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Abstract  
Melanism is one of the more extreme colour polymorphisms and is observed in many
taxa. In insects, melanism appears to be positively associated with several physiological
and/or ecological factors including crypsis, aposematism, thermoregulation, desiccation
resistance and immune function. The New Zealand alpine tree wētā (Hemideina maori)
is colour polymorphic with a yellow and a melanic morph. Melanic morphs occur
sporadically throughout the distribution of the species. Two hypotheses, thermal
melanism (dark-coloured insects can potentially absorb heat more quickly than lightercoloured insects) and the melanisation-desiccation resistance hypothesis (darker cuticles
are associated with decreased cuticular permeability and a reduction in cuticular water
loss) have not been tested in H. maori. Melanism may have either evolved convergently
in different lineages or melanic wētā may form a monophyletic group with respect to
non-melanic wētā.
Some regions of South Island, including regions where H. maori are currently
found, were effected by repeated cycles of Pleistocene glaciation. Glacial events
influenced the phylogeographic structure of South Island taxa, although response to
glaciation varies between co-distributed taxa. For example, many taxa retreated to
refugia in the south and north of the island, resulting in an area of low endemicity in
central South Island, while other taxa persisted in this area of low endemicity, possibly
surviving in microrefugia.
Hemideina maori is distinct from six other typically arboreal Hemideina species
in having adapted to a wholly terrestrial, montane life-style. Hemideina maori and H.
ricta (the Banks Peninsula tree wētā) share many morphological, behavioural and
physiological commonalities, while genetic analysis has also shown a close relationship.
Such commonalities have led to the specific status of H. ricta being questioned.
We used phylogeographic analysis using the mtDNA gene cytochrome c oxidase
I (COI) and thirty nuclear DNA (nuDNA) markers as well as investigating
physiological factors to answer specific questions about H. maori and its relationship
with H. ricta. Melanism appears to have evolved repeatedly, as it occurs sporadically in
seven of nine mtDNA groups and all three nuDNA groups identified. Hemideina maori
likely persisted in microrefugia in the central low-endemicity region as this region
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exhibits both substantial endemic mtDNA diversity and maintains a distinctive nuclear
lineage. We also found evidence for repeated introgression of H. maori mtDNA into H.
ricta. However, morphological and nuDNA differences suggest that H. ricta is best
treated as a separate but closely related species to H. maori.
Melanic morphs had significantly lower rates of cuticular water loss than yellow
morphs, thus supporting the melanisation-desiccation resistance hypothesis. However,
melanic H. maori are typically found at lower (and presumably less-desiccating) elevations
than yellow morphs, suggesting that desiccation resistance is not the primary adaptive
mechanism for melanism in H. maori.
We did not find support for the thermal melanism hypothesis, with heat gain not
significantly increased in melanic morphs, compared to yellow either when wētā were
exposed to direct radiant heat (basking simulation) or to indirect heat (microhabitat
simulation). Instead of colour, weight was the significant covariate, with heat gain
slower in heavier wētā.
Neither the adaptive significance of melanism in H. maori, nor the molecular basis
for melanism, have been established and identifying what these are may reward future
research.
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Chapter 1: General Introduction

Chapter  1:  General  Introduction  
  
Colour polymorphisms are obvious manifestations of differences between individuals of
the same species and may provide selective advantages for different colour morphs in
different environments. This potential was noted by Darwin in the Origin of Species “When we see. . . the alpine ptarmigan white in winter, the red grouse the colour of
heather, and the black-grouse of peaty earth, we must believe that these tints are of
service . . . in preserving them from danger” (Darwin 1859). Melanism, the darkening
of the ground colour or patterning of an organism (Majerus 1988) is one of the more
extreme colour polymorphisms. Industrial melanism in the peppered moth, Biston
betularia, has been presented as a textbook case of Darwinism evolution (Kettlewell
1955) and described as "the clearest case in which a conspicuous evolutionary process
has actually been observed" (Wright 1978). However, industrial melanism is by no
means the only adaptive hypothesis presented to explain the high frequency of
melanism observed in many taxa. For example, in insects, melanism has been associated
with several physiological and/or ecological factors including crypsis (Kettlewell 1955),
aposematism (Whitman 1987), thermoregulation (Lusis 1961), desiccation resistance
(Kalmus 1941), cuticular strengthening (Majerus 1998) and immune function (Nappi &
Vass 1993).
Melanism  
While the molecular basis for melanism in vertebrates is often associated with amino
acid substitutions in the melanocortin 1 receptor (Theron et al. 2001; Nachman et al.
2003), mechanisms for insect melanism appear diverse and can differ among closely
related species (Wittkopp et al. 2003) or even between different populations of the same
species (Kopp et al. 2003; Pool & Aquadro 2007). Part of this diversity is likely due to
pleiotropic roles for many of the enzymes and intermediate metabolites of the melanin
biosynthesis pathway. One example of this is the gene ebony that conjugates dopamine
with β-alanine to produce N-b-alanyl dopamine that is used in the melanisation biosynthesis pathway and is also involved in vision and circadian rhythm (Newby &
Jackson 1991; Claridge-Chang et al. 2001). Because of these pleiotropic effects, rather
than changes in DNA sequence, the underlying molecular basis for melanism in insects
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often involves the evolutionary modification of cis-regulatory elements of key genes in
the melanisation synthesis pathway (van’t Hof & Saccheri, 2010; van’t Hof et al. 2011),
that allow expression patterns associated with differences in pigmentation to change
without affecting other key functions (Gompel et al. 2005; Prud'homme et al. 2006;
Jeong et al. 2008).
Frequencies of melanic variants can vary clinally (Wunderle 1981; Brakefield
1984; King et al. 1996), potentially the result of local selection pressures that favour
different colours in populations that occupy different environments (de Jong et al. 1996;
Janssen & Mundy 2003; Kawakami et al. 2015) or as the result of neutral processes
(Edmonds et al. 2004; Klopfstein et al. 2006). While the word ‘cline’ has traditionally
been used to describe geographical graduations of phenotypes within or between species
(e.g. changes in cuticular colour) (Huxley 1938), it can also apply to any change in
allele/haplotype frequency (Slatkin 1985) that can be evaluated using genetic markers.
Integration of genetic information with phenotypic/morphological data can help in
distinguishing whether a colour cline originated via primary intergradation (selection
within a continuous population) (Chavez & Kenagy 2014) or via secondary contact
between genetically divergent populations (Endler 1977), although which of the two
processes is involved can be difficult to distinguish (Endler 1977).
Phylogeography-  processes,  genetic  markers  and  analytical  approaches  
Genetic data can also address phylogenetic questions of how historical processes may
have impacted on genetic variation as well as identifying which processes may have
shaped contemporary genetic structure and geographic distribution of species (Avise et
al. 1987; Avise 2000a). Mitochondrial DNA (mtDNA) markers have been the
cornerstone of phylogenetic studies since the 1980s (Avise et al. 1987), with
cytochrome c oxidase I (COI) well-established as the marker of choice in DNA barcoding (Ratnasingham & Herbert 2007). Mitochondrial DNA has been the marker of
choice for several reasons, even though it only comprises a tiny proportion of an
organism’s DNA. Mitochondrial DNA generally does not contain heterozygous sites
that complicate analysis of nuclear DNA (nuDNA) markers. While nuDNA is present as
a single copy per cell, mtDNA has multiple copies in most cells, making it easier for
mtDNA to be extracted and subsequently amplified. Mitochondrial DNA gene content
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is strongly conserved across the animal kingdom (Gissi et al. 2008), meaning that
comparisons can be made across species, with PCR primers developed for one taxon
often able to be utilized in multiple taxa. The uni-parental inheritance of mtDNA with
generally no recombination means that tracing relationships of individuals to their
ancestors and other individuals is much more direct (Curole & Kocher 1999).
Mitochondrial DNA is a highly variable marker, attributed in part to an inefficient
mutation repair mechanism (Brown et al. 1979), with mutation rates in some groups (i.e.
Orthoptera) estimated to be ~3% per million years since divergence (Shapiro et al.
2006; Papadopoulou et al. 2010; Allegrucci et al. 2011), or 10x the rate of nuDNA
(Allen & Omland 2003). A high mutation rate is particularly useful in intraspecific
studies where divergences are often low (Avise 2000). Mitochondrial DNA has an
effective population size (Ne) four times smaller than nuDNA (Hudson & Turelli 2003;
Zink & Barrowclough 2008), due to its uniparental inheritance and haploid nature. This
makes mtDNA more sensitive to genetic drift, and therefore is likely to evolve
monophyly much more rapidly, allowing relatively recent events like the Last Glacial
Maximum (LGM) to be studied (Hare 2001; Zink & Barrowclough 2008; Brito &
Edwards 2009). Mitochondrial DNA evolves in a nearly neutral fashion, and the
evolutionary rate has been assumed to be clock-like. A potential down-side of haploidy
and complete linkage is that any positive selection can sweep the entire genome to
fixation (Ballard & Whitlock 2004), making it difficult to distinguish which variant was
the target of selection. Despite this and despite challenges to some of the assumptions
listed above (see Galtier et al. 2009), mtDNA markers are still commonly used in
phylogeography and are likely to remain a marker of choice.
While mtDNA, especially in the 1980s-early 2000s was often the only marker
used in phylogeographic analyses, studies that report discordance between nuDNA and
mtDNA markers, termed mito-nuclear discordance, have become more common. This is
partly due to an increasing use of mtDNA and nuDNA loci concertedly for
phylogeographic analyses in a range of taxa (Funk & Omland 2003; Chan & Levin
2005; Gompert et al. 2008; Parham et al. 2013; Toews & Brelsford 2012; Zielinski et
al. 2013; Denton et al. 2014). This lack of congruence can be the result of introgression
of mitochondrial genes from one population or species to another combined with low
levels of nuclear introgression (Avise 1994). Hybridisation appears to be a relatively
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common occurrence, with 6—10% of animal “species” engaging in heterospecific
mating (Mallet 2005). An alternative explanation for differences between mtDNA and
nuDNA markers could be differences in migration patterns between sexes. As mtDNA
is passed through the maternal line, differences in the level of migration between sexes
(i.e. only males migrate) could also be used to explain mito-nuclear discordance.
Ideally, the use of a combination of mtDNA and nuDNA markers should capture
population structure more comprehensively than would reliance on one locus (Hare
2001) as well as checking for incongruence between mitochondrial and nuclear
genomes.
However, in comparison to mtDNA, finding markers with appropriate levels of
variation in the slower evolving nuclear genome can be difficult, while phylogenetic
reconstruction of nuclear markers is complicated by their diploid status and
recombination (Hare 2001). The development of high through-put next generation
sequencing techniques such as 454 (Margulies et al. 2005) and Illumina (Bentley et al.
2008) has aided in the development of nuclear markers, even in non-model organisms.
Techniques like ddRAD-SEQ (Peterson et al. 2012) and reduced representation libraries
(Davey et al. 2011; Lemmon & Lemmon 2013) allow the generation of hundreds or
even thousands of single nucleotide polymorphisms (SNPs). These approaches are more
difficult to apply to species with large genomes. A large genome implies many
recognition sites, even when using infrequently cutting restriction enzymes, resulting in
many fragments being selected. This increases the amount of sequencing required,
limits the number of individuals that can be included in an analysis and makes
computation more complex (Wielstra et al. 2014). Large genomes may also contain
large amounts of highly repetitive elements i.e. transposable elements that cause
problems due to not being single copy (Wielstra et al. 2014). Alternative approaches
can involve using transcriptome data to target areas of the genome that are expected to
contain informative levels of sequence variation. For example, transcriptomes can be
compared between individuals to identify areas of the genome that are most variable.
Another approach is to target 3' untranslated regions (UTRs) (Wielstra et al. 2014). As
these areas are generally non-coding, they are relatively free to mutate (Makałowski &
Boguski 1998) and hence likely to show genetic differentiation between closely related
species or even within species.
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Along with recent advances in the development of appropriate markers, and in
particular nuDNA markers, analytical approaches that analyse evolutionary questions
have also advanced exponentially. For example, Bayesian approaches used to
reconstruct phylogenies as well as coalescent-based estimates of demographic
parameters from genetic data have become popular due to advances in computing
speeds and the integration of Markov chain Monte Carlo (MCMC) algorithms (Yang &
Rannala 2012). Coalescent theory (Kingman 1982) has proven a valuable tool for
investigating population histories by allowing the reconstruction of random genealogies
of alleles or haplotypes in a population, tracing them back to common ancestral
lineages. Coalescent approaches also allow parameters like time of population
divergence to be calculated. Programs like BEAST (Drummond & Rambaut 2007)
allow users to estimate divergence times, using either uniform or relaxed molecular
clock models, to estimate the rate of molecular evolution on each branch in the tree.
Furthermore, programs like BAPS (Corander et al. 2008) or STRUCTURE (Falush et
al. 2003) use Bayesian clustering approaches to cluster individuals into groups.
Intraspecific phylogeography, ideally using a combination of mtDNA and nuDNA
markers, specifically looks at how a species responds to an array of confounding
processes: i.e. geological (Toussaint et al. 2014), climatic (Stewart et al. 2010) and
anthropogenic (Ribeiro et al. 2011) that affect species distributions and population
connectivity. Geographical barriers caused by mountain building can restrict gene flow
and affect phylogeographic patterns of lowland species (Valderrama 2014). Climatic
processes like glaciation can cause distributions to shift, expand, or contract along
latitudinal or elevational gradients (Hewitt 2001; Hewitt 2004). A latitudinal
distribution change has been described for many European and North American taxa
that retreated to the warmer, southern regions that acted as refugia during glaciation
(Hewitt, 2004). During interglacial periods, these taxa were then able to recolonize the
depopulated original northern range (Taberlet et al. 1998), leaving a distinct
phylogeographic pattern. The impact of human activities or human-mediated
introduction of predators can also significantly alter phylogeographic structure. These
activities can cause fragmented habitats leading to genetic differentiation as the result of
individuals being unable to traverse across interrupted habitat (Hokit et al. 1999), either
because of lack of suitable habitat or vulnerability to predation.
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Phylogeography of montane species
Due to the spatial heterogeneity of suitable alpine habitat, populations of montane
species are often naturally sub-divided and show higher levels of phylogeographic
structure than lowland species. Mountain ranges can be viewed as a series of cold
environmental islands (Ackerly 2003) or as continental analogies of island archipelago
systems, with a lack of connectivity among intraspecific populations from different
mountain ranges leading to highly differentiated lineages or even speciation (Gehrke &
Linder 2009). However, in contrast to lowland species, cold-adapted montane species
may actually undergo range expansion during glacial periods with connectivity among
populations from different ranges increasing through the creation of environmental
corridors between mountain ranges due to the down-slope migration of alpine habitat
caused by lowering of temperatures (DeChaine & Martin 2004). Montane adapted
species may have survived in localised pockets of glacial refugia alongside or even
within regions that were largely glaciated (Shafer et al. 2010), with subsequent
recolonisation of previously glaciated habitat from these refugia. Threats from habitat
modification and the impact of introduced novel predators are perhaps reduced in
montane species, due to the montane zone not being considered productive land and
where introduced mammalian predators, especially rodents, are rare or absent (Smith &
Jamieson 2005; Glen et al. 2012). However, climate change may allow novel predators
to shift to higher elevations, permit range expansion of competitive, warm-adapted
lowland species as well as open up land for agriculture that was previously considered
unviable, thus placing pressure on vulnerable alpine species.
  
