: C. nigroceregFig. 4), ergatoid male

Dorsal margin proximally bent ventrally with a di&tt obtuse angle (arrow in Fig. 4 A, C, E),
mandibles in full-face view oriented disto-ventyalMandibles narrow, tapering distal to the
obtuse angle towards apex. Trulleum distinctly boed latero-distally by dorsal margin,
trulleum not fully visible in lateral view (Fig. B). Mesial face with several setae, and with a
longitudinal bulge directed towards the apex (Bifp).

Fig. 4: C. nigrocerea ergatoid male: A frontal view of head capsule |&eral view of head
capsule, C: detail of left mandible in lateral vid dorso-mesial view of right mandible, E:
lateral view of left mandible, F: ventral view afjiht mandible (MDL: mandible length).
Arrows indicate angle on dorsal margin. ca: camtiseldm: dorsal margin, mb: mesial bulge,
tr: trulleum.
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C. "argentea” group: C. “argyrotricha” (Fig. 5), ergatoid male (preliminary names for taxa

currently being described by B. Seifert)

Dorsal margin in the distal half bent ventrallyntr@l margin bent ventrally (mandible in full-
face view directed ventrally) (Fig. 5 A, B). Mantiib narrow, tapering in the distal half
towards the apex. Dorsal margin proximally roundistead of forming a distinct ridge, thus
canthellus and trulleum fully visible in lateralew; trulleum in dorsal view not distinctly
bordered lateral-distally. Mesial face with a medikngitudinal bulge, running towards the
mandible apex, dividing the mesial face in two arsping towards the dorsal and ventral
margin, respectively; dorsal area smooth, ventrah setose (Fig. 5 F). In lateral view a
peculiar sclerotized structure is seen proximallyc(e in Fig. 5 E).

Fig. 5: C. “argyrotricha”, ergatoid male: A frontal view of head capsule |&eral view of
head capsule, C: dorso-mesial view of left mandiblelateral view of right mandible, E:
detail of right mandible in lateral view showingcpéar structure (arrow), F: mesial view of
left mandible. Arrows indicate angle on dorsal nrarga: canthellus, mb: mesial bulge, tr:
trulleum.
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C. wroughtoniigroup: C. wroughtonij ergatoid male (Fig. 6 AR;. obscurior ergatoid male
(Fig. 6B-E)

Dorsal margin slightly bent ventrad, mandiblesand view oriented distally instead of disto-
ventrally (Fig. 6 A, B), narrow, tapering towardsetapex, pointed. Distal third notably
narrow. Mandibles ofC. wroughtoniieven more tapered, as ventral margin is slighédgtb
dorsally in full-face view (Fig. 6 A). Mandiblesrger than in the other studied species of
clade A. In dorsal view, trulleum not distinctly rdered disto-laterally by dorsal margin, as
margin is not produced as a sharp ridge but robndiesial face bulged along the dorsal
margin in the proximal half of the mandible (FigEg The mesial face ventral to the bulge is

concave and setose (Fig. 6 E).

Fig. 6: ergatoid males of th@. wroughtoniispecies-group: AC. wroughtonij frontal view of
head capsule, BC. obscurior frontal view of head capsule, C. obscurior dorsal view of
right mandible, DC. obscurior lateral view of right mandible, EZ. obscurior mesial view
of left mandible. ca: canthellus, mb: mesial bulgetrulleum.
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Cardiocondylaclade A, winged males:

C. wroughtoniigroup: C. wroughtonij winged male (Fig. 7 A-C);. obscurior winged male
(Fig. 7 E-F)

Mandibles without distinct basal and masticatoryrgimg toothless, narrowing towards the
apex, pointed (Fig. 7 A-F). Shorter compared toatnig male mandibles, yet opposable,
curved inwards, in full-face view oriented distalljrulleum in dorsal view not distinctly
bordered disto-laterally by dorsal margin (Fig. ) Mesial face with a distinct ridge running
from proximo-ventral towards the dorsal margin,cteag it at about half of the mandible
length (Fig. 7 C, F). Mesial face covered with sal/setae distally to this ridge (Fig. 7 C, F).

Fig. 7: Winged males o€ardiocondylaclade A. A:C. wroughtonij dorsal view of left
mandible, B:C. wroughtonii,lateral view of right mandible, CC. wroughtonii,mesial view
of left mandible. D:C. obscurior frontal view of head capsule, E: obscurior,lateral view
of left mandible, F:.C. obscurior,mesial view of left mandible. ca: canthellus, mresial
ridge, tr: trulleum.

9

Fig. 8: ergatoid males of thé. minutior species group; AC. minutior, frontal view of head
capsule, BC. minutior, dorso-lateral view of left mandible, €. minutior, ventral view of
left mandible, D:C. tjibodana frontal view of head capsule, E: tjibodana dorsal view of
right mandible, FC. tjibodana mesial view of left mandible. ca: canthellus, nmasticatory
ridge, tr: trulleum.
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Cardiocondylaclade B, ergatoid males:

Mandibles with distinct basal and masticatory marf@frig. 8 A-F, 9 A-G). Mandibles
compact in appearance: distally widening, but tdesser extent compared to worker
mandibles, and shorter than worker mandibles. Maistry margin with four teeth, except for
some of the examined ergatoid malesCofvenustulawhich possess five masticatory teeth
(Fig. 9 C, D). Apical tooth robust, about doubleesof preapical tooth, teeth decreasing in
size from apical. Trulleum open, in dorsal viewtdikaterally distinctly bordered by basal
margin (Fig. 8 E). Presence of ridges on mesia &milar to worker mandibles: distally with
a short longitudinal ridge extending to the apimapreapical tooth, and another ridge below
teeth along the masticatory margin leaving one icetsiry tooth (the prebasal one) out of line
compared to the remaining masticatory teeth (FigC)8 Mesial face distal to canthellus
otherwise flat. Highly ordered arrangement of setiaslar to worker mandibles: long setae
arranged along the masticatory margin, short salaeg the distal part of the basal margin
(Fig. 8 F).

Contrary to ergatoid males of species assignedattecA, we could not detect qualitative
morphological differences among ergatoid male maediof species belonging to clade B.

C. minutior group: C. minutior, ergatoid maléFig. 8 A-C),C. tjibodana(Fig. 8 D-F)
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C. nudagroup: C. kagutsuchiergatoid male (Fig. 9 A, B)

C. shuckardigroup: C. venustulaergatoid maléFig. 9 C, D)

Individuals possess mandibles with either 4 orrie(calary small, prebasal tooth) teeth,
number of teeth is positively correlated to mangliblze (Pearson’s correlation: 0.899**,
N=11, 0.01 significance level).

C. batesiigroup: C. batesij ergatoid male (Fig. 9E, F),

C. elegangroup: C. elegansergatoid malé¢Fig. 9 G)

Fig. 9: ergatoid males of th@. nuda C. shuckardiC. batesij andC. eleganspecies groups:
A: C. kagutsuchifrontal view of head capsule, B. kagutsuchidorso-lateral view of right
mandible, C, DC. venustuladorso-lateral view of right mandible, E: elegansfrontal view
of head capsule, FC. elegansdorso-lateral view of right mandible, @. batesij dorso-
lateral view of right mandible.
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Cardiocondylaclade B, winged males:

C. minutior group: C. minutior, winged male (Fig. 10 A-CX;. tjibodana winged male (Fig.
10D, E)

Contrary to clade A, where mandibles of winged maee more similar to ergatoid male
mandibles, winged males of clade B possess marsgitMeich resemble worker mandibles:
mandibles with distinct basal and masticatory mmegifive masticatory teeth with the
subbasal one being the smallest (as in all workérspecies of clade B). Trulleum open,
distinctly bordered latero-distally by basal margirdorsal view (Fig. 10 B, E). Arrangement

of setae and ridges also similar to worker mandible

Fig. 10: Winged males o€ardiocondylaclade B. A:C. minutior, frontal view of head
capsule, B:C. minutior, dorsal view of right mandible, G. minutior mesial view of left
mandible. D:C. tjibodana frontal view of head capsule, E: tjibodana,dorsal view of left
mandible. ca: canthellus, mar: masticatory ridgdrulleum.

55



CHAPTER 2

Table 5: Summary of qualitative and quantitativerphological data of the mandibles in the

examined species.

Cardiocondylaclade A:
(C. wheelerj C. “argentea”, C. wroughtonii
species-groups)

Cardiocondylaclade B:
(C. minutior, C. nudg C. shuckardj C. batesij
C. elegansspecies-groups)

worker ergatoid male | winged male| worker ergatoid mée | winged male
widening narrowing narrowing widening widening widening
distally distally distally distally distally distally
4 teeth
5 teeth toothless toothless 5 teeth .(5 In some 5 teeth
individuals of
C. venustula
mesial face mesial face mesial face
mesial face : distal to mesial face mesial face .

. distal to . . distal to
distal to canthellus canthellus distal to distal to canthellus
canthellus flat with distinct | canthellus flat| canthellus flat

bulged ridge flat

setae setae without | setae without setae setae setae
specifically specific specific specifically specifically specifically
arranged distribution distribution | arranged arranged arranged
MDL/ICS < | MDL/CS > 0.5 mpLics > | MDL/CS <0.5

n. a. (exceptC. n. a.
0.5 0.5

venustuly

worker MDL/CS < ergatoid N a worker MDL/CS > ergatoid male N a
male MDL/CS > n MDL/CS T
worker MDL < ergatoid male n a worker MDL > ergatoid male n a

MDL

MDL (exceptC. venustula

n. a.: morphometric data not available
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Discussion

This comparative morphological survey of severakécsgs of the genu€ardiocondyla
provides morphometric data that reveal severaldsein how ergatoid male morphology
differs from worker morphology in the different gjpes. Seifert (2003) described several of
these trends, namely the increase in petiolusppbstus, and anterior mesosomal width. The
present study for the first time provides detail@alphometric data confirming these previous
findings and additionally reveals CL/CW to be getgrlarger in workers than ergatoid
males. This directional deviation is found in atbenined species, irrespective of the mating

strategy and the clade they are assigned to.

The increase in the width of various body partgiisbably correlated to male fighting:
ergatoid males use their mandibles to injure omdisber their competitors, with the
narrowest body parts being most vulnerable to saithcks. Several species have been
reported to possess morphological structures addpterotect these sensitive regions, such
as extensions of the pronotum (Seifert 2003, He#tzal. 2010). Interestingly, in the two
examined species with non-fighting, but tolerargadoid males@. batesij C. elegany the
waist segments (petiolus and postpetiolus) areelaxgmpared to those of the respective
workers. We assume that these morphological clarsiits, although they may have lost
their functional significance in non-fighting maleare conserved across species. This
indicates that fighting is an ancestral trait as \weeviously concluded from molecular data
(Oettleret al. 2010).

Male ant mandibles are typically described as ‘cedtand ‘falcate’ (short, curved, without
distinct basal and masticatory margins), ‘oftenhattt function’ (Ettershank 1966, Gotwald
1969, Boudinot 2015), although possible adaptatiohsmale mandibles (as of male
morphology in general) have only rarely been exaahi(for exceptions see, e.g., Abetlal.
1999). This is presumably due to the erroneous Wiest ant males are elusive “sperm
delivery vessels” (but see Boomsrmaaal. 2005, Shiket al. 2012, 2013), only adapted to
locate virgin queens and subsequently mate wittntAg/pical falcate mandibles are found in
the winged males of. obscuriorandC. wroughtonij while the mandibles of winged males
of C. minutiorandC. tjibodanaare similar to those of workers. In contrast, taghmales of
Cardiocondylaeither develop compact four-toothed mandibles waithncreased apical tooth
(“shear-shaped”), or long and narrow (“sickle-stiipenandibles lacking distinct basal and
masticatory margins. The difference in the shaperghatoid male mandibles of species of

Cardiocondylahas proven to be useful assigning species to btiedwo clades of the genus
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(Oettleret al. 2010), and mandibular shape (long and narrowats-toothed worker-like) is
clearly correlated to the different ways of killimgale competitors in several species of the
two clades. Ergatoid males of several speciesanfecB use their robust mandibles equipped
with a large apical tooth to crush the weakly saieed cuticle of young males (Heingeal.
1993, 1998, Frohschammer and Heinze 2009). In asttergatoid males of clade A use their
mandibles both to pierce the cuticle of emergindemizals (Kinomura and Yamauchi 1987;
Stuartet al. 1987) and to grasp the competitor's body and hiofdr up to several hours
(Kinomura and Yamauchi 1987; Yamauchi and KawasB21%amauchiet al. 2006).
Mandibles of such ergatoid males are presumabBctad to become both longer, to better
clasp around wide body parts, and narrower, asallosvs for better grasping in the narrow
gap between different body parts, such as betwezhdad and the mesosoma.

Mandible shape and length are more variable ineckdhan in clade B. In clade A, ergatoid
males ofC. obscuriorand C. wroughtoniiare smaller bubave longer mandibles than males
of C. nigrocereaandC. “argyrotricha”. Furthermore, the mandible apex is oriented distall
in C. obscurior and C. wroughtonii but disto-ventrally in C. nigrocerea and C.
“argyrotricha” . This might reflect different fighting tactic€. nigroceregprimarily besmears
freshly eclosing males and only rarely adult ontésirfzeet al. 2010). Furthermore, casual
observations of lab colonies indicate that adujiatoid males ofC. “argyrotricha” quickly
detect and besmear young rivals (pers. observatioeshly eclosing males are less mobile
than adult males. They may be easily approachad frehind and above and seized by an
adult aggressor. In contrast, ergatoid male€ obbscuriorand C. wroughtoniihave been
observed to also fight with fully-sclerotized adultals (e.g. Kinomura and Yamauchi 1987,
Yamauchi and Kawase 1992). Their extremely longtatly oriented mandibles of the
ergatoid males of these two species may facilissieing mobile adult rivals and staying
attached to them.

