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SYNOPSIS 

 

The butterfly family Lycaenidae (including the Riodinidae) contains an estimated 30% 

of all butterfly species and exhibits a diverse array of life history strategies.  The early 

stages of most lycaenids associate with ants to varying degrees, ranging from casual 

facultative coexistence through to obligate association where the long-term survival of 

the butterfly is dependent on the presence of its attendant ants.  Attendant ants guard the 

butterflies against predators and parasites during their vulnerable period of larval 

growth and pupation.  The caterpillars, in return, reward the ants by providing attractive 

secretions from specialized glands in their cuticle. 

 

The prevalence of caterpillar-ant associations in the species rich Lycaenidae is in 

contrast with other Lepidoptera, where ant association appears only as isolated cases in 

otherwise non ant-associated lineages.  This has led to the proposal that ant association 

may have influenced lycaenid diversification or even enhanced the rates of speciation in 

the group.  In contrast, facultative ant-associated butterflies exhibit high levels of host 

plant integrity, so it is reasonable to assume that host plants may have played a 

significant role in their diversification. 

 

Since the influence of ants (or plants) on diversification is independent of geographic 

speciation modes such as vicariance or peripheral isolates, there is an underlying 

inference of sympatric speciation.  Certain prerequisites thought to be important for 

sympatric speciation, such as mating on the host plant (or in the presence of the 

appropriate ant) as well as ant dependent oviposition preferences are characteristic of 

many obligate myrmecophiles.  Not surprisingly, it has been suggested that evidence for 

sympatric speciation is more likely to be found in the Insecta since this additional mode 

of diversification could account for the large numbers of insect species.  

 

This thesis tested the diversification processes in obligate and facultative ant associated 

lycaenids using comparative methodologies in hierarchical molecular phylogenetic 

analyses.  First, several hypotheses relating to the influence of ants on diversification in 

obligately ant associated lycaenid butterflies were tested in a phylogeographic analysis 

of the Australian endemic Jalmenus evagoras.  The phylogeographic analysis revealed 

that regional isolation of butterfly subpopulations coincident with locally adapted ant 
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taxa could generate a phylogenetic pattern in which related lycaenids would be seen to 

associate with related or ecologically similar ants.  Likewise, ecological shifts in habitat 

preferences by lycaenids could lead to co-diversification with habitat specialist ants, 

even though in both cases, the ants may play only an incidental role in the 

diversification process. 

 

A comparative methodology was then applied in a molecular phylogenetic analysis of 

the genus Jalmenus to test for a signal of diversification consistent with shifts in ant 

partners, and to infer the processes by which ants could influence speciation.  Several 

other specific hypotheses relating to monophyly and taxonomy were also examined.  

Comparative analysis of the Jalmenus phylogeny found that attendant ant shifts 

coincided with high levels of sympatry among sister species.  This pattern could be 

explained by sympatric speciation; however, data suggested it was more likely that ant 

shifts occurred during butterfly population expansions as a result of vegetation and 

climate changes in the Pleistocene.  Fragmentation of populations associating with 

novel ants could promote rapid ecological and behavioural changes and this could result 

in reproductive isolation of conspecifics when in secondary contact.  Diversification 

would then continue in sympatry.  In contrast, secondary contact of populations 

associating with the same ant species would result in homogenisation of the two 

lycaenid lineages or the extinction of one. 

 

A phylogeographic analysis of the facultative myrmecophiles, Theclinesthes 

albocincta/T. hesperia, was then undertaken to infer the evolutionary processes (such as 

the effects of host plant shifts) that could result in extant demographics.  Species-

specific questions of taxonomy, relative population ages and dispersal routes in arid 

Australia were also addressed.  Results from the analysis suggested the two taxa were 

conspecific and had diversified in the late Pleistocene as a consequence of isolation in 

refugia in and around the arid areas of mainland Australia.  However, as was the case in 

the J. evagoras population analysis in which attendant ant shifts were not detected, host 

plant shifts were not detected in the population analysis of T. albocincta/hesperia. 

 

Host plant or attendant ant shifts manifest more frequently at the species level, thus it 

was necessary to test the influence of host plant shifts at this higher level.  The 

comparative methodology was then applied to a molecular phylogenetic analysis of the 
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facultative ant-associated section Theclinesthes (comprising Theclinesthes, Sahulana 

and Neolucia) to test for modes of diversification consistent with host plant shifts.  The 

relative importance of other influences on diversification was also assessed.  Akin to the 

Jalmenus analysis, the prediction that sister species ranges should broadly overlap when 

a shift in host plants had taken place was upheld in the comparative analysis. 

 

Species in the genera Jalmenus and Theclinesthes were found to have diversified in the 

Pleistocene so were subject to the same climatic oscillations that influenced patterns of 

vegetation expansion and contraction across much of Australia.  Thus, the similarity and 

predictability of relationships in the comparative analyses based on biological data 

suggested that host plant shifts have influenced diversification in facultative 

myrmecophiles by inhibiting gene flow in secondary contact in similar fashion to that of 

attendant ant shifts identified in the Jalmenus phylogeny. 

 

Interpretation of data in these analyses suggested that allopatric diversification was the 

most common mode of speciation.  Isolation was inferred to be the result of 

fragmentation following long distance dispersal across wide expanses of marginal 

habitat, or vicariance following the closing of biogeographical barriers.  However, 

attendant-ant and host-plant shifts clearly played an important role in the diversification 

process, and in the maintenance of species integrity among lycaenid butterflies.  

Furthermore, exceptions to the predicted patterns of range overlap and ecological shifts 

provided clues to additional modes of diversification including shifts in habitat 

preferences and an unusual temporal shift following changes in specific host plant 

phenology resulting in allochronic diversification. 

 

Inferring modes of diversification using comparative methods based on range overlap 

and biological traits in a phylogenetic context is not new; however, the interpretation 

presented in this thesis is in contrast with contemporary methods.  It is clear that the 

patterns of species range overlap and the ecological preferences of sister taxa are 

intimately related among lycaenid species that diversified during the Pleistocene.  As a 

result, different influences on diversification can be highlighted in phylogenies when 

applying existing comparative methodologies but without necessarily drawing the same 

conclusions about modes of diversification.  A more inclusive explanation for patterns 

of range overlap among sister taxa is detailed, a consequence of which is a method for 
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estimating rates of extinction in a phylogeny where comprehensive distributional, 

biological and taxonomic data are available.  These patterns and predictions may be 

applicable to a range of taxa, especially those that have diversified in the Pleistocene.  

Plans for future studies are outlined. 
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CHAPTER 1

1.0 MODES OF DIVERSIFICATION , LYCAENID BUTTERFLIES AND ANTS

1.1 General Introduction

1.1.1 Biological diversification (speciation)

Speciation is the evolutionary process whereby new biological species are formed, and

in most cases it takes place when a physical and/or a biological barrier inhibits gene

flow among subgroups in a segregating population (e.g., Coyne and Orr 2004). The

relative importance of biological barriers depends on the degree to which subgroups in a

population undergoing diversification are physically isolated from one another. Thus
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share the same range. Almost certainly, physical separation is the primary cause of

diversification; however, biological processes can have a disruptive influence on

populations by simultaneously favouring individuals with divergent traits. This can

result in a bimodal distribution of traits and may lead to diversification. Such disruptive

biological processes include sexual selection (Masta and Maddison 2002), natural

selection (Fisher 1930; Riesberget al. 2002), habitat preference (Bush 1994; Korolet

al. 2000; Ogden and Thorpe 2002), temporal divergence (Simonet al. 2000) and

behavioural isolation (Ritchieet al. 1999).

The greatest proponent of allopatric speciation was Ernst Mayr (1942) who argued that

species ariseonly from populations that are allopatric. However, with the advent of

sophisticated molecular techniques, there is increasing evidence for the roles of

parapatric and sympatric speciation, particularly among the invertebrates (Rice and Salt

1990; Korolet al. 2000; Simonet al. 2000; Abrahamsonet al. 2001; Coyne and Orr

2004). Contemporary evolutionary investigations are focussing on the significance of

biological traits hypothesized to be important in the process of diversification,

particularly those that may be pivotal at the sympatry end of the allopatry-sympatry

continuum. While few question that allopatry is the most important mode of speciation,

the real interest lies in testing for other more controversial modes of diversification.
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1.1.2 Testing mechanisms of diversification

For the most part, testing the mechanisms ofdiversification cannot be undertaken using

discrete falsifiable hypotheses (Loehle 1987; Tauber and Tauber 1989) since evolution

takes place over long periods of time and, with the exception of a few organisms such

as viruses, outside the timeframe of human life spans. Thus, inferences derived from

indirect or comparative methods are typically used in the study of evolutionary

processes. Comparative techniques inferthe adaptive function of morphological,

ethological or other traits by systematically comparing those traits among groups of

animals against other factors hypothesized to affect their evolution. For example, does

body size influence longevity; is specialization an evolutionary dead end; or does ant

association influence diversification in Lycaenidae? In the past, the comparative

method has provided much of the evidence for natural selection; but in��������/<=>�
����

was realized that comparative methodologies must take into consideration phylogeny

since a failure to take account of the similarity in features across species that is caused

by a common history can seriously bias comparative analyses (Felsenstein 1985;

Harvey and Pagel 1991). In recent years, the explosion of DNA sequence data and

advances in computational programs to perform phylogenetic analyses have facilitated a

renaissance in phylogenetics, and in the application of comparative methods for testing

a range of evolutionary questions.

Phylogenetic trees are not limited to specieslevel or higher. Trees constructed from

DNA sequences are commonly used for samples of individuals from interbreeding

populations (Harding 1996). Such genealogical relationships are often referred to as

gene trees or haplotype (haploid genotype) trees in which the different haplotypes are

the operational taxonomic units (Crandalland Templeton 1996). Determination of the

processes that result in the distribution of extant taxa at the population level, known as

phylogeography (Avise 2000), is a comparative methodology where spatial data is

overlaid with phylogenetic data to infer the mode and direction of population processes

resulting in extant demographics. For example, Keyghobadiet al. (1999) compared

landscape variables with population genetic structure of the alpine butterflyParnassius

smintheus(Papilionidae) and found that the distance through forest separating

populations was a much greater predictor of genetic dissimilarity than was the distance

through meadows. As a result they predicted that rises in the tree-line in alpine areas,

caused by global warming, would lead to reduced gene flow among populations.
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At the species level, phylogenies provide an indirect record of the order and frequency

of speciation events that have led to extant species (Barraclough and Nee 2001). When

phylogenetic trees are overlaid with ecological, biological or geographical data they can

provide an insight into the adaptive function of species traits or infer the causes of

speciation. Kandulet al. (2004) compared chromosome numbers across a molecular

phylogeny ofAgrodiaetus(Lycaenidae) and concluded that karyotype diversity may

have played a significant role in the diversification of the genusby isolating congeners

with novel karyotypes in sympatry. This finding was extended further by Lukhtanovet

al. (2005) who employed comparative methods on theAgrodiaetusphylogeny to show

that differences in wing colour among the 15 relatively young sister taxa ofAgrodiaetus

were most likely the result of reinforcement; and that this was a consequence of

karyotypic changes accumulating gradually in allopatry, but prompting reinforcement

when karyotypically divergent races came into contact.

Implementation of comparative analyses may be limited by the availability of

comprehensive datasets to construct phylogenies, as well as detailed biological and

distributional data for the taxa under consideration. To this end, butterflies are ideal

organisms for testing a range of evolutionary hypotheses. They exhibit endemicity at

several taxonomic levels, their taxonomy is disproportionately well known in

comparison with other invertebrate groups, and their life histories and distributions are

well recorded (New 1997), particularly in Australia (e.g. Braby 2000). In many cases

they occur in sufficient numbers so that sample availability is not an issue, and there is a

network of amateur collectors that can often be imposed upon to provide tissue material

and data from obscure locations.

1.1.3 Lycaenid butterflies and ants

The butterfly family Lycaenidae (including the Riodinidae, often considered a

subfamily of the Lycaenidae) contains an estimated 30% of all butterfly species (Shields

1989; Ackeryet al. 1999) and exhibits a remarkably diverse array of life history

strategies (Newcomer 1912; Hinton 1951; Cottrell 1984; Fiedler 1991; Pierceet al.

2002). The early stages of about 75% of all lycaenids associate with ants to varying

degrees (termed myrmecophily), ranging from casual facultative coexistence or loose

association where ants only occasionally tend the larvae, through to obligate association
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where the long-term survival of the butterfly is dependent on the presence of its

attendant ants. Larvae of these latter species are always attended by ants, and often by a

single ant species or a group of closely related species (Pierce 1989; Fiedler 1991;

Eastwood and Fraser 1999). In extreme cases the butterfl
����!�����!����
�����������
��

nests and feed on or are fed by the ants. These aphytophagous associations are very

uncommon and are not dealt with here.

Lycaenid larvae possess specialized secretory organs on their cuticle that play an

important role in fostering and maintaining their relationship with ants (Newcomer

1912; Hinton 1951; Malicky 1970; Kitching 1983; Cottrell 1984; Kitching and Luke

1985). There are three main types: first,pore cupola organs�"?@-�
(�������
���������

over the cuticle of all lycaenid larvae. Thesesingle celled organs are thought to secrete

substances that appease ants or at least render the larva invisible as a prey item (Hinton

1951; Malicky 1969, 1970; Lohman 2004). They are also thought to be involved in the

production of allomones that mimic the ant brood pheromones or recognition chemicals

of their attendant ants (Henning 1983, 1997; Akinoet al.1999; Lohman 2004), thus

eliciting a nurturing response from ants. Second, thedorsal nectary organ(DNO) or

���������
����� n is a large median gland located on the dorsal surface of the seventh

abdominal segment. It produces viscous secretions of amino acids, carbohydrates and

sugars that are attractive to the ants (Maschwitzet al. 1975; Henning 1983; Pierce 1989;

DeVries 1991; Braby 2000). Ants rapidlypalpate the area surrounding the DNO with

their antennae to induce the larvae to secrete the nutritious food rewards. Third, two

eversibletentacular organs�"#-�
(�������
���������������� ����
�����	������������

abdominal segment. These dorsolateral organs are thought to produce volatile

�
���������
���������������� ������
���������

������������ �����

�!����
��������������

ants (Clark and Dickson 1956; Henning 1983; Ballmer and Pratt 1991; Eastwood 1997).

#-�
�����!�
������
�
 mall round depressions surrounded by setae, but when they are

everted they form long cylindrical tubes each crowned with a brightly coloured rosette

of spiculate setae (Braby 2000). Most highly ant associated species possess all the ant

adapted organs although some have rudimentary tentacular organs (Kitching and Luke

/<=A(���.��
�	���	��������!��
������

������ ���
������
���

�

�	����������� �-�
�����

none have tentacular organs (Malicky 1969;Cottrell 1984; Kitching and Luke 1985);

however, they possess homologous vestigial structures. The presence or vestiges of ant-

associated organs in all lycaenids supports the assertion that ant association is an
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ancestral state and is intimately connected with the radiation of the family (Hinton

1951; Malicky 1969; Kitching and Luke 1985; Scott and Wright 1990). However,

others believe that ant association is a derived state (Fiedler 1988, 1991; DeVries 1991)

and that most lycaenid subfamilies do not share homologous structures. The Riodinidae

also possess a suite of analogous ant-associated organs, some of which may be

homologous with Lycaenidae, although their form and function is highly modified

(DeVries 1997).

It is known that host plant quality can affect the quality of secretions from lycaenid

larvae (Fiedler 1990; Baylis and Pierce 1991), and in turn this can influence the level of

ant attendance. Lycaenid larvae also regulate the quantity of secretions depending on

the level of perceived threat, or their social structure, thus manipulating the behaviour

of their attendant ants. For example, the obligate lycaenid,Ogyris genoveva, only

everts its tentacular organs to raise ant awareness when it is exposed and most

vulnerable while feeding or traveling to and from the feeding site (Eastwood 1997).

Polyommatus icarusandPlebejus acmonincrease their rate of DNO secretions when

threatened (Leimar and Axén 1993; Agrawal and Fordyce 2000), thus attracting more

ants. Isolated larvae ofJalmenus evagorassecrete significantly more amino acids and

sugars per individual than do individual larvae in groups (Axén and Pierce 1998)

indicating that there is a cost to producing the secretions and that once a threshold

number of ants is reached, excess secretions may have diminishing returns (Lemair and

Axén 1993; Axénet al. 1996). For some obligate myrmecophiles such asJalmenus

evagoras, there is a significant trade-off in maintaining the association. Larvae reared

without ants (and without parasitoids)are 25% heavier and are larger than those

producing secretions to maintain an ant guard (Pierceet al. 1987). Since adult size and

weight is proportional to female fecundity and male reproductive success, ant

association comes at a significant cost (Elgar and Pierce 1988). On the other hand the

obligate myrmecophile,Paralucia aurifer, gains more weight and develops over a

shorter time frame when attended by ants, presumably because they can spend more

time feeding (Cushmanet al. 1994). Such enhanced development in the presence of

attendant ants has been shown in several other lycaenid species (Fiedler and Hölldobler

1992; Wagner 1993; Cushmanet al. 1994; Fiedler and Saam 1994; Robbins 1991;

Baylis and Pierce 1992).
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Attendant ants are thought to protect the butterfly larvae against predators and parasites

during their vulnerable period of larval growth, and several observations and studies

have supported this hypothesis (Robinson 2004; others reviewed in Pierceet al. 2002).

%����������9�����
�������������������
���� ���
�������
�������������������������
��	�

otherwise aggressive ant species could provide the larvae with enemy-free space (Atsatt

1981a). Obligate butterfly-ant associations are measurably mutualistic, and even

facultative relationships are thought to be mutualistic (Fiedler and Saam 1995a; Pierce

et al. 2002). Nutritious secretions from lycaenid larvae have been shown to increase the

longevity of worker ant casts (Cushmanet al. 1994; Fiedler and Saam 1994, 1995b),

and produce a net gain in growth rate of queenright ant colonies when the diet of

attendant ants is supplemented with access to lycaenid larvae (Nash 1990; Pierce and

Nash 1999). It is important to note that while some lycaenid species may have an

obligate relationship with ants, the reverse is not true (Pierceet al. 2002). Ants have

many other sources of nutrition so their relationship with butterflies is classified as

facultative.

Lycaenid larvae and pupae are also known to produce several kinds of acoustic signals

by stridulation (Downey 1966; Hill 1993; Schurian and Fiedler 1994; Pierceet al.

2002). Noise is produced by grating a file-like structure lined with teeth against a

hardened plate using muscular action (Downey and Allyn 1973, 1978; Hill 1993). In

pupae, the structure is located in the intersegmental region between abdominal segments

4-5, 5-6, or 6-7 (Downey and Allyn 1973).In larvae the structure is found between

abdominal segments five and six and the relative positions of the file and plate is

reversed (Hill 1993). It is thought that the noise produced may act as a deterrent to

predators and parasites (Downey and Allyn 1973); however, Ross (1966) and DeVries

"/<<2(�
����
�����������
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����������� 
������������
��������������������
�� Travassos

and Pierce (2000) conducted a simple experiment wherein they occluded sound

production in half of a group of pupae and found that calling pupae attracted and

maintained a significantly higher ant guard than their silent counterparts. A similar

result was obtained by Ross (1966) using pupae of the riodinid,Anatole rossi. Thus, it

appears that acoustic signalling by lycaenidsplays an important role in their symbiosis

with ants. Since noise is produced with homologous structures in facultative and

obligate myrmecophiles (Downey and Allyn 1973; Elfferich 1988) it is likely also to be
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a plesiomorphic state, and as such underlinesthe longstanding and intimate relationship

between lycaenids and ants.

Facultative ant associations are characterized by a non-specificity of attendant ant

species (Fiedler 1991; Eastwood and Fraser 1999; Pierceet al. 2002; but see Eastwood

et al. 2005 for an alternative view). In contrast, ant association in obligate

myrmecophiles is often very specific at the ant species or slightly higher taxonomic

levels. For example, several closely relatedOgyrisspecies in thegenovevacomplex

(Braby 2000) only associate withCamponotusants; and in the genusJalmenus, the

closely relatedJ. ictinus, J. eichhorniandJ. lithochroa(Pierce and Nash 1999) only

associate with a few closely related ant species in theIridomyrmex purpureusgroup

(Eastwood and Fraser 1999). This correlation of butterflies associating with particular

ants at the species and higher clade levels has been highlighted in several phylogenetic

studies of highly myrmecophilous lycaenid genera (e.g.,Maculinea, Thomaset al.

1989, Elmeset al. 1994;Jalmenus, Pierce and Nash 1999;Chrysoritis, Rand et al.

2000;Acrodipsas, Eastwood and Hughes 2003a; andArhopala, Megenset al. 2005).

The prevalence of caterpillar-ant associations in the species rich Lycaenidae is in

contrast with other Lepidoptera, where antassociation appears only as isolated cases in

otherwise non ant-associated lineages (Hinton 1951). This has led to the proposal that

ant association may have influenced lycaenid diversification or even enhanced the rates

of speciation in the group (Pierce 1984; Cottrell 1984; Pierceet al. 2002). Fraseret al.

(2002) suggested that evidence for the influence of ants on diversification is most likely

to be found in the obligatory myrmecophilous species since ants in these associations

play an important part in the integrity of the partnership. Many female obligately ant

associated lycaenids use their attendantants as cues for oviposition (Atsatt 1981a,b;

Henning 1983; Pierce and Elgar 1985; Fiedler and Maschwitz 1989; Fraseret al.2002);

males also use ants as cues to locate conspecific females (e.g. Elgar and Pierce 1988)

and mating preferentially takes place on the host plant in the presence of the appropriate

ants (Pratt 1994; Pierce and Nash 1999; Nice and Shapiro 1999, 2001; Niceet al.2002).

Attendant ants are also known to drive off adult butterflies (Ballmer 2003) or kill

������	�
����!���")��
�������-�;�����/<=/��%��
���/<<B(���������������
���������

normally associated. In contrast, the ant associates of facultative myrmecophilous

lycaenids are unlikely to influence diversification since there is little or no specificity in
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the associations and often the ant partners are not present. In fact more than half of the

ant associated lycaenids fall into this category (Pierceet al. 2002). No specific

hypotheses for modes of diversification among these lycaenids have been proposed.

Since the influence of ants on diversification is independent of geographic speciation

modes such as vicariance or peripheral isolates, there is an underlying inference of

sympatric speciation. Not surprisingly, it has been suggested that evidence for

sympatric speciation is more likely to be found in the Insecta (Walsh 1864; Bush 1969,

1975; Berlocher and Feder 2002) since this additional mode of diversification could

account for the large numbers of insect species.

1.1.4 Aims and thesis structure

The broad objectives of this thesis were totest several hypotheses relating to the

evolutionary implications of ant association in the Lycaenidae. Comparative

methodologies were applied to molecular phylogenetic data, at the population and

species levels, for an obligate and a facultative myrmecophile, to address the following

questions:

1. Is there evidence that ants can influence diversification in Lycaenidae and if so,

how?

2. Is there evidence that ants can influence lycaenid diversification in sympatry?

3. What are the inferred modes of diversification for an obligate and a facultative

myrmecophile and how do they differ?

It was anticipated that hypothesis testing would be more informative if predictions

could be tested at two levels of evolutionary divergence, namely population and species

levels. Also, it was anticipated that some hypotheses might only be testable at one level

so it was important to include both. Comparative analyses of facultative and obligate

myrmecophiles were undertaken to provide a direct contrast between the interpretations

of data among lycaenids with different levels of ant association. Additional and more

specific hypotheses in each of the four analyses are detailed in the relevant chapters.

This thesis is divided into seven chapters. Chapter two enumerates the general

laboratory techniques and several of the data processing methods common to more than
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one chapter. Chapter three tests several specific hypotheses relating to the influence of

ants on population structure in a phylogeographic analysis of the obligate myrmecophile

Jalmenus evagoras. Genetic structure of attendant ant populations is also assessed.

Chapter four is a phylogenetic analysis of the genusJalmenus. Monophyly of the genus

is tested, as are several other genus specific questions. The phylogeny then forms the

basis for a comparative analysis to test forthe influence of ants on diversification

among species, and whether there is evidence that ants can influence diversification in

sympatry. Chapter five applies phylogeographic techniques to a facultative

myrmecophile,Theclinesthes albocincta/hesperia, to infer the processes resulting in

extant demographics, and to address somespecies-specific questions of taxonomy,

relative population ages and dispersal routes. Chapter six is a phylogenetic analysis of

facultative ant-associated lycaenid genera in the sectionTheclinesthesin which

questions of monophyly, genera relationships, host association and inferred modes of

diversification are addressed. The concluding chapter seven presents an overview of

findings in the previous four chapters and summarizes these in relation to the specific

objectives of the thesis. Diversification patterns in lycaenids with contrasting levels of

ant association are compared and some directions for future studies are indicated.
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CHAPTER 2

2.0 THE CHARACTERISATION AND ANALYSIS OF DNA SEQUENCES

2.1 DNA characterisation

2.1.1 Specimen collection

Butterfly specimens were collected by hand netting in the field and placed live into

glassine envelopes. Butterflies were subsequently killed by pinching the thorax

immediately before removing the wings for vouchers by cutting the base with a pair of

fine scissors, then placing them back in the glassine envelopes with full data recorded

on the envelope. The wingless body was then placed in a small vial of 100% ethanol,

together with a numbered laser printed voucher label, and the corresponding number

was then recorded on the wing voucher envelope. For some species and/or sites, early

stages were collected. These were immediately placed into labelled vials and the

collecting data recorded on a spreadsheet. Where required, attendant ants were

collected with a pooter, being careful to collect only those ants attending the butterfly

early stages. Up to 20 ants from the same tree were placed in a single vial of 100%

ethanol. Again, each vial was identified with a voucher label and the collection data

recorded on a spreadsheet.

All tissue material was later stored at&80 °C for long-term storage in the tissue

collection of Harvard University or in the South Australian Museum. In a few cases,

fresh material could not be obtained, soit was necessary to access dried museum

specimens. In these cases, one or two dried legs were removed from the pinned

specimen and placed into vials of 100% ethanolfor temporary storage. Collection data

was transcribed from the data label to a spreadsheet. Latitude and longitude coordinates

were recorded for all sites using hand heldGPS meters. Where this was not possible,

coordinates were obtained from the AUSLIG on-line Gazetteer at

<http://www.ga.gov.au/map/names/>.

2.1.2 DNA extraction

DNA was isolated from the dissected terminal segments of larvae or anterior segments

of adult butterfly abdomens to avoid the taxonomically important genitalia. Whole ants

were found to be suitable for DNA extraction even though it was anticipated that the
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presence of formic acid in the gaster might degrade the DNA. However, this method

may only be applicable to the smallIridomyrmexsequenced in this study. Excised legs

	���������������������������
������������� 
�����3�����������		�������
�
������	�A��*�

Tris-HCl pH 8.0, 25 mM NaCl and 25 mM EDTA 0.1% SDS (sodium dodecyl

sulphate) (Zimmermannet al. 2000) for at least 72 h. The buffer hydrolyses the tissue,

releasing DNA as cell membranes break down. DNA extraction followed the CTAB

mini-prep format of Doyle and Doyle (1987). Tissue was ground and incubated

overnight at 50 °C in 700 µL 2xCTAB buffer and 5 µL 20 mg/mL proteinase K.

Homogenates were extracted twice with phenol/chloroform and DNA was precipitated

with isopropanol at&20 °C. The pellet of DNA was twice washed in 70% ethanol and

resuspended in 50 µL H2O prior to PCR amplification.

2.1.3 Choice of genetic markers

Traditionally, mitochondrial DNA (mtDNA) has been utilized more extensively than

nuclear sequence data in phylogenetic and evolutionary studies (Avise 2000). As a

molecular marker, mitochondrial DNA has many advantages that can account for this

early popularity. It has a generally higher mutation rate than the nuclear genome

(Brownet al. 1982) and these mutations are generated sufficiently rapidly that the

process of evolution can be detected in mostpopulations and species. Different regions

of the mitochondrial genome evolveat different rates (Crozieret al. 1989; Luntet al.

1996) allowing suitable regions to be chosen for the question under study. Hundreds or

thousands of copies of mitochondria are present in each cell in contrast to a single copy

of the nuclear genome, thus mtDNA is relatively easy to isolate in the laboratory,

although technological advances over thepast decade have minimized this technical

difference (Avise 2000). Individuals areusually homoplasmic for one mitochondrial

haplotype, which means that mitochondriafrom each individual usually have a single

genealogical history. Finally, mtDNA is inherited maternally so is not subject to

recombination which can bias the evolutionary history of the genome, though some

evidence of recombination events has been reported (Hagelberget al. 1999; Eyre-

Walker 2000). When choosing a particular region of the genome for phylogenetic

study, there are two criteria that must be met. First, the level of sequence variability

among the populations or species being studied must be sufficient such that they can be

differentiated from one another. Second, ideally a comparative database for the same
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genetic region should be available in orderto determine the relationships of the

populations or species under study with other taxa.

Early molecular phylogenetic analyses were characterized by a lack of coordination to

standardize genetic markers (Caterinoet al. 2000); however, a small number of
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increasing molecular entomological surveys. Most of the protein coding genes perform

well, but Cytochrome Oxidase c subunit I is the most commonly used marker for

phylogenetic and phylogeographic studies (Caterinoet al.2000). COI is known to be

informative at the butterfly species and population levels and homologous sequences

are available from a large number of lepidopteran species and other insect orders

(Caterinoet al. 2000; Hebertet al. 2003), thus, sequence data for the population genetic

study undertaken here were characterized from the COI gene region.

For the species level phylogenetic analyses, multiple genes were required since

individual genes do not necessarily follow the organismic genealogy (Hudson 1992;

Avise and Wollenberg 1997; Nichols 2001). The suitability of various genes was

assessed with reference to current molecular phylogenetic literature on insects, and with

special consideration to the anticipated levels of divergence ofJalmenusand

Theclinesthes. An earlier phylogenetic analysis ofJalmenus(Mignault 1996) suggested

that the genus had evolved very recently, so it was important to choose markers that had

relatively high rates of mutation. Similarly, the genusTheclinestheswas also expected

to have diversified very recently (Sibatani and Grund 1978) since the genus is

characterized by morphologically similar species that are difficult to separate using

traditional characters such as wing patterns or male genitalia. The mitochondrial genes

COI and COII were selected since they have proven to be ideal for species level

phylogenetic analyses of butterflies (e.g. Caterinoet al., 2001, Beltránet al., 2002;

Megenset al., 2004). In addition, the slower evolving Elongation Factor 1-alpha (EF1-

alpha) was chosen as an independent nuclearmarker to enhance resolution at deeper

nodes (Choet al., 1995; Mitchellet al., 1997). The EF1-alpha gene also has potential

for resolving derived clades as well as the deeper nodes (Monteiro and Pierce 2001;

Kandulet al. 2004).
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2.1.4 Primer design

For the population level analyses, a fragment of approximately 600 nucleotides was

�����	�����������A�������	� ������������������@-��������� ����������������
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1490 and 2216 in the mitochondrial genome ofDrosophila yakuba(Clary and

Wolstenholme 1985). External primer pairsLCO1490andNancy(Table 2.1) were used

to amplify the fragment; however, some tissue material such as legs from older pinned

specimens, or tissue stored in less than optimal conditions could not be amplified with

these primers. In these cases it was necessary to PCR various combinations of short

internal and overlapping fragments using specifically designed primers (see Table 2.1,

Fig. 2.1).

For the species level analyses, mitochondrial Cytochrome Oxidase subunits I and II

genes were amplified using the overlapping primer pairsLCO1490to Nancy, TN2126to

Hobbes, JL2532to Phyllis, and JL3146to BtLYS(see Table 2.1 and Fig. 2.1). In

addition approximately 1100 nucleotides of the nuclear gene EF1-alpha were amplified

with overlapping primer pairsEF44fto EF929randEF51.9fto EFM4r.

Characterisation of nuclear gene sequences was more problematic than mitochondrial

genes, and for some samples it was necessary to PCR various combinations of

additional internal primers (Table 2.1 and Fig. 2.1).

Specific primers for this project were designed after identifying internally conserved

regions in alignments of lycaenids for which sequences were available. These included

Jalmenus, Ogyris, Theclinesthes, Hypochrysops, and additional Lepidopteran sequences

accessed from GenBank using the sequence similarity search tool BLASTN 2.2

(Altschul et al. 1997). All sequences were aligned in Sequencher 4.1 (Gene Codes

Corporation). Heavy and light strandprimer sequences of approximately 21 bp

(Hoelzel and Green 1998) were positioned within the conserved regions. An added

advantage of specifically designed primers is the minimisation of sequences from

contaminated products.

Ideally, primer sequence should contain between 40%-60% G+C (Hoelzel and Green

1998); however, some primers designed for this study contained between 32% and 36%

G+C due to the A+T rich nature of insects (Clary and Wolstenholme 1985; Crozier and

Crozier 1993; Brownet al. 1994; Eastwood and Hughes 2003a). 100% homology was
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required at the 3' end of the primer, which commenced on a G or C base (Hoelzel and

Green 1998). Annealing temperatures aregenerally set at 5 °C below the melting

temperature (Tm); however, in this study, a stronger PCR product was produced from

the mitochondrial genes with annealing temperatures set between 7 - 10 ºC below Tm.

For the nuclear gene, EF1-alpha, a PCR with annealing temperatures stepping down to

34 ºC below the Tm produced the best results.

Table 2.1�*�������������������� ������������
�+�����
�����
���������������,�������
specifically designed for this project. Base positions refer to alignment of the 5' end to
Drosophila yakuba(Clary and Wolstenholme 1985) (mitochondrial genes COI - COII).
T = thymine, A = adenine, G = guanine, C = cytosine, K = G+T, W = A+T, M = A+C,
Y = C+T, R = A+G, S = G+C, V = G+A+C, I = Inosine, N = A+C+G+T
Primer
name

Oligonucleotide sequence (5' to 3') Melt Temp.
(Tm °C)

Base position
(5' end)

LCO14901 GGTCAACAAATCATAAAGATATTGG 61.1 1490

JOT-F* GGWGGATTTGGAAATTGATTAG 60.9 1693

Nora* TCGTGGAAATGCTATATCTG 57.7 1736

Ogy-F2 GGATGAACAGTTTACCCCCCACTTTCATC 63.0 1840

Ogy-R2 TGCTCCTAAAATAGATGAGATTCC 61.0 1917

TN2126* TTGAYCCTGCAGGTGGWGGAGA 71.0 2126

Nancy3 CCCGGTAAAATTAAAATATAAACTTC 59.8 2216

JL2532* ACAGTAGGAGGATTAACAGGAG 57.9 2532

Hobbes4 AAATGTTGNGGRAAAAATGTTA 55.0 2756

JL3146* GAGTTTCACCTTTAATAGAACA 54.3 3146

Phyllis4 GTAATAGCIGGTAARATAGTTCA 51.4 3296

BtLYS5 GTTTAAGAGACCAGTACTTG 50.3 3804

EF44f6 GCTGAGCGYGARCGTGGTATCAC 64.3 -

EF929r6 GCCTCTTGGAGAGCTTCGTGGTG 72.2 -

EF51.9f6 CARGACGTATACAAAATCGG 62.0 -

EFM4r6 ACAGCVACKGTYTGYCTCATRTC 59.0 -

M51.16 CATRTTGTCKCCGTGCCAKCC 69.9 -

M46.16 GAGGAAATYAARAAGGAAG 49.5 -
1 Folmeret al. (1994);2 Dan Schmidt (unpublished);3 Bogdanowiczet al. (1993);
4 Monteiro and Pierce (2001);5 Simonet al. (1994);6 Choet al. (1995).
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Figure 2.1 Relative positions and directions of primers for mitochondrial and nuclear genes
used in this study.

2.1.5 Polymerase chain reaction (PCR)

At Griffith University, a 25 µL PCR reaction comprised 12.5 µL QiagenTaqPCR

Master Mix Kit (QIAGEN 2002), 0.5 µL each primer, 1 µL 10:1 diluted template and

10.5 µL dd H2O. Amplification of DNA was performed on an Eppendorf MasterCycler.

For mitochondrial genes, pre-PCR was set at94 °C for 5 min followed by initial cycling

at 94 °C for 30 s, 50 °C for 30 s, and 72 °C for 30 s repeated for 35 cycles with a 5 min

extension at 72 °C after the final cycle; holding temperature was set at 4 °C. Nuclear

DNA was amplified using the AK28ST PCRprotocol (Roger Vila unpublished). Pre-

PCR was set at 95 ºC for 2:00 min followed by 20 cycles of 94 ºC for 50 s, 48 ºC for 40

s (annealing) and 70 ºC for 1:20 min stepping down 0.5 ºC annealing temp per cycle. A

second set of 20 cycles at 94 ºC for 50 s, 48 ºC for 40 s and 70 ºC for 1:20 min was

followed by a final extension of 70 ºC for 5:00 min before being held at 12 ºC.

At Harvard University, the 25 µL reaction comprised 2.5 µL 10x reaction buffer [670

mM Tris-HCl (pH 8.8 at 25 °C), 166 mM (NH4)2SO4, 4.5% Triton X-100, 2 mg/mL

Gelatin], 2.5 µL 25 mM MgCl2, 0.25 µL 10 mM dNTP, 0.15 µL 5 units/µL Taq DNA

polymerase, 12.6 µL dd H2O, 5 µL Q solution, 0.75 µL (10 µM) of each primer, and 1

µL of suspended DNA extract. Amplification of DNA was performed on a Peltier

Thermal Cycler PTC-200 (MJ Research). For mitochondrial DNA, pre-PCR was set at
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94 °C for 4:00 min followed by four sets of 10 cycle repeats stepping down in 2 °C

annealing temperature increments from 94 °C for 40 s, 52 °C for 40 s (annealing), and

72 °C for 1:00 min. An 8 min extension at 72 °C followed the final cycle before a

holding temperature of 15 °C. NuclearDNA was amplified using the AK28ST

protocol.

PCR protocols were standardized for the majority of amplifications; however, due to the

variety of preservation methods and the difficulties encountered when extracting DNA

from dried material, some variation was necessary. Negative (no template) controls

were included in all PCRs to test for contamination, and positive controls (a specimen

for which amplification had been obtained) were included with problematic

amplifications. In general, increasing the length of primed fragments in dried

specimens rapidly decreased the frequency of successful DNA characterisation, such

that fragments of around 600 bases were difficult to amplify. All PCR products were

stored at 4 °C.

Three µL PCR product and 5 µL 6x loading buffer (0.25% bromophenol blue, 0.25%

xylene cyanol FF, 40% glycerol in H2O) were electrophoresed against a Lambda

DNA/Eco911 (Fermentas) molecular weight marker at 90 volts for 20 mins.

Electrophoresis gel consisted of 1.0% DNA grade agarose (Progen Industries) in 1 x

TAE buffer (4.84 g Tris base, 1.14 mL glacial acetic acid, 2 mL 0.5 m EDTA pH 8.0

per 1 L ddH2O) stained with 0.5 µL ethidium bromide (10 mg/mL) (Bio-Rad) per 100

mL 1 x TAE in a 1 x TAE buffer bath.

DNA bands were visualized over an UVP transilluminator. In most cases DNA was

visible in the gel, albeit very faintly in some cases. Those that were not visible did not

yield clean DNA sequences from further gel purification and/or PCR. When gel

purification was necessary, PCR products (usually 2 x 25 µL but up to 6 x 25 µL for

low yield PCR products) of each template were combined to concentrate the yield.

2.1.6 PCR purification

Purification of PCR product at Griffith University followed the QIAquick PCR

Purification Kit Protocol (QIAGEN 2001). A 2 µL aliquot of purified PCR product was

electrophoresed on 1.6% agarose gel to visually estimate the optimal concentration for a
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half sequencing reaction. Purified DNA was asymmetrically reamplified with a single

primer (Gyllenstein and Erlich 1988) for sequencing. Both sense and antisense strands

were sequenced.

At Harvard University, purification of PCR product followed an Exo-SAP (Fermantas

Inc., Buffalo, NY) cleanup protocol. 3.5 µL of Exo-SAP [1 part Exonuclease-I, and 4

parts Shrimp Alkaline Phosphate (1 unit/µL)] was added to the PCR product then

incubated at 37 °C for 35 min then 80 °C for 20 min. Exo-SAP degrades the primers

������#?�
���������
��
�����53�-SAP are inactivated during incubation.

In addition to concentrating low yield PCRproducts a gel purification procedure was

also utilized when PCR reactions revealed multiple bands. Combined PCR product was

loaded into wells of a broad tooth electrophoresis comb against aPuc19 marker or DNA

ladder in a thick (10 mm) electrophoresis gel and run for 30 min at 90 volts. Exposing

one lane at a time to UV, appropriate DNA bands were cut out with a sterile scalpel and

trimmed between lanes. Purification of gel-extracted product followed the QIAquick

Gel Extraction Kit Protocol, centrifuge method with optional QG buffer and

isopropanol added (QIAGEN 2001).

2.1.7 Sequencing

Half sequencing reaction cycles were set at 96 °C for 10 s, 50 °C for 5 s, 60 °C for 4

min, for 25 cycles and held at 4 °C thereafter (ABITM protocol for GeneAmp 9600 or

2400). Dideoxynucleotide triphosphates (ddNTPs), or 'terminator dye', labelled with

dRhodamine acceptor dyes (A - dR6G, green; C - dROX, blue; G - dR110, black; T -

dTAMRA, red) were incorporated on to each denatured DNA template during the

reaction. Each half sequencing reaction (10 µL) comprised 2 µL terminator dye, 2 µL

5x sequencing buffer (AB Research), 0.32 µL primer and the balance of 5.68 µL made

up of DNA template and ddH2O. DNA was precipitated with 76% ethyl alcohol and

vacuum dried for 30 min prior to sequencing (following Perkin-Elmer 1998). Half

reactions provided clear sequence signals across the entire fragment especially for the

shorter sequences since the quality of PCR product was maximized. At Harvard

University, asymmetric re-amplification of 2 µL PCR product was performed with 1.5

µL dye terminator mix (8 µL reaction), followed by magnesium chloride precipitation
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(74 µL of 1µL 0.5M MgCl2 in 1 mL 70% ethanol) and rehydration in 20 µL of HPLC

H2O.

At Griffith University sequencing was performed on an ABI (Applied Biosystems

International) 377 Automatic Sequencer at the Griffith centralized sequencing facility.

Sequencing at Harvard University was performed on an ABI 3100 Automatic

Sequencer. High voltage (1680 volts) electrophoresis at 51 °C drew lanes of 16 labelled

fragments through a laser scanner fieldapproximately every 4 h. ABI software

recorded the unique signals emitted by the ddNTP molecular labels on all A, C, G and T

nucleotide positions. Intensity and spacing of molecular signals were normalized by

ABI analysis software and individual peaks translated into chromatograms of the

nucleotide base code.

2.1.8 Sequence editing and alignment

Sequence data recovered by the ABI software was downloaded into Sequencher 4.1.1

(Gene Codes Corporation) for chromatogram editing despite efficient algorithms in the

ABI software. Disturbances in the chromatogram were visually corrected or deleted

where appropriate. Forward and reverse sequences were edited together after reverse

complement transformation of light strandsequences. This facilitated correction of

misread nucleotides in the initial sequence frames resulting from elevated signals

emitted by high numbers of short labeled dimers. Terminal regions of overlapping

sequences also served to confirm sequence interpretation, thus a consensus sequence

was generated which maximized confidence.

Consensus sequences for each set of primers were combined into a single fragment for

each gene. Mitochondrial sequences for all specimens were aligned againstDrosophila

yakuba(Clary and Wolstenholme 1985), and EF1-���� sequences aligned with

Bombyx mori(Kamiieet al. 1993) to establish the correct position of fragments. No

single or double indels were detected except in the poor quality regions at the beginning

or ends of fragments. These were ignored on the basis that insertions or deletions

altering the entire reading frame for amino acid translation would be unlikely in the

biochemically important genes. Ultimate fragment lengths analysed and positions

relative to orthologous templates are listed in the relevant chapters.
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2.1.9 Vouchers

Voucher specimens of mostTheclinesthessequenced are stored at the South Australian

Museum. All other material as well as manyTheclinesthesis stored in the Museum of

Comparative Zoology Tissue Collection, Harvard University. All sequence data have

been lodged with GenBank.

2.2 Population data analysis

2.2.1 Nested Clade Analysis (NCA)

NCA is the only method of unravelling the genetic history of populations that most

explicitly incorporates geography at all levels of t�������
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with GeoDis version 2.0 (Posadaet al.2000) to test for statistically significant

phylogeographic associations based on genetic relationships among haplotypes, the

frequency of haplotypes in populations andunweighted geographic distances between

populations. A haplotype network with 95% plausible connections was generated using

the program TCS 1.13 (Clementet al. 2000) after all fragments were converted to non-

interleaved NEXUS format in MacClade (Maddison and Maddison 1992). Ambiguous

connections in the network due to homoplasy were resolved following the criteria of

Crandall and Templeton (1993) and Posadaand Crandall (2001). Rare haplotypes are

more likely to be found at tips; tip haplotypes are more likely to be connected to

common internal haplotypes; common haplotypes are more likely to be internal; and

unique haplotypes are more likely to be connected to haplotypes found in the same

population rather than those from different populations (Crandall and Templeton 1993;

Mardulyn 2001). The network was then redrawn into a series of nested clades

following the standard nesting rules of Templetonet al. (1987) and Templeton and Sing

(1993). The nesting arrangement captures temporal information in the haplotype

genealogy by grouping clades in a hierarchy from tip to interior i.e. youngest to oldest.

GeoDis assesses the grouping of haplotypes and clades according to geographic

locations, and then quantifies thespread of haplotypes and clades (Dc), and the

distances between haplotypes or clades and those clades within which they are nested

(Dn) using geographic distance as an explicit variable. An interior-tip (I-T) distance

within nested clades is also measured to contrast old versus young clades (Templeton

2004). Statistical significance of all variablesis assessed against a null hypothesis of no

geographic association using a randomisation procedure. Population structure can then
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be separated from population history by interpreting the results with a dichotomous

inference key (Templeton 2004), which contrasts the relationships among interior and

tip clades in which significantly large or small distances are recorded. The underlying

assumptions are that older haplotypes have a wider distribution than those more recently

derived, and that older haplotypes have more mutational derivatives and are placed

internally in the network while recent haplotypes are found at the tips (Templetonet al.

1995). Thus, a significantly large interior clade distance (Dc) in contrast with

significantly small tip clade distances is interpreted as evidence of restricted gene flow.

Conversely, tip clade distances that are significantly larger than interior clade distances

would be interpreted as a range expansionor long distance colonisation. While NCA

can distinguish population history from population structure, there is still some doubt

whether NCA can correctly infer the combination of factors that best explains the

current distribution of genetic diversity in populations (Knowles and Maddison 2002).

Where possible, independent assessments of the data were made.

2.2.2 Mismatch distribution

The distribution of pairwise sequence differences or mismatch distribution (Rogers and

Harpending 1992) was plotted in ARLEQUIN version 2.0 (Schneideret al.2000) to

examine the demographic history of butterfly populations as an independent test for

demographic events. A unimodal mismatch distribution is characteristic of haplotypes

drawn from a population that has undergone a recent demographic expansion, and is the

null hypothesis by which the mismatch distribution is assessed. Significant divergences

from this model, that is, multimodality, reflect the highly stochastic shape of gene trees

under demographic equilibrium (Slatkin and Hudson 1991; Rogers and Harpending

1992). 7����������
�"/<<C(���������
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the observed distribution, was also calculated in ARLEQUIN. However, it has been

argued that the mismatch distribution uses only a small part of the information

contained in the data (Felsenstein 1992)and may have low statistical power for

detecting population expansions (Ramos--�
��
�����:���
�2>>2(���#��
9�#�$����
�

(1989)D�����%��
�F s (Fu 1997) test statistics were calculated in DnaSP 4.0 (Rozaset

al. 2003) as independent tests to confirm the significance and likely causes of any

deviation from selective neutrality or nonequilibrium conditions of demography. In

#�$����
���
�9�����
����
����� , (measured as 2Neµ where Ne is the effective mitochondrial

population size, and µ is the mutation rate per gene per year) is estimated independently
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from the number of polymorphic sites, and from the average mismatch in the sample.

The difference (D) between these two estimates can then be interpreted in terms of the
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�"/<<B(� Fs statistic compares the

observed number of alleles in a sample with the number of alleles expected if the

population has kept a constant size. In both cases, a significantly positive value can

indicate balancing selection or a population subdivision; a significantly negative value

is consistent with a recent selective sweep or population bottleneck. The significance of

D andFs statistics was tested by 10,000 bootstrap replicates in the coalescent

simulation program implemented in DnaSP.