Environmental  niche  modelling  
One approach to assess the impact of climate change on the distribution of species, both
past and present, is to use Environmental niche modelling (ENM). Environmental niche
modelling relates known collection localities to environmental data, allowing a
prediction of a species geographic distribution to be made (Feeley & Silman 2011).
Such models assume the observed distribution of a species is in equilibrium with their
current environment and that species could survive anywhere inside a predicted
distribution (Bulgarella et al. 2014). Environmental niche modelling can also be used to
predict future distribution patterns, commonly used to predict how species will respond
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to climate change (Wiens et al. 2009) and have been used as an aid to select appropriate
locations to perform surveys for rare species or species with unknown distributions
(Gibson et al. 2004; Muckle & Chinn 2010). Environmental niche modelling can be a
powerful tool but it may also simplify the putative distribution of a species by only
considering current environmental abiotic factors and not including historical factors/
biotic factors and interactions (Heads 2015). On these grounds, ENMs have been
criticized for simply identifying regions where environmental conditions are similar to
areas where a species is known to occur, not the species distribution (Pearson et al.
2007) and for over-emphasising the role that climate plays in a species distribution
(Sinclair et al. 2002; Heads 2015).
  
Wētā  
Wētā (plural wētā) is the common name given to five groups of nocturnal, flightless
ensiferan orthopterans native to New Zealand. Four groups: Hemideina (tree wētā),
Deinacrida (giant wētā), Hemiandrus (ground wētā) and Anisoura/Motuwētā (tusked
wētā), collectively known as true wētā, belong to the family Anostostomatidae, while
cave wētā, made up of several genera, belong to the family Rhaphidophoridae (Cook et
al.

2010a).

Anostostomatidae

has

a

Gondwanan

distribution

pattern,

with

representatives in Australia, Madagascar, South Africa, India and Central and South
America (Pratt et al. 2008).
  
Hemideina  
Tree wētā (Hemideina) are commonly encountered in both urban areas and scrubland
throughout much of the country, although not in lowland areas of Otago and Southland
(Gibbs 2001). Characteristics of this group include sexual dimorphism (Field & Deans
2001; Gibbs 2001; Morgan-Richards & Gibbs 2001), with males having large jaws that
they use to protect harems of females from rival males (Gwynne & Jamieson 1998;
Gibbs 2001; Leisnham & Jamieson 2004; Kelly 2005); the use of holes in trees known
as galleries that males fight over to gain control of females that also act as a refuge from
diurnal predators (Field & Sandlant 2001) and a mostly herbivorous diet (Wilson &
Jamieson 2005; Wehi & Hicks 2010 but see Griffin et al. 2011). Tree wētā are relatively
long-lived insects, with an adult life span in the wild of around two to four years
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(McIntyre 2001; Jamieson et al 2000; Kelly 2008a) and potentially as long as seven or
eight years (Leisnham & Jamieson 2004). Tree wētā are unusual in that males may
become sexually mature at the eighth, ninth or tenth instar (Field & Deans 2001;
Koning & Jamieson 2001; Kelly 2008b;) whereas females become sexually mature at
the tenth instar (Kelly 2005).
There are currently seven recognized tree wētā species (Gibbs, 2001): H.
crassidens (Blanchard, 1851), the Wellington tree wētā; H. thoracica (White, 1842), the
Auckland tree wētā; H. trewicki Morgan-Richards, 1995, the Hawke’s Bay tree wētā; H.
femorata Hutton 1898, the Canterbury tree wētā; H. ricta Hutton 1898, the Banks
Peninsula tree wētā; H. maori Pictet and Saussure, 1891, the alpine tree wētā and H.
broughi (Buller, 1896), the West Coast bush wētā. Hemideina species are found on both
North and South Islands, although only H. crassidens is found on both. There are two
monophyletic clades, one consisting of North Island tree wētā (H. thoracica, H.
crassidens and H. trewicki) and the other South Island (H. femorata, H. maori and H.
ricta). Hemideina broughi shares a number of ancestral morphological characteristics
with both giant and tree wētā (Gibbs 2001) and may be best placed in a new separate
genus, basal to both Hemideina and Deinacrida (Morgan-Richards & Gibbs 2001).
Relationship  between  Hemideina  maori  and  Hemideina  ricta  
Hemideina maori and H. ricta share many morphological, behavioural and
physiological features (Field 1993a; Field 1993b, Morgan-Richards & Townsend 1995;
Morgan-Richards & Gibbs 2001; King & Sinclair 2015). Previous genetic analyses
using the mitochondrial gene cytochrome oxidase subunit II (COII) (King et al. 2003),
allozymes (Morgan-Richards & Gibbs 2001) and microsatellites (Hale et al. 2010) have
highlighted the close relationship between the two species. The two are differentiated by
morphological characters (the shape of the male subgenital plate and egg shell surface)
(Morgan-Richards & Gibbs 2001) and the allopatric distributions of H. ricta (limited to
an area of ca. 200 km2 on the eastern end of Banks Peninsula, South Island) (Townsend
et al. 1997) and H. maori (widespread throughout the drier, montane areas of central
South Island). The close relationship between H. maori and H. ricta has led to the
specific status of H. ricta being questioned (King et al. 2003). This could have
potentially wider implications in conservation as H. ricta is range-restricted and
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considered the rarest Hemideina species (Townsend et al. 1997). Three hypotheses that
describe the close relationship between these two species are: (1) that H. ricta is a
recently derived species from H. maori, (2) that H. ricta may be considered a divergent
population of H. maori or that (3) H. ricta is a distinct species into which H. maori
mtDNA has introgressed (King et al. 2003).
  
Hemideina  maori  
Hemideina maori is distinct from its congeners in having adapted to a wholly terrestrial,
montane life-style, constructing galleries in rock-under-rock cavities, although both H.
ricta (Townsend et al. 1997) and H. femorata (Scott et al. 2013) also infrequently use
rock-under-rock galleries. In contrast to other Hemideina species, H. maori has
distinctive colour morphs, including melanic and yellow morphs (King et al. 1996,
Figure 4.1). The melanic morph has dorsal tergites alternating black and dark purplebrown with a dark ventral surface while the yellow morph has alternating black and
yellow dorsal tergites with a light ventral surface. Melanic and yellow morphs represent
phenotypic extremes, with individuals intermediate to either morph more common
throughout most of its range. Melanic morphs of H. alterna were described by Salmon
1950 and found at the summit of Mt. Algidus, Canterbury (Townsend 1960). Hemideina
alterna was initially differentiated from H. maori due to the presence or absence of
apical femoral spines (Salmon 1950). However, this character was not diagnostic (Field
1978), with H. alterna now subsumed into H. maori (Ramsay & Bigelow 1978).
Subsequently melanic H. maori were found on the Rock and Pillar Range, Otago
(Whitaker 1988). Here, colour morphs were distributed non-randomly, with a cline from
mainly yellow morphs in the central, higher elevation part of the range to mostly
melanic individuals at lower elevations in southern and northern parts of the range.
Melanic wētā from the south and central yellow wētā formed a hybrid zone (King et al.
1996; King et al. 2003). Melanic wētā were also reported from some islands on Lake
Wanaka (King et al. 2003) and on other Otago/Southland ranges; St. Bathans Range;
Lammermoor Range and the Black Umbrella Range (Wilson 2005). There is no
evidence that melanism in H. maori is associated with increased immune response
(Robb et al. 2003), incidence of parasitism (Robb et al. 2004), higher local population
density (Robb et al. 2003) or difference in diet between melanic and yellow morphs

9

Chapter 1: General Introduction

(Wilson & Jamieson 2005), despite associations between these factors and melanism in
other insects (Wilson & Reeson 1998, Wilson 2000, Hagen et al. 2006; Bindu et al.
2012, Dubovskiy et al. 2013). Differences in water loss rates (melanisation-desiccation
resistance hypothesis) and the rate of heat gain (thermal melanism) have so far not been
tested between H. maori colour morphs.
  