According to Fisher and Bolton (2016) long and oarmandibles without distinct basal and
masticatory margins can evolve in that 1) “the balséhe mandible narrows and the basal
angle is obliterated” (basal and masticatory mardgiorming a single margin), (2) “the
masticatory margin becomes elongated and the aaadin contracted”, and 3) “the basal
margin becomes elongated and the masticatory margmracted”. Ergatoid males of
Cardiocondylaclade A have mandibles, which bear only few fezgduand no intermediate
condition, such as mandibles with fewer than fiseth, are known. This makes it difficult to

retrace the evolution of this derived mandible tyBased on the data obtained, we cannot
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determine if the angle of the dorsal margin coroesis to the basal angle present in worker-
like mandibles, or if these structures are not Hogaus. However, two characteristics appear
to be correlated with the formation of narrow méhes in Cardiocondyla (1) a bulge or
ridge on their mesial surface and (2) an unorddrgimibution of setae (probably derived from

the highly ordered setae in triangular mandibles).

Short mandibles have been suggested to apply greates than longer mandibles because
of the smaller moment arm (Abelt al. 1999). Mandibles of ergatoid males of clade B are n
only relatively shorter than those of males of elad but, relative values are significantly
smaller compared to those of conspecific workerg-{ample t-test/ Welch'’s t-test, p <
0.05). The mandibles of ergatoid males of cladeekin the overall structure found in
workers and therefore are not degenerated as tré rslandibles of many other, short-lived
ant males. In contrast, selection has maintainehgtmandibles in those ergatoid males that
use them to crush the cuticle of rivals (e.g. Herizal. 1993, 1998). ). Mandibles of ergatoid
males ofC. minutiorandC. kagutsuchiwhich exclusively kill young males by crushingith
still soft cuticle, have the shortest mandiblesatieé to head size. We hypothesize that the
loss of one masticatory tooth is associated wite thduction of mandible length, as
mandibles are distally widening to a lesser extamwhpared to the worker mandible. This
assumption is corroborated by the sporadic occoeresf five masticatory teeth in large
mandibles of ergatoid males Gf venustulalt appears that the prebasal tooth of the worker
mandible has been reduced in the evolution of tgateid male mandible, as this is usually
the smallest in workers of species@rdiocondylaclade B, and also the smallest in five-

toothed mandibles of ergatoid malesbfvenustula

Surprisingly our study does not reveal differenicethe shape of mandibles between species
of clade B with actively fighting malesC( minutior, C. tjibodana C. kagutsuchi C.
venustuld and mutually tolerant, peaceful mal€s patesij C. elegans However, it appears
that mandible length correlates with the reprodugcstrategy in the worker-like mandibles of
ergatoid males of clade B species. Interestinghg, mandibles of ergatoid males ©Gf
venustulaare the longest mandibles (total values) in cRded, in contrast to other species,
also absolutely longer than those of conspecifickers. Ergatoid males &. venustulill
young rivals by crushing the soft cuticle and atidend small territories by biting and
holding intruders with their mandibles and besmmegit (Frohschammer and Heinze 2009,

Jacobs and Heinze 2016). &s venustulas the only species known species in clade B in
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which males regularly show this behaviour it canbetdetermined whether here mandible

elongation might be similarly associated with beanmgy as in clade A.

To conclude, this study adds another piece to tizelp of the evolution of ant male biology.
Detailed observation of the reproductive behaviotiergatoid males and examination of
mandible size and shape of additional specigsavfliocondylamay help to evaluate possible
adaptations of ergatoid male mandibles and shéd @ig the evolution of the diverse male

traits and reproductive life histories in this fasting ant genus.
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Introduction

Cardiocondyla obscuriotis a very successful, but unobtrusive tramp aiickvis widely
distributed throughout the tropics and subtropias.understand its population structure and
biology, we established six polymorphic microsatelmarkers. We determined the general
variability of the six loci by analyzing individuafrom four different populations. In addition
we analyzed samples from a Japanese populationrewvehled first insights into the
population and colony structure of this tramp segcincluding high nestmate relatedness in

multi-queen colonies and a relatively high inbregdtoefficient.

Numerous plants and animals have become establishagkas far away from their native
ranges due to human activities (Hulme 2009). Amihhage are several dozen tramp species
of ants. Some of them, such as the red importedatfint, the Argentine ant, and the Yellow
crazy ant, quickly become dominant in new ecosystamd are among the worst invasive
species worldwide, on a par with tiger mosquittdesck rats, or water hyacinths (reviewed by
Holway et al. 2002; Tsutsui and Suarez 2003). The ecologicahafbehavioural ecology,
and sociobiology of these eye-catching invader lmen intensively studied, but much less
is known about tramps that less dramatically irdegin novel environments. Among the
most widespread of these inconspicuous tramp aattha “sneaking antsCardiocondyla

At least seven of its approximately 100 speciesti@@ps, and a subset of two or three of
these can be found reliably on most tropical besemal in plantations and parks around the
tropics and subtropics (Seifert 2003; Heietal. 2006; Wetterer 2012ab, 2014).

Cardiocondylaexhibits a bizarre male diphenism with so-calledgatoid” wingless males in
addition to the typical winged male of ants. Whitlexged males are peaceful and disperse,
wingless males stay inside their maternal nestsutiirout their lives and mate with young
nestmate queens (Kinomura and Yamauchi 1987; Sttarl. 1987). This results in
considerable inbreeding: from fixation coefficiemtssingle-queen colonies of non-invasive
Cardiocondylafrom Mediterranean Europe and Madagascar it haa lkstimated that up to
90% of the matings are between brothers and sietsemptet al. 2005; Lenoiret al. 2007,
Schrempf 2014; Heinzet al. 2014).

Due to the lack of variable genetic markers, n@hsiknown about the genetic structure of
the tramp species. Their colonies typically contaimtiple queens and, like in other invasive
species, individual nests might not be closed agahien individuals (Heinze and Delabie

2005). Our study specieSardiocondyla obscuriowas originally described from Taiwan
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(Wheeler 1929) and has spread from its presumeginoin Southeast Asia as far as to the
Ryukyus, the Caribbean, the Canary Islands, Hawail, other areas (Seifert 2003). In this
study, we report the sequences of primers for matallites developed fdZ. obscuriorand

data on nestmate relatedness and inbreeding imieslof this ant from Okinawa, Japan. Our
results show that the microsatellite primers argeduvell to conduct more detailed analyses,

which will give further insights into the populatistructure of this ant.

Material and Methods

For the development of microsatellite primers, w#ofved a method based on selective
hybridization (Tenzeet al. 1999, Gautschet al. 2000). In detail, 50 individuals from a
colony from Okinawa (collected in 2007) and 200iwtlials from three Brazilian colonies
(collected at CEPLAC, Ilhéus, Brazil in 2004 andd2Pwere pooled and genomic DNA was
subsequently extracted using a modified CTAB (tetykethyl ammonium bromide) protocol
(Sambrook and Russell 2001). According to the maltof Kautzet al. (2009) we ligated the
adapters onto the DNA after restriction with Ts@bMicrosatellite sequences were fished
with the help of magnetic beads. PCR fragments wienraed using the TOPO TA Cloning kit
(Invitrogen) following the manufacturer's protocdbuccessful recombinants were easily
identified by the white color of colonies. 286 bkt were dot-blotted on nylon membranes
(Hybond-N Amersham) and probed with (GA)ligonucleotide labeled with fluorescein
(MWG Biotech). For detection, we used the Gene ksa@DP-Star detection module
(Amersham Life Science). In total, 104 clones yeelc positive signal, and for the strongest
92 of them, plasmids were purified and sequence@AYC Biotech. The obtained sequences
were edited in Sequencing Analysis 3.4.1 (PE Bimsys) and visually checked for
microsatellites. Primers flanking the core micreidé repeats were manually designed and
tested for 38 loci.

Standard PCR was carried out in a final 20 pl reactolume containing 2.5 ng DNA, 1x
buffer, 2.5mM MgC}, 200uM dNTP (MBI Fermentas), 0.5 uM (Cobs8), 1u®bljs9,
Cobs13) and 1.25 uM (Cobs P3, Cobs13.2, Cobs 42beled reverse primer, the same
amounts of FAM-, HEX-, or TET-labelled forward pem and 0.5UTraq DNA polymerase
(Fermentas). Cycling conditions were 94°C for 70gsfor 45s,72°C for 25s for 34 cycles
with an initial denaturation step at 94°C for 4raimd a final extension step at 72°C for 1min.

PCR products were visualized on an ABI PRISM genatialyzer (PE Biosystems). Allele
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size was analyzed using a GeneScan-500 size sthfdaMRA) and GENESCAN 3.1
software (PE Biosystems).

To determine the general variability of the six rogatellite loci for which primers were
developed, we analyzed individuals from four défgr populations: from Ilhéus, Brazil
(collected in 2004 and 2009), Lake Alfred, Flori@®04), Okinawa, Japan (2007 and 2011)
and Ishigaki, Japan (2007; for number of inveséidaindividuals see Table 1). Finally, we
analyzed the genetic structure of eight colonieS.afbscuriorfrom four different sites in and
around Naha, Okinawa, by genotyping 2 to 9 queads7ato 15 workers per colony (Table
2). Six colonies, originate from two nearby treesCnoyama Park, Naha (tree 1: OypC51,
OypC32, OypC48, 26°12.255' N, 127°40.656' E; tre®YE3, OypES5, OypE4, 26°12.334"
N, 127°40.592' E). Two additional colonies camenfréJrasoe Sports Park, Naha (7km
distance to Onoyama, 26°15.134' N, 127°43.262'nd)the Campus of the University of the
Ryukyus (11km distance to Onoyama, 26°14.782' N°42.864' E). Relatedness within the
colonies and within the whole population was estadausing the software Relatedness 4.2
(Goodnight and Queller 1994) based on the algoribynQueller and Goodnight (1989).
Groups were weighted equally and standard errore wstimated by jackknifing over loci.
The polymorphic information content (PIC, Botst&nhal. 1980) was calculated using the
software Cervus 3.0 (Kalinowslat al. 2007). To obtain information about the amount of
inbreeding, we calculated Weir's F (inbreeding @iogfnt) with the software GDA (Lewis
and Zaykin 2001) for the six colonies of the twauiy trees. Even though sample size is low,
for these six colonies we also give tBe-value, which gives information on population

structure. Confidence intervals were calculatethdytstrapping 5.000 times over loci.

Results and Discussion

From the 38 loci, which yielded a good amplificatiproduct, six were polymorphic, with

three to nine alleles per locus (see table 1)réstengly, there is no overlap in allele length
between the Brazilian and the Japanese and Flpdgdalation at three primers, respectively,
which suggests a long separation of the Braziliapupation, and / or alternatively, different
source populations during colonization. A recentdgtcould show that populations differ
strongly in several aspects (Schraeteal. 2014). Our preliminary analysis confirms that ther

is sufficient genetic variation for detailed stugi@nd hence, a future analysis will allow
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gaining further insights into possible differencesncerning the colony and population

structure between the two populations.

Our analysis of a small number of colonies fromr@kva yielded some important insights
into the breeding structure &. obscurior Generally, relatedness varied greatly among
colonies and in some cases was surprisingly lowerGl, worker relatedness and queen
relatedness are not different from each other (emrelatedness: 0.580 + SE 0.127 (102
individuals) , queen relatedness: 0.612 + SE 0(B&6Gndividuals); t- test for paired samples:

t = -0.22, p=0.83; see table 2). The relatively leedatedness among queens in some of the
colonies (colonies OypC48, OypE3, OypE>5, and Oypt4,0.35)might indicate that alien
gueens can be easily adopted in the colonies,sabden already suggested by Kinomura and
Yamauchi (1987). Queen adoption appears to be ulgein other tramp species, such as
Solenopsis invictandLinepithema humileresulting in low relatedness values close to zero
(e.g. Goodisman and Ross 2003, Krieger and KeD&1 The occasionally higher worker
relatedness in comparison to queen relatednessme solonies might be either the result of
reproductive skew, i.e., some queens producing mvork&er offspring than others, or due to a
common father (unrelated queens having mated \Wwighsame male). Half-sisters in insect
societies usually have the same mother but diffefeghers (as in honeybees or other species
with multiply- mated queens). In contrast, the sglemating biology ofCardiocondylawith
non-dispersing, winglesmales that monopolize mating raises the possillitgaternal half-
sibs. Even though we found significant inbreedimghe population (six colonies: F = 0.293,
95% CI 0.145 — 03956p: 0.260), sib-mating appears less common than inagynous
Cardiocondylaspecies. This indicates that the likely adoptidnallen queens allows the
opportunity for outbreeding despite mating in tlestninC. obscurior The same holds for the
tramp antL. humile Although mating takes place in the nest, inbnegdioefficients have
also been found to be very low as foreign queeasadopted in the colonies (Krieger and
Keller 2001).
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Table 2. Relatedness (mean + SE) over all indivglaad for queens and workers separately,

in Cardiocondyla obscuriocolonies from Okinawa.