2.2.3 Time since most recent common ancestor (TMRCA)

Finite sites (HKY, Hasegawaet al. 1985) and infinite sites models were used to

estimate the TMRCA among butterfly populations using MDIV (Nielsen and Wakeley

2001). The approach of Nielsen and Wakeley (2001) implements both likelihood and

Bayesian methods using Markov chain Monte Carlo simulations to estimate jointly the

TMRCA (measured astMRCA/Ne wheretMRCA is the time since gene divergence);

expected nucleotide heterozygosity (� ); divergence time (T, measured ast/Ne wheret is

the time since population divergence); andmigration rate (M). Five initial runs, using

different random seeds, wereapplied to ensure the stability of the posterior estimate,

each time sampling 5 x 106 trees with a burn-in value of 5 x 105. The final run for each

population pair sampled 5 x 106 trees from a finite sites model with optimized input

parameters for Mmax (1 or 5), and Tmax (5, 8 or 10). Optimal values for Mmax and Tmax

were determined as those that generated a posterior distribution more closely

resembling a bell-shaped distribution, and also minimized the number of data points on

the right hand tail. Pairwise estimates oft andtMRCA were calculated using the

following formulae:

tMRCA = � x (TMRCA|data)
2µ

andt = T x �

2µ

A confidence interval for the TMRCA was estimated with the mutation rate of COI set

at the upper and lower estimates of 1.3%-1.9% absolute sequence divergence per

million years (see review of arthropod COI mutation rates in Queket al.2004). The
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interval was considered appropriate in this instance since it was not possible to estimate

an upper confidence limit for the unbounded distribution of T. Point estimates for T, M

and� were determined from the modal value of their posterior distributions and µ was

calculated as:

((((1.3 and 1.9)/2)/100)/106) x number of nucleotides in the fragment.

Divergence rates were divided by two, since each lineage from the common ancestor

carries only half the total number of mutations.

2.3 Species data analysis

2.3.1 Tree building

A preliminary analysis of each independentdataset (mitochondrial and nuclear) was

undertaken using a parsimony searchinitiated in PAUP* 4.0b10 (Swofford 2002).

Parameters standardized for all unweighted unordered heuristic parsimony analyses

include: variable sites scored as polymorphisms, gaps scored as missing data, TBR

branch swapping, 100 random sequence additions and maxtrees set to autoincrease (see

Appendix 4.2 for PAUP input file). Sequence data from nuclear and mitochondrial

genes were tested for homogeneity using the Incongruence Length Difference (ILD) test

(Farriset al.1994) implemented in PAUP as the partition homogeneity test. It was

necessary to limit branch swapping to 100,000 rearrangements for each of the 100

random sequence additions due to a number of single nucleotide polymorphisms (SNPs)

in the EF1-alpha gene. The ILD test gave a marginalP value of 0.04 in theJalmenus

datasets, but since this test can be misleading (Cunningham 1997; Barker and Lutzoni

2002), especially when datasets are not of equal size (Downton and Austin 2002), a

total evidence approach was adopted for all subsequent analyses. There was no

significant difference in tree lengths (P=0.1) in theTheclinesthesdatasets so a total

evidence approach was likewise adopted. It has been argued that the reliability of a

phylogenetic hypothesis increases in proportion to the number of individual characters

(Hennig 1966; Mitchellet al.2000), and recent empirical studies have produced higher

support values when data were combined (e.g. Monteiro and Pierce 2001; Goertzen and

Theriot 2003; Megenset al.2004; Mattheeet al.2004; but see Chenet al.2003).
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Phylogenetic analyses of the combined datasets were conducted under different

algorithms to test the sensitivity of the data. The parsimony search in PAUP* was

preferred since it is known to work well when sequence divergence is small and

homoplasy is minimal (Felsenstein 1977, 2004; Lin and Nei 1991). Parsimony

bootstrap values were determined under the standard settings (above) with 1000

replicates.

For comparison with the parsimony trees, Maximum Likelihood (ML) analyses, were

implemented in PHYML version 2.0.1 (Guindon and Gascuel 2003) using the Akaike

information criteria (AIC) (Akaike 1974) model of sequence evolution estimated in

Modeltest 3.06 (Posada and Crandall 1998) (see Appendix 4.3 for Modeltest output).

The advantage of PHYML is that it generates an ML tree for large datasets in minutes.

It uses a hill-climbing algorithm much like other methods but a dramatic reduction in

computing time is achieved by adjusting branch lengths and tree topology

simultaneously; and the likelihood maximizing ability tends to be higher (Guindon and

Gascuel 2003). Bootstrap values were also generated in PHYML using the same

settings with 1000 replicates (see Appendix 4.4 for input and output files). Finally,

Bayesian Likelihood analyses partitioned by gene region were implemented in MrBayes

3.0b4 (Ronquist and Huelsenbeck 2003) with the Akaike information criteria model of

sequence evolution for each gene estimated in Modeltest. Likelihood analysis can be

sensitive to different evolutionary models (Sullivan and Swofford 1997; Huelsenbeck

1998; Caterinoet al.2001) so the advantage of this methodology is that the appropriate

model can be applied to each gene while analysed simultaneously. The partitioned

dataset also produces more precise (less variable) estimates of posterior probabilities

across generations of long Bayesian runs (Castoeet al.2004). Unlinked model

parameters were preset as starting values for all partitioned MrBayes analyses. Three

independent Bayesian runs at temperature settings of 0.2, 0.4, and 1.0 were performed

on the datasets using Metropolis-coupled Markov chain Monte Carlo simulations to one

million generations with tree sampling every 100 generations. Bayesian topology and

branch posterior probabilities were computed by majority rule consensus after burning

in all pre-asymptotic tree scores (see Appendix 4.5 for MrBayes input parameters and

asymptote plot of tree scores).
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2.3.2 Molecular clock analyses

To estimate an approximate age of diversification for the phylogenetic analyses of

Jalmenusand the sectionTheclinesthesa temporal dimension was added to the

respective phylogenies. Molecular clock estimates of branching time are controversial

and need to be treated with caution (Baumet al. 1998; Sanderson 1998); however, in

the absence of paleontological data, molecular clock estimates are the only means of

inferring lineage ages and rates of diversification (Li and Graur 1991). Rate constancy

was tested in the context of the COI dataset using the likelihood-ratio test (Felsenstein

1988; Sanderson 1998) since this is the most reliably calibrated gene for arthropod

divergence rates. Likelihood analyses were run in PAUP* with the appropriate models

of sequence evolution using 10 random sequence additions, TBR branch swapping, and

rearrangements limited to 1000 for each addition sequence replicate. The likelihood

score of the tree obtained when constrainedby a molecular clock was then compared

with the likelihood score of a tree not so constrained. Significance was determined by

comparing the difference in likelihood scores with a Chi2 table using n - 2 degrees of

freedom, where n is the number of taxa (Felsenstein 1988). The estimates of the ages of

various divergences were based on a 1.3%-1.9% absolute sequence divergence per

million years in the COI gene (see review of arthropod COI mutation rates in Queket

al. 2004).

Other methods are described in the relevant Chapters.
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CHAPTER 3

3.0 THE INFLUENCE OF ANTS ON DIVERSIFICATION : PHYLOGEOGRAPHY OF JALMENUS

EVAGORAS
��

3.1 Introduction

3.1.1 Modes of diversification

At least two mechanisms of diversification for obligate myrmecophiles have been

proposed: first, the stringent requirements of both suitable host plants and appropriate

attendant ant species may have resulted in smaller population sizes and population

fragmentation of ant associated lycaenids (Pierce 1984; Costaet al.1996). This would

increase the likelihood of isolation, leading to allopatric speciation (Mayr 1942). At the

population level, a signal of such fragmentation could be detectable as high levels of

genetic differentiation (Slatkin 1981), especially if local extinction rates were high

(Wade and McCauley 1988), and significant levels of isolation by distance among

butterfly subpopulations.

A second hypothesis suggests that a shift in ant association, particularly a radical shift,

may result in an escape-and-radiation mode of diversification (Pierceet al. 2002).

Shifts in attendant ants would be important events for obligately ant-associated

lycaenids since most have highly specialized ant associations (Fiedler 1991; Eastwood

and Fraser 1999). The conservative nature of these associations is highlighted in

phylogenetic studies where there is a correlation of distinct ants associating with highly

myrmecophilous lycaenids at the species and higher clade levels (Maculinea, Thomaset

al. 1989, Elmeset al. 1994;Jalmenus, Pierce and Nash 1999;Chrysoritis, Randet al.

2000;Acrodipsas, Eastwood and Hughes 2003a;Arhopala, Megenset al. 2005).

However, the appearance of butterfly sister taxa associating with different ant species

may be explained by at least three processes, only one of which would be causative.

These mechanisms would exhibit different phylogeographic patterns that could be

detected in a population of obligately ant-associated lycaenids as follows:

� Most of this chapter formed the basis for a recent paper: Eastwood, R., Pierce, N. E., Kitching, R. L.,
and Hughes, J. M. (2006) Do ants enhance diversification in lycaenid butterflies? Phylogeographic
evidence from a model myrmecophile,Jalmenus evagoras. Evolution60(2): 315-327.
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1. A shift to an ecologically different antspecies, or to an attendant ant species from

another genus or subfamily could result inecological diversification with the novel

ant. If this were to occur, it should be detectable at the population level as genetic

breaks in butterfly subpopulations coincidingwith radically different ant associates,

particularly if the different associations were to occur in sympatry or parapatry.

2. Butterfly sister species associating with different ant species could be observed

coincidentally in a phylogeny if fragmentation of an oligomyrmecophilous butterfly

population (associating with several closelyrelated species of ants across its range)

coincided with a geographically restricted or locally preferred ant partner. This

could be detected at the population level if an isolated butterfly subpopulation,

associating with the local ant, was genetically divergent from the remaining

butterfly population.

3. Butterfly sister taxa associating with ant sister taxa (parallel cladogenesis) could

occur if a butterfly population tended by a single ant species across its range,

underwent fragmentation together with its attendant ant. In time, this could result in

co-speciation of the two partners. Evidence at the population level would be seen if

a fragmented subgroup of butterflies showed genetic differences in parallel with a

subgroup of its attendant ant.

An earlier attempt at unraveling the relationships between ants and butterflies at the

population level found little evidence in favorof ant associated effects on population

size and structure (Costaet al.�/<<D(���5
������
��	�E������
�F st using multilocus

allozyme data from 1052 specimens ofJalmenus evagorassampled from 15

geographically separated sites in an area of about 150 square kilometers revealed low

amounts of genetic structure at the level of geographic subpopulation, and no evidence

of population differentiation corresponding to the two species of ant associate common

to these sites. The study by Costaet al. was conducted at a small spatial scale relative

to the overall species range ofJ. evagoras, and did not consider the degree of

differentiation of the associated ants. Moreover, subsequent behavioural observations

showing thatJ. evagorasfemales preferentially deposit eggs on plants containing their

locally predominant attendant ant species, even when the butterflies are reared in the

absence of ants (Fraseret al.2002) further raises the question of whether this behavior

might be reflected in the population structure of the butterflies. Fraseret al. (2002) also

noted that female butterflies remained flexible in their choice of oviposition sites
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diversification coincident with a novel ant. They suggested that under certain

conditions, ant interactions could contribute to processes promoting diversification

among lycaenid butterflies.

3.1.2 Aims

The purpose of this study was to apply phylogeographic techniques to populations

throughout the range of the obligate myrmecophile,J. evagoras,addressing the

following questions, some of whichmay not be mutually exclusive:

1. Are butterfly populations highly structured genetically, as predicted for a species

with specialized ecological requirements?

2. Is there evidence that:

a) a shift to an ecologically novel attendant-ant,

b) fragmentation coincident with locally divergent ant associates, or

c) species-pair fragmentation

could result in the conservatism of ant association observed in phylogenies of

obligate lycaenids?

3. Are there consistent morphological, ecological and/or behavioural differences

between the two subspecies and if so, are thedifferences consistent with evolution

in isolation or are they maintained by the environment across a primary contact

zone?

4. What are the geological, climatic or other processes that have shaped the extant

distribution of genetic variation in the species?

3.2 Methods

3.2.1 Study organism

The subject of this study,Jalmenus evagoras(see frontispiece) is one of ten species in

the genus (Braby 2000), all of which are endemic to Australia. Two subspecies ofJ.

evagorasare currently recognized:J. evagoras evagorasis found mainly in the wooded

foothills in coastal regions extending from southern and eastern Victoria, through

coastal NSW and into south-eastern Queensland north to Burrum Heads (Braby 2000),

Kroombit Tops near Rockhampton (Atkins 1976) and inland at Binjour (A. Atkins pers.

comm. 2003; RE pers. obs.) (see Figure 3.1). Its conspecific,J. evagoras eubulus, is a

habitat specialist confined to the brigalow (Acacia harpophylla) belt west of the
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Dividing Range in central and southernQueensland from near Eungella and the

Carnarvon Range to just south of the Queensland border near Boggabilla (DeBaar

1977a). There are numerous behavioural differences between the two taxa (Sands and

New 2002; Breitfuss and Hill 2003) as well asenvironmental differences in the

su�
�����
�������
9���������
������
��������		� �������!��������������
������������������

cycles (Braby 2000; RE pers. obs.). Furthermore, individuals of the subspecieseubulus

are not found on plants outside the brigalow habitat and the nominate form does not

establish populations on brigalow or in the brigalow habitat even though its host plant

does occur within the range ofeubulus.

Figure 3.1 Jalmenus evagorassampling locations (n=22). Dotted line on the map delineates
the subspecies boundaries,J. e. eubulusin the northwest,J. e. evagorasalong the coast. Dark
grey coloured areas delineate the 900 m (3000ft) contours of the Great Dividing Range.

Jalmenus eubuluswas described by Miskin (1876) from a series of specimens assumed

to originate from somewhere west of Rockhampton, possibly near the Dawson River

(Hancock 1995); however, it was relegated to a subspecies ofJ. evagorasby

Waterhouse and Lyell (1914) without giving reasons. Subsequent authors have

	��������E�������
������8
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�"/</C(����angement (e.g. Waterhouse 1932;

McCubbin 1971; Common and Waterhouse 1972, 1981; Pierce and Nash 1999; Braby
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2000). There are several reasons for following this arrangement, some of which are

mutually exclusive. First,evagorasandeubulusare clearly closely related to each

other, their biology appears to be very similar and their distributions are almost entirely

allopatric (Braby 2000), so without additional evidence it is difficult to be certain they

are not just regionalized populations of the same species. Second, there is an apparent

latitudinal cline in wing morphology ofevagorasranging from darker colours in the

southern part of their range, blending into paler colours in the north, witheubulusbeing

the extreme (Braby 2000; Sands and New 2002). This could be interpreted as a species

cline, which again supports the argument for subspecific status. Third, records of
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from near Toowoomba through the Bunya Mountains to the Binjour Plateau and north

to the Rockhampton area (Atkins 1976; DeBaar 1977b; Braby 2000) suggest that the

two forms could have undergone a period of isolation but not of sufficient duration to

inhibit interbreeding after secondary contact. Alternatively, the pattern could be

interpreted as a stepped cline where morphological differences could be a phenotypic

response to an environmental gradient; either way providing evidence for subspecific

status. Several researchers, however, who are familiar with the biology of both taxa

have long suspected they are separate species (A. Atkins, J. F. R. Kerr, D. P. A. Sands

and E. D. Edwards pers. comms.).

The early stages ofJ. evagorasfeed gregariously and are attended by swarms of small

black ants with which they have an obligate mutualistic relationship. Attendant ants

protect the caterpillars from predators and parasitoids and act as an important stimulus

for femaleJ. evagorasto deposit their eggs on the host plant (Pierce and Elgar 1985;

Pierce and Nash 1999; Fraseret al.2002). The first record of ant association inJ.

evagoraswas by Miskin (1883) who recounted observations made by his friend Mr

[F.G.A.] Barnard. Following this description, numerous authors published biological

data on the butte�	�
�������
�����
��"�����;����� ��/==<��%��
���/=<A9���������/=<=��#�����

1924; Borch 1928; Waterhouse 1932), but the ants were not identified to genus level

until McCubbin (1971) published his book on Australian butterflies.Subsequently, and

almost 100 years afterJ. evagoraswas first recorded with ants, the species was

identified asI. anceps(Roger) in a publication by Kitching and Taylor (1981). In the

same publication they also described a method of culturing the butterfly and its

attendant ant, which set the stage for a long line of research projects (summarized in
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Pierce and Nash 1999). Intensive sampling in the past 15 years has resulted in

additional attendant-ants being recorded (summarized in Eastwood and Fraser 1999), as

well as unusual records of associations particularly duringJ. evagoraspopulation

explosions. These includeI. purpureus(Smith) (Quick 1982),Anonychomyrma

nitidiceps(André) andPapyrius nitidus(Mayr) (Eastwood and Fraser 1999) (all

Dolichoderinae),Notoncus capitatusForel andCamponotussp. (Eastwood and Fraser

1999) (both Formicinae).I. ancepsis considered to be the principal attendant ant ofJ.

evagorasthroughout its range, but in some areasI. rufoniger(Lowne) is preferred (e.g.

Benbow 1985; Pierceet al. 1987; Pierce 1989; Eastwood and Fraser 1999; Pierce and

Nash 1999).

FemaleJ. evagoraseclose with a large complement of mature eggs (Hill and Pierce

1989) and are often mated upon eclosion, before they have even expanded their wings

(Pierce and Nash 1999). They exhibit high levels of site fidelity and preferentially

deposit eggs on suitableAcaciahost plants in or around their natal colony (Elgar and

Pierce 1988). In the northern part of their range, small acacias up to 3m tall are utilized,

since attendant ants forage preferentially to this height (Smileyet al.1988) but taller

trees are often utilized in the southern partof the range (Pierce and Nash 1999). Thus,

the complex nature of the specialized life history ofJ. evagorasis thought to create

spatial and temporal constraints on its population size and distribution (Pierce and Nash

1999).

3.2.2 Specimens

The 249J. evagorasspecimens used in this analysis were collected from 22 sites across

the range of both subspecies extending from Bundoora in southern Victoria to Taroom

in central Queensland (Table 3.1). Where possible, at each site, adults, larvae and

pupae were collected from different trees tomaximize the potential for sampling genetic

diversity. Latitude and longitude coordinates were determined for all sites, and place

names shown on the figures are the nearest town to the sampling site.

Attendant ants were also collected from the same sampling sites and stored in 95%

ethanol (Table 3.2). Up to 20 ants were removed from a single tree whereJ. evagoras

larvae were being tended, and multiple trees were sampled at several sites. At least two
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ants from each sample were pointed for morphological identification (n = 88) and two

from each sample tree were sequenced (n = 66). Morphological identifications were

undertaken by Alan Andersen, CSIRO, Darwin, and conducted independently of genetic

data. Host plant data were recorded at most sites as shown in Table 3.1. Morphological

vouchers of ants (pointed and wet preserved) are held at CSIRO Darwin, Australia; and

tissue samples of ants and butterflies are stored in the Museum of Comparative Zoology

tissue collection, Harvard University.

Three syntypes ofJ. eubulusat the Queensland Museum were examined. One female

syntype was additionally label�����*�
����
��� �������������������������!��
��
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Waterhouse visited the Museum in 1910 while Wilde was acting director. The
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������ J. eubulus. In addition, several hundred specimens

of J. eubulusand northernJ. evagoraswere examined at the Australian National Insect

Collection (ANIC), Australian Museum (AMC), Queensland Museum (QMC) and the

University of Queensland (UQIC) insect collections, as well as the private collections of

J. F. R. Kerr (JFRKC), Russell Mayo (RMC), Ray Manskie (RCMC), Dan Schmidt

" )@(�����":5@(������������
���� ����������?��������� �������������
� given to material
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areas typically inhabited byJ. evagoras(e.g. Don Sands pers. comm.) were investigated

wherever possible. Records that were not possible to verify were ignored. Details of all

morphological, biological and abiotic characteristics peculiar to the two subspecies are

recorded in Appendix 3.1.

3.2.3 Laboratory techniques

See Chapter 2.
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Table 3.2 Jalmenus evagorasattendant-ant sampling locations, collection and tissue
data. N indicates number of butterfly aggregations from which ants were sequenced.
All samples were collected by RE in Nov-Dec 2003 unless otherwise indicated.

Site Location N Iridomyrmexspecies Accession Nos.
1 Macleod, Vic. 2 I. complex A sp. B DQ249954, DQ249955,

DQ249956
2 Briagalong, Vic. 1 I. mattiroloi group sp. I DQ249976
3 Murrangower, Vic. 1 I. mattiroloi group sp. I DQ249959

Mt. Raymond, Vic. 1 I. mattiroloi group sp. I DQ249958
10 km W of Orbost, Vic. 1 I. mattiroloi group sp. I DQ249957

4 Tidbinbilla, ACT 1 I. complex A sp. D DQ249965
Queanbeyan, NSW 2 I. complex A sp. D DQ249973, DQ249974

5 3 km E of Genoa, Vic. 1 I. mattiroloi group I DQ249960
6 1 km N of Tanja, NSW 1 I. complex A sp. C DQ249961

Tanja, NSW 1 I. mattiroloi group sp. I DQ249962, DQ249963
Stony Ck, Bodalla, NSW 1 I. mattiroloi group sp. I DQ249964

7 Bowral, NSW (SB) 1 I. mattiroloi group sp. I Not sequenced
Mittagong, NSW 1 I. complex A sp. C DQ249966

8 Menai, NSW 1 I. septentrionalissp. F DQ249967, DQ249968
10 27 km S Macksville, NSW 1 I. gracilis DQ249969
11 Ebor district, NSW (DL) 1 I. mattiroloi group sp. I DQ249990

Ebor district, NSW 3 I. complex A sp. C DQ249970, DQ249986,
DQ249989

12 5 km S of Guyra, NSW 1 I. complex A sp. C DQ249971
13 Passchendaele, Qld 1I. complex A sp. C DQ249975

Tenterfield, NSW 1 I. mattiroloi group sp. I DQ249972
14 Emu Vale, Killarney, Qld 1 I. complex A sp. C Not sequenced

Toowoomba, Qld 1 I. complex A sp. C DQ249985
Crows Nest, Qld 1 I. gracilis Not sequenced

15 Nathan, Qld 2 I. gracilis DQ249977, DQ249987
16 Beerburrum, Qld 1 I. complex A sp. C DQ249978

Mooloolah, Qld 1 I. complex A sp. C Not sequenced
Tuckers Ck, Nambour, Qld 1 I. complex A sp. C Not sequenced
Mapleton Falls, Qld 1 I. complex A sp. C DQ249979

17 Maryborough, Qld 2 I. gracilis DQ249980
18 Bunya Mountains, Qld 1 I. complex A sp. C DQ249982, DQ249983
19 6 km S of Binjour, Qld 1 I. gracilis DQ249988
21 Wilkie Ck, Dalby, Qld 1 I. complex A sp. A DQ249981
22 Jondaryan, Qld 1 I. complex A sp. A DQ249984
DL &David Lohman (Jan 2000), SB&Steve Brown (Feb 2000)



38

3.2.4 Data analysis

Six butterflies from the population at Bundoora, Vic., (near La Trobe University

campus) with haplotypes identical to those otherwise only found north from Ebor in

northern NSW (>1000 km away), were excluded from all analyses. This population

most likely originated from escapees during experiments conducted there in the mid

/<=>�
���#�������������
�������������������������
����� d occur at identical positions

involving the same nucleotides in a fragment of 615 bases is sufficiently small that an

accidental release seems the most parsimonious explanation for the co-occurrence of

these haplotypes.

A nested clade analysis (NCA) was implemented in GeoDis, and a mismatch

distribution generated in ARLEQUIN. The methodology for implementing NCA and

mismatch distributions is detailed in Chapter 2 (see Appendix 3.2 for GeoDis input and

output files; Appendix 3.3 for ARLEQUINmismatch distribution input and output

files). An infinite sites model implemented in MDIV was used to estimate the time

since the two subspecies separated and the time sinceJ. evagoras evagoraspopulations

were separated by the Cassillis Gap (see Methods Chapter and Appendix 3.4 for MDIV

input file and calculations of divergence times).

A nested analysis of molecular variance (AMOVA) (Excoffieret al.1992) was

implemented in ARLEQUIN to partitionJ. evagorasgenetic variation into components

attributable to differences among the specified hierarchical groups (� CT), among

populations within hierarchical groups (� SC), and among sites across the species

distribution (� ST). Four hierarchies were analyzed in order to investigate which factors

had a significant effect on���������!���������
�"
���' ������3�J�A�	�������������������

AMOVA input and output files). First, the population was divided into two groups

along taxonomic lines (i.e. subspecies, also synonymous with morphology). Second,

the population was subdivided according tothe attendant ant species (identifieda

posteriori). Third, locally preferred host plant species were identified and used to

partition the population (Table 3.2), and finally, four biogeographical regions were

identified based on two known biogeographical barriers (the Cassillis Gap and Lake

George Gate) and by an environmental barrierthat separates the arid inland from coastal

regions (Waterhouse 1922; Keast 1961; Ford 1987; Nicholls and Austin 2005). Thus

the population was strictly divided latitudinally at the Cassillis Gap and Lake George
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gate, and longitudinally between the coast and inland areas. Significance of the

AMOVA � statistics was tested by 1000 permutations of haplotypes among and within

populations under the null hypothesis of panmixia. In all cases, uncorrected sequence

divergence was incorporated as the measure of genetic differentiation.

Homologous COI gene sequences from all ants sampled were aligned for phylogenetic

analysis in PAUP* 4.0b10 (Swofford 2002). Ant taxon clades were identified by

monophyletic groupings in an unrooted phylogram using an unweighted neighbour

joining algorithm. No attempt was made to define phylogenetic relationships of these

ants since too little is known about related species and/or potential outgroups for this

small sample. Shattuck (1999) records 79 named species and subspecies of

Iridomyrmex. The purpose of the analysis was simply to identify taxonomic groups of

attendant ants (see Appendix 3.6 for PAUP input file).

3.3 Results

3.3.1 Genetic data

Homologous sequences of 615 nucleotides were obtained from 248 individuals ofJ.

evagoras. Twelve closely related butterfly haplotypes were divided into three clades,

with each clade separated by a minimum of two base mutations. These groups aligned

with three broadly allopatric subpopulations of butterflies as shown in Figure 3.2.

Homologous fragments had eleven variable sites: nine at third and two at first codon

positions. Mean overall frequencies of nucleotides were A = 34.58%, T = 37.54%, G =

13.83%, C = 14.06%, which represents a 72.12% AT bias consistent with the mtDNA

of most insect groups.

Genetic data groupedIridomyrmexants into seven well-defined clades (Figure 3.3),

which aligned with independent morphological determinations, although within taxa

and between taxa divergences were variable (see Table 2). Among taxa the 585 bp

fragments had a mean sequence divergence of 8.50% (range = 0.17% to 11.97%), and

within taxa divergence was 0.65% (range = 0% to 2.90%). Mean AT content for all

ants was 70.45%. The seven ant taxa were identified as (numbers of haplotypes in

brackets):Iridomyrmex mattiroloigroup species I (10);I. gracilis (11); I. complex A

species A (2 - associated withJ. e. eubulus); I. complex A species B (2);I. complex A
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species C (15);I. complex A species D (3);I. septentrionalisspecies F (1). All taxa are

closely related, ecologically dominant and have similar behavioral characteristics (A.

Andersen pers. comm. 2003). The DNA sequences of theseIridomyrmexants (and

several other non-��������
�����
(���
����!�����
�	 ����������������� ���
��"7������ et al.

2003) for future investigators. Ant vouchers (pointed and wet preserved) are held at

CSIRO Darwin, Australia; and tissue samples of ants and butterflies are stored in the

Museum of Comparative Zoology tissue collection, Harvard University.

Figure 3.2 Jalmenus evagorashaplotype distribution based on a 615 bp fragment of the
mitochondrial COI gene. Numbers preceding the sampling site names correspond to site
numbers in Tables 3.1 and 3.2. Dotted line on the map delineates the subspecies boundaries,J.
e. eubulusin the northwest,J. e. evagoras��������������
���
������
���
����������������
�������
Diagram at left shows the relationships between haplotypes and the clade nesting arrangement.
Haplotypes are separated by single base mutations; grey haplotypes were not sampled. All
other details as Figure 3.1.
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Figure 3.3 Iridomyrmexant species groups attendingJ. evagoraspopulations. Diagram at left
is an unrooted neighbour joining phylogram based on absolute nucleotide differences among all
ants sampled (numbers of terminal taxa are indicated by dots). Species group determinations
based on morphology are overlaid as coloured circles. Distribution of species groups is shown
������������������������
�������������	�
�������
�	���������
�����
�����
�����!��
�	���
morphological and genetic analysis (586 bp fragment of mitochondrial COI gene). All other
details as Figure 3.1.

3.3.2 Nested clade analysis

The haplotype diagram and nesting arrangement for butterfly populations (Figure 3.2)

has four 1-step clades, two 2-step clades and the total cladogram (seven clades in all).

Significant geographic association (at the 95% confidence level) was identified for four

of the six clades analyzed (Table 3.3). Inability to detect geographic association can be

caused by panmixia, insufficient sampling or insufficient resolution in the genetic

marker. Of the two clades in which the null hypothesis of no geographic association

was not rejected, clade 1-2 was consistent with panmixia; however, in clade 1-4 the
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probable cause was insufficient sampling since only three locations were sampled.

Lack of resolution would not apply in this case since the marker was informative in

several other clades. As a result clade 1-4 was excluded from further analysis. In the

geographic distance analyses, the widespread clade 1-1 conformed to a restricted gene

flow with isolation by distance model. Clades 2-1 and 2-2 both exhibited a signature of

contiguous range expansion, albeit on vastly different geographical scales, and the total

cladogram was consistent allopatric fragmentation of clades 2-1 and 2-2. It was not

necessary to assign interior and tip status for clades 2-1 and 2-2 to interpret the

biological inference of the total cladogram.

Table 3.3 Results of the nested clade analysis ofJalmenus evagoraspopulations and
their biological inferences.
Clade � 2 (P) Nested clades PositionDc Dn Interpretations
1-1 167.9 (0.000) B I 302.6L 310.2L 1.2.3.4N Restricted

gene flow with
isolation by distance

C T 0 229.3
E T 0S 102.9S

Q T 0S 36.8S

G T 45.2S 211.4
D T 0 102.9S

I-T 272.9L 134.4L

1-2 20.1 (0.081) J T 0 242.3 (Panmixia)
Y I 162.9 162.4
Z T 0 242.3

I-T 162.9 -79.9
1-4 1.92 (0.380) P I 68.7 54.1 (Small sample size)

R T 0 16.7
I-T 68.7 37.4

2-1 207.2 (0.000) 1-1 T 269.3S 482.1 1.2.11.12N
Contiguous range
expansion

1-2 I 164.4S 486.4
I-T -104.9S 4.3

2-2 26.2 (0.000) 1-3 I 43.8S 78.8S 1.2.11.12N
Contiguous
range expansion

1-4 T 30.3S 138.8L

I-T 13.5 -60.0S

Total 240.0 (0.000) 2-1 - 484.9 485.7 1.19N Allopatric
fragmentation

2-2 - 100.8S 493.7
Significantly large (L) or small (S) values for clade (Dc), nested clade (Dn) and interior to tip
clade (I-T) distances are indicated in superscript. Chi square statistics for the contingency
analysis of geographic association are given with correspondingP value. Inference numbers
relate to sequence of questions in dichotomous key of Templeton (2004) with final answer (Y or
N). Inferences in brackets are interpretations for clades in which the null hypothesis of no
geographic association was not rejected by the contingency test.
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3.3.3 Mismatch distribution

Mismatch distribution plots for thethree butterfly sub-populations (J. e. eubulus, north
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for selective neutrality indicate that Groups 1 and 3 populations do not differ

significantly from expectations under neutrality (Tajima 1989). Group 2, however, has

a significantly negative value in both tests (D= -1.297,P = 0.046;Fs = -3.350,P =

0.003), which coupled with almost no geneticvariability is consistent with a population

that has expanded after a bottleneck; however, a selective sweep cannot be ruled out

(Rand 1996). The shape of the model frequency wave front moving away from the Y-

axis also conveys biological and temporal information about the population under

consideration. For example, steepness of the wave front is inversely correlated with the

age of the expansion event (Rogers and Harpending 1992; Rayet al. 2003) so it can be

seen that Group 2 has recently undergone a population expansion. The extreme

steepness of the Group 2 mismatch distribution is also consistent with a small initial

population size or bottleneck, and the high intercept on the Y-axis suggests that the

population has undergone a large increase in size (Rogers and Harpending 1992). The

estimated time forJ. evagoraspopulation separation across the Cassillis Gap is 167 000

&244 000 years.

Figure 3.4 Mismatch distributions for three subgroups ofJ. evagorashaplotypes. Group 1, inland;
group 2, north of the Cassillis Gap; group 3, south of the Cassillis Gap (see Figure 3.2). Raggedness
����3���������������
���!��
�������!���	��������������"#�$����
� D�����%��
� Fsstatistics) under the null
distribution (model frequency) consistent with a sudden population expansion.
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3.3.4 AMOVA

AMOVA results shown in Table 3.4 indicate that significant levels of genetic

partitioning amongJ. evagoraspopulations can be explained by biogeographical

regions, taxonomy, tending ant species and/or host plants. The strongest predictor was

geography, which explained 80.0% of total genetic variation, and importantly, was the

only partition in which� CT (among regions) exceeded� SC (among sites within regions)

thus providing further support that geography is the best predictor of genetic

discontinuity. Subspecies defined by morphology accounted for only 64.8% of the total

genetic variation, even though there were no shared haplotypes&the two subspecies are

monophyletic. Partitioning the data amongthe 14 host plant species explained 60.4%

of genetic variability, and partitioning the data among the seven attendant ant taxa

accounted for 47.2%. Clearly, these variables are not independentsince all partitions

are themselves correlated with geography (i.e. subspecies, host plants and attendant

ants) (see Figs. 3.2 and 3.3 for subspecies and ants), and thus geography would account

for a significant proportion of molecular variance in all groupings.

Table 3.4 Nested AMOVA results forJalmenus evagorasCOI haplotypes partitioned
by geographical regions, host plants, taxonomy and attendant ant species.
Partition d.f. % Variation � -statistics P
1 Biogeography
Among regions 3 80.04 � CT=0.800 <0.001
Among sites within regions 18 11.87 � SC=0.595 <0.001
Within sites 221 8.09 � ST=0.919 <0.001

2 Host plants
Among plant species 13 60.45 � CT=0.604 <0.001
Among subpopulations within

host plant species 15 31.45 � SC=0.795 <0.001
Within sites 154 8.10 � ST=0.919 � 0.001

3 Morphology/taxonomy
Between subspecies 1 64.79 � CT=0.648 <0.001
Among subpopulations within

butterfly subspecies 20 29.91 � SC=0.849 <0.001
Within sites 221 5.30 � ST=0.947 <0.001

4 Attendant ants
Among ant species 6 47.23 � CT=0.472 <0.001
Among subpopulations within

attendant ant species 18 43.35 � SC=0.822 <0.001
Within sites 197 9.42 � ST=0.906 � 0.001
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Ecological, morphological and ethological characteristics of the two subspecies detailed

in Appendix 3.1 are summarized in Table 3.5.

Table 3.5 Summary of character differences betweenJ. evagorassubspecies.
Variable evagoras eubulus
Distribution East of the Dividing Range

from southern Qld to
Victoria

Generally west of the
Dividing Range in central
and southern Qld

Climate Temperate
Max temp 32-34 ºC
Rainfall 300-700 mm

Seasonally subtropical
Max temp 19-30 ºC
Rainfall 700-2000 mm

Hostplant 27 species of Acacia other
than brigalow

Brigalow (Acacia
harpophylla)

Habitat Open eucalypt forest,
disturbed areas

Old growth brigalow, does
not like disturbed areas

Preferred breeding
environment

Exposed, full sunlight Under canopy

Larval gregariousness Very strong Weak
Pupation site Usually gregarious on stem

and leaves
Singly on leaves

Dependence on
environmental conditions

Weak Critical

Female upperside wing
scales

Pale blue, rarely extending
past hindwing median area

Pale satin, extending to
hindwing apical and
terminal areas

Underside line markings Generally broad Narrow
Underside ground colour Brown - yellowish brown Pale brown - grey

3.4 Discussion

3.4.1 Ants

An unexpected finding of this study was thatJ. evagorasassociates with at least seven

ant taxa across its range, and none of these include the previously identified ant

associates,I. ancepsandI. rufoniger (see Eastwood and Fraser 1999 for review). These

new findings may be explained by the difficulty of identifying morphologically similar

Iridomyrmexants at the species level in this large and complex group (Andersen 1995).

While the specific epithets of associated ants may not be of biological importance, the

fact thatJ. evagorasassociates with a number of closely related ant species shows that

it is less of an ant specialist, at least on a broad geographical scale, than was previously

thought (Pierceet al.1987; Eastwood and Fraser 1999; Pierce and Nash 1999). It

appears to be sufficiently labile in its attendant ant requirements that a range of

ecologically similar, locally dominantIridomyrmexspecies can be accepted as partners
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(see also Fraseret al.2002). Such regionalized ant preferences have been observed in

other obligately ant-associated lycaenids (e.g.,Maculinea, Als et al.2002) and closer

scrutiny of the ants tending other widespread obligate myrmecophiles may reveal a

similar cryptic pattern.

Data gathered in this study do not support a model of butterfly population fragmentation

due to a patchwork of suitable attendant antspecies overlapping with a relatively

narrow range of host plants. This holds at both the regional level and on a broader scale

that takes into account the entire range of the species. While there was one signal of

isolation by distance in the southern region (Table 3.3), this was driven by grouping of a

derived haplotype north of the Lake George Gate biogeographical barrier, and by only

two localized populations in southern NSW. Enhanced structure in southern Australian

lycaenid populations has been detected previously (Eastwood and Hughes 2003b) and

may be a function of reduced voltism. Populations in the north are multivoltine,

whereas those south of the Cassillis Gap are uni- or bi-voltine, thus providing fewer

dispersal opportunities. There is, however, astrong underlying signal of contemporary

or recent historical matrilineal gene flow over extensive areas in southern populations as

evidenced by the wides���������������������
����;����*��
�����������
���

�
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this haplotype; but several point mutationsfound in single sampling sites suggest that

recent dispersal is more restricted, at least in certain areas. Widespread gene flow is

also evident in the north-eastern population (clade 1-2) where there is clearly no
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� D and

%��
� Fs statistics. Finally, contiguous range expansions interpreted by NCA in the

higher clades 2-1 and 2-2 indicates historical gene flowas populations expanded into

new areas. Signals of limited among-site genetic variation due to panmixia, range

expansion or a selective sweep are consistent with a butterfly that is able to disperse

extensively and efficientlyfind suitable breeding sites.

These data support the smaller spatial scale findings of Costaet al. (1996). Efficient

female dispersers are better able to locate mates or breeding sites in a patchy

environment (Godt and Hamrick 1991), and are more likely to expand the species range

into new habitats, thereby increasing the potential for adaptations to different ecological

conditions or to different attendant ant species. Colonization of novel habitats from

genetically homogenous populations is c��
�
������������0����� ���������1��������	�
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colonization (Slatkin 1977), which is more likely to lead to population differentiation
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populations were fragmented and hence genetically heterogeneous. Thus,

diversification might occur more frequently through ecological shifts or long distance

dispersal, for example, during Pleistocene climatic oscillations. The subspeciesJ. e.

eubulus���
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has expanded into a novel habitat resulting in ecological specialization, and this

possibility is discussed in greater detail below.

There was no evidence of shifts to ecologically different attendant ants (i.e., novel

associations) that could lead to specialization with the new ant. All the ants identified

in this study were closely relatedIridomyrmexspecies, even though ecologically

different species, known to attend other lycaenids, occur within the range ofJ. evagoras

(e.g.I. purpureus). Furthermore,J. evagorashas been documented in association with

a significantly wider taxonomic range of ant species in outbreak years when the

butterflies are extremely common (Pierce and Nash 1999; Eastwood and Fraser 1999).

Subpopulation shifts to ecologically different ants would be rare events (Randet al.

2000) and thus would be difficult to detect; however, since there is ample phylogenetic

evidence of butterfly speciation coincident with ecologically different ant taxa (Thomas

et al. 1989, Elmeset al. 1994; Pierce and Nash 1999; Randet al. 2000; Eastwood and

Hughes 2003a; Megenset al. 2005), lack of evidence in this survey does not necessarily

mean that this could not happen.

The greatest percentage of variance (80.0%), and the strongest predictor of butterfly

genetic diversity, was explained by geography. Since ant species and butterfly

haplotypes are both clearlydistributed with a geographical bias (Figs. 3.2 and 3.3),

speciation events resulting from vicariance may result in phylogenetic concordance of

butterfly and ant species. This finding is consistent with the hypothesis of

diversification resulting from fragmentation (or dispersal) of the lycaenid population

coincident with a locally adapted or geographically restricted ant partner. In the case of

J. e. evagoras, several ant partners currently co-occur in each of the three geographical

regions, so a pattern of geographic specialization with different ants is unlikely.

However, fragmentation could result in allopatric diversification and a phylogenetic

pattern of lycaenid sister taxa associating with similar attendant ant species.
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Attendant ants recorded in this survey are unlikely to have directly influencedJ.

evagoraspopulation structure even though a significant proportion (47.2%) ofJ.

evagorasgenetic diversity was explained by attendant ant variables. Lack of an ant

effect on gene flow among butterfly sub-populations tended by different ant species is

exemplified by regional butterfly haplotypes establishing populations with apparently

allopatric ants. For example, northernJ. evagoras(Y-haplotypes) that established a

population at Bundoora, Vic., are tended by an otherwise allopatric ant species.

Likewise, the southernJ. evagoras(B-haplotype) individuals at Macksville and Ebor,

NSW are associated with novel ant species ifit is assumed that butterflies with these

haplotypes have recently crossed the Cassillis Gap (see below).

Although co-diversification ofbutterflies and attendant ants amongJ. e. evagoras

populations is unlikely since several ant species are involved across the species range,

the allopatric populations ofJ. e. eubulusuniquely found with the antI. complex A

species A do show a signal of co-diversification. The ant is closely related genetically

to I. complex A species C (see Figure 3.3) that tends contiguous populations ofJ. e.

evagoras. This could indicate that populations ofJ. e. eubulusand their attendant ants

have recently become differentiated from their conspecifics (i.e. species-pair

diversification). Diversification of the twobutterfly subspecies, however, is likely to be

influenced by a range of different biotic and abiotic factors. If a habitat shift is a

significant driving force in the diversification of an ant-tended lycaenid, and the new

habitat contains a novel attendant ant that has diversified contemporaneously, then

speciation of the butterfly and the attendantants could coincide. In this scenario, the

ants would play only an incidental role in the lycaenid diversification process, but could

ultimately appear as specialized symbiont partners in the butterfly phylogeny.

3.4.2 Habitat

Isolation by distance detected amongJ. e. eubuluspopulations may be due to the

ephemeral nature of suitable breeding sites in the brigalow belt. LocalJ. e. eubulus

populations typically emerge from eggs in diapause after rain, which often falls in an
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gene flow if migrating individuals encounter unsuitable conditions in neighbouring

habitats (see also Breitfuss and Hill 2003). Genetically discrete populations of the two
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morphologically distinct subspecies could be maintained in the contiguous zone (Figure

3.2 and Table 3.4) if nuclear and mitochondrial genes had been evolving while the

populations were in allopatry (e.g., Hugheset al. 2001). This suggests that the two

subspecies,J. evagoras eubulus, and J. evagoras evagorashave recently reunited in

secondary contact. However, since the ranges and habitats of both these taxa meet at an

ecotone, and there is no evidence that a geographical barrier ever separated them, an

alternative explanation is that a shift in habitat preferences has resulted in ecologically

divergent selection isolating the populations in parapatry (Coyne and Orr 2004). Since

the mitochondrial marker used in this study is maternally inherited it can only detect the

presence or absence of maternal gene flow between populations. Thus, evaluation of

nuclear markers such as allozymes or microsatellites across the contact zone might help

to determine the extent of male mediatedgene flow, if any. The role of habitat

specialisation and the taxonomic status ofeubulusis discussed at length below.

3.4.3 Host plants

Although a significant amount of genetic variation among butterfly subpopulations was

explained by local host plant preferences, there is clearly a geographical bias to host

plant distribution and butterfly subpopulations. Unlike facultative myrmecophiles,

which are frequently host-plant specific, obligate myrmecophiles characteristically

associate with multiple host plant species, often across several families (Pierce and

Elgar 1985). Furthermore, obligate, mutualistic lycaenids that have been studied,

includingJ. evagoras, also use attendant ants as oviposition cues (Atsatt 1981a,b;

Henning 1983; Pierce and Elgar 1985; Fiedler and Maschwitz 1989; but see van Dyck

et al. 2000), so a shift in their host plant would typically be ant-dependent. As a result,

the influence of host plant shifts may not be as important as ant shifts for diversification

in obligately ant-associated lycaenids.

3.4.4 Biogeography - The Cassillis Gap and Lake George Gate

Expansion ofJ. evagoras evagorasoccurred in the late Pleistocene most likely at a time

of glacial maximum when the climate was drier and open eucalypt forests dominated

(e.g. Kershaw 1961; Knoxet al.1995). As the climate warmed, and wet sclerophyll

expanded across lowland areas, southern populations may have contracted to suitable

habitat islands in elevated areas long enough for differentiation resulting from genetic

drift. This is particularly evident in the populations centred on the Blue Mountains

massif between the Cassillis Gap and Lake George Gate where the unique haplotype
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(G) has spread locally. The pioneering acacia host plants ofJ. evagorasflourish within

the open eucalypt forests in montane regions immediately to the north and south of the

Cassillis Gap, especially after fire has cleared the undergrowth and provided

opportunities for regrowth (Smith 1982). It is also the preferred habitat for attendant

Iridomyrmexants (Andersen 1991; Shattuck 1992). In contrast, during late Pleistocene

times, east coast lowland areas such as the Cassillis Gap were characterized by wide

expanses of wet sclerophyll or temperate rainforest (Kershaw 1981; Walker and Singh

1981; Galloway and Kemp 1984). Thus the paucity of suitable ants and the floristics

and vegetation structure within the Cassillis Gap would have been a significant barrier

to dispersal. Indeed, the disruptive effects of this barrier have been noted previously for

several groups including butterflies (Waterhouse 1922), flies (Mackerras and Fuller

1942), birds (Keast 1961), and, to a lesser degree, frogs (Schäuble 2004). Data suggest

that the Lake George Gate biogeographical barrier has not impeded gene flow among

butterfly populations as comprehensivelyas the Cassillis Gap. Lake George Gate was

characterized historically by fire sensitive expanses ofCasuarina, which gave way to

fire tolerantEucalyptusin the late Pleistocene, between 128 kYA (Singh and Geissler

1985) and 54 kYA (Wright 1986), thus there may have been more opportunities for

dispersal in recent times.

The lack of genetic variability inJ. e. evagorassamples from northern coastal areas

(Figure 3.2) is consistent with a population that has undergone a recent and rapid range

expansion. It is possible that this range expansion happened subsequent to a bottleneck,

as indicated by the shape of the mismatch distribution and the significantly negative

#�$����
�D �����%��
�Fs statistics. Missing haplotypes either side of the widespread
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haplotypes have been lost, or a selective sweep. If the observed pattern does reflect a

range expansion following a bottleneck, then it must have taken place within the last

167 000&244 000 years, that is, within the time since population separation across the

Cassillis Gap. The time frame is suggestive because it coincides with heightened

burning levels and vegetation changes that took place in Australia from the late

Pleistocene (Pyne 1991; Knoxet al.1995), and subsequently by aboriginal fire-stick

farming practices in the last 40 000 years (Kershaw 1981; Pyne 1991; Adam 1994;

Flannery 1999). Acacias quickly colonize new areas exposed by fire (Smith 1982), and

are efficiently located by femaleJ. evagorasas suitable breeding sites become available

(Smileyet al.1988). In addition, attendantIridomyrmexants respond rapidly to



51

environmental change (Vanderwoudeet al.1997), and benefit from expanding dry

sclerophyll-dominated forests coupled withshrinking wet sclerophyll and rainforest

areas as a result of burning (Smith and Guyer 1983). Thus, increased burning levels

would have influenced the distribution andage structure of suitable acacias (Kershaw

1981; Bowman 1998) creating a more continuous habitat for the expansion ofJ.

evagoras. Other more recent anthropogenic activities such as farmland clearing and

road building also provide ideal habitat for pioneering acacias andIridomyrmexants.

ManyJ. evagoraspopulations are found in such places, particularly on roadside verges

and it is possible that widespread expansion of populations throughout rural

communities has taken place since European settlement. For example, the southern
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of a recent expansion of southern haplotypes northwards across the Cassillis Gap where

some 99% of the native vegetation has been removed or altered in the past 200 years

(Bushcare 2003). In contrast, severe clearing of matureA. harpophyllain central and

southern Queensland has resulted in the brigalow community becoming threatened

(Adam 1994) and the host specificeubulusbeing listed as vulnerable in Queensland

(QPWS 1994; however, this was recently downgraded to Lower Risk, Sands and New

2002). Such reversal of fortunes serves to highlight the ecological differences between

the two taxa.

