CHAPTER ONE

INTRODUCTION
Ithomiine butterflies

Ithomiine butterflies belong to a diverse, Neotropical clade which includes approximately 355 species (Lamas 2004). This grouping is defined by a distinctive synapomorphy of costal andronial hairs on the dorsal hindwing surface of males (Fox 1940). The monophyly of this group has since been supported by additional morphological characters (Freitas & Brown 2004) and molecular data (Brower 2000). Ithomiines have been considered as a tribe in the Danainae subfamily (Ackery et al. 1999, Brower et al. 2000, Brower et al. 2005). However, this thesis follows the most recent checklist for this group (Lamas 2004) and therefore considers ithomiines as belonging to the subfamily Ithomiinae, of the family Nymphalidae (Ehrlich & Ehrlich 1967, Lamas 2004). Within subfamily classification has been complex, largely due to convergent evolution and geographical polymorphisms, and Ithomiinae taxonomy has been reconsidered (reviewed in Brower et al. 2005).

Ithomiines have caught the attention of lepidopterists and other natural historians for many years, and have long been prized specimens in serious entomology collections. Current interest in the Ithomiinae can be exemplified by it being one of just two subfamilies represented on the on-line butterfly database at The Smithsonian National Museum of Natural History (http://entomology.si.edu/entomology/Butterflies/search.lasso). 

Ever since the mid-1800s, Ithomiines have been a useful paradigm for a number of studies on evolution and speciation, including the important pioneering work on the theory of mimicry (Bates 1862, Muller 1879), which is considered an important test of the theory of natural selection (Darwin 1863, Wickler 1968). Research into ithomiine butterflies has also addressed the pyrrolizidine alkaloids acquired from plant sources, which are used as pheromone precursors and to chemically protect ithomiines from predators. In addition, ithomiines have been used as key taxa in the debate about the mechanism, or mechanisms, driving Neotropical diversification. 

Ithomiine butterflies and mimicry

Based on observations that Amazonian butterflies in particular localities often share colour patterns although they are distantly related, and also that colour patterns differed remarkably over geographic area, Bates developed a theory to explain mimicry (1862). This theory, now known as Batesian mimicry, explains how a palatable species (the mimic) can gain protection from predators which have learnt to avoid a signal advertising another species’ (the model’s) unpalatability, by converging on that warning pattern. A few years later, Muller (1879) presented a mathematical argument to explain why convergent evolution might arise between species although they are both already protected from predators by distastefulness. His theory, now known as Mullerian mimicry, predicts that such species (co-mimics) gain enhanced protection by sharing a warning signal as they split the loss of those individuals which are attacked before the predator learns to avoid the signal. 

Pyrrolizidine alkaloids acquired from plant sources have been experimentally shown to protect adult ithomiines from birds and a spider predator, adding to the evidence that ithomiine butterflies are aposematically (warningly) coloured. Ithomiines often dominate mimicry ‘rings’ (groups of species that have converged on a colour pattern), as both Batesian models and Mullerian co-models and co-mimics (Bates 1862, Beccaloni 1997, Muller 1879). 

Ithomiines from multiple, diverse mimicry rings are often found in a single location. Beccaloni (1997) found the 56 ithomiine species at the Jatun Sacha Biological Station belonged to eight discrete mimicry complexes, the; clearwing, orange-tip, small and dark transparent, small and yellow transparent, large and yellow transparent, yellow-bar tiger, orange and black tiger, and tiger complexes. Ithomiine species can be polymorphic for morphs which participate in different mimicry rings (as in seven species at Jatun Sacha), and that multiple Mullerian mimicry rings co-exist, are both strongly at odds with a simple prediction of mimicry theory, namely that all Mullerian mimics will ultimately converge on a single warning signal. This expectation arises from Mullerian mimicry having greatest value when the frequency of individuals displaying a given warning signal is highest, as the warning signal is more strongly reinforced and the attack rate per individual is at its lowest (Mallet & Barton 1989, Mallet & Joron 1999).