Number | Number r (queen) r (worker)
colony of of (number of analyzed | (number of analyzed
queens | workers individuals) individuals)
0.838 + 0.202 0.619 £ 0.176
OypC32 21 76
(N=9) (N=15)
0.331+0.197 0.582 £ 0.216
OypC48 15 61
(N=9) (N=15)
0.817 £ 0.155 0.784 £0.133
OypC5h1 26 34
(N=9) (N=15)
0.227 £0.170 0.636 £ 0.201
OypE3 14 17
(N=9) (N=15)
-0.014 +0.229 0.448 £ 0.208
OypES5 7 11
(N=7) (N=11)
0.297 £ 0.276 0.357 £ 0.149
OypE4 9 25
(N=9) (N=15)
Sports Park (N=2) (N=9)
Univ. of the 0.913 + 0.109 0.411 + 0.206
Ryukyus, 10 8
Campus (N=7) (N=7)
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Abstract

Mother-son mating (oedipal mating) is practicallgnrexistent in social Hymenoptera, as
gueens typically avoid inbreeding, mate only earljife and do not mate again after having
begun to lay eggs. In the ant gei@eardiocondylamating occurs among sib in the natal nests.
Sex ratios are extremely female-biased and youmgmgiface the risk of remaining without
mating partners. Here, we show that virgin quedn&.d‘argyrotricha” produce sons from
their own unfertilized eggs and later mate withnthéo produce female offspring from
fertilized eggs. Oedipal mating may alld “argyrotricha” queens to found new colonies
when no mating partners are available and thustanastheir unusual life history combining
monogyny, mating in the nest, and low male proaumctOur result indicates that a trait that
sporadically occurs in solitary haplodiploid anisahay evolve also in social Hymenoptera

under appropriate ecological and social conditions.
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Introduction

Queens of most social Hymenoptera (ants, beeswasgs) mate usually only once at the
beginning of their life away from their natal nesibereatfter, they produce workers and later
also new queens from fertilized eggs and haploitesntom unfertilized eggs without ever
mating again (Wilson 1971). Because of the standardchanism of single-locus
complementary sex determination (sl-CSD), inbregds particularly detrimental in social
Hymenoptera, and mating with close relatives isaliguavoided (van Wilgenbur@t al.
2006). In contrast, mating in the ant gerardiocondylaoccurs in the natal nest and
regularly involves close sibs. Wingle€ardiocondylamales engage in fatal fighting with
their rivals and the only survivor monopolizes mgtwith all virgin queens reared in the nest
(Yamauchiet al. 2006). Especially in single-queened (monogynopscies, mother queens
are selected to adjust their offspring sex rati@moextreme female bias, as brothers locally
compete for mating chances (“local mate competitietamilton 1967). Indeed, queens of
monogynougCardiocondylaay only relatively few male-destined, haploid e¢§shrempfet

al. 2005), and data from the field suggest that ce®nnay lack male offspring despite
containing several young virgin queens. Virgin queethus face the risk of failing to acquire a
mating partner, in particular when they ecloserafie death of their mother. Here, we show
that virgin queens o€. “argyrotricha® (provisional name of a recognized morphospecies
currently described by B. Seifert) emerging in gesithout a male may establish a new

colony by raising males from their unfertilized sgnd later mating with their own sons.

Materials and Methods

All workers and brood used in the experiment caromfnests that originally were set up by
splitting a single stock colony &@ardiocondyla “argyrotricha” from the botanical garden of
UPLB, Los Barios, Philippines. Colonies@©f “argyrotricha“ consist of 20 to 60 completely
sterile workers Cardiocondylaworkers generally lack ovaries, Heinge al. 2006) and a
single reproductive queen. Though males of thisratated species are extremely long-lived
compared to other ant males (up to one year, Yamaatcal. 2006), about one third of
colonies that contained winged virgin queens whalected in the field in various parts of
Southeast Asia were without a male (median sem afi2,n = 10 colonies). In colonies with

a male, matings typically occur between brothes sasters.
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To examine the behaviour of virgin queens in theeabe of males, we set up a total of 31
experimentally queenless colonies. Each colonyistets of ten workers, one or two queen
pupae (of which one was removed after the firsequegad emerged), and several second and
third instar larvae (in order to be able to diffeiate between initially provided larvae and
larvae later produced by the emerged virgin queEmperimental colonies were kept in
climate chambers under near-natural conditions 28KC / 23 °C temperature and 12 h / 12

h day-night cycles and featl libitumwith honey and pieces of cockroaches twice a week.

We checked experimental colonies for the preseh@&wlts and brood three times a week.
When necessary, new workers were added to keegl mwibrker numbers constant. The dates
of emergence of the queen, the appearance ofrgtesfigs, the emergence of the first male
and worker pupae, and the hatching of the firstenaald first worker were noted. In addition,
we counted the number of eggs, larvae and pupakiped by the queen until the first worker
pupae appeared. Scans were continued for aboutvfeeks after the emergence of the first
worker pupae to control for male offspring (i.@,aheck whether a large number of diploid
males were produced). Queens mated with their ams sind thereafter produced diploid
worker offspring in 13 of the 31 experimental cok&m Three of these colonies were not
included in the statistical analysis because thmabmrs of brood items were censused only at
more irregular intervals. In the other 18 colonigseens died either before rearing males or
before mating with their sons. Statistical testsen@nducted with the software Statistica 6.0
and the slopes of regression lines were comparned tise online tool Comp2Regs_Pgm at

www.statstodo.com.

In a supplemental experiment we set up nine additicolonies as above. In four of these
colonies we regularly removed all male pupae temeine whether virgin queens might ever
produce female offspring. In the other five col@awee dissected the ovaries of queens 7 to 28
days after the eclosion of the first male pupae predumed mating to determine whether
their spermathecae contained sperm (BuschingerAdliosvay 1978). In order to directly
observe mother-son mating, we in one colony separétte male pupae shortly before
eclosion from the queen and put them together aitgr the male had hatched. We
videotaped the 55 day old queen mating with heaylald son 10 minutes after the latter had
been returned into the nest.
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Results

After eclosion, the virgin queens readily shedrtengs and began to lay eggs within one or
two weeks after emergence (median 11 days, quafi5-12n = 10 queens). The number
of eggs increased with time only slightly (Fig.slgpe of regression line before eclosion of
first offspring 1, = 0.058, SE = 0.026, sign. different from zere: 2.192,P = 0.043), and
only 1 to 5 eggs (median 2.5, quartiles 1.75-4¢ed into male pupae several weeks later
(first male pupa after queen emergence, mediana¥s, djuartiles 51-56; total production 44
males, median 4, quartiles 3-5.75). All other eggse fed to the larvae, and not a single egg
developed into a female pupa. The first adult neall®sed on average 63 days after queen
emergence (median 56 days, quartiles 46.25-62aft), mated thereafter with its mother.
Dissection verified the presence of sperm in thermspthecae of the five additional queens,
which in a supplemental experiment with the samsgiehad mated with their own sons. In
one case, we could directly observe and videotap® day old queen mating with its 1 day
old son.

50 |

40
.| |®

30 ¢ *
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40 -20 0 20

number of brood items

0

40 60

days before and after eclosion of first son
Fig. 1 Number of brood items (eggs, larvae, pupaedluced by initially unmated queens of
the ant Cardiocondyla “argyrotricha” before anegathe eclosion of their first sons at day 0
(n = 10 queens). Given are medians, upper (75%)l@andr (25%) quartiles, and separate

linear regression lines for the relationship betw#® number of brood items and time in the
two periods before and after day 0.
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After mating, egg numbers increased significantlgrenrapidly than before (Fig. B, =
0.677, SE = 0.027, sign. different from zetre: 23.024 P < 0.00001,; difference in slop@gs-
p>=0.618, SE = 0.05% = 10.871,P < 0.0001). First adult workers eclosed on averi@e
days after male emergence (median 38 days, quaBi#el8.5, range 26-57). During the four
weeks following the emergence of the first workempg@e, 9 of 10 colonies produced
exclusively workers, suggesting that most eggs ddier the emergence of males have been
fertilized. One colony produced two males in additito workers, but throughout our
experiment no new virgin queens were reared. Fdditianal queens that were prevented to
mate with their sons by regular removal of all malgpae produced only male brood
throughout the whole experiment (median 101.5 dster queen emergence, range 93.25-
106.25) and their colonies failed, documenting the production of female offspring

requires the fertilization of eggs and is not du@drthenogenesis.

Discussion

Mother-son mating (oedipal mating) has previousBerb reported from a number of
haplodiploid species, such as mites, beetles, andsjpoid wasps (see, e.g., Adamson and
Ludwig 1993), and also from termites (Kobayashial. 2013). It was suggested to be
beneficial in habitats in which dispersing femalase a particularly high risk of remaining
without mating partners (Adamson and Ludwig 1993).

In social Hymenoptera, however, mother-son mats@ irare phenomenon. A thorough
literature search revealed only three reports dipz mating in social Hymenoptera, one of
them turning out to be an erroneous citation, &edother two not clearly showing that sperm
was actually transferred during mating. Garéfale7@) reports that one laboratory-mated
gueen of the bumble bd&ombus atratusaid eggs, which, when the experimenter provided
them with pollen from a honeybee colony, develop#d male and female offspring. Two
males were later observed to mate with their motihetr as the queen had mated before it is
not completely clear whether sperm was transfedtethg these copulations or whether most
probably males just tried to copulate with avaiaividividuals. Liebiget al. (1998) provides
anecdotal evidence suggesting mother-son matinganantHarpegnathos saltaterwhich
regularly has mated workers in addition to que&kerkers were observed to first produce
males but later switch to the production of femaftspring. Finally, Wilson (1971) cites

Peacoclet al. (1954) for mother-son mating in the pharaoh Bfdnomorium pharaonjsbut
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a careful reading of the original paper does ngpsu this claim. Rather, Peacoek al.

(1954) describe male production by virgin queens.

Oedipal mating appears to be very rare in sociahetyoptera because of two fundamental
traits of their life history. First, queens are ggally receptive only during a short time
window following adult emergence and before layieggs (Wilson 1971; Thornhill and
Alcock 1983; Kronauer and Boomsma 2007). Secondnastioned above, the typical sex
determination mechanism of social Hymenoptera, SDC makes sib-mating especially
harmful because under inbreeding half of all fexeil eggs develop into usually sterile or
inviable diploid males instead of workers (van VEipurget al. 2006). The initial production
of only workers byC. “argyrotrichd queens that mated with their sons shows that, nitrast

to the majority of social Hymenoptera, @ “argyrotrichd’, sex is not determined by sl-CSD
but another, as yet unknown mechanism. The absgnseCSD has also been revealed in
other species oCardiocondyla,where sister-brother mating is the rule (Schremipfal.
2006). This pre-disposé3ardiocondylaants to evolve the capability of mother-son mating
under appropriate ecological and social conditions. Hyopteran species more prone to
diploid male load might have responded to the rigkéemale sexuals remaining without

mating partners by evolving thelytokous parthenegen(Rabeling and Kronauer 2013).

Oedipal mating might underlie the evolutionary digb of the life history of C.
“argyrotrichd combining monogyny, fatal fighting among males, dmchl mating. It still
remains to be seen how widely distributed mother+sating is within this genus and in other
ants with sib-mating in the nest, but its occureencC. “argyrotrichd againhighlights the
striking plasticity of social insect life histories
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Abstract

While colonies of most tropical species of the gahusCardiocondylaregularly contain
multiple egg laying queens (polygyny), single-quegr(monogyny) evolved convergently in
a Palearctic clade dfardiocondylaandin Southeast Asiag. “argyrotricha”. In the latter
species, monogyny is probably an adaptation tohggitdistributed, but highly stable nest
sites. In experimentally orphaned colonie€ofargyrotricha” the first emerging queen shed
its wings, began to lay eggs, and stayed mostlyhenbrood pile. Later emerging queens
remained in the peripheral areas of the nest witd@persing but retained their wings even
after mating in the nest. Aggressive interactionswomg queens and between workers and
gueens were occasionally observed, but it appéeisthe order of emergence of queens
determines which of them will become reproductinel anherit the nest. We conclude that
young queens commonly compete for nest inheritamseme species dardiocondylaand

that queen-queen antagonism does not necessatdlyénlethal fighting.
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Introduction

Rich food sources, territories, and breeding pastiage valuable resources. Individuals may
therefore greatly benefit from inheriting such ¢abfrom their ancestors (e.g., Woolfenden
and Fitzpatrick 1978; Pusey and Packer 1987a; My&88), and kin conflict over resource
inheritance is a common phenomenon throughoutrimead kingdom. A stable nest, with an
established worker force and provisions, may béquaarly valuable in social Hymenoptera
(ants, bees, wasps). During dispersal and coloopdimg, young queens have to find an
appropriate nest site and to escape predators @hdgens, which both is associated with a
high risk of failure (Croniret al. 2013). In contrast, young queens that avoid sgliaunding

by mating and laying eggs in their natal nest Havdetter fithess perspectives (Myles 1988).

Philopatric reproduction is easily possible whefones may contain multiple reproductives
(polygyny), but in species with single queens ityniee associated with fights over nest
inheritance. In paper wasps and other social issegith limited caste differentiation, females
establish rank orders in which a high-ranking indlial may replace an old reproductive and
take over its resources (Monnin and Peeters 1988rgtet al. 2001; Field and Cant 2009).

Similarly, virgin honeybee queens fatally fight odbe breeding position once their mother
gueen has left the nest with a part of the worker®und a new society (Gilley 2001). In

monogynous ants with pronounced caste diphenisghtifig over inheritance of an

established nest appears to be uncommon (e.g.z&1&®93). The lifespan of the colony is
typically bound to the lifespan of the single reguotive queen, and the colony quickly

declines after the death of the reproductive.

Here we describe nest inheritance in colonies ef dht Cardiocondyla “argyrotricha”
(provisional name of a recognized morphospecidsetalescribed by B. Seifertppecies of
the genugardiocondylaare characterized by the occurrence of wingleggdr males, which
permanently stay and mate in their natal nests.,(&€momura and Yamauchi 1987).
Polygyny is ancestral in this genus, but severddetic species have secondarily evolved
single-queening (Heinzet al. 2005; Schrempf and Heinze 2007; Oeté¢ral. 2010). C.
“argyrotricha” belongs to a clade of Southeast Asian specieSamfliocondyla,in which
gueens in some species are mutually tolerant amna ficultatively polygynous colonies (e.qg.,
Heinze et al. in press), while queens of other species buildrogyctive hierarchies
(Yamauchiet al. 2007) and fight for nest inheritance (Heinze andbéf 2011). Our study
aimed to determine the number of reproductive gsi@eIC. “argyrotricha”, to investigate
whether emerging queens in queenright and expetaitgmrphaned colonies fight for nest
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inheritance, and to examine if age positively afebe likelihood of a young queen to be

dominant over later eclosing queens.