3.4.5 Status of subspecies

Data indicate that the two subspecies are very closely related; however, there is ample

evidence for their reinstatement to specific status. Defining biological entities at lower
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and Orr (2004) recorded some 25 published species concepts and stated there were
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species concept (BSC) outlined by Dobzhansky (1935) and Mayr (1942), which defines
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evagorasandeubuluscan be argued on genetic evidence since fixed differences in the

mitochondrial DNA indicate that females do notcross into the habitat of the other taxon

to interbreed or, if they do, their offspring do not persist for long. The possibility that

males of either taxon migrate to the habitat of the other to interbreed cannot be ruled out

since allozymes or other nuclear markers have not been analysed; however, since both
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species are not restricted by motility, and if there was any potential to produce viable

offspring, then there should be mixed haplotypes in one or both populations.

Underlining the argument for reproductive isolation is the fact that northern populations

of J. evagorasexhibit widespread genetic homogeneity across an area measuring

approximately 570 km north to south and 150 km east to west, yet in the narrow range

whereevagorasis contiguous witheubulus, there is an abrupt genetic discontinuity.

Even if hybrids do exist, this does not nullify the species status of both taxa.

Dobzhansky (1951) and Mayr (1963) both acknowledged the problem of hybrids under

the BSC and more recently Schemske (2000) proposed that populations meet the criteria

of good biological species if the probability of successful hybrid formation is less than

the mutation rate.
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evagorason closer examination. Individuals of this form in the northern parts of the

range generally express paler upper-side wing colours but none are as extreme as in

eubulus, and undersides are consistent withevagoras. However, if it is assumed that
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between the two taxa could be explained by at least two mechanisms. The most likely
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preferentially applies to recently evolved taxa (Coyne and Orr 1989, 1997), where it is

thought to be almost an obligate phase of speciation (Presgraves 2002). In Lepidoptera,
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�9�������7������� s Rule, if the nascent species

produced hybrids, it is unlikely there would be female mediated (mitochondrial) gene
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Lepidoptera, found nearly 20% of all sympatric species (in a dataset of 212

comparisons) hybridized to some degree in nature, and that nearly 70% of these showed

some intrinsic fitness reduction.

An alternative explanation is that adults that cross into the habitat of the other species to

mate could have asymmetric reproductive fitness. For example,eubulusmales that

migrate and interbreed withevagorasfemales may have viableoffspring, hence the

appearance of hybrid phenotypes without mitochondrial gene flow. However,eubulus
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females crossing into the habitat ofevagorasmay not be able to establish viable

populations if oviposition and/or egg eclosion cue responses are inherited matrilinearly,

that is, on the W chromosome. Eggs deposited on the wrong host plant, or in

inappropriate places, or eggs eclosing inresponse to the wrong environmental cues

could be heavily selected against. Thus, unidirectional hybrid phenotypes could persist

in the contiguous zone without mitochondrial gene flow. If this scenario were true, it

could provide an explanation whyeubulus(pale) phenotypes appear to have spread into

northernevagoraspopulations. Alternatively,evagoraspopulations in the northern

parts of their range could be responding to the same environmental cues that shaped the

eubulusphenotype. Environmental conditions in the northern climes approach the

conditions favoured byeubulus, thus apparent intermediates could be the result of

convergent evolution on an optimal phenotype in response to similar abiotic factors.

3.5 Conclusions

This study demonstrated thatJ. evagorasis a wide-ranging species with efficient female

dispersal whose caterpillars associate with a variety of taxonomically and ecologically

similar ant species that exhibit a regionalized bias in their distribution. There was no

evidence of population structure consistent with low levels of dispersal due to the

stringent requirements of suitable host plants and appropriate attendant ant species. On

the contrary, it is possible that the highly specialized lifestyle of obligate

myrmecophiles results in selection for efficient dispersers and that population structure

is homogenized as a result. Attendant ants were not shown to influenceJ. evagoras

population structure directly; however, regional isolation ofJ. evagoraspopulations

coincident with locally adapted ant species could generate a phylogenetic footprint in

which related lycaenids would be seen to associate with related or ecologically similar

ants. Ecological shifts in habitat preferences by lycaenids may lead to co-

diversification with habitat specialist ants even though the ants may play only an

incidental role in the diversification process itself. Population genetic structure ofJ.

evagorasis consistent with fragmentation due tohistorical isolation of populations

along the east coast of Australia during the Pleistocene, or to diversification following a

shift in habitat preferences. Vegetation changes since the late Pleistocene, as well as

heightened levels of burning and other anthropogenic activities are likely to have

enhanced recent dispersal patterns. Morphological, ecological, behavioural and genetic

differences suggest that the two currently recognized subspecies,evagorasandeubulus,
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are more consistent with species level taxonomy. The vulnerability and patchy

distribution of the unique habitat necessary foreubulus, and a higher taxonomic status

argue for an immediate reassessment of itsconservation status in Queensland.
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CHAPTER 4

4.0 JALMENUS PHYLOGENY AND THE EVOLUTIONARY IMPLICATIONS OF ATTENDANT

ANT SHIFTS

4.1 Introduction

4.1.1 The geography of speciation

The correlation of butterfly species or clades associating with unique attendant ant

species suggests that ant shifts are associated with diversification (detailed in the

General Introduction). However, while thiscorrelation is suggestive, it falls short of

addressing the question of whether novel ant associations can influence reproductive

isolation among conspecific lycaenids associating with different ants. The population

analysis in Chapter 3 found little evidence of ant influences on population structure but

acknowledged that since no ant shifts were recorded, there was no way of measuring the

effects of such a shift. However, if ants can influence reproductive isolation in

sympatry or in parapatry, then it may be possible to address this question in a

phylogenetic context, where ant shifts areknown, by testing some predictions about the

geography of speciation. For example, if ants can influence diversification of lycaenids

in sympatry, then at the time of speciation the nascent species should be sympatric. On

the other hand, speciation events where there is no shift in ant associate should only

occur in allopatry. Thus, the ranges of lycaenid sister taxa associating with different

ants should exhibit a significant proportion of range overlap (vis à vis����
��
��	���
�����

Berlocher 1998). Conversely, there should be no range overlap when sister taxa

associate with the same ant species. This latter would also be true if a habitat shift (and

not attendant-ants) was the cause of diversification, but either way there should be little

or no range overlap. Such a comparative geographic methodology was pioneered by

Lynch (1989) who identified modes of diversification by examining the relative range

size and proportion of range overlap in sister taxa (of birds), either at the species or

higher clade levels. Extant sister taxa that have allopatric ranges of similar size are

inferred to have diversified in allopatry (vicariance), whereas a large disparity in range

sizes indicates peripheral isolation. Sympatric diversification is inferred when sister

taxa have extensive or wholly overlappingranges. Lynch (1989) and Chesser and Zink

(1994) suggested that this was the most parsimonious conclusion for the pattern of

sympatry in extant sister taxa because it did not require an additional assumption of
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post-speciation dispersal. Likewise, there is no assumption of post-speciation dispersal

when inferring allopatric diversification based on allopatric distributions of sister taxa.

Lynch made no diagnosis for parapatric diversification because he concluded that the

�����������������������
������
������	����

�� ��������!��
�	����������8
����
��������

has been developed and applied to a variety of taxa (Chesser and Zink 1994;

Barracloughet al.1998; Barraclough and Vogler 2000), but there are some

shortcomings in the assumptions. Clearly, there may be cumulative influences on a

species range, so speciation modes predicted for deeper clades would be less reliable

since the passage of time could obliterate the original signal (Lynch 1989; Losos and

Glor 2003). Barraclough and Vogler (2000) predicted that low levels of sympatric

speciation in a phylogeny would probably notbe distinguishable from the effects of

range changes. Thus, it has been suggested that such interspecific tests of the

geographical mode of speciation may be flawed because they require the reconstruction

of the geographical distribution of speciesat the time of speciation (Chesser and Zink

1994; Losos and Glor 2003). While it is true that species ranges can change, even over

very short time scales, it is also true that ranges may not change significantly (Berlocher

1998; Coyne and Price 2000) and since there is useful information embodied in the

distribution of a species, it should not be ignored. It is generally conceded that recently

diverged sister taxa or taxa at the population/species interface should provide the

strongest evidence of geographic speciation mode (Chesser and Zink 1994; Avise 2000;

Losos and Glor 2003).

4.1.2 Study system

The subject of this study, the genusJalmenus, is among the best-studied examples of

lycaenid species with obligate ant associations (Pierce 1989). In particular,Jalmenus

evagorasand its associated ant have been used as a model system to identify selective

forces governing mutualistic lycaenid/ant interactions and population dynamics (e.g.

Kitching 1983; Pierce and Elgar 1985; Pierceet al.1987; Elgar and Pierce 1988; Hill

and Pierce 1989; Pierce, 1989; Baylis and Pierce 1991; Costaet al.1996). The

distribution and life histories of all 12 species in this genus have been well recorded and

all are known to have complex myrmecophilous interactions, mostly associating with

their ant partners in a species-specific manner (Eastwood and Fraser 1999). All

Jalmenusspecies feed on legumes, particularly plants in the genusAcacia

(Mimosaceae) (Braby 2000).
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Jalmenusis endemic to Australia, with three species unique to the west, eight unique to

the east (including a relatively isolated southern species,J. lithochroa), and one,J.

icilius, distributed in a disjunct pattern across both regions. One western species,J.

aridus, was described recently from a small population at Lake Douglas near

Kalgoorlie, WA (Graham and Moulds 1988); and a further species,J. notocrucifer,

described from Southern Cross and Yellowdine, WA (Johnsonet al.1992) was reduced

to subspecific level by Braby (2000). An additional putative species is known from a

single specimen collected at Comet Vale Siding, WA, in 1979 (Braby 2000). See

Figure 4.1 for locations of place names. The taxonomic position ofJalmenusproposed

by Eliot (1973) is as follows:

Class ......................... Insecta

Order......................... Lepidoptera

Suborder ................... Glossata

Superfamily .............. Papilionoidea

Family....................... Lycaenidae

Subfamily ................. Theclinae

Tribe ......................... Zesiini

Section ......................Jalmenus

Genus........................Jalmenus

Hübner (1818) proposed the genus nameJalmenusto separate the taxon from the all-

encompassingPapilio genus into which most butterflies were placed at the time. He

designatedPapilio evagorasDonovan, 1805 as the type species; and there are currently

10 species and four subspecies recognized in the genus, namely:

J. evagoras(Donovan, 1805)

evagoras(Donovan, 1805)

eubulusMiskin, 1876

J. icilius Hewitson, [1865]

J. ictinusHewitson, [1865]

J. inousHewitson, [1865]

inousHewitson, [1865]

notocruciferJohnson, Hay and Bollam, 1992
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J. daemeliSemper, [1879]

J. eichhorniStaudinger, 1888

J. clementiH. H. Druce, 1902

J. lithochroaWaterhouse, 1903

J. pseudictinusKerr and Macqueen, 1967

J. aridusGraham and Moulds, 1988

Figure 4.1 Location of all Australian place names referred to in the text.

Many species in the genus are difficult to separate on wing morphology. For example,

J. clementiis largely indistinguishable from some of the highly variableJ. icilius andJ.

inouspopulations, prompting Waterhouse (1903) to express doubts thatJ. clementiwas

a species distinct from the variableJ. inous. J. clementiwas formally sunk by

Waterhouse and Lyell (1914) and it was not reinstated until Peters (1970) identified

consistent but subtle differences in male genitalia. The specific status ofJ. icilius andJ.

inoushas also been contentious. Both species were described and figured by Hewitson

(1865) in the same publication without giving locality data, but Kirby (1879) recorded

�����	�7����
���
�
�������
9�������
����	����J. inous from the Swan River [Perth] and

two J. icilius�	�����'�
��������G��
���
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illustrations of the type specimens appeared to be male and female of the one species.

However, Waterhouse (1913) reinstatedJ. icilius after obtaining additional specimens

from two locations in WA, Waroona and Carnarvon, which he considered were
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consistent withJ. inous. Specimens from one of these locations, Carnarvon, are now

considered to beJ. icilius (Braby 2000). Both taxa have highly variable wing

morphology among and within populations; a feature that was highlighted in a large

population at Mundaring Weir, WA (recently extinguished) that exhibited the full range

of phenotypes of both species. Other hyper-variable populations are known from

Watheroo (Steve Johnson pers. comm.) and Wanneroo (Williams and Tomlinson 1994).

Furthermore, Edwards (1951) identified three subspecies ofJ. icilius from western

L����
������������������
����9�
������������� ���
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����
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�������
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single specimen. All three differed in adult, larval and pupal morphology and were

found feeding on different host-plants.When G. A. Waterhouse examined pupae of the

two named forms he felt that they represented two distinct species, then went on to

�������07��9�����9������������� 
������
���������	������
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 which we see are very
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genitalia to separateJ. icilius from J. inous. Finally, adults ofJ. ictinusandJ.

pseudictinushave long been recognized as cryptic species yet the larval stages and

tending ants are distinct; and there are small differences in male genitalia (Common and

Waterhouse 1981).

There has been little dispute over the monophyly of the genus and its general position

within the family Lycaenidae, but a conclusive resolution of species relationships within

the genus has been lacking. Waterhouse and Lyell (1914) erected a new genus,

Protialmenus, for J. ictinusandJ. lithochroabased on differences in wing venation;

males have 12 veins in the forewing while congeners have 11. They believed that

Protialmenuswas the ancestral form but notedsuperficial similarities betweenJ. ictinus

andJ. daemelias well as betweenJ. lithochroaandJ. icilius. SeveralJ. evagorasand

J. daemeliwere subsequently found with 12 veins, prompting Waterhouse (1932) to

mergeProtialmenusback withJalmenus. Recent taxonomic changes and additions to

the genus highlight the longstanding difficulties of species identifications in this group

(e.g. Kerr and Macqueen 1967; Graham and Moulds 1988; Johnsonet al. 1992; Braby

2000; Chapter 3).

Given the intractability ofJalmenusadult morphology for resolving relationships

among species, it was hoped that a molecular approach might be useful; however,

earlier attempts to reconstruct the phylogeny using approximately350 base pairs from
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the mitochondrial control region failed to uncover sufficient variability (Tayloret al.

1993). More recently, Pierce and Nash (1999) figured a tentativeJalmenusphylogeny

based on data from Mignault (1996), but moreaccurate taxon identifications, recent

taxonomic changes, and additional sequencing have facilitated this current approach.

4.1.3 Aims

The purpose of this study was to construct a molecular phylogenetic hypothesis for the

genusJalmenus, to test for monophyly of the genus and monophyly of the currently

recognized species within the genus. Additionally, it was hoped to resolve the

evolutionary status of extra veins in the male forewings of some species. The

determination of genealogical relatedness among these butterflies was necessary to

provide the historical framework within which the origin, extent, and role of the

complex ecological forces governing the diversification ofJalmenuscould be better

understood (e.g., Grafen 1989, 1992; Maddison 1990; Harvey and Pagel 1991). Thus

the resolved phylogeny was then used to test for phylogenetic evidence of lycaenid

diversification directly influenced by shifts in ant associates (sympatric speciation)

based on the prediction that significantlyhigher levels of range overlap would occur

among sister taxa associating with ecologically different ants, as opposed to those

associating with the same ant species.
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4.2 Materials and methods

4.2.1 Specimen acquisitionand choice of outgroup

At least two representatives of all ingroup species and five outgroup species were

selected for sequencing (see Table 4.1). A singleZesius chrysomalluswas sequenced

from dried legs provided by D. Vane-Wright of the British Museum of Natural History,

London. Multiple representatives of ingroup taxa were sequenced to provide

corroborating evidence that the specimens weretrue representatives of their species, and

to capture variation among widely dispersed populations. This was an important

consideration for those species that displayed highly variable or convergent

morphological features, especially when sympatric.

Choice of outgroups for the analysis was relatively straightforward given the lycaenid

classification proposed by Eliot (1973). The tribe Zesiini contains only two sections,

Zesius and Jalmenus. Zesius comprises a single genus,ZesiusHübner, with a single

species,Zesius chrysomallusHübner, found in Sri Lanka, India and southern Nepal.

The section Jalmenus contains two genera,JalmenusHübner, andPseudalmenusH.H.

Druce. Pseudalmenusconsists of the monotypic species,Pseudalmenus chlorinda,

which is subdivided into six recognized subspecies (Braby 2000). Specimens from two

of these,P. chlorinda zephyrusWaterhouse and Lyell, andP. chlorinda barringtonensis

Waterhouse, as well as the specimen ofZ. chrysomalluswere included in the

phylogenetic analyses as outgroups forJalmenus. Progressively more distant taxa from

the Ogyrini,Ogyris idmo(Hewitson), and Luciini,Hypochrysops miskini(Waterhouse)

and the most distant outgroup from the subfamily Polyommatinae,TheclinesthesRober,

were selected to root the tribe Zesiini.

4.2.2 Specimens

For the most part specimens were accurately determined in the field from gross

morphological characters and later confirmed in accordance with Braby (2000). Several

specimens ofJ. inous, J. icilius andJ. clementiwere dissected for verification on genital

morphology. Hostplant records and lycaenid nomenclature follows Braby (2000), with

an additional taxonomic change suggested in Chapter 3. Ant associate records are in

accordance with Eastwood and Fraser (1999), and Chapter 3. Ant nomenclature follows

Shattuck (1999).
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Table 4.1 Tissue samples sequenced for the phylogenetic analysis ofJalmenus.

GenBank AccessionSpecies Voucher
number

Location
COI-COII EF1

J. aridus AAM-97-U385 Lake Douglas, WA DQ456492 DQ456573

J. aridus AG-95-Z797 Lake Douglas, WA DQ456493 DQ456574

J. clementi MW-97-Y115 Learmonth, WA DQ456495 DQ456576

J. clementi MW-97-Y112 Learmonth, WA DQ456494 DQ456575

J. daemeli KD-94-Q080 Townsville, Qld DQ456497 DQ456578

J. daemeli AF-96-X761 Warwick, Qld DQ456496 DQ456577

J. daemeli RE-01-H030 Maryborough, Qld DQ456498 DQ456579

J. eichhorni DL-00-Q219 40 Mile Scrub, Qld DQ456503 DQ456584

J. eichhorni KD-94-T036 Cooktown, Qld DQ456504 DQ456585

J. evagoras evagoras MT-88-Y030 Tidbinbilla, ACT DQ456502 DQ456583

J. evagoras evagoras MAT-98-S683 Maryborough, Qld DQ456501 DQ456582

J. evagoras eubulus MT-88-Y014 Kogan, Qld DQ456499 DQ456580

J. evagoras eubulus RE-03-B080 Taroom, Qld DQ456500 DQ456581

J. icilius MAT-98-V767 Torrens Park, SA DQ456507 DQ456588

J. icilius MW-95-Y089 Perth, WA DQ456508 DQ456589

J. sp. nr. daemeli MFB-97-X103 Queanbeyan, NSW DQ456505 DQ456586

J. sp. nr. daemeli RE-02-A357 Canberra, ACT DQ456506 DQ456587

J. ictinus DL-00-Q208 Eatonsville, NSW DQ456509 DQ456590

J. ictinus DL-01-A250 40 Mile Scrub, Qld DQ456510 DQ456591

J. ictinus KD-97-Z619 Kerrisdale, Vic. DQ456511 DQ456592

J. sp. nr.inous PWV-01-W001 Shark Bay, WA DQ456518 DQ456599

J. sp. nr.inous PWV-01-W002 Shark Bay, WA DQ456519 DQ456600

J. inous notocrucifer MW-95-Y079 Yellowdine, WA DQ456513 DQ456594

J. inous inous MW-95-Y083 Mandurah, WA DQ456512 DQ456593

J. lithochroa MAT-98-V660 Hawker, SA DQ456514 DQ456595

J. lithochroa MAT-98-V805 Wilmington, SA DQ456515 DQ456596

J. pseudictinus DL-02-P463 Tolga, Qld DQ456516 DQ456597

J. pseudictinus DL-02-P471 Paluma, Qld DQ456517 DQ456598

Pseudalmenus chlorinda KD-96-Z588 Sherbrooke, Vic. DQ456520 DQ456601

Ps. chlorinda NP-96-X129 Guyra, NSW DQ456521 DQ456602

Zesius chrysomallus RE-02-A032 Sarnath, India DQ456522 DQ456603

Ogyris idmo RE-02-A338 Cape Arid, WA DQ456524 DQ456605

Hypochrysops miskini RE-02-A333 Eudlo, Qld DQ456523 DQ456604

Theclinesthes miskini RE-03-B025 Kuranda, Qld DQ456525 DQ456606
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4.2.3 Phylogenetic analysis

It was anticipated that saturation or homoplasy, especially in the mitochondrial gene,

could mask the phylogenetic signal when resolving outgroup relationships among the

few taxa sampled (see Hillis 1996). Thus, saturation plots were generated for all

transitions/transversions at third codon positions in accordance with Holmquist (1983)

(see Appendix 4.1 for calculation of lower asymptote values).

Tree building methods are detailed in Chapter 2. Decay indices (Bremer 1988;

Donoghueet al.1992) were calculated on the strict consensus parsimony tree using the

TreeRot.v2c block of Sorenson (1999) implemented in PAUP*. All topologies were

rooted withTheclinesthes miskini.

4.2.4 Tree symmetry

The program SymmeTREE (Chan and Moore 2002) was used to test for significant

variation in diversification rates among branches in the exemplar phylogeny. It was

hoped that such rate changes could provideclues to the influence of ants if they

coincided with attendant ant shifts. SymmeTREE implements several whole-tree tests

for diversification rate variation based on topology (phylogeny balance or symmetry).

Test statistics are based on the equal-rates Markov (ERM) random branching model

(e.g., Yule 1924; Harding 1971) developed by Slowinski and colleagues (Slowinski and

Guyer 1989a, 1989b; Slowinski 1990). An observed difference in sister-group diversity

is compared to a null distribution of such differences generated under a simple model of

random cladogenesis on a node-by-node basis (Chan and Moore 2002). The cumulative

probability for each of the tests is calculated under different models to produce a set of

whole-tree statisticsM� andM� (Chan and Moore 2002),M� * andM� * (Mooreet al.

2004),MR (Page 1993; Chan and Moore 2002),IC (Colless 1982; Heard 1992), andB1

(Shao and Sokal 1990). These statistics capturedifferent aspects of diversification rate

variation manifest at different phylogenetic scales (i.e., different nodal depths in the

tree; see Chan and Moore 2002; Mooreet al. 2004). A second set of tests

simultaneously identifies thelocation of significant diversification rate shifts in the

phylogeny using the likelihood ratio based statistics. SymmeTREE was run with
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of symmetric dichotomous resolutions for polytomies was implemented because the tree

had only one small derived polytomy. The array size for likelihood ratio values used to
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calculate the shift statistics at each node in the phylogeny was set at 40, which was

more than adequate for the tree with only 12 taxa (see Appendix 4.6 for input and

output files).

4.2.5 Comparative analyses

To test whether tending ant species and wing venation characters were distributed

across theJalmenusphylogeny in a non-random manner, the permutation tail

probability (PTP) test was implemented in PAUP* following the procedure of Kelley

and Farrell (1998). This method compares the minimum tree length, for a tree with

clades constrained by the parameter ofinterest, to a corresponding frequency

distribution of tree lengths randomized 1000 times across the strict consensus

parsimony tree. A significantP value indicates that the constrained tree length is

significantly shorter than expected under a random model, that is, more correlated with

phylogeny (Kelley and Farrell 1998) (see Appendix 4.7 for PTP input constraint tree&

Froggattella).

Species range areas were estimated from distribution maps in Braby (2000) as well as

from additional published and personal information (e.g. Johnson and Valentine 2004;

RE pers. obs.). Maps were digitized and redrawn in Corel Draw 11.633 for Macintosh.

Species range areas and areas of overlap were calculated using the Universal Desktop

Ruler v2.8.1110 (evaluation version available at http://avpsoft.com). Pairwise

comparisons were made between all sister species and sister clades. The proportion of

sympatry among species or clades was determined using the following formula (see

Lynch 1989; Chesser and Zink 1994; Barraclough and Vogler 2000):

Proportion of symparty = Area of overlap b x 100

Range area of the least widespread taxon 1

Thus, allopatric taxa had a range overlap ofzero, while those in which the range of one

species fell entirely within the range of the other had a range overlap of 100%. To get a

sense of the relative age levels of pairedcomparisons between individual species or

clades of interest, the mean pairwise distances between sister taxa or clades were
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calculated using the AIC model of sequence divergence. This method is in contrast
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of divergence across the phylogeny since they were based solely on branching positions

rather than branch lengths.

4.2.6 Molecular clock analysis

See Methods Chapter (2.3.2)

4.3 Results

4.3.1 Genetic data

The final data matrix comprised 3359 character states (2283 mitochondrial, 1076

nuclear) across 34 samples, with 770 variable sites and 458 informative. Of all the

informative sites, third codon positions accounted for 377, with 63 at first, and 13 at

second positions. A high AT bias (75.8%) was detected across the mitochondrial COI

and COII genes but not in the nuclear EF 1 alpha gene (50.3%). Sequence divergence

among all ingroup taxa in the data matrix (n=28) ranged from 0.03% to 2.18% with a

mean of 1.08% (SD=0.42%).

Saturation plots of transitions/transversions against pairwise nucleotide distance in

mitochondrial third codon positions (Figure4.2a), revealed that transitions between

species in which nucleotide differences were greater than 140 were approaching or had

exceeded the expected saturation level (Holmquist 1983). Taxa in this category

included all outgroup species indicating that homoplasy could mask the signal when

assessing phylogenetic relationships between ingroup and outgroup taxa as well as

among outgroup taxa. Transitions in the mitochondrial genes between all pairs of

ingroup taxa increased linearly with nucleotide distance and showed no signs of

saturation (Figure 4.2a). No tendency towards an asymptote was detected in the EF1-

alpha saturation plot although a few very closely related ingroup taxa showed an excess

of transversions at third codon positions (Figure 4.2b).
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Figure 4.2 Saturation plots of transitions (Ti) over transversions (Tv) in third codon positions
against unweighted nucleotide differences. Lower asymptote shows the Ti/Tv values expected
at saturation (Holmquist 1983). Species lacking any differences due to transversions are not
included. Ingroup comparisons shown as squares, comparisons involving outgroups are
indicated by triangles.
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4.3.2 Phylogenetic data

Parsimony searches on both gene datasets produced the strict consensus trees shown in

Figure 4.3. Mitochondrial data resolved most nodes across the phylogeny except those

among outgroups, and among taxa in the derivedinous-icilius groups (Figure 4.3a). EF

1 alpha data was unable to resolve ingrouptaxa but recovered all the deeper nodes as

expected (Figure 4.3b).

Figure 4.3 Strict consensus Parsimony tree forJalmenusmitochondrial (a) and nuclear genes
(b). All characters unweighted, unordered, 100 random sequence additions, and TBR branch
swapping. EF1-alpha analysis restricted to 100,000 rearrangements for each sequence addition.
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A parsimony search of the unordered, unweighted concatenated dataset for all available

taxa recovered 20 equally parsimonious trees (length=2790, CI=0.855, RC=0.591,

RI=0.691). The strict consensus of these trees is presented in Figure 4.4a. All three

Bayesian analyses (at different temperature settings) converged on an identical topology

with little difference in posterior support values. The topology produced at sampling

temperature of 0.4 is shown in Figure 4.4b. Apart from minor rearrangements among

terminal taxa, the relationships between theevagoras-eubulusclade and theictinus-

lithochroa-eichhorniclade were a point of disagreement between the parsimony and

Bayesian trees; however, support values for either position were low. An ML

phylogram is presented in Figure 4.5, which is essentially the same as the parsimony

tree. This tree highlights the heterogeneous nature of character evolution between

ingroup and outgroup taxa, and the rapid and recent diversification of the genus

Jalmenus.

All trees recoveredJalmenusas monophyletic with 100% confidence, and the relative

positions of most ingroup taxa were well supported.J. ariduswas confirmed with high

support (N=/O(��
�
�
������3���������������� Jalmenuslineages. Theictinus� lithochroa

� eichhorniclade consistently grouped together under different algorithms with high

support under parsimony and Bayesian (N=<O(9������������
�������������*8�"AAO(���

The significance of this clade is discussed below.J. pseudictinuswas clearly separated,

under all topologies, from the morphologically indistinguishable but ecologically

distinctJ. ictinusalthough their genealogicalrelationships were equivocal.
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Figure 4.4 JalmenusParsimony and Bayesian trees based on concatenated mitochondrial and
nuclear DNA. (a) strict consensus of ~200 most parsimonious PAUPRat trees (pct=10, 15 and
20) with all characters unordered and unweighted (length 2790, CI=0.855, RI=0.691,
RC=0.591). Bootstrap values determined from 1000 replicates, indicated above branches,
Bremer decay indices shown below. (b) Bayesian likelihood tree (unlinked partition models:
COI-COII = GTR+I+G; EF1-alpha = SIM+I+G) at sampling temperature of 0.4. Posterior
branch supports, shown above branches, estimated from the majority rule consensus of 9700
post-asymptotic trees.
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Figure 4.5 Maximum likelihood phylogram of the concatenated mitochondrial and nuclear
genes. Parameter settings were: GTR+I+G, alpha=0.9451, Pinvar=0.5896. Numbers indicate
bootstrap values >40% calculated from 1000 bootstrap replicates.
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Overall, resolution within theinous-iciliusclade was inconsistent and there was little or

no branch support (e.g. no Bremer decay values); however, the clade was repeatedly

resolved as monophyletic (N<DO(���4���������
�����
����� ���������������������������

inconsistencies. For example, there is only a single base difference in 3359 (0.03%)

between the speciesJ. inous notocrucifer(MW-95-Y079) andJ. icilius (MW-95-Y089);

two mutations (0.06%) between the twoJ. icilius specimens (MW-95-Y089 and MAT-

98-V767); two mutations betweenJ. icilius (MW-95-Y089) andJ. sp. nrinous(PWV-

01-W001); and seven mutations (0.21%) between subspeciesJ. inous inous(MW-95-

Y083) andJ. inous notocrucifer(MW-95-Y079). Specimens currently recognized asJ.

icilius from eastern NSW are genetically closer toJ. daemelifrom further north and as

such have been misidentified by earlier workers. These individuals may represent a

new taxon. Outgroup relationships were not consistent with expectations.Zesius

grouped closer toHypochrysops(Tribe Luciini) andOgyris(Tribe Ogyrini), while

Pseudalmenus, the supposed closest outgroup toJalmenus, consistently grouped closer

to Theclinesthes(in a different subfamily). The final exemplar tree chosen to represent

the phylogeny ofJalmenusis shown in Figure 4.6.J. inousandJ. icilius are not

included as distinct taxa since the phylogeny did not recover them as reciprocally

monophyletic. Two groups ofJ. ictinusare also shown and are discussed below.
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Figure 4.6 Exemplar phylogeny of all ingroup taxa based on majority consensus of all trees
estimated using COI-COII and EF1-alpha genes. Attendant ant species are overlaid on the
phylogeny; distribution of each species is shown on the adjoining map. Pairwise comparisons
of sister taxa ranges that were made are indicated by linked bars and each is identified by a
letter, which corresponds to those in Table 4.3. Numbers in the bar indicates the number of
forewing veins in males of each species, and the final column of letters indicates the host plants:
A &Acacia(Mimosaceae); F&Fabaceae; C&Caesalpinaceae; S&Sapindaceae; M&Myrtaceae.
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4.3.3 Tree symmetry

The whole-tree survey for diversification rate variation undertaken in SymmeTREE

found high levels of significant diversification rate variation among lineages in all seven

statistic�����
�
������������

������3 ���������	�)��������)�����
�"/<<>(� B1 index which

was marginally significant atP=0.046 without Bonferroni correction (Table 4.2).

SymmeTREE was unable to identify the nodes where significant diversification rate

shifts occurred. This situation can arise when diversification rates vary gradually across

the tree, so that rate shifts are not concentrated on one or a few branches (Mooreet al.

2004). However, the most likely explanation fornon-significant diversification rate

variation at all nodes is type II error due to the small number of taxa in the phylogeny.

The power to locate significant diversification rate shifts in trees with less than 30 taxa

is quite small (B. Moore pers. comm.).

Table 4.2 Probability values for the whole-tree tests of diversification rate variation in
SymmeTREE.
Statistic Ic M� * M� M� * M� B1

0.025 frequentile Tail Pr 0.013 0.013 0.016 0.019 0.019 0.046

0.975 frequentile Tail Pr 0.013 0.013 0.016 0.019 0.019 0.046

4.3.4 Comparative life history and morphological analyses

Ecological and life history traits of the 12Jalmenusspecies were investigated in the

context of the simplified phylogeny (Figure 4.6). Traits for each species, including the

associate ant, biogeographic distribution, male wing venation, and host plant data are

mapped on the tree as an introduction to discussions of character evolution. Three

discrete tending-ant character statesare recognized: (1) association withFroggattella

kirbii , (2) association with small blackIridomyrmexspecies (3) association with the

morphologically and ecologically distinctI. purpureusgroup. PTP tests revealed that

Jalmenusspecies associating with theI. purpureusgroup of ants, and those withF.

kirbii were distributed in a non-random manner (P= 0.001), and wing venation

characters were also phylogenetically constrained (P=0.001).

Pairwise comparisons of range overlap proportions and tending ant character states

(Table 4.3) upheld the predictions that allopatric or small range overlaps would

correspond with species that were tended by similar ants; and conversely, high levels of

range overlap would coincide with a shift in ant associate. No comparison was made

betweenJ. icilius andJ. inoussince their specific status was not supported by the

phylogeny.
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4.3.5 Molecular clock analysis

The combined dataset and the COI dataset were not found to be significantly different

from a dataset evolving in a clock-like manner (Table 4.4). Thus divergence rates

applied to the uncorrected maximum sequence divergence in the COI gene across all

ingroup taxa (2.31%) recovered the age of diversification ofJalmenusat 1.2&1.8 MY.

The genus has diversified and radiated since the late Pliocene or early Pleistocene.

Table 4.4 Likelihood ratio tests for clock-like evolution in theJalmenusphylogeny.
Parameter Combined dataset COI gene
Score constrained 7768.4645 3596.3336
Score unconstrained 7737.31888 3577.9405
Difference 31.1456 18.3931
Degrees of freedom 28 28
Chi2 statistic 41.34 (atP=0.05) 41.34 (atP=0.05)
Significance n.s. (P>0.05) n.s. (P>0.05)

4.4 Discussion

4.4.1 Phylogeny/taxonomy

Independent and combined datasets, as well as analyses under different algorithms

recovered reasonably consistent topologies. Where there was disagreement, support

values were low, and importantly, none ofthe conflicts resulted in controversial

changes to topology. The consensus phylogeny derived from concatenated

mitochondrial and nucleargene sequences provides an informative description of the

evolution ofJalmenus, which can be distilled to three main points: (i) the genus

Jalmenusis monophyletic; (ii)J. aridusis the sister taxon to all of its congeners; and

(iii) the merging of tree topology with life history, distributional and morphological data

provides a basis for comparative analysis of evolutionary traits within the genus. The

phylogenetic analysis confirms the rapid and recent diversification of the genus

Jalmenusproposed by Pierce (1984) based on their ecology and behaviour.

Placement of outgroup as a point of reference was problematic. Based on

morphological evidence (Eliot 1973), the ideal outgroup toJalmenuswas the single

species of the genusPseudalmenus. JalmenusandPseudalmenusreside within the

same taxonomic section asZesius, so the monotypicZ. chrysomalluswas selected to

resolveJalmenusat the genus level. The fact thatJalmenusresolved as a distinct, self-
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contained clade confirmedits value as a monophyletic group; however, the excessively

long branches ofZesius,HypochrysopsandOgyris(relative toJalmenus), and the

consistent grouping of these three taxa (even under ML) raises questions about the

classification of Zesiini (sensu Eliot 1973). Multiple hits along branches could result in

an incorrect placement relative to the ingroup taxa (long branch attraction), thus it

would be necessary to sample additional taxa (Graybeal 1998) and sequence additional

slower evolving genes to resolve relationships at this higher level.

The single point of disagreement between the phylogeny presented here and that of

Pierce and Nash (1999) is the position ofJ. clementi. This new hypothesis results from

a reassessment of the taxonomic status of several putativeJ. clementiandJ. icilius

populations, in addition to a wider sampling regime.J. clementiwing morphology is

indistinguishable from some of the highly variableJ. icilius populations where its status

could only be confirmed by subtle differences in the male valva (see Peters 1970). The

position ofJ. clementiin the phylogeny presented here affirms the specific rank of this

taxon.

The grouping of multiple population samples, for the majority of species, into

monophyletic clades affirms the taxonomy of those species. There are two notable

exceptions however. TheJ. icilius � J. inousclade could not be resolved, and even

when groupings were evident, the taxa were interchangeable. One possible explanation

is that the markers chosen were not suitable at this taxonomic level; however, this is

unlikely since the markers were informative for all other taxa. It is more likely that the

two taxa are conspecific, and this is supported by morphological data, which are

discussed at greater length below. Furthermore, what is currently recognized asJ.

icilius from NSW in eastern Australia is likely to be a new cryptic species previously

unrecognized. It is almost indistinguishable morphologically fromJ. icilius but

genetically it is more consistent with a small isolated southern extension ofJ. daemeli.

The status of this taxon is to be the subject of future investigations.

The second group of taxa not fully resolved was theictinus-lithochroaclade, in

particular the relationshipsbetween northern and southernJ. ictinus. Several authors

have commented on the morphological differences between these latitudinal forms and

it has been suggested there may be more than one species involved, or a cline (e.g. Kerr
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and Macqueen 1967; Lane 1979; Braby 2000). The Felder brothers (Felder and Felder

1865) recognized specimens collectedfrom Sydney as a distinct species,Austromyrina

[Jalmenus] schraderi, and since the type locality forJ. ictinusis Brisbane, there is some

justification for the reinstatement of������	
���
 �	���
���������	���
����5�����
�"/<AD(�

erected two subspecieskooronyaandpenunga(both from near Sydney) based on

differences in larval colouration and behaviour, but the status of these is doubtful

(Common and Waterhouse 1981). The limited intraspecific genetic data presented here

suggests a cryptic species complex, and also highlights the close relationship betweenJ.

ictinusandJ. lithochroa, even though the taxa are quite distinct morphologically.

The positions of twelve veined species ofJalmenusin the phylogeny presented here

(Fig. 4.6) suggest that the character state isderived rather than plesiomorphic, as was

suggested by Waterhouse and Lyell (1914). While the PTP test found that differences

in wing venation were phylogenetically constrained, this could be an artefact of low

bootstrap support at nodes separatingJ. pseudictinusfrom J. ictinusandJ. lithochroa

within their clade. On the other hand, it could indicate a character state that was gained

and subsequently lost by one taxon. It is more likely, however, that the presence or

absence of the additional (twelfth) vein is a labile trait since it is found to a greater or

lesser degree in mostJalmenusspecies.

4.4.2 Ant association and diversification

Of particular interest is the phylogenetically constrained ant association displayed by

species within theeichhorni-lithochroa-ictinusclade. All associate with theI.

purpureus��������	������- ���
����#��
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distinct, in comparison with those tending otherJalmenusspecies. Hence this clade

gives a clear indication of diversification along tending ant lines (i.e. escape and

radiation). Association withF. kirbii appears twice in the phylogeny but is limited to a

single taxon in each case. While this ant is classified as a dominant species (Andersen

1992, 1995) it is not as pervasive locally asIridomyrmex, thus there may be fewer

opportunities forJalmenusto radiate with this ant. The fact thatJ. aridusassociates

with F. kirbii and is now only known from two small populations could indicate a

decline in long-term stability with this ant.
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Clearly,Jalmenusspecies are most frequently associated withIridomyrmexspecies

suggesting thatIridomyrmexassociation may be the ancestral condition. Conflicting

evidence from the basally derived taxon,J. aridusassociating withFroggattelladoes

not preclude an ancestralIridomyrmexassociation. In contrast to the explanation given

above, it is possible that extantJ. ariduscolonies are remnants of a senescent species

formerly associated withIridomyrmexin which only those that converted to a

Froggattellaassociation have survived; particularly if they were competing for

resources with the sympatric and very successfulIridomyrmextendedJ. icilius/J. inous

group. A similar tending-ant shift fromIridomyrmexto Froggattellaoccurs between

theJ. daemeliclade and its daughter taxonJ. pseudictinus. Furthermore, N. Pierce (in

Eastwood and Fraser 1999) recordedFroggattellatendingJ. daemeliunder laboratory

conditions; thus, under certain ecological conditions it may be relatively easy to make a

shift from Iridomyrmexto Froggattella.

At the deepest level, the putative outgroupPseudalmenus chlorindaassociates

exclusively withAnonychomyrmaants (Eastwood and Fraser 1999) whose distribution

is restricted to eastern and southern coastal areas particularly in moist woodlands and

rainforest (Shattuck 1999). A shift toIridomyrmexants could have facilitated an

expansion ofJalmenusthroughout the vast arid and semi-arid interior where

Iridomyrmexhave a wide distribution (Shattuck 1999).

4.4.3 Comparative analysis of range overlap

Pairwise testing of range overlap and ant character states upheld the prediction that

speciation events among butterflies that associate with ecologically different ants

exhibit significantly more range overlap than comparisons where sister taxa associate

with similar ant species. Thus, the results from this analysis suggest that shifts to

ecologically different ant species and subsequent diversification could occur in

sympatry. In fact it is known that attendant-ant shifts do occur in sympatry since there

are records of radical ant associations inJalmenuspopulations (Eastwood and Fraser

1999; Pierce and Elgar 1999), particularly during times of population expansion. These

associations do not normally persist; however, an ant shift could persist in sympatry if

divergence in ant preference had a pleiotropic effect on reproductive isolation (Funk

1998), or if specific characteristics of the novel association facilitated a significant

isolating influence on gene flow. Furthermore, a shift to a novel attendant-ant may
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release a butterfly subpopulation from larval parasitoids that use specific ants to locate

their hosts. Such enemy-free space could help to maintain a novel ant association as

long as the subpopulation size was not so small as to cause inbreeding depression, thus

favouring outcrossing.

There are several behavioural and chemical attributes of butterfly-ant associations that

could help to maintain the integrity of a novel association once a shift in attendant ant is

made. For example, it is known that male and femaleJalmenusspecies respond to ant

volatiles (Fraser and Hofferberth 2004), and thatJalmenusand other myrmecophilous

species use ants as oviposition cues (Atsatt 1981a,b; Henning 1983; Pierce and Elgar

1985; Fiedler and Maschwitz 1989; Fraseret al.2002). Males too use ants as cues to

locate conspecific females (Elgar and Pierce 1988) so a shift in attendant ants would

cause changes in these behavioural traits. It has been shown that when a trait

determining habitat preference is under divergent selection, reproductive isolation may

be induced if adults preferentially mate in their habitat (Kaneko and Yomo 2000;

Johannesson 2001). This is the case for many lycaenid species includingJalmenus

(Pierce and Nash 1999) as well as forEuphilotessp., (Pratt 1994),Mitoura spp., (Nice

and Shapiro 2001) andLycaeidesspp., (Nice and Shapiro 1999; Niceet al.2002) where

mating takes place on the hostplant (inhabited by the appropriate ant). Variation in

oviposition preference and larval performance on alternative hosts can also contribute to

reproductive isolation among conspecific lycaenids associating with different host

plants (Forister 2004); and this is likely to be true of variation in attendant ants, if it is

assumed that attendant ant integrity is analogous to host-plant integrity. Attendant ants

are also known to drive off adult butterflies (Ballmer 2003) or kill butterfly larvae

")��
�������-�;�����/<=/��%��
���/< 97) that they are not normally associated with (i.e.

those that do not possess the appropriate synomone). So if an attendant ant shift is

made, the synergistic effect of multiple discriminative traits could significantly reduce

gene flow between sympatric eco-morphs tosuch a low level that positive assortative

mating might ultimately lead to sympatric speciation (e.g. Rice and Salt 1990; Korolet

al. 2000; Kaneko and Yomo 2000). The efficacy of these traits and other behavioural

characteristics as mechanisms for inhibiting gene flow in sympatry remains untested.

While it is significant that in all cases the relative proportion of range overlap was

predicted by tending ant variables, it can be seen from the order of inferences in Table

4.2 that there is a trend for allopatric speciation to be inferred among derived taxa, while
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sympatric speciation is inferred more frequently at deeper divergences. This trend may

be simply an artefact of the random modes of diversification across the phylogeny, and

it is important to note that even the deeper nodes are relatively recent since molecular

clock dating of theJalmenusphylogeny indicates that diversification took place in the

Pleistocene. However, there is an alternative and very plausible explanation. It is

known that the Pleistocene period was characterized by several climatic oscillations of

glacial and interglacial periods that caused vegetation patterns to undergo alternating

periods of expansion and contraction (Singh 1981; Keast 1981; Bowler 1982; Coope

1994; Elias 1994) (see Figure 4.7). Pleistocene climatic oscillations are known to have

influenced diversification in a range of Australian taxa (Schneider and Moritz 1999;

Chinn and Gemmell 2004; Chappleet al. 2005; Kuchet al. 2005), so it is likely that

diversification ofJalmenuswas similarly influenced by alternating periods of

population expansion followed by fragmentation (see also Bowler 1982; Cracraft 1991;

Markgrafet al.1995; Veithet al. 2003; Drovetski 2003). The frequency of climatic

oscillations was relatively short, spanning upto 350,000 years in the early Pleistocene

but later oscillations occurred at a frequency of around 100,000 years (Zagwijn 1975;

Paillard 1998; Adamset al. 1999), which is unlikely to be long enough for speciation.

Thus, secondary contact of previously fragmented sister populations would probably

result in homogenisation of the lineages (Coope 1994), or extinction of one lineage by

swamping of one population's gene pool by the genes of the other (Paterson 1985). This

would preferentially occur with butterflypopulations that associated with the same ant

species because their similar ecologies would not present a barrier to gene flow.

Populations that had shifted to a significantly different ant species, however, may not be

homogenized with source populations on secondary contact if behavioural traits specific

to the novel association acted to segregate the taxa. The behavioural and chemical

(synomone) changes that have been suggested to influence diversification in sympatry

are more likely to become fixed in allopatric populations and could precede

morphological or genetic changes (West-Eberhard 1989; M üller and Wagner 1991).

Thus, reproductive isolation resulting from rapidly evolving changes in allopatry could

maintain the integrity of recently divergedpopulations in secondary contact. Under this

scenario, signals of diversification consistent with allopatric speciation (i.e., allopatric

sister taxa associating with the same ant) would be more common among the recently

diverged taxa, since allopatry is a more common mode of diversification. At deeper

nodes, signals of diversification coincident with tending-ant shifts would tend to
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accumulate because most of the older signals of allopatric diversification would be

obliterated by secondary contact. This is exactly what is seen in theJalmenus

phylogeny. Furthermore, higher rates of extinction in older lineages should result in an

asymmetric phylogeny conversely showing a signal of increased rates of diversification

in derived taxa. This was partly supported by the SymmeTREE analysis, which did

reveal significant diversification rate shifts across the phylogeny, but because of the

small number of taxa in the phylogeny, was unable to identify where the shifts took

place.

Lack of resolution with mixed phenotypes and haplotypes in the terminal taxa,J. icilius

andJ. inous, is also consistent with recently diverged taxa associating with the same ant

in secondary contact. The earth is currently inthe midst of an interglacial cycle (Adams

et al. 1999) with higher levels of precipitation and expanding patterns of vegetation.

Thus, it is not surprising to find evidence of butterfly range expansion or secondary

contact, particularly among taxa in the arid regions of Australia. It is possible that the

icilius-inousgroup has undergone a complex history whereJ. inoushas been isolated in

the south-western corner of Western Australia and disjunctJ. icilius populations have

been isolated in scattered locations acrossa much broader area. This may have resulted

in distinct regionalized forms evolving in addition to typicalinousandicilius (e.g.,

parvus, Burns 1951;notocrucifer, Johnsonet al.1992; and the Shark Bay form,

Johnson and Valentine 2004). More recently, some of these populations may have

come into secondary contact, but since they all associate with similarIridomyrmexants,

the butterflies have interbred resulting in mixed haplotype and phenotype hybrids as

well as populations where discrete or variable polymorphism occurs (e.g., Mundaring

Weir, Watheroo, and Wanneroo).



82

Figure 4.7 Relative timelines of vegetation cover, precipitation levels andJalmenusspeciation

in Australia, redrawn from Zagwijn (1975), Bowler (1982) and Knoxet al. (1995). Phylogeny

is drawn to the same time scale.

4.4.4 Hostplants

If range and availability of host plants had shaped the evolution of associated

Lycaenidae, we might expect some pattern of cospeciation or specificity between

lycaenids and their host plants. The dominant host plants for species ofJalmenusare

legumes (Figure 4.6), particularly species ofAcacia(Mimosaceae).Acaciais almost

certainly the ancestral host plant, based on its permeation throughout the entire

phylogeny as well as being the sole host plant for the putative outgroupPseudalmenus.

Host additions appear to be opportunistic since they are restricted to local plant species
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given the close association betweenJalmenusand their ant partners. Studies have

shown that obligate ant association relaxes the strict requirements of host plants (Pierce

and Elgar 1985; Valentine and Johnson 1988, 1989; Fiedler 1994); however, the

unstable host plant association inJ. aridus(the two known populations occur on

different plant species) may further underline the precarious status of this species.