Thermal  melanism
Aside from crypsis, thermal melanism is the most commonly invoked hypothesis to
describe melanism in insects. Darker insects can heat more quickly than lightercoloured insects (Brakefield & Willmer 1985; Forsman 1997; Ellers & Boggs 2002),
due to reduced reflectance that increases light (and therefore heat) absorption in darker
insects (Umbers et al. 2013). Due to quicker rates of heating, melanic morphs reach
optimal body temperatures faster than non-melanic morphs, resulting in increased
fitness in traits as diverse as increased activity (Roland 1982; Guppy 1986; de Jong et
al. 1996; Ellers & Boggs 2004), feeding and mating (Brakefield 1984; Parkash et al.
2008a), fecundity (Rhamhalinghan 1999), egg maturation rates (Ellers & Boggs 2004),
growth rates (Hazel 2002), survival (Kingsolver 1995; Parkash et al. 2008b), and
predator avoidance (Clusella-Trullas et al. 2007). These fitness benefits provide a
selective advantage that explains the maintenance of melanism, especially in conditions
of low temperature and a limited radiative regime. Elevated frequency of melanism in
insects from cooler climates (Sømme 1989), i.e. high latitude/altitude areas and seasonal
polyphenism (Watt 1968; Shapiro 1976; Hazel 2002; Michie et al. 2011) have been
interpreted as supporting a thermal melanism hypothesis.
Although H. maori are thought to be predominantly nocturnal, they may
regulate their body temperature during the day by selecting appropriate retreat sites.
Nocturnal lizards may be capable of regulating body temperatures to an extent that is
comparable to their diurnal counterparts (Kearney & Predavec, 2000). However, colour
should only effect heat gain from a radiative source while conductive heat gain and heat
loss should be independent of colour. Another possibility is that H. maori may directly
thermoregulate by basking. Hemideina maori have been observed on rare occasions to
be active during the day (G.P. Wallis pers. comm.; K. Garrett pers. comm.), although
activity during the day has also been linked with moribund or dying wētā (King 1997).
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The nocturnal mountain bluff wētā, Deinacrida elegans, that occurs on rock faces at
elevations between 800 and 1700 m asl is reported to bask (Meads & Notman 1991). If
H. maori also bask, melanic individuals would be expected to reach optimal body
temperatures faster than non-melanic morphs, potentially resulting in increased fitness
in some of the traits listed above.
Melanisation-desiccation  resistance  hypothesis  
Two major water-loss routes in insects are water loss associated with respiration
(respiratory water loss (RWL)) or water loss via the cuticle (cuticular water loss
(CWL)) (Chown & Nicolson 2004). Water loss through the cuticle accounts for the
majority of total water loss and is the most significant route for preventing water loss in
insects at rest (Chown & Nicolson 2004). Montane insects like H. maori are
physiologically challenged by environmental factors including lower air density and
atmospheric partial pressure of oxygen as well as increased wind speed and solar
radiation (Ashby 1997; Dillon et al. 2006; Hodkinson 2005; Huey 1991; Jones et al.
1987) compared to lowland counterparts. Insects can limit CWL through changes in the
composition or quantity of cuticular hydrocarbons (CHCs) (Edney 1977). Alternatively,
increased melanisation of the cuticle has also been associated with decreased cuticular
permeability and a reduction in CWL in insects (Kalmus 1941). This association led to
the melanisation–desiccation resistance hypothesis that states that darker individuals
from a given population will have higher desiccation resistance and lower rates of CWL
than less-melanised individuals. Increased melanisation is associated with increased
desiccation resistance in D. melanogaster strains selected for melanism (Ramniwas et
al. 2013) and increased melanism is frequently associated with both increased
desiccation resistance and more arid environments both within and among Drosophila
species (Brisson et al. 2005; Pool & Aquadro, 2007; Parkash et al. 2008a). Melanism
was also selected for in moth larvae raised in warm, desiccating environments
(Välimäki et al. 2015).
Estimating  cuticular  water  loss  
By using data obtained from flow-through respirometry, CWL can be estimated using
the regression method (Gibbs & Johnson, 2004), with RWL calculated as the difference
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between total water loss and CWL. This method takes advantage of periods when the
rate of carbon dioxide released is near to or actually zero, with water loss during this
time not associated with respiration and assumed to represent CWL. This occurs in
insects that employ a discontinuous gas exchange (DGE) pattern of respiration that
includes periods where spiracles are open, allowing gas exchange to occur and
coordinated periods where spiracles are closed for prolonged periods, with little or no
external gas exchange (Chown et al. 2006). This contrasts to continuous gas exchange
(CGE) patterns of respiration where spiracles are not closed in a co-ordinated manner
and the rate of carbon dioxide released remains relatively constant (Marais et al. 2005).
The adaptive function of DGC has been debated with several hypotheses used to
describe its evolution. These theories include (1) the hygric hypothesis that states
discontinuous gas exchange is related to potential limiting of respiratory water loss
(Buck et al. 1953); (2) the chthonic hypothesis that discontinuous gas exchange seeks to
maximize partial pressure gradients between an insect’s respiratory system and the
environment in which it lives, which typically would be low in oxygen and high in
carbon dioxide (Lighton & Berrigan 1995); (3) the oxidative stress hypothesis that
states that discontinuous gas exchange cycles are an adaptation to reduce the amount of
O2 delivered to tissues under periods of low metabolic rate (Hetz & Bradley 2005); (4)
the emergent property hypothesis that states DGCs are a non-adaptive outcome of
interactions between the O2 and CO2 set points that regulate spiracle opening and
closure (Chown & Holter 2000); (5) the metabolic rate hypothesis where DGCs are a
consequence of reduced metabolic rate and therefore need for oxygen (Bradley 2007);
(6) the neural hypothesis that suggests that DGCs may indicate underlying changes in
the activity of the nervous system consistent with sleep-like states ( Matthews & White
2011), and finally (7) the strolling arthropods hypothesis which postulates that
discontinuous gas exchange is a response to prevent small arthropod parasites such as
mites and dust from entering the respiratory system (Miller 1974) (see recent review
Matthews & Terblanche 2015). Discontinuous gas exchange patterns have been
described in over 50 insect species in several orders and are likely to have evolved more
than once, potentially with different adaptive functions in different orders (Chown et al.
2006).
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Phylogeographic  factors  in  New  Zealand  
The evolutionary history of New Zealand biota has often been linked to the physical
separation of Zealandia from Gondwana 52—80 million years ago (Fleming 1979;
Cooper & Millener 1993; Allentoft & Rawlence 2012), with the majority of longisolated distinct biota thought to have evolved by vicariance (Rosen 1978; Nelson &
Ladiges 2001). However, this view has been challenged by geology and genetics.
During the Oligocene, much of Zealandia was submerged (Cooper & Cooper 1995;
Waters & Craw 2006; Landis et al. 2008; Wallis & Trewick 2009), with uncertainty on
how much habitable land remained (Haddrath & Baker 2012). Furthermore, the extent
of modern lineages that represent true Gondwanan lineages isolated by vicariance that
survived the Oligocene drowning, as opposed to modern lineages derived from more
recent dispersers, remains uncertain. However, recent molecular studies suggest that
many iconic New Zealand species that were thought to be strong examples of vicariance
are probably derived from dispersal events, i.e. kiwi (Mitchell et al. 2014) and southern
beech (Knapp et al. 2005). Some lineages of wētā may have been formed before the
separation of Zealandia, supporting a vicariant origin and survival of some
Anostostomatidae lineages on Zealandia throughout the Oligocene marine transgression
(Pratt et al. 2008).
More recently, phylogeographic patterns in New Zealand have been shaped by
geological, orogenic, climatic and anthropomorphic processes. In South Island, the
formation of the Southern Alps, the major mountain chain running down the central
spine of the island with 19 peaks exceeding 3000 m asl (Whitehouse & Pearce 1992;
Batt et al. 2000) led to the formation of alpine habitat and subsequent alpine speciation
in both vertebrates (Hickson et al. 2000; Baker et al. 2005; Nielson et al. 2011) and
invertebrates (Trewick et al. 2000; Trewick & Wallis 2001; Chinn & Gemmell 2004;
Trewick et al. 2007; Buckley & Simon, 2007; reviewed by Buckley et al. 2014). In
wētā, alpine radiation has been a driver of speciation in the sister genera Deinacrida and
Hemideina, with alpine adaptation occurring multiple times (Morgan-Richards & Gibbs
2001; Trewick & Morgan-Richards 2005).
Repeated cycles of Pleistocene glaciation have also influenced phylogeographic
patterns in many South Island taxa (Trewick et al. 2000; Neiman & Lively 2004; Hill et
al. 2009; O’Neill et al. 2009; Goldberg et al. 2011; Rawlence et al. 2012; Dussex et al.
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2014; Weston & Robertson 2015). Glacial cycling has apparently resulted in areas of
low endemicity, i.e. central South Island that also coincide with disjunct distribution of
several taxa (Burrows 1965), with the most notable known as the “beech-gap”
(Cockayne 1926), that is characterized by the absence of Nothofagus species (Wardle
1963; Burrows 1965; Leathwick 1998) from the central, narrow waist of west South
Island (note Nothofagus is now Fuscospora; Heenan & Smission 2013). The
distribution of several invertebrate species follow a similar pattern (Leschen et al. 2008;
Marske et al. 2009; McCulloch et al. 2010), with the beech gap area recolonised by
lineages that survived glacial periods in refugia either side of the beech gap area.
However, this pattern is not universal, with evidence that some taxa may have survived
in microrefugia within or alongside glaciated regions (Trewick et al. 2000; Buckley et
al. 2001; Leschen & Michaux 2005; Hill et al. 2009; McCulloch et al. 2010; Seago &
Leschen 2011). In North Island, volcanic activity has shaped distribution of insect
species (Morgan-Richards et al. 2000; Wallis & Trewick 2009; Ellis et al. 2015).
The colonization of New Zealand by Polynesians ca. 1280 AD (Wilmhurst et al.
2008) followed by the subsequent arrival of Europeans ca. 200 years ago led to
extensive deforestation (McGlone & Wilmshurst 1999) that contributed to habitat loss
for many species and influenced genetic structure (Tracy & Jamieson 2011). This loss
was compounded by the introduction of novel mammalian predators that severely
reduced or restricted the distribution of many invertebrate species (Kuschel & Worthy
1996; Gibbs 2009). Mammalian predators would have potentially impacted terrestrial
H. maori more than other Hemideina species (Gibbs 1998).
Thesis  aims  and  structure  
In this thesis, we used genetic analyses to: investigate the phylogeography of H. maori
(Chapter 2), explore the relationship between H. maori and H. ricta (Chapter 3) and
examine whether melanism has evolved repeatedly in H. maori (Chapter 4). These
analyses used a mtDNA data set (COI; 925 base pairs) obtained using Sanger
sequencing and a nuDNA data set (30 markers; 4047 base pairs) obtained from Illumina
sequencing of paired end, individually tagged amplicons. Nuclear markers consisted of
untranslated regions (UTR1-25), ribosomal internal transcribed spacer one (ITS-1) and
ribosomal internal transcribed spacer two (ITS-2) and nuclear genes derived from
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transcriptome data (Acp3, an accessory gland protein (c-type lectin); Dopa
decarboxylase (Ddc); black and ebony).
In Chapter 2, we used mtDNA and nuDNA to test two alternative
phylogeographic hypotheses for H. maori. The first hypothesis is that wētā were
extirpated from the biotic gap in central South Island, retreating to refugia north and
south of the gap. Under this scenario, wētā from either end of South Island should show
differentiation, with a stepped cline in central South Island. The alternative hypothesis
is that wētā survived in multiple microrefugia within the biotic gap, a scenario that
predicts numerous deeply divergent lineages that show local endemism. In Chapter 3,
we tested three hypotheses that might describe the taxonomic relationship between H.
maori and H. ricta. Previous analyses suggested that H. ricta, distinguished by minor
morphological characteristics, is (1) either a recently derived species from H. maori, (2)
a divergent population of H. maori, or (3) a distinct valid species into which H. maori
mtDNA has introgressed. In Chapter Four, we investigated the evolution of melanism in
H. maori. Melanism, as seen in wētā from several sites around South Island, may have
evolved multiple times, suggesting local adaptation driven by natural selection.
Alternatively, melanic wētā may form a monophyletic group, suggesting a single origin
for melanism and secondary contact with genetically and morphologically divergent
non-melanic wētā. We also discuss possible factors that may drive selection of
melanism.
In Chapter 5 and 6, we tested physiological hypotheses related to functional
adaptation of melanism. In Chapter 5, we used flow-through respirometry to compare
water loss rates between H. maori colour morphs. We tested the melanisationdesiccation resistance hypothesis, expecting that cuticular water loss rates would be
lower in the black morph than the yellow morph, due to incorporation of melanin in the
cuticle that decreases cuticular permeability. In addition, we also tested another
hypothesis; that montane insects lose water more slowly than lowland species, by
comparing rates of water loss between alpine and lowland wētā. In Chapter 6, we tested
thermal melanism using H. maori colour morphs. The expectation was that melanic
morphs would gain heat quicker than yellow morphs. Rate of heat gain was measured in
both colour morphs of wētā directly exposed to a radiative heat source (basking
simulation) as well as in wētā indirectly exposed to a heat source (microhabitat

15

Chapter 1: General Introduction

simulation). Heat gain/loss was measured using internal thermocouplers, while thermal
imaging was used to compare heat in differently coloured parts of the abdomen during
heating. Colour was quantified using a spectrometer.
Each data chapter presented is intended for publication. This approach
necessitates a degree of repetition, particularly in the Introduction and Methods and
Material sections. Chapter 5 has already been published (King KJ, Sinclair BJ (2015)
Water loss in tree wētā (Hemideina): adaptation to the montane environment and a test
of the melanisation–desiccation resistance hypothesis. Journal of Experimental Biology,
218, 1995-2004), and Chapter 2 has been submitted to Molecular Ecology. I have used
the first person plural throughout this thesis to acknowledge input given by co-authors. I
will be first author on all resulting publications as I planned and carried out most of the
fieldwork, including collection of antennae clips from around South Island, performed
the lab work, data analyses and drafted each manuscript. However, I am indebted to
several people who helped to streamline my thinking, providing support and guidance
that improved this thesis immensely. Graham Wallis, my primary supervisor, and Jon
Waters helped with interpretation of results, how best to approach the questions that I
wanted to answer in Chapters 2-4 and provided feedback on drafts for each of these
chapters. For Chapter 5, I am grateful to Brent Sinclair for introducing me to the world
of flow-through respirometry and insect physiology, helping with data analysis and
interpretation and then guiding me through the preparation of a manuscript for
publication. I appreciate the input of Graham, Brent, Kate Umbers and Glenn Tattersall
who provided feedback on my interpretation and analysis of heat gain/loss that forms
Chapter 6.
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Chapter  2:  Persisting  in  a  glaciated  landscape:  Pleistocene  
microrefugia  in  central  South  Island,  New  Zealand.    
  

Abstract  
  
Repeated cycles of Pleistocene glaciation have influenced phylogeographic structure of taxa
in New Zealand’s South Island. Many taxa retreated to refugia in the south and north of the
island during glaciation, resulting in an area of low endemicity in central South Island. This
area of low endemism is typified by the so-called beech gap, a region in central South Island
where the absence of Nothofagus species (and other taxa) has been attributed to repeated
glacial cycling. However, some taxa appear to have persisted in situ in the biotic gap in
localized refugia. We used phylogeographic analysis of the mitochrondrial DNA (mtDNA)
gene cytochrome c oxidase I (COI) and thirty nuclear DNA (nuDNA) markers to test for
Pleistocene glacial microrefugia within the range of Hemideina maori, a large insect with a
wide distribution across montane South Island. We identified nine deeply differentiated
mtDNA groups with limited sharing of haplotypes among populations. Genetic
differentiation assessed using nuDNA revealed a similar pattern, with three groups broadly
corresponding to the deepest mtDNA splits. The central region exhibits substantial endemic
mtDNA diversity, and a distinctive nuclear lineage, indicating H. maori likely persisted in
microrefugia within the biotic gap during glacial events. These deep lineages are estimated to
date back to the initiation of glaciation, some 3 Ma. These data highlight that even codistributed taxa can have idiosyncratic phylogeographic histories, reflecting species-specific
responses to climatic processes, influenced by distinctive habitat requirements and
physiological traits.
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Introduction  
  