Methods

Ant collection and rearing

Colonies ofC. “argyrotricha” were originally collected by S. Frohschammer andghulz

in 2007 and 2008 in various places in Malaysia tlwedPhilippines (details will be given with
the species description). In 11 of 14 collectedowis, only a single wingless queen was
present (Table 1). Additional winged female sexyalsan 6.3 = SD 6.9) were present in 7 of

13 colonies.

Lab observations (see below) showed that femalaadexnay shed their wings and lay eggs
without mating but may as well retain their wings $everal weeks after mating. As we did
not dissect all studied female reproductives wee hese a morphological definition of the

term “queen” and in the following refer to all pot&l female reproductives as queens.

Colonies were reared in the lab in three-chambgrledtic nests with a plaster floor
(Buschinger 1974) and fed twice a week with cockhes and honey. The nesting site was an
artificial cavity in the plaster, which was coveradth a red foil. Colonies were kept in
incubators at near-natural temperature cycles (#sh28°C, 10 hours 23°C). Queens could

leave the nest cavity, but could not escape frarthihee-chambered nest box.

Behavioural observations

In summer 2010, we set up 13 experimental colofiess from the Philippines, three from
Malaysia) each with 30 workers and brood (eggs lanche) to examine the behaviour of
colonies ofC. “argyrotricha”. As the number of adult males or male pupae \wagdd, only
nine colonies contained a wingless male and onlth@se colonies queens had a chance to

mate. However, male presence did not affect quebawbour (see below).
Two different behavioural experiments were perfatme

(a) Observation of the behaviour in colonies withegg-laying queen and several emerging

virgin queens. In addition to the initial compasitiof experimental colonies, we added one
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gueen pupa into each nest. Two weeks after hataifitige queen, i.e., when the queen had
shed its wings and started egg laying, we placezldueen pupae of different developmental
stages into the colonies (experimentn4s 6).

(b) Observation of the behaviour in orphaned ca@snwith subsequently emerging virgin
gueens. Five queen pupae of different developmeaidgles (in order to have approximately

one hatching queen per day) were placed into tlmggexperiment Bn = 7).

We expected that queens in experiment A would dyrdzave obtained a stable top rank
before their sisters had eclosed and that theofeiggression among queens would therefore

be lower than in experiment B.

Emerging queens were marked by tying thin wireditéérent colour around different parts of
their bodies (Mirenda and Vinson 1979). Colour andition were chosen randomly. Queen

behaviour was not influenced by the wire.

Table 1: Colonies collected on the Philippines andMalaysia, including the numbers of
winged and wingless queens, males, and workers.

winged wingless
colony males  worker
gueens queens

P08-27 = = = 18
P08-28 - 1 - 1
P08-30 = 1 = 20
P08-31 1 1 - 30
P08-37 = 1 1 60
P08-42 5 1 1 60
P08-44 3 1 = 40
Mal-11 - 1 1 50
Mal-12 = 1 = 27
Mal-16 11 2 1 70
Mal-18 20 4 1 130
Mal-19 - 1 - 20
Mal-26 2 1 1 60
Mal-123 2 1 - 50
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For both experiments, we recorded queen numberg@ginwingless), the day of queen
emergence, aggressive interactions both among guaed among workers and queens
(biting, threatening, boxing, stinging, mountinggesHeinze and Weber 2011), and the
location of the queens in the nest (core areaaddpile, periphery of brood pile, away from
brood pile but in the nest, outside of nest). Wpliad the scan sampling method (Altmann
1974, Hepworth and Hamilton 2001) to assess thawelr and location of the individuals
studied. During each observation period (experirdert5min, once per day, experiment B:
10 min twice per day) each queen was observed ensttme predefined order. In total,
experiment A was observed over 900 minutes duridgdays, experiment B over 1050
minutes during 14 days after the emergence ofiteedueen. The total observation time of
each colony amounted to 150 minutes. Each colorsyokaerved at different times of the day

to avoid possible effects of daytime on behaviour.

All statisticalanalyses were performed and graphs were generétethe statistical software

R 3.2.1 softwardR Development Core Team, 2015) and the gimmPQIctiom from the
MASS library of R. We used generalized linear mixeddels (GLMM) to analyse the
frequency of scans spent in different locationthm nest, and aggressive interactions. As we
had proportional data, we used binomial error itistions. Because of overdispersion, the
standard errors were corrected using a quasi-GLMen@uuret al. 2009). We ran GLMMs
with location of the queens in the nest (core afghe brood pile, periphery of the brood pile
or away from the brood pile) as response variaplesdid not include the location “outside
of the nest” in statistical analyses and figuresjasens stayed there only very rarely, see
below) and female status (winged, wingless) or tielh@al experiments (A and B) as
explanatory variables. The models to test aggregsitiacks received from both queens and
workers, received from queens, and received fromkers) included female status or
behavioural experiments as explanatory variablé®e Variable “male presence” was also
included in all the models to control for a possibffect of the mating status of the queens.
Because several colonies from two populations @&weral queens from the same colonies
were observed and to account for pseudoreplicatienyariable “colony” was nested within

the variable “population” and entered as a randanable in all models.
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Determination of reproductive status

To determine the mating status of queens presemblionies ofC. “argyrotricha”, we
dissected all queens of two additional laboratarpmies following Buschinger and Alloway
(1978). We determined if their spermathecas coathsperm and categorized three states of
ovarian development: (a) elongated ovaries comtgiisieveral large eggs, (b) short ovaries

containing only few small eggs, and (c) short a&mwithout any eggs.

Results

In each colony of both experiments, only a singleen shed its wings and started to lay eggs
(n = 13). This was always the first emerging queerepkm one colony of experiment B, in
which two queens emerged on the same day. Wingdsiggdook place four days after
eclosure regardless of the presence of a male segeral queens shed their wings queens
without having the chance to mate. Surprisinglylenmesence and thus mating status did not
affect queen location and behaviour (p > 0.05 liG&MM of the study).

First and later eclosing queens did not only diffewing shedding but also in where they
stayed during most of the observation time (Fig.Id)ooth experiments, the queen eclosing
first in a colony was more frequently observedha tore area of the brood pile compared to
later eclosing queens (experiment tA= 7.980,p < 0.001; experiment Bt = 9.163,p <
0.001). Queens were only occasionally observeddruts the nest (in only 2.4% of the total

number of scans).

The location of winged and wingless queens diffemgnificantly between the two
experiments (Fig. 1). In experiment A, the winglgegen was found significantly more often
in the core area of the brood pite=(-2.319,p = 0.046) and significantly less frequently in its
periphery { = 3.104,p = 0.013) than in experiment B. Winged queens gleexent A were
observed significantly less frequently in the plkepy of the brood pilet = 3.386,p = 0.007)
and significantly more often away from it< -3.104 p = 0.011) than in experiment B.

Aggressive interactions among queens and betweekevgand queens were only rarely
observed (experiment A, observation time 900 meutetal attacks by queens: 26, total
attacks received by queens: 93; experiment B, vagen time 1050 minutes: total attacks by
gueens: 26, total attacks received by queens:ild@xperiment A, both winged and wingless

gueens showed aggression in four of six coloneswb of seven colonies of experiment B,

79



CHAPTER 5

only the wingless queen attacked winged queendetiial fighting was observed in any of
the colonies. Analysis of aggressive behaviour ofkers and queens directed to queens
(aggression received) showed that while mountings wiae most frequent aggressive
behaviour in experiment A (62 of a total of 93 agggive interactions) it was completely

absent in experiment B (0 of a total of 46 aggxessiteractions).

Wingless queens Winged queens
100-

80-

60~

= B

Percentage

20+

Core area Periphery Away Core area Periphery Away

Fig. 1: Comparison of the percentages of scansigwrhich winged and wingless queens of
the antC. “argyrotricha” were observed in different locations of the nestgcarea of the
brood pile, periphery of the brood pile, away framme brood pile) between the two
experiments (white plot: experiment A, grey plotperiment B) (medians, quartiles, range,
and outliers).

Pooling all types of aggressive behavioural inteoais showed that in experiment A wingless
gueens were significantly less frequently attadkedh winged queens € - 2.423,p = 0.026)
(Fig. 2A), but not so in experiment B 0.432,p = 0.231) (Fig 2B). In experiment A, worker
aggression was directed more often to winged tlmarwingless queens at a marginal
significance (= -1.978,p = 0.063). In experiment B, the amount of receiagdression did
not differ significantly between winged and winglegueenst(= - 0.412,p = 0.685) (Fig.
2B). Winged queens tended to receive more aggressioolder, established colonies
(experiment A) (= -1.950,p = 0.083). Aggression directed to wingless queedsdt differ
between the two experiments{-1.112,p = 0.295). The frequency of aggressive interactions
was too low to determine dominance relationshipsragrindividual queens and to construct
hierarchies.
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Fig. 2: Aggressive behaviour received by winged witgless queens from other queens and
workers (white plot), solely from workers (lighteyr plots), or solely from queens (dark grey
plots) in the two experiments (medians, quartiiasge, and outliers).

The dissection of all wingless € 2) and winged queena € 21, 20 of them having a fully

sclerotized black cuticle, and thus not being fiesmerged) of two additional laboratory
colonies showed that all but one queen, which het ¢merged (grayish cuticle), were
inseminated by the single wingless male preserthéencolony. However, only the single
wingless queen of each colony was reproducing adl dlongated ovarioles with several
large eggs. In one colony with one wingless que®h X inseminated winged queens, four
small eggs were visible in one winged queen. Howereither yellow bodies nor mature

eggs were present.

Winged queens were rarely observed outside of &g im both our experimental colonies
also additional laboratory colonies during thetfitgree or four weeks of their adult life. In

contrast, in very large laboratory colonies withrenthan 100 workers, winged queens were
often away from the maternal nest, e.g., in anotiember of the three-chambered plastic
boxes. Such large colonies occasionally contaimedwingless queens in different parts of

the nest (see also field data).
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Discussion

Our study reveals a reversal from polygyny with naliy tolerant, reproductive queens to the
monopolization of reproduction by a single queenhi& antCardiocondyla “argyrotricha”.
While colonies of related species are facultativetyygynous (Oettleet al. 2010), inC.
“argyrotricha” a) the majority of natural colonies (12 out of X®ntained only a single
wingless queen, b) in all experimental colonieshwitultiple female sexuals only a single
gueen shed its wings, and c) the dissection ofjalens from two additional laboratory
colonies with multiple inseminated female reprodies revealed that only a single queen
was laying eggs. Our observations show that th& ffoung queen to emerge after the
removal of the fertile queen will inherit the colgmmate in the nest, shed its wings, and begin
to reproduce. Subsequently emerging queens maiagiyninate but retain their wings and at
least temporarily stay in the nest without layirgge The single wingless queen is found
significantly more often in the core area of theda pile than the winged queens. This
matches previous observations in the related spécieflatifrons” and C. “microsetd’
(provisional names of recognized morphospecie®tddscribed by B. Seifert) that the social
and reproductive status of queens is not only ctdtk in their behaviour but also in their

location in the nest (Yamaucéi al. 2007).

Our study suggests that colonies@f “argyrotricha” are at least temporarily functionally
monogynous, i.e., of several inseminated queensdfdn the nest only a single queen
reproduces (Buschinger 1968). Such high reprodeicskew is typically associated with
patchily distributed habitats with a limitation sxfitable nest sites (Bourke and Heinze 1994).
Like its congenerC. “latifrons’ (Heinze and Weber 2011), colonies Gf “argyrotrichd’
inhabit crevices in large boulders, which are reddy stable but not very common (S.
Frohschammer, pers. comm.). Hence, the nest aadtalworkforce are valuable resources to

the queens. In addition, dispersal and solitarydlimg might be particularly risky.

Functional monogyny, high reproductive skew and petition over an established nest are
typically based on queen antagonism, such as b#iigging and violent antennation, which
leads to the formation of a dominance hierarchywitsingle dominant, reproducing queen.
Worker aggression (policing) may additionally shalei these rank orders (Heinze and Smith
1990; Gill and Hammond 2011; Trettat al. 2011). In contrast to the high-skew spedies
“latifrons”, where in a similar experiment half of the wingeceegus were killed by others
within a few weeks after emergence (Heinze and Weé&@d1), aggression betwedh.

“argyrotricha” queens occurred only rarely and we did not obseanvy lethal fighting. When
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emerging in orphaned colonies, queens receivedwarlyfew attacks from workers and other
gueens but nevertheless in each colony only aesiqgéen shed its wings and began to lay
eggs. From the finding that in all but one colohg first emerging queen became wingless,
we conclude that it is mainly the order of emergent queens in an orphaned colony that
determines which queen will inherit the nest. Adeatart of even one day appeared to be
sufficient to consolidate its reproductive role.iSThs again strikingly different from the
situation inC. “latifrons’, where the oldest queen did not consistently havepeoductive

advantage over queens that emerged one or a feslatay (Heinze and Weber 2011).

In colonies in which one queen had eclosed two wdxiore the other queens (experiment
A), aggression against the later emerging queendete to be more frequent than in
experimental colonies in which all female sexua®sed within a few days (experiment B).
Aggression in colonies with an established quegreaned to be more ritualized and consisted
of one queen or one worker mounting another queenstanding on top of it. Aggression
among queens in experiment B usually consistechtégnmal boxing, biting, pulling on the
antennae or legs, or threatening with opened méedilhike in other high-skew species
(Heinze and Smith 1990; Gill and Hammond 2011, tirredt al. 2011), worker aggression
presumably served to maintain the reproductive rpolyoof the wingless queen and to drive
away winged queens from the brood pile. Winged gsiegere crowded out from the core
area of the brood pile without completely leavihg hest at least during the 24 days of our

study.