However, this classic model of mimicry oversimplifies situations in nature such as habitat heterogeneity, interacting taxa, and temporal fluctuations. There is mounting evidence that apparently co-existing mimicry rings are never completely sympatric, but that they are separated into distinct microhabitats. For example, different ithomiine mimicry rings have been shown to be numerically dominant at distinct ‘height bands’ and further segregated by vegetation type (Beccaloni 1997, DeVries et al. 1999, Medina et al. 1996, Papageorgis 1975, Mallet and Gilbert 1995, Willmott & Mallet 2004). Secondly, ithomiine butterflies are not evolving in isolation; also in the eight mimicry complexes at Jatun Sacha are the 69 species of ithomiine mimics (34 butterfly, 34 moth and one damselfly species). The so-called ‘escape hypothesis’ predicts that ithomiines might gain an advantage by breaking away from a signal shared with Batesian or quasi-Batesian (less unpalatable Mullerian) mimics as patterns shared with these mimics offer a reduced protection, due to predators learning the warning signal more slowly if first encountering the more palatable mimics (Pough et al 1973, Beccaloni 1997). In addition, the mimetic environment fluctuates, so that particular patterns might have a higher protection at different times. Thus, co-mimics might benefit from switching to the current, locally most highly protected mimicry ring. This is supported by long-term changes in abundance, and even presence, of ithomiines and their co-mimics over time and space (Brown & Benson 1974, Joron et al. 1999). This subject, as well as other aspects of the evolution of mimicry in butterflies, are addressed in more detail by Joron and Mallet (1998) and Mallet and Joron (1999). 

Mimicry has been implicated in driving the diversification of butterflies, for example in cases where there is strong mating preference for colour (Mallet et al. 1998, Jiggins et al. 2001). Initial shifts in colour pattern can be re-enforced by the non-mimetic hybrids which are subject to strong purifying selection (Naisbit et al. 2003). Jiggins and colleagues (2005) addressed the role that mimicry plays in driving speciation of the ithomiine genus Ithomia from a phylogenetic perspective. They identified just one speciation event as a candidate for mimicry-driven diversification. In addition, some clades were identified where speciation had occurred without a colour pattern switch, and several polymorphic species of Ithomia were found to share at least one of their colour patterns with their closest relative, suggesting those colour patterns not shared with the closest relative arose after speciation. Based on the above, Jiggins and colleagues (2005) suggested that although colour pattern change can cause speciation, speciation in Ithomia can occur without colour pattern change and therefore ‘there seems little evidence that recent speciation events have involved switches in colour pattern [in Ithomia]’. Interestingly, those branches where colour pattern change occurred were significantly shorter than branches without a pattern change, suggesting that when colour pattern is involved, it might promote more rapid and repeated speciation than other mechanisms (Jiggins et al. 2005). 

Although efforts have not yet been made to specifically investigate the genetic basis of mimicry in ithomiines, exciting research has addressed this in Heliconius. Heliconius belong to the subfamily Heliconiinae, and like the Ithomiinae are in the family Nymphalidae. Based on breeding experiments, largely on the co-mimetic Heliconius erato, Heliconius cydno and Heliconius melpomene, a small number of dominant or semidominant loci are reported to have a major effect on the colour patterns, the sizes and shapes of which are modulated by minor genes. It is thought that similar colour patterns in these species sometimes arise through shared mechanisms, but that there are also instances of phenotypic similarity resulting from different genetic mechanisms (Gilbert 2003, Mallet 1989, Mallet 1993, Naisbit et al. 2003, Sheppard et al. 1985, Jiggins & McMillan 1997). In contrast, crosses in H. numata have indicated that all colour polymorphisms in this species are determined by just a single gene or supergene, which has a simple dominance mechanism for its multiple alleles (Joron et al. 1999). Genetic linkage maps have recently been described for H. erato (Tobler et al. 2005) and H. melpomene (Jiggins et al. in press), and these are currently being used comparatively to characterise the genes controlling colour pattern diversity. The colour pattern gene in H. numata has also been located, interestingly to the same region as a colour pattern gene already known in H. melpomene (Joron, personal correspondence). Research into the ecological and evolutionary genomics of Heliconius can be followed on http://heliconius.org/. 

Ithomiine butterflies and pyrrolizidine alkaloids


Pyrrolizidine alkaloids (PAs) are thought to be used by male ithomiines as pheromone precursors (see Boppre 1986, Eisner & Meinwald 1987, Trigo et al. 1994, Edgar et al. 1976). In support of this, Schulz and colleagues (2004) found 13 volatile compounds formed from the PA lycopsamine, in the pheromone releasing male hairpencils from 30 ithomiine genera. Ithomiine pheromones are important in attracting both male and female ithomiines, and initiating ithomiine lek formation (Haber 1978). 