Associations betweenJalmenusand their host plants are much less closely correlated

with the phylogeny inferred here than the ant associations discussed above.
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4.5 Conclusions

Phylogenetic analysis recovered the myrmecophilous butterfly genus,Jalmenus, as a

monophyletic group, but there remains some doubt as to the nearest outgroup and to the

status ofJalmenusin the tribe Zesiini. Species integrity was upheld for most taxa,

including some cryptic species, with the exception of theJ. icilius � J. inousgroup,

which appears to be a complex of disjunct morphologically divergent populations, some

of which are in secondary contact. What is currently recognized asJ. icilius in eastern

NSW appears to be a cryptic species genetically closer toJ. daemelibut with few

morphological features to distinguish it from westernJ. icilius. An additional cryptic

species may be present in geographically discreteJ. ictinuspopulations. The prediction

that sister species ranges should broadly overlap when a shift in ant associate had taken

place was upheld in all cases. However, while this correlation may be explained by

sympatric speciation, overall patterns of range overlap among sister taxa in the

phylogeny are better explained by diversification in allopatry followed by secondary

contact. It is more likely that ant shifts occurred during butterfly population expansions

as a result of vegetation and climate changes in the Pleistocene. Subsequent

fragmentation of populations associating with novel ants could promote rapid ecological

and behavioural changes resulting in reproductive isolation of conspecifics when in

secondary contact. In contrast, secondary contact of populations associating with the

same ant species would result in homogenisation of the two lineages. Clearly, attendant

ants have played an important part in the diversification process ofJalmenusspecies

and in the maintenance of species integrity.
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CHAPTER 5

5.0 T. ALBOCINCTA AND T. HESPERIA PHYLOGEOGRAPHY IN ARID AUSTRALIA

5.1 Introduction

5.1.1 Facultative myrmecophiles

Facultative myrmecophilous lycaenids typically associate with a variety of

morphologically disparate ant speciesacross several subfamilies (Fiedler 1991;

Eastwood and Fraser 1999). Thus it is unlikely that the addition of another ant to their

repertory would have any effect on diversification. Lack of specificity for attendant

ants, however, is often offset by other constraining ecological factors. For example,

obligate myrmecophiles typically associate with multiple host plants, sometimes across

several different families, whereas facultative ant-associated lycaenids tend to be host-

plant specific (Pierce and Elgar 1985; Valentine and Johnson 1988; 1989). While

changes in associated ants may influence diversification in obligately myrmecophilous

lycaenids, or act to maintain the integrity of divergent populations in secondary contact

(Chapter 4), then changes in host plants arelikely to influence diversification in

otherwise non-specialized facultative myrmecophiles. Evidence for host plant changes

coinciding with speciation in butterflies was classically illustrated by Ehrlich and Raven

(1964), and has been upheld by subsequent authors (Wahlberg 2001; Penz and DeVries

2002; Megenset al. 2005). Host plant changes can produce larval host races and

ultimately lead to diversification coincident with the novel host-plants (Nice and

Shapiro 2001; Malausaet al. 2005). However, whether such diversification takes place

in allopatry or sympatry is the subject of ongoing debate (Bush 1969; Drès and Mallet

2002; Federet al��2>>A(���%������
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���������� ������������������	�
�����������9�

genetic breaks in the population should coincide with the use of different host plants,

particularly when this occurs in sympatry or parapatry.

It was thought that the specialized breeding requirements of obligate myrmecophiles

should result in higher levels of genetic structure among populations; however, Chapter

3 found no evidence of such structure in the population analysis ofJalmenus evagoras.

No general expectations for population structure in facultative myrmecophiles have

been proposed although the less specialized requirements suggests they might be

distributed over wider areas, and may therefore exhibit low levels of genetic structure
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within and among subpopulations unless otherbiological or geographical barriers are

present.

5.1.2 Study system taxonomy

The genusTheclinesthescontains six species, all of which are found in mainland

Australia. The closely related sister speciesT. hesperia, comprising two subspecies,

was recognized as a distinct taxon by Sibatani and Grund (1978) based on

morphological and ecological characters.T. hesperia hesperiapossesses androchonia

or modified sex scales in the males, in common with the likely outgroup taxonT.

miskini(Sibatani and Grund 1978). They hypothesized thatT. hesperia hesperiawas

the ancestral taxon and thatT. albocinctaevolved later through an ancestor in common

with T. hesperia littoralis. All the species exhibit regional and seasonal variation in the

extent and shade of wing colours, particularlyT. albocincta, which is one of the most

variably coloured butterflies in the genus (see frontispiece). Several morphological

forms occur (detailed in the Methods section) but it is not known if these forms are

sibling species associated with different host plant varieties, or are a phenotypic

response to different environmental conditions. At least three mechanisms could

explain these different phenotypes:

1. A response to different environmental conditions. Butterflies are known to develop

different pigment patterns under different environmental conditions (Brakefieldet

al. 1998), or may alter life history parameters when conditions change (Nijhout &

Williams 1974). These environmental influences could be tested across an

environmental gradient. We would expect no correlation between haplotypes

(haploid genotypes) and morphological form if phenotypes varied under different

environmental conditions.

2. Host races associated with different hostplants. Evidence for the influence of host

plants on butterfly diversification was classically illustrated by Ehrlich & Raven

(1964), and has been upheld by subsequent authors (e.g. Janz & Nylin 1998). Shifts

in host plant preferences can produce larval host races and ultimately lead to

diversification coincident with the novel host-plants (Nice & Shapiro 2001). Host

races may be detected in a butterfly population as genetic discontinuities coinciding

with subpopulation preferences for different host plants.

3. A result of drift in isolation. This is perhaps the most common cause for

morphological differences among fragmented populations particularly when
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coupled with selection under differentenvironmental conditions (Mayr 1942).

Evidence for drift in isolation could beobserved in a secondary contact zone where

genetically discrete populations of morphologically distinct forms that had evolved

in allopatry were maintained (e.g., Hugheset al. 2001). However, populations

hybridizing in secondary contact may also show a breakdown of genetic barriers.

Theclinesthesspecies are difficult to separate on morphological characters; particularly

species in theonychacomplex, which includes the closely related sister-speciesT.

hesperiaandT. albocincta(Sibatani and Grund 1978). Sibatani and Grund (1978)

recognized that the dividing line between the species-subspecies continuum was an

artificial construct and in their revision of theT. onychacomplex they stated that the

purpose of naming holotypes (species and subspecies) was to fix reference points for

taxonomy that represented end points of largely continuous and highly variable

populations. Assigning subspecies status has long been a problematic area of modern

systematic theory since there is no generally accepted and easily applied criterion

(Wilson and Brown 1953; Mallet 1995). Therefore, a phylogeographic analysis of taxa

within theT. onychagroup would necessarily have to take these factors into

consideration when selecting species boundaries for population analysis; hence, this

single analysis spans two currently recognized species.

One difficulty with morphological characters for taxonomists is that they are not

necessarily determined by heritable genetic factors. Ecological variables such as

climate, habitat, nutrition, and stress can affect the phenotype in non-heritable ways; the

���

���0�������!��
�
��������1����� ������� �'�����9�����!��9���������
������

distinguish individuals, populations and species by revealing variation that reflects the

heritable differences between taxa in a phylogenetic framework. In addition, it can tell

us how long the taxonomic units have been apart. Molecular data may also conflict

with traditional species or subspecies designations due to a biological artifact of the

matriarchal phylogeny where specific patterns of maternal lineage survival following

the speciation process can result in some individuals being more closely related to

members of another species than to conspecifics (Tajima 1983; Aviseet al. 1987;

Harrison 1989; Avise 2000). Furthermore, gene genealogies reflect the evolutionary

history of the gene, which may not be the same as the evolutionary history of the whole

organism (Page and Holmes 1999). Species rank may only be warranted if the taxon is
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fully diagnosable in each of several discrete or continuously varying characters, which

include morphological, molecular, and/or biological features (Helbiget al. 2002).

5.1.3 Study system biology

The larvae of both butterfly species feed exclusively onAdrianaand their distribution is

likely to co-occur withAdrianathroughout most of its range with the possible exception

of eastern New South Wales (Grund 1996b).Adrianaor bitterbush is a salt tolerant arid

adapted plant that typically grows on desert sand dunes and in coastal fringes adjacent

to the desert. Only two species ofAdrianaare currently recognized but several

morphological varieties occur, mostly allopatrically, throughout the range of the genus

(Gross and Whalen 1996).Adrianaalso possesses nectary glands at the base of the

bracts, leaves and along laminar margins (Gross and Whalen 1996), which attract a

variety of nectar foraging ant species (Mackay and Whalen 1996, 1998). The presence

of ants provides some protection to the plant against a range of herbivores, particularly

during episodic infestations; however, theant-plant relationship is regarded as

facultative (Mackay and Whalen 1996, 1998). Not surprisingly, these are the same ants

found associated withTheclinesthesbutterfly larvae (see Appendix 5.1). Even though

T. albocinctaandT. hesperiapossess functioning dorsal nectary and dorsolateral

organs, there is no evidence that the ant-butterfly relationship is anything other than

casual (Grund 1996a; Eastwood and Fraser 1999).

T. albocinctaandT. hesperiaare among the few butterfly species that are adapted to the

desert environment. Their disjunct distribution includes all the arid region refugia and

spans several biogeographical barriers.They exhibit regionalized morphological

differences throughout their range and marked seasonal variation, thus they are ideal

subjects for phylogeographic analysis.

5.1.4 Desert phylogeography

Arid and semi-arid regions of Australia provide excellent opportunities to investigate

the influence of landscape and other variables on the genetic structure of populations.

Animal species in these regions are generally highly specialized, and while most higher-

level taxa remain underrepresented, some have undergone adaptive radiations. For

example, the super-abundant reptile fauna is characterized by adaptive radiations across

many genera (Pianka 1968; Cogger 2000; Chapple and Keogh 2004). In contrast, birds
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(Keast 1961; Ford 1987), freshwater fish (Unmack 2001) and mammals (Smithet al.

1994) are depauperate when compared with the high diversity areas of tropical and

temperate Australia. In the Insecta, few taxa have been able to adapt and diversify with

the exception of some cockroaches (Blattidae: Polyzosteriinae:Polyzosteriaand

Euzosteria), pie-dish beetles (Tenebrionidae:Coelometopinae: Heleini), and a few

wasps (Vespidae: Masarinae) (CSIRO 1991). Among the insects that are poorly

represented in arid regions are the diurnal Lepidoptera; however, a small number of

species have adapted to Australian deserts or adjacent refugia including some members

of the genusTheclinesthes.

Arid and semi-arid areas cover more than 70% of the continent (Nix 1981; Hesseet al.

2004) extending from west of the Great Dividing Range across to, and including, the

coastal areas of north-west and westernAustralia and most of South Australia. They

are characterized by high temperatures (mean January maximum > 35 ºC) and low

rainfall (< 600 mm PA) concomitant with generally sparse vegetation (Stern et al.

2000). Several biogeographical barriers and refugia, as well as areas of endemism have

been identified in and around the central arid region (Keast 1961; Ford 1987; Cracraft

1991; Crispet al. 2001) and most of these have remained in place during long phases of

aridity. The best-known area of endemism is the south western corner of Western

Australia, which experiences a Mediterranean climate with prolonged summer drought

and is regarded as one of the mega-diverse regions of the world (Government of

Western Australia 1992; Hopper et al. 1996; Myerset al. 2000).

Arid zones started forming in Australia atthe end of the Tertiary (Barlow 1994; Martin

1998), and from the beginning of the Pleistocene a central desert dominated the

Australian continent (Bowler 1982; Ford 1987). Major refugia on the desert periphery

and in the central uplands have remained in place during long phases of aridity (Keast

1961; Ford 1987). During the Pleistocene, a series of climatic oscillations of dry glacial

maxima alternating with humid interglacial periods influenced the distribution,

diversification and extinction of species byinducing cycles of range contractions and

isolation followed by expansions and secondary contact (Ford 1987; Hewitt 2000, 2004;

Crispet al. 2001; Chapter 4). The frequency of these climatic changes intensified

during the last 700,000 years (Bowler 1982; Martin 1998) with major oscillations at

approximately 100,000-year interfals and the peak of the last glacial aridity cycle about
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17,000 years ago. Today we are about mid way through an inter-glacial cycle (Adams

et al. 1999).

In recent years, studies of the effects of landscape and climate change on population

genetic structure (phylogeography) have resulted in a greater understanding of the

processes giving rise to extant distributions (Avise 2000). Importantly,

phylogeographic methods have provided a framework for testing alternative hypotheses

of dispersal and vicariance (Templetonet al. 1995; Templeton 1998; Ponniah and

Hughes 2004), and for identifying mechanisms of diversification (Warrenet al. 2003;

Cristescuet al. 2003; Chenoweth and Hughes 2003; Chapter 3). The majority of

phylogeographic studies in Australia, however, have focused on taxa along the mesic

east coast (e.g., Stuart-Foxet al. 2001; Schauble and Moritz 2001; Hugallet al. 2002;

Eastwood and Hughes 2003a; Nichollsand Austin 2005). Only a few studies have

examined the effects of cyclic climatic changes or the significance of biogeographical
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and Keogh 2004; Strasburg and Kearney 2005). Cyclic climatic changes impacted

severely on the flora and fauna of Central Australia causing expansions and contractions

of species ranges, as well as promoting extinctions and the emergence of new taxa

(Keast 1961; Ford 1986; Brabyet al. 2005). In arid Australia, widespread butterfly

populations that have expanded from widely separated refugia after periods of isolation

during Pleistocene climate changes might be expected to have high levels of genetic

structure among populations, and low heterozygosity within. On the other hand,

butterfly populations that have expanded andcontracted across widespread areas of

ephemeral habitat are likely to have had high levels of local extinctions followed by

population expansions from founding bottlenecks. This could result in low levels of

genetic structure among widespread populations as well as low levels of heterozygosity

(e.g. Neiet al. 1975).

5.1.5 Aims

The purpose of this study was to undertake a phylogeographic analysis of arid/semi-arid

adaptedTheclinesthesbutterflies to address the following questions:

� Are morphological differences among the broadly geographical forms a result of

drift in isolation, or are the phenotypesa response to different environmental

conditions? (The same question that was addressed in theJ. evagorasanalysis in
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Chapter 3)

� Is there evidence of host race formation?

� Has the population structure been shapedby Pleistocene climatic oscillations and/or

the ephemeral nature of suitable habitat in inland Australia?

� Is there evidence to support the hypothesis thatT. hesperiais the ancestral taxon?

� Which is the ancestral population and whatare the evolutionary relationships among

populations? Are morphological differences among the various forms a result of

evolution in isolation or are they phenological responses to different environmental

conditions?

� Is there evidence to support the taxonomic status ofT. albocinctaandT. hesperia?

5.2 Methods

5.2.1 Biology and ecology ofT. albocincta/hesperia

Based on butterfly collection records,T. albocinctahas a very broad but disjunct

distribution throughout mainland Australia (Braby 2000). In contrast,T. hesperiais

confined to coastal regions in the SW of Western Australia. Grund (1996b), however,

plotted a much more widespread and continuous distribution for both species using

dried herbaria specimens ofAdrianawith T. albocinctaandT. hesperia littoralis

eggshells attached (Fig. 5.1B). AdditionalT. albocinctapopulations discovered

recently by Johnson and Valentine (2004) in northwest Aust���������	������4�����
�

(1996b) earlier assessment that the species was likely to be more widespread than

collecting records would indicate.T. albocinctais known to have large episodic

emergences where hundreds of adults can be seen flying around the host plants (e.g.,

Williams and Tomlinson 1994; Grund 1998); and it is thought they can quickly

recolonize areas after fire or flood (Grund and Hunt 2001).
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Figure 5.1 Distribution ofAdriana��������
��
��"'(����� T. albocincta/T. hesperiapopulations
(B), reproduced from Grund (1996b) with amendments (R. Grund pers. comm.).

TheAdrianahost plants ofT. albocinctaandT. hesperiaare dioecious (separate male

and female plants). Eggs are laid singly on the plant, most commonly on the male

flower heads, where they are sometimes so common that they impart a fine speckled

appearance to the flower head (Grund and Sibatani 1975; Douglas and Braby 1992;

Grund 1996b). Larvae feed openly during the day as well as at night and eat all the

fleshy parts of the plant. They prefer the flowering heads of male plants where they eat

a small hole into the sides of the buds and gradually eat out the stamen contents, until
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the bud is reduced to an empty shell (R. Grund pers. comm.). Larvae of both species

occur in many colour forms, being some shade of green, pink, purple or brown, or a

combination thereof (Grund 2000); however, the frequency of colour morphs varies

across their range (Douglas and Braby 1992; Grund 2000). Larval colour usually

blends in with the portion of plant on which they are feeding, such as pink or purple if

they are eating the purple male flower heads, or green if they are eating leaves. In

captivity the colour can change during the life of the larva from purple to green or vice

versa (Grund 1996a). Larvae of both species are very similar. Final instarT. albocincta

usually have long anterior and posterior hairs and short lateral hairs, which are absent in

T. hesperia; and secondary setae inT. hesperiaare only half as long as those inT.

albocincta(Grund 2000).

Adults ofT. albocincta��������
�	�
�!��
����
������� ��	���������
9���������
����������� -

����������������������	�������
�"%�� ���/<=B��E������
�����#�����
���/<<C��E������
� et

al. 1996; Grund 1998), especially when females are scarce. Males attempt to set up

mini-territories on the food plants, from where they make frequent flying forays to

either fend off other males, or to visit adjacent food plant areas perhaps to look for

unfertilized females (R. Grundpers. comm.). They perch on twigs or bushes in these

territories, usually with opened wings. Females are normally seen flying near the food

plants where they are constantly searching for a place to lay eggs (R. Grund pers.

comm.). Adults fly most commonly from spring to autumn and are rarely seen during

winter (Grund and Sibatani 1975; Williams and Tomlinson 1994). Life cycles (egg to

adult) are completed in 3 - 6 weeks during summer, but in winter they can take 15

weeks to complete (Grund 2000).

Adult T. albocinctafrom coastal South Australia have variable areas of blue on the

upper sides of their wings, but the extent of blue scaling reduces rapidly in butterflies

found away from the coast or in the hot, dry interior. Underside colour can vary from

pale to dark grey, or yellowish or brownish,and the pattern may also be variable. The

inland form in the far north of South Australia and in the north west of Australia is

entirely devoid of blue colouration. Butterflies flying in winter are much darker on the

underside (sometimes black and white), presumably due to increased melanin levels in

the cooler months (Roland 1982; Guppy 1986), and in some populations the blue upper-

side colour is replaced by grey during winter. Sibatani and Grund (1978) divided adult
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T. albocinctainto four discrete colour forms; however, one of the forms was extremely

variable and was synonymized by Braby (2000) resulting in three regionally discrete

forms that also broadly coincided with local host plant preferences (Fig. 5.1). The

original description ofalbocinctaby Waterhouse (1903) was based on a single


��������"�	����/��&�)������������4�����/<B=�����
�����	�����& Braby 2000) from

central coastal Queensland. The inferred distribution of this form is coastal and near

coastal areas of Queensland to northeast New South Wales (Sibatani and Grund 1978;

Grund 1996b) whereA. tomentosaGaudich. var.tomentosa(previously var.glabrata)

occurs. In the hot inland dune areas in central and southern Australia and western

Victoria, as well as the far north-west of Australia, brown coloured adults (the variable

�	����2�������	����C��&�)������ ������4�����/<B=����������	�����& Braby 2000), feed on

A. tomentosavar.hookeri(F.Muell.) C.L.Gross and M.A.Whalen. In northwest and

west coast Western Australia this form feeds onA. tomentosaGaudich. var.tomentosa.

In coastal South Australia, blue colouredT. albocincta������
�"�	����J��& Sibatani and

4�����/<B=���
��������� ��
����	�����& Braby 2000) feed onA. quadripartita

(previously var.klotzschii). T. hesperia hesperiafrom coastal southwest Western

Australia has lilac-blue coloured (male) adults, morphologically similar toT. albocincta

adults, except they possess small elongate androchonia (male sex scales) in the

forewing. T. hesperia littoralisSibatani and Grund, from near Esperance, Western

Australia does not have androchonia andis darker than its conspecific. BothT.

hesperiasubspecies feed solely onAdriana quadripartita(Labill.) Muell. Arg.

(previously var.quadripartita). See Fig. 5.1A for h�
���������������
������
����������

5.2.2 Data collection

Tissue sampling ofT. albocinctaandT. hesperiapopulations was undertaken over

several years by Roger Grund and by several other people familiar with these taxa. As

a result, it was anticipated that sampled populations would include all the well-known

sites as well as some ephemeral range extensions. Additional dried material was

accessed from private and institutional collections to augment some otherwise under-

sampled sites and intermediate localities. As a result of the limited number of

specimens studied for some localities, specimens from sites that were only a few

kilometres apart were pooled. Locationsin which sample sites were pooled include

Perth, Eyre Peninsula, Kangaroo Island, Coorong, and Beachport (see Fig. 5.2 for

sampling sites and locality names).Adrianataxonomy follows Gross and Whalen
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(1996); butterfly taxonomy follows Sibatani and Grund (1978) and Braby (2000);

however, it was necessary to redefine theT. albocincta��	���
���������������

�
9���
���

on the most up-to-date information (Table5.1), to resolve the conflict between Braby

(2000) and Sibatani and Grund (1978). All other details of tissue preparation and

storage are given in Chapter 2.

Table 5.1 Morphology and distribution ofT. albocinctaandT. hesperiaadult forms
modified from Sibatani and Grund (1978) and Braby (2000) with additional information
provided by R. Grund, M. Williams, P. S. Valentine and S. Brown. All forms exhibit
strong seasonal variation in upperside and underside ground colours and in the extent of
markings. Only summer form males are described.

Form Description Distribution

Eastern
blue

Represented solely by the lectotype. Forewing
above pale blue with dark veins and clearly
marked dark forewing cell-end bar. Cilia
chequered grey-brown and white.

Central east
Queensland, inland but
east of the Great Divide

Southern
blue

Upperside above dark with variable extent of
pale greyish-blue scales varying from almost
absent with only traces at base to fully extended
to near apex on both wings. Clearly marked
brown bar at the end of the FW cell. Blue areas
extend maximally in coastal specimens but
reduce significantly towards the base in
specimens further inland. Cilia chequered grey-
brown and white.

Coastal South Australia
and Southern half of dry
inland from Eyre
Peninsula, Gawler
Range to western
Victoria.

Northern
brown

Upperside grey-brown to brown with a few pale
blue basal scales. Cilia chequered grey-brown
and white.

Central Australia and
coastal north-western
and western Australia
between Broome and
Shark Bay.

hesperia Upperside dark lilac-blue with narrow black
terminal band. Ciliabrown. Androchonia
present.

Within 2 km of the
south west coast of
Western Australia
between Bunbury and
Jurien.

littoralis Upperside pale dark brown with dull blue scales
on proximal 2/3 of caudal half of forewing and
proximal 3/4 of hindwing between M1 and
1A+2A. Cilia brown. No androchonia.

South-east coast of
Western Australia from
Esperance to Bremer
Bay.
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Figure 5.2 Sampling sites for allT. albocinctaandT. hesperiapopulations. Refugia are
delineated in green and named, faunal barriers as they existed at their peak are identified in
italics (from Keast 1961; Ford 1987).

5.2.3 Laboratory techniques

Refer to Chapter 2.

5.2.4 Data analysis

A simulated annealing procedure wasimplemented in SAMOVA 1.0 (Dupanloupet al.

2002) to investigate the spatial structure ofT. albocincta/T. hesperiapopulations and to

identify important barriers to gene flow. In contrast to other tests for genetic structure

(e.g., AMOVA) in which groups are defineda priori based on geographical or other

predefined criteria, SAMOVA determinesgroups of populations that are geographically

and genetically homogeneous and maximally differentiated from adjoining populations,

based only on genetic data (Dupanloupet al. 2002). This approach is ideal where no

obvious criterion exists for the definition of groups of populations. The simulated

annealing procedure in SAMOVA iteratively seeks the composition of a user-defined

number (K) of groups of geographically adjacent populations that maximizes the
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proportion of total genetic variance due todifferences among groups of populations

(� CT). The most likely composition and number of groups within the data set can be

identified from repeated analyses specifying the number of groups and then choosing

the population partitions that maximize the� CT value (Dupanloupet al. 2002). As a

consequence, SAMOVA also identifies genetic barriers between these groups of

populations. Repeated analyses were eachrun for 10,000 iterations and performed onK

user-defined groups ranging from two through 10. The number of starting conditions

for each run was set at 100, although settings from 10 to 400 gave similar results (see

Appendix 5.2 for SAMOVA input and output files).

An Analysis of Molecular Variance (AMOVA) was implemented in ARLEQUIN to test

whether some or all of several predeterminedfactors had a significant effect on genetic

variability. First, the data were partitioned by the two recognized species,T. albocincta

andT. hesperia; partitions were further subdivided into three taxonomic entities

coinciding with the subspeciesT. albocincta, T. h. hesperiaandT. h. littoralis. Data

�������
���������������
�	����� ��������������������	���
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�������
������������

be positively assigned to the forms described in Table 5.1 were included in the

����

�
(����������9��
�����	�����������
��
���	� Adrianahost plants utilized by the

populations sampled in this study&tomentosa, hookeri, klotzschiiandquadripartita.

Lastly, to test for the influence of geography on the genetic structure of populations the

data were partitioned into seven recognized biogeographical refugia (Central Ranges,

Kimberley, Hammersley, South-West, Eyre Peninsula, Mt Lofty and South-East), where

the species had been sampled (Fig. 5.2) (see Appendix 5.3 for AMOVA input and

output files).

A mismatch distribution for each of three geographically disjunct subpopulations was

implemented in ARLEQUIN as described in Chapter 2. These subpopulations are: a

northern group spanning the central desert region across to the west coast (also

identified as distinct in the first SAMOVA partition); a south-eastern group comprising

all remainingalbocinctapopulations; and a south-western group (hesperia). The sum

of squared differences (SSD) statistic wasused to compare the observed mismatch

distribution to that expected under a population expansion model. Significance of the

SSD was assessed by 10,000 parametric bootstrap resamplings (Schneider and

Excoffier 1999) implemented in ARLEQUIN.#�$����
�"/<=<(� D�����%��
�"/<<B(�Fs
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statistics were calculated in DnaSP as described in Chapter 2 (see Appendix 5.4 for

ARLEQUIN input file and DnaSP input file).

A Nested Clade Analysis (NCA) of all populations was implemented in GeoDis, and the

TMRCA and separation time betweenhesperiaandalbocinctapopulations was

estimated in MDIV. Both methodologies aredescribed in Chapter 2 (see Appendix 5.5

for GeoDis input and output files, and Appendix 5.6 for MDIV input file and details of

the TMRCA and population separation calculations).

5.3 Results

5.3.1 Genetic data

A total of 178 individuals was sequenced for this analysis; 34 specimens ofT. hesperia

from the southwest corner and 144T. albocinctafrom populations spread across most

of the range of the species (Fig. 5.3; Table 5.2). The only omission was the population

from eastern Australia, which is represented by very few specimens in collections, and

for which no suitable tissue samples could be obtained. Based on the most recent

information available, three morphological forms ofT. albocinctaare redefined in

Table 5.1, as well as the two forms ofT. hesperia. Fifteen haplotypes were identified.

'�����������
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�������������	 ��������
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�����
�
�����������������
������9�������

was only found in theT. hesperiapopulation at Esperance.T. hesperiapopulations in

general displayed greater genetic diversity thanT. albocinctapopulations. There was a

clear geographic bias inT. albocincta�������
�����
���������
9������������
����'��
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��  �������5�������������� inant in the remainder of coastal
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T. hesperiapopulation at Jurien. The only population where two colour forms were

present was in the Gawler Range where northern brown forms occurred with southern
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���7�����
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found in the Gawler Range and although half of the brown form adults coincided with

������
����'�9����������
��������3���"#�����A�2(�



99

Figure 5.3 Sampling locations forTheclinesthes albocinctaandT. hesperiapopulations.
)������
���
����������������
�������)�������������������
���������
�����
����������		�" T.
albocincta) and yellow (T. hesperia). Extended distribution ofT. albocinctaduring variable
periods of range expansion is outlined with a dotted line (based on host plant distribution and
eggshell records detailed in Fig. 5.1). Diagram on the right shows clade nesting arrangements
and relationships among the haplotypes; all are separated by single base mutations. Each
haplotype represents a 640-nucleotide fragment of the mitochondrial CO1 gene. Grey
haplotypes were not sampled.
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5.3.2 SAMOVA

A priori specification of partitions ranging from 1 to 10 in the SAMOVA analyses

resulted in a hierarchical series of population subdivisions tabulated in Table 5.3. The

primary subdivision into two groups did not recover an arrangement consistent with the

two major taxonomic divisions (species) in this analysis; nor did the subdivision into

three groups (subspecies). The first division that separated a population ofhesperia

occurred atK=4 when the population in Perth was partitioned. Bothhesperia

populations were not distinguished fromalbocinctauntil K=7. The largest genetic

discontinuity was identified between broadly homogenous populations spread across the

north, and those in the south, includinghesperiaandalbocincta. The position of the

population from the Simpson Desert was not consistently resolved probably due to its

small sample size (n=1) and its internalposition between two geographic groups of

haplotypes. SAMOVA analyses are set up to favour the grouping of broad scale

homogenous populations, which maximize� CT among groups while minimizing� SC

values. Thus the subdivision atK=3 separating the eastern populations containing the

����
������������
����%����
��������3� ��������?����������
����!�
���
����������� K

values become increasingly uninformative as individual sample sites are partitioned.
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Table 5.3 Composition of maximally differentiated populations determined by
SAMOVA with user-definedK number of partitions. Maximum� CT values and other
� statistics are shown. Significance level for allF statistics is <0.001.

�� ST � SC � CT

K Population groups

Within
�����

Among
������
within
groups

Among
groups

2 1 Alice Springs, Broome, Exmouth, Coral Bay
2 Simpson Desert, Jurien, Perth, Esperance, Gawler Ra.,

Eyre Peninsula, Yorke Peninsula, Kangaroo Is.,
Parham, Torrens Is., Coorong, Beechport, Lake
Hindmarsh, Ouyen

.8993
10.07%

.7857
36.89%

.5304
53.04%

3 1 Simpson Desert, Alice Springs, Broome, Exmouth,
Coral Bay

2 Jurien, Perth, Esperance, Gawler Ra., Eyre Peninsula,
Yorke Peninsula, Kangaroo Is., Parham

3 Torrens Is., Coorong, Beechport, Lake Hindmarsh,
Ouyen

.8800
12.00%

.6785
25.33%

.6267
62.67%

4 1 Simpson Desert, Alice Springs, Broome, Exmouth,
Coral Bay

2 Jurien, Esperance, Gawler Ra., Eyre Peninsula, Yorke
Peninsula, Kangaroo Is., Parham

3 Perth
4 Torrens Is., Coorong, Beechport, Lake Hindmarsh,

Ouyen

.8804
11.96%

.5564
15.00%

.7304
73.04%

5 1 Simpson Desert, Alice, Broome, Exmouth, Coral Bay
2 Eyre Peninsula, Kangaroo Is.
3 Perth
4 Torrens Is., Coorong, Beechport, Lake Hindmarsh,

Ouyen
5 Jurien, Esperance, Gawler Ra., Yorke Peninsula,

Parham

.8714
12.86%

.4288
9.65%

.7749
77.49%

6 1 Simpson Desert, Alice Springs, Broome, Exmouth,
Coral Bay

2 Esperance
3 Jurien, Gawler Ra., Yorke Peninsula, Parham
4 Torrens Is., Coorong, Beechport, Lake Hindmarsh,

Ouyen
5 Perth
6 Eyre Peninsula, Kangaroo Is.

.8670
13.30%

.3245
6.39%

.8030
80.30%

7 1 Simpson Desert, Alice Springs, Broome, Exmouth,
Coral Bay

2 Eyre Peninsula, Kangaroo Is.
3 Torrens Is., Coorong, Beechport, Lake Hindmarsh,

Ouyen
4 Esperance
5 Jurien
6 Perth
7 Gawler Ra., Yorke Peninsula, Parham

.8642
13.58%

.1912
3.21%

.8320
83.20%
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8 1 Alice Springs, Broome, Exmouth, Coral Bay
2 Yorke Peninsula, Parham
3 Jurien
4 Eyre Peninsula, Kangaroo Is.
5 Simpson Desert, Gawler Ra.
6 Perth
7 Torrens Is., Coorong, Beechport, Lake Hindmarsh,

Ouyen
8 Esperance

.8623
13.77%

-0.0327
-0.44%

.8666
86.66%

9 1 Alice Springs, Broome, Exmouth, Coral Bay
2 Perth
3 Eyre Peninsula, Kangaroo Is.
4 Simpson Desert
5 Jurien
6 Yorke Peninsula, Parham
7 Torrens Is., Coorong, Beechport, Lake Hindmarsh,

Ouyen
8 Esperance
9 Gawler Ra.

.8623
13.77%

-0.0717
-0.92%

.8715
87.15%

10 1 Eyre Peninsula, Kangaroo Is.
2 Simpson Desert
3 Jurien
4 Alice Springs, Broome, Exmouth, Coral Bay
5 Perth
6 Esperance
7 Lake Hindmarsh
8 Torrens Is., Coorong, Beechport, Ouyen
9 Yorke Peninsula, Parham
10 Gawler Ra.

.8607
13.94%

-0.0621
-0.81%

.8688
86.88%

5.3.3 AMOVA

AMOVA results shown in Table 5.4 indicate that significant levels of genetic

partitioning amongT. albocincta/hesperiapopulations can be explained by geography

(biogeographical refugia), morphology and/or host plants. The strongest predictor was

�������������������������	���
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Partitioning the data among the seven refugia explained 34.1% of genetic variability,
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by taxonomy (species and subspecies) accounted for approximately 9% and 1% of

genetic variation respectively, and was not significant. Clearly, the regionalized

distribution of adult colour forms and host plants are not independent since they are

themselves correlated with geography (see Figs. 5.1, 5.2), and thus geography would

account for a significant proportion of molecular variance in all groupings.
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Table 5.4 Nested AMOVA results forT. albocincta/T. hesperiaCOI haplotypes
partitioned by refugia, host plants, taxonomy and colour form.

Partition d.f. % Variation �� -statistics P
1 Refugia
Among refugia 6 34.11 � CT=0.341 <0.002
Among sites within refugia 11 51.35 � SC=0.779 <0.001
Within sites 160 14.54 � ST=0.855 <0.001

2 Host plants
Among plant species 3 28.77 � CT=0.288 <0.003
Among subpopulations within

host plant species 14 57.08 � SC=0.801 <0.001
Within sites 160 14.15 � ST=0.859 <0.001

3 Subspecies
Among subspecies 2 1.01 � CT=0.010 <0.410
Among subpopulations within

butterfly subspecies 15 83.84 � SC=0.847 <0.001
Within sites 160 15.16 � ST=0.848 <0.001

4 Species
Between species 1 8.92 � CT=0.089 <0.172
Among subpopulations within

butterfly species 16 76.73 � SC=0.842 <0.001
Within sites 160 14.35 � ST=0.857 <0.001

5 Colour form
Among colour forms 3 38.90 � CT=0.389 <0.003
Among subpopulations within

colour forms 11 43.96 � SC=0.720 <0.001
Within sites 84 17.14 � ST=0.829 <0.001

5.3.4 Mismatch distribution

None of the three geographically clustered subpopulations which were chosen for

demographic analysis, differed from that expected under the sudden expansion model

(all SSD and Raggedness statistics were non significant&Table 5.5); however, the

�
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�
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�#�$����
� D�����%��
�F s was not violated

for two of the three subpopulations analysed (Table 5.5). Tajima�
� D�����%��
�F s were

both significantly negative in the northernpopulations consistent with a population that

has expanded after a bottleneck. The shapesof the mismatch distributions were quite

different reflecting differences in their demographic history (Fig. 5.4). The population

in the southwest corner (hesperia) showed a much older expansion event as indicated

by the crest of the model frequency distribution being furthest away from the Y-axis

(Rogers and Harpending 1992; Rayet al.2003) (Fig. 5.4C). Widespread populations in



110

the north of Australia, where the wave front shown in Fig. 5.4A is steep and has a high

Y-axis intercept, are consistent with a recent population expansion. TMRCA for the

two taxa was estimated at 367,000&537,000 years, while timing of the separation for

albocinctaandhesperiapopulations was estimated at 86,000&124,000 years ago.

Table 5.5 Statistical results of the mismatch distribution and tests for neutrality
RegionTest

albocincta(north) albocincta(south) hesperia
Sample size n=38 n=106 n=34
Sum of squared
differences

SSD=0.0003,P=0.350 SSD=0.043,P=0.110 SSD=0.002,P=0.870

Raggedness r=0.559,P=0.730 r=0.130,P=0.230 r=0.010,P=0.970
Fu (1997) Fs=-2.497,P=0.041 Fs=2.091,P=0.841 Fs=-1.317,P=0.257
Tajima (1989) D=-1.581,P=0.040 D=1.278,P=0.912 D=-0.418,P=0.378

Figure 5.4 Mismatch distributions forT. hesperiaand twoT. albocinctasubpopulations.
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5.3.5 Nested Clade Analysis (NCA)

The haplotype nesting arrangement for NCA recovered six one-step clades in a star

shaped arrangement (Fig. 5.3); however, significant geographic associations were found

in only two clades plus the total cladogram (Table 5.6). The demographics of clade 1-2,

�����������������
��
�� �� �����5�����������������'�� laide area, inland at the Gawler

Range, offshore on Kangaroo Island, and two individuals from Perth was consistent

with restricted gene flow and isolation by distance. Clade 1-3 containing five

������
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�"�%�9����9��7�9��P�9������4�(�
�������!���
�!�����biogeographical refugia was

interpreted as past fragmentation and/or long distance gene flow. Long distance gene
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in contrast with the significantly smallDc andDn distances of the closely related
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range expansion. This was driven by the significantly smallDc of the interior clade 1-3

and even though all theDn values were larger than theDc values, only clades 1-5 and

1-6 were significant (Table 5.6).
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5.4 Discussion

5.4.1 Distribution

Although there may have been an historical anthropogenic component to the

distribution of adult collection records, the ranges shown in Figure 5.3 based on
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revision ofAdrianais likely to be a reasonable approximation of the distribution ofT.

albocinctaandT. hesperia, including ephemeral ranges during stochastic seasonal

population expansions. It is surprising that although there is a wide distribution of

Adrianain the eastern states, there are very few records of the butterfly. More mesic

environmental conditions could be a limiting factor to their distribution, or alternatively,

it may have gone unrecognized in the field and in collections, being confused with one

of the morphologically similarTheclinesthesspecies such asT. serpentataor T. miskini

(Grund 1996b).

5.4.2 Host races

The AMOVA found that host plant preferences could explain a significant 28.8% of
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9�����!��9� ����
��������������
���������������
��
��

are intimately tied to geography (Fig. 5.1), and geography (refugia) accounts for a

significant proportion (34.1%) of genetic variation. Thus, there is no convincing

evidence of host race formation. Furthermore,host plant specificity appears to be labile

within theAdrianacomplex since almost all regional butterfly forms have readily

transferred from their natal hos���������������
������� A. klotzschii(Grund 2000; R.

Grund pers. comm.). It is clear thatT. albocinctaandT. hesperiaare specialists on

Adriana, since no other host plant associations have been recorded, and this may have

facilitated their diversification. All otherTheclinesthesspecialize on plants from

different families, including the putative outgroup,T. miskini, which feeds mainly on

Acacia(Mimosaceae) but occasionally will feed on Fabaceae, Sapindaceae or

Myrtaceae (Braby 2000). The extent to which host plants may have influenced

diversification in the genus will be investigated in Chapter 6.

5.4.3 Historical phylogeography and Pleistocene climate changes

Three major groups of haplotypes were detected (northern, south-western, and south-

eastern) and these possibly represent three separate populations during the last glacial
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maximum. T. hesperiapopulations in the south-west corner are likely to be ancestral

because they possess the most interior (oldest) haplotype (I), and genetic diversity is

greater than in all other populations combined, thus supporting the contention of

Sibatani and Grund (1978). All other derivedpopulations are likely to have diversified

from the south-west via the broad coastal plain that extended south of the present day

Nullarbor cliffs between south-western Australia and the Eyre Peninsula during a

eustatic low (Parsons 1970; Nelson 1981; Ford 1987). After connecting along the

coastal plain and establishing in the Eyrean refugium (Gawler Range), rising sea levels

during the interglacial would have fragmented the eastern and western populations, but

at the same time, warmer and wetter conditions would have facilitated expansion and

dispersal of south-eastern populations into new areas. The coastal Nullarbor plain was

only open during periods of glacial maxima when sea levels were up to 120 m lower

than at present (Voris 2000); however, timing of these eustatic lows is out of phase with

other suitable environmental conditions, which are more favourable during interglacials.

Thus, dispersal via this route may have been possible only on a single or limited number

of occasions.

The TMRCA for all populations was estimated at between 367-537 kya, which

coincides roughly with the last especially warm interglacial (known as MIS 11) that

extended from 362-423 kya (Howard 1997). The founding population may have

reached the south-west corner during this period and thereafter been isolated due to less

intense interglacials. During the late Pleistocene, dominant interglacials cycled on a

100 ky frequency with the last (and next most intense since MIS 11) peaking rapidly at

around 120 kya (Howard 1997; Paillard 1998). Rapidly rising sea levels immediately

prior to this time would have closed the Nullarbor corridor, thus the estimated

separation ofalbocinctaandhesperiapopulations at 86-124 kya fits with expectations,

especially considering the timing of butterfly population isolation would be

underestimated because the assumption of no population subdivision was clearly

violated. Population subdivision can reduce the number of mutations accumulating

particularly when one or both subpopulationsare forced through a bottleneck (Church

and Taylor 2002), as is the case with northernT. albocincta, thus reducing the time to

coalescence.

Support for the Eyrean Refugium (Gawler Range) population being a staging point for

subsequent expansion is found in the genetic diversity of the population, which includes
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all five widespreadT. albocinctahaplotypes. However, it is also possible that the

���
������	�������
����'���������4������:� �����
�����
�����	�
�������
��������������

northern populations. This was the only population where northern brown forms were

found flying together with the southern coastal form. Since some of the haplotypes

were not true to colour form (Table 5.2), it is also likely that the two forms are

interbreeding. Examination of nuclearloci in the Gawler Range population could

resolve this question. Northern brown forms may have reached the Gawler Range in

recent times (during the current interglacial) by tracking from the north-west via the

spring at Ooldea (see Fig. 5.3). It is unlikely this will be confirmed, however, due to the

widespread clearing of native vegetation throughout much of South Australia in the past

140 years (Meinig 1962; Kraehenbuehl 1996(���7�����
����%�9���
�����
�����������

Gawler Range population, is found in populations much further to the east but not

present in intervening locations, thus its presence in the Gawler Range population is

likely to be due to retention of ancestral haplotypes rather than secondary contact.

A contiguous range expansion of several populations away from the widespread central

clade 1-3 was inferred by the NCA. The significantly largeDn of clade 1-6 (Fig. 5.3,

Table 5.6) suggests this population expanded north to the Central Ranges and this is
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populations subsequently expanded across tothe Kimberley Ranges and down to the

Hammersley. Minimal genetic diversity in and among northern populations spanning

the enormous distance from central Australiaacross to the west coast is consistent with

a recent and sudden range expansion (or a selective sweep) following a bottleneck and

���
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����������
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����	������
�������!��#�$����
� D�����%��
� Fs statistics. Since

south-eastern and northern populations both diversified after radiating from the south-

west, it is parsimonious to assume that this occurred during the same set of suitable

environmental conditions. Haplotype diversity of the south-eastern and northern group

haplotype networks is identical, but the observed heterozygosity is greater in the south-

eastern group. This is contrary to expectations; since northern populations extend over

an area three times larger than south-easternpopulations it is reasonable to assume that

their population size should be greater, hence they should contain greater genetic

diversity. If both subpopulations are of similar age, then different forces acting in

different regions must be influencing theirpopulation genetic structure. For example,
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low heterozygosity in northern populationscould be a consequence of their ephemeral

habitat. If subpopulations (in the north) expanded episodically when conditions were

favourable, but suffered high rates of extinction during extended periods of

unfavourable environmental conditions, it is likely that the oldest and most common

haplotype in those populations would be retained while derived haplotypes would be

lost or remain in very low frequencies (e.g., Ramirez and Froehlig 1997). Higher

frequencies of the same common or ancestral haplotypes could be independently

maintained in disjunct populations over a broad geographical area and over a longer

period of time resulting in low heterozygosity (Neiet al. 1975), and an underestimate of

the true time of population expansionin the mismatch distribution.

A similar situation, on a smaller scale, may have occurred in populations isolated east of

the Mallee in western Victoria. Butterfly populations in this area may have always been

small since the distribution of suitable hostplants during this current interglacial phase

remains restricted (Gross and Whalen1996). As recently as 17,000 years ago at the

height of the last arid cycle (Rognon and Williams 1977; Bowler 1982),T. albocincta

populations may have contracted to small refugia (e.g., Ford 1987) forcing them

through a gen����������������"������
����%�(���	�����������
��3������������������
���	�

South Australia and bypassing the Mallee biogeographical barrier by tracking along the

coast into the Mt Lofty refugium. Isolation followed by secondary contact between

eastern popu������
�"������
����%�(���������������
�� ����'��������"������
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more likely than a continuous population across this area since there are no intermediate

haplotypes. Along the south-east coast of South Australia,T. albocinctais relatively

common today where they breed onAdrianagrowing on coastal cliffs or in dunes

directly behind the beaches (Grund and Sibatani 1975; Grund 1996b). Thus, the Mallee

barrier in South Australia is not a contemporary hindrance to dispersal or secondary

contact ofT. albocinctapopulations. In the far west, genetic data suggest that the

Canning barrier may have been bypassed recently asT. albocinctaconnect along the

coastal cliffs between the Kimberley and Hammersley refugia. The expansion of

populations from the inland across to the NW coast and south to Exmouth is supported

by the uniform morphology of butterflies in these locations. Had butterflies moved

from south to north along the west coast the populations should have blue forms present

as well as southern haplotypes.
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The Murchison barrier may also have been breached in recent times since there are a

few records of a darker form ofT. albocinctainland at Dongara, north of Jurien

(Sibatani and Grund 1978; Field 1987). Alternatively, these scant records could

indicate that the lilac-blue coastalT. hesperiaare also affected by an environmental

gradient with darker forms occurring away from the coast. The Murchison and Canning

barriers are likely to have been more effective in the past, since the climate across these

areas does not ameliorate significantly during the interglacials (Bowler 1982; Hesseet

al. 2004).

The single haplotype found in populations on Kangaroo Island may be the result of a

founding bottleneck event from nearby EyrePeninsula or from Yorke Peninsula.

Limited genetic diversity in these latter two populations is likely to be the result of drift

in the southern Eyre Peninsula and Mt Lofty biogeographical regions after the initial

expansion event from the south-western corner via the Gawler Range.

5.4.4 Taxonomic status

Genetic data do not support the taxonomic status ofT. albocinctaandT. hesperia.

Results of the AMOVA partitioned among species and subspecies were not significant,

and population discontinuities identified by the SAMOVA did not fully differentiate

albocinctaandhesperiapopulations untilK=7 indicating that there are many more

important genetic discontinuities in the data than those that can be explained by

taxonomy. Genetic data are more consistent with minimally divergent allopatric

populations of a single widespread species. However, lack of correspondence between

traditional species boundaries and mtDNA haplotypes has been observed in other

butterflies (e.g., Sperling1993). Mitochondrial genetic data (or morphological data) on

their own may not be sufficient to refute or uphold the specific status of allopatric taxa

(Helbiget al. 2002; Genneret al. 2004); however, biological species status may be

inferred from genetic data when divergent taxa are in sympatry, because genetic

structure will be broken down in the absence of reproductive barriers.

5.4.5 Status of morphological forms

Wing colours appear to be a response to different environmental conditions in some

populations, and are fixed in others. The appearance of brown forms in the hot interior

and blue forms along the temperate coastal regions is counter-intuitive if
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thermoregulation is the underlying cause of colour differences. Pale colours are

generally preferable in hot (desert) environments, and darker colours preferable in

cooler or temperate regions (Roland 1982; Guppy 1986; True 2003). However, the blue

wing colour trait in southernT. albocinctapopulations might be resource dependent

with optimal development only occurring in areas of least stress (e.g., Talloenet al.

2004). Ellers and Boggs (2004) showed that wing colour is affected by the correlation

of multiple elements, so it may not be possible to predict the outcome based on a single

environmental variable. Full blue male specimens are only found on or near the coast,

and specimens with reduced blue scaling are more often encountered away from the

coast (inland), with the exception of populations at the top of the St Vincent Gulf salient

(Parham). This suggests that the extentof blue scales could be a response to abiotic

factors across an environmental gradient and this is further supported by the observation
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and Lake Hindmarsh, and in extensively blue specimens along the southeast coast of

South Australia (i.e., colour not correlated with haplotype). Also, the phenotype in sites

9,10,11,12, and 13 does not coincide with genetic data, as would be expected if colour

difference was the result of divergence in isolation (e.g., Hugheset al. 2001). On the

other hand, the wide-ranging northern brown form shows little variation between central
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statistics for these populations are consistent with a recent bottleneck where a single

phenotype may have survived from a previously polymorphic population, so it seems

likely that the brown phenotype is now fixed in these populations. This is supported by

breeding experiments with eggs collected in Alice Springs and raised onA. klotzschiiin

Adelaide in which adults bred true to the northern brown form (R. Grund pers. comm.).