Typically, young ant queens shed their wings rapidifter insemination. InC.
“argyrotricha,” all queens but the single reproductive remainedged though being
inseminated. This might suggest that winged queeas for favourable environmental
conditions to disperse on the wing (e.g., Kinomaad Yamauchi 1987). In casual
observations of stock colonies we indeed noticeayed queens trying to disperse from the
storage box. An alternative option would be to detthe possibility of inheriting the nest
after the death of the wingless queen.@esdiocondylaqueensare short-lived compared to
the queens of other ants (in most specie€afiocondylaqueens live for approximately 1
year or less, e.g., Yamauchkt al. 2006), such “hopeful reproductives” might have a
considerable change of obtaining fitness while @wgj the risks of dispersal and independent
founding. Furthermore, in the largest colonies lie field and the laboratory, mutually
intolerant queens might space out in different at the nest and begin to reproduce

(“oligogyny”, as in Camponotus ligniperdusr Iridomyrmex purpureysHolldobler and
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Carlin 1985; Gadaet al. 1998). Casual observations suggested that thesgless queens
engage in lethal fighting when they meet (S. Frbhsumer, pers. comm.).

The reversal from ancestral polygyny to obligatasy functional monogyny inC.
“argyrotricha” and related taxa evolved convergently to thath@ Palearctic monophylum
comprisingC. elegans C. batesij and others (Schrempf and Heinze 2007; Oetiteal.
2010). Interestingly, the two monogynous or funeéily monogynous clades differ in queen
mating frequency: in the Palearctic clade, monoggrassociated with multiple mating of the
gueens (e.g., Schremgtt al. 2005; Lenoiret al. 2007). Lethal male fighting has been
observed irC. “argyrotricha” and C. “latifrons” (Yamauchiet al. 2006) and multiple mating
is therefore unlikely. The taxa have therefore beensidered to be monandrous though
genetic proof is lacking (Hughes al. 2008). The genuSardiocondylatherefore provides an
interesting model system for investigations on ekelution of queen number, reproductive

skew, and mating frequency and their ecologicaletates in social insects.
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General Discussion

The results of the studies carried out in the auoifshis thesis are discussed in the individual
chapters (1-5). The following paragraphs highlightl discuss the main findings, and add
some further considerations potentially usefulfédure investigations.

Male Traits inCardiocondyla

In the course of this thesis, both qualitative gu@ntitative data of several morphological
structures of ergatoid, and if present, winged saleseveral species @fardiocondylawere
obtained in order to provide information suitabte fetracing the evolution of male traits,
such as alternative reproductive tactics and exaggp morphologies.

The studies presented in chapter 1 and 2 provitke which are valuable in the context of
sexual selection and phylogenetic relationshipsap@dr 1 reveals are more pronounced
structuration of male genitalia in species witretaht and territorial males, in which strength
of sperm competition is assumed to be higher becaudtiple males compete for mating
with available virgin queens, which are known totenmultiply at least in the two tolerant
species (Schremgt al. 2005, Lenoiret al.2007). Future studies may focus on the function of
these structures to clarify whether the observathtian results from differences in queen

mating frequency and male competition.

As another consequence of sexual selection, madgsavolve weapons used in fights over
access to females (Emlen 2008). Ergatoid malessweéral species o€ardiocondylakill
ergatoid rivals in order to monopolize mating watvailable virgin queens, and they use their
mandibles to do so (Andersat al. 2003). Ergatoid males of species belonging toedift
clades exhibit different ways of eliminating theompetitors, reflected in different mandible
shapes (Oettleet al. 2010). The study presented in chapter 2 reveals dhgatoid male
mandible morphology is correlated to the type oflemantagonism. It demonstrates that
males, which are fighting against mobile adult cetriprs, possess sickle-shaped mandibles
that are the longest mandibles relative to bodyg iz all examined male mandibles. In
addition, these mandibles are directed distallycamtrast to the mandibles of males and

workers of all other examined species, which arectied distoventrally. These mandibles are
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not used to kill the competitor directly, but allgetting a firm grip around the rival’'s body
and subsequently besmear him with a hindgut searetthich elicits worker aggression. As a
consequence, the rival will be eliminated in aninect way (e.g. Kinomura and Yamauchi
1987; Stuaret al. 1987). The shortest mandibles relative to bodg sie found in ergatoid
males with worker-like mandibles, which exclusivéi}l young males by crushing their not
yet fully sclerotized cuticle. Future studies migiimpare the mandibles’ content of zinc
between tolerant ergatoid males and ergatoid nthlscrush the cuticle of young males,
because tooth hardness has been shown to be physitrrelated with zinc content in leaf-
cutting ants (Schofieldt al. 2002).

Most often, phylogenetic trees are based on gendaiaonly. Yet, for instance in the case of
myrmicine ants, phylogenetic relationships remaisonire (Warcket al. 2015). The study of
the morphology of males of the social Hymenoptes#ach have been largely ignored to date,
may provide valuable information useful e.g. fosakwing phylogenetic relationships. In
Cardiocondyla mandible morphology of ergatoid males allows the discrimination
between the two clades of the genus (Oetteal. 2010). Chapter 1 presents morphological
characters of males valuable for both taxonomic ahglogenetic purposes, and thus
demonstrates the importance of detailed comparatieephological studies not only of

workers and queens, but also of males.

With regard to the Myrmicinae, in particular théo& Crematogastrini, the study in chapter 2
proposes one character of the male external gienitdlCardiocondylato be potentially
useful for resolving phylogenetic relationshipstufa researchers are encouraged to examine
the genitalia of potentially closely related spedieorder to determine presence or absence of
a minute structure (the “parameral hook”) developgdhe outer valves, the parameres, as it

may reveal the as yet unknown sister taxon of draig.

Unfortunately, many morphological studies have bearried out before the advent of
modern techniques such as scanning electron mapygsand micro-CT scanning. As a
consequence, potentially important information nmapt have been assessed and wrong
conclusions may have been drawn. For instance, neghrd toCardiocondyla a separation

of the genus in two subgenera has been advocatalide a minute structure of the male
external genitalia has been overlooked (Kugler 1983s therefore recommended to only
carefully include previously published data obtdinesing devices with low magnification

and resolution power.
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Genetic structure df. obscurior

As typical for members of the gen@ardiocondyla members of the polygynous species
Cardiocondyla obscurioregularly mate within the nest with close relasivds sex is not
determined by single locus complimentary sex detation (sI-CSD) inC. obscurior
(Schrempfet al. 2006), mating between close relatives thus doetead to the production of
diploid males, which are typically sterile or naabe (Stouthameet al. 1992, Cook and
Crozier 1995). Yet, continuous inbreeding over salvgenerations has been shown to cause
negative effects after several generations (Schireshl. 2006). The study presented in
chapter 3 provides first insights into the popwlatand colony genetic structure and allows
making some assumptions about the mechanisms id avwreeding depression in natural

populations.

Microsatellite primers were developed using a metthased on selective hybridization
(Tenzeret al. 1999, Gautschet al. 2000), which is usually very efficient. Yet, altigh 48
microsatellite loci were detected, only six locireevariable. This is presumably due to the
high level of inbreeding in the species, resultirgm intranidal mating usually involving
close sib, which in consequence leads to low geweatiiability. Yet, using the six established
polymorphic microsatellite markers allowed analgziseveral colonies of a Japanese
population of C. obscurior (chapter 3). Interestingly, relatedness variedatlyeamong
colonies, with some of the colonies having reldyivegh relatedness values and some having
surprisingly low values. High nestmate relatednsss consequence of intranidal mating and
regular mating between close sib. Previous analgbeslatedness in monogynous species of
Cardiocondylaalso revealed such high relatedness values (Sghetnal. 2005). Analysis of

a small colony ofC. obscuriorconsisting of only few individuals showed that th® queens

of the nest were highly related. This colony wasstmarobably only recently founded by
budding by two sister queens accompanied by fewkaver Yet, in some of the larger and
thus probably older colonies, relatedness of colmeynbers was surprisingly low, indicating
that alien queens are adopted, as has been sutjpestee (Kinomura and Yamauchi 1987).
These outbreeding events counteract negative effdae to regular inbreeding i@.
obscurior Colonies of other tramp species, such as kigepithema humileappear to
regularly adopt foreign individuals and thus hawydow relatedness values despite mating
in the nest (Krieger and Keller 2000). This preshiyas an adaptation to avoid negative

effects of low genetic variability probably arisitfiyough founding effects.
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Alternative Reproductive Strategies of Virgin Queen

Chapter 4 reveals an extraordinary reproductivatesly of virgin queens not described in
members of the social Hymenoptera before. To ataidre at colony foundation, young
uninseminated queens Gf “argyrotricha” may first produce male offspring resulting from
haploid, unfertilized eggs, later mate with theimosons and thereby switch to the production
of diploid offspring, i.e. workers and female selsudhis is extraordinary, as queens of social
Hymenoptera typically mate only during a brief pdriearly in life and appear to be
unattractive to males after the start of reprodutwhich in consequence avoids remating
(Wilson 1971). What is more, due to the standara¢haeism of sex determination of the
social Hymenoptera (sI-CSD), mother-son inbreedahilgresult in diploid male production at
the expense of workers (van Wilgenbueg al. 2006). Yet, sex has been shown to be
determined by another mechanism in specieafdiocondyla (Schrempfet al. 2006),
making mother-son mating a possible strategy faumdblonies with the help of only a few
workers in the absence of a mating partner. Usualhmated virgin ant queens initiate
haploid male egg production when they remain ummsated for several weeks. Such queens
may remain in a polygynous colony and contributenede offspring, but will not be able to
establish a colony on their own. The productiomipfoid worker offspring of queens, which
have mated with their sons, as well as the lacHligibid males, reveals slI-CSD to be absent

in C. “argyrotricha”, too.

Mating in C. “argyrotricha” typically occurs between brothers and sistersyirgin queens
mate with their brother. The described case of ereslon mating appears to be restricted to
cases where no male is available for mating. Meslo@r mating probably evolved due to the
unusual life-history of this species, which comkimeonogyny (chapter 5), intranidal mating,
and extremely female biased sex ratios, which insequence involves the risk of queen

emergence in colonies in which no male is present.

Yet, the study shows that mother-son mating camvevander certain ecological conditions.
Based on the findings presented in chapter 4, odpecies ofCardiocondylahave been
studied, and indeed mother-son mating has beerdftmnccur in at least one further species
of the genus (Mosket al. unpubl.) Though it has only been rarely describetbre from
other species, mother-son mating might not beiotstr to Cardiocondylagueens but might

occur more widely in species with intranidal mating
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Nest Inheritance

Chapter 5 describes a reversal to single-queemn@.i“argyrotricha”, as, despite the
presence of several inseminated queens, only oeenqshed wings and reproduced in
experimental colonies. As mating typically occurside the nest in all species of the genus,
several potential reproductive queens are temppraresent even in monogynous species
(Schrempf and Heinze 2007). Yet, due to the limiedervation time and the experimental
conditions, which did not allow queen dispersahirexperimental colonies, it is not possible
to state whether colonies @&. “argyrotricha” are monogynous or rather functionally
monogynous. Functional monogyny is a rare statants, in which several inseminated
gueens are present in the nest, however, only glesoueen is reproducing (Buschinger
1968). Young inseminated queens stay in the mdterest during the 14 days of the
observation time. Yet, winged queens of large kdred colonies oC. “argyrotricha”,
which are housed in three chambered plastic boxesg observed staying in one of the
chambers not used as the nesting chamber and detih@rplastic box as soon as the lid was
opened. Because of this, functional monogyny, aemded in the experiment, may only be a
temporary state in colonies &. “argyrotricha”. Furthermore, functionally monogynous
species are typically characterized by queen damsm&ehaviour (Heinze and Lipski 1990,
Heinze and Smith 1990), such as biting, stingind antennating. IrC. “argyrotricha”,
however, aggressive interactions occurred on ddweel only, and it appeared that mainly the
order of emergence determined which queen will meroeproductive. This might indicate,
that functional monogyny is only a temporary stetehe species, probably linked to the
habitat, which is characterized by only limited iaaility of suitable nest sites and high risks
of failure for queens seeking to found coloniestaoly. These young inseminated queens in
a queenright monogynous colony may avoid the rigkdispersal and independent colony
foundation and stay as “hopeful reproductives’eatst for some weeks in the natal colony in
order to wait for the opportunity of future repration after the death of the mother queen,
and thus to inherit the nest. The nest is an ealheoialuable resource in such habitats, which
are associated with high costs for solitarily foungdqueens (Myles 1988). By retaining their
wings, however, they may later nevertheless digpensd try to found a new colony
independently.

The lifespan of monogynous ant colonies is typychilieved to be bound to the lifespan of
the single reproductive queen. Yet, it has beeicated that colony inheritance by a related

individual may be much more common than previodbtyught (Peeters and Molet 2010).
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Queen turnover is difficult to examine, as ant auseare typically long-lived. As workers are
much shorter lived, genetic analyses are only Bla@tto detect queen turnover shortly after
the death of the mother queen, before the emergeiheerker offspring of the secondary
reproductive queen. Colonies Gardiocondylaare rather small, and may be easily reared in
the lab. In addition, queens of monogynous speafeSardiocondylaare relatively short-
lived if compared to the queen lifespan of othemogynous ant species (Schrempf and
Heinze 2007). As several speciesCalirdiocondylahave not yet been described and studied in
the lab, further single-queened species may betdeten the future, and queen turnover and

its consequences may be easily observed in suckespe the lab.