The majority of research into ithomiines and PAs has addressed the role of PAs in chemical defence. “Chemical defence can be suggested when individual prey organisms contain one or more noxious chemical substances which facilitate proximal and/or distal rejection by predators; rejection can occur after a predator partially to completely ingests one or more prey individuals, or after the predator simply smells or tastes the prey” (Brower 1984). PAs are considered to be the primary chemical defence mechanism in ithomiine butterflies (Brown 1987). Tithorea harmonia and Aeria olena are the only ithomiine species known to incorporate PAs from larval foodplants. Most ithomiine species sequester PAs as adults, from the exudates and nectar of plants belonging to the Asteraceae and Boraginaceae (Brower 1984, Boppre 1986, Brown 1985, 1987, Pliske 1975, Trigo et al. 1996). In general, male ithomiines are highly attracted to these PA sources, and sequester them directly. Females are less attracted to PA sources, although they probably collect some PAs from plant sources (Masters 1990). Females are thought to gain protective PAs from males, via the spermatophore received during mating. The eggs are protected as a result of females transmitting PAs to the egg shell (Brown 1987, Boggs & Gilbert 1979). 

PAs have been experimentally shown to be unpalatable to birds, including the pileated finch Coryphospingus pileatus (Cardoso 1997), and also to the orb-weaving Nephila clavipes spider (Silva & Trigo 2002). Orb-weaving spiders eat palatable butterflies; Heliconiini, Acraeinae, Nymphalinae, Pieridae, Papilonidae, and even freshly emerged ithomiine adults. However, these same spiders have been observed to rapidly cut older ithomiine adult butterflies (that had sequestered PAs) out of their webs after any contact with the body or wings, and then release them unharmed (Brown 1985, 1987, Vasconcellos-Neto & Lewinsohn 1984). Observations that freshly emerged adults of Tithorea harmonia were eaten (this species is atypical as it sequesters small amounts of PAs from larval foodplants), but that field caught adults were released by the orb-weaving spider, led Trigo and colleagues (1996) to conclude that protection against predation by the orb-weaving spider may be partly dependent on concentration of PAs in the butterfly. Active investigations into ithomiines and PAs continue, with researchers at Universidade Estadual de Campinas, Brazil currently leading in much of this work. 

Ithomiine butterflies and Neotropical diversification theories

The diversification of taxa in temperate zones is quite well understood, with temperate glacial refuges well documented and widely accepted (Hewitt 2000). However, there is little agreement on which factors promoted species diversification in the Neotropics. A number of theories have been proposed to explain Neotropical diversification, below I summarise the leading hypotheses; vicariant and ecological. Although focussing on particular mechanisms may be overly simplistic (Haffer 1997, Cheviron et al. 2005), elucidating which particular theory or theories contribute most significantly to the generation of Neotropical biodiversity is critical for advancing our understanding of the evolution in this region. 

Ithomiines have played an important role in this debate, as a number of authors have postulated that ithomiine distribution reflects allopatric speciation of previously widespread taxa. This is consistent with, and has been used to support, the Pleistocene refugia vicariance model of diversification (Turner 1971, Brown 1979, 1982, 1987, Sheppard et al. 1985, Turner & Mallet 1996). 

Vicariance hypotheses

Vicariance theories hold that that evolutionary separation is determined by geographical separation. Physical geographical vicariance theories concern the formation of features such as mountain ranges, valleys or expanses of water. These split previously widespread taxa, and form effective barriers to dispersal so that taxa on either side of the geographical formation evolve independently. 

It has long been recognised that Amazonian rivers can act as a barrier to taxa: ‘Rivers generally do not determine the distribution of species, because, when small, there are few animals which cannot pass them but in very large rivers the case is different, and they will, it is believed, be found to be the limits, determining the range of many animals of all orders. With regard to the Amazon, and its larger tributaries, I have ascertained this to be the case’ (Wallace 1853). Such biogeographical observations led to the development of the Riverine barrier (or river) hypothesis as an explanation for the record richness of Amazonian biodiversity. The Riverine barrier hypothesis contends that previously widespread ancestral Amazonian taxa were separated when large Amazonian rivers formed during the Late Tertiary and Early Quaternary. The taxa on each side of the dividing river were hypothesised to then develop in isolation (Sick 1967, Capparella 1988). 

Predictions of the Riverine barrier hypothesis, that sister lineages occur across major rivers, and that wider stretches of the river provide a stronger barrier, are amenable to testing with molecular data. Based on studies of saddle-back tamarins (Saguinus fuscicollis) which inhabit forest on both sides of the Rio Jurua, Peres and colleagues (1996) reported that gene flow occurred between tamarins across the river. However, this gene flow was restricted to the headwater section of the river, and is therefore consistent with expectations of the Riverine barrier hypothesis. In another study on the Spix’s (elegant) woodcreeper superspecies (Xiphorhynchus spixii/elegans), Aleixo (2004) reported that sister lineages were separated by rivers on the Brazilian shield, as well as in central and eastern Amazonia, also consistent with expectations of the Riverine barrier hypothesis. However, this finding did not apply to woodcreepers located in western Amazonia, where predictions of other hypotheses were more strongly supported. 