Co-distributed taxa are exposed to similar climatic and abiotic factors, with common
response to these factors often generating repeated phylogeographic pattern (Darwin 1859;
Avise et al. 1998; McCulloch et al. 2010; Endo et al. 2015; Qu et al. 2015). For example,
repeated Pleistocene glacial cycling events have generated distinctive phylogeographic shifts
for many European and North American species, with concerted movement along latitudinal
or elevational gradients (Hewitt 2001, 2004). In Europe, many temperate-adapted taxa
retreated from Northern Europe during glacial cycles to warmer, southern refugia (Taberlet et
al. 1998), followed by interglacial recolonisation (Wallis & Arntzen 1989; Taberlet et al.
1998). Similarly, many higher-latitude, temperate-adapted taxa in north-west North America
retreated from glaciated regions into refugial zones (Beringia and the Pacific Northwest)
(Pielou 1991), prior to interglacial expansion.
Recently, the generality of the pattern of range contraction from glaciated areas to
well-defined refugia followed by subsequent re-colonisation during warmer, interglacial
periods has been re-evaluated, with cold-adapted and even some temperate-adapted species
appearing to have survived in localised refugial pockets alongside or even within highly
glaciated regions (Shafer et al. 2010). These putative localised pockets, named cryptic refugia
or microrefugia (e.g. nunataks), have, for example, been identified in Central (Maura et al.
2014), Western (de Lafontaine et al. 2014; Boston et al. 2015) and Northern Europe (RuizGonzalez et al. 2013; Filipi et al. 2015). Similarly, in North America, coastal and offshore
microrefugia including Haida Gwaii (Pruett et al. 2013), Alexander Archipelago (Lucid &
Cook 2004), parts of the Arctic (Waltari & Cook 2005) and even small pockets within the
ice-sheets (Marr et al. 2008), apparently facilitated species persistence outside major
Beringian and Pacific Northwest refugia. In addition to idiosyncratic patterns generated by
microrefugia, physiologically distinct lineages can exhibit divergent biogeographic histories
under glaciation: temperate-adapted species typically undergoing range contraction, whereas
cold-adapted, montane species may experience range expansion via down-slope extension of
alpine habitat (Trewick et al. 2000; DeChaine & Martin 2004).
Glaciers covered up to 30% of South Island, New Zealand during the Last Glacial
Maximum (LGM), the last of ~50 major global interglacial-glacial cycles (Graham 2008).
Repeated glacial cycling impacted on the distribution of many New Zealand taxa (Wallis &
Trewick 2009), particularly in the central “waist” of South Island (Wallis & Trewick 2001).
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During glacial periods, the central Southern Alps were completely covered by glaciers
reaching down western slopes to the sea (Barrell et al. 2005), while to the east, a large,
inhospitable washout plain formed (Drost et al. 2007). Originally named the ‘beech gap’
(Cockayne 1926), characterized by the absence of Nothofagus species (Wardle 1963;
Burrows 1965; Leathwick 1998) (note Nothofagus is now Fuscospora; Heenan & Smission
2013), this central South Island low-diversity region has been noted in many taxa (Wallis &
Trewick 2001; Wallis & Trewick 2009), most likely reflecting repeated cycles of glaciation
(Hall & McGlone 2006). Areas to the north (north-west Nelson) and south (Otago/Southland)
of the gap are regions of higher diversity that probably acted as glacial refugia (Figure 2.1)
(Morgan-Richards 2000; Neiman & Lively 2004; Leschen et al. 2008; McCulloch et al.
2010; Dussex et al. 2014; Weston & Robertson 2015).
In contrast to the broad support for two major South Island glacial refugia, there has
been limited support for possible microrefugia (see above), zones that could potentially have
retained endemic diversity within central South Island. Areas such as low, coastal land and/or
remnant forest in sheltered gullies (McGlone 1988) may have served as refugia for species
adapted to more mesic conditions. For example, stick insects potentially persisted in localized
coastal refugia along the east coast of South Island (Buckley et al. 2010). It has recently been
hypothesized that microrefugial zones may have existed within the biotic gap itself, based on
evidence from several invertebrate lineages; scree wētā (Trewick et al. 2000); cicadas
(Buckley et al. 2001a; Hill et al. 2009), beetles (Leschen & Michaux 2005; Seago & Leschen
2011) and stoneflies (McCulloch et al. 2010). Additionally, a few distinctive alpine plant
lineages also appear to have persisted within this glaciated central region (Lockhart et al.
2001; Heenan & Mitchell 2003; Smissen et al. 2003).
The genus Hemideina (tree wētā; Orthoptera: Anostostomatidae) comprises seven
species of large, flightless, nocturnal insect found on both main islands of New Zealand.
While six of the seven species are largely arboreal (Field & Sandlant 2001), one species, H.
maori, the alpine tree wētā, has a wholly terrestrial, montane distribution across South Island
(Sinclair et al. 1999), encompassing regions that were heavily glaciated during the LGM.
We used mtDNA and nuDNA markers to test two alternative phylogeographic
hypotheses for H. maori. The first hypothesis is that wētā were extirpated from the biotic gap
in central South Island, retreating to refugia north and south of the gap (Figure 2.1B and
Figure 2.1C). Under this scenario, wētā from either end of South Island should show
differentiation, with a stepped cline in central South Island. The second hypothesis is that
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wētā also survived in multiple microrefugia within the biotic gap (Figure 2.1D and Figure
2.1E), a scenario that predicts numerous geographically distinct, divergent lineages that show
local endemism. This study builds on preliminary mtDNA analyses (King et al. 2003) using
multiple loci and greatly expanded sampling, including numerous sites within the biotic gap.
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Materials  and  Methods
Sample  collection  and  DNA  extraction  
Wētā (157 in total) were hand-collected from beneath rocks in mostly montane habitats at 32
South Island sites from Oct 2012 to Dec 2014 (Supplementary Table S1). GIS locality
information and elevations were recorded for each collection site. Tissue was sampled nondestructively by taking antennae clips that were preserved in 95% ethanol and stored at 20°C. Total genomic DNA was extracted using a Purelink Genomic DNA Minikit
(Invitrogen) following the manufacturer’s protocol. DNA was eluted in 100 µL and stored at
-20°C.
DNA  amplification  and  sequencing  
The oligonucleotide primers listed in Supplementary Table S2 were used to amplify a
fragment of the mtDNA gene COI. Amplification of COI was performed on an Eppendorf
Mastercycler® gradient thermal cycler, consisting of 2 min at 94°C, followed by 40 cycles
each consisting of 45 s at 94°C, 50 s at 45°C and 1 min at 72°C, followed by a final extension
for 2 min at 72°C. All amplifications were carried out in 10 µL reactions containing 5 µL of
MyFi DNA Polymerase mix (Bioline), 0.5 µL of each primer (10 mM), 3 µL of dH2O and 1
µL DNA. The resulting PCR products were visualized by electrophoresis, where 2 µL of
each product was mixed with an equal amount of loading dye and run alongside size
standards at 100 V on a 2% agarose gel (2 g of agarose in 100 mL of TAE buffer), containing
1% SYBR Safe dye (Invitrogen) and viewed on a transilluminator (Uvitec, Integrated
Sciences). Successful amplifications were purified using an Ultra-Sep Gel extraction kit
(OMEGA), following the manufacturer’s protocol. Purified DNA was quantified using a
Nanodrop ND-1000 spectrophotometer and sequenced bi-directionally using an automated
sequencer (Genetic Analysis Services, Department of Anatomy, University of Otago, New
Zealand). Sequencing for most individuals was performed using LCOI490 (Folmer et al.
1994) and H7005 (Folmer et al. 1994), yielding a 925 bp fragment. Samples from sites KP,
TG, HC, GT, PL, OH, CC, DB, HK and SM (full names for collection localities can be found
in Supplementary Table S1) gave poor sequence when either of these primers were used in
sequencing reactions. Sequences for these individuals were obtained using combinations of
forward primers jgLCOI490 (Geller et al. 2013) or jerry (Simon et al. 1994) and reverse
primers jgHCO2198 (Geller et al. 2013) and H7005 mod1 (Donald et al. 2005) resulting in
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two fragments that could be aligned to the other sequences, albeit with a gap of about 40 bp.
Primers used to amplify nuDNA markers are shown in Supplementary Tables S3 and
S4. Nuclear DNA markers were a combination of amplified regions of 3ʹ′ untranslated regions
(UTR1-25) (Wielstra et al. 2014) and nuclear markers derived from transcriptome data. The
3’ untranslated regions chosen were from long transcriptome-based gene models (more than
5000 bp) and were targeted because these regions should show genetic differentiation among
samples. We also used nuclear markers previously used in orthopteran phylogeographic
studies, ribosomal internal transcribed spacer one (ITS-1) and ribosomal internal
transcribed spacer two (ITS-2) (Kaya et al. 2013), Acp3, a nuclear gene with relatively high
sequence diversity (V. Twort pers. comm.) and nuclear genes derived from transcriptome
data by comparing H. maori transcriptome data against Drosophila or silk-worm sequence
data (Dopa decarboxylase (Ddc), black and ebony) (V. Twort pers. comm.).
Nuclear DNA markers for each sample were amplified in 3 µL reactions containing
1.5 µL of MyFi DNA Polymerase mix (Bioline), 0.15 µL of each primer (10 mM), 0.3 µL of
dH2O and 0.5 µL DNA. Amplification was performed on an Eppendorf Mastercycler®
gradient thermal cycler using the following temperature profile; initial denaturation at 94°C
for 3 min, followed by 45 cycles of 94°C for 45 s, 60°C for 1 min and 72°C for 1 min, with a
final extension at 72°C for 4 min. Amplifications for each marker were visualised by
electrophoresis, where 0.5 µL of product was mixed with an equal amount of loading dye and
run alongside size standards at 100 V on a 2% agarose gel as before. Amplicons from each
individual were then pooled and purified using 1.8× volume of Agencourt AMPure XP beads
(Beckman Coulter) and were eluted in 40 µL of TE buffer. Cleaned products were quantified
with a NanoDrop® ND-1000 Spectrophotometer (Thermo Fisher Scientific, Inc.). Libraries
were prepared for each individual using unique barcode adapters annealed to amplicons
during a second round of PCR. This consisted of an initial denaturation at 94°C for 2 min,
followed by 10 cycles of 94°C for 40 s, 52°C for 1 min and 72°C for 75 s, with a final
extension at 72°C for 2 min. Barcoded amplicons from each individual were then pooled and
purified as before. The pooled samples were quantified using a high sensitivity assay on a
Perkin Elmer Victor X2 multimode plate reader controlled by WorkOut software (version 2.5
R2, Build 0514, Dazdaq Solutions Ltd) and then pooled at equimolar concentrations. The
pooled libraries were assayed on an Agilent DNA 1000 bioanalysis chip to determine the
final size range and concentration for sequencing. Pooled libraries were loaded at 4 pM plus
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10% PhiX and sequenced on a MiSeq Reagent Nano kit version 2 (150 bp paired end) (New
Zealand Genomics Limited, Department of Biochemistry, University of Otago, New
Zealand).
  

Data  analyses
Sequences for COI were assembled, edited and aligned manually using Sequencher version
5.2.4 (Gene Codes Corporation, Ann Arbor, Michigan, United States of America,
http://www.genecodes.com) with the alignment further checked using MacClade 4.08
(Maddison & Maddison 2005). For the nuDNA markers, reads were demultiplexed using the
Generate FASTQ workflow and automatically partitioned into different FASTQ files for each
individual. Reads for each individual were then mapped against the 30 reference sequences
(excluding the primer sites) (Appendix 1) taken from the transcriptome data. Only sequences
from first reads were included for analysis as data generated from second reads had poor
coverage. For marker-individual combinations with at least ten reads (those with fewer were
considered to have failed), the combination of SNP/InDels present in each read was
determined. SNP/InDel combinations that occurred in at least 25% of the reads were noted,
with changes from reference sequences for each individual made in MacClade 4.08
(Maddison & Maddison 2005). Two alleles for each individual for each marker, which may
or may not be identical, were then reconstructed using PHASE (Stephens et al. 2001),
implemented in DnaSP v.5 (Librado & Rozas 2009). Sanger sequencing was used to
sequence some markers when Illumina sequencing was unsuccessful.
BAPS v5.3 (Corander et al. 2008) was used to test for population structure. BAPS
uses a probabilistic Bayesian approach using either haploid or diploid data, with genetic data
sourced from either one locus or multiple loci to assign samples to distinct gene pools or
clusters. For diploid data, two phased alleles were assigned per sample. BAPS was used to
determine the most probable number of gene pools (1 ≤ k ≤ 80) as well as being forced to
determine groupings based on predetermined fixed-k clustering (i.e. k = 2, k = 3). For
nuDNA, gene boundaries were specified that allowed independent analysis of genetic
markers in the concatenated data-set. Admixture analyses were also performed in BAPS for
all individuals using the nuDNA data-set. This analysis used clustering solutions of
individuals, with admixture of genotypes quantified by establishing the ancestral sources of
alleles for each individual with respect to the determined clusters. Admixture analysis were
performed using the complete nuDNA data set, using only the coding sequences from the
nuDNA data set and using only the non-coding sequences from the nuDNA data set.
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An appropriate substitution model for the COI data set was selected using Akaike’s
information criterion (AIC) values, implemented in jModeltest 2.1.3 (Darriba et al. 2012)
which uses PhyML (Guindon & Gascuel 2003) to score models. Indices of genetic diversity
including nucleotide diversity were computed in ARLEQUIN v. 3.5 (Excoffier & Lischer
2010) for both the mtDNA data-set (Supplementary Tables S5-S8;) and for the nuDNA dataset (Supplementary Tables S9-S10). These values included nucleotide diversity(π) and
Tajima’s D; pair-wise base pair differences and pairwise FST values
Population structure was analysed by conducting a principal coordinate analysis
(PCoA) in the program GenAlEx 6.5 (Peakall & Smouse 2006) using Nei genetic distance
calculated from allele data for nuDNA and haplotype data for COI. GenAlEx 6.5 (Peakall &
Smouse 2006) was also used to perform a Mantel test to test for isolation by distance (Mantel
1967), using pairwise base-pair differences in COI and nuDNA sequences calculated using
ARLEQUIN v. 3.5 (Excoffier & Lischer 2010) versus log geographic distance between sites.
PopART (http://popart.otago.ac.nz) was used to calculate the number of base-pair
differences between COI haplotypes that were then joined to create a parsimonious unrooted
TCS haplotype network (Templeton et al. 1992). Phased nuDNA alleles (two per sample)
were used by SplitsTree (v4.13.1) (Huson & Bryant 2006) to construct a median joining
network (Bandelt et al. 1999).
Molecular dating analysis was implemented in BEAST v 1.8 (Drummond et al. 2012)
to estimate times of divergence between lineages using the COI data set. Estimates were
performed three times for 200,000,000 generations, sampling tree parameters every 100
generations, with a burn-in of 20%. We enforced a lognormal uncorrected relaxed clock with
a substitution rate of 0.016 (substitutions/site/Ma), based on calibrations for Orthoptera
(Shapiro et al. 2006; Papadopoulou et al. 2010; Allegrucci et al. 2011). Convergence and
effective sample size values (ESS) were checked using TRACER (v1.6) (Rambaut &
Drummond 2005). Effective sample size values in excess of 200 were obtained for all
parameters. Log and tree files were combined using LogCombiner (v1.8.0) using a burn-in of
20% (Drummond et al. 2012), with a maximum credibility tree constructed using
TreeAnnotator (v1.8.0). Results were visualized in FigTree (v1.4.2).
  