In addition to colour differences, the regionalized formshesperiaandlittoralis can be

separated by small differences in wing shape and the presence of androchonia in ssp.

hesperia. It seems there is little contemporary gene flow among the broadly discrete

population groups (northern, south-western and south-eastern). A significant amount of

genetic variation in all populations can be accounted for by morphological forms

(38.9%), and geography (34.1%), and this is consistent with four subspecies based on

the four morphological groups analysed in the AMOVA.
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5.5 Conclusions

There is no evidence of host race formation althoughT. hesperiaandT. albocinctamay

have diversified as a result of a host shift toAdriana. Ancestral populations are likely

to have evolved in the south-western corner of Western Australia. A subgroup

subsequently dispersed some time during aglacial maximum when a eustatic low

opened a vegetated coastal corridor linkingthe south-western corner with the Eyre

Peninsula. During a subsequent interglacial period, populations expanded north and

east from the Eyre Peninsula across several biogeographical barriers but were later

forced to contract to refugia as the climate again dried out. Today we are in the midst of

an interglacial cycle (Adamset al. 1999), so we are again seeing evidence of recent

range expansions and secondary contact. Thus, the major influences on population

structure are biogeographical barriers that have opened and closed several times during

the latter Pleistocene climatic oscillations. It seems that thesole mode of diversification

for T. albocincta/T. hesperiapopulations is drift in isolation as a result of

fragmentation. The ephemeral habitat in central Australia may have contributed to low

genetic diversity and low heterozygosity byinducing repeated bottlenecks in localized

populations across wide geographical areas.

Mitochondrial genetic data do not support the taxonomic status of the two speciesT.

albocinctaandT. hesperia, but nuclear loci could provide additional evidence even

though populations are broadly allopatric. It is more likely there is one widespread

species that has undergone periods of isolation resulting in some genetic drift and

localized morphological changes. Northern brown forms are consistent across their

entire range from Central Australia to the north-west coast. Southern forms are

influenced by an environmental gradient with blue forms on the coast blending into

grey in the southern inland.Hesperiaandlittoralis forms are restricted to localized

areas reflecting the isolation of these taxa. The regionalized bias of morphological

forms and significant genetic population structure suggests the taxa are best described

as subspecies; however, it remains one ofthe intractable questions of taxonomy&at

what point do allopatric populations become species?

This phylogeographic analysis of a facultative myrmecophile has revealed many

similarities with the obligate myrmecophile examined in Chapter 3. Both taxa have

diversified very recently in the late Pleistocene and a subpopulation in part of each
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���������� a range expansion following a bottleneck. The

underlying causes of these bottlenecks and subsequent expansions may be very

different, since population expansion inJalmenus evagoraswould likely be favoured

during glacial maxima whereas expansion ofT. albocinctapopulations would be

facilitated during glacial minima. Biogeographical barriers are the major influence on

genetic structure in both populations, and morphological differences across the species

ranges are consistent with having evolved in the absence of gene flow. No host plant

shifts were detected in this population analysis, but the question of the influence of host

shifting on diversification will be addressed in the phylogenetic analysis of the section

Theclinesthesin Chapter 6.



121

CHAPTER 6

6.0 DIVERSIFICATION AMONG FACULTATIVE ANT ASSOCIATED LYCAENIDS

6.1 Introduction

6.1.1 Diversification and host plants

Facultative and non ant-associated lycaenids typically occur in the Polyommatinae;

however, there are some notable exceptions including the strongly myrmecophilous

PolyommatusandLepidochrysopsspecies (Fiedler 1991). There are also many species

of facultative lycaenids in otherwise obligate ant-associated lineages (Eastwood and

Fraser 1999; Pierceet al. 2002). In total, facultative or non-myrmecophilous lycaenids

make up nearly 80% of lycaenid species and are disproportionately more numerous in

the Northern Hemisphere (Fiedler 1991; Pierceet al. 2002). This bias is reflected in the

Australian fauna where 45% of lycaenid species are polyommatines, but more than 60%

of lycaenids are regarded as facultative (Eastwood and Fraser 1999; Pierceet al. 2002).

Polyommatines generally have broader distributions than obligate myrmecophiles

possibly because they do not require the presence of a specific ant. Indeed, several

polyommatine genera and even some species have cosmopolitan distributions (e.g.

Everes, Leptotes, ZizulaandLampides boeticus). In the Australian region a few

polyommatines exhibit high levels of endemism including members of the section

Theclinesthes.

The comparative analysis ofJalmenusin Chapter 4 revealed that radical attendant ant

shifts had acted to maintain the integrity of recently diverged taxa in secondary contact,

whereas sister taxa associating with the same ants were likely to interbreed in sympatry.

As a result, we might expect that lycaenid species not obligately associated with ants

would need longer periods of isolation to become distinct species unless fragmentation

coincided with shifts in other specializedtraits such as host plant use. Plants have

clearly played an important role in the diversification of butterflies on a broad scale

(Ehrlich and Raven 1964; Janz and Nylin 1998). On a finer scale, and importantly,

diversification directly influenced byhost plant shifts has been demonstrated in a

number of phytophagous taxa (Bush 1969; Nice and Shapiro 2001; Malausaet al.

2005). If radical host plant shifts are able toinfluence diversification of lycaenid
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butterflies then the mating system of the species must be intimately tied to the specific

host plants (Bush 1969; Nice and Shapiro 2001; Malausaet al. 2005). Most species in

the sectionTheclinesthesare known to preferentially mate on or near host plants,

particularly members of theT. albocincta/hesperiacomplex where males habitually

perch on or patrol around theirAdrianahost plants searching for females; and females

are preferentially found seeking oviposition sites onAdriana(Williams and Tomlinson

1994; R. Grund pers. comm.). Similar behaviour is known inT. serpentata, T. sulpitius

andNeolucia mathewi(Grund 1998; Braby 2000; R. Grund pers. comm., RE pers. obs.).

Several species have very narrow and specialized host plant associations and no species

in the sectionTheclinestheshas anything other than a very loose relationship with ants.

Thus, the sectionTheclinesthesis an ideal group of facultative ant-associated lycaenids

to test hypotheses relating to the influence of host plants on diversification.

If host plant shifts are able to influence diversification in facultative or non ant-

associated lycaenids, then the patterns of range overlap among lycaenid sister species

should be the same as those predicted for the influence of ants in Chapter 3. That is,

host plant shifts should occur in sympatricallydistributed sister taxa, whereas sister taxa

(especially those recently evolved) associating with similar host plant species should

have allopatric distributions.

6.1.2 Phylogeny of the sectionTheclinesthes

Phylogenetic relationships among genera and species in the sectionTheclinestheshave

not been formally described and there is some disagreement regarding its composition.

Eliot (1973) placed the generaTheclinesthesandThaumainain the section; however,

Hirowatari (1992), includedTheclinesthes, Neoluciaand the new genusSahulana,

which he erected to accommodate the distinctiveS. scintillatapreviously included as

Theclinesthes. Within the genusTheclinesthes, two species groups have been identified

(Sibatani and Grund 1978): theonychagroup with four species,onycha,miskini,

albocinctaandhesperia; and theserpentatagroup with two species,serpentataand

sulpitius. Hirowatari (1992) placedSahulanaas sister taxon to the genusTheclinesthes

and included the small genusNeoluciain the sectionTheclinesthessuggesting it might

be related toSahulana(andTheclinesthes). Based on descriptions of sister taxa in

Grund and Sibatani (1975), Sibatani and Grund (1978), Braby (2000) and Hirowatari

(1992), it is possible to deduce the following relationships in the sectionTheclinesthes
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thus: ((((((T. albocincta+ T. hesperia) + T. miskini) + T. onycha)(T. serpentata+ T.

sulpitius)) +Sahulana) +Neolucia) (see Figure 6.1).

Figure 6.1 Theclinesthescladogram estimated from species relationships described in Grund

and Sibatani (1975), Sibatani and Grund (1978), Braby (2000) and Hirowatari (1992).

6.1.3 Aims

1. To construct a molecular phylogeny for the sectionTheclinesthesas defined by

Hirowatari (1992). To test for monophyly of the generaTheclinesthes, Neoluciaand

Sahulanaand confirm thatSahulanaforms a link betweenNeoluciaandTheclinesthes

as hypothesized by Hirowatari (1992).

2. To determine if and how host plant shifts or shifts in other ecological traits have

influenced diversification of species in the sectionTheclinesthes.
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6.2 Materials and methods

6.2.1 Study system taxonomy

The taxonomic position of the sectionTheclinesthesis as follows:

Class ......................... Insecta

Order......................... Lepidoptera

Suborder ................... Glossata

Superfamily .............. Papilionoidea

Family....................... Lycaenidae

Subfamily ................. Polyommatinae

Tribe ......................... Polyommatini

Section ......................Theclinesthes

Contrasting arrangements for taxa included in the sectionTheclinesthesas proposed by

Eliot (1973) and Hirowatari (1992) are shown in Table 6.1.

Table 6.1 Contrasting generic classifications of the SectionTheclinesthes.

Eliot (1973) Hirowatari (1992)

TheclinesthesRöber, 1891 Theclinesthes

ThaumainaBethune-Baker, 1908 SahulanaHirowatari, 1992

NeoluciaWaterhouse and R. E. Turner, 1905

The genusTheclinestheswas erected by Röber (1891) to distinguish the species

Plebeius eremicola, which Röber himself had named in an earlier installment of the

same publication. This nominal species was later subjectively synonymized with

Theclinesthes miskini gaura(Doherty) by Sibatani and Grund (1978). An earlier genus

name,Utica Hewitson, [1865], became a junior synonym ofTheclinestheswhen the

genusUtica was found to be a junior homonym of the preoccupied crustacean genus

Utica White, 1847. The genusTheclinestheshas continued to present problems for

taxonomists since all the species exhibit similar facies, strong seasonal polymorphism,

sexual dimorphism, apparent phenotypic plasticity in different environments and

uniform male genitalia which are generally uninformative. In the revision of theT.

onychacomplex by Sibatani and Grund (1978) they found that the namesT. miskiniand

T. onychahad been incorrectly applied to the two taxa by earlier authors (e.g.,
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Waterhouse 1932; Common 1964; McCub����/<B/�� �'������/<B/��@����������

Waterhouse 1972), thus what was previously known asT. miskinibecameT. onycha

and vice versa. This controversial reversal was due, in part, toT. miskiniandT. onycha

not being clearly defined so that the extreme seasonal polymorphism resulted in

misidentification of the species.T. albocinctawas recognized as a distinct species by

Grund and Sibatani (1975) based on morphological and host plant differences from

other members of theonychacomplex. There are currently six species and twelve

subspecies recognized in the genusTheclinesthes, and a total of ten species, 17

subspecies and a local form in the sectionTheclinesthes(according to Hirowatari 1992).

These are:

Theclinesthes onycha(Hewitson), [1865]
onycha(Hewitson), [1865]
capricorniaSibatani and Grund, 1978
T. miskini(T. P. Lucas, 1889)

miskini(T. P. Lucas, 1889)
gaura(Doherty, 1891)
feminalbaSibatani and Grund, 1978
brandti Sibatani and Grund, 1978
arnoldi (Fruhstorfer, 1916)

eucalyptiSibatani and Grund, 1978
T. albocincta(Waterhouse, 1903)
T. hesperiaSibatani and Grund, 1978

hesperiaSibatani and Grund, 1978
littoralis Sibatani and Grund, 1978

T. serpentata(Herrich-Schäffer, 1869)
serpentata(Herrich-Schäffer, 1869)
lavara (Couchman, 1954)

T. sulpitius(Miskin, 1890)

Sahulana scintillata(T. P. Lucas, 1889)

Neolucia agricola(Westwood, [1851])
agricola (Westwood, [1851])
occidensWaterhouse and Lyell, 1914
insulanaWaterhouse and Lyell, 1914
	�����I��������4�����9�;����������E������ s, 1996

Neolucia mathewi(Miskin, 1890)
Neolucia hobartensis(Miskin, 1890)

hobartensis(Miskin, 1890)
monticolaWaterhouse and Lyell, 1914
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6.2.2 Distribution and ecology ofTheclinesthes

The genusTheclinesthesis almost exclusively an Australian taxon. Members of the

onychaspecies group (T. miskini, T. onycha, T. albocinctaandT. hesperia) are found in

various habitats all over Australia, including Tasmania, with weak extensions into New

Guinea, Irian Jaya and south-eastern Indonesia. All species and most of the subspecies

occur in Australia, the exception being three subspecies ofT. miskini� T. miskini

brandti from the Admiralty Islands,T. miskini feminalbafrom the central north coast of

Irian Jaya/Papua New Guinea, andT. miskini gaurafrom the Lesser Sunda Islands.T.

miskini arnoldiis found within the Australian zone onislands in the Torres Strait, but is

also found in New Guinea, New Britain, New Hannover, Louisiade Archipelago,

Tanimbar, Kai and Aru islands. All subspecies ofT. miskiniappear to have a

continuous distribution with relatively narrow areas of intermediates (Sibatani and

Grund 1978; Braby 2000).T. miskini miskiniandT. miskini eucalypticollected in the

same place on the same day at Mareeba (Sibatani and Grund 1978) and on Castle Hill

(RE pers. obs.) in northern Queensland suggest either that the taxon is polymorphic, or

thatmiskiniandeucalyptimight be different species. See Figure 6.2 for details of all

Australian place names mentioned in this Chapter. The Australian distributions for all

species in the sectionTheclinesthesare shown in Figure 6.3.

Figure 6.2 Sample sites and Australian place names referred to in Chapter 6.
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Figure 6.3 Australian distributions for all taxa in the sectionTheclinesthesas well as the
outgroupErysichton. Nominotypical distributions are shown in dark grey. From Grund
(1996b), Braby (2000) and Williamset al. (2006).
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Two subspecies ofT. onychaare recognized:T. onycha onychais confined to south-

eastern Australia from the Blackdown Tableland, Qld, to Mt Dromedary in southern

NSW (Sibatani and Grund 1978), whileT. onycha capricorniaoccurs sporadically from

Cape York to Mackay in central Queensland (Fig. 6.3d). There is a narrow area of

overlap in their distributions in central Queensland; however,T. o. capricorniaappears

to favour coastal regions whereas the distribution ofT. o. onychaextends further inland.

Other taxa in theonychacomplex,T. albocinctaandT. hesperiahave allopatric

distributions and, based on data in chapter 5,are likely to be a single species exhibiting

geographical variation in discrete populations across the range.T. albocinctais

widespread across most of mainland Australia (Fig. 6.3b) butT. hesperiais confined to

the SW corner of Western Australia (Fig. 6.3a).

Theserpentataspecies group, comprises two species, one of which,T. serpentata, is

widespread across mainland Australia and Tasmania (Fig. 6.3e), while the other,T.

sulpitiusis restricted to the extreme coastal margin along the east and northern coasts of

mainland Australia (Fig. 6.3f).

Distributions of other members of the sectionTheclinesthesinclude the monotypic

Sahulana, which is found sporadically along theeast coast of Australia, in Darwin and

in mainland New Guinea (Fig. 6.3g). The genusNeoluciawith three species is confined

to Australia withN. agricolabeing the most widespread (Fig. 6.3h). There are three

recognized subspecies,agricola in south eastern mainland Australia,occidensin the

south western corner andinsulana����#�
��������#���	�����I ���������
�	����������?�����

in Western Australia.N. hobartensisis found in Tasmania and the southern highlands

of Vic-NSW and a subspecies,monticola, is found from Dorrigo to Barrington in

northern NSW (Fig. 6.3i). The third speciesN. mathewihas an unusual distribution

along the south coast of NSW, but is also found in the southern highlands up to 1430m

in elevation and on islands in the Bass Strait (Fig. 6.3j).

6.2.3 Host plants

Ecological and host plant data for species in the sectionTheclinesthes, are summarized

in Table 6.2. A range of host plants is utilized by members of theTheclinesthessection,

with many species specializing on a narrow range of plants. For example, within the

onychacomplex (onycha, miskini, albocinctaandhesperia), T. miskinifeeds on a
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variety of plants in the Fabaceae, Mimosaceae, Myrtaceae and Sapindaceae, whileT.

albocinctaandT. hesperiaare restricted toAdriana(Euphorbiaceae).T. onychafeeds

exclusively on two gymnosperm genera, with the subspeciescapricorniafeeding on

Cycas(Cycadaceae) andonychafeeding onMacrozamia(Zamiaceae). The two

members of theserpentatagroup:serpentataandsulpitiusfeed on Chenopodiaceae, but

their respective host plants have restricteddistributions at the genus level. Smithers and

Butler (1983) recorded females ofT. serpentatalaying eggs onHalosarcia

holocnemoides(Chenopodiaceae), a hostplant ofT. sulpitius; however, the status of this

association needs to be confirmed. Thus, the habitat specialistsulpitiusis confined to

coastal salt flats where its preferred hostplant grows, andserpentatahas a much more

widespread distribution away from the coast.

6.2.4 Attendant ants

All the species in this study are recorded as having facultative associations with ants. In

particular,Theclinesthesspecies have been recorded in association with numerous ant

species either in attendance or in proximity to larvae (Grund 1996a, 2000; Eastwood

and Fraser 1999).

6.2.5 Specimen acquisitionand choice of outgroup

All Theclinesthesspecies or forms and most outgroupspecies were field collected as

adults. Wings were removed as vouchers for identification and bodies placed in 100%

ethanol for later storage at -80°C. Where possible, at least two representatives of all

ingroup and outgroup species were selected for sequencing (see Table 6.3). Multiple

representatives of ingroup taxa were sequenced to provide corroborating evidence that

the specimens were true representatives of their species, and to capture variation among

widely dispersed populations. This was an important consideration for those species

that displayed highly variable or convergent morphological features. It was hoped that

all members of the sectionTheclinesthesas proposed by Eliot (1973) and Hirowatari

(1992) (see Table 6.1) could be sequenced in order to test the two arrangements;

however, it was not possible to obtain fresh material ofThaumainaand I was

unsuccessful in my attempts to sequence dried legs of this species.



130

Given the arrangement of Hirowatari (1992), choice of outgroups for analysis of the

genusTheclinestheswas relatively straightforward. Prior to Hirowatari (1992), the

taxonscintillatawas included inTheclinesthesbut had long been considered distinct

from otherTheclinesthesspecies (Common and Waterhouse 1972; Sibatani and Grund

1978). Hirowatari (1992) placedscintillata in the new genusSahulana, which he

regarded as the closest outgroup toTheclinesthes, and suggested that it may form a link

betweenTheclinesthesandNeolucia. Thus,Neoluciawas expected to be the next

closest outgroup followed byErysichtonFruhstorfer, 1916 which is in a sister section

and morphologically most similar toSahulana. A single, most distant outgroup was

selected from the subfamily Theclinae: Zesiini,Jalmenus aridusGraham and Moulds,

1988 to root the phylogeny. Of the 22 taxa (species and subspecies) in the section

Theclinesthes, all ten species and seven subspecies or forms (total 17 taxa) were

included in the phylogenetic analysis (Table 6.3).

6.2.6 Specimen identification and nomenclature

For the most part specimens were accurately determined in the field from gross

morphological characters and later confirmed in accordance with Sibatani and Grund

(1978) and Braby (2000). Nomenclature is consistent with Sibatani and Grund (1978),

Hirowatari (1992) and Braby (2000) except for the section level differences detailed in

Table 6.1).

6.2.7 Laboratory methods

Mitochondrial genes Cytochrome Oxidase subunits I and II (COI and COII) were

chosen for the analysis as well as the slowerevolving Elongation Factor 1 Alpha (EF1-

alpha). Rationale for gene selection and details of laboratory procedures are given in

Chapter 2.

6.2.8 Phylogenetic analysis

It was not anticipated that saturation or homoplasy would be a problem since the

outgroup species were likely to be closely related toTheclinesthes. The only exception

could be with the most distant outgroupsOgyris,Hypochrysops, Zesius, Pseudalmenus

andJalmenus. Saturation plots were generated forall transitions/transversions at third

codon positions in accordance with Holmquist (1983). Details of all tree-building

methods are given in Chapter 2. All topologies were rooted withJalmenus aridus.
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Table 6.2Summary of ecological and spatial data for all ingroup species in this study.
Taxa Hostplant genera

and/or family
Habitat/ecology Distribution

Theclinesthes
hesperia hesperia

Adriana(Euphorbiaceae) Coastal sand dunes South-west corner west coast

T. hesperia littoralis Adriana(Euphorbiaceae) Coastal sand dunes South-west corner east coast
T. albocincta Adriana(Euphorbiaceae) Coastal sand dunes, arid

and semi-arid inland
Disjunct distribution across
most of mainland Australia

T. miskini miskini Polyphagous: on
Mimosaceae, Myrtaceae,
Fabaceae, Sapindaceae

Eucalypt woodland to arid
shrubland

Mainland Australia. Not on
Cape York

T. miskini eucalypti Mimosaceae, Myrtaceae,
Fabaceae, Sapindaceae

Eucalypt woodland Cape York

T. miskini arnoldi Myrtaceae,
Combretaceae

Open forest and forest
margins

New Guinea and
surrounding islands

T. onycha onycha Macrozamia(Zamiaceae) Coastal eucalypt forest
and tall open forest

Coastal sub-tropical
Queensland and NSW

T. onycha
capricornia

Cycas(Cycadaceae) Coastal eucalypt forest
and tall open forest

Coastal tropical Queensland

T. sulpitius Halosarcia, Sarcocornia,
Suaeda, Tecticornia
(Chenopodiaceae)

Intertidal estuarine mud-
flats and salt-marshes

Extremely coastal in the
east, north and north-west of
Australia

T. serpentata
serpentata

Atriplex, Chenopodium,
Einadia, Rhagodia
(Chenopodiaceae)
Atalaya(Sapindaceae)

A variety of habitats from
coastal swamps to inland
saltbush plains

Widespread in Australia
from east to west coast
especially in the southern
half

T. serpentata lavara South-eastern Tasmania
Sahulana scintillata Acacia, Albizia

(Mimosaceae)
Alectryon, Cupaniopsis
(Sapindaceae)

Coastal woodland, littoral
rainforest

East coast Australia and
New Guinea

Neolucia agricola
agricola

Aotus, Bossiaea,
Dillwynia, Eutaxia,
Pultenaea(Fabaceae)

Coastal woodlands to
subalpine and semi-arid
heathland from sea level
to 1700m.

Central Queensland, NSW,
Victoria across to Yorke
Peninsula, SA.

N. agricola occidens Jacksonia, Daviesia
(Fabaceae)

Woodlands from October
to January

South-west of WA.

N. agricola occidens
�I�������

Daviesia angulata
(Fabaceae)

Woodlands in March and
April

Julimar, south-west WA

N. agricola insulana Not recorded From sea level to 1100m Tasmania
N. hobartensis
hobartensis

Epacris(Epacridaceae) Alpine and sub-alpine
woodlands in boggy areas

Mountains of southern NSW
(>1000m), Victoria (>800m),
Tasmania (300-1370m)

N. hobartensis
monticola

Epacris(Epacridaceae) Alpine and sub-alpine
woodlands in boggy areas

From Dorrigo Plateau to
Barrington Tops >1200m

N. mathewi Monotoca
(Epacridaceae)

Coastal heathland and
sub-alpine shrubland at
fringes of eucalypt
woodland

Coast and ranges in SE
Australia, Bass Strait,
Tasmania

Erysichton lineata Ehretia(Boraginaceae)
Syzygium(Myrtaceae)
Macadamia(Proteaceae)
Alectryon, Cupaniopsis
(Sapindaceae)

Rainforest margins Maluku, New Guinea,
eastern Australia, Bismarck
Archipelago, Solomon
Islands

E. palmyra palmyra Amyema, Dendrophthoe
(Loranthaceae)

Rainforest Maluku, New Guinea,
Bismarck Archipelago,
Solomon Islands

E. palmyra
tasmanicus

Amyema, Dendrophthoe
(Loranthaceae)

Open eucalypt forest Tanimbar, eastern Australia

Host plant and distribution records accessed principally from Braby (2000) but with additional records
from Sands and Fenner (1978) and Williamset al. (2006).
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6.2.9 Comparative analysis

An exemplar tree for the sectionTheclinestheswas produced from a strict consensus of

all trees constructed using different algorithms (parsimony, Bayesian and Maximum

Likelihood) derived from the concatenated datasets. In similar fashion to the

methodology described in Chapter 4 to test the correlation of high levels of range

overlap with attendant ant shift, this analysis compared range overlap with host plant

shift. Thus host plant preferences were overlaid on the exemplar phylogeny for

pairwise sister taxa comparisons. Proportion of range overlap was estimated using the

methodology described in 4.2.5.

6.2.10 Molecular clock

Notwithstanding the problems in using a molecular clock (detailed in Methods 2.3.2), a

rate of 1.3-1.9% sequence divergence per million years was applied to the COI dataset

of TheclinesthesandNeolucia, after testing for phylogenetic rate constancy (detailed in

Methods), to give a rough estimate of the ages of the genera.

6.3 Results

6.3.1 Molecular data

The final data matrix comprised 3317 character states (2265 mitochondrial, 1052

nuclear) across 53 taxa, with 952 variable sites and 678 informative. A high AT bias

(74.6%) was detected across the mitochondrial COI and COII genes but only 45.2% in

the nuclear EF 1 Alpha gene. Sequence divergence amongTheclinesthestaxa (n=33)

ranged from 0.03% to 3.42% with a mean of 1.89%; and amongNeoluciataxa (n=7)

ranged from 0.45%&3.96% (mean = 2.96%).

Saturation plots of transitions/transversions against pairwise nucleotide distance in

mitochondrial third codon positions (Figure 6.4) revealed that transitions among the

most distant outgroups (Jalmenus, Ogyris, Pseudalmenus, HypochrysopsandZesius)

and ingroup species were approaching or had reached the expected saturation level

(Holmquist 1983). Thus, homoplasy could influence the signal when assessing

phylogenetic relationships among outgroups, and between ingroup and the five most

distant outgroup taxa. All other comparisonsfell short of the lower asymptote including

all ingroup comparisons for both genes, and outgroup EF1-alpha saturation plots. A
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few very closely related ingroup taxa showed an excess of transversions at third codon

positions but these were biased by the small number of substitutions (see Appendix 4.1

for similar lower asymptote calculations).

6.3.2 Phylogenetic trees

Strict consensus parsimony trees for the mitochondrial and nuclear genes are presented

in Figure 6.5. Both gene trees recoveredTheclinesthesas monophyletic, andSahulana

as the nearest sister taxa toTheclinesthes. In each of the gene trees, the relative

positions of all taxa other than the five outgroups, did not change when different

individuals from the five outgroupswere selected to root the tree.

Figure 6.4 Saturation plots of transitions (Ti) over transversions (Tv) in third codon positions
against unweighted nucleotide differences, (a) nuclear gene, (b) mitochondrial genes. Lower
asymptote shows the Ti/Tv values expected at saturation (Holmquist 1983). Species lacking
any differences due to transversions are not included.
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Figure 6.5 Strict consensus of most parsimonious trees for the sectionTheclinesthes(a)
mitochondrial COI-COII (1920 trees), and (b) nuclear EF1-alpha (450 trees). All characters
unweighted, unordered, 100 random sequence additions, and TBR branch swapping.
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A parsimony search of the unordered, unweighted concatenated dataset for all available

taxa recovered 8341 equally parsimonioustrees. A strict consensus of these trees is

presented in Figure 6.6a. Bootstrap values were estimated by fast stepwise addition (the

heuristic search was too slow), with 5000 bootstrap replicates. All three Bayesian

analyses (at different temperature settings) converged on an identical topology with

little difference in posterior support values except at derived nodes. Lack of resolution

among leaves was due to the many different equally likely possible arrangements with

similar or identical sequences among the derived taxa. Posterior supports on the tree

shown in Figure 6.6b are a consensus of 27,700 post-asymptotic trees combined from

the three Bayesian runs. All branches at deeper levels had very good support and the

topology of the Bayesian tree was consistent with the strict consensus parsimony tree.

Again, both trees recovered the genusTheclinesthesas monophyletic and the relative

positions of taxa within the sectionTheclinesthesproposed by Hirowatari (1992) were

also supported.

A Maximum Likelihood phylogram is presented in Figure 6.7, which is essentially the

same as the parsimony and Bayesian trees, except thatT. miskini eucalyptiforms a

monophyletic clade nested within the large derived polytomy ofT. albocincta, T.

hesperiaandT. miskini miskini. Short branches within many of theTheclinesthes

species groups highlight their recent diversification.
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Figure 6.6 TheclinesthesParsimony and Bayesian trees based on 3317 concatenated
mitochondrial and nuclear DNA nucleotides. (a) strict consensus of 8341 most parsimonious
trees with all characters unordered and unweighted (length=2332, CI=0.595, RC=0.480,
RI=0.806). Bootstrap values determined by fast stepwise addition with 5000 bootstrap
replicates, indicated above branches. (b) Bayesian likelihood tree (mitochondrial and nuclear
gene unlinked partitions with both models GTR+I+G). Branches with posterior supports above
80% estimated from the majority rule consensus of 27,700 post-asymptotic trees combined from
the three Bayesian runs.
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Figure 6.7 Maximum Likelihood phylogram forTheclinesthesgenerated in PHYML with the
evolutionary model set a GTR+I+G. 100 random sequence additions, TBR branch swapping
Bootstrap values based on 1000 bootstrap replicates with all parameters the same as the ML
analysis.
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6.3.3 Comparative analysis

Mean genetic distances within and between sister taxa are shown in Table 6.4.

Relationships within themiskinispecies group are clearly unresolved with genetic

distances within a taxon sometimes exceeding the genetic distance between sister taxa.

The mean nuclear genetic differences among individuals of bothT. miskinisubspecies

exceeded the mean mitochondrial distances.

The exemplar tree for the sectionTheclinesthesis shown in Figure 6.8, together with

overlaid details of host plant preferences, and pairwise sister taxa comparisons

indicated. The results of this comparative analysis are shown in Table 6.5. In all but

one instance, the predictions that host plantshifts would occur in sympatric sister taxa,

and that allopatric sister taxa would feed onsimilar plants were upheld in the analysis.

The only exception was the comparison betweenNeolucia agricola occidensand the

������	�����I��������"����������������������#�����D .5) which is sympatric but temporally

isolated from its conspecifics. Two other comparisons are highlighted. In both these

cases there is a host plant shift, but there is some doubt whether the taxonomic

differences between alternative hosts could be considered significant.
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Table 6.4 Mean genetic distances within and between sister taxa in the section
Theclinesthes.

Mean genetic
distance within
taxa (%)

Mean genetic
distance (%) to
sister taxa

Taxa (number of
comparisons)

mtDNA nDNA

Sister taxa (number of
comparisons)

mtDNA nDNA
Theclinesthes hesperia
hesperia(1)

0.49 0.19 T. h. littoralis (4)
T. albocincta(8)
T. miskini miskini(18)

0.39
0.51
0.59

0.10
0.14
0.28

T. hesperia littoralis(1) 0.22 0.00 T. albocincta(8) 0.45 0.07
T. albocincta(6) 0.51 0.15 T. hesperia(16)

T. miskini miskini(36)
0.48
0.41

0.11
0.27

T. miskini miskini(9) 0.08 0.12 T. miskini eucalypti(27)
T. hesperia(36)

0.68
0.52

0.22
0.23

T. miskini eucalypti(3) 0.00 0.34 T. albocincta(12)
T. hesperia(12)

0.62
0.53

0.43
0.38

T. onycha onycha(1) 0.00 0.00 T. miskini(24) 3.18 0.10
T. onycha capricornia(3) 0.30 0.10 T. onycha onycha(6) 3.23 0.17
T. sulpitius(1) 0.62 0.39 T. serpentata(16) 0.34 0.20
T. serpentata serpentata(12) 0.04 0.03 T. serpentata lavara(12) 0.09 0.02
T. serpentata lavara(1) 0.04 0.00 - - -
Sahulana scintillata(1) 0.09 0.10 Theclinesthes(70) 6.98 2.78
Neolucia agricola agricola(1) 2.61 0.10 N. agricola occidens(2)

N. agricola occidens
�I��������"2(

1.62
3.96

0.00
0.81

N. agricola occidens�I������� - - N. agricola occidens(1) 3.85 0.57
N. hobartensis hobartensis(1) 0.62 0.10 N. agricola(8) 4.91 0.93
N. mathewi - - N. agricola(4)

N. hobartensis(2)
5.04
3.10

0.84
1.10

Neolucia(21) 4.00 0.74 Theclinesthes/Sahulana(258) 6.80 5.60
Erysichton lineata(1) 2.97 0.29 Erysichton palmyra(4) 7.99 2.38
E. palmyra tasmanicus(1) 0.49 0.00 - - -
Erysichton(6) 5.90 1.63 Neolucia/Sahulana/

Theclinesthes(176)
7.93 5.11
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Figure 6.8 Exemplar phylogeny of the sectionTheclinesthes. Host-plant differences indicated
by coloured lines (grey is equivocal). Lines on the right indicate the pairwise comparisons for
range overlap and host-plant preference shifts.
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6.3.4 Molecular clock

The combined dataset and the COI dataset were not found to be significantly different

from a dataset evolving in a clock-like manner (Table 6.6). Divergence rates applied to

the uncorrected maximum sequence divergence in the COI gene across all ingroup taxa

in the genusTheclinesthes(4.26%) recovered the age of diversification ofTheclinesthes

at 2.2&3.3 MY. Diversification ofNeolucia(6.04% maximum COI divergence)

occurred earlier at 3.1&4.6 MYA. Species within both genera have diversified and

radiated since the late Pliocene.

Table 6.6 Likelihood ratio tests for clock-like evolution in the sectionTheclinesthes
phylogeny.
Parameter Combined dataset COI gene
Score constrained 15205.83875 5929.85257
Score unconstrained 15159.14055 5902.77130
Difference 46.70 27.08
Degrees of freedom 51 51
Chi2 statistic 68.67 (atP=0.05) 68.67 (atP=0.05)
Significance n.s. (P>0.05) n.s. (P>0.05)

6.4 Discussion

6.4.1 Taxonomy

All tree-building algorithms recovered the genusTheclinesthesas monophyletic with

100% confidence, and the relative positionsof major ingroup taxa were also well

supported.Sahulanawas confirmed as the sister genus toTheclinesthes, but the relative

positions ofNeoluciaandErysichtonwere equivocal. However, Parsimony and

likelihood methods both placedErysichtonas sister taxa toNeoluciaand other genera in

the sectionTheclinesthes; thus, the genusSahulanaformed a link between

TheclinesthesandNeolucia. No attempt was made to resolve the relationship among

the five distant outgroups; and rooting with alternative individuals in the distant

outgroup did not alter relationships among genera in the sectionTheclinesthes.

Within the genusTheclinesthes, two major groups were identified and these were

consistent with the arrangement of Sibatani and Grund (1978). Aserpentatagroup

comprisingT. serpentataandT. sulpitius, and theonychagroup withT. onycha, T.

miskini, and theT. albocincta/T. hesperiacomplex. Resolution within theserpentata

andalbocincta/hesperiaspecies groups was problematic; however, theonychagroup

showed a clear separation between species and betweenonychasubspecies.T.
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albocinctaandT. hesperiacould not be differentiated even with the addition of extra

mitochondrial and nuclear gene sequences thus confirming the findings in Chapter 5

that these taxa are probably conspecific. Furthermore,T. miskini miskinicladed with

some of theT. albocinctaspecimens andT. m. eucalyptiformed a monophyletic group

within theT. miskini/T. albocincta/T. hesperiaclade thus further clouding the

distinction among species within this complex.

It would seem that all the taxa in themiskini/albocincta/hesperiacomplex have radiated

very recently, and diversified as a result ofhost shifts and periods of isolation. With the

cycling Pleistocene climatic patterns, secondary contact may have resulted in

introgression among some populations that had earlier diverged in isolation. However,

at the level of analysis undertaken here, it would be difficult to distinguish between

gene flow in secondary contact or lineage retention among recently diversified

populations. It is possible thatT. albocincta/hesperiadiversified from the widespread

T. miskinias a peripheral isolate in the SW corner of WA after changing host plants.T.

albocincta/hesperiamay then have radiated out of the SW corner back to SA then north

and east. While it is likely thatalbocinctaandhesperiaare conspecific, there is no

evidence thatT. miskinihybridizes withT. albocinctaor T. hesperiaeven though their

ranges broadly overlap. So in the absence of conflicting evidence, the taxonomic status

of T. miskinishould be maintained. The role of host plants in the diversification ofT.

albocincta/hesperiais discussed in greater detail below.

T. m. eucalyptiis allopatric withT. m. miskini, and has distinct morphological and

molecular characters. Thus it would seem appropriate to maintain the subspecific status

of these taxa. If, however, it can be shown that the two forms are not interbreeding in

the contact zone around Townsville (where both forms have been collected at the same

time&Sibatani and Grund 1978; Dunn and Dunn1991; RE pers. obs.), then there could

be a case to elevateeucalyptito specific status.

It is interesting that both subspecies ofT. miskinihad considerably less variation in the

mitochondrial gene than in the nuclear gene, which should have been evolving at a

much slower rate. This is particularly striking among individuals of theT. m. eucalypti

subspecies where there was no variation across the entire COI-COII genes but a mean

variation of 0.34% in EF1-alpha. The anomaly may be the result of a selective sweep
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on the mitochondrial gene and not on the nuclear gene. Alternatively, it is possible that

some historical male biased introgression of nuclear genes from a differentiated

population ofT. miskinicould have caused a high ratio of nuclear DNA variation to

mtDNA variation (see Benschet al.2006). Such biased introgression may result from

unidirectional elimination of the heterogametic sex in hybridizing populations, known
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discussion on this point see Chapter 3). However, small sample size may have biased

the results since only three specimens ofeucalyptiwere sequenced. Twoeucalypti

shared the same nuclear DNA sequences as othermiskini, onychaandcapricornia

populations, the third specimen that influenced the results had a unique genotype, its

closest relative being another individual ofT. miskini miskini.

The status of the two subspeciesT. onycha onychaandT. o. capricorniaalso deserves

closer scrutiny. These subspecies are broadly allopatric but there may be a contact zone

in central coastal Queensland between Mackay and Rockhampton (Braby 2000). The

onychaandcapricorniaforms that were sequenced showed considerable genetic

divergence for subspecies (3.23% in the mitochondrial genes) and the early stages are

quite distinct (M. Braby pers. comm.). The question of taxonomic status of these two

subspecies is further explored below.

Differentiation ofT. sulpitiusandT. serpentatasequences was also equivocal. These

small butterflies are broadly parapatricbut they exhibit some consistent morphological

differences and inhabit different ecosystems (Table 6.2). The distribution patterns are

not consistent with those normally found in subspecies (Table 6.2), but are more

consistent with a taxon that has diversified into a new habitat and then expanded its

range.T. sulpitiusmay have recently diverged fromT. serpentata, but there has not

been enough time for genetic differentiation (lineage sorting).

Resolution within theNeoluciaclade was unambiguous and all the taxa showed

significant divergences.N. hobartensisandN. mathewiare shown to be sister taxa, but

the relationships among subspecies ofN. agricolaexhibit an interesting pattern.N.

agricola agricolafrom South Australia is genetically closer to the subspeciesoccidens

from Western Australia than it is to subspeciesagricola from NSW. However, since

subspecific status is based largely on morphology there may not be any basis for
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changing current taxonomy. The most interesting relationship between sister taxa exists

in populations ofN. agricola occidens���������������	�����I��������"4������et al .

1996) in Western Australia. These two sister taxa feed on the flower buds of closely

relatedDaviesia������
���������������������
�����������	��I�������� 	���
�������������!������

distribution ofoccidens, but the genetic and behavioural data in this study suggest they

do not interbreed. The two univoltine-species are temporally isolated withoccidens
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���������	��I�������9� Daviesia angulataBenth., is the onlyDaviesiaspecies that

flowers specifically in autumn (D. preisseiMeissner occasionally flowers in autumn,

Grahamet al. 1996), while the host plants ofoccidensin Western Australia (D.

divaricataBenth., andJacksonia sternbergianaBenth.) flower in spring (Grahamet al.

1996; Braby 2000).N. agricolaover-winter in egg diapause which is synchronized

with flowering phenology of the host plant. Thus, shifts in host plant phenology are

likely to have temporally disrupted the life cycles ofNeolucia agricolapopulations in

Western Australia. Genetic data suggest that the temporal shift betweenoccidensand
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allochronic forms for approximately 2.7 million years. Temporal isolation has been

invoked as a disruptive influence on gene flow in several taxa at the population and

species levels (e.g. aphids, Abbot and Withgott 2004; periodical cicadas, Marshall and

Cooley 2000, Cooleyet al. 2002; coral, Knowltonet al. 1997; semelparous salmon,

Gharrett and Smoker 1991, Gharrettet al. 1999; green algae, Clifton 1997, Clifton and

Clifton 1999; and plants, Levin 1978), but this example of univoltine butterflies

temporally isolated either side of summer is novel. Other Lepidoptera in Western

Australia such asAnisynta sphenosema(Meyrick and Lower) (Hesperiidae), and the

day-flying sun moths,Synemonspp., (Castiniidae) (M. Williams pers. comm.) have

made similar temporal shifts.

In general,Theclinesthesspecies exhibit considerable phenotypic plasticity, whereas

Neoluciaspecies are reasonably consistent morphologically across their range. This

may have contributed to contrasts in the numbers of taxonomic subdivisions within the

respective clades. Locally distributedTheclinesthesspecies may develop

morphological differences relatively quickly in the absence of gene flow or in novel

environments, whereasNeoluciahave remained relatively morphologically consistent
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across their range despite long periods of isolation, up to 1.7 million years, and

specialisation in a range of environments.

6.4.2 The influence of host plants
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it is interesting that the predictions thathost plant shifts would occur when sister taxa

were sympatric, and that allopatric sister taxa would feed on similar plants were upheld

in the analysis. This indicates that there is predictive power in the methodology, but

there may be alternative explanations for the patterns. Most species in the genera

JalmenusandTheclinesthesdiversified in the Pleistocene and have been subject to the

same climatic oscillations that influenced patterns of vegetation expansion and

contraction across much of Australia. Thus,the predictability of patterns based on

biological data suggest that host plant shifts have played a role similar to that of

attendant ant shifts identified in theJalmenusphylogeny (Chapter 4), so conclusions

from the analysis ofJalmenusmay apply equally toTheclinesthes. Host plant shifts are

likely to have taken place in allopatry, and the behavioural changes associated with the

shift that accumulate in allopatry, are then likely to act to isolate conspecifics in

secondary contact. There was one interesting exception to the pattern that was

highlighted in the sister taxa comparisons&that of the temporally isolatedNeolucia

agricola�������	�����I����������#��
�!���������	 ���������������������
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another mode of diversification (or of a potential isolating mechanism), in this case

temporal isolation. The significance of which has already been discussed in detail

above. Another sister taxa comparison that was highlighted (Table 6.5) is that ofT.

onycha onychaandT. onycha capricornia. Both species feed on Cycadales; however,

T. onycha onychahas only been recorded feeding onMacrozamiaspecies that are

restricted to areas south of Rockhampton, whereasT. onycha capricorniahas only been

recorded onCycasspecies that are found north from Marlborough. Thus, the generally

allopatric distribution of preferred host plants coincides with the distribution of the

butterfly subspecies. It is possible that a range expansion has coincided with a shift to a

locally adapted host plant and that host-plant preferences are acting to maintain the

integrity of the two taxa in parapatry. The genetic differentiation between the twoT.

onychasubspecies is substantial (Table 6.4) but it would be necessary to sample more

�����
9������������
����� ���������������������� onfirm the specific (or otherwise) status of

these taxa.
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A host plant shift to Euphorbiaceae appears to be a significant factor in the

diversification ofT. albocincta/hesperiafrom their sister taxonT. miskini. Anecdotal

evidence suggests that where these taxa occur in sympatry, they are always associated

with their specific plants and there are no records of hybridisation.T.

albocincta/hesperiahave diversified very recently during the Pleistocene climatic

oscillations and it appears that the host plant shift has effectively isolated the sister taxa

in sympatry. Field observations and perhapsan analysis of the genetic structure of

sympatric populations would be necessary to confirm this hypothesis.

The other pairwise comparison that could be considered equivocal was that between

Neolucia hobartensisandN. mathewi. Both these species feed on Epacridaceae but on

different genera namelyEpacrisandMonotocarespectively. They are also found in

different habitats, with populations ofN. mathewibeing commonly found in coastal

areas whereasN. hobartensisis preferentially found in montane areas. However,N.

mathewiis also known to occur in disjunct populations in montane areas but since only

the coastal population ofN. mathewiwas sampled, the position of montane populations

in the phylogeny is not known. The only area of sympatry forN. hobartensisandN.

mathewiis in the montane areas, so it is possible that this is the result of secondary

contact afterN. mathewidiversified in the coastal environment.

6.5 Conclusions

All genera in the sectionTheclinestheswere found to be monophyletic, and the section

arrangement of Hirowatari (1992) was upheld. Most of the taxonomic entities and

species group arrangements that had been hypothesized by Sibatani and Grund (1978)

and Hirowatari (1992) were upheld by data in this study, the exception being the

specific status ofT. albocinctaandT. hesperia. Data in this analysis confirms

conclusions from the population analysis ofT. albocincta/hesperia(Chapter 5) that

these two taxa are likely to be conspecific. Furthermore it seems thatT. albocincta

/hesperiahas very recently diversified fromT. miskinicoincident with a host plant shift.

Other than allopatric diversification, all but one species in the generaTheclinesthesand

Neoluciahas a pattern of diversification consistent with host plant shifts, the one

exception being an instance of temporal isolation. The patterns of host plant shifts

coinciding with high levels of sympatry in the comparative analysis, particularly among

the recently evolved taxa, suggest that host plant shifts have played a significant role in

the process of diversification and in the maintenance of species integrity.
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CHAPTER 7

7.0 DIVERSIFICATION OF LYCAENIDS

7.1 General discussion and conclusions

7.1.1 The influence of ants

In the population analysis of the obligate myrmecophile,Jalmenus evagoras(Chapter

3), the specific requirements of suitable attendant ants and host plants was not shown to

influence population structure directly. The fact thatJ. evagoraswas found to associate

with several closely related species of ants across its range may explain this lack of

structure; however, it is possible that the highly specialized lifestyle of obligate

myrmecophiles results in selection for efficient dispersers and that population structure

is homogenized as a result. Enhanced levels of dispersal could in turn bring about

continuous expansion into new habitats, thereby increasing the potential for adaptations

to different ecological conditions (such asnovel attendant ants) or to dispersal-based

isolation or vicariance events.

An additional finding in theJ. evagoraspopulation analysis was that regional isolation

of subpopulations coincident with locallyadapted ant species could generate a

phylogenetic pattern in which related lycaenids would be seen to associate with related

or ecologically similar ants. Likewise, ecological shifts in habitat preferences by

lycaenids may lead to co-diversification with habitat specialist ants. None of these

findings suggest that ants could have anything other than an incidental role in the

diversification process. No significant attendant ant shift was detected at the population

level, but if these events are rare as has been suggested, then lack of evidence here is

inconclusive.

Clearly, significant ant shifts do occur,as was demonstrated in the phylogenetic

analysis ofJ. evagoras, and the prediction that sister species ranges should broadly

overlap when a shift in ant associate had taken place was upheld in all cases.

Importantly, many obligately ant associatedlycaenids use their specific attendant ants

as oviposition and mating cues, thus fulfilling an important prerequisite for sympatric

speciation. However, while sympatric speciation could explain the pattern, data

suggested it was more likely that ant shifts occurred during butterfly population
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expansions as a result of vegetation and climate changes in the Pleistocene. Subsequent

fragmentation of populations associating with novel ants could promote rapid ecological

and behavioural changes, such as specific mate recognition, and this could result in

reproductive isolation of conspecifics when in secondary contact. Diversification of the

butterfly subpopulation associating with novel attendant ants would then continue in

sympatry. In contrast, secondary contact of populations associating with the same ant

species would result in homogenisation of the two lineages or the extinction of one. So

it is clear that attendant ants have played a significant role in the diversification process

and in the maintenance of species integrity.

7.1.2 The influence of host plants

In similar fashion to the influence of ants onobligately ant-associated lycaenids, host

plants were shown to play a significant role in the diversification of facultative

myrmecophiles. This was not unexpected since facultative myrmecophiles display host

plant integrity similar to the ant integrity of obligate myrmecophiles. In both cases

mating systems are preferentially linked to their respective ecological associations,

either with ants or plants, and thus fulfill an important requirement for assortative

mating either in primary orin secondary contact.