There are a number of problems with the strict Riverine barrier hypothesis, including; that land and its inhabitants can be transferred across rivers, for example, when meander loops are cut off, or new river courses are cut; and that some taxa which are separated by rivers, can traverse other larger rivers, indicating that rivers are not per se barriers for those taxa (Haffer 1997). These issues along with a number of genetic studies which are largely inconsistent with the Riverine hypothesis, based on; small bodied mammals and frogs (Gascon et al. 2000); small bodied, non-flying mammals (Patton et al. 2000); the dart-poison frog Epipedobates femoralis (Lougheed et al. 1999); and the arboreal spiny rat, Mesomys hispidus (Patton et al. 1994); have resulted in the Riverine barrier hypothesis as an explanation for Neotropical diversity, except for primates, being largely discounted today (Haffer 1997). 

The dominant biogeographical vicariance theory is the refuge theory. This theory suggests that dry periods would have forced previously widespread forests into fragments isolated by open vegetation. The taxa diverged within these forest fragments so that when the refuges re-expanded and brought the taxa from the different fragments back into contact, they were partially or completely reproductively isolated. 

The Pleistocene refuge hypothesis contends that dry conditions specifically in the Pleistocene led to allopatric speciation in forest refuges (Haffer 1969). Although it is frequently used to explain diversification in the Amazon basin, only a few molecular studies have implicated Pleistocene refuges as responsible for the current distribution patterns, and possibly in the historical isolation, of Amazonian taxa. One example is the recent study by Wuster and colleagues (2005) on the Neotropical rattlesnake, Crotalus durissus. 

Despite identifying genetic evidence of the population growth associated with habitat expansions after the late Pleistocene in North American mammals, Lessa and colleagues (2003) were unable to do the same for small Amazonian mammals. The Pleistocene refuge theory has also failed to account for diversification in other taxa, for example, Pionopsitta parrots, Pteroglossus toucans (Eberhard & Bermingham 2005), and Heliconius butterflies (Flanagan et al. 2004). Such reports are in accordance with paleoecological data from the Amazon basin (Colinvaux 1997, Colinvaux & De Oliveira 2000, Colinvaux & De Oliveira 2001, Colinvaux et al. 2000) which suggests that the climatic oscillations of the Pleistocene did not have a dramatic effect on forest cover. In addition, the Pleistocene refuge hypothesis is under attack from the increasing number of molecular studies which suggest that taxa originated prior to the Pleistocene (Eberhard & Bermingham 2005, Lovette 2004, Glor et al. 2001, Collins & Dubach 2000).

Ecological or gradient hypotheses 

The Neotropical rainforest is very ecologically diverse and contains steep environmental gradients. Proponents of ecological hypotheses argue that environmental variations affect taxa in different ways and that this can drive parapatric diversification of taxa (Endler 1982). Although a number of researchers have reported their data to be inconsistent with ecological explanations (Cracraft & Prum 1988, Prum 1988, Patton & Smith 1992), others support ecological explanations, for example, Svenning (2001) who reported heterogeneous gradients as ‘an important diversity-generating factor in the neotropical palm flora’. 


In their recent book on Speciation, Coyne and Orr (2004) suggested that sister species with contiguous ranges that meet at an ecotone, and were never separated by a geographic barrier, can be better explained by parapatric speciation (consistent with ecological hypotheses) than allopatric speciation (as in vicariance hypotheses). They stated “The evidence becomes stronger if this pattern is obeyed by sister species in several diverse groups, and if divergence times between members of different sister pairs are not congruent, suggesting that their ancestors were not divided by a geographic barrier at the same time.  Such a conclusion will require accurate phylogenies and good estimates of divergence times, and we know of no study of parapatric speciation that satisfies these conditions.” In the following chapter, I attempt to undertake such a study.

Scientific rationale and thesis outline

Swift progress has been made in molecular research and some even consider current times to be ‘the age of molecular biology’. Despite intense interest in ithomiines, at the onset of this thesis research into these butterflies at the molecular level was limited to a single assessment of the genetic diversity of two subspecies of Oleria onega using the method random amplification of polymorphic DNA (RAPD) (since published, Gallusser et al. 2004). As already discussed, diverse aspects of ithomiine biology have been investigated over more than a century, making the Ithomiinae one of the best understood neotropical groups to date. Given that molecular research into the Ithomiinae had been so limited, and that a wealth of information from other research areas was available to maximise the significance of any molecular findings, it was of considerable interest to investigate ithomiine butterflies from a molecular perspective. 