Environmental  niche  modelling
We modelled the potential distribution of H. maori using climate data from the Land
Environments of New Zealand database (Leathwick et al. 2002) accessed through
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https://lris.scinfo.org.nz/ to investigate which environmental parameters impacted on the
current distribution of H. maori. We only included locality records with verified co-ordinates
(New Zealand Map Grid (NZTM) format) (Supplementary Table S11). These analyses used
five climatic layers (see Bulgarella et al. 2014): mean annual temperature (°C); mean
minimum temperature of the coldest month (July, representing winter minimum temperature,
°C); October vapour pressure deficit (when persistent westerly winds result in strong
geographical variation in vapour pressure deficits across New Zealand, kPa); annual water
deficit (mm); and monthly water balance (ratio); (Leathwick et al. 2002; Leathwick et al.
2003). We used Maxent 3.3.3k (Phillips et al. 2006; Phillips & Dudík 2008) to generate
species distribution data based on 109 verified geo-referenced localities of H. maori. We ran
the model ten times with a maximum iteration of 5000, using the default convergence
threshold (10-5). For each run, 10% of the localities were used to train the model and 90% of
the localities selected to test the model. Performance of the model was evaluated using the
area under the receiver operating characteristic curve (AUC) and the threshold-dependent
binomial omission tests calculated by Maxent. The AUC varies between 0.5 (localities
equally likely to be designated presence or absence) to 1 (perfect assignment of presence and
absence). In practice, AUC above 0.7 indicates adequate determination (Swets 1988).
  

Results  
  
Mitochondrial  DNA  
We aligned sequences of a 925 bp fragment of COI to infer relatedness among 157 H. maori
from 32 localities, with 83 distinct haplotypes identified. BAPS software grouped samples
into nine groups (Mt1–9) (Figure 2.2). Most sampling sites were represented by single
groups, with only a handful yielding multiple groups (Figure 2.2). Several sites that consisted
of more than one individual only had one haplotype (Supplementary Table S5). Mt1
comprised samples from four sites in Northern Canterbury, as well as a geographical outlier
from South Canterbury (LP). Samples from Mt1 and Mt2 were found in syntopy at one site
(FP). Mt2 was restricted to samples from six sites in central Canterbury as well as two
samples from FP. Mt3 incorporated samples from five sites around Aoraki/Mount Cook.
Three sites, TG, HC and GT shared a haplotype, with an additional haplotype shared between
KP and PL. Mt4 was represented by four samples from OH. Three of the nine PL samples
grouped with Mt5, with Mt5 also detected in South Canterbury (CC, DB, HK) and North
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Otago (SM). Mt6 was represented by two samples from SB. Mt7 typifies most of the Otago
region (ND, MT, MW, ID, LM) and Northern Southland (BU), with two individuals from the
Rock and Pillar Range, Otago (1 sample from each of MU and MP). Mt8 and Mt9 were both
restricted to the Rock and Pillar Range; Mt8 (five MU samples, NR and BH) and Mt9 (8
samples from MP). BAPS clustering using k = 2 resolved a northern group (Mt1 and Mt2)
and a southern group (Mt3–9). BAPS performed using k = 3 (based on nuDNA groupings,
see below) resolved broad phylogeographic assemblages: Canterbury (Mt1–2); Aoraki/Mount
Cook and OH (Mt3/Mt4); and Southern(Mt5–9) (Figure 2.4). TCS networks constructed from
the COI data set showed deeply differentiated lineages (Figure 2.3), largely corresponding to
the nine mtDNA groups identified by BAPS (Figure 2.2). Both haplotype diversity and
nucleotide diversity were larger than average (Supplementary Table S7) (Goodall-Copestake
et al. 2012). Tajima’s D values did not indicate either a rapid, recent expansion or recent
contraction (Supplementary Table S7) while FST values were also large (Supplementary Table
S8), suggesting strong differentiation among populations. The smallest population pair-wise
FST value was between 0.48 between Mt7 and Mt8 (0.48), while the largest population pairwise FST value was between Mt4 and both of Mt7 and Mt8 (0.95) (Supplementary Table S8).
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Nuclear  DNA
We aligned 4047 bp of nuDNA derived from 20 3′  UTR regions as well as from ribosomal
internal transcribed spacer regions (ITS-1, ITS-2), Acp3, Ddc, black and ebony to infer
relationships among 146 H. maori samples from 31 localities. BAPS grouped samples into
three nuDNA groups (Nu1–3) (Figure 2.4A and Figure 2.4B). Nu1 was represented in
samples from Canterbury (SP, JP, BR, FP, GP, MH, HT, CS and BS) and largely
corresponded to Mt1–2. The sample from LP that grouped with other Canterbury wētā for
mtDNA (Mt1) grouped with Nu2. This group also consisted of wētā from sites from around
Aoraki/Mount Cook, OH and the MacKenzie Country (KP, TG, HC, GT, PL, OH, CC, DB,
HK, SM and SB), largely corresponding to Mt3–5. OH and SB were the only two sites with
samples from two groups (three OH samples grouped with Nu3 and the other with Nu2,
while one SB sample grouped with Nu2 and one with Nu3). Nu3 is mainly restricted to Otago
and generally corresponds to Mt6–9. Median joining networks constructed using phased
nuDNA alleles (Figure 2.5) largely corresponded to the groups identified by BAPS, although
there was evidence for admixture between Nu2 and Nu3. An admixture analysis performed in
BAPS also indicated some level of nuDNA admixture between Nu2 and Nu3. This was
performed using the complete nuDNA data set (Supplementary Figure S1A, coding
sequences only (Supplementary Figure S1B) and non-coding sequences only (Supplementary
Figure S1C). While analysis using either only the coding or non-coding sequences were
largely congruent (Supplementary Figures S1B and S1C), of note were the samples from
SP/JP. These individuals grouped with Nu3 when only coding sequences were used in
analysis (the probabilities that these individuals grouped with Nu3 was 100%) and with Nu1
when only non-coding sequences were used (likewise the probability that these individuals
belonged to Nu1 was calculated to be 100%). When the combined data set was used, these
individuals were assigned to Nu1 with a probability of about 60% (Supplementary Figure
S1A). Pairwise FST value were large between groups; 0.36 between Nu1 and both Nu2 and
Nu3 while the FST value for the comparison between Nu2 and Nu3 was 0.2. Nucleotide
diversity was lower in the nuDNA data set (0.0051) (Supplementary Table S than the
corresponding value for the mtDNA data set (Supplementary Table S10)
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Isolation  by  distance
Mantel tests did not reveal a significant positive relationship between log geographic distance
and pairwise genetic distance among sites assessed from COI (r2 = 0.01639, P = 0.08) (Figure
2.6A). However, a positive relationship between log geographic distance and pairwise
genetic distance among sites assessed using the nuDNA data set (r2 = 0.17, P = 0.01) (Figure
2.6B), indicates that genetic differentiation of H. maori was partially explained by isolation
by distance effects.

Figure 2.6: Isolation by distance relationship.
Scatter plot of mean pair-wise base pair differences vs log geographic distances for A. mtDNA and B. nuDNA.
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Principal  coordinate  analysis  
The PCoA for nine mtDNA groups showed that the two Canterbury groups (Mt1 and 2) were
distinct from the southern groups (Mt3–9) using PC1, (27% of total variance; Figure 2.7A).
PC2 (20% of total variance) primarily separated Otago (Mt7) and Rock and Pillar wētā (Mt8–
9) from other southern groups (Mt3–6) (Figure 2.7A). When nuDNA groups were compared,
PC1 (63% of total variance) separated Nu1 from the two more southern groups (Nu2 and
Nu3; Figure 2.7B). Nu2 and Nu3 were separated by PC2 (36% of total variance; Figure
2.7B). Likewise, when BAPS was enforced to k = 3, Canterbury was again distinct from the
two southern groups (Figure 2.7C). PC1 (65% of total variance) separated Canterbury from
the two more southern groups, while PC2 (35% of total variance) split the two more southern
groups (Figure 2.7C).
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Figure 2.7: Principal coordinate analysis performed on mtDNA and nuDNA data sets.
A. Principal coordinate analysis for the nine mtDNA groups.
B. Principal coordinate analysis for three nuDNA groups.
C. Principal coordinate analysis performed on mtDNA when BAPS was enforced to k = 3.
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Principal coordinate analysis was performed on mtDNA and nuDNA data-sets, with all
individuals included as an independent data point, rather than being pooled as is the case
above (Supplementary Figure S2B). Of note is the positioning of samples from SP in a PcoA
performed on the nuDNA data-set (that grouped alongside Nu3 samples) rather than with
other Nu1 samples.
  
Divergence  times  among  clades  
We inferred mean estimates (and 95% HPD) for divergence times of H. maori clades using
BEAST with a substitution rate of 0.016 (substitutions/site/Ma) (Figure 2.8). Clades largely
corresponded to BAPS groupings. The oldest divergence time was the split between
Canterbury Clade 1 (single sample from LP), Clade 2 and Clade 3 (BAPS groups Mt1 and
Mt2) and southern clades, Clades 4-9 (BAPS groups Mt 3–9). This split was consistent with
BAPS k = 2, with a mean estimate for the timing of this split 3.3 Ma (95% HPD 2.5-4.0 Ma).
Clade 1, the sample from LP (that grouped with Mt1 in BAPS analysis) split from other
Canterbury samples approximately 1.47 Ma (95% HPD 1.08-1.96 Ma), pre-dating the split
between Clade 2 and Clade 3 estimated at 1.28 Ma (95% HPD 0.9-1.7 Ma). Clade 4 (Mt3)
and Clade 5 (Mt4) split from Clades 6-9 (Mt5-9) around 2.95 Ma (95% HPD 2.3-3.6 Ma),
with OH samples (Clade 5; Mt4) splitting from Clade 4 (Mt3) approximately 1.03 Ma (95%
HPD 0.64-1.45 Ma). Clade 6 (Mt5) and Clade 7 (Mt6) split from Clades 8 and 9 (Mt7-9)
around 2.16 Ma (95% HPD 1.58-2.77 Ma). Clade 8, which consists of all Mt7 and Mt8 wētā,
is strongly supported by posterior probabilities (Figure 2.8), while Mt7 was paraphyletic. The
split between Clade 8 (Mt7-8) and Clade 9 (Mt9) dated to 2.17 Ma (95% HPD 1.63-2.84
Ma).  
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Environmental  niche  modelling  
The modelled distribution of H. maori, based on 109 geo-referenced localities
(Supplementary Table S11), performed in Maxent, returned a test AUC score across the ten
replicated runs of 0.952, with a standard deviation of 0.014 (Figure 2.9). Predictions were
significantly different from random for all runs at all thresholds measured by the binomial
omission tests. Estimation of the relative contributions of the environmental variables to the
model indicated that mean minimum temperature (July) (52.2%) and mean annual
temperature (21.9%) were the top two predictors of wētā presence, with smaller contributions
from the three other environmental layers used: October vapour pressure deficit, 15.5%;
monthly water balance, 6.7% and annual water deficit, 3.6%. The mean minimum
temperature of the coldest month variable had the highest gain when used in isolation,
suggesting that this layer carried the most useful information by itself. October vapourpressure deficit was the variable that decreased the gain most when omitted, suggesting that it
has the most information absent from the other variables. The modelled distribution of H.
maori is largely consistent with the predominantly montane current distribution of the
species, with wētā absent from low-lying coastal areas and not found west of the main divide
(Westland). However, the modelled distribution of H. maori predicts that the distribution of
the species should extent further north than is currently observed.
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Discussion
  