Conclusions

This thesis examines a variety of different aspemftsreproduction in the ant genus
Cardiocondylaand provides data, which are not only importantetivace the evolution of
alternative reproductive tactics in both male amchdle sexuals of the genGardiocondyla
but may also be relevant to the study of social éryopteran biology in general.

The extraordinary ant gen@ardiocondylahas been extensively studied in the past years.
Yet, many species remain undescribed, and the iposiof the genus among the
Crematogastrini is still unclear. Future reseanately will reveal more fascinating aspects of
its biology and thereby add more facets to the ystofl the evolution of the social
Hymenoptera.
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Summary

This thesis focusses on a variety of different atspef the reproductive life cycle in the
myrmicine genugCardiocondyla deviating from the typical pattern of reproduntim the
social Hymenoptera:

Cardiocondyla is characterized by intranidal mating involvingos# sib, and, as a
consequence, high inbreeding coefficients and mdhe female-biased sex ratios. Linked to
mating in the nest are alternative reproductivéidactwo different phenotypes are produced
in several species of the genus, differing in motpdy, physiology and behaviour. Winged
males are adapted to disperse, search for fempitedectives, and subsequently mate with
them. In contrast, wingless, ergatoid (= workee)iknales stay in the maternal nest and mate
with available virgin queens. In several specigga®id males monopolize mating with
female reproductives by eliminating their competitdifferent strategies of rival killing are
correlated to the shape of ergatoid male mandibMst only male, but also female
reproductive strategies are variable in the geassdespite polygyny (multiple reproductive
gueens per colony) representing the ancestral tondn Cardiocondyla several Palearctic
species show a reversal to single-queening. Redataeeding without negative effects
indicates that sex is not determined by singlegocomplementary sex determination in

Cardiocondyla

The thesis wants to shed light on the evolutiothefdiverse male traits i@Gardiocondyla To

do so,Chapter 1 provides the first detailed comparative morphatagistudy of the male
genitalia ofCardiocondyla Several morphological characters of external tgéaiof ergatoid
males and, if present, winged males, of most map®cies groups are described. Some
characters of male genitalic morphology are uskfuinfrageneric taxonomy, as they allow
distinguishing between the two clades of the geasisyell as between several species groups.
Furthermore, one of the examined structures, tlmanparal hook, potentially has value for
resolving relationships of the myrmicine tribe Cegogastrini. Interestingly, male external
genitalia of species in which males are tolerargath other’s presence or territorial exhibit a

more pronounced structuration, probably linkedighér levels of sperm competition.

Chapter 2 investigates whether different male reproductaetits are reflected in ergatoid

male morphology, especially in mandible size armpsh Mandibles of ergatoid males turned
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out to be highly variable in both size and shap¢ oy between the two clades of
Cardiocondyla but also among species belongingerdiocondylaclade A. Extremely long,
distally oriented mandibles appear to be associatigd indirect killing of mobile adult
competitors. Particularly short mandibles are preshly adapted to a mating tactic in which

ergatoid males exclusively kill their rivals by shing their cuticle.

Chapter 3 provides first insights into the breeding structaféhe tramp an€Cardiocondyla
obscurior, which is distributed throughout the tropics amdbtsopics of all continents. Six
polymorphic microsatellite markers were establisaed used to analyse the genetic structure
of several colonies of a Japanese population. Nastrelatedness turned out to be very
variable in the different colonies. Despite regufaating in the nest and between close sib,
which is characteristic for species of the ge@adiocondyla several colonies exhibited
surprisingly low values of nestmate relatednesss Tridicates that colonies regularly adopt

alien queens in order to avoid negative effectislofeeding by increasing genetic variability.

Chapter 4 reveals an outstanding reproductive tactic of wirgueens to avoid failure at
colony foundation. Virgin queens @. “argyrotricha”, which face the risk of emerging in
the absence of a mating partner due to highly ferbalsed sex ratios, may first produce male
offspring resulting from unfertilized, haploid egdster, they may mate with their own sons
and subsequently switch to the production of dgplaifspring (workers and female sexuals).
In consequence, queens are able to start theircolamy. This is extraordinary, as queens of
the social Hymenoptera typically avoid inbreedingte only during a short period early in
life and do not remate thereafter. The study shtves the standard mechanism of sex
determination of the social Hymenoptera (singlaufocomplementary sex determination) is
absent inC. “argyrotricha”, as otherwise mother-son inbreeding would resudtiploid male
offspring. In addition, it demonstrates that motken mating, which is known to occur in
solitary haplodiploid animals, may also evolve undertain conditions in the social

Hymenoptera.

Chapter 5 reveals a reversal from polygyny (multiple egg fygueens per nest), which is
the ancestral condition in the ger@ardiocondyla to single-queening i&. “argyrotricha” .

In experimentally orphaned colonies it was mairtlg order of queen emergence which
determined which queen became reproductive anditinesited the nest. The first emerging
gueen shed wings, began to reproduce and stayettyranghe brood pile. Although several
gueens were inseminated, all but the reproductieenq retained their wings and only rarely
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behaved aggressively towards the reproductive quaesumably these queens stay at least
temporarily in the nest as “hopeful reproductives’order to bet on the opportunity of future
reproduction and thus nest inheritance, insteath@hg the risks associated with dispersal

and independent colony foundation.

93



ACKNOWLEDGEMENTS

Acknowledgements

First of all | want to express my gratitude to Pidf. Heinze for the possibility to do a PhD,

for his supervision and continuous support.

My special thanks go to Dr. Alexandra Schrempf mth practical and moral support.

Whenever | needed help she was there, providingugagement and advice.

| like to thank my RIGeL (Regensburg Internatiof&aduate School of Life Sciences)
mentors Prof. Dr. Susanne Foitzik and Prof. Dr.agiStrohm.

| particularly want to thank Dr. Abel Bernadou, Jan Oettler, Dr. Alexandra Schrempf,
Dr. Sabine Frohschammer and Masaki Suefuji for halp advice in the past years.

| want to thank Birgit Lautenschlager, Tina Wankedreas Trindl and Stefan Buchhauser
for their technical support. Special thanks go omj& Dorfner, for lending me her key over

and over again!

It was a great pleasure to get to know so manylpamprking in the lab of Prof. Dr. Heinze
and at the University of Regensburg. Dear professmlleagues, assistants, secretaries and

students: thank you all for the great time!
Alex, Bine, Claudia, and Verena: | am so glad thatmet. Thank you for your friendship!

| am grateful for the doctoral research scholargbfighe German Academic Scholarship

Foundation (Studienstiftung des deutschen Volkes).
| am particularly thankful to my friends and my féyrfor continuously supporting me.
Tobi. Thank you for your love and loyalty.

Zoe. Seeing life through your eyes is the mostifasing experience | ever had!

94



REFERENCES

References

Abell AJ, Cole BJ, Reyes R, Wiernasz DC (1999) Séxselection on body size and shape in

the western harvester aRpgonomyrmex occidentali@esson. Evolution 53: 535-545.

Adamson M, Ludwig M (1993) Oedipal mating as adadh sex allocation in haplodiploids.
Philosophical Transactions of the Royal Societiaidon B 341: 195-202.

Altmann J (1974) Observational study of behavieampling methods. Behaviour 48: 227-
265.

Anderson C, Cremer S, Heinze J (2003) Live anddlet why fighter males of the ant
Cardiocondylakill each other but tolerate their winged rivaBehavioural Ecology 14: 54-
62.

André E (1881) Catalogue raisonné des Formicidesgmant du voyage en orient de M.
Abeille de Perrin et description des espéeces ntesieAnnales de la Société entomologique
de France 1: 53-78.

André JB, Peeters C, Doums C (2001) Serial polyggng colony genetic structure in the
monogynous queenless ddiacamma cyaneiventrdBehavioral Ecology and Sociobiology
50: 72-80.

Beibl J, Stuart R, Heinze J, Foitzik S (2005) Sngios of slavery in formicoxenini ants.
Insectes Sociaux 52: 291-297.

Beukeboom LW (1995) Sex determination in Hymenaptea need for genetic and molecular
studies. Bioessays 17: 813-817.

Beukeboom LW, Ellers J, van Alphen JJM (2000) Alesenf single-locus complementary
sex determination in the braconid wags®bara tabidaandAlysia manducatorHeredity 84:
29-36.

Birket-Smith SJR (1981) The male genitalia of Hymatera — a review based on morphology
in Dorylidae (Formicoidea). Entomologica scandicavbupplement 15: 377-397.

95



REFERENCES

Bolton B (1974) A revision of the Palaeotropicabareal ant genu€ataulacusF. Smith
(Hymenoptera: Formicidae). Bulletin of the Britisluseum (Natural History). Entomology
30: 1-105.

Bolton B (1982) Afrotropical species of the myrmmei ant generaCardiocondyla
Leptothorax Melissotarsus Messor and Cataulacus(Formicidae). Bulletin of the British
Museum (Natural History). Entomology 46: 307-370.

Bolton B (2003) Synopsis and classification of Fmigdae. Memoirs of the American

Entomological Institute 71: 1-370.

Bolton B (2017) An online catalog of the ants ofethworld. Available from:
http://www.antweb.org/world.jsp (accessed 03 M&0h7).

Bolton B, Marsh AC (1989) The Afrotropical thermaljgh ant genus Ocymyrmex
(Hymenoptera: Formicidae). Journal of Natural Higt®3: 1267-1308.

Boomsma JJ, Baer B, Heinze J (2005) The evolutfamade traits in social insects. Annual
Review of Entomology 50: 395-420.

Boomsma JJ, Grafen A (1990) Intraspecific variationant sex ratios and Trivers-Hare
hypothesis. Evolution 44: 1026-1034.

Botstein D, White RL, Skolnick M, Davis RW (1980p&struction of a genetic linkage map
in man using restriction fragment length polymogphs. American Journal of Human
Genetics 32: 314-331.

Boudinot BE (2013) The male genitalia of ants: nulasttre, homology, and functional
morphology (Hymenoptera, Aculeata, Formicidae)rdauof Hymenoptera Research 30: 29-
49.

Boudinot BE (2015) Contributions to the knowleddd-ormicidae (Hymenoptera, Aculeata):
a new diagnosis of the family, the first global exbhsed key to subfamilies, and a treatment

of early branching lineages. European Journal abmamy 120: 1-62

Boudinot BE, Sumnicht TP, Adams RM (2013) Centraingkican ants of the genus
Megalomyrmex-orel (Hymenoptera: Formicidae): six new specias keys to workers and

males. Zootaxa 4: 1-82.

96



REFERENCES

Bourke AFG, Heinze J (1994) The ecology of commuma&eding: the case of multiply-
gueened leptothoracine ants. Philosophical Traimsecif the Royal Society of London B
345: 359-372.

Buren WF (1958) A Review of the Species@yEmatogastersensu stricto, in North America
(Hymenoptera: Formicidae), Part I. Journal of trev\York Entomological Society 66: 119-
134.

Buschinger A (1968) Mono- und Polygynie bei Arteer dGattungLeptothorax Mayr

(Hymenoptera Formicidae). Insectes Sociaux 15: 2267-

Buschinger A (1974) Experimente und BeobachtungerGziindung und Entwicklung neuer
Sozietaten der sklavenhaltenden Ametsgpagoxenus soblaevitnsectes Sociaux 21: 381-
406.

Buschinger A (1989) Evolution, speciation and imglieg in the parasitic ant genus

Epimyrma(Hymenoptera, Formicidae). Journal of EvolutionBrglogy 2: 265—-283.

Buschinger A, Alloway TM (1978) Caste polymorphigmHarpagoxenus canadendid. R.

Smith (Hym., Formicidae). Insectes Sociaux 25: 380-

Buschinger A, Linksvayer TA (2004) Novel blend dElhistory traits in an inquiline ant,
Temnothorax minutissimuswith a description of the male (Hymenoptera: Hordae).

Myrmecologische Nachrichten 6: 67-76.

Camargo RS, Hastenreiter IN, Brugger M, Forti LOp&s JFS (2015) Relationship between
mandible morphology and leaf preference in leafiogtants (Hymenoptera: Formicidae).
Revista Colombiana de Entomologia 41: 241-244.

Charlesworth B, Charlesworth D (1999) The genedisidof inbreeding depression. Genetical
Research 74: 329-340.

Cook JM (1993) Sex determination in the Hymenoptaraeview of models and evidence.
Heredity 71: 421-435.

Cook JM, Crozier RH (1995) Sex determination andypation biology in the Hymenoptera.
Trends in Ecology and Evolution 10: 281-286.

97



REFERENCES

Cowan DP, Stahlhut JK (2004) Functionally reprotectdiploid and haploid males in an
inbreeding hymenopteran with complementary sexrdet@ation. Proceedings of the National
Academy of Sciences of the United States of Ametith 1B74-1@B79.

Cremer S, Heinze J (2002) Adaptive production agfhter males: queens of the ant
Cardiocondylaadjust the sex ratio under local mate competitPrmceedings of the Royal
Society of London Series B 269: 417-422.

Cremer S, Heinze J (2003) Stress grows wings: enwiental induction of winged dispersal

males inCardiocondylaants. Current Biology 13: 219-223.

Cremer S, Sledge MF, Heinze J (2002) Male antsudisg by the queen’'s bouquet. Nature
419: 897.

Cronin AL, Molet M, Doums C, Monnin T, Peeters C0{3) Recurrent evolution of
dependent colony foundation across eusocial insActisual Review of Entomology 58: 37-
55.

Crow JF (1994) Advantages of sexual reproductie@vdlbpmental Genetics 15: 205-213.

De Boer JG, Ode PJ, Rendahl AK, Vet LEM, WhitfidBl, Heimpel GE (2008) Experimental
support for multiple-locus complementary sex deteation in the parasitoi@otesia vestalis
Genetics 180: 1525-1535.

Eberhard WG (1985) Sexual selection and animal tgkani Cambridge Massachusetts:

Harvard University Press.