However, as was the case in theJ. evagoraspopulation analysis in which attendant ant

shifts were not detected, host plant shifts were not detected in the population analysis of

Theclinesthes albocincta/hesperia(Chapter 5). Like ant shifts, these uncommon events

manifest more frequently at the species level, thus it was necessary to test the influence

of host plant shifts in a phylogenetic analysisof genera in the facultative ant-associated

sectionTheclinesthesin Chapter 6. The prediction that sister species ranges should

broadly overlap when a significant shift inhost plants had taken place was upheld in all

cases in the comparative analysis. This predictability of patterns based on biological

data suggest that host plant shifts have played a role similar to that of attendant ant

shifts identified in theJalmenusphylogeny and are thus likely to have played a

significant role in the process of diversification and in the maintenance of species

integrity.
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7.1.3 Other modes of diversification

In addition to the influence of ants and plants on diversification in the Lycaenidae,

several other mechanisms of diversification were uncovered during the course of this

analysis. For example, not unexpectedly, allopatric diversification was found to be the

most common mode of speciation. Isolation was inferred to be the result of

fragmentation following long distance dispersal across wide expanses of marginal

habitat, (e.g.Theclinesthes albocinctaandNeolucia agricolaacross the Nullarbor), and

vicariance following the closing ofbiogeographical barriers (e.g.Jalmenus evagoras

across the Lake George Gate and Cassillis Gap).

Shifts in habitat preferences are likely to have influenced diversification of the two

subspecies ofJ. evagoras; andT. sulpitiushas recently diverged fromT. serpentata

coincident with a shift to a closely related hostplant restricted specifically to coastal salt

flats. An unusual temporal shift following changes in specific host plant phenology is

likely to have played a significant role in the allochronic diversification ofN. agricola

occidens�	�����I��������

7.1.4 General patterns of diversification

It is clear that the patterns of species range overlap and the ecological preferences of

sister taxa are intimately correlated in lycaenid species that have diversified during the

Pleistocene. If sympatric diversification were the explanation for sympatry observed in

sister taxa, then an examination of the two phylogenies presented here suggests that

sympatric diversification is equally as common as allopatric diversification (Jalmenus

phylogeny&5 allopatric, 4 sympatric;Theclinesthesphylogeny&7 allopatric, 9

sympatric). However, this does not accord with general acceptance that allopatry is the

most common mode of diversification, nor does it explain why signals of allopatric

diversification dominate in recently diverged taxa, and sympatric diversification is

predominant in older lineages. It seems more likely that allopatryis the most common

mode of diversification (supported by both population analyses) and that the increased

incidence of sister taxa sympatry at deeper phylogenetic nodes (coincident with shifts in

ecological characters) is not due to sympatric speciation, nor is it just simply a result of

range changes over time. It is more likely a function of enhanced levels of species

integrity maintained in secondary contact bysignificant ecological differences among
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plant associations) are not able to maintaintheir individuality in secondary contact then

this would result in lower rates of lineage survival. Thus, the accumulation of
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is rare) would be the expected pattern. This is precisely the signal recovered under the
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contact. Other data recovered in these analyses that support these conclusions are as

follows:

1. Since we are currently in the midst of an interglacial we would expect to see
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secondary contact is seen in sympatric populations ofTheclinesthes

albocincta/hesperia(feeding on Euphorbiaceae) withT. miskini(polyphagous but
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demonstrated in populations ofJalmenus iciliuswith J. inoussspp. Some localized

populations oficilius andinousare genetically and morphologically distinct

whereas many populations are clearly hybridizing since they have mixed haplotypes

and exhibit continuous or discrete morphological intergrades. They have lost or are

loosing their specific integrity.

2. Ecological shifts could occur at many levels&some more significant than others.

)�9��	��
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����!��� nce of recent shifts

(significant and/or non significant) in allopatric sister taxa. It is unlikely that we
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shifting is clearly demonstrated in the sister taxaT. onycha onychaandT. onycha

capricorina. Both are allopatric and associate with different genera of cycads. The

two subspecies ofJ. evagorasare another example since the two parapatric forms

exclusively associate with different host plants (and different ants) in different

habitats even though there are broad areas where respective hostplants are

sympatric. Also, the sister taxaNeolucia mathewiandN. hobartensisare broadly

allopatric and associate with different plant genera in the familyEpacridaceae.

Non-
����	�������
��	�
�����

�����
���
����������������� -specific ant associations (as

demonstrated inJ. evagoras evagoras) or polyphagy (also demonstrated inJ.

evagoras evagoras, and inT. miskini).
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and are likely to persist in these areas for longer periods of time unless biological
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populations (or nascent species) with restricted ranges compared with their sister
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secondary contact of recently diverged taxa might occur over a wide area. Such a

wide area of contact is seen inT. miskiniandT. albocincta/T. hesperiapopulations,

which are sympatric over a large part of Australia but feed on plants from different

families.

Data in these population and species level analyses confirm that allopatric

diversification is the most common mode of speciation, but attendant-ant and host plant

shifts have clearly played an important role in the diversification process. Furthermore,

exceptions to the predicted patterns of range overlap coinciding with ecological shifts

have highlighted additional modes of diversification including habitat shifts and an

incidence of temporal isolation. Thus, the different influences on diversification can be

highlighted in phylogenies when applying the methodology of Lynch (1989) and others

(e.g. Berlocher 1998) without necessarily drawing the same conclusions about

mechanisms of diversification.

An interesting inference from these comparative analyses is that the relative numbers of
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traits among the recently diversified sister taxa. In theJalmenusphylogeny there were

five most recent pairwise sister taxa comparisons (not including four additional taxa that

could not be separated on DNA evidence, i.e.inous, notocrucifer, parvus����������)�����

;�
��	 orm). In only one of the recent diversification events were sister taxa identified

�
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�����������Theclinesthes phylogeny there were also five recent diversification

events (not including the additional taxonhesperiathat could not be separated), and
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suggests a conservative estimate of 5:1 for the likelihood of populations diversifying in

allopatry without an ecological shift compared with the times when ashift takes place.

If it is true that during the Pleistocene cyclic climatic oscillations, secondary contact
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accumulation of taxa at deeper nodes that had made ecological shifts, then an estimate
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occurs at a constant rate throughout the phylogeny. The accumulation of attendant ant

shifts in theJalmenusphylogeny (see Fig. 4.6, Table 4.3), less the number of allopatric

non-shifting events that did survive, suggests that around 14 nascent lineages of

Jalmenusdid not survive to the present. In the analysis of the sectionTheclinesthes

(Table 6.5) the estimated number would be higher at around 38 nascent lineages not

surviving to the present.

7.1.5 Future directions (post script)

Additional specimens ofJalmenusspecies including new populations ofJalmenus

evagoras/eubulushave been collected and will be incorporated into the relevant

datasets. An allozyme analysis ofJalmenus evagoras/eubuluspopulations focusing on

the tension zone separating the two forms is currently underway. Preliminary data

suggests that there may be significant allelefrequency differences between populations

of the two forms but to date no fixed differences have been found. Additional samples

of severalTheclinesthesspecies, including disparate populations ofTheclinesthes

albocincta/hesperia, have also been collected and will be incorporated into those

relevant datasets.

The patterns of range overlap and ecological shifts are only testable when detailed

biological and distributional information is available for the taxa. Fortunately, these

data are extremely well documented for Australian butterflies making them ideal model

systems for investigating the processes of diversification on a broad scale. Thus, I

intend to test the broader predictability of the model of ant and plant-enhanced

diversification in future phylogenetic analyses of Australian butterflies. Since we are

currently in the midst of an interglacialcycle, a time of population expansions and

secondary contact among species that favour warmer, wetter environments, it is

possible that evidence of significant attendant ant shifts (or host plant shifts) could be

detected in some butterfly populations (shifts not detected inJ. evagorasor T.

albocincta/hesperiapopulation analyses). To this end, a significant number of tissue

samples for several candidate species inthe obligately ant associated generaJalmenus,

Ogyris, Hypochrysops, PseudalmenusandParaluciahave already been collected for
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future projects. While it is clear that attendant-ant and host plant shifts do play an

important role in the diversification process, and in the maintenance of species integrity

among lycaenid butterflies, it is hoped that evidence will be found to resolve the

question of how and under what circumstances these attendant ant shifts (or host plant

shifts) occur.
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APPENDIX 3.1

Biotic and abiotic data collected forJ. evagorassubspecies

Facies ofJ. evagorasspecimens examined

Adults of both subspecies were found to be readily distinguishable, but in the northern

part of the range whereJ. evagorasis generally paler, differences in the colour of male

upper sides becomes less distinct. Underside markings are more consistently different

between the two taxa (black bands are narrower and ground colour is paler or greyer in

eubulus). Females of each taxon are generally quite distinct. Pale blue scales on the

upper sides of femaleevagorasrarely extend past the hindwing median area, whereas

oneubulusthe scales are pale satin coloured and extend to the hindwing apical and

terminal areas. The paler appearance ofevagorasnorth of Noosa, Qld (Sands and New

2002) may have led to confusion regarding the taxonomic status of several northern

populations particularly among collectors more familiar with the southern forms.

A series of adults collected and bred from three sub-populations on the Bunya

Mountains by DeBaar (1977b) and additional material collected in the same area by the

author in 1986, 1989 and 2003 had generally paler scales on the upper sides of their

wings. Underside wing markings on the specimens were consistent withevagoras, and

females were never as pale aseubulusfemales (also DeBaar 1977b and pers. comm.; J.

F. R. Kerr pers. comm.). All these specimens were consistent withevagoras

morphology, and their ecology was typical ofevagoras. Reports ofeubuluscollected

west of Maryborough and at Bundaberg could not be verified. All the material

examined from Maryborough and west towards Ban Ban Springs (ANIC, AMC, QMC,

RCMC, JFRKC and REC) was consistent with Queenslandevagorasin all respects, and

specimens recently collected just north of Bundaberg by P. Wilson are also typical

evagoras(examined). Material from Bulburin State Forest and Kroombit Tops, SW of

Gladstone (Atkins 1976; Monteith and Yeates 1986), as well as a population at the

southern end of the Binjour Plateau is also consistent withevagoras(ANIC, JFRKC,

DSC and REC; A. Atkins pers. comm.). Other populations from near Tenterfield,

NSW, and from Southern Queensland at Wallengarra, Girraween, Stanthorpe, Amiens,

Passchendaele, Emu Vale, Goomburra, Toowoomba, Crows Nest, Tambourine Mt.,

Ravensbourne, Samford, Sunshine Coast and Gympie are consistent withevagorasin
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all respects. Individuals from many of the northern populations around Toowoomba,

Maryborough, Jimbour and Bundaberg are relatively pale on the upper sides (ANIC,

AMC, QMC, UQIC, RCMC, JFRKC, REC).

Some individuals ofeubuluscollected at Jondaryan (ANIC) have a very light dusting of

blue scales on the upper sides of the wings and the banding pattern underneath is

slightly broader, but in other respects they are consistent witheubulus. A series of

netted specimens from Gayndah collected by B. White in 1982 (RMC) are very pale

with a light dusting of bluish scales on the upper side of their hind wings reminiscent of

evagoras, but they are pale on the undersides with narrow bands, more consistent with

eubulus. These are most likelyeubulusbut since the specimens were a little worn it

was difficult to be certain.

Survey of biological and ecological data

Waterhouse (1932) recordedeubuluslarvae feeding onA. penninervis, as well as on the

waxy coverings of scale insects, and it appears that all subsequent references to this host
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Waterhouse 1972, 1981; Pierce and Nash 1999; Braby 2000; Sands and New 2002).

Assuming the record is correct, it may be an incidental observation since a thorough

literature search and many years of fieldwork by numerous entomologists including that

of J. Macqueen and J. F. R. Kerr have not produced an additional record ofeubulus

feeding onA. penninervisnor any other host plant other than brigalow. Likewise, a

more recent (unpublished) survey conducted by M. Breitfuss and C. Hill between

December 1998 and March 1999 in which they studied 12eubuluspopulations,

recorded only brigalow as the host plant.A. penninervisoften grows in proximity to

brigalow; however, it is usually found in slightly more exposed conditions at the edges

of brigalow stands where it often serves as a host for the congenericJ. daemeli(RE

pers. obs.). Suitable attendant ants often forage on other acacias, includingA.

penninervis, and it is possible that oviposition could be induced on this plant, but there

is no evidence thateubuluscould persist on plants other than brigalow even over the

short term. The record ofeubulusovipositing on an unidentified acacia at Leyburn

(Sands and New 2002) does not indicate that the butterfly could breed on the plant (see

Kitching and Zalucki 1983), and Don Sands (pers. comm.) advised that a subsequent

search of the acacia on which theeubuluswas seen to oviposit, revealed no evidence of
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early stages or feeding. A report ofeubulusfeeding on another acacia north of

Marlborough (Don Sands pers. comm.) needsverification since J. F. R. Kerr (pers.

comm.) only ever foundeubuluson brigalow north of Marlborough. It is not known

what planteubuluswas feeding on at Carnarvon or at Mt. Moffatt but since only adult

females were collected (Monteith and Yeates 1988; ANIC) it is possible they had

migrated from nearby brigalow habitat (G. Monteith pers. comm.). In contrast,

evagorashas been recorded feeding on 27 different acacia species (Braby 2000).

Several of these species have anoverlapping distribution withA. harpophyllanamely,

A. leiocalyx, A. polybotrya, A. implexa, A. macradenia, A. melanoxylon, A. neriifolia, A.

spectabilis, yetevagorasor eubulushave not been found on them within theeubulus

distribution. There does not appear to be any significant differences in ant attendance

levels or ant species preferences, and it is reasonably certain that both subspecies are

obligate myrmecophiles (Pierce and Nash 1999; Eastwood and Fraser 1999; Braby

2000; Breitfuss and Hill 2003).

The most important ecological consideration foreubulusis the juxtaposition of suitable

breeding trees with old growth brigalow forests.Eubulusbreeds on small trees in

sheltered positions under a canopy of mature brigalows in remnant brigalow woodlands

(Braby 2000; M. Breitfuss and C. Hill unpublished data; RE pers. obs.). It has never

been found on regrowth in exposed areas (Common and Waterhouse 1981; J. F. R. Kerr

pers. comm.; M. Breitfuss and C. Hill unpublished data), in stark contrast to most other

Jalmenusspecies, includingevagoras, that typically breed on juvenile or regenerating

acacias in exposed areas (Costaet al. 1996; Pierce and Nash 1999; Braby 2000). Core

breeding sites within their habitat are preferred byeubulus, and females only lay eggs

on plants away from the core site if trees have been defoliated (M. Breitfuss and C. Hill

unpublished data). Larval and adult biologyof the two taxa are very similar, but there

are some behavioural differences. Larvae ofeubuluspreferentially feed singly or

sometimes in small groups of up to three individuals (Sands and New 2002; Breitfuss

and Hill 2003) in contrast toevagoras, which preferentially feed in larger aggregations

(Pierce and Nash 1999; Braby 2000); however,eubuluslarvae cluster after dusk

(Breitfuss and Hill 2003).J. eubulususually pupate singly on leaves of the host plant

(M. Breitfuss and C. Hill unpublished data; RE pers. obs.) whereas this behaviour is the

exception inevagoras(Braby 2000).
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It is likely also that different environmental cues trigger breeding cycles (Braby 2000;

RE pers. obs.) because of the ephemeral nature of suitable environmental conditions in

their preferred habitat. Local populations ofeubulusemerge from eggs in diapause and

disperse in a relatively short time immediately following rains, which often fall in an
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reproductive peaks are highly dependent onsuitable climatic conditions (Breitfuss and

Hill unpublished data; RE pers. obs.).

Analysis of distribution and climate

The distribution ofeubulusis confined to the western slopes and plains of the Great

Dividing Range in central and southernQueensland from near Eungella, Sarina,

Marlborough, Eidsvold, Jondaryan, Leyburn, Millmerran (Braby 2000), and in the

Carnarvon Range about 400 km inland (Monteith and Yeates 1988; ANIC) and Injune

(QMC) to just south of the Queensland border near Boggabilla (DeBaar 1977a) (see

Figure 1). Coincidentally, this distribution matches almost exactly the area of greatest

development of brigalow, recorded by Bolandet al��"/<=A(��
�����������0�!������
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heavy black clay soils on the plains and is rarely found on hills and ridges (Bolandet al.

1985). On the other hand,evagorasis found mainly in the wooded foothills and upland

areas along the coast and ranges extending from Ballarat in the southern extreme

through eastern Victoria, NSW and south-eastern Queensland to Burrum Heads (Braby

2000) and further north to Bundaberg (P. Wilson pers. comm.; J. F. R. Kerr pers.

comm.), Bulburin State Forest (Atkins 1976) and Kroombit Tops near Gladstone

(Atkins 1976; Monteith & Yeates 1986). It extends inland to the Binjour Plateau

(Common & Waterhouse 1981), Bunya Mountains (DeBaar 1977b) and Toowoomba

(Common & Waterhouse 1981). The contiguous distribution of the two species extends

from just west of Toowoomba, west of the Bunya Mountains to Gayndah, and west of

Binjour to Eidsvold then north to the Rockhampton area.

Climatic differences between the distributions ofeubulusandevagorasare also quite

extreme.Eubulusoccurs in a warm sub-humid climatic zone where summers are hot to

very hot and mean maximum temperature of the hottest month is 32-34
 C. Mean

annual rainfall is extremely variable ranging from 300-700 mm and this usually falls in
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summer within a span of 50 to 75 days; there are only 2 to 18 frosts a year (Bolandet

al. 1985). Evagoraslives in a more predictable climatic zone that ranges from cool

humid in the south to warm humid or sub-humid in the north. Mean maximum

temperature of the hottest month is lower, varying from 19
C in the south to 30
 C in

the north and mean annual rainfall is higher, between 700 and 2000 mm. Importantly,

the rainfall is more predictable and is much more evenly distributed throughout the

year. Frosts are much more numerous, up to 150 per year, and populations in many

areas are subject to snow (Bolandet al. 1985).
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APPENDIX 3.2

Jalmenus evagorasinput file for GeoDis version 2.0 (Posadaet al.2000)

Jalmenus evagoras
22
1 Taroom
10 25 38 00 S 149 51 00 E
2 Kogan
10 27 01 00 S 150 51 00 E
3 Jondaryan
10 27 25 00 S 151 37 00 E
4 Binjour
12 25 33 00 S 151 29 00 E
5 Bunya Mts
11 26 53 00 S 151 31 00 E
6 Maryborough
14 25 30 00 S 152 40 00 E
7 SunshineCoast
11 26 45 00 S 152 57 00 E
8 Brisbane
9 27 26 00 S 152 53 00 E
9 Toowoomba
11 27 40 00 S 152 10 00 E
10 Stanthorpe
10 28 22 00 S 151 52 00 E
11 Ebor
19 30 18 00 S 152 19 00 E
12 Armidale
9 30 24 00 S 151 38 00 E
13 Macksville
10 30 43 00 S 152 55 00 E
14 Wilberforce
11 33 31 00 S 150 52 00 E
15 Sutherland
11 34 01 00 S 151 01 00 E
16 Bowral
11 34 27 00 S 150 27 00 E
17 Canberra
10 35 25 00 S 149 03 00 E
18 Bodalla
10 36 16 00 S 150 02 00 E
19 Genoa
10 37 31 00 S 149 47 00 E
20 Buchan
17 37 39 00 S 148 30 00 E
21 Glenmaggie
11 37 45 00 S 146 45 00 E
22 LaTrobe
4 37 40 00 S 145 00 00 E
6
Clade 1-1
6
B C E Q G D
0 1 1 1 1 1
11
11 13 14 15 16 17 18 19 20 21 22
1 10 2 5 5 7 4 8 17 11 4
0 0 0 0 0 0 0 2 0 0 0
0 0 0 0 0 0 4 0 0 0 0
0 0 0 0 0 3 0 0 0 0 0
0 0 9 6 6 0 0 0 0 0 0
0 0 0 0 0 0 2 0 0 0 0
Clade 1-2
3
J Y Z
1 0 1
9
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4 5 6 7 8 9 10 11 12
0 0 2 0 0 0 0 0 0
12 11 11 11 9 11 10 18 9
0 0 1 0 0 0 0 0 0
Clade 1-4
2
P R
0 1
2
1 2
3 1
7 0
Clade 2-1
2
1-1 1-2
1 0
19
4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
0 0 0 0 0 0 0 1 0 10 11 11 11 10 10 10 17 11 4
12 11 14 11 9 11 10 18 9 0 0 0 0 0 0 0 0 0 0
Clade 2-2
2
1-3 1-4
0 1
3
1 2 3
0 9 10
10 1 0
Total Cladogram
2
2-1 2-2
1 1
22
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
0 0 0 12 11 14 11 9 11 10 18 9 10 11 11 11 10 10 10 17 11 4
10 10 10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
END
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Jalmenus evagorasGeoDis output file

Differentiating population structure from history - Geodis 2.0
(c) Copyright, 1999-2001 David Posada and Alan R. Templeton
Contact: David Posada
Department of Zoology, Brigham Young University
Provo, UT 84602-5255
david.posada@byu.edu
______________________________________________________________________

Jalmenus evagoras

Mon Mar 07 16:39:18 GMT+10:00 2005

PERMUTATION ANALYSIS OF Clade 1-1
BASED ON 1000 RESAMPLES

PART I. EXACT CONTINGENCY TEST:

OBSERVED CHI-SQUARE STATISTIC = 76.6068

THE PROBABILITY OF A RANDOM CHI-SQUARE BEING GREATER THAN
OR EQUAL TO THE OBSERVED CHI-SQUARE = 0.0010

PART II. GEOGRAPHIC DISTANCE ANALYSIS:

CLADE B (Interior)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 302.5959 1.0000 0.0000
NESTED CLADE 301.8766 1.0000 0.0000

CLADE C (Tip)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 0.0000 0.0840 1.0000
NESTED CLADE 197.6245 0.3270 0.6730

CLADE E (Tip)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 0.0000 0.0020 1.0000
NESTED CLADE 96.2175 0.0110 0.9890

CLADE Q (Tip)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 0.0000 0.0130 1.0000
NESTED CLADE 45.2246 0.0000 1.0000

PART III. TEST OF INTERIOR VS. TIP CLADES:

TYPE OF DISTANCE I-T DISTANCE PROB.<= PROB.>=
WITHIN CLADE 302.5959 1.0000 0.0000
NESTED CLADE 200.1218 1.0000 0.0000

PERMUTATION ANALYSIS OF Clade 1-2
BASED ON 1000 RESAMPLES
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PART I. EXACT CONTINGENCY TEST:

OBSERVED CHI-SQUARE STATISTIC = 20.0735

THE PROBABILITY OF A RANDOM CHI-SQUARE BEING GREATER THAN
OR EQUAL TO THE OBSERVED CHI-SQUARE = 0.1020

PART II. GEOGRAPHIC DISTANCE ANALYSIS:

CLADE J (Tip)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 0.0000 0.1170 1.0000
NESTED CLADE 242.3145 0.8170 0.1830

CLADE Y (Interior)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 162.9193 0.2010 0.7990
NESTED CLADE 162.4487 0.1680 0.8320

CLADE Z (Tip)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 0.0000 0.8840 1.0000
NESTED CLADE 242.3145 0.7400 0.2600

PART III. TEST OF INTERIOR VS. TIP CLADES:

TYPE OF DISTANCE I-T DISTANCE PROB.<= PROB.>=
WITHIN CLADE 162.9193 0.9100 0.0900
NESTED CLADE -79.8658 0.1360 0.8640

PERMUTATION ANALYSIS OF Clade 1-3
BASED ON 1000 RESAMPLES

PART I. EXACT CONTINGENCY TEST:

OBSERVED CHI-SQUARE STATISTIC = 1.9250

THE PROBABILITY OF A RANDOM CHI-SQUARE BEING GREATER THAN
OR EQUAL TO THE OBSERVED CHI-SQUARE = 0.3600

PART II. GEOGRAPHIC DISTANCE ANALYSIS:

CLADE P (Interior)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 68.6962 1.0000 0.0000
NESTED CLADE 54.1137 1.0000 0.0000

CLADE R (Tip)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 0.0000 0.3600 1.0000
NESTED CLADE 16.6729 0.3600 1.0000
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PART III. TEST OF INTERIOR VS. TIP CLADES:

TYPE OF DISTANCE I-T DISTANCE PROB.<= PROB.>=
WITHIN CLADE 68.6962 1.0000 0.0000
NESTED CLADE 37.4407 1.0000 0.0000

PERMUTATION ANALYSIS OF Clade 1-4
BASED ON 1000 RESAMPLES

PART I. EXACT CONTINGENCY TEST:

OBSERVED CHI-SQUARE STATISTIC = 23.0000

THE PROBABILITY OF A RANDOM CHI-SQUARE BEING GREATER THAN
OR EQUAL TO THE OBSERVED CHI-SQUARE = 0.0080

PART II. GEOGRAPHIC DISTANCE ANALYSIS:

CLADE G (Interior)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 45.2161 0.0000 1.0000
NESTED CLADE 51.3963 0.0000 1.0000

CLADE D (Tip)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 0.0000 0.1110 1.0000
NESTED CLADE 243.4274 1.0000 0.0000

PART III. TEST OF INTERIOR VS. TIP CLADES:

TYPE OF DISTANCE I-T DISTANCE PROB.<= PROB.>=
WITHIN CLADE 45.2161 0.7420 0.2580
NESTED CLADE -192.0311 0.0000 1.0000

PERMUTATION ANALYSIS OF Clade 2-1
BASED ON 1000 RESAMPLES

PART I. EXACT CONTINGENCY TEST:

OBSERVED CHI-SQUARE STATISTIC = 54.8470

THE PROBABILITY OF A RANDOM CHI-SQUARE BEING GREATER THAN
OR EQUAL TO THE OBSERVED CHI-SQUARE = 0.0000

PART II. GEOGRAPHIC DISTANCE ANALYSIS:

CLADE 1-1 (Interior)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 279.2028 0.8520 0.1480
NESTED CLADE 287.3593 0.9810 0.0190
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CLADE 1-4 (Tip)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 69.6062 0.0000 1.0000
NESTED CLADE 201.0651 0.0200 0.9800

PART III. TEST OF INTERIOR VS. TIP CLADES:

TYPE OF DISTANCE I-T DISTANCE PROB.<= PROB.>=
WITHIN CLADE 209.5967 1.0000 0.0000
NESTED CLADE 86.2942 0.9800 0.0200

PERMUTATION ANALYSIS OF Clade 2-2
BASED ON 1000 RESAMPLES

PART I. EXACT CONTINGENCY TEST:

OBSERVED CHI-SQUARE STATISTIC = 252.5598

THE PROBABILITY OF A RANDOM CHI-SQUARE BEING GREATER THAN
OR EQUAL TO THE OBSERVED CHI-SQUARE = 0.0000

PART II. GEOGRAPHIC DISTANCE ANALYSIS:

CLADE 1-2 (Interior)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 164.3615 0.6940 0.3060
NESTED CLADE 171.5302 0.9710 0.0290

CLADE 1-3 (Tip)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 30.2877 0.0000 1.0000
NESTED CLADE 260.9397 1.0000 0.0000

CLADE 1-5 (Interior)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 43.7828 0.0000 1.0000
NESTED CLADE 59.7051 0.0000 1.0000

PART III. TEST OF INTERIOR VS. TIP CLADES:

TYPE OF DISTANCE I-T DISTANCE PROB.<= PROB.>=
WITHIN CLADE 115.5980 1.0000 0.0000
NESTED CLADE -106.5440 0.0000 1.0000

PERMUTATION ANALYSIS OF Total Cladogram
BASED ON 1000 RESAMPLES

PART I. EXACT CONTINGENCY TEST:

OBSERVED CHI-SQUARE STATISTIC = 237.1548

THE PROBABILITY OF A RANDOM CHI-SQUARE BEING GREATER THAN
OR EQUAL TO THE OBSERVED CHI-SQUARE = 0.0000
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PART II. GEOGRAPHIC DISTANCE ANALYSIS:

CLADE 2-1 (Tip)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 269.2544 0.0000 1.0000
NESTED CLADE 545.1814 0.9990 0.0010

CLADE 2-2 (Tip)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 161.9785 0.0000 1.0000
NESTED CLADE 436.1076 0.0010 0.9990

NO INTERIOR/TIP CLADES EXIST IN THIS GROUP

** ANALYSIS FINISHED **
It took 29.3620 seconds.
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APPENDIX 3.3

Jalmenus evagorasMismatch input file (NE population)

[Profile]
Title="Jevag haplotypes"
NbSamples=1
DataType=DNA
GenotypicData=0
Frequency=ABS
FrequencyThreshold=0.0001

[Data]
[[HaplotypeDefinition]]

HaplListName="Butterflies"
HaplList={

H-Y1
GGAATATTAGGAACATCATTAAGAATTTTAATTCGTATAGAATTAGGAACACCAGGATCATTAATTGGAG
ATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTAATACCTAT
CATAATTGGAGGATTTGGAAATTGATTAGTCCCATTAATATTAGGAGCTCCAGATATAGCATTTCCACGA
ATAAATAATATAAGATTTTGATTATTACCCCCATCACTAATATTATTAATTTCAAGAAGAATCGTAGAAA
ATGGAGCAGGAACAGGATGAACAGTATACCCCCCACTATCATCTAATATTGCTCATAGAGGATCATCAGT
CGATTTAGCTATTTTTTCTTTACATTTAGCTGGTATTTCATCAATTTTAGGAGCTATTAATTTTATTACA
ACCATTATTAATATACGAATTAATAATTTATCATTTGATCAAATATCACTATTTATTTGAGCTGTAGGAA
TTACAGCATTATTATTATTATTATCATTACCAGTATTAGCTGGAGCTATTACTATATTATTAACTGATCG
AAATTTAAATACATCATTTTTTGATCCTGCAGGTGGAGGAGATCCAATTCTTTAT
H-J1
GGAATATTAGGAACATCATTAAGAATTTTAATTCGTATAGAATTAGGAACACCAGGATCATTAATTGGAG
ATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTAATACCTAT
CATAATTGGAGGATTTGGAAATTGATTAGTCCCATTAATATTAGGAGCTCCAGATATAGCATTTCCACGA
ATAAATAATATAAGATTTTGATTATTACCCCCATCACTAATATTATTAATTTCAAGAAGAATCGTAGAAA
ATGGAGCAGGAACAGGATGAACAGTATACCCCCCACTATCATCTAATATTGCTCATAGAGGATCATCAGT
CGATTTAGCTATTTTTTCTTTACATTTAGCTGGTATTTCATCAATTTTAGGAGCTATTAATTTTATTACA
ACCATTATTAATATACGAATTAATAATTTATCATTTGATCAAATATCACTATTTATTTGAGCTGTAGGAA
TTACAGCATTATTATTATTATTATCATTACCAGTATTAGCTGGAGCTATTACTATATTATTAACTGATCG
AAATTTAAATACATCATTTTTTGACCCTGCAGGTGGAGGAGATCCAATTCTTTAT
H-Z1
GGAATATTAGGAACATCATTAAGAATTTTAATTCGTATAGAATTAGGAACACCAGGATCATTAATTGGAG
ATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTAATACCTAT
CATAATTGGAGGATTTGGAAATTGATTAGTCCCATTAATATTAGGAGCTCCAGATATAGCATTTCCACGA
ATAAATAATATAAGATTTTGATTATTACCCCCATCACTAATATTATTAATTTCAAGAAGAATCGTAGAAA
ATGGAGCAGGAACAGGATGAACAGTATACCCCCCACTGTCATCTAATATTGCTCATAGAGGATCATCAGT
CGATTTAGCTATTTTTTCTTTACATTTAGCTGGTATTTCATCAATTTTAGGAGCTATTAATTTTATTACA
ACCATTATTAATATACGAATTAATAATTTATCATTTGATCAAATATCACTATTTATTTGAGCTGTAGGAA
TTACAGCATTATTATTATTATTATCATTACCAGTATTAGCTGGAGCTATTACTATATTATTAACTGATCG
AAATTTAAATACATCATTTTTTGATCCTGCAGGTGGAGGAGATCCAATTCTTTAT
}

[[Samples]]
SampleName="Population"
SampleSize=105
SampleData={

H-Y1 102
H-J1 2
H-Z1 1

}
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J. evagorasARLEQUIN mismatch output file.

////////////////////////////////////////////////////////////////////
RUN NUMBER 1 (30/01/04 at 03:44:06)
////////////////////////////////////////////////////////////////////

Project information:
--------------------

NbSamples = 1
DataType = DNA
GenotypicData = 0

==============================
Settings used for Calculations
==============================

General settings:
-----------------

Deletion Weight = 1
Transition Weight Weight = 1
Tranversion Weight Weight = 1
Epsilon Value = 1e-07
Significant digits for output = 5
Infer haplotype definition from distance matrix
Alllowed level of missing data = 0.05

Active Tasks:
-------------

Mismatch Distribution:
----------------------

Molecular Distance : Pairwise difference
GammaA Value = 0
Number of bootstrap replicates : 100

Tajima's selective neutrality test
-----------------------------------

Fu's Neutraliy test:
--------------------

No. of Simultated Samples = 1000

Warning: The locus separator has been removed
-------

==============================================================================
== ANALYSES AT THE INTRA-POPULATION LEVEL
==============================================================================

==============================================================================
=
== Sample : Population
==============================================================================
=

==========================
== Mismatch distribution : (Population)
==========================

Reference: Li, W. H., 1977.
Rogers, A., 1995.
Harpending, R. C., 1994.

Distance method : Pairwise difference (no Gamma correction)
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Estimated parameters from the sudden expension model:
-----------------------------------------------------

Mismatch observed mean : 0.057
Mismatch observed variance : 0.054
Tau : 3.000
Theta0 : 0.049
Theta1 : 0.061

Test of goodness-of-fit:
------------------------

Sum of Squared deviation: 0.00001214
P(Sim. Ssd >= Obs. Ssd): 0.22000000

Harpending's Raggedness index: 0.79083765
P(Sim. Rag. >= Obs. Rag.): 0.79000002

Mismatch distributions:
---------------------

#Diff Observed Simulated Model Freq.
0.0 5152.0 5059.9 5145.2
1.0 306.0 390.9 296.7
2.0 2.0 9.1 17.1
3.0 0.0 0.1 1.0

Confidence intervals (Percentile method): alpha= 0.010
Based on 100 replicates

Variable: Est. val: Low. bound: Up. bound: Mean Value:
Tau: 3.000 0.441 3.000 2.694

Theta0: 0.049 0.000 0.197 0.009
Theta1: 0.061 0.000 1046.311 99.218

Mean No. of pairwise diff. 0.057 0.000 0.616 0.075
No. pol. sites: 2 0 3 0.330

Confidence region for the observed mismatch:

#Diff Observed Low. bound Up. bound Model Freq.
0.0 5152.0 5356.0 5460.0 5145.2
1.0 306.0 104.0 0.0 296.7
2.0 2.0 0.0 0.0 17.1

Confidence intervals (Percentile method): alpha= 0.050
Based on 100 replicates

Variable: Est. val: Low. bound: Up. bound: Mean Value:
Tau: 3.000 0.608 3.000 2.694

Theta0: 0.049 0.000 0.109 0.009
Theta1: 0.061 0.000 940.061 99.218

Mean No.of pairwise diff. 0.057 0.000 0.505 0.075
No. pol. sites: 2 0 2 0.330

Confidence region for the observed mismatch:

#Diff Observed Low. bound Up. bound Model Freq.
0.0 5152.0 5460.0 5460.0 5145.2
1.0 306.0 0.0 0.0 296.7
2.0 2.0 0.0 0.0 17.1

Confidence intervals (Percentile method): alpha= 0.100
Based on 100 replicates

Variable: Est. val: Low. bound: Up. bound: Mean Value:
Tau: 3.000 0.635 3.000 2.694

Theta0: 0.049 0.000 0.051 0.009



209

Theta1: 0.061 0.000 881.311 99.218
Mean No.of pairwise diff. 0.057 0.000 0.485 0.075

No. pol. sites: 2 0 1 0.330

Confidence region for the observed mismatch:

#Diff Observed Low. bound Up. bound Model Freq.
0.0 5152.0 3010.0 5460.0 5145.2
1.0 306.0 2450.0 0.0 296.7
2.0 2.0 0.0 0.0 17.1

==========================================
== Tajima's test of selective neutrality : (Population)
==========================================

Reference: Tajima, F. 1989a.
Tajima, F., 1996.

Sample size : 105
No. of sites with substitutions (S) : 2
Mean No. of pairwise differences (Pi) : 0.05678
Distance method : Pairwise difference (no Gamma
correction, indels not taken into account)

Tajima's D : -1.29728

P(D random < D obs) : 0.09347 (Beta distribution
aproximation)

No. of simulations : 1000
Obs. Theta(S) : 0.38267
Mean Theta(S) : 0.38325
S.D. Theta(S) : 0.29202
Mean D : 0.03388
S.D. D : 0.94255

P(D simul < D obs) : 0.04600

===============================================
== Fu's Fs test of selective neutrality : (Population)
===============================================

Reference: Fu, Y. X. (1996).
Original No. of alleles : 3
Actual No. of # alleles (k) : 3
Theta(Pi) : 0.05678
Exp. No. of alleles : 1.29167
Fs : -3.35480

No. of simulations :1000
Mean Theta(Pi) : 0.06633
S.D. Theta(Pi) : 0.15241
Mean k : 1.33700
S.D. k : 0.57075

Prob(sim_Fs <=obs_Fs) : 0.00300

////////////////////////////////////////////////////////////////////
END OF RUN NUMBER 1 (30/01/04 at 03:44:17))
Total computing time for this run : 0h 0m 10s 969 ms
////////////////////////////////////////////////////////////////////
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Appendix 3.4

J. evagorasMDIV TMRCA input file

248 615

A308
GGAATATTAGGAACATCATTAAGAATTTTAATTCGTATAGAATTAGGAACACCAGGATCATTAATTGGAGATGATCAAATTTATAATA
CTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTAATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCATT
AATATTAGGAGCTCCAGATATAGCATTTCCACGAATAAATAATATAAGATTTTGATTATTACCCCCATCACTAATATTATTAATTTCA
AGAAGAATCGTAGAAAATGGAGCAGGAACAGGATGAACAGTATACCCCCCACTATCATCTAATATTGCTCATAGAGGATCATCAGTCG
ATTTAGCTATTTTTTCTTTACATTTAGCTGGTATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACCATTATTAATATACGAAT
TAATAATTTATCATTTGATCAAATATCACTATTTATTTGAGCTGTAGGAATTACAGCATTATTATTATTATTATCATTACCAGTATTA
GCTGGAGCTATTACTATATTATTAACTGATCGAAATTTAAATACATCATTTTTTGATCCTGCAGGTGGAGGAGATCCAATTCTTTAT

A309
GGAATATTAGGAACATCATTAAGAATTTTAATTCGTATAGAATTAGGAACACCAGGATCATTAATTGGAGATGATCAAATTTATAATA
CTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTAATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCATT
AATATTAGGAGCTCCAGATATAGCATTTCCACGAATAAATAATATAAGATTTTGATTATTACCCCCATCACTAATATTATTAATTTCA
AGAAGAATCGTAGAAAATGGAGCAGGAACAGGATGAACAGTATACCCCCCACTATCATCTAATATTGCTCATAGAGGATCATCAGTCG
ATTTAGCTATTTTTTCTTTACATTTAGCTGGTATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACCATTATTAATATACGAAT
TAATAATTTATCATTTGATCAAATATCACTATTTATTTGAGCTGTAGGAATTACAGCATTATTATTATTATTATCATTACCAGTATTA
GCTGGAGCTATTACTATATTATTAACTGATCGAAATTTAAATACATCATTTTTTGATCCTGCAGGTGGAGGAGATCCAATTCTTTAT

A316
GGAATATTAGGAACATCATTAAGAATTTTAATTCGTATAGAATTAGGAACACCAGGATCATTAATTGGAGATGATCAAATTTATAATA
CTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTAATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCATT
AATATTAGGAGCTCCAGATATAGCATTTCCACGAATAAATAATATAAGATTTTGATTATTACCCCCATCACTAATATTATTAATTTCA
AGAAGAATCGTAGAAAATGGAGCAGGAACAGGATGAACAGTATACCCCCCACTATCATCTAATATTGCTCATAGAGGATCATCAGTCG
ATTTAGCTATTTTTTCTTTACATTTAGCTGGTATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACCATTATTAATATACGAAT
TAATAATTTATCATTTGATCAAATATCACTATTTATTTGAGCTGTAGGAATTACAGCATTATTATTATTATTATCATTACCAGTATTA
GCTGGAGCTATTACTATATTATTAACTGATCGAAATTTAAATACATCATTTTTTGATCCTGCAGGTGGAGGAGATCCAATTCTTTAT

|

Include all sequences (total of 248) in order, withevagorassequences first (218) followed by
eubulussequences (30).

|

B092
GGAATATTAGGAACATCATTAAGAATTTTAATTCGTATAGAATTAGGAACACCAGGATCATTAATTGGAGATGATCAAATTTATAATA
CTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTAATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCATT
AATATTAGGAGCTCCAGATATAGCATTTCCACGAATAAATAATATAAGATTTTGATTATTACCCCCATCACTAATATTATTAATTTCA
AGAAGAATCGTAGAAAATGGAGCAGGAACAGGATGAACAGTATACCCCCCACTATCATCTAATATTGCTCATAGAGGATCATCAGTCG
ATTTAGCTATTTTTTCTTTACATTTAGCTGGTATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACCATTATTAATATACGAAT
TAATAATTTATCATTTGATCAAATATCATTATTTATTTGAGCTGTAGGAATTACAGCATTATTATTATTATTATCATTACCAGTATTA
GCTGGAGCTATTACTATATTATTAACTGATCGAAATTTAAATACATCATTTTTTGATCCTGCAGGTGGAGGAGATCCAATTCTTTAT

B090
GGAATATTAGGAACATCATTAAGAATTTTAATTCGTATAGAATTAGGAACACCAGGATCATTAATTGGAGATGATCAAATTTATAATA
CTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTAATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCATT
AATATTAGGAGCTCCAGATATAGCATTTCCACGAATAAATAATATAAGATTTTGATTATTACCCCCATCACTAATATTATTAATTTCA
AGAAGAATCGTAGAAAATGGAGCAGGAACAGGATGAACAGTATACCCCCCACTATCATCTAATATTGCTCATAGAGGATCATCAGTCG
ATTTAGCTATTTTTTCTTTACATTTAGCTGGTATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACTATTATTAATATACGAAT
TAATAATTTATCATTTGATCAAATATCATTATTTATTTGAGCTGTAGGAATTACAGCATTATTATTATTATTATCATTACCAGTATTA
GCTGGAGCTATTACTATATTATTAACTGATCGAAATTTAAATACATCATTTTTTGATCCTGCAGGTGGAGGAGATCCAATTCTTTAT

B091
GGAATATTAGGAACATCATTAAGAATTTTAATTCGTATAGAATTAGGAACACCAGGATCATTAATTGGAGATGATCAAATTTATAATA
CTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTAATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCATT
AATATTAGGAGCTCCAGATATAGCATTTCCACGAATAAATAATATAAGATTTTGATTATTACCCCCATCACTAATATTATTAATTTCA
AGAAGAATCGTAGAAAATGGAGCAGGAACAGGATGAACAGTATACCCCCCACTATCATCTAATATTGCTCATAGAGGATCATCAGTCG
ATTTAGCTATTTTTTCTTTACATTTAGCTGGTATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACCATTATTAATATACGAAT
TAATAATTTATCATTTGATCAAATATCATTATTTATTTGAGCTGTAGGAATTACAGCATTATTATTATTATTATCATTACCAGTATTA
GCTGGAGCTATTACTATATTATTAACTGATCGAAATTTAAATACATCATTTTTTGATCCTGCAGGTGGAGGAGATCCAATTCTTTAT

218 30
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MDIV output file data (theta and time curves) plotted in Excel
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Divergence time calculations

Estimate of time since populations separated (t) and time to most recent common
ancestor (tMRCA) across the Cassillis Gap. Two sets of calculations based on assumed
maximum (1.9%) and minimum (1.3%) sequence divergence per million years.