We found substantial genetic differentiation within H. maori, with nine mtDNA groups
largely restricted to well-defined geographical regions (Figure 2.2 and Figure 2.3). These
groups are structured into deeply differentiated lineages that rarely occur together in the same
population. Sites FP, PL, MU, MP had samples from different mtDNA groups, indicative of
either secondary contact or incomplete lineage sorting since the time of their isolation.
Genetic differentiation assessed using nuclear markers revealed a similar pattern, with three
groups identified that are largely concordant with mtDNA groups (Figures 2.4A, 2.4B and
2.5). Wētā from central South Island, a region of low endemicity, have deeply differentiated
lineages (i.e. Nu2 that is largely congruent with Mt3-5), indicative of wētā having persisted in
this area despite repeated glacial cycling. These findings clearly differentiate this species
from other New Zealand taxa that were apparently confined to glacial refugia in the north and
south of South Island (Neiman & Lively 2004; Leschen et al. 2008; McCulloch et al. 2010;
Rawlence et al. 2012; Dussex et al. 2014; Weston & Robertson 2015).
While we did observe a split between northern and southern groups, the deep
differentiation of multiple groups is not consistent with a biotic gap scenario. Instead, the
effect that glaciation had on the distribution of H. maori appears more localized, with glacial
outwash and mountains acting as localized glacial refugia from which depopulated glaciated
sites were recolonized (McGlone 1988). Wētā appear to have survived repeated glacial cycles
in the gap region, evidenced by Nu2 and Mt3-5, centred around Aoraki/Mt Cook, an area that
was heavily glaciated during the Pleistocene glacial cycles (Schaefer et al. 2006).
Furthermore, washout plains to the east of the Southern Alps appear to have accommodated
pockets of microrefugia, given that wētā (with Mt1–2 and Nu1) persisted in this region. A
single individual from LP, a site near the centre of the biotic gap, was divergent from other
Canterbury samples, grouping with central South Island wētā for nuDNA (Nu2). A highly
divergent haplotype was also noted in one cicada found near LP (Hill et al. 2009), while stick
insects from this area also had unique haplotypes (Buckley et al. 2010). Together, these
results suggest that the area around LP may have acted as an important micro-refugium
during glaciation.
Haplotype sharing between three Aoraki/Mount Cook sites (TG, HC, GT) and a
different haplotype that shared between another two sites (KP and PL) provides evidence for
recolonisation of these sites subsequent to glaciation. All five of these sites would have been
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extensively glaciated during the last LGM. All ten wētā sampled from MW and MT, islands
in Lake Wanaka formed after the LGM, shared the same mtDNA haplotype, indicative of
recent colonization subsequent to glaciation.
Lowering of temperature during glacial periods would likely have allowed H. maori to
colonize new lower-elevation regions. Mean annual temperatures may have been depressed
by 5–7°C during glacial periods (Golledge et al. 2012; Newnham et al. 2013), with cold
tolerant species potentially increasing their distribution to current sea level (Heenan &
McGlone 2013). Given that mean minimum temperature was the most important
environmental variable predicting occurrence in ENM (Figure 2.9), that H. maori is freezetolerant (Ramløv et al. 1992; Ramløv 1999; Sinclair et al. 1999) and has a preference for
temperatures below 20°C with 5–8°C favoured (Rock et al. 2002), glacial periods likely
increased the habitat-area available for H. maori in ice-free regions.
Mantel tests revealed a significant positive relationship between log geographic
distance and pairwise genetic distance assessed using nuDNA among sites (Figure 2.6B) but
not for COI (Figure 2.6A), indicating that genetic differentiation was partially explained by
isolation by distance effects. However, the largest divergences in both mtDNA and nuDNA
data sets were not between the most geographically isolated populations (SP and BU) but
Canterbury and central South Island samples (Figure 2.3 and Figure 2.5; Supplementary
Table S6), suggesting barriers other than distance are influencing phylogeographic structure
in H. maori.
The biggest bipartition observed is that between Canterbury wētā (Clade 2-3; Mt1–2
and Nu1, excluding the sample from LP) and southern groups (Clade 4-9; Mt3–9, Nu2–3)
(Figure 2.7 and Figure 2.8), with the timing of the split estimated at 3.3 Ma (Figure 2.8). A
similar north-south disjunction has been detected in several other invertebrate taxa, often
delineated by the Waitaki river valley (Trewick et al. 2000; Buckley et al. 2001b; Greaves et
al. 2007; O'Neill et al. 2008). However, it does not seem to be a major biogeographic barrier
for H. maori as sites in both Mt5 and Nu2 lie both north (CC, DB and HK) and south (SM) of
the river, a finding also reported for stick insects (O'Neill et al. 2009). Mountain ranges may
act as more important biogeographical barriers for H. maori, which has an apparent current
upper altitudinal limit of c. 2000 m. Populations from either side of the northern Rangitata
river valley (CS and BS) in Mt2/Nu1 are separated from CC in Mt5/Nu2 by the Sinclair and
Two Thumb ranges, both over 2000 m in height. Similarly, SM (Mt5/Nu2) is separated from
geographically close sites in Otago (Mt7/Nu3) by the St. Mary Range (> 2000 m), while GP
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(Mt2) and BR (Mt1), only 23 km apart, are separated by the Craigieburn Range (> 2000 m).
As well as topography, interspecific competition can be a barrier to lineage expansion
(Waters et al. 2014). For example, the ranges of both H. thoracica and H. crassidens are
narrower than predicted by environmental modelling (Bulgarella et al. 2014), possibly due to
competitive exclusion between the two species. Hemideina maori and Deinacrida
connectens, the alpine scree wētā, are often found on the same range, with limited areas of
localized sympatry. Deinacrida connectens is found at higher elevations (1320–3630 m)
(Field 1980) suggesting a competitive advantage at these elevations, while H. maori
dominates at lower elevations.
Despite broad concordance between nuDNA and mtDNA, occasional discordance was
detected, specifically at sites CC, DB, HK and SM (Figure 2.4). This pattern is suggestive of
secondary contact influenced by glacial cycling. Notably, mtDNA often shows less
intraspecific gene flow than nuDNA, resulting in the maintenance of distinct mtDNA clades
even when secondary contact between different clades occurs (Petit & Excoffier 2009). Sex
bias in dispersal rates could also potentially contribute to such a pattern (Peters et al. 2012),
although there is no evidence for increased dispersal in male H. maori (Leisnham & Jamieson
2002).
While concatenated multigene data-sets such as the nuDNA data-set utilized in this
study often produce highly supported trees (Chen & Li, 2001; Rokas et al. 2003), differences
in individual gene histories due to processes like incomplete lineage sorting can cause issues
(Kolaczkowski & Thornton 2004; Mossel & Vigoda 2005). Discordance was noted when
coding (Supplementary Figure S1B) and non-coding markers (Supplementary Figure S1C)
were analysed separately. This discordance was most apparent in the samples from SP (the
most northern site), that grouped with Otago wētā when coding markers were analysed and
with other Canterbury wētā when non-coding markers were analysed (Supplementary Figure
S1). This was also noted in a PcoA analysis where wētā from SP grouped with wētā from
Nu3 (Supplementary Figure S2). The correct placement of SP wētā would likely be resolved
with the incorporation of more sequence data. However, this discordance could be interpreted
several ways; as the result of incomplete lineage sorting, due to selection on one or more of
the coding markers or even possibly migration along a coastal corridor between wētā in the
northern and southern parts of the island.
The timing of H. maori radiation during the Pliocene (ca. 3.3 Ma) (Figure 2.8) falls
after the period of alpine uplift during the Miocene (Batt & Braun 1999) but before the
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establishment of an alpine zone, estimated at 1.5 Ma (Heenan & McGlone 2013). This timing
is consistent with estimates for radiations of other cold tolerant or alpine groups, e.g.
Deinacrida (Trewick & Morgan-Richards 2004), Brachaspis and Sigaus grasshoppers
(Trewick 2001; Trewick 2007), stick insects (Buckley et al. 2010), Maoricicada (Buckley &
Simon 2007), Celatoblatta cockroaches (Trewick & Wallis 2001; Chinn & Gemmell 2004),
buttercups (Lockhart et al. 2001) and Pachycladon (Heenan & Mitchell 2003), suggesting
that diversification and radiation in many different taxa was likely driven by mountain
building. Hemideina maori is thus best described as a cold tolerant/non-specialist alpine
species that presumably evolved from an arboreal ancestor to take advantage of newlyformed open habitat, rather than an alpine specialist such as D. connectens. During late
Pliocene cooling, rock bluffs and outcrops, open riverbeds and terraces, and tussock
grassland, all suitable habitat for H. maori, became increasingly prevalent (Heenan &
McGlone 2013).
Conclusion  
While repeated glacial cycling has impacted on the phylogeography of many New Zealand
taxa, the impact of glaciation on the distribution of the alpine tree wētā H. maori appears to
be more localised. High levels of mtDNA and nuDNA divergence suggest that wētā persisted
in microrefugia within and alongside the so-called biotic gap, an area of low endemicity in
central South Island, even during glacial events. Wētā would then have recolonized sites
affected by glaciation from these microrefugia, during warmer, interglacial periods. Studies
of phylogenetic structure among New Zealand taxa highlight how similar processes can result
in quite different phylogeographic structure, depending on the characteristics of the study
organism.    
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Chapter  3:  Mitochondrial  DNA  introgression  in  
Hemideina:  consequences  for  conservation  of  a  range-
restricted  wētā.  
  
  

Abstract  
  
Hemideina ricta, the Banks Peninsula tree wētā, is the rarest of seven Hemideina
species, with a limited distribution on the eastern part of Banks Peninsula. Hemideina
ricta shares many morphological, behavioural and physiological features with H. maori,
the alpine tree wētā. Previous genetic analyses, using both the mitochondrial DNA
(mtDNA) gene cytochrome oxidase subunit II (COII) and allozymes, have highlighted
the close relationship between the two species. The specific status of H. ricta has been
questioned due to these similarities, despite its allopatric distribution. We used
phylogeographic analysis using the mtDNA gene cytochrome c oxidase I (COI) and
thirty nuclear DNA (nuDNA) markers to test three hypotheses: (1) that H. ricta is a
recently derived species from H. maori; (2) that H. ricta represents a divergent
population of H. maori or (3) that H. ricta represents a distinct species into which H.
maori mtDNA has introgressed. We found evidence for repeated introgression of H.
maori mtDNA but not nuDNA into H. ricta, with hybridisation potentially occurring
during range expansion of the cold-adapted H. maori during Pleistocene glacial periods
ca. 1 Ma. We discuss the possibility that introgression of H. maori mtDNA may have
been driven by positive selection of mtDNA from cold-adapted H. maori during glacial
periods. Morphological and genetic differences suggest that H. ricta is best treated as a
separate but closely related species to H. maori and on-going conservation efforts
should be continued.
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Introduction  
  
Even though species act as the fundamental unit of biological classification, an overriding consensus of what delimits a species is lacking. This issue is illustrated by
limitations and shortcomings in every one of a multitude of concepts and theories that
aim to delineate species (Chambers 2012). A problematic area in developing a
comprehensive species concept is accounting for hybridisation, a relatively common
occurrence, with 6—10% of animal “species” engaging in heterospecific mating (Mallet
2005). Hybridisation can violate requirements of species concepts like the Biological
Species Concept (BSC) that define taxa based on their reproductive isolation from other
groups of interbreeding natural populations (Mayr 1942). By contrast, hybridisation is
less problematic under the phylogenetic species concept (PSC) which instead relies on
the presence of autapomorphic characters (i.e. phenotypic, genetic, behavioural,
physiological) to distinguish taxa (Cracraft 1983). The PSC is thus less restrictive than
the BSC but can potentially led to over-splitting of taxa (Heller et al. 2013), given that
monophyly is the sole requirement for species recognition (Avise 2000b; Isaac 2004;
Zachos et al. 2013).
While

species

delimitation

has

traditionally

relied

on

morphological

differentiation among lineages, genetic data is now commonly incorporated alongside
morphological and behavioural data to answer speciation-related questions (Cook et al.
2010b). Genetic data, particularly the mtDNA gene COI, have helped to resolve
phylogenetic relationships and delimit taxonomy in numerous cases (Hebert et al. 2003;
Hebert et al. 2004). However, genetic analysis has also complicated species delimitation
by highlighting the dynamic nature of speciation. As speciation deals with the formation
of new species from an ancestral species, newly derived species will often retain
ancestral polymorphisms with parental taxa due to incomplete lineage sorting, thus
making the ancestral species paraphyletic (Joseph & Omland 2009). Paraphyly appears
to be relatively common in several biological groups: 44% of Australo-Papuan
terrestrial avian taxa considered good biological species are paraphyletic for mtDNA
markers (Joseph & Omland 2009). Species level paraphyly in both invertebrate and
vertebrate groups has been estimated at around 20% using mtDNA markers (Ross
2014).
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In addition to the effects of ancestral polymorphisms, paraphyly can also result
from introgression of alleles from one species into another. For instance, mtDNA
introgression has been documented between numerous sister taxa (see Toews &
Brelsford 2012). While evolution of mtDNA has often been considered largely neutral,
as mitochondria play a crucial role in ATP synthesis and heat production in endotherms,
introgression of mitochondria from cold-adapted species into temperate species
(examples include: Fontanillas et al. 2005; Ropiquet & Hassanin 2006; Boratyński et al.
2011; Melo-Ferreira et al. 2014; Hassanin 2015) may be due to positive selection of
cold-adapted mitochondria (Rand 2001; Ballard & Whitlock 2004; Dowling et al.
2008). Similarly, introgression has been speculated to be more common in ectotherms
that are exposed to substantial temperature variation, allowing selection to act on the
relative fitness of different mitochondrial haplotypes under different thermal regimes
(Somero 2002). As in endotherms, introgression of mitochondria from cold-adapted
species into temperate species has occurred in several taxa (Glémet et al. 1998; Mee &
Taylor 2012), suggesting that selection may act on mtDNA haplotypes that confer
higher metabolic efficiency at low temperature (Consuegra et al. 2015).
Introgression of mtDNA can result in phylogenetic incongruence between nuclear
and mitochondrial genes (mito-nuclear incongruence), with mtDNA and nuclear genes
retaining contrasting evolutionary histories. However, sex biases in gene flow,
selection, genetic drift, nuclear paralogues or mtDNA heteroplasmy can also potentially
explain mito-nuclear incongruence (Toews & Brelsford 2012). As a result, both mtDNA
and multiple nuclear markers should be considered when investigating phylogenetic
relationships of closely-related taxa that may have hybridised.
The genus Hemideina (tree wētā; Orthoptera: Anostostomatidae) comprises seven
species of large, flightless, nocturnal insect found on both main islands of New Zealand.
The rarest Hemideina species is H. ricta, restricted to an area of ca. 200 km2 on the
eastern end of Banks Peninsula, South Island (Townsend et al. 1997) (Figure 3.1A and
Figure 3.1B). The specific status of H. ricta has been questioned (King et al. 2003), as it
shares many morphological (Field 1993a; Field 1993b, Morgan-Richards & Townsend
1995; Morgan-Richards & Gibbs 2001), behavioural (Field 1993a) and physiological
(Sinclair et al. 1999; King & Sinclair 2015) commonalities with H. maori. Genetic
analysis has also shown a close relationship. Hemideina maori was rendered
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paraphyletic when H. ricta was included in a phylogeographic study of H. maori using a
COII data set (King et al. 2003). Only one allozyme locus (from 25 tested) differed in
allele frequencies between the pair (Morgan-Richards & Gibbs 2001) while eleven out
of twelve microsatellite loci developed for use in H. ricta amplified successfully in H.
maori (Hale et al. 2010). Two morphological characters (the shape of the male
subgenital plate and egg shell surface) (Morgan-Richards & Gibbs 2001) and the
allopatric current distributions of H. ricta and H. maori (widespread throughout the
drier, montane areas of central South Island) differentiate the two.
We used mtDNA and nuDNA markers to test three alternative hypotheses that
could explain the taxonomic relationship between H. ricta and H. maori. The first
hypothesis is that H. ricta is recently derived from H. maori. Under this hypothesis,
both mtDNA and nuDNA from H. ricta may group with H. maori due to incomplete
lineage sorting, but morphological differences can be used to distinguish the two
species. Second, H. ricta may be considered a divergent population of H. maori, with
morphological differentiation explained by isolation on Banks Peninsula, with limited
gene flow with other H. maori populations. Banks Peninsula was initially an offshore
island formed from the eroded remains of a late Tertiary volcanic complex 2-3 million
years ago (Harding 2003), with only intermittent connection to South Island during the
late Quaternary, and possibly earlier, by the extension of outwash fans from the
Southern Alps (Stevens 1980; Harding & Winterbourn 1997). Third, H. ricta may be a
distinct species into which H. maori mtDNA has introgressed. While the two species
are currently allopatric, Pleistocene glacial-interglacial transistion events may have
resulted in a shift of distribution for both species, resulting in previous zones of
sympatry. Mean annual temperatures may have been depressed by 5–7°C during glacial
periods (McGlone et al. 2010; Golledge et al. 2012; Newnham et al. 2013) and cold
tolerant species may have increased their distribution to current sea level (Heenan &
McGlone 2013). Such expansion could potentially have allowed hybridisation and
subsequent introgression of alleles from one species into another. Previous results
suggest that H. maori mtDNA introgressed into H. ricta, with drift and/or selection
resulting in the total replacement of native H. ricta mtDNA. Under this hypothesis, and
given previous analyses that suggest H. maori mtDNA has introgressed into H. ricta, H.
ricta mtDNA and/or H. ricta nuDNA should group with H. maori.
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Materials  and  Methods
  