Eguchi K (2003) A study on the male genitalia ofmgo Asian species oPheidole
(Hymenoptera, Formicidae, Myrmicinae). Sociobiol@dy 317-355.

Eguchi K, Yoshimura M, Yamane S (2006) The Oriensplecies of the ant genus
ProbolomyrmeXInsecta: Hymenoptera: Formicidae: Proceratiindedtaxa 1376: 1-35.

Elias J, Mazzi D, Dorn S (2009) No need to discniawé? Reproductive diploid males in a
parasitoid with complementary sex determinationsRDne 4: e6024.

Emery C (1897) Formicidarum species novae vel micognitae in collectione Musaei
Nationalis Hungarici, quas in Nova-Guinea, colongermanica, collegit L. Biro.
Természetrajzi Fuzetek 20: 571-599.

98



REFERENCES

Emery C (1917) Questions de nomenclature et synmsymelatives a quelques genres et

especes de Formicides (Hym.). Bulletin de la Sédi#rttomologique de France 1917: 94-97.

Emlen DJ (2008) The evolution of animal weaponsn#al Review of Ecology, Evolution
and Systematics 39: 387-413.

Ettershank G (1966) A generic revision of the wavgirmicinae related té&olenopsisand

Pheidologetor{Hymenoptera: Formicidae). Australian Journal oblogy 14(1).

Ferndndez F (2004) The American species of the mimenant genu€arebaraWestwood

(Hymenoptera: Formicidae). Caldasia 26: 191-238.

Field J, Cant MA (2009) Social stability and helpim small animal societies. Philosophical
Transactions of the Royal Society of London B 3%481-3189.

Fisher BL, Bolton B (2016) Ants of Africa and Madagar. A guide to the genera. University
of California Press, 497 pp.

Fletcher DJC, Blum MS (1983) The inhibitory pheroraoof queen fire ants: effects of
disinhibition on dealation and oviposition by vimgiqueens. Journal of Comparative
Physiology 153: 467-475.

Foitzik S, Heinze J, Oberstadt B, Herbers JM (200Rte guarding and alternative

reproductive tactics in the aHtypoponera opaciorAnimal Behaviour 63: 597-604.

Forel A (1890) Aenictus-Typhlattadécouverte de M. Wroughton. Nouveaux genres de

Formicides. Annales de la Société EntomologiquBelgique 34: cii-cxiv.

Forel A (1892) Die Ameisenfauna Bulgariens. (Nelmsblogischen Beobachtungen.).
Verhandlungen der Kaiserlich-Kéniglichen Zoologidgbtanischen Gesellschaft in Wien 42:
305-318.

Forel A (1904) Miscellanea myrmécologiques. Revuisse de Zoologie 12: 1-52.

Francoeur A, Loiselle R (1988) The malelafptothorax wildawith notes on the subgenus
NesomyrmexFormicidae, Hymenoptera). Pp. 43-54 in: TragerCJ (ed.) Advances in
myrmecology. Leiden: E. J. Brill, xxvii + 551 pp.

Francoeur, A., Loiselle R, Buschinger A (1985) B&tgmatique de la tribu Leptothoracini
(Formicidae, Hymenoptera). 1. Le gelm@micoxenugians la région holarctique. Naturaliste
canadien (Revue d’Ecologie et de Systématique) 342:403.

99



REFERENCES

Frohschammer S, Heinze J (2009) Male fighting daditoriality” within colonies of the ant

Cardiocondyla venustulBlaturwissenschaften 1: 159-63.

Gadau J, Gertsch PJ, Heinze J, Pamilo P, Holld&(@998) Oligogyny by unrelated queens
in the carpenter anCamponotus ligniperduBehavioral Ecology and Sociobiology 44: 23-
33.

Garofalo CA (1973) Occurrence of diploid dronesaimeotropical bumblebee. Experientia
29:726-727.

Gautschi B, Tenzer 1, Muller JP, Schmid B (2000dldson and characterization of
microsatellite loci in the bearded vultu@ypaetus barbatysand cross-amplification in three

Old World vulture species. Molecular Ecology 9: 212195.

Gill RJ, Arce A, Keller L, Hammond RL (2009) Polymphic social organization in an ant.
Proceedings of the Royal Society of London B 2722314431.

Gill RJ, Hammond RL (2011) Workers influence royedproduction. Philosophical
Transactions of the Royal Society of London B 2I&24-1531.

Gilley DC (2001) The behavior of honey beégic mellifera ligusticaduring queen duels.
Ethology 107: 601-622.

Goodisman M, Ross K (1997) Relationship of queemlmer and queen relatedness in
multiple-queen colonies of the fire aBblenopsis invictaEcological Entomology 22: 150-
157.

Goodnight KF, Queller DC (1994) Relatedness 4.2imdbight Software.

Gotwald WH (1969) Comparative morphological studiethe ants, with particular reference
to the mouthparts (Hymenoptera: Formicidae). Corbeliversity Agricultural Experiment
Station, memoir 408, pp. 1-150.

Gotzek D, Brady SG, Kallal RJ, LaPolla JS (2012)e Timportance of using multiple
approaches for identifying emerging invasive spedilee case of the Rasberry Crazy Ant in
the United States. PLoS ONE, 7: e45314

Hamilton WD (1967) Extraordinary sex ratios. Sceid&6: 477-488.

100



REFERENCES

Hamilton WD (1979) Wingless and fighting males ig Wasps and other insects. In: Sexual
selection and reproductive competition in inse@kifh MS, Blum MA, eds). New York:
Academic Press; 167-220.

Hardy ICW, Pedersen JB, Sejr MK, Linderoth UH (1p@®&cal mating, dispersal and sex

ratio in a gregarious parasitoid wasp. Ethology: BY572.

Heimpel GE, De Boer JG (2008) Sex determinatiothexHymenoptera. Annual Review of
Entomology, 53: 209-230.

Heinze J (1993) Queen-queen interactions in polgggnants. In: Queen Number and
Sociality in Insects (ed. Keller L). Oxford UnivéssPress, Oxford, pp. 334-361.

Heinze J (2016) The male has done his work - thie meay go. Current Opinion in Insect
Science 16: 22-27.

Heinze J (2017) Life history evolution in ants: tase ofCardiocondyla Proceedings of the
Royal Society of London B 284: 20161406.

Heinze J, Aumeier V, Bodenstein B, Crewe RM, SciplerA (2013) Wingless and
intermorphic males in the a@ardiocondyla venustuldnsectes Sociaux 60: 43-48.

Heinze J, Cremer S, Eckl N, Schrempf A (2006) $tgalinvaders: the biology of

Cardiocondylatramp ants. Insectes Sociaux 53: 1-7.

Heinze J, Delabie JHC (2005) Population structurfe tlle male-polymorphic ant

Cardiocondyla obscuriorStudies on Neotropical Fauna and Environment.83:190.

Heinze J, Holldobler B (1993) Fighting for a harefiqueens; physiology and reproduction in
Cardiocondylamale ants. Proceedings of the National Academ$aénces of the United
States of America 90: 8412-8414.

Heinze J, Hoélldobler B, Yamauchi K (1998) Male catifon in Cardiocondyla ants
Behavioral Ecology and Sociobiology 42: 239-246.

Heinze J, Keller L (2000) Alternative reproductisgategies: a queen perspective in ants.
Trends in Ecology and Evolution 15: 508-512.

Heinze J, Kihnholz S, Schilder K, Holldobler B (BY®8ehavior of ergatoid males in the ant,
Cardiocondyla nudalnsectes Sociaux 40: 273-282.

101



REFERENCES

Heinze J, Lipski N (1990) Fighting and usurpatiaon golonies of the palaearctic ant

Leptothorax gredleriNaturwissenschaften 77: 493-495.

Heinze J, Schmidt CV, Nugroho H, Seifert B (2010nyless fighter males in the Wallacean
ant Cardiocondyla nigroceredlInsecta: Formicidae). The Raffles Bulletin of Zmgy 58:
323-328.

Heinze J, Schrempf A, Wanke T, Rakotondrazafy HgdRandranaivo T, Fisher BL (2014)
Polygyny, inbreeding, and wingless males in thedgaty anCardiocondyla shuckardtorel

(Hymenoptera, Formicidae). Sociobiology 61: 300-306

Heinze J, Schrempf, A, Seifert B, Tinaut, A (20@)een morphology and dispersal tactics in
the antCardiocondyla batesiilnsectes Sociaux 49: 129-132.

Heinze J, Seifert B, Zieschank V (2016) Massacreth&f innocents inCardiocondyla
thoracica Manipulation by adult ant males incites workeoskill their immature rivals.
Entomological Science 19,239-244. doi: 10.11111&194

Heinze J, Smith TA (1990) Dominance and fertility a functionally monogynous ant.

Behavioral Ecology and Sociobiology 27: 1-10.

Heinze J, Trindl A, Seifert B, Yamauchi K (2005)dhvtion of male morphology in the ant
genusCardiocondyla Molecular Phylogenetics and Evolution 37: 278-288

Heinze J, Tsuji K (1995) Ant reproductive stratasgiResearches on Population Ecology 37:
135-149.

Heinze J, Weber M (2011) Lethal sibling rivalry fogst inheritance among virgin ant queens.
Journal of Ethology 29: 197-201.

Hepworth G, Hamilton AJ (2001) Scan sampling andewaw! activity budget studies:
Design and analysis considerations. Behaviour 1381-1405.

Holldobler B, Bartz SH (1985) Sociobiology of reguztion in ants. In B. Holldobler and M.
Lindauer (Eds.), Experimental behavioral ecologyd asociobiology. Stuttgart: Gustav

Fischer.

Holldobler B, Carlin NF (1985) Colony founding, aare dominance and oligogyny in the

Australian meat aritidomyrmex purpureusBehavioral Ecology and Sociobiology 18: 45-58.

Holldobler B, Wilson EO (1990) The ants. Cambridgiass: Harvard University Press.
102



REFERENCES

Holway DA, Lach L, Suarez AV, Tsutsui ND, Case P0{2) The causes and consequences

of ant invasions. Annual Review of Ecology and Sgsitics 33: 181-233.

Hughes WOH, Oldroyd BP, Beekman M, Ratnieks FLWO@QAncestral monogamy shows
kin selection is key to the evolution of eusocialbcience 320: 1213-1216.

Hulme PE (2009) Trade, transport and trouble: mauggigvasive species pathways in an era

of globalization. Journal of Applied Ecology 46:-18.

Jacobs S, Heinze J (2016) Between fighting andaonte: Reproductive biology of wingless

males in the anCardiocondyla venustuldnsect Science 00: 1-11.

Jacobs S, Schrempf A (2017) Male-male competitiorants (Hymenoptera: Formicidae).

Myrmecological News 24: 31-42.

Kalinowski ST, Taper ML, Marshall TC (2007) Revigirhow the computer program
CERVUS accommodates genotyping error increasesessicin paternity assignment.
Molecular Ecology 16: 1099-1106.

Kautz S, Schmid VS, Trindl A, Heinze J, Ballhorn,Ddeil M (2009) lIsolation and

characterization of 22 microsatellite loci in thedamg-ant Pseudomyrmex ferrugineus
(Formicidae: Pseudomyrmecinae) and cross-testingwo congeneric species. Molecular
Ecology Resources 9: 1016-1019.

Keller LF, Waller DM (2002) Inbreeding effects inlavpopulations. Trends in Ecology and
Evolution 17: 230-241.

Kinomura K, Yamauchi K (1987) Fighting and matinghlaviors of dimorphic males in the
antCardiocondyla wroughtoniJournal of Ethology 5:75-81.

Kobayashi K, Hasegawa E, Yamamoto Y, Kawatsu KgddEL, Yoshimura J, Matsuura K
(2013) Sex ratio biases in termites provide evidenor kin selection. Nature

Communications 4: 2048.

Krieger MJB, Keller L (2000) Mating frequency andngtic structure of the Argentine ant
Linepithema humileMolecular Ecology 9: 119-126.

Kronauer DJC, Boomsma JJ (2007) Do army ant queensate later in life? Insectes
Sociaux 54: 20-28.

103



REFERENCES

Kugler J (1983) The males @ardiocondylaEmery (Hymenoptera: Formicidae) with the
description of the winged male dfardiocondyla wroughtoniForel). Israel Journal of
Entomology 17: 1-21.

LaPolla JS, Kallal RJ, Brady SG (2012) A new anhugefrom the Greater Antilles and
Central America, Zatania (Hymenoptera: Formicidagg¢mplified the utility of male and

molecular systems. Systematic Entomology 37: 200-21

Lenoir JC, Schrempf A, Lenoir A, Heinze J, Merci#t (2007) Genetic structure and
reproductive strategy of the adardiocondyla eleganstrictly monogynous nests invaded by

unrelated sexuals. Molecular Ecology 16: 345-354.

Lewis PO, Zaykin D (2001) Genetic Data Analysismgmter program for the analysis of
allelic data. Version 1.0 (d16c). Available at hilgn.bio-soft.net/dna/gda.html.

Liebig J, Holldobler B, Peeters C (1998) Are antrkens capable of colony foundation?
Naturwissenschaften 85: 133-135.

Loiselle R, Francoeur A (1988) Régression du dirhimmme sexuel dans le genre
Formicoxenus et polymorphisme comparé des sexes dans la farddéle Formicidae

(Hymenoptera). Naturaliste Canadien (Québec) 16%:3¥8.

Mercier JL, Lenoir JC, Eberhardt A, FrohschammerV@|liams C, Heinze J (2007)
Hammering, mauling, and kissing: stereotyped cbiptdehavior inCardiocondylaants.
Insectes Sociaux 54: 403-411

Minozzi C (1918) Primo contributo alla conoscene#alfauna mirmecologica del Modenese.
Atti della Societa dei Naturalisti e MatematiciModena 4: 81-88.