Calculations

T max 2.532 off graph
Theta max 0.77323 off graph
u 3.9975E-06 ((1.3/2)/100000000)*645
2u 7.995E-06 u*2
TMRCA 3.806865 (TMRCA|data)

Time since population diverged
t 244880.345 (Tmax * Theta max)/2u

Time to most recent common ancestor
tMRCA 368177.889 (Theta max * TMRCA|data)/2u

Calculations

T max 2.532 off graph
Theta max 0.77323 off graph
u 5.8425E-06 ((1.9/2)/100000000)*645
2u 1.1685E-05 u*2
TMRCA 3.806865 (TMRCA|data)

Time since population diverged
t 167549.71 (Tmax * Theta max)/2u

Time to most recent common ancestor
tMRCA 251911.187 (Theta max * TMRCA|data)/2u
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APPENDIX 3.5

J. evagorasARLEQUIN AMOVA input file.
Partitioned for 7 different attendant ant species.

[Profile]
Title="Jevag haplotypes"
NbSamples=7
DataType=DNA
GenotypicData=0
Frequency=ABS
CompDistMatrix=1
FrequencyThreshold=0.0001

[Data]
[[HaplotypeDefinition]]

HaplListName="Butterflies"
HaplList={

H-B1
GGAATATTAGGAACATCATTAAGAATTTTAATTCGTATAGAATTAGGAACACCAGGATCATTAATTGGAG
ATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTAATACCTAT
CATAATTGGAGGATTTGGAAATTGATTAGTCCCATTAATATTAGGAGCTCCAGATATAGCATTTCCACGA
ATAAATAATATAAGATTTTGATTATTACCCCCATCACTAATATTATTAATTTCAAGAAGAATCGTAGAAA
ATGGAGCAGGAACAGGATGAACAGTCTACCCCCCACTATCATCTAATATTGCTCATAGAGGATCATCAGT
CGATTTAGCTATTTTTTCTTTACATTTAGCTGGTATTTCATCAATTTTAGGAGCTATTAATTTTATTACA
ACCATTATTAATATACGAATTAATAATTTATCATTTGATCAAATATCACTATTTATTTGAGCTGTAGGAA
TTACAGCATTATTATTATTATTATCATTACCAGTATTAGCTGGAGCCATTACTATATTATTAACTGATCG
AAATTTAAATACATCATTTTTTGATCCTGCAGGTGGAGGAGATCCAATTCTTTAT
H-Y1
GGAATATTAGGAACATCATTAAGAATTTTAATTCGTATAGAATTAGGAACACCAGGATCATTAATTGGAG
ATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTAATACCTAT
CATAATTGGAGGATTTGGAAATTGATTAGTCCCATTAATATTAGGAGCTCCAGATATAGCATTTCCACGA
ATAAATAATATAAGATTTTGATTATTACCCCCATCACTAATATTATTAATTTCAAGAAGAATCGTAGAAA
ATGGAGCAGGAACAGGATGAACAGTATACCCCCCACTATCATCTAATATTGCTCATAGAGGATCATCAGT
CGATTTAGCTATTTTTTCTTTACATTTAGCTGGTATTTCATCAATTTTAGGAGCTATTAATTTTATTACA
ACCATTATTAATATACGAATTAATAATTTATCATTTGATCAAATATCACTATTTATTTGAGCTGTAGGAA
TTACAGCATTATTATTATTATTATCATTACCAGTATTAGCTGGAGCTATTACTATATTATTAACTGATCG
AAATTTAAATACATCATTTTTTGATCCTGCAGGTGGAGGAGATCCAATTCTTTAT
H-C1
GGAATATTAGGAACATCATTAAGAATTTTAATTCGTATAGAATTAGGAACACCAGGATCATTAATTGGAG
ATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTAATACCTAT
CATAATTGGAGGATTTGGAAATTGATTAGTCCCATTAATATTAGGAGCTCCAGATATAGCATTTCCACGA
ATAAATAATATAAGATTTTGATTATTACCCCCATCATTAATATTATTAATTTCAAGAAGAATCGTAGAAA
ATGGAGCAGGAACAGGATGAACAGTCTACCCCCCACTATCATCTAATATTGCTCATAGAGGATCATCAGT
CGATTTAGCTATTTTTTCTTTACATTTAGCTGGTATTTCATCAATTTTAGGAGCTATTAATTTTATTACA
ACCATTATTAATATACGAATTAATAATTTATCATTTGATCAAATATCACTATTTATTTGAGCTGTAGGAA
TTACAGCATTATTATTATTATTATCATTACCAGTATTAGCTGGAGCCATTACTATATTATTAACTGATCG
AAATTTAAATACATCATTTTTTGATCCTGCAGGTGGAGGAGATCCAATTCTTTAT
H-D1
GGAATATTAGGAACATCATTAAGAATTTTAATTCGTATAGAATTAGGAACACCAGGATCATTAATTGGAG
ATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTAATACCTAT
CATAATTGGAGGATTTGGAAATTGATTAGTCCCATTAATATTAGGAGCTCCAGATATAGCATTTCCACGA
ATAAATAATATAAGATTTTGATTATTACCTCCATCACTAATATTATTAATTTCAAGAAGAATCGTAGAAA
ATGGAGCAGGAACAGGATGAACAGTCTACCCCCCACTATCATCTAATATTGCTCATAGAGGATCATCAGT
CGATTTAGCTATTTTTTCTTTACATTTAGCTGGTATTTCATCAATTTTAGGAGCTATTAATTTTATTACA
ACCATTATTAATATACGAATTAATAATTTATCATTTGATCAAATATCACTATTTATTTGAGCTGTAGGAA
TTACAGCATTATTATTATTATTATCATTACCAGTATTAGCTGGAGCCATTACTATATTATTAACTGATCG
AAATTTAAATACATCATTTTTTGATCCTGCAGGTGGAGGAGATCCAATTCTTTAT
H-E1
GGAATATTAGGAACATCATTAAGAATTTTAATTCGTATAGAATTAGGAACACCAGGATCATTAATTGGAG
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ATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTAATACCTAT
CATAATTGGAGGATTTGGAAATTGATTAGTCCCATTAATATTAGGAGCTCCAGATATAGCATTTCCACGA
ATAAATAATATAAGATTTTGATTATTACCCCCATCACTAATATTATTAATTTCAAGAAGAATCGTAGAAA
ATGGAGCAGGAACAGGATGAACAGTCTACCCCCCACTATCATCTAATATTGCTCATAGAGGATCATCAGT
CGATTTAGCTATCTTTTCTTTACATTTAGCTGGTATTTCATCAATTTTAGGAGCTATTAATTTTATTACA
ACCATTATTAATATACGAATTAATAATTTATCATTTGATCAAATATCACTATTTATTTGAGCTGTAGGAA
TTACAGCATTATTATTATTATTATCATTACCAGTATTAGCTGGAGCCATTACTATATTATTAACTGATCG
AAATTTAAATACATCATTTTTTGATCCTGCAGGTGGAGGAGATCCAATTCTTTAT
H-J1
GGAATATTAGGAACATCATTAAGAATTTTAATTCGTATAGAATTAGGAACACCAGGATCATTAATTGGAG
ATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTAATACCTAT
CATAATTGGAGGATTTGGAAATTGATTAGTCCCATTAATATTAGGAGCTCCAGATATAGCATTTCCACGA
ATAAATAATATAAGATTTTGATTATTACCCCCATCACTAATATTATTAATTTCAAGAAGAATCGTAGAAA
ATGGAGCAGGAACAGGATGAACAGTATACCCCCCACTATCATCTAATATTGCTCATAGAGGATCATCAGT
CGATTTAGCTATTTTTTCTTTACATTTAGCTGGTATTTCATCAATTTTAGGAGCTATTAATTTTATTACA
ACCATTATTAATATACGAATTAATAATTTATCATTTGATCAAATATCACTATTTATTTGAGCTGTAGGAA
TTACAGCATTATTATTATTATTATCATTACCAGTATTAGCTGGAGCTATTACTATATTATTAACTGATCG
AAATTTAAATACATCATTTTTTGACCCTGCAGGTGGAGGAGATCCAATTCTTTAT
H-R1
GGAATATTAGGAACATCATTAAGAATTTTAATTCGTATAGAATTAGGAACACCAGGATCATTAATTGGAG
ATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTAATACCTAT
TATAATTGGAGGATTTGGAAATTGATTAGTTCCATTAATATTAGGAGCTCCAGATATAGCATTTCCACGA
ATAAATAATATAAGATTTTGATTATTACCCCCATCACTAATATTATTAATTTCAAGAAGAATCGTAGAAA
ATGGAGCAGGAACAGGATGAACAGTATACCCCCCACTATCATCTAATATTGCTCATAGAGGATCATCAGT
CGATTTAGCTATTTTTTCTTTACATTTAGCTGGTATTTCATCAATTTTAGGAGCTATTAATTTTATTACA
ACTATTATTAATATACGAATTAATAATTTATCATTTGATCAAATATCATTATTTATTTGAGCTGTAGGAA
TTACAGCATTATTATTATTATTATCATTACCAGTATTAGCTGGAGCTATTACTATATTATTAACTGATCG
AAATTTAAATACATCATTTTTTGATCCTGCAGGTGGAGGAGATCCAATTCTTTAT
H-Z1
GGAATATTAGGAACATCATTAAGAATTTTAATTCGTATAGAATTAGGAACACCAGGATCATTAATTGGAG
ATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTAATACCTAT
CATAATTGGAGGATTTGGAAATTGATTAGTCCCATTAATATTAGGAGCTCCAGATATAGCATTTCCACGA
ATAAATAATATAAGATTTTGATTATTACCCCCATCACTAATATTATTAATTTCAAGAAGAATCGTAGAAA
ATGGAGCAGGAACAGGATGAACAGTATACCCCCCACTGTCATCTAATATTGCTCATAGAGGATCATCAGT
CGATTTAGCTATTTTTTCTTTACATTTAGCTGGTATTTCATCAATTTTAGGAGCTATTAATTTTATTACA
ACCATTATTAATATACGAATTAATAATTTATCATTTGATCAAATATCACTATTTATTTGAGCTGTAGGAA
TTACAGCATTATTATTATTATTATCATTACCAGTATTAGCTGGAGCTATTACTATATTATTAACTGATCG
AAATTTAAATACATCATTTTTTGATCCTGCAGGTGGAGGAGATCCAATTCTTTAT
H-G1
GGAATATTAGGAACATCATTAAGAATTTTAATTCGTATAGAATTAGGAACACCAGGATCATTAATTGGAG
ATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTAATACCTAT
CATAATTGGAGGATTTGGAAATTGATTAGTCCCATTAATATTAGGAGCTCCAGATATAGCATTTCCACGA
ATAAATAATATAAGATTTTGATTATTACCACCATCACTAATATTATTAATTTCAAGAAGAATCGTAGAAA
ATGGAGCAGGAACAGGATGAACAGTCTACCCCCCACTATCATCTAATATTGCTCATAGAGGATCATCAGT
CGATTTAGCTATTTTTTCTTTACATTTAGCTGGTATTTCATCAATTTTAGGAGCTATTAATTTTATTACA
ACCATTATTAATATACGAATTAATAATTTATCATTTGATCAAATATCACTATTTATTTGAGCTGTAGGAA
TTACAGCATTATTATTATTATTATCATTACCAGTATTAGCTGGAGCCATTACTATATTATTAACTGATCG
AAATTTAAATACATCATTTTTTGATCCTGCAGGTGGAGGAGATCCAATTCTTTAT
H-O1
GGAATATTAGGAACATCATTAAGAATTTTAATTCGTATAGAATTAGGAACACCAGGATCATTAATTGGAG
ATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTAATACCTAT
TATAATTGGAGGATTTGGAAATTGATTAGTTCCATTAATATTAGGAGCTCCAGATATAGCATTTCCACGA
ATAAATAATATAAGATTTTGATTATTACCCCCATCACTAATATTATTAATTTCAAGAAGAATCGTAGAAA
ATGGAGCAGGAACAGGATGAACAGTATACCCCCCACTATCATCTAATATTGCTCATAGAGGATCATCAGT
CGATTTAGCTATTTTTTCTTTACATTTAGCTGGTATTTCATCAATTTTAGGAGCTATTAATTTTATTACA
ACCATTATTAATATACGAATTAATAATTTATCATTTGATCAAATATCACTATTTATTTGAGCTGTAGGAA
TTACAGCATTATTATTATTATTATCATTACCAGTATTAGCTGGAGCTATTACTATATTATTAACTGATCG
AAATTTAAATACATCATTTTTTGATCCTGCAGGTGGAGGAGATCCAATTCTTTAT
H-P1
GGAATATTAGGAACATCATTAAGAATTTTAATTCGTATAGAATTAGGAACACCAGGATCATTAATTGGAG
ATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTAATACCTAT
TATAATTGGAGGATTTGGAAATTGATTAGTTCCATTAATATTAGGAGCTCCAGATATAGCATTTCCACGA
ATAAATAATATAAGATTTTGATTATTACCCCCATCACTAATATTATTAATTTCAAGAAGAATCGTAGAAA
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ATGGAGCAGGAACAGGATGAACAGTATACCCCCCACTATCATCTAATATTGCTCATAGAGGATCATCAGT
CGATTTAGCTATTTTTTCTTTACATTTAGCTGGTATTTCATCAATTTTAGGAGCTATTAATTTTATTACA
ACCATTATTAATATACGAATTAATAATTTATCATTTGATCAAATATCATTATTTATTTGAGCTGTAGGAA
TTACAGCATTATTATTATTATTATCATTACCAGTATTAGCTGGAGCTATTACTATATTATTAACTGATCG
AAATTTAAATACATCATTTTTTGATCCTGCAGGTGGAGGAGATCCAATTCTTTAT
H-Q1
GGAATATTAGGAACATCATTAAGAATTTTAATTCGTATAGAATTAGGAACACCAGGATCATTAATTGGAG
ATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTAATACCTAT
CATAATTGGAGGATTTGGAAATTGATTAGTACCATTAATATTAGGAGCTCCAGATATAGCATTTCCACGA
ATAAATAATATAAGATTTTGATTATTACCCCCATCACTAATATTATTAATTTCAAGAAGAATCGTAGAAA
ATGGAGCAGGAACAGGATGAACAGTCTACCCCCCACTATCATCTAATATTGCTCATAGAGGATCATCAGT
CGATTTAGCTATTTTTTCTTTACATTTAGCTGGTATTTCATCAATTTTAGGAGCTATTAATTTTATTACA
ACCATTATTAATATACGAATTAATAATTTATCATTTGATCAAATATCACTATTTATTTGAGCTGTAGGAA
TTACAGCATTATTATTATTATTATCATTACCAGTATTAGCTGGAGCCATTACTATATTATTAACTGATCG
AAATTTAAATACATCATTTTTTGATCCTGCAGGTGGAGGAGATCCAATTCTTTAT
}

[[Samples]]
SampleName="Complex A sp A"
SampleSize=14
SampleData={

H-O1 14
}

SampleName="Complex A sp B"
SampleSize=7
SampleData={

H-Y1 7

}

SampleName="Complex A sp C"
SampleSize=53
SampleData={

H-D1 2
H-B1 6
H-G1 6
H-Y1 39

}

SampleName="Complex A sp D"
SampleSize=7
SampleData={

H-B1 7
}

SampleName="I.mattiroloi"
SampleSize=41
SampleData={

H-Y1 7
H-B1 28
H-E1 4
H-C1 2

}

SampleName="I.septentrionalis"
SampleSize=8
SampleData={

H-B1 2
H-G1 6

}

SampleName="I.gracilis"
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SampleSize=39
SampleData={

H-B1 10
H-Y1 26
H-Z1 1
H-J1 2

}

#Definition of group structure:

[[Structure]]

StructureName="Structure between ant species"
NbGroups=1

}
Group ={

"Complex A sp A"
"Complex A sp B"
"Complex A sp C"
"Complex A sp D"
"I.mattiroloi"
"I.septentrionalis"
"I.gracilis"

}
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J. evagorasARLEQUIN AMOVA output file.

////////////////////////////////////////////////////////////////////
RUN NUMBER 1 (25/01/04 at 07:33:22)
////////////////////////////////////////////////////////////////////

Project information:
--------------------

NbSamples = 7
DataType = DNA
GenotypicData = 0

==============================
Settings used for Calculations
==============================

General settings:
-----------------

Deletion Weight = 1
Transition Weight Weight = 1
Tranversion Weight Weight = 1
Epsilon Value = 1e-07
Significant digits for output = 5
Infer haplotype definition from distance matrix
Alllowed level of missing data = 0.05

Active Tasks:
-------------

Analysis of Molecular Variance:
-------------------------------

No. of Permutations = 1000

Population pairwise Fst values:
-------------------------------

Compute pairwise differences
No. of permutations for significance = 3000
No. of permutations for Mantel test = 1000

Distance matrix:
Compute distance matrix
Molecular distance : Pairwise difference
Gamma a value = 0

Exact test of population differentiation:
-----------------------------------------

No. of steps in Markov chain = 10000
No. of Dememorisation Steps = 1000
Required precision on Probability = 0
Print Histogram and table : No
Significance level = 0.05

Warning: The locus separator has been removed
-------

==============================================================================
=
== GENETIC STRUCTURE ANALYSIS
==============================================================================
=

Number of usable loci for distance computation : 615
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Allowed level of missing data : 0.05

List of usable loci :
---------------------

1

List of loci with too much missing data :
-----------------------------------------

NONE

=================================================================
AMOVA ANALYSIS

=================================================================

---------------------------
Genetic structure to test :
---------------------------

No. of Groups = 1

[[Structure]]

StructureName = "Structure between ant species"
NbGroups = 1
IndividualLevel = 0
DistMatLabel = ""
Group={
"Complex A sp A"
"Complex A sp B"
"Complex A sp C"
"Complex A sp D"
"I.mattiroloi"
"I.septentrionalis"
"I.gracilis"
}

---------------------------

Distance method: Pairwise difference

--------------------------
AMOVA design and results :
--------------------------

Reference: Weir, B.S. and Cockerham, C.C. 1984.
Excoffier, L., Smouse, P., and Quattro, J. 1992.
Weir, B. S., 1996.

----------------------------------------------------------------------
Source of Sum of Variance Percentage
variation d.f. squares components of variation

----------------------------------------------------------------------
Among
populations 6 66.462 0.48808 Va 55.27

Within
populations 162 63.988 0.39499 Vb 44.73

----------------------------------------------------------------------
Total 168 130.450 0.88307

----------------------------------------------------------------------
Fixation Index FST : 0.55271

----------------------------------------------------------------------

Significance tests (1023 permutations)
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------------------

Va and FST : P(rand. value > obs. value) = 0.00000
P(rand. value = obs. value) = 0.00000
P(rand. value >= obs. value) = 0.00000+-0.00000

==============================================================================
========
== Comparisons of pairs of population samples
==============================================================================
========

List of labels for population samples used below:
-------------------------------------------------

Label Population name
----- ---------------

1: Complex A sp A
2: Complex A sp B
3: Complex A sp C
4: Complex A sp D
5: I.mattiroloi
6: I.septentrionalis
7: I.gracilis

------------------------
Population pairwise FSTs
------------------------

Distance method: Pairwise difference
1 2 3 4 5 6 7

1 0.00000
2 1.00000 0.00000
3 0.71379 0.07841 0.00000
4 1.00000 1.00000 0.51819 0.00000
5 0.83857 0.64028 0.39986 0.01056 0.00000
6 0.96807 0.91646 0.58556 0.69730 0.41987 0.00000
7 0.75121 0.07652 -0.00051 0.56350 0.42067 0.65268 0.00000

------------
FST P values
------------

Number of permutations : 3024

1 2 3 4 5 6
7
1 *
2 0.00000+-0.0000 *
3 0.00000+-0.0000 0.06413+-0.0047 *
4 0.00000+-0.0000 0.00099+-0.0006 0.00000+-0.0000 *
5 0.00000+-0.0000 0.00000+-0.0000 0.00000+-0.0000 0.25025+-0.0074 *
6 0.00000+-0.0000 0.00000+-0.0000 0.00000+-0.0000 0.00066+-0.0005 0.00066+-0.0005
*
7 0.00000+-0.0000 0.23041+-0.0071 0.33091+-0.0090 0.00000+-0.0000 0.00000+-0.0000
0.00000+-0.0000 *

------------
Matrix of significant Fst P values
Significance Level=0.0500
------------

Number of permutations : 3024

1 2 3 4 5 6 7
1 + + + + + +
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2 + - + + + -
3 + - + + + -
4 + + + - + +
5 + + + - + +
6 + + + + + +
7 + - - + + +

---------------------------------------
Population average pairwise differences
----------------------------------------

Above diagonal : Average number of pairwise differences between populations
(PiXY)
Diagonal elements : Average number of pairwise differences within population
(PiX)
Below diagonal : Corrected average pairwise difference (PiXY-(PiX+PiY)/2)

Distance method: Pairwise difference
1 2 3 4 5 6 7

1 0.00000 2.00000 2.67925 4.00000 3.80488 4.75000 2.58974
2 2.00000 0.00000 0.67925 2.00000 1.80488 2.75000 0.58974
3 2.14804 0.14804 1.06241 1.62264 1.60792 2.17453 0.99806
4 4.00000 2.00000 1.09144 0.00000 0.48780 0.75000 1.56410
5 3.37683 1.37683 0.64866 0.05976 0.85610 1.23780 1.54409
6 4.53571 2.53571 1.42904 0.53571 0.59547 0.42857 2.31410
7 2.12281 0.12281 -0.00008 1.09717 0.64910 1.63288 0.93387

-----------
PXY P value
-----------

1 2 3 4 5 6

2 0.00000
3 0.00000 0.00000
4 0.00000 0.00000 0.00000
5 0.00000 0.00000 0.00000 0.00000
6 0.00000 0.00000 0.00000 0.00000 0.00000
7 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

---------------------
Corrected PXY P value
---------------------

1 2 3 4 5 6

2 0.00000
3 0.00000 0.00000
4 0.00000 0.00000 0.00000
5 0.00000 0.00000 0.00000 0.00000
6 0.00000 0.00000 0.00000 0.00000 0.00000
7 0.00000 0.00000 0.00000 0.00000 0.00000
0.00000

********************
Locus by locus AMOVA:
********************

List of loci with only one allele:
----------------------------------

Results for polymorphic loci only:
----------------------------------
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Among populations: Within
populations: Fixation indices:
Locus SSD d.f Va % variation SSD d.f. Vb % variation FST P-value
0 24.11443 6 0.17447 46.4999 32.51870 162 0.20073 53.50008 0.46500 0.00000

--------------------------------------------------------------
AMOVA design and results (average over 1 loci):
--------------------------------------------------------------

----------------------------------------------------
Source of Sum of Variance
variation squares components

----------------------------------------------------
Among
populations 24.114 0.17447

Within
populations 32.519 0.20073

----------------------------------------------------
Total 56.633 0.37520

----------------------------------------------------

Average F-Statistics over all loci
Fixation Indices

FST : 0.46500

Significance tests (1023 permutations)
------------------

Va and FST : P(rand. value > obs. value) = 0.00000
P(rand. value = obs. value) = 0.00000
P(rand. value >= obs. value) = 0.00000

==============================================================================
==
== Exact Test of Sample Differentiation Based on Haplotype Frequencies
==============================================================================
==
Reference: Raymond M. and F. Rousset. 1995 .

Goudet, J., M. Raymond, T. de Meeüs and F. Rousset, 1996.

List of labels for population samples used below:
-------------------------------------------------

Label Population name
----- ---------------

1 Complex A sp A
2 Complex A sp B
3 Complex A sp C
4 Complex A sp D
5 I.mattiroloi
6 I.septentrionalis
7 I.gracilis

--------------------------------------------------------------------------
Global test of differentiation among sample:
--------------------------------------------

Non-differentiation: Exact P value = 0.00000 +- 0.00000 (6000 Markov steps
done)

--------------------------------------------------------------------------
Differentiation test between all pairs of samples:
--------------------------------------------------
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Markov chain length : 10000 steps)
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Non-differentiation exact P values :

1 2 3 4 5
6

2 0.00000+-0.0000
3 0.00000+-0.0000 0.71255+-0.0110
4 0.00000+-0.0000 0.00010+-0.0001 0.00000+-0.0000
5 0.00000+-0.0000 0.00000+-0.0000 0.00000+-0.0000 0.63785+-0.0147
6 0.00000+-0.0000 0.00005+-0.0001 0.00035+-0.0004 0.00645+-0.0009 0.00020+-0.0002
7 0.00000+-0.0000 0.41685+-0.0109 0.01070+-0.0044 0.00275+-0.0010 0.00000+-0.0000
0.00000+-0.0000

////////////////////////////////////////////////////////////////////
END OF RUN NUMBER 1 (25/01/04 at 07:33:24))
Total computing time for this run : 0h 0m 2s 126 ms
////////////////////////////////////////////////////////////////////
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Appendix 3.6

Iridomyrmexants PAUP NEXUS input file

#NEXUS
Begin data;

Dimensions ntax=37 nchar=585;
Format datatype=dna gap=:;
Matrix

RE-02-A173
TATAAGAATAATTATTCGTCTCGAACTAGGAACTTGTAATTCTATTATTATAAATGATCAAATTTATAATTCTATTGT
AACCGGTCATGCATTTATTATAATTTTTTTTATAGTAATACCTTTTATAATTGGGGGGTTTGGAAACTTTTTAGTTCC
TTTAATATTAGGAGCACCAGATATAGCCTATCCCCGAATAAATAATATAAGATTTTGATTGCTACCCCCTTCAATCTT
AATACTAACAATTAGAAATTTTATTAGATCTGGTGTAGGAACAGGTTGAACTGTATATCCCCCTCTAGCTTCAAATAT
ATTTCATAATGGACCATCTGTAGATTTAGCTATTTTTTCTCTTCATATTGCTGGAATATCCTCAATCCTAGGAGCAAT
CAATTTTATTTCTACTATTTTAAATATACATCATAAAAACTTTTCTATAGATAAAATTCCTCTATTAGTATGATCAAT
TTTAATTACTGCTATCTTATTACTCTTATCTCTGCCTGTTTTAGCTGGAGCAATTACTATACTTTTAACAGATCGAAA
CTTAAATACTTCTTTCTTTGACCCATCGGGTGGGGGTGA
RE-02-A174
TATAAGAATAATTATTCGTCTCGAACTAGGAACTTGTAATTCTATTATTATAAATGATCAAATTTATAATTCTATTGT
AACCGGTCATGCATTTATTATAATTTTTTTTATAGTAATACCTTTTATAATTGGGGGGTTTGGAAACTTTTTAGTTCC
TTTAATATTAGGAGCACCAGATATAGCCTATCCCCGAATAAATAATATAAGATTTTGATTGCTACCCCCTTCAATCTT
AATACTAACAATTAGAAATTTTATTAGATCTGGTGTAGGAACAGGTTGAACTGTATATCCCCCTCTAGCTTCAAATAT
ATTTCATAATGGACCATCTGTAGATTTAGCTATTTTTTCTCTTCATATTGCTGGAATATCCTCAATCCTAGGAGCAAT
CAATTTTATTTCTACTATTTTAAATATACATCATAAAAACTTTTCTATAGATAAAATTCCTCTATTAGTATGATCAAT
TTTAATTACTGCTATCTTATTACTCTTATCTCTGCCTGTTTTAGCTGGAGCAATTACTATACTTTTAACAGATCGAAA
CTTAAATACTTCTTTCTTTGACCCATCGGGTGGGGGTGA

|

Include all sequences (total of 37) in order.

|

RE-03-B038
TATAAGAATAATTATTCGTCTTGAATTAGGAACTTGCAACTCTATTATTAGAAATGATCAAATTTATAACTCCATTGT
AACTGGTCATGCATTTATCATAATTTTTTTTATAGTAATACCTTTTATAATCGGGGGTTTTGGAAACTTTTTAGTACC
TTTAATATTAGGGGCGCCAGATATAGCCTACCCTCGAATAAATAATATAAGATTTTGATTATTACCCCCTTCAATTTT
AATATTAACAATTAGAAATTTTATTAGATCAGGCGTAGGAACAGGTTGAACTGTATATCCCCCTTTAGCTTCAAATAT
ATTTCATAATGGACCATCTGTAGATTTAGCTATTTTTTCCCTCCATATCGCTGGAATATCCTCAATTCTAGGAGCAAT
TAATTTTATTTCTACTATTTTAAATATACATCATAAAAACTTTTCCATAGATAAAATTCCTCTATTAGTTTGATCAAT
TTTAATTACCGCTATTTTATTATTATTATCCTTACCAGTTTTAGCTGGAGCAATTACTATGCTTTTAACAGATCGAAA
CTTAAATACCTCCTTTTTTGATCCATCTGGAGGGGGTGA
DL-00-Q214
TATAAGAATAATCATTCGTCTTGAACTAGGAACTTGTAATTCTATTATTATAAATGATCAAATTTATAACTCTATTGT
AACTGGTCATGCATTTATTATAATTTTTTTTATAGTAATACCTTTTATAATTGGAGGATTTGGAAACTTTTTAGTACC
CTTAATACTAGGGGCACCAGATATAGCCTATCCTCGAATAAATAATATAAGATTTTGATTACTACCCCCCTCAATTTT
AATACTAACAATTAGAAATTTTATTAGATCTGGTGTAGGAACAGGCTGAACTGTATACCCTCCTTTAGCTTCAAATAT
ATTTCATAATGGACCATCTGTAGATTTAGCTATTTTTTCTCTTCATATTGCAGGAATATCTTCAATTCTAGGGGCAAT
CAACTTTATTTCTACTATCCTAAATATACACCATAAAAACTTCTCTATAGATAAAATTCCTCTATTAGTATGATCAAT
TCTAATTACTGCTATTTTATTACTATTATCCCTACCCGTCCTAGCTGGAGCAATTACCATACTTCTAACAGATCGAAA
CTTAAATACTTCTTTCTTTGATCCCTCAGGAGGAGGCGA
DL-00-Q217
AATAAGAATAATTATTCGTCTTGAACTAGGAACTTGTAATTCTCTTATTATAAATGATCAAATTTACAACTCTATTGT
AACTGGTCATGCTTTTATCATAATTTTTTTTATAGTAATACCTTTTATAATTGGAGGATTCGGAAACTTCCTCGTACC
TTTAATATTAGGAGCTCCTGATATAGCTTACCCACGAATAAATAACATAAGATTTTGATTATTACCCCCCTCAATTTT
AATACTAATAATTAGAAACTTTATTAGATCAGGTGTAGGAACAGGATGAACAGTATATCCCCCTCTAGCTTCAAATAT
GTTTCATAATGGCCCATCAGTAGACCTAGCTATCTTTTCTCTTCATATTGCCGGAATATCTTCAATTTTAGGAGCAAT
TAATTTTATTTCTACTATTTTAAATATACATCATAAAAATTTCTCTATAGACAAAATTCCTCTATTAGTTTGATCAAT
TTTAATTACTGCTATCTTATTACTTTTATCTCTTCCTGTTTTAGCAGGTGCAATTACTATACTTTTAACAGATCGAAA
TTTAAATACCTCTTTCTTTGATCCTTCAGGAGGAGGTGA

;
End;
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Appendix 4.1

Calculation of lower asymptote values for saturation plots of mitochondrial and
nuclear genes inJalmenus.

Mitochondrial COI-COII genes
Base frequencies for all third codon positions in the COI-COII genes generated in
PAUP*.

A C G T
0.46089 0.03489 0.01722 0.487

Lower asymptote formula (Holmquist 1983):
((A x G) + (C x T))/((A + G) x (C + T))

= ((0.46089 x 0.01722) + (0.03489 x 0.48700))/ ((0.46089 + 0.01722) x (0.03489 +
0.48700))

= 0.09990331

Nuclear EF1 Alpha gene

A C G T
0.20287 0.34227 0.12148 0.41249

Lower asymptote

= ((0.20287 x 0.12148) + (0.34227 x 0.41249))/ ((0.20287 + 0.12148) x (0.34227 +
0.41249))

= 0.6773826
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Appendix 4.2

Jalmenusgeneral NEXUS input file for PAUP*

#NEXUS
[MacClade 4.0 registered to John, Harvard]

BEGIN DATA;
DIMENSIONS NTAX=34 NCHAR=3359;
FORMAT DATATYPE=DNA MISSING=? GAP=: INTERLEAVE=YES ;

MATRIX

aridU385 NNNNNNNNNNNNNNNNNNNNNNNNNNNNNTTTTATTTTTGGAATTT......GAGCAGGAAT
aridZ797 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
clemY112 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
clemY115 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
daemX761 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
daemQ080 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
daemH030 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
eubuY014 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
eubuB080 NNNNNNNNNNAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
evagS683 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
evagY030 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
eichQ219 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
eichT036 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
icilX103E ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
icilA357E ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
icilV767W ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
icilY089W ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
ictinQ208 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
ictinA250 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
ictinZ619 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
inousY083 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
notoY079 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
lithoV660 NNNAATCATAAAGATATTGGAACTTTAAATTTTATTTTTGGAATTT......GAGCAGGAAT
lithoV805 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
pseudP463 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
pseudP471 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
J.spW001 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
J.spW002 NNNNNNNNNNNNGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
chlorZ588 ACAAATCATAAAGATATTGGAACATTATATTTTATCTTTGGAATTT......GAGCAGGAAT
chlorX129 ACAAATCATAAAGATATTGGAACATTATATTTTATCTTTGGAATTT......GAGCAGGAAT
ZesiA032 ACAAATCATAAAGATATTGGAACATTATATTTTATTTTTGGAATTT......GAGCAGGAAT
HmiskA333 ACAAATCATAAAGATATTGGAACATTATATTTTATTTTTGGTATTT......GAGCTGGAAT
idmoA338 ACAAATCATAAAGATATTGGAACATTATATTTTATTTTTGGAATTT......GGGCAGGAAT
TmiskB025 NNNNNNNNNNNAGATATTGGAACATTATATTTTATTTTTGGAATCT......GAGCAGGAAT
;
END;

BEGIN CODONS;
CODONPOSSET * CodonPositions =

N: 1516-1578,
1: 1-1513\3 1579-3358\3,
2: 2-1514\3 1580-3359\3 3359,
3: 3-1515\3 1581-3357\3;

END;

BEGIN SETS;
CHARSET COI = 1-1515;
CHARSET tRNA = 1516-1578;
CHARSET COII = 1579-2283;
CHARSET EF1 = 2284-3359;
CHARSET EF1_THIRD = 2286-3359\3;
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CHARSET COI_COII_THIRD = 1-2283\3;
CHARSET EF1_SECOND = 2285-3350\3;

END;

BEGIN SETS;
CHARPARTITION GENES = COI_II: 1-2283, EF1: 2284-3359;
TAXSET EXEMPLARS = 2 3 7 8 10 13 14 16 18 19 22 23 25 29;

END;

begin assumptions;

usertype 2_1 = 4 [weights transversions 2 times transitions]
a c g t

[a] . 2 1 2
[c] 2 . 2 1
[g] 1 2 . 2
[t] 2 1 2 .

;

usertype tv = 4 [excludes transitions]
a c g t

[a] . 1 0 1
[c] 1 . 1 0
[g] 0 1 . 1
[t] 1 0 1 .

;

[ usertype ti = 4 [excludes transversions]
a c g t

[a] . 0 1 0
[c] 0 . 0 1
[g] 1 0 . 0
[t] 0 1 0 .

;
]

endblock;

[
FOR TOTAL DATASET
Likelihood settings from best-fit model (GTR+I+G) selected by hLRT and AIC in
Modeltest Version 3.06
BEGIN PAUP;
Lset Base=(0.3199 0.1674 0.1605) Nst=6 Rmat=(8.0017 22.2396 16.5778 4.8911
70.2125) Rates=gamma Shape=0.9454 Pinvar=0.5896;
END;

FOR COI-COII DATASET
Likelihood settings from best-fit model (GTR+I+G) selected by hLRT and AIC in
Modeltest Version 3.06
BEGIN PAUP;
Lset Base=(0.3542 0.1025 0.1212) Nst=6 Rmat=(13.7743 25.9283 13.6095 1.7406
180.1646) Rates=gamma Shape=1.2250 Pinvar=0.6670;
END;

FOR EF1 ALPHA DATASET
Likelihood settings from best-fit model (SYM+I+G) selected by AIC in Modeltest
Version 3.06
BEGIN PAUP;
Lset Base=equal Nst=6 Rmat=(6.2892 13.6050 5.8826 2.4013 38.7848)
Rates=gamma Shape=0.8477 Pinvar=0.4928;
END;
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Appendix 4.3

JalmenusModeltest output

Testing models of evolution - Modeltest 3.5
(c) Copyright, 1998-2004 David Posada (dposada@uvigo.es)
Facultad de Biologia, Universidad de Vigo, 36200 Vigo, Spain
_______________________________________________________________
Sat Oct 29 16:10:24 2005
OS = Macintosh (Sioux console)

Input format: Paup matrix file

** Log Likelihood scores **
+I +G +I+G

JC = 8267.7119 8052.9976 8052.9712 8052.8955
F81 = 8015.8506 7773.2383 7772.1758 7772.1758
K80 = 8220.7705 8003.9531 8002.6772 8002.7764
HKY = 7952.5703 7694.1113 7690.8457 7688.7197
TrNef = 8164.7324 7951.0854 7947.0503 7945.9551
TrN = 7924.8530 7674.7402 7668.3232 7663.7593
K81 = 8130.2407 7901.8818 7900.9492 7900.9492
K81uf = 7892.9775 7643.9541 7641.4692 7640.2534
TIMef = 8073.1880 7848.6084 7844.8369 7843.6958
TIM = 7864.4956 7620.4160 7615.1548 7612.1777
TVMef = 8017.6826 7804.5239 7801.4209 7801.3169
TVM = 7841.4316 7614.2871 7611.3140 7610.3027
SYM = 7962.8633 7754.3477 7749.8066 7748.5488
GTR = 7813.7271 7587.7114 7582.8911 7580.5933

** Settings **

Using the standard AIC (not the AICc)
Not using branch lengths as parameters

** Hierarchical Likelihood Ratio Tests (hLRTs) **

Equal base frequencies
Null model = JC -lnL0 = 8267.7119
Alternative model = F81 -lnL1 = 8015.8506
2(lnL1-lnL0) = 503.7227 df = 3
P-value = <0.000001

Ti=Tv
Null model = F81 -lnL0 = 8015.8506
Alternative model = HKY -lnL1 = 7952.5703
2(lnL1-lnL0) = 126.5605 df = 1
P-value = <0.000001

Equal Ti rates
Null model = HKY -lnL0 = 7952.5703
Alternative model = TrN -lnL1 = 7924.8530
2(lnL1-lnL0) = 55.4346 df = 1
P-value = <0.000001

Equal Tv rates
Null model = TrN -lnL0 = 7924.8530
Alternative model = TIM -lnL1 = 7864.4956
2(lnL1-lnL0) = 120.7148 df = 1
P-value = <0.000001

Only two Tv rates
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Null model = TIM -lnL0 = 7864.4956
Alternative model = GTR -lnL1 = 7813.7271
2(lnL1-lnL0) = 101.5371 df = 2
P-value = <0.000001

Equal rates among sites
Null model = GTR -lnL0 = 7813.7271
Alternative model = GTR+G -lnL1 = 7582.8911
2(lnL1-lnL0) = 461.6719 df = 1
Using mixed chi-square distribution
P-value = <0.000001

No Invariable sites
Null model = GTR+G -lnL0 = 7582.8911
Alternative model = GTR+I+G -lnL1 = 7580.5933
2(lnL1-lnL0) = 4.5957 df = 1
Using mixed chi-square distribution
P-value = 0.016026

Model selected: GTR+G
-lnL = 7582.8911

K = 9
Base frequencies:

freqA = 0.3119
freqC = 0.1923
freqG = 0.1454
freqT = 0.3504

Substitution model:
Rate matrix
R(a) [A-C] = 9.5033
R(b) [A-G] = 24.2939
R(c) [A-T] = 34.7908
R(d) [C-G] = 7.5540
R(e) [C-T] = 72.9702
R(f) [G-T] = 1.0000

Among-site rate variation
Proportion of invariable sites = 0
Variable sites (G)

Gamma distribution shape parameter = 0.1966

PAUP* Commands Block: If you want to implement the previous estimates
as likelihod settings in PAUP*, attach the next block of commands
after the data in your PAUP file:

[!
Likelihood settings from best-fit model (GTR+G) selected by hLRT in
Modeltest 3.5
]

BEGIN PAUP;
Lset Base=(0.3119 0.1923 0.1454) Nst=6 Rmat=(9.5033 24.2939 34.7908
7.5540 72.9702) Rates=gamma Shape=0.1966 Pinvar=0;
END;

--
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** Akaike Information Criterion (AIC) **

Model selected: GTR+I+G
-lnL = 7580.5933

K = 10
AIC = 15181.1865

Base frequencies:
freqA = 0.3129
freqC = 0.1913
freqG = 0.1451
freqT = 0.3507

Substitution model:
Rate matrix
R(a) [A-C] = 12.6991
R(b) [A-G] = 33.1648
R(c) [A-T] = 47.9650
R(d) [C-G] = 10.4069
R(e) [C-T] = 104.9226
R(f) [G-T] = 1.0000

Among-site rate variation
Proportion of invariable sites (I) = 0.5186
Variable sites (G)

Gamma distribution shape parameter = 0.9347

--

PAUP* Commands Block: If you want to implement the previous estimates
as likelihod settings in PAUP*, attach the next block of commands
after the data in your PAUP file:

[!
Likelihood settings from best-fit model (GTR+I+G) selected by AIC in
Modeltest 3.5
]

BEGIN PAUP;
Lset Base=(0.3129 0.1913 0.1451) Nst=6 Rmat=(12.6991 33.1648
47.9650 10.4069 104.9226) Rates=gamma Shape=0.9347 Pinvar=0.5186;
END;

--

* Model selection uncertainty : Akaike Weights

Model AIC Delta Weight CumWeight
----------------------------------------------------------
GTR+I+G 15181.1865 0.0000 0.7841 0.7841
GTR+G 15183.7822 2.5957 0.2142 0.9983
GTR+I 15193.4229 12.2363 0.0017 1.0000
TVM+I+G 15238.6055 57.4189 0.0000 1.0000
TVM+G 15238.6279 57.4414 0.0000 1.0000
TIM+I+G 15240.3555 59.1689 0.0000 1.0000
TIM+G 15244.3096 63.1230 0.0000 1.0000
TVM+I 15244.5742 63.3877 0.0000 1.0000
TIM+I 15254.8320 73.6455 0.0000 1.0000
K81uf+I+G 15294.5068 113.3203 0.0000 1.0000
K81uf+G 15294.9385 113.7520 0.0000 1.0000
K81uf+I 15299.9082 118.7217 0.0000 1.0000
TrN+I+G 15341.5186 160.3320 0.0000 1.0000
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TrN+G 15348.6465 167.4600 0.0000 1.0000
TrN+I 15361.4805 180.2939 0.0000 1.0000
HKY+I+G 15389.4395 208.2529 0.0000 1.0000
HKY+G 15391.6914 210.5049 0.0000 1.0000
HKY+I 15398.2227 217.0361 0.0000 1.0000
SYM+I+G 15511.0977 329.9111 0.0000 1.0000
SYM+G 15511.6133 330.4268 0.0000 1.0000
SYM+I 15520.6953 339.5088 0.0000 1.0000
F81+G 15552.3516 371.1650 0.0000 1.0000
F81+I+G 15554.3516 373.1650 0.0000 1.0000
F81+I 15554.4766 373.2900 0.0000 1.0000
TVMef+G 15612.8418 431.6553 0.0000 1.0000
TVMef+I+G 15614.6338 433.4473 0.0000 1.0000
TVMef+I 15619.0479 437.8613 0.0000 1.0000
GTR 15643.4541 462.2676 0.0000 1.0000
TVM 15696.8633 515.6768 0.0000 1.0000
TIMef+I+G 15697.3916 516.2051 0.0000 1.0000
TIMef+G 15697.6738 516.4873 0.0000 1.0000
TIMef+I 15705.2168 524.0303 0.0000 1.0000
TIM 15740.9912 559.8047 0.0000 1.0000
K81uf 15795.9551 614.7686 0.0000 1.0000
K81+G 15807.8984 626.7119 0.0000 1.0000
K81+I 15809.7637 628.5771 0.0000 1.0000
K81+I+G 15809.8984 628.7119 0.0000 1.0000
TrN 15859.7061 678.5195 0.0000 1.0000
TrNef+I+G 15899.9102 718.7236 0.0000 1.0000
TrNef+G 15900.1006 718.9141 0.0000 1.0000
TrNef+I 15908.1709 726.9844 0.0000 1.0000
HKY 15913.1406 731.9541 0.0000 1.0000
SYM 15935.7266 754.5400 0.0000 1.0000
K80+G 16009.3545 828.1680 0.0000 1.0000
K80+I+G 16011.5527 830.3662 0.0000 1.0000
K80+I 16011.9062 830.7197 0.0000 1.0000
F81 16037.7012 856.5146 0.0000 1.0000
TVMef 16043.3652 862.1787 0.0000 1.0000
JC+G 16107.9424 926.7559 0.0000 1.0000
JC+I 16107.9951 926.8086 0.0000 1.0000
JC+I+G 16109.7910 928.6045 0.0000 1.0000
TIMef 16152.3760 971.1895 0.0000 1.0000
K81 16264.4814 1083.2949 0.0000 1.0000
TrNef 16333.4648 1152.2783 0.0000 1.0000
K80 16443.5410 1262.3545 0.0000 1.0000
JC 16535.4238 1354.2373 0.0000 1.0000

_________________________________________________________________
Time processing: 1.25343 seconds

Program is done.

If you need help type '-?' in the command line of the program
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APPENDIX 4.4

JalmenusPHYML input file (basic NEXUS format)

#NEXUS

BEGIN DATA;
DIMENSIONS NTAX=34 NCHAR=3359;
FORMAT DATATYPE=DNA MISSING=- GAP=: INTERLEAVE=no ;

MATRIX

aridU385 NNNNNNNNNNNNNNNNNNNNNNNNNNNNNTTTTATTTTTGGAATTT......GAGCAGGAAT
aridZ797 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
clemY112 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
clemY115 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
daemX761 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
daemQ080 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
daemH030 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
eubuY014 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
eubuB080 NNNNNNNNNNAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
evagS683 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
evagY030 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
eichQ219 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
eichT036 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
icilX103E ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
icilA357E ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
icilV767W ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
icilY089W ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
ictinQ208 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
ictinA250 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
ictinZ619 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
inousY083 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
notoY079 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
lithoV660 NNNAATCATAAAGATATTGGAACTTTAAATTTTATTTTTGGAATTT......GAGCAGGAAT
lithoV805 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
pseudP463 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
pseudP471 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
J.spW001 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
J.spW002 NNNNNNNNNNNNGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
chlorZ588 ACAAATCATAAAGATATTGGAACATTATATTTTATCTTTGGAATTT......GAGCAGGAAT
chlorX129 ACAAATCATAAAGATATTGGAACATTATATTTTATCTTTGGAATTT......GAGCAGGAAT
ZesiA032 ACAAATCATAAAGATATTGGAACATTATATTTTATTTTTGGAATTT......GAGCAGGAAT
HmiskA333 ACAAATCATAAAGATATTGGAACATTATATTTTATTTTTGGTATTT......GAGCTGGAAT
idmoA338 ACAAATCATAAAGATATTGGAACATTATATTTTATTTTTGGAATTT......GGGCAGGAAT
TmiskB025 NNNNNNNNNNNAGATATTGGAACATTATATTTTATTTTTGGAATCT......GAGCAGGAAT
;
end;
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JalmenusPHYML output file

#NEXUS

Begin trees;
Tree 1 =
(((((((((((inousY083:0.004346,icilV767W:0.001279):0.000296,J.spW002:0.004063):
0.000329,((J.spW001:0.000923,icilY089W:0.000306):0.000308,notoY079:0.000577):0
.000000):0.002356,((evagY030:0.001667,evagS683:0.000612):0.002465,(eubuB080:0.
000000,eubuY014:0.001224):0.001110):0.002155):0.000620,((((lithoV805:0.000000,
lithoV660:0.000354):0.001821,ictinA250:0.002454):0.000295,(ictinZ619:0.001145,
ictinQ208:0.000613):0.000408):0.002138,(eichT036:0.000304,eichQ219:0.001000):0
.011609):0.001210):0.000590,((pseudP471:0.000290,pseudP463:0.000627):0.006131,
(daemH030:0.000000,(((icilA357E:0.000000,icilX103E:0.000307):0.003131,daemQ080
:0.001248):0.001156,daemX761:0.000379):0.000918):0.002280):0.001327):0.002006,
(clemY115:0.000326,clemY112:0.000971):0.007798):0.003841,(aridZ797:0.000615,ar
idU385:0.000622):0.004428):0.037616,(idmoA338:0.118285,(HmiskA333:0.050097,Zes
iA032:0.073378):0.007105):0.006729):0.010281,TmiskB025:0.085771):0.062795,chlo
rX129:0.011487,chlorZ588:0.011175);

end;
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Appendix 4.5

JalmenusMrBayes input file

#NEXUS

BEGIN DATA;
DIMENSIONS NTAX=34 NCHAR=3359;
FORMAT DATATYPE=DNA [ MISSING=?] GAP=- INTERLEAVE=NO;

MATRIX

aridU385 NNNNNNNNNNNNNNNNNNNNNNNNNNNNNTTTTATTTTTGGAATTT......GAGCAGGAAT
aridZ797 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
clemY112 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
clemY115 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
daemX761 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
daemQ080 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
daemH030 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
eubuY014 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
eubuB080 NNNNNNNNNNAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
evagS683 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
evagY030 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
eichQ219 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
eichT036 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
icilX103E ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
icilA357E ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
icilV767W ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
icilY089W ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
ictinQ208 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
ictinA250 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
ictinZ619 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
inousY083 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
notoY079 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
lithoV660 NNNAATCATAAAGATATTGGAACTTTAAATTTTATTTTTGGAATTT......GAGCAGGAAT
lithoV805 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
pseudP463 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
pseudP471 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
J.spW001 ACAAATCATAAAGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
J.spW002 NNNNNNNNNNNNGATATTGGAACTTTATATTTTATTTTTGGAATTT......GAGCAGGAAT
chlorZ588 ACAAATCATAAAGATATTGGAACATTATATTTTATCTTTGGAATTT......GAGCAGGAAT
chlorX129 ACAAATCATAAAGATATTGGAACATTATATTTTATCTTTGGAATTT......GAGCAGGAAT
ZesiA032 ACAAATCATAAAGATATTGGAACATTATATTTTATTTTTGGAATTT......GAGCAGGAAT
HmiskA333 ACAAATCATAAAGATATTGGAACATTATATTTTATTTTTGGTATTT......GAGCTGGAAT
idmoA338 ACAAATCATAAAGATATTGGAACATTATATTTTATTTTTGGAATTT......GGGCAGGAAT
TmiskB025 NNNNNNNNNNNAGATATTGGAACATTATATTTTATTTTTGGAATCT......GAGCAGGAAT
;
end;

BEGIN MRBAYES;

[The following lines partition the data into two sets. Each gene
(COI_COII/EF1) has its own set]

CHARSET COI_COII = 1-2283;
CHARSET EF1 = 2284-3359;
PARTITION By_gene = 2:COI_COII,EF1;

END;

BEGIN MRBAYES;

SET PARTITION=By_gene;[This command sets the PARTITION to "by_gene"]
PRSET ratepr=variable;[this command sets site-specific rates model]
LSET applyto=(1) nst=6 rates=invgamma [shape=1.2250 pinvar=0.6670];
LSET applyto=(2) nst=6 rates=invgamma [shape=0.8477 pinvar=0.4928];
[The following lines prevent MrBayes from linking parameters from different
partitions (ie. it maintains the independence of the partition parameters]
UNLINK shape=(all) pinvar=(all) statefreq=(all) revmat=(all) tratio=(all);
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END;
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Determination of burnin value for JalmenusMrBayes

Truncated plot of generations against negative log likelihood scores to determine pre-
asymptotic burnin value. Value selected in this instance was 30,000 generations so the
first 300 saved trees were deleted (only every 100th tree was saved in the Bayesian run).
Posterior probabilities for the Bayesian analysis were calculated as the proportion of
times each branch was supported in the consensustree estimated from the remaining
9700 trees.
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APPENDIX 4.6
JalmenusSymmeTREE input file.

#NEXUS

Begin taxa;
Dimensions ntax=12;
taxlabels
aridus
clementi
daemeli
eubulus
evagoras
eichhorn
Jspnov
icilius
ictinusN
ictinusS
lithochr
pseudict;

end;

Begin trees;
translate
1 aridus,
2 clementi,
3 daemeli,
4 eubulus,
5 evagoras,
6 eichhorn,
7 Jspnov,
8 icilius,
9 ictinusN,
10 ictinusS,
11 lithochr,
12 pseudict;

Tree * tree_1= [&R]
(1,(2,((3,7),(12,(((10,9,11),6),((4,5),8))))));
end;

Begin characters;
Dimensions nchar=1;
Format missing=? gap=-;

Matrix

aridus 1
clementi 1
daemeli 1
eubulus 1
evagoras 1
eichhorn 1
Jspnov 1
icilius 1
ictinusN 1
ictinusS 1
lithochr 1
pseudict 1;

end;

Begin assumptions;
Options deftype=unord PolyTcount=minsteps;
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end;
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Appendix 4.7

JalmenusPTP test (Froggattellaconstraint tree)

#NEXUS

Begin trees;

tree Strict = (('J.aridus_AAM-97-U385','J.aridus_AG-95-
Z797','J.pseudictinus_DL-02-P463','J.pseudictinus_DL-02-
P471'),'J.clementi_MW-97-Y112','J.clementi_MW-97-Y115','J.daemeli_AF-
96-X761','J.daemeli_RE-01-H030','J.daemeli_KD-94-
Q080','J.iciliusE_MFB-97-X103','J.iciliusE_RE-02-
A357','J.e.eubulus_MT-88-Y014','J.e.eubulus_RE-03-
B080','J.e.evagoras_MAT-98-S683','J.e.evagoras_MT-88-
Y030','J.iciliusW_MAT-98-V767','J.iciliusW_MW-95-
Y089','J.inousinous_MW-95-Y083','J.inousnoto_MW-95-Y079','J.sp._PWV-
01-W001','J.sp._PWV-01-W002','J.eichhorni_DL-00-Q219','J.eichhorni_KD-
94-T036','J.ictinus_DL-00-Q208','J.ictinus_KD-97-Z619','J.ictinus_DL-
01-A250','J.lithochroa_MAT-98-V660','J.lithochroa_MAT-98-
V805','Z.chrysomallus_RE-02-A032','O.idmo_RE-02-A338','H.miskini_RE-
02-A333','P.chlorinda_KD-96-Z588','P.chlorinda_NP-96-
X129','T.m.eucalypti_RE-03-B025');
end;
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Appendix 5.1

Ants recorded in association withT. albocincta,T. hesperiaand Adriana.
(Ant taxonomy follows Shattuck 1999).