Sample  collection  and  DNA  extraction  
Hemideina maori were hand-collected from beneath rocks from mostly montane
habitats at 32 South Island sites between October 2012 and December 2014
(Supplementary Table S1). GIS locality information and elevation were recorded for
each collection site. Tissue was sampled non-destructively by the taking of antennal
clips, which were preserved in 95% ethanol and stored at -20°C. Antennal clips from 23
H. ricta collected from Banks Peninsula (Supplementary Table S12) were provided by
Rachel van Heugten (University of Canterbury, New Zealand). Antennal clips were also
collected from H. crassidens (collected from an urban garden in Wellington in October
2012 (41°29′S, 174°78′E), H. thoracica (collected from an urban park in Auckland in
December 2012 (36°84′S, 174°74′E) and H. femorata (collected from roost boxes in
native forest fragments on Banks Peninsula in December 2012 (43°78′S, 173°00′E).
Total genomic DNA was extracted using a Purelink Genomic DNA Minikit
(Invitrogen), following the manufacturer’s protocol. DNA was eluted in 100 µL of
elution buffer (Invitrogen) and stored at -20°C.
DNA  amplification  and  sequencing  
The oligonucleotide primers listed in Supplementary Table S1 were used to amplify
fragments of COI for H. maori and H. ricta, while primers used to amplify nuDNA
markers for H. maori, H. ricta, H. femorata, H. crassidens and H. thoracica are shown
in Supplementary Tables S3 and S4. Nuclear DNA markers were a combination of
amplified regions of 3-prime untranslated regions (UTR1-25), derived from
transcriptome data obtained from Victoria Twort, Landcare Research, Auckland,
following a protocol similar to Wielstra et al. 2014, nuclear genes previously used in
orthopteran phylogeographic studies, ribosomal internal transcribed spacer one (ITS-1)
and ribosomal internal transcribed spacer two (ITS-2) (Kaya et al. 2012) and nuclear
genes derived from transcriptome data (Acp3; Dopa decarboxylase (Ddc); black and
ebony).
Amplification of COI was performed on an Eppendorf Mastercycler® gradient
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thermal cycler, consisting of 2 min at 94°C, followed by 40 cycles each consisting of 45
s at 94°C, 50 s at 45°C and 1 min at 72°C, followed by a final extension for 2 min at
72°C. All amplifications were carried out in 10 µL reactions containing 5 µL of MyFi
DNA Polymerase mix (Bioline), 0.5 µL of each primer (10 mM), 3 µL of dH2O and 1
µL DNA. The resulting PCR products were visualized by electrophoresis, where 2 µL
of each product was mixed with an equal amount of loading dye and run alongside size
standards at 100 V on a 2% agarose gel (2 g of agarose in 100 mL of TAE buffer),
containing 1% SYBR Safe dye (Invitrogen) and viewed on a transilluminator (Uvitec,
Integrated Sciences). Successful amplifications were purified using the Ultra-Sep Gel
extraction kit (OMEGA) following the manufacturer’s protocol. Purified DNA was
quantified using a Nanodrop ND-1000 spectrophotometer, and sequenced bidirectionally using an automated sequencer (Genetic Analysis Services, Department of
Anatomy, University of Otago, New Zealand). Sequencing for most individuals was
performed using LCOI490 (Folmer et al. 1994) and H7005 (Folmer et al. 1994),
yielding a 925 bp fragment. Samples from sites KP, TG, HC, GT, PL, OH, CC, DB, HK
and SM (full names for collection localities can be found in Supplementary Table S1)
gave poor sequence when either of these primers was used in sequencing reactions.
Sequences for these individuals were obtained using combinations of forward primers
jgLCOI490 (Geller et al. 2013) and jerry (Simon et al. 1994) and reverse primers
jgHCO2198 (Geller et al. 2013) and H7005 mod1 (Donald et al. 2005) resulting in two
fragments that could be aligned to the other sequences, albeit with a gap of about 40 bp.
Thirty nuDNA markers for each individual were amplified in 3 µL reactions
containing 1.5 µL of MyFi DNA Polymerase mix (Bioline), 0.15 µL of each primer (10
mM), 0.3 µL of dH2O and 0.5 µL DNA. Amplification was performed on an Eppendorf
Mastercycler® gradient thermal cycler using the following temperature profile: an
initial denaturation at 94°C for 3 min, followed by 45 cycles of 94°C for 45 s, 60°C for
60 s and 72°C for 60 s, with a final extension at 72°C for 4 min. Amplifications for each
marker were visualized by electrophoresis, where 0.5 µL of product was mixed with an
equal amount of loading dye and run alongside size standards at 100 V on a 2% agarose
gel (2 g of agarose in 100 mL of TAE buffer), containing 1% SYBR Safe dye
(Invitrogen) before being viewed on a transilluminator (Uvitec, Integrated Sciences).
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Amplicons from each individual were then pooled and purified using 1.8x volume of
Agencourt AMPure XP beads (Beckman Coulter) and were eluted in 40 µL of TE
buffer.

Cleaned

products

were

quantified

with

a

NanoDrop®

ND-1000

Spectrophotometer (Thermo Fisher Scientific, Inc.). Libraries were prepared for each
individual using unique barcode adapters annealed to amplicons during a second round
of PCR. This consisted of an initial denaturation at 94°C for 2 min, followed by 10
cycles of 94°C for 40 s, 52°C for 60 s and 72°C for 75 s, with a final extension at 72°C
for 2 min. Barcoded amplicons from each individual were then pooled and purified
using 1.8x volume of Agencourt AMPure XP beads (Beckman Coulter) and were eluted
in 40 µL of TE buffer. Pooled samples were quantified using a high sensitivity assay on
a Perkin Elmer Victor X2 multimode plate reader controlled by WorkOut software
(version 2.5 R2, Build 0514, Dazdaq Solutions Ltd) and then pooled at equimolar
concentrations. The pooled libraries were assayed on an Agilent DNA 1000 bioanalysis
chip to determine the final size range and concentration for sequencing. Pooled libraries
were loaded at 4 pM plus 10% PhiX and sequenced on a MiSeq Reagent Nano kit
version 2 (150 bp paired end) (New Zealand Genomics Limited, Department of
Biochemistry, University of Otago, New Zealand).
  
Data  analyses  
Mitochondrial DNA (COI) sequences were assembled, edited and aligned manually
using Sequencher version 5.2.4 (Gene Codes Corporation, Ann Arbor, Michigan,
United States of America, http://www.genecodes.com) with the alignment further
checked using MacClade (Maddison & Maddison 2005). For the nuclear markers, reads
were demultiplexed using the Generate FASTQ workflow and automatically partitioned
into different FASTQ files for each individual. Reads for each individual were then
mapped against the 30 reference sequences (excluding the primer sites) (Appendix 1)
taken from the transcriptome data. For marker-individual combinations with at least ten
reads (those with less were considered to have failed), the combination of SNP/InDels
present in each read was determined. Those SNP/InDel combinations that occurred in at
least 25% of the reads were noted, with changes from reference sequences for each
individual made in MacClade 4.08 (Maddison & Maddison 2005). Two alleles for each
individual for each marker, which may or may not be identical, were then reconstructed
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using PHASE (Stephens et al. 2001), implemented in DnaSP v.5 (Librado & Rozas
2009). Sanger sequencing was used to sequence some markers when Illumina
sequencing was unsuccessful.
Indices of genetic diversity including nucleotide diversity were computed in
ARLEQUIN v. 3.5 (Excoffier & Lischer 2010) for both the mtDNA data-set
(Supplementary Table S13; Supplementary Table S14) and for the nuDNA data-set
(Supplementary Table S15). These values included nucleotide diversity(π) and Tajima’s
D; pair-wise base pair differences and pairwise FST values. An appropriate substitution
model for the COI data set was selected using Akaike’s information criterion (AIC)
values, implemented in jModeltest 2.1.3 (Darriba et al. 2012) which uses PhyML
(Guindon & Gascuel 2003) to score models. PopART (http://popart.otago.ac.nz) was
used to calculate the number of bp differences among COI haplotypes that were then
joined to create statistical parsimonious unrooted TCS haplotype network (Templeton et
al. 1992). Phased nuDNA alleles (two per sample) were used by SplitsTree (v4.13.1)
(Huson & Bryant 2006) to construct a median joining network (Bandelt et al. 1999).
Population structure was analyzed by conducting a principal coordinate analysis
(PCoA) in the program GenAlEx 6.5 (Peakall & Smouse 2006) using Nei genetic
distance calculated from allele data for nuDNA and haplotype data for COI.
BAPS v5.3 (Corander et al. 2008) was used to test for population structure.
BAPS uses a probabilistic Bayesian approach using either haploid or diploid data, with
genetic data sourced from either one locus or multiple loci to assign samples to distinct
gene pools or clusters. For diploid data, two phased alleles per sample were used. BAPS
was forced to determine groupings based on predetermined fixed-k clustering. A value
of k = 2 was selected to explore the relationship between the two species. Values of k >
2 were used until a group consisted of only H. ricta samples. An admixture analysis was
also performed in BAPS for all individuals using the nuDNA data-set. This analysis
used clustering solutions of individuals, with admixture of genotypes quantified by
establishing the ancestral sources of alleles for each individual with respect to the
determined clusters.
Molecular dating analysis was implemented in BEAST v 1.8 (Drummond et al.
2012) to estimate times of divergence between lineages using the mtDNA data set.
Estimates were performed three times for 100,000,000 generations, sampling tree
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parameters every 20,000 generations, with a burn-in of 20%. We used a lognormal
uncorrected relaxed clock with a substitution rate of 0.016 (substitutions/site/Ma), based
on COI and Cytochrome b estimates for Orthoptera (Shapiro et al. 2006; Papadopoulou
et al. 2010; Allegrucci et al. 2011). Analyses were conducted with a Yule Birth-Death
tree prior under a GTR +I + Γ model of nucleotide substitution. Convergence and
effective sample size values (ESS) were checked using TRACER (v1.6) (Rambaut &
Drummond 2005). Effective sample size values in excess of 200 were obtained for all
parameters. Log and tree files were combined using LogCombiner v1.8.1 using a burnin
of 20% (Drummond et al. 2012), with a maximum credibility tree constructed using
TreeAnnotator v.1.8.0. Results were visualized in FigTree v.1.4.2.
  

Results  
  
Mitochondrial  DNA  
We aligned sequences of a 925-bp fragment of COI to infer relatedness among
23 H. ricta from Banks Peninsula (Figure 3.1A) and 157 H. maori from 32 localities
(Figure 3.2A and Figure 3.2B). We identified 10 and 83 distinct haplotypes for H. ricta
and H. maori respectively with no haplotypes shared between species. BAPS software
identified three groups (Figure 3.1B and Figure 3.1C) within H. ricta when only this
taxon was included in analysis. Nucleotide diversity (π) was reduced in H. ricta (0.009)
compared to H. maori (0.064) (Supplementary Table S13).
When H. maori samples were included with H. ricta samples, the majority of H.
ricta formed a separate group only after BAPS enforced k = 8 (Figure 3.2A and Figure
3.2B). Eight groups (Mt1-Mt8) was also the optimal result when BAPS was allowed to
run freely. BAPS clustering when k = 2 using all H. maori and H. ricta samples
resolved a northern group consisting of Canterbury H. maori and H. ricta (Mt1-2 and 8)
and a southern group of H. maori (Mt 3-7) (Figure 3.2C), reflecting the close
relationship between H. ricta and Canterbury H. maori, in particular Mt1. Mt1
comprised samples from four sites in Northern Canterbury (SP, JP, BR and FP), two H.
ricta samples (BP22 and BP23) as well as a geographical outlier from South Canterbury
(LP). Mt2 was restricted to samples from six sites in central Canterbury (GP, MH, MS,
HT, CS and BS) as well as two samples from FP. Mt3 incorporated samples from six
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sites around Aoraki/Mount Cook (KP, TG, HC, GT, PL and OH). Three of the nine PL
samples grouped with Mt4, which was also detected in South Canterbury (CC, DB, HK)
and North Otago (SM). Mt5 was represented by two samples from the St. Bathans
Range (SB). Mt6 typifies most of the Otago region (ND, MT, MW, ID, LM, NR, BH,
MU and 1 sample from MP) and Northern Southland (BU). Mt7 was restricted to the
Rock and Pillar Range site MP, while Mt8 was comprised solely of H. ricta samples.
These groups were well-differentiated as shown from large pairwise FST values reported
between groups (Supplementary Table S14) that ranged from 0.59 between Mt8
(comprised solely from H. ricta individuals) and Mt1 (a group that included samples
from Northern Canterbury and two divergent H. ricta individuals to 0.9 between Mt7
and Mt8.
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Figure 3.1: Analyses of mtDNA in 23 H. ricta individuals.
A. Insert map showing location of Banks Peninsula in eastern South Island.
B. Location of 23 H. ricta samples (BP1-23) on Banks Peninsula. Circle size corresponds to number of
samples collected at the same location.
C. COI haplotype network for 23 H. ricta samples. Circle size is proportional to the number of samples
sharing a haplotype. Colours of circles correspond to three groups determined by BAPS (k = 3).
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Figure 3.2: Clustering individual wētā (H. ricta and H. maori) into groups using mtDNA data set.
A. Assignment of 157 H. maori from 32 localities and 23 H. ricta from Banks Peninsula to eight groups
by BAPS. Colours correspond to assigned groups, while full names for collection localities can be found
in Supplementary Table S1.
B. Distribution of the eight mtDNA groups.
C. BAPS clustering of H. maori and H. ricta samples when k = 2.