Mirenda JT, Vinson SB (1979) Marking technique &atults of the red imported fire ant
(Hymenoptera, Formicidae). Florida Entomologist 29-281.

Monnin T, Peeters C (1998) Dominance hierarchy aegroductive conflicts among
subordinates in a monogynous queenless ant. Beha®oology and Sociobiology 10: 323-
332.

Myles TG (1988) Resource inheritance in social ettoh from termite to men. In:
Slobodchikoff CN (ed.) The ecology of social belvaviAcademic Press, New York, pp 379-
423.

104



REFERENCES

Nagel HG, Rettenmeyer CW (1973) Nuptial flightspnaductive behavior and colony
founding of the western harvester arfRogonomyrmex occidentaligHymenoptera:
Formicidae). Journal of the Kansas Entomologicali€y 46: 82-101.

Oettler J, Suefuji M, Heinze J (2010) The evolutafralternative reproductive tactics in male
Cardiocondylaants. Evolution 64: 3310-3317.

Ogata K (1991) A generic synopsis of the ponerathglex of the family Formicidae in
Japan (Hymenoptera). Part 2. Subfamily MyrmicinBelletin of the Institute of Tropical

Agriculture Kyushu University 14: 61-149.

Ogata K, Murai K, Yamauchi K, Tsuji K (1996) Sizéferentiation of copulatory organs
between winged and wingless reproductives in thd @&echnomyrmex albipes
Naturwissenschaften 83: 331-333.

Ohkawara K, Nakamura K, Kadokura N, Terashita T1@O0Geographical variation in
mandible morphologies specialised for collemboleedption depend on prey size in the ant

Strumigenys lewig=cological Entomology 42: 156-163.

Passera L, Keller L (1994) Mate availability and lenaispersal in the Argentine ant

Linepithema humil¢Mayr) (=Iridomyrmex humilis Animal Behaviour 48: 361-369.

Paxton PJ (2005) Male mating behaviour and matipgfesis of bees: an overview.
Apidologie 36: 145-156.

Peacock AD, Smith IC, Hall DW, Baxter AT (1954) 8ies in Pharaoh's Anklonomorium
pharaonis(L.) - male production by parthenogenesis. Entagist's Monthly Magazine 90:
154-159.

Pech P, Beztk A (2016) Ergatomorph wingless males Technomyrmex vitiensislann,
1921 (Hymenoptera: Formicidae). Journal of HymeeapResearch 53: 25-34.

Peeters C, Crewe RM (1986) Male biology in the gless ponerine ar®phthalmopone
berthoudi(Hymenoptera: Formicidae). Psyche 93: 277-28.

Peeters C, Molet M (2010) Colonial reproduction &ifel histories. Ant Ecology (ed. by L
Lach, CL Parr & KL Abbott), pp. 159-176. Oxford Warsity Press, Oxford, UK.

Plowright RC, Pallett MJ (1979) Worker-male cortfliand inbreeding in bumble bees
(Hymenoptera: Apidae). Canadian Entomologist 1BB-294.

105



REFERENCES

Pusey AE, Packer C (1987) The evolution of sexduadispersal in lions. Behaviour 101:
275-310.

Queller DC, Goodnight KF (1989) Estimating relatest using genetic markers. Evolution
43: 258-275.

R Core Team (2015) R: A language and environmeanstitistical computing. R Foundation

for Statistical Computing, Vienna, Austria. URLpiftwww.Rproject.org/.

Rabeling C, Kronauer DJC (2013) Thelytokous parigemesis in eusocial Hymenoptera.
Annual Review of Entomology 58: 273-292.

Reiskind J (1965) A revision of the ant tribe Cadtdindylini (Hymenoptera, Formicidae). .
The genu#rosopidrisWheeler. Psyche (Camb.) 72: 79-86.

Ross KG, Carpenter JM (1991) Phylogenetic analysd the evolution of queen number in
eusocial Hymenoptera. Journal of Evolutionary Bigld: 117-130.

Ross KG, Fletcher DJC (1986) Diploid male produtti@ significant colony mortality factor
in the fire antSolenopsis invicta(Hymenoptera: Formicidae). Behavioral Ecology and
Sociobiology 19: 283-291.

Ruppell O, Heinze J (1999) Alternative reproducttaetics in females: The case of size

polymorphism in winged ant queens. Insectes Soci&us-17.

Sambrook J, Russell DW (2001) Molecular cloningtaboratory manual, 3rd edn. Cold
Spring Harbor Laboratory Press, New York.

Santschi F (1907) Fourmis de Tunisie capturées9@b.1Revue Suisse de Zoologie 15: 305-
334.

Santschi F (1930) Reésultats de la Mission scienidi suisse en Angola, 1928-1929.

Formicides de I'Angola. Revue Suisse de Zoologieb3731.

Schmidt CV, Frohschammer S, Schrempf A, HeinzeQ142 Virgin ant queens mate with
their own sons to avoid failure at colony foundatiblaturwissenschaften 101: 69 -72.

Schmidt CV, Trindl A, Schrempf A, Heinze J (2016)ckbsatellite markers for the tramp ant
Cardiocondyla obscurio(Formicidae: Myrmicinae). Journal of Genetics 85b:e4.

106



REFERENCES

Schofield RM, Nesson MH, Richardson KA (2002) Todtardness increases with zinc-
content in the mandibles of young adult leaf-custiets. Naturwissenschaften 89: 579-83.

Schrader L, Kim JY, Ence D, Zimin A, Klein A, Wysetlzki K, Weichselgartner T, Kemena
C, Stokl J, Schultner E, Wurm Y, Smith CD, Yanddll Heinze J, Gadau J, Oettler J (2014)
Transposable element islands facilitate adaptatdomovel environments in an invasive

species. Nature Communications 5: 5495.

Schrempf A (2014) Inbreeding, multiple mating andefgn sexuals in the a@tardiocondyla

nigra (Hymenoptera: Formicidae). Myrmecological News P{5.

Schrempf A, Aron S, Heinze J (2006) Sex determama#ind inbreeding depression in an ant
with regular sib-mating. Heredity 97: 75-80.

Schrempf A, Heinze J (2006) Proximate mechanisnmeaé morph determination in the ant
Cardiocondyla obscuriorEvolution and Development 8: 266-272.

Schrempf A, Heinze J (2007) Back to one: consecgnt derived monogyny in an ant with
polygynous ancestors. J Evol Biol 20: 792-799.

Schrempf A, Reber C, Tinaut A, Heinze J (2005) édloling and local mate competition in
the antCardiocondyla batesiiBehavioral Ecology and Sociobiology, 57: 502-510.

Schulmeister S (2003) Genitalia and terminal abdamisegments of male basal
Hymenoptera (Insecta): morphology and evolutiongadisms Diversity and Evolution 3:
253-279.

Seifert B (2003) The ant genuSardiocondyla (Insecta: Hymenoptera: Formicidae) - a
taxonomic revision of th&. elegansC. bulgarica C. batesij C. nuda C. shuckardi C.
stambuloffij C. wroughtonij C. emeryj and C. minutior species groups. Annalen des
Naturhistorischen Museums in Wien. B, Botanik, g 104(B): 203-338.

Seifert B, Fronschammer S (2013ardiocondyla piratasp. n. — a new Philippine ant with
enigmatic pigmentation pattern (Hymenoptera, Foithai). ZooKeys 301: 13-24.

Shik JZ, Donoso DA, Kaspari M (2013) The life hist@ontinuum hypothesis links traits of
male ants with life outside the nest. Entomologipétimentalis et Applicata 149: 99-109.

107



REFERENCES

Shik JZ, Flatt D, Kay AD, Kaspari M (2012) A lifeidtory continuum in the males of a
Neotropical ant assemblage: refuting the spermevdsgothesis. Naturwissenschaften 99:
191-197.

Smith BH (1983) Recognition of female kin by maleeb through olfactory signals.
Proceedings of the National Academy of Science€t881-4553.

Stouthamer R, Luck RF, Werren JH (1992) Geneticssex determination and the
improvement of biological control using parasitoidEnvironmental Entomology 21: 427-
435.

Stuart RJ, Francoeur A, Loiselle R (1987) Lethghfing among dimorphic males of the ant,

Cardiocondyla wroughtoniiNaturwissenschaften 74: 548-549.

Tenzer |, Degli lvanissevich S, Morgante M, Ges§lg1999) Identification of microsatellite
markers and their application to population gemsetitVenturia inaequalisPhytopathology
89: 748-753.

Terayama M (1999) Taxonomic studies of the Japariésemicidae, part 6. Genus

Cardiocondylagmery. Memoirs of the Myrmecological Society opda 1: 99-107.

Thornhill R, Alcock J (1983) The Evolution of Ingddating Systems. Harvard University

Press, Cambridge, Mass.

Trettin J, Haubner M, Buschinger A, Heinze J (20Qieen dominance and worker policing

control reproduction in a threatened ant. BMC Egpldl: 21.

Tsutsui ND, Suarez AV (2003) The colony structund population biology of invasive ants.

Conservation Biology 17: 48-58.

Ueda A (1997) Brood development of an inbreedingrs@atophagous scolytid beetle,
Coccotrypes granicep&ichhoff) (Coleoptera: Scolytidae). Japanese fauof Entomology
65: 677-687.

Van Wilgenburg E, Driessen G, Beukeboom LW (2008)g& locus complementary sex

determination in Hymenoptera: an "unintelligent$idg@? Frontiers in Zoology 3: 1.

Ward PS, Brady SG, Fisher BL, Schultz TR (2015) Bwelution of myrmicine ants:
phylogeny and biogeography of a hyperdiverse aatlecl (Hymenoptera: Formicidae).

Systematic Entomology 40: 61-81.

108



REFERENCES

Werren JH (1993) The evolution of inbreeding inaplbdiploid organism. In: The Natural
History of Inbreeding and Outbreeding. Chicago URikess: 42-94.

Wetterer JK 2012a Worldwide spread of the Moorishegking Ant, Cardiocondyla
mauritanica(Hymenoptera: Formicidae). Sociobiology 59: 985-99

Wetterer JK 2012b Worldwide spread of Emery's simgplant, Cardiocondyla emeryi

(Hymenoptera: Formicidae). Myrmecological News 13-20.

Wetterer JK 2014 Worldwide spread of the Lesseraling Ant, Cardiocondyla minutior
(Hymenoptera: Formicidae). Florida Entomologist 987-574.

Wheeler WM (1922) The ants collected by the Amaridduseum Congo Expedition.
Bulletin of the American Museum of Natural Histaty: 39-269.

Wheeler WM (1929) Ants collected by Professor fvesitri in Formosa, the Malay Peninsula
and the Philippines. Bollettino del LaboratoriaZdiologia Generale e Agraria della R. Scuola
Superiore d'Agricultura 24: 27-64.

Wheeler WM (1931) Neotropical ants of the gendsnomyrmexForel. Revista de
Entomologia (Rio de Janeiro) 1: 129-139.

Whiting PW (1943) Multiple alleles in complementasgx determination itdabrobracon
Genetics 28: 365-382.

Wilson EO (1971) The Insect Societies. Harvard @rsity Press, Cambridge, Mass.

Winter U, Buschinger A (1983) The reproductive b} of a slavemaker angEpimyrma
ravouxi, and a degenerate slavemakerkrausse(Hymenoptera: Formicidae). Entomologia
Generalis 9: 1-15.

Woolfenden GE, Fitzpatrick JW (1978) The inheriwraf territory in group-living birds.
BioScience 28: 104-108.

Yamauchi K, Furukawa T, Kinomura K, Takamine H, jT8u(1991) Secondary polygyny by
inbred wingless sexuals in the dolichoderine Bethnomyrmex albipe8ehavioral Ecology
and Sociobiology 29: 313-319.

Yamauchi K, Kimura Y, Corbara B, Kinomura K, TsHi(1996) Dimorphic ergatoid males
and their reproductive behavior in the ponerine Hypoponera bondroitilnsectes Sociaux
43: 119-130.

109



REFERENCES

Yamauchi K, Asano Y, Lautenschlager B, Trindl A,ikie J (2005) A new type of male
dimorphism with ergatoid and short-winged male<ardiocondylacf. kagutsuchilnsectes
Soxiaux 52: 274-28.

Yamauchi K, Ishida Y, Hashim R, Heinze J (2006) €ugueen competition by precocious
male production in multi-queen ant colonies. Curiinlogyl6: 2424-2427.

Yamauchi K, Ishida Y, Hashim R, Heinze J (2007) €ugueen competition and

reproductive skew in @ardiocondylaant. Insectes Sociaux 54: 268-274.

Yamauchi K, Kawase N (1992) Pheromonal manipulatbmvorkers by a fighting male to

kill his rival males in the arn€ardiocondyla wroughtoniiNaturwissenschaften 79: 274-276.

Yoshimura M and Fisher BL (2009) A revision of madats of the Malagasy region
(Hymenoptera: Formicidae): Key to genera of thefauwidy Proceratiinae. Zootaxa 2216: 1-
21.

Yoshimura M, Fisher BL (2007) A revision of male tanof the Malagasy region
(Hymenoptera: Formicidae): Key to sub-families arehtment of the genera of Ponerinae.
Zootaxa 1654: 21-40.

Yoshimura M, Fisher BL (2011) A revision of male tanof the Malagasy region
(Hymenoptera: Formicidae): Key to genera of thefamldy Dolichoderinae. Zootaxa 2794
1-34.

Yoshimura M, Fisher BL (2012) A revision of maletamf the Malagasy Amblyoponinae
(Hymenoptera: Formicidae) with resurrections of tjeneraStigmatommaand Xymmer
PL0oS ONE 7: e3325.

Zuur AF, leno EN, Walker NJ, Saveliev AA, Smith @009) Mixed Effects Models and

Extensions in Ecology with R. Springer, New York.

110