Associating withAnt species
T. hesperia T. albocincta Adriana nectaries

Camponotusspp. - Grund 1996a Mackay & Whalen 1996,
1998

C. consobrinus - Grund 1996a Mackay & Whalen 1998
C. terebrans - Hunt 2003 -
C. rubiginosus - Grund 1996a -
C. evae Grund 2000 -
Crematogastersp. - Grund 1996a Mackay & Whalen 1996,

1998
C. ?perthensis Grund 2000 -
Dolichoderussp. - Douglas & Braby 1992;

Grund 2000
Iridomyrmexspp. - Grund & Sibatani 1975;

Douglas & Braby 1992;
Grund 1996a, 2000

Mackay & Whalen 1996,
1998

I. purpureus - Grund 1996a -
I. ancepsgroup - Eastwood & Fraser 1999 -
I. rufonigergroup - Eastwood & Fraser 1999 -
I. conifer Eastwood & Fraser 1999 - -
Melophorussp. - Grund 1996a -
Monomoriumsp. - Grund 1996a; 2000 Mackay & Whalen 1996
Myrmeciaspp. - Grund 1996a Mackay & Whalen 1998
M. nigriscapa - Grund 1996a -
Notoncusspp. - Sibatani & Grund 1975;

Grund 1996a
-

Ochetellussp. - Grund 1996a Mackay & Whalen 1998
O. glaber - Eastwood & Fraser 1999
Polyrhachissp. - Grund & Sibatani 1975;

Grund 1996a
Mackay & Whalen 1996,
1998

P. semiaurata - - Mackay & Whalen 1998
Rhytidoponera
spp.

- - Mackay & Whalen 1998

R. tasmaniensis - - Mackay & Whalen 1998
R. metallica - Grund & Sibatani 1975;

Grund 1996a
Mackay & Whalen 1998
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APPENDIX 5.2

T. albocincta���	
����
����������������������

[Profile]
Title="T albocincta hesperia"
NbSamples=18
GenotypicData=0
DataType=DNA
LocusSeparator=WHITESPACE
MissingData='?'

[Data]
[[HaplotypeDefinition]]
HaplListName="Butterflies"
HaplList={
H-D1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGATCTTTAATT
GGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATA
AGATTTTGATTATTACCACCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATAGAGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATTTATTTTGATTT
H-E1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGATCTTTAATT
GGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATA
AGATTTTGATTATTACCACCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATTTATTTTGATTT
H-F1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGATCTTTAATT
GGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATA
AGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCGGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATTTATTTTGATTT
H-K1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAAGATCTTTAATT
GGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATA
AGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAACATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCGGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATTTATTTTGATTT
H-G1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGATCTTTAATT
GGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATA
AGATTTTGATTATTACCGCCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATTTATTTTGATTT
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H-X1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGATCTTTAATT
GGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATA
AGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAACATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCGGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATTTATTTTGATTT
H-I1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGATCTTTAATT
GGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATA
AGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATTTATTTTGATTT
H-C1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGGATAGAATTAGGAACTCCAGGATCTTTAATT
GGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATA
AGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAGGAGCTTCAGTTGATTTAACAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATCTATTTTGATTT
H-A1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGGATAGAATTAGGAACTCCAGGATCTTTAATT
GGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATA
AGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATCTATTTTGATTT
H-B1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGGATAGAATTAGGAACTCCAGGATCTTTAATT
GGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATA
AGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAGGAACTTCAGTTGATTTAGCAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATCTATTTTGATTT
H-H1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGATCTTTAGTT
GGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATA
AGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATTTATTTTGATTT
H-Y1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGATCTTTAATT
GGAGATGATCAAATTTATAATGCTATTGTAACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATA
AGATTTTGATTATTACCGCCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATTTATTTTGATTT
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H-J1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGATCTTTAATT
GGAGATGATCAAATTTATAATACTATTGTCACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATA
AGATTTTGATTATTACCCCCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATTTATTTTGATTT
H-L1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGATCTTTAATT
GGAGATGATCAAATTTATAATACTATTGTCACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTTCCACGAATAAATAATATA
AGATTTTGATTATTACCCCCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATTTATTTTGATTT
H-Z1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGATCTTTAATT
GGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATA
AGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATCTATTTTGATTT
}
[[Samples]]
SampleName="Simpson"
SampleSize=1
SampleData={
H-Z1 1
}
SampleName="Alice"
SampleSize=14
SampleData={
H-A1 13
H-C1 1
}
SampleName="Broome"
SampleSize=9
SampleData={
H-A1 8
H-B1 1
}
SampleName="Exmouth"
SampleSize=3
SampleData={
H-A1 3
}
SampleName="Coral"
SampleSize=12
SampleData={
H-A1 12
}
SampleName="Jurien"
SampleSize=12
SampleData={
H-G1 9
H-E1 2
H-Y1 1
}
SampleName="Perth"
SampleSize=8
SampleData={
H-K1 7
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H-X1 1
}
SampleName="Esperan"
SampleSize=14
SampleData={
H-I1 6
H-J1 6
H-H1 1
H-L1 1
}
SampleName="Gawler"
SampleSize=12
SampleData={
H-E1 4
H-A1 5
H-D1 2
H-F1 1
}
SampleName="Eyre"
SampleSize=11
SampleData={
H-D1 8
H-E1 3
}
SampleName="Yorke"
SampleSize=12
SampleData={
H-E1 11
H-D1 1
}
SampleName="Kangar"
SampleSize=12
SampleData={
H-D1 12
}
SampleName="Parham"
SampleSize=10
SampleData={
H-E1 10
}
SampleName="Torrens"
SampleSize=10
SampleData={
H-F1 10
}
SampleName="Coorong"
SampleSize=13
SampleData={
H-F1 13
}
SampleName="Beachpt"
SampleSize=9
SampleData={
H-F1 9
}
SampleName="Hindmar"
SampleSize=4
SampleData={
H-F1 4
}
SampleName="Ouyen"
SampleSize=12
SampleData={
H-F1 12
}
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T. albocincta���	
����
����������������������

1 "Simpson" 26.600 137.117 1
2 "Alice" 23.705 133.878 1
3 "Broome" 17.932 122.208 1
4 "Exmouth" 21.957 114.116 1
5 "Coral" 23.144 113.769 1
6 "Jurien" 30.266 115.026 1
7 "Perth" 32.446 115.750 1
8 "Esperan" 33.866 121.888 1
9 "Gawler" 32.517 135.317 1
10 "Eyre" 33.750 135.167 1
11 "Yorke" 34.883 137.450 1
12 "Kangar" 35.820 137.770 1
13 "Parham" 34.540 138.360 1
14 "Torrens" 34.750 138.517 1
15 "Coorong" 35.483 138.867 1
16 "Beachpt" 37.217 139.800 1
17 "Hindmar" 36.083 141.833 1
18 "Ouyen" 35.067 141.317 1
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T. albocinctaSAMOVA output file (example for K=3)

////////////////////////////////////////////////////////////////////

RUN NUMBER 1 (17/09/1905 at 13:52:10))

////////////////////////////////////////////////////////////////////

Project information:

--------------------
NbSamples = 18
DataType = DNA
GenotypicData = 0

Warning: For convenience, the locus separator has been removed
-------

Number of usable loci for distance computation : 645

Allowed level of missing data : 0.05

List of usable loci :

List of loci with too much missing data :

==============================================================================
=
== GENETIC STRUCTURE ANALYSIS
==============================================================================
=
---------------------------
Genetic structure to test :
---------------------------
No. of Groups = 3

[[Structure]]
StructureName = "3 groups of populations"

NbGroups = 3
IndividualLevel = 0
DistMatLabel = ""

Group={
"Simpson"
"Alice"
"Broome"
"Exmouth"
"Coral"
}

Group={
"Jurien"
"Perth"
"Esperan"
"Gawler"
"Eyre"
"Yorke"
"Kangar"
"Parham"
}

Group={
"Torrens"
"Coorong"
"Beachpt"
"Hindmar"
"Ouyen"
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}
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---------------------------
Distance method: Pairwise difference
--------------------------
AMOVA design and results :
--------------------------

----------------------------------------------------------------------
Source of Sum of Variance Percentage
variation d.f. squares components of variation

----------------------------------------------------------------------
Among
groups 2 115.090 0.96478 Va 62.67

Among
populations
within
groups 15 59.204 0.38998 Vb 25.33

Within
populations 160 29.565 0.18478 Vc 12.00

----------------------------------------------------------------------
Total 177 203.860 1.53954

----------------------------------------------------------------------

Fixation Indices

FSC : 0.67851
FST : 0.87998
FCT : 0.62667

----------------------------------------------------------------------

Significance tests (1023 permutations)

------------------

Vc and FST : P(rand. value < obs. value) = 0.00000
P(rand. value = obs. value) = 0.00000
P(rand. value <= obs. value) = 0.00000+-0.00000

Vb and FSC : P(rand. value > obs. value) = 0.00000
P(rand. value = obs. value) = 0.00000
P(rand. value >= obs. value) = 0.00000+-0.00000

Va and FCT : P(rand. value > obs. value) = 0.00000
P(rand. value = obs. value) = 0.00000
P(rand. value >= obs. value) = 0.00000+-0.00000

////////////////////////////////////////////////////////////////////

END OF RUN NUMBER 1 (17/09/1905 at 13:52:10))

Total ellapsed time for this run : 0h 0m 0s 717 ms

////////////////////////////////////////////////////////////////////
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APPENDIX 5.3

T. albocinctaAMOVA input file (example for hierarchical partition by PLANTS)

[Profile]
Title="T albocincta PLANTS"
NbSamples=18
DataType=DNA
GenotypicData=0
Frequency=ABS
CompDistMatrix=1
FrequencyThreshold=0.0001
LocusSeparator=WHITESPACE
#total 178 sequences

[Data]
[[HaplotypeDefinition]]
HaplListName="Butterflies"
HaplList={
H-D1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGAT
CTTTAATTGGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTAT
AGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATA
GCTTTCCCACGAATAAATAATATAAGATTTTGATTATTACCACCTTCATTAATATTATTAATCTCAAGAA
GAATTGTAGAAAATGGAGCAGGAACAGGATGAACAGTGTACCCCCCACTTTCATCTAATATTGCACATAG
AGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTAGCTGGAATTTCATCAATTTTAGGAGCTATT
AATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTTGATCAAATATCTTTATTTATTT
GAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGAGCAATTACTATATT
ATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTATATCAA
CATTTATTTTGATTT
H-E1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGAT
CTTTAATTGGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTAT
AGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATA
GCTTTCCCACGAATAAATAATATAAGATTTTGATTATTACCACCTTCATTAATATTATTAATCTCAAGAA
GAATTGTAGAAAATGGAGCAGGAACAGGATGAACAGTGTACCCCCCACTTTCATCTAATATTGCACATGG
AGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTAGCTGGAATTTCATCAATTTTAGGAGCTATT
AATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTTGATCAAATATCTTTATTTATTT
GAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGAGCAATTACTATATT
ATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTATATCAA
CATTTATTTTGATTT
H-F1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGAT
CTTTAATTGGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTAT
AGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATA
GCTTTCCCACGAATAAATAATATAAGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAA
GAATTGTAGAAAATGGAGCAGGAACAGGATGAACAGTGTACCCCCCACTTTCATCTAATATTGCACATGG
AGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTAGCTGGAATTTCATCAATTTTAGGAGCTATT
AATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTTGATCAAATATCTTTATTTATTT
GAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCGGTTTTAGCTGGAGCAATTACTATATT
ATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTATATCAA
CATTTATTTTGATTT
H-K1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAAGAT
CTTTAATTGGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTAT
AGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATA
GCTTTCCCACGAATAAATAATATAAGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAA
GAATTGTAGAAAATGGAGCAGGAACAGGATGAACAGTGTACCCCCCACTTTCATCTAATATTGCACATGG
AGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTAGCTGGAATTTCATCAATTTTAGGAGCTATT
AATTTTATTACAACAATTATTAACATACGTGTAAATAATTTATCTTTTGATCAAATATCTTTATTTATTT
GAGCGGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGAGCAATTACTATATT
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ATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTATATCAA
CATTTATTTTGATTT
H-G1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGAT
CTTTAATTGGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTAT
AGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATA
GCTTTCCCACGAATAAATAATATAAGATTTTGATTATTACCGCCTTCATTAATATTATTAATCTCAAGAA
GAATTGTAGAAAATGGAGCAGGAACAGGATGAACAGTGTACCCCCCACTTTCATCTAATATTGCACATGG
AGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTAGCTGGAATTTCATCAATTTTAGGAGCTATT
AATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTTGATCAAATATCTTTATTTATTT
GAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGAGCAATTACTATATT
ATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTATATCAA
CATTTATTTTGATTT
H-X1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGAT
CTTTAATTGGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTAT
AGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATA
GCTTTCCCACGAATAAATAATATAAGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAA
GAATTGTAGAAAATGGAGCAGGAACAGGATGAACAGTGTACCCCCCACTTTCATCTAATATTGCACATGG
AGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTAGCTGGAATTTCATCAATTTTAGGAGCTATT
AATTTTATTACAACAATTATTAACATACGTGTAAATAATTTATCTTTTGATCAAATATCTTTATTTATTT
GAGCGGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGAGCAATTACTATATT
ATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTATATCAA
CATTTATTTTGATTT
H-I1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGAT
CTTTAATTGGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTAT
AGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATA
GCTTTCCCACGAATAAATAATATAAGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAA
GAATTGTAGAAAATGGAGCAGGAACAGGATGAACAGTGTACCCCCCACTTTCATCTAATATTGCACATGG
AGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTAGCTGGAATTTCATCAATTTTAGGAGCTATT
AATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTTGATCAAATATCTTTATTTATTT
GAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGAGCAATTACTATATT
ATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTATATCAA
CATTTATTTTGATTT
H-C1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGGATAGAATTAGGAACTCCAGGAT
CTTTAATTGGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTAT
AGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATA
GCTTTCCCACGAATAAATAATATAAGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAA
GAATTGTAGAAAATGGAGCAGGAACAGGATGAACAGTGTACCCCCCACTTTCATCTAATATTGCACATGG
AGGAGCTTCAGTTGATTTAACAATTTTCTCTTTACATTTAGCTGGAATTTCATCAATTTTAGGAGCTATT
AATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTTGATCAAATATCTTTATTTATTT
GAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGAGCAATTACTATATT
ATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTATATCAA
CATCTATTTTGATTT
H-A1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGGATAGAATTAGGAACTCCAGGAT
CTTTAATTGGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTAT
AGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATA
GCTTTCCCACGAATAAATAATATAAGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAA
GAATTGTAGAAAATGGAGCAGGAACAGGATGAACAGTGTACCCCCCACTTTCATCTAATATTGCACATGG
AGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTAGCTGGAATTTCATCAATTTTAGGAGCTATT
AATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTTGATCAAATATCTTTATTTATTT
GAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGAGCAATTACTATATT
ATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTATATCAA
CATCTATTTTGATTT
H-B1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGGATAGAATTAGGAACTCCAGGAT
CTTTAATTGGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTAT
AGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATA
GCTTTCCCACGAATAAATAATATAAGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAA
GAATTGTAGAAAATGGAGCAGGAACAGGATGAACAGTGTACCCCCCACTTTCATCTAATATTGCACATGG
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AGGAACTTCAGTTGATTTAGCAATTTTCTCTTTACATTTAGCTGGAATTTCATCAATTTTAGGAGCTATT
AATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTTGATCAAATATCTTTATTTATTT
GAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGAGCAATTACTATATT
ATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTATATCAA
CATCTATTTTGATTT
H-H1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGAT
CTTTAGTTGGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTAT
AGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATA
GCTTTCCCACGAATAAATAATATAAGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAA
GAATTGTAGAAAATGGAGCAGGAACAGGATGAACAGTGTACCCCCCACTTTCATCTAATATTGCACATGG
AGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTAGCTGGAATTTCATCAATTTTAGGAGCTATT
AATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTTGATCAAATATCTTTATTTATTT
GAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGAGCAATTACTATATT
ATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTATATCAA
CATTTATTTTGATTT
H-Y1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGAT
CTTTAATTGGAGATGATCAAATTTATAATGCTATTGTAACAGCTCATGCTTTTATTATAATTTTTTTTAT
AGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATA
GCTTTCCCACGAATAAATAATATAAGATTTTGATTATTACCGCCTTCATTAATATTATTAATCTCAAGAA
GAATTGTAGAAAATGGAGCAGGAACAGGATGAACAGTGTACCCCCCACTTTCATCTAATATTGCACATGG
AGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTAGCTGGAATTTCATCAATTTTAGGAGCTATT
AATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTTGATCAAATATCTTTATTTATTT
GAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGAGCAATTACTATATT
ATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTATATCAA
CATTTATTTTGATTT
H-J1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGAT
CTTTAATTGGAGATGATCAAATTTATAATACTATTGTCACAGCTCATGCTTTTATTATAATTTTTTTTAT
AGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATA
GCTTTCCCACGAATAAATAATATAAGATTTTGATTATTACCCCCTTCATTAATATTATTAATCTCAAGAA
GAATTGTAGAAAATGGAGCAGGAACAGGATGAACAGTGTACCCCCCACTTTCATCTAATATTGCACATGG
AGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTAGCTGGAATTTCATCAATTTTAGGAGCTATT
AATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTTGATCAAATATCTTTATTTATTT
GAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGAGCAATTACTATATT
ATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTATATCAA
CATTTATTTTGATTT
H-L1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGAT
CTTTAATTGGAGATGATCAAATTTATAATACTATTGTCACAGCTCATGCTTTTATTATAATTTTTTTTAT
AGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATA
GCTTTTCCACGAATAAATAATATAAGATTTTGATTATTACCCCCTTCATTAATATTATTAATCTCAAGAA
GAATTGTAGAAAATGGAGCAGGAACAGGATGAACAGTGTACCCCCCACTTTCATCTAATATTGCACATGG
AGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTAGCTGGAATTTCATCAATTTTAGGAGCTATT
AATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTTGATCAAATATCTTTATTTATTT
GAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGAGCAATTACTATATT
ATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTATATCAA
CATTTATTTTGATTT
H-Z1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGAT
CTTTAATTGGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTAT
AGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATA
GCTTTCCCACGAATAAATAATATAAGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAA
GAATTGTAGAAAATGGAGCAGGAACAGGATGAACAGTGTACCCCCCACTTTCATCTAATATTGCACATGG
AGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTAGCTGGAATTTCATCAATTTTAGGAGCTATT
AATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTTGATCAAATATCTTTATTTATTT
GAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGAGCAATTACTATATT
ATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTATATCAA
CATCTATTTTGATTT
}
[[Samples]]
SampleName="Simpson"
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SampleSize=1
SampleData={
H-Z1 1
}
SampleName="Alice"
SampleSize=14
SampleData={
H-A1 13
H-C1 1
}
SampleName="Broome"
SampleSize=9
SampleData={
H-A1 8
H-B1 1
}
SampleName="Exmouth"
SampleSize=3
SampleData={
H-A1 3
}
SampleName="Coral"
SampleSize=12
SampleData={
H-A1 12
}
SampleName="Jurien"
SampleSize=12
SampleData={
H-G1 9
H-E1 2
H-Y1 1
}
SampleName="Perth"
SampleSize=8
SampleData={
H-K1 7
H-X1 1
}
SampleName="Esperan"
SampleSize=14
SampleData={
H-I1 6
H-J1 6
H-H1 1
H-L1 1
}
SampleName="Gawler"
SampleSize=12
SampleData={
H-E1 4
H-A1 5
H-D1 2
H-F1 1
}
SampleName="Eyre"
SampleSize=11
SampleData={
H-D1 8
H-E1 3
}
SampleName="Yorke"
SampleSize=12
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SampleData={
H-E1 11
H-D1 1
}
SampleName="Kangar"
SampleSize=12
SampleData={
H-D1 12
}
SampleName="Parham"
SampleSize=10
SampleData={
H-E1 10
}
SampleName="Torrens"
SampleSize=10
SampleData={
H-F1 10
}
SampleName="Coorong"
SampleSize=13
SampleData={
H-F1 13
}
SampleName="Beachpt"
SampleSize=9
SampleData={
H-F1 9
}
SampleName="Hindmar"
SampleSize=4
SampleData={
H-F1 4
}
SampleName="Ouyen"
SampleSize=12
SampleData={
H-F1 12
}

#Definition of the group structure:

[[Structure]]

StructureName="Structure between plants"
NbGroups=4
IndividualLevel=0

#hookeri
Group = {
"Simpson"
"Alice"
"Gawler"
"Hindmar"
"Ouyen"

}

#tomentosa
Group = {
"Broome"
"Exmouth"
"Coral"
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}

#quadripartita
Group = {
"Jurien"
"Perth"
"Esperan"

}

#klotzschii
Group = {
"Eyre"
"Kangar"
"Yorke"
"Parham"
"Torrens"
"Coorong"
"Beachpt"

}
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T. albocinctaAMOVA output file (example for hierarchical partition by
PLANTS)

////////////////////////////////////////////////////////////////////
RUN NUMBER 1 (17/09/05 at 20:33:30)
////////////////////////////////////////////////////////////////////

Project information:
--------------------

NbSamples = 18
DataType = DNA
GenotypicData = 0

==============================
Settings used for Calculations
==============================

General settings:
-----------------

Deletion Weight = 1
Transition Weight Weight = 1
Tranversion Weight Weight = 1
Epsilon Value = 1e-07
Significant digits for output = 5
Use original haplotype definition
Alllowed level of missing data = 0.05

Active Tasks:
-------------

Analysis of Molecular Variance:
-------------------------------

No. of Permutations = 1000
Compute minimum spanning network between all haplotypes in the sample

Population pairwise Fst values:
-------------------------------

Compute pairwise differences
No. of permutations for significance = 100
No. of permutations for Mantel test = 1000

Distance matrix:
Compute distance matrix
Molecular distance : Pairwise difference
Gamma a value = 0

Warning: The locus separator has been removed
-------

======================================================================
== GENETIC STRUCTURE ANALYSIS
======================================================================

Number of usable loci for distance computation : 645
Allowed level of missing data : 0.05

List of usable loci :
---------------------

1

List of loci with too much missing data :
-----------------------------------------

NONE
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===========================================
MINIMUM SPANNING TREE between 15 OTUs
===========================================
Reference: Rohlf, F.J., 1973.

OTU 1 OTU 2 Connection length
===== ===== =================

H-D1 H-E1 1.00000
H-E1 H-G1 1.00000
H-E1 H-I1 1.00000
H-I1 H-F1 1.00000
H-I1 H-H1 1.00000
H-I1 H-Z1 1.00000
H-Z1 H-A1 1.00000
H-A1 H-C1 1.00000
H-A1 H-B1 1.00000
H-I1 H-X1 2.00000
H-X1 H-K1 1.00000
H-E1 H-J1 2.00000
H-J1 H-L1 1.00000
H-G1 H-Y1 2.00000

-------------------------------------------
NEXUS notation for MST
-------------------------------------------

#NEXUS
begin trees; [NEXUS Treefile section generated by Arlequin]
tree MST_AMOVA_MST = [&U] (H-D1:0, (((H-E1:0, (H-J1:0, H-
L1:1.00000):2.00000):0, ((((H-I1:0, (H-X1:0, H-K1:1.00000):2.00000):0, (H-
Z1:0, ((H-A1:0, H-B1:1.00000):0, H-C1:1.00000):1.00000):1.00000):0, H-
H1:1.00000):0, H-F1:1.00000):1.00000):0, (H-G1:0, H-
Y1:2.00000):1.00000):1.00000);
end;

===================================================================
Alternative connections between OTUs
to extend the minimum spanning tree into a MINIMUM SPANNING NETWORK
===================================================================

OTU List of alternative links
=== =========================

H-G1 H-I1 (1.00000)
H-J1 H-G1 (2.00000) H-I1 (2.00000)

=================================================================
AMOVA ANALYSIS

=================================================================

---------------------------
Genetic structure to test :
---------------------------

No. of Groups = 4

[[Structure]]

StructureName = "Structure between plants"
NbGroups = 4
IndividualLevel = 0
DistMatLabel = ""
Group={
"Simpson"
"Alice"
"Gawler"
"Hindmar"
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"Ouyen"
}

Group={
"Broome"
"Exmouth"
"Coral"
}

Group={
"Jurien"
"Perth"
"Esperan"
}

Group={
"Eyre"
"Kangar"
"Yorke"
"Parham"
"Torrens"
"Coorong"
"Beachpt"
}

---------------------------

Distance method: Pairwise difference

--------------------------
AMOVA design and results :
--------------------------

Reference: Weir, B.S. and Cockerham, C.C. 1984.
Excoffier, L., Smouse, P., and Quattro, J. 1992.
Weir, B. S., 1996.

----------------------------------------------------------------------
Source of Sum of Variance Percentage
variation d.f. squares components of variation

----------------------------------------------------------------------
Among
groups 3 72.127 0.37575 Va 28.77

Among
populations
within
groups 14 102.167 0.74558 Vb 57.08

Within
populations 160 29.565 0.18478 Vc 14.15

----------------------------------------------------------------------
Total 177 203.860 1.30612

----------------------------------------------------------------------
Fixation Indices

FSC : 0.80139
FST : 0.85853
FCT : 0.28769

----------------------------------------------------------------------

Significance tests (1023 permutations)
------------------

Vc and FST : P(rand. value < obs. value) = 0.00000
P(rand. value = obs. value) = 0.00000
P(rand. value <= obs. value) = 0.00000+-0.00000

Vb and FSC : P(rand. value > obs. value) = 0.00000
P(rand. value = obs. value) = 0.00000
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P(rand. value >= obs. value) = 0.00000+-0.00000

Va and FCT : P(rand. value > obs. value) = 0.00293
P(rand. value = obs. value) = 0.00000
P(rand. value >= obs. value) = 0.00293+-0.00216
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APPENDIX 5.4

T. albocinctaARLEQUIN input file for mismatch distribution and test statistics
������������ 
���!��
����������
��"

[Profile]
Title="T albocincta-hesperia"
NbSamples=1
GenotypicData=0
DataType=DNA
Frequency=ABS
FrequencyThreshold=0.0001

[Data]
[[HaplotypeDefinition]]
HaplListName="Butterflies"
HaplList={
H-C1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGGATAGAATTAGGAACTCCAGGATCTTTAATT
GGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATA
AGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAGGAGCTTCAGTTGATTTAACAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATCTATTTTGATTT
H-A1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGGATAGAATTAGGAACTCCAGGATCTTTAATT
GGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATA
AGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATCTATTTTGATTT
H-B1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGGATAGAATTAGGAACTCCAGGATCTTTAATT
GGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATA
AGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAGGAACTTCAGTTGATTTAGCAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATCTATTTTGATTT
H-Z1
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGATCTTTAATT
GGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATA
AGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATCTATTTTGATTT
}

[[Samples]]
SampleName="Population"
SampleSize=44
SampleData={

H-A1 41
H-B1 1
H-C1 1
H-Z1 1
}
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T. albocinctaARLEQUIN output file for mismatch d istribution and test statistics
������������ 
���!��
����������
��"

////////////////////////////////////////////////////////////////////
RUN NUMBER 1 (17/08/05 at 09:40:26)
////////////////////////////////////////////////////////////////////

Project information:
--------------------

NbSamples = 1
DataType = DNA
GenotypicData = 0

==============================
Settings used for Calculations
==============================

General settings:
-----------------

Deletion Weight = 1
Transition Weight Weight = 1
Tranversion Weight Weight = 1
Epsilon Value = 1e-07
Significant digits for output = 5
Use original haplotype definition
Alllowed level of missing data = 0.05

Active Tasks:
-------------

Mismatch Distribution:
----------------------

Molecular Distance : Pairwise difference
GammaA Value = 0
Number of bootstrap replicates : 100

Linkage disequilibrium test:
----------------------------

No. of steps in Markov chain = 100000
No. of Dememorisation Steps = 1000
Required precision on Probability = 0
D and D' coefficients for all pairs of alleles : Yes
Print Histogram and table : No

Tajima's selective neutrality test
-----------------------------------

Chakraborty's amalgammation test
--------------------------------

Fu's Neutraliy test:
--------------------

No. of Simultated Samples = 1000

Warning: The locus separator has been removed
-------

======================================================================
== ANALYSES AT THE INTRA-POPULATION LEVEL
==============================================================================
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==============================================================================
=
== Sample : Population
==============================================================================
=

==========================
== Mismatch distribution : (Population)
==========================

Reference: Li, W. H., 1977.
Rogers, A., 1995.
Harpending, R. C., 1994.

Distance method : Pairwise difference (no Gamma correction)

Estimated parameters from the sudden expension model:
-----------------------------------------------------

Mismatch observed mean : 0.136
Mismatch observed variance : 0.124
Tau : 3.000
Theta0 : 0.102
Theta1 : 0.160

Test of goodness-of-fit:
------------------------

Sum of Squared deviation: 0.00032092
P(Sim. Ssd >= Obs. Ssd): 0.34999999

Harpending's Raggedness index: 0.55895525
P(Sim. Rag. >= Obs. Rag.): 0.73000002

Mismatch distributions:
---------------------

#Diff Observed Simulated Model Freq.
0.0 820.0 820.6 815.3
1.0 123.0 99.8 112.6
2.0 3.0 24.9 15.6
3.0 0.0 0.7 2.2

Confidence intervals (Percentile method): alpha= 0.010
Based on 100 replicates

Variable: Est. val: Low. bound: Up. bound:
Mean Value:

Tau: 3.000 0.439 4.250
2.660

Theta0: 0.102 0.000 0.219
0.027

Theta1: 0.160 0.000 2402.660
93.638
Mean No. of pairwise diff. 0.136 0.000 1.023
0.160

No. pol. sites: 3 0 3
0.710

Confidence region for the observed mismatch:

#Diff Observed Low. bound Up. bound Model Freq.
0.0 820.0 946.0 946.0 815.3
1.0 123.0 0.0 0.0 112.6
2.0 3.0 0.0 0.0 15.6
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Confidence intervals (Percentile method): alpha= 0.050
Based on 100 replicates

Variable: Est. val: Low. bound: Up. bound:
Mean Value:

Tau: 3.000 0.546 4.250
2.660

Theta0: 0.102 0.000 0.188
0.027

Theta1: 0.160 0.000 821.410
93.638
Mean No. of pairwise diff. 0.136 0.000 0.932
0.160

No. pol. sites: 3 0 3
0.710

Confidence region for the observed mismatch:

#Diff Observed Low. bound Up. bound Model Freq.
0.0 820.0 946.0 946.0 815.3
1.0 123.0 0.0 0.0 112.6
2.0 3.0 0.0 0.0 15.6

Confidence intervals (Percentile method): alpha= 0.100
Based on 100 replicates

Variable: Est. val: Low. bound: Up. bound:
Mean Value:

Tau: 3.000 0.578 3.078
2.660

Theta0: 0.102 0.000 0.109
0.027

Theta1: 0.160 0.000 602.660
93.638
Mean No. of pairwise diff. 0.136 0.000 0.711
0.160

No. pol. sites: 3 0 2
0.710

Confidence region for the observed mismatch:

#Diff Observed Low. bound Up. bound Model Freq.
0.0 820.0 903.0 823.0 815.3
1.0 123.0 43.0 123.0 112.6
2.0 3.0 0.0 0.0 15.6

====================================
== Pairwise linkage disequilibrium : (Population)
====================================

Reference: Slatkin, M. 1994a.
Slatkin, M. and Excoffier, L. 1996.
Lewontin, R. C., and K. Kojima 1960.

#[WARNING # 1] : linkage disequilibrium cannot be computed on a single locus

==========================================
== Tajima's test of selective neutrality : (Population)
==========================================

Reference: Tajima, F. 1989a.
Tajima, F., 1996.

Sample size : 44
No. of sites with substitutions (S) : 3
Mean No. of pairwise differences (Pi) : 0.13636
Distance method : Pairwise difference (no Gamma
correction, indels not taken into account)
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Tajima's D : -1.70830

P(D random < D obs) : 0.03386 (Beta distribution
aproximation)

No. of simulations : 1000
Obs. Theta(S) : 0.68966
Mean Theta(S) : 0.71885
S.D. Theta(S) : 0.45982
Mean D : -0.03153
S.D. D : 0.93534

P(D simul < D obs) : 0.01700

===============================================
== Chakraborty's test of selective neutrality : (Population)
===============================================

Reference: Chakraborty, R. 1990.
No. of genes in sample : 44.00000
No. of alleles in sample (k) : 4
Observed Homozygosity : 0.86681
Exp. No. of alleles : 1.47966
P(exactly k alleles) : 0.00982
P(k or more alleles) : 0.01086

===============================================
== Fu's Fs test of selective neutrality : (Population)
===============================================

Reference: Fu, Y. X. (1996).
Original No. of alleles(k) : 4
Theta(Pi) : 0.13636
Exp. No. of alleles : 1.56574
Fs : -4.05919

No. of simulations :1000
Mean Theta(Pi) : 0.12524
S.D. Theta(Pi) : 0.21580
Mean k : 1.53500
S.D. k : 0.74789

Prob(sim_Fs <=obs_Fs) : 0.00000

////////////////////////////////////////////////////////////////////
END OF RUN NUMBER 1 (17/08/05 at 09:40:31))
Total computing time for this run : 0h 0m 0s 326 ms
////////////////////////////////////////////////////////////////////
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T. albocinctaDnaSP input file

#NEXUS

Begin data;
Dimensions ntax=178 nchar=645;
Format datatype=dna gap=:;
Matrix

'albo[RA533]Scrubby'
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGGATAGAATTAGGAACTCCAGGATCTTTAATT
GGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATA
AGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATCTATTTTGATTT
'albo[RA531]Scrubby'
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGGATAGAATTAGGAACTCCAGGATCTTTAATT
GGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATA
AGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATCTATTTTGATTT

|

Include all sequences (total of 178) in order so that partitions (below) can easily be defined.

|

'litt[RE-02-A337]Esperance'
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGATCTTTAATT
GGAGATGATCAAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATA
AGATTTTGATTATTACCTCCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATTTATTTTGATTT
'litt[RE-02-A339]Esperance'
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGATCTTTAATT
GGAGATGATCAAATTTATAATACTATTGTCACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATA
ATTGGAGGATTTGGAAATTGATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATA
AGATTTTGATTATTACCCCCTTCATTAATATTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGA
ACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAGGAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTA
GCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTATTAATATACGTGTAAATAATTTATCTTTT
GATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCTTTACCAGTTTTAGCTGGA
GCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATCCAATTTTA
TATCAACATTTATTTTGATTT
;
End;

Begin sets;

Taxset hesp = 144-163;
Taxset litt = 164-177;
Taxset hesperia = 144-177;
Taxset north = 7-20 87-96 106 125-135 137-138;
Taxset south = 1-6 21-86 97-105 107-124 136 139-143;
Taxset albotot = 1-143;

End;
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APPENDIX 5.5

GeoDis input file for Nested Clade analysis ofTheclinesthes albocincta/hesperia

Theclinesthes
18
1 Simpson
1 -26.600 137.117
2 Alice
14 -23.705 133.878
3 Broome
9 -17.932 122.208
4 Exmouth
3 -21.957 114.116
5 Coral
12 -23.144 113.769
6 Jurien
12 -30.266 115.026
7 Perth
8 -32.446 115.750
8 Esperan
14 -33.866 121.888
9 Gawler
7 -32.517 135.317
10 Eyre
11 -33.750 135.167
11 Yorke
12 -34.883 137.450
12 Kangar
12 -35.820 137.770
13 Parham
10-34.540 138.360
14 Torrens
10 -34.750 138.517
15 Coorong
13 -35.483 138.867
16 Beachpt
9 -37.217 139.800
17 Hindmar
4 -36.083 141.833
18 Ouyen
12 -35.067 141.317
4
Clade 1-2
2
D E
1 0
6
6 9 10 11 12 13
0 2 8 12 1 0
2 4 3 0 11 10
Clade 1-3
5
F I H Z G
1 0 1 0 0
9
1 6 8 9 14 15 16 17 18
0 0 0 1 10 13 9 4 12
0 0 6 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0
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0 9 0 0 0 0 0 0 0
Clade 1-6
3
A B C
0 1 1
5
2 3 4 5 9
13 8 3 12 5
0 1 0 0 0
1 0 0 0 0
Total Cladogram
6
1-1 1-2 1-3 1-4 1-5 1-6
1 1 0 1 1 1
18
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
0 0 0 0 0 0 0 7 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 2 0 0 6 11 12 12 10 0 0 0 0 0
1 0 0 0 0 9 0 7 1 0 0 0 0 10 13 9 4 12
0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 8 0 0 0 0 0 0 0 0 0 0 0
0 14 9 3 12 0 0 0 5 0 0 0 0 0 0 0 0 0
END
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GeoDis output file for Nested Clade analysis ofTheclinesthes albocincta/hesperia

Differentiating population structure from history - Geodis 2.4
(c) Copyright, 1999-2005 David Posada and Alan Templeton
Contact: David Posada, University of Vigo, Spain (dposada@uvigo.es)
______________________________________________________________________
__

Input file: /Users/rodeastwood/Desktop/All files/PhD/Theclinesthes
albocincta/DataAnalysis/GeoDis/ThecIn.txt
Theclinesthes

Sat Sep 17 15:26:41 EDT 2005

PERMUTATION ANALYSIS OF Clade 1-2
BASED ON 1000 RESAMPLES

PART I. PERMUTATIONAL CONTINGENCY TEST:

OBSERVED CHI-SQUARE STATISTIC = 34.9580

THE PROBABILITY OF A RANDOM CHI-SQUARE BEING GREATER THAN
OR EQUAL TO THE OBSERVED CHI-SQUARE = 0.0000

PART II. GEOGRAPHIC DISTANCE ANALYSIS:

GEOGRAPHICAL CENTERS LATITUDE LONGITUDE
Clade 1-2 -34.1391 135.5790

D -34.2047 136.3800
E -34.0676 134.7078

CLADE D (Tip)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 139.0774 0.0180 0.9820
NESTED CLADE 146.3129 0.0070 0.9930

CLADE E (Interior)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 387.1354 1.0000 0.0000
NESTED CLADE 362.7982 1.0000 0.0000

PART III. TEST OF INTERIOR VS. TIP CLADES:

TYPE OF DISTANCE I-T DISTANCE PROB.<= PROB.>=
WITHIN CLADE 248.0580 1.0000 0.0000
NESTED CLADE 216.4853 0.9990 0.0010

PERMUTATION ANALYSIS OF Clade 1-3
BASED ON 1000 RESAMPLES

PART I. PERMUTATIONAL CONTINGENCY TEST:
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OBSERVED CHI-SQUARE STATISTIC = 1.0000

THE PROBABILITY OF A RANDOM CHI-SQUARE BEING GREATER THAN
OR EQUAL TO THE OBSERVED CHI-SQUARE = 0.0000

PART II. GEOGRAPHIC DISTANCE ANALYSIS:

GEOGRAPHICAL CENTERS LATITUDE LONGITUDE
Clade 1-3 -33.7458 135.8062

F -35.6310 139.9349
I -33.8660 121.8880
H -33.8660 121.8880
Z -26.6000 137.1170
G -30.2660 115.0260

CLADE F (Tip)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 161.8961 0.0000 1.0000
NESTED CLADE 446.1700 0.0000 1.0000

CLADE I (Interior)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 0.0000 0.0000 1.0000
NESTED CLADE 1283.8352 0.9930 0.0070

CLADE H (Tip)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 0.0000 1.0000 1.0000
NESTED CLADE 1283.8352 0.8610 0.2310

CLADE Z (Interior)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 0.0000 1.0000 1.0000
NESTED CLADE 803.7171 0.7600 0.2550

CLADE G (Interior)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 0.0000 0.0000 1.0000
NESTED CLADE 1991.7345 1.0000 0.0000

PART III. TEST OF INTERIOR VS. TIP CLADES:

TYPE OF DISTANCE I-T DISTANCE PROB.<= PROB.>=
WITHIN CLADE -158.6582 0.4070 0.5930
NESTED CLADE 1189.0978 1.0000 0.0000

PERMUTATION ANALYSIS OF Clade 1-6
BASED ON 1000 RESAMPLES

PART I. PERMUTATIONAL CONTINGENCY TEST:

OBSERVED CHI-SQUARE STATISTIC = 5.9431

THE PROBABILITY OF A RANDOM CHI-SQUARE BEING GREATER THAN
OR EQUAL TO THE OBSERVED CHI-SQUARE = 0.6520
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PART II. GEOGRAPHIC DISTANCE ANALYSIS:

GEOGRAPHICAL CENTERS LATITUDE LONGITUDE
Clade 1-6 -23.3258 123.1631

A -23.4521 123.0176
B -17.9320 122.2080
C -23.7050 133.8780

CLADE A (Interior)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 1008.2699 0.7070 0.4260
NESTED CLADE 1009.0481 0.7970 0.3360

CLADE B (Tip)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 0.0000 1.0000 1.0000
NESTED CLADE 607.3570 0.2030 1.0000

CLADE C (Tip)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 0.0000 1.0000 1.0000
NESTED CLADE 1092.0188 0.8830 0.4370

PART III. TEST OF INTERIOR VS. TIP CLADES:

TYPE OF DISTANCE I-T DISTANCE PROB.<= PROB.>=
WITHIN CLADE 1008.2699 0.7070 0.4260
NESTED CLADE 159.3602 0.8010 0.3320

PERMUTATION ANALYSIS OF Total Cladogram
BASED ON 1000 RESAMPLES

PART I. PERMUTATIONAL CONTINGENCY TEST:

OBSERVED CHI-SQUARE STATISTIC = 592.1069

THE PROBABILITY OF A RANDOM CHI-SQUARE BEING GREATER THAN
OR EQUAL TO THE OBSERVED CHI-SQUARE = 0.0000

PART II. GEOGRAPHIC DISTANCE ANALYSIS:

GEOGRAPHICAL CENTERS LATITUDE LONGITUDE
Total Cladogram -30.9757 130.7671

1-1 -33.8660 121.8880
1-2 -34.1391 135.5790
1-3 -33.7458 135.8062
1-4 -30.2660 115.0260
1-5 -32.4460 115.7500
1-6 -23.3258 123.1631

CLADE 1-1 (Tip)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 0.0000 0.0000 1.0000
NESTED CLADE 891.9856 0.1820 0.8180
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CLADE 1-2 (Tip)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 250.0139 0.0000 1.0000
NESTED CLADE 687.0907 0.0000 1.0000

CLADE 1-3 (Interior)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 707.9840 0.0000 1.0000
NESTED CLADE 1014.4757 0.1570 0.8430

CLADE 1-4 (Tip)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 0.0000 1.0000 1.0000
NESTED CLADE 1505.6386 0.8280 0.2530

CLADE 1-5 (Tip)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 0.0000 0.0000 1.0000
NESTED CLADE 1427.3545 0.9640 0.0360

CLADE 1-6 (Tip)
TYPE OF DISTANCE DISTANCE PROB.<= PROB.>=

WITHIN CLADE 1000.8378 0.3430 0.6570
NESTED CLADE 1421.7512 1.0000 0.0000

PART III. TEST OF INTERIOR VS. TIP CLADES:

TYPE OF DISTANCE I-T DISTANCE PROB.<= PROB.>=
WITHIN CLADE 205.4236 0.8950 0.1050
NESTED CLADE -27.6625 0.3870 0.6130

** ANALYSIS FINISHED **
It took 1.5410 seconds.
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APPENDIX 5.6

MDIV input file for calculation of TMRCA and population divergence times of
Theclinesthes albocinctaand T. hesperiapopulations

178 645
hKB103
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGATCTTTAATTGGAGATGATC
AAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTG
ATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATAAGATTTTGATTATTACCGCCTTCATTAATA
TTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGAACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAG
GAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTAGCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTAT
TAATATACGTGTAAATAATTTATCTTTTGATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCT
TTACCAGTTTTAGCTGGAGCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATC
CAATTTTATATCAACATTTATTTTGATTT
hKB115
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGATCTTTAATTGGAGATGATC
AAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTG
ATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATAAGATTTTGATTATTACCGCCTTCATTAATA
TTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGAACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAG
GAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTAGCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTAT
TAATATACGTGTAAATAATTTATCTTTTGATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCT
TTACCAGTTTTAGCTGGAGCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATC
CAATTTTATATCAACATTTATTTTGATTT
hKB200
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGATCTTTAATTGGAGATGATC
AAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTG
ATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATAAGATTTTGATTATTACCGCCTTCATTAATA
TTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGAACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAG
GAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTAGCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTAT
TAATATACGTGTAAATAATTTATCTTTTGATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCT
TTACCAGTTTTAGCTGGAGCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATC
CAATTTTATATCAACATTTATTTTGATTT

|

Include all sequences (total of 178) in order, withhesperia/littoralissequences first (34)
followed byalbocinctasequences (144).

|

aKD-Z705
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGATCTTTAATTGGAGATGATC
AAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTG
ATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATAAGATTTTGATTATTACCTCCTTCATTAATA
TTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGAACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAG
GAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTAGCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTAT
TAATATACGTGTAAATAATTTATCTTTTGATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCT
TTACCGGTTTTAGCTGGAGCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATC
CAATTTTATATCAACATTTATTTTGATTT
aKD-Z706
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGATCTTTAATTGGAGATGATC
AAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTG
ATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATAAGATTTTGATTATTACCTCCTTCATTAATA
TTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGAACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAG
GAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTAGCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTAT
TAATATACGTGTAAATAATTTATCTTTTGATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCT
TTACCGGTTTTAGCTGGAGCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATC
CAATTTTATATCAACATTTATTTTGATTT
aRA109A
GGAATCTGAGCAGGAATATTAGGAACTTCCTTAAGAATTCTTATTCGAATAGAATTAGGAACTCCAGGATCTTTAATTGGAGATGATC
AAATTTATAATACTATTGTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTG
ATTAGTACCTTTAATATTAGGAGCACCTGATATAGCTTTCCCACGAATAAATAATATAAGATTTTGATTATTACCTCCTTCATTAATA
TTATTAATCTCAAGAAGAATTGTAGAAAATGGAGCAGGAACAGGATGAACAGTGTACCCCCCACTTTCATCTAATATTGCACATGGAG
GAGCTTCAGTTGATTTAGCAATTTTCTCTTTACATTTAGCTGGAATTTCATCAATTTTAGGAGCTATTAATTTTATTACAACAATTAT
TAATATACGTGTAAATAATTTATCTTTTGATCAAATATCTTTATTTATTTGAGCAGTAGGAATTACAGCATTATTATTATTATTATCT
TTACCGGTTTTAGCTGGAGCAATTACTATATTATTAACTGACCGAAATTTAAATACATCATTTTTTGATCCTGCTGGAGGAGGAGATC
CAATTTTATATCAACATTTATTTTGATTT
34 144
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MDIV output file data (Theta and Time curves) plotted in Excel

Theta

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0 1 2 3 4 5 6 7 8

Time

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5



275

Divergence time calculations
Estimate of time since populations separated (t) and time to most recent common
ancestor (tMRCA). Two sets of calculations based on assumed maximum (1.9%) and
minimum (1.3%) sequence divergence per million years.

E[TMRCA|data]:2.590701

T max 0.6
Theta max 1.738272

Calculation 1

T max 0.6 off graph
Theta max 1.738272 off graph
u 4.1925E-06 ((1.3/2)/100000000)*645
2u 8.385E-06 u*2
TMRCA 2.590701 (TMRCA|data)

t 124384.401 (Tmax * Theta max)/2u

tMRCA 537071.319 (Theta max * TMRCA|data)/2u

Calculation 2

T max 0.6 off graph
Theta max 1.738272 off graph
u 6.1275E-06 ((1.9/2)/100000000)*645
2u 1.2255E-05 u*2
TMRCA 2.590701 (TMRCA|data)

t 85105.1163 (Tmax * Theta max)/2u

tMRCA 367469.85 (Theta max * TMRCA|data)/2u