TCS networks constructed from the total COI data set showed deeply
differentiated lineages (Figure 3.3A), largely corresponding to the eight mtDNA groups
identified by BAPS (Figure 3.2A and Figure 3.2B), while reaffirming the close
relationship between H. ricta and North Canterbury H. maori (Mt1).
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The principal coordinate analysis (PCoA) also showed that the two Canterbury groups
(Mt1 and 2) and H. ricta (Mt8) were distinct from the southern groups (Mt3–7) using
PC1 (26% of total variance (Figure 3.4). PC2 (20% of total variance) primarily
separated Mount Cook (Mt3) from other southern groups (Mt4–7) (Figure 3.4).
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Figure 3.4: Principal coordinate analysis for H. maori and H. ricta performed on mtDNA data set.
PCoA for the eight mtDNA groups. Note the close relationship between Mt1 (North Canterbury) and Mt8
(H. ricta).

The relationship between H. ricta and Canterbury H. maori (Figure 3.5A) was
further examined by constructing a network (Figure 3.5B) and performing a PCoA
analysis (Figure 3.5C) using only Canterbury H. maori and H. ricta. A PCoA using
wētā from only Mt1, Mt2 and Mt8 split Mt2 from the other two groups using PC1 (40%
of total variance) (Figure 3.5C). PC2 (19% of total variance) separated Mt1 from Mt8,
with two H. ricta samples (BP22 and BP23) and the sample from LP intermediate to
Mt1 and Mt8.
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ricta).
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Nuclear  DNA  
We aligned 4047 bp of nuDNA derived from 20 3′   UTR regions as well as from
ribosomal internal transcribed spacer regions (ITS-1, ITS-2); Acp3, a nuclear gene with
relatively high sequence diversity and three other nuclear genes (Ddc, black and ebony)
to infer relationships among 146 H. maori and 23 H. ricta samples. An allele network
for phased nuDNA alleles for H. ricta showed that the two H. ricta samples divergent
for mtDNA (individuals 22 and 23) were not divergent for nuDNA (Figure 3.6A and
Figure 3.6B). Furthermore, the population substructure apparent in mtDNA (Figure
3.1B) was not reciprocated in nuDNA. As with mtDNA, nuDNA nucleotide diversity
(π) was reduced in H. ricta (0.0015) compared to H. maori (0.0051) (Supplementary
Table S15).
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Figure 3.6: Allele network using nuDNA in 23 H. ricta individuals.
A. Location of 23 H. ricta samples (BP1-23) on Banks Peninsula. Circle size corresponds to number of
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B. nuDNA allele network for 23 H. ricta samples. Circle sizes are proportional to the number of samples
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from other H. ricta when mtDNA was analysed.

In contrast with mtDNA, H. ricta formed a separate grouping from H. maori
when BAPS was enforced k = 3 (Figure 3.7A and Figure 3.7B) with Canterbury (Nu1)
and southern H. maori (Nu2) the other two groups. BAPS clustering using k = 2
resolved a northern group consisting of Canterbury H. maori (Nu1, largely
corresponding to Mt1 and Mt2) and a group consisting of southern H. maori (Nu2,
corresponding to Mt3—7 as well as the single sample from LP) and all H. ricta,
including the two H. ricta samples that grouped with Mt1 (Figure 3.7C). The groups
were highly differentiated, indicated by large pair-wise FST values. FST values between
H. ricta and Nu1 was 0.62, between H. ricta and Nu2 0.5 and between Nu1 and Nu3
0.36. The FST value for inter-specific comparisons was 0.4. Admixture was only
detected in one H. ricta individual (BP 21) (Figure 3.7D), with 13% and 4%
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probabilities that this individual grouped with Nu1 and Nu2 respectively. Admixture
was detected in only one H. maori individual (MT2) with an 11% probability that this
individual grouped with H. ricta samples.
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Median joining networks constructed using phased nuDNA alleles (Figure 3.8)
corresponded to the groups identified by BAPS when k = 3, with no alleles shared
among groups.
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Nuclear data from three other Hemideina species (H. femorata, H. thoracica and
H. crassidens) along with the two H. maori groups (Nu1 and Nu2) and H. ricta (Nu3)
were also included in a PCoA (Figure 3.9A). PC1 (51% of total variance) separated H.
femorata, H. thoracica and H. crassidens from H. ricta and two H. maori groups,
showing the close relationship between the latter two species. PC2 (33% of total
variance; Figure 3.9A) primarily separated H. femorata from H. crassidens and H.
thoracica. When only H. maori and H. ricta samples were included (Figure 3.9B), PC1
(18% of total variance; Figure 3.9B) separated Nu1 (Canterbury H. maori) from Nu2
(southern H. maori) and H. ricta, while PC2 (15% of total variance) split Nu2 (southern
H. maori) and H. ricta (Figure 3.9B).
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Figure 3.9: Principal coordinate analysis for Hemideina species performed on nuDNA data set.
A. PCoA for the two H. maori groups (Nu1 and Nu2), H. ricta (Nu3), H. crassidens, H. thoracica and H.
femorata.
B. PCoA for the two H. maori groups (Nu1 and Nu2) and H. ricta (Nu3).
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Divergence  times  between  Hemideina  maori  and  Hemideina  ricta  
We inferred mean estimates (and 95% HPD) for divergence times of H. maori and H.
ricta clades using BEAST with a substitution rate of 0.016 (substitutions/site/Ma)
estimated for COI and Cytochrome b in Orthoptera (3.2% Ma-1 since divergence)
(Figure 3.10). With the exception of the placement of the sample from LP, clades
largely corresponded to BAPS groupings. Mt1 was paraphyletic with the split between
the sample from LP and other wētā from Mt1 dated at 1.46 Ma (95% HPD 1.0-1.9 Ma),
predating the split between Mt1, Mt2 and Mt8 (most of H. ricta). The oldest divergence
time was the split between northern clades; Clade 1 (single sample from LP, BAPS
Mt1), Clade 2, Clade 3 and Clade 9 (BAPS groups Mt1 Mt2 and Mt8) and southern
clades 4-8 (BAPS groups Mt 3–7). This split was consistent with BAPS k = 2, with a
mean estimate for the timing of this split of 3.3 Ma (95% HPD 2.7-3.9 Ma). The split
between Clade 9, that was comprised of most H. ricta samples (corresponding to Mt8)
and Clade 2 wētā from northern Canterbury (largely corresponding to Mt1) was
estimated at 1.08 Ma (95% HPD 0.8-1.4 Ma). A subsequent split in Clade 2 between
two H. ricta samples and H. maori from northern Canterbury (all belonging to Mt1) was
estimated at 0.97 Ma (95% HPD 0.7-1.3 Ma).
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Discussion  
We used nuDNA and mtDNA markers to investigate the phylogenetic relationship of
two species of New Zealand tree wētā, H. maori and H. ricta. Previous analyses using
mtDNA had shown a close taxonomic relationship between the two, with H. maori
rendered paraphyletic when H. ricta was included in a phylogeographic study of H.
maori (King et al. 2003). We found evidence for repeated introgression of H. maori
mtDNA but not nuDNA into H. ricta. Introgression of mtDNA from Canterbury H.
maori seems the most likely explanation for this finding and is the best-supported of the
three alternative scenarios proposed at the start of this study; (1) H. ricta recently
derived from H. maori, (2) H. ricta a divergent population of H. maori or (3) H. ricta
introgressed for mtDNA. Hybridisation/mitochondrial introgression potentially
occurred during range expansion of the cold-adapted H. maori during Pleistocene
glacial periods ca. 1 Ma, with two likely Pleistocene introgression events from H. maori
were identified (Figure 3.10). Nuclear admixture was only detected in one H. ricta
individual (BP 21) (Figure 3.7D), with 13% and 4% probabilities that this individual
grouped with the H. maori groups Nu1 and Nu2 respectively (Figure 3.7D). Nuclear
DNA divergence from H. maori, allied with previously identified morphological
differences (Morgan-Richards & Gibbs 2001), strongly suggest that H. ricta should still
be treated as a distinct species. Additionally, the consistent distinction detected between
Canterbury and southern H. maori for mtDNA (Figure 3.2C) and nuDNA (Figure 3.7C)
markers, although not supported by morphology (Field & Bigelow 2001; Morgan
Richards & Gibbs 2001), strongly suggest the possibility of additional species diversity.
Canterbury and southern H. maori may represent morphologically cryptic species,
meriting individual recognition for management and conservation purposes.
Hybridisation leading to partial or even total mtDNA introgression has been a
relatively common feature in New Zealand fauna (Chinn & Gemmell 2004; Miller &
Lambert 2006; Marshall et al. 2008, 2011; Morgan-Richards et al. 2009; Waters et al.
2010). In Hemideina, H. ricta/H. femorata (Morgan-Richards & Townsend 1995), H.
thoracica/H. trewicki and possibly H. crassidens/H. trewicki (Morgan-Richards et al.
2001) hybrids occur naturally. Four out of five parapatric species combinations
attempted mating in captivity (Morgan-Richards et al. 2001), with no species-specific
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recognition of the chemical communication system that triggers copulation in
Hemideina (Field & Jarman 2001). Hemideina maori/H. femorata have an overlapping
range in parts of South Island (Little 1980), although hybrids have not been reported for
this species pair. While no H. maori/H. ricta hybrids have been described, both species
share the same number of chromosomes (Morgan-Richards & Gibbs 2001), increasing
the likelihood of viable H. maori/H. ricta hybrids.
The current allopatric distribution of these taxa (ca. 110 km currently separates H.
ricta from the closest current H. maori population at Foggy Peak (FP)) along with
behavioural and ecological differences, apparently preclude the possibility of on-going
hybridisation. Specifically, H. maori is wholly terrestrial (Sinclair et al. 1999), and
constructs galleries under rock on rock substrates, even when tree galleries are
available. In contrast, H. ricta appears flexible in its choice of galleries, variously using
trees, logs, old fenceposts and space under rocks (Townsend et al. 1997). As mating
takes place at the entrance to, or within galleries (Field & Jarman 2001), the likelihood
that H. maori, a terrestrial species, would mate with wētā occupying arboreal treegalleries seems low. However, Pleistocene glacial events could have undermined these
apparent reproductive barriers. During these periods, distribution of both species would
have likely shifted. Such movement could have resulted in areas of sympatry, leading to
hybridisation. The depression of mean annual temperature by 5°C to 7°C (McGlone et
al. 2010; Golledge et al. 2012; Newnham et al. 2013) would have lowered the tree-line
on Banks Peninsula. Open shrubby vegetation would have dominated (Soons et al.
2002), resulting in fewer tree galleries for H. ricta and greater use of spaces under
rocks.
Interestingly, introgression of H. maori mtDNA (putative invasive species)
introgressing into ‘resident’ H. ricta differs from the expectation that an invading
species should experience greater introgression than the resident lineage (Currat &
Excoffier 2004; Currat et al. 2008; Excoffier et al. 2009). This finding could imply that
H. maori mtDNA confers a selective advantage (Kim et al. 2008), following a pattern
reported in both endotherms and ectotherms where mtDNA of cold-adapted species is
selected for, due to a selective advantage in cooler thermal regimes (Glémet et al. 1998;
Mee & Taylor 2012). However, few studies have tested for functional adaptation of
mtDNA genomes (Ballard & Whitlock 2004; Ballard & Melvin 2010; Toews &

68

Chapter 3: Relationship between H. maori and H. ricta

Brelsford 2012), and, of these, even fewer provide support for functional adaptation
(Blier et al. 2006; Boratynski et al. 2011; Pichaud et al. 2012). Testing the selective
advantage that H. maori mtDNA has over H. ricta mtDNA is difficult, given that there
has either been a total replacement of native H. ricta mtDNA with H. maori mtDNA (or
that native H. ricta mtDNA is maintained at low, as yet undetected, levels). The
catalytic capacity of mitochondria and key enzymes of mitochondrial respiration are
strongly affected by environmental temperature variations (Ballard & Pichaud 2014),
with mutations in mtDNA genes associated with adaptive differences in aerobic
capacity, metabolic rate or thermal tolerance in a number of different taxa (Dalziel et al.
2006; Martinez-Fernandez et al. 2010; Scott et al. 2011; Pichaud et al. 2012; Boratyński
et al. 2014). The pre-dominance of H. ricta over H. femorata at higher elevations
(Townsend et al. 1997) may suggest a competitive advantage at higher elevations,
possibly due to functional adaptation in mtDNA. However, recent studies could not find
evidence for elevational separation between H. ricta and H. femorata (Van Heugten
2015). Increased metabolic rate observed in H. maori/H. ricta when compared to
lowland Hemideina species (King & Sinclair 2015) could be a consequence of
physiological variation and adaptation to elevation possibly related to functional
adaptation of mitochondria, or an ancestral feature in montane wētā that facilitated
alpine colonisation.
Alternatively, neutral selection, perhaps facilitated by differences