Here, the chapters and appendices are briefly introduced. In Chapter 2, mitochondrial sequence data for cytochrome oxidases I and II, plus the intervening tRNA (COI-tRNA-COII) was used to estimate divergence times between ithomiines sampled from N. E. Peru. The inferred divergence times differed remarkably at each taxonomic level, a finding in striking contrast to the correlated lineage splits predicted by the Pleistocene forest refugia theory. Therefore, the studied ithomiines did not appear to conform to one of the leading hypotheses used to explain the richness of Amazonian biodiversity. The high variability of sequence divergences also challenges the categorisation of taxa based purely on DNA divergence thresholds, as proposed by systematists who advocate the use of DNA barcodes. 

In Chapter 3, the triosephosphate isomerase (Tpi) locus, which had previously been proven to be phylogenetically useful (using primers based in exons 3 and 4), was further developed to enable a longer region to be amplified (exon 1 through 5). Tpi was then used to investigate if the findings from Chapter 2 would be corroborated by this independent locus. A marked variability in pairwise divergences for comparisons at different taxonomic levels was recovered, mirroring the previous findings based on mitochondrial DNA. Features of the molecular evolution of the Tpi and COI-tRNA-COII regions were also compared.

Primers were developed for an 807 base pair, coding nuclear region homologous to the testis-specific tektin gene in Bombyx mori in Chapter 4. The tektin primers were used on 34 taxa from the Ithomiinae, Danainae and Heliconiinae, and were shown to have phylogenetic utility at the genus, tribe and subfamily levels. The tektin topology was in broad agreement to traditional classification and a recent cladogram inferred from morphology. In addition, the tektin, COI-tRNA-COII, wg and Ef1( regions were compared, to assess their relative utilities in inferring relationships at different phylogenetic levels.

Phylogenies representing five subspecies of Hyposcada anchiala were created using a 1567 bp alignment of COI-tRNA-COII in Chapter 5. These were used to investigate the possible roles of ecological adaptation versus allopatric differentiation in explaining a distributional pattern of two submontane subspecies, both of which have a melanic-tiger wing patterning (Hyposcada anchiala mendax in N. Peru and Hyposcada anchiala fallax in S. Peru), and two lowland subspecies both of which have a tiger wing patterning (Hyposcada anchiala interrupta in N. Peru and Hyposcada anchiala richardsi in S. Peru). The sequence data revealed that the most recent radiations were consistent with allopatric divergence dated to the Pleistocene.

In Chapter 6, gene genealogies are presented for 41 of the approx. 60 species belonging to the tribe Oleriini, based on data from elongation factor 1-( (Ef1(), wingless (wg), and the mitochondrial COI-tRNA-COII. In nearly all cases, individuals clustered by species into the four recognised genera: Hyposcada, Megoleria, Ollantaya and Oleria. However, the relationships between these genera remain unclear. The Oleria had previously been assigned into species groups based on morphological characters. The phylogenetic hypotheses presented here support one of the species groups, but additional molecular data is required to determine if the other groups are also supported. 

In Appendix 1, species-level phylogenetic hypotheses are presented for seven gene regions, including the tektin locus developed in Chapter 4, for the genus Ithomia. The combined evidence topology had a strong general relationship with geography, for example, the clade containing Ithomia agnosia was largely restricted to southeastern Brazil and the Amazon basin. The inferred relationships have since been used to address modes of speciation and to reconstruct the history of wing colour pattern evolution within this genus (Jiggins et al. 2005 submitted). It should be noted that this paper considers the mitochondrial COI-tRNA-COII as three distinct regions, even though the mitochondria usually evolves as one unit, and COI, tRNA and COII are combined for analysis. This contiguous stretch of mitochondria is considered as one region in the rest of this thesis.

In Appendix 2, phylogenetic hypotheses based on COI-tRNA-COII, wg and Ef1(, are presented for 81 species of 41 ithomiine genera, and ithomiine relationships are assessed. Overall, the topology derived from molecular data was very similar to previously presented morphological topologies. However, a number of important differences provoke a reconsideration of some prior hypotheses. For example, the Apocynaceae feeding Tithoreina were previously considered as sister to the other ithomiines, which are Solanaceae feeders (it should be noted that although ithomiines are regarded to be a subfamily throughout the rest of thesis, they are considered to be a tribe in appendix 2). However, molecular data revealed the Melinaeina to be the sister group to all other ithomiines, implying that Apocynaceae feeding in the Tithoreina was an independent shift back to the host plant family of the Danainae. The sequence data generated here has also contributed to resolving the relationship among Ithomiiniae, Danainiae and Tellervini  (Brower et al. in prep). 
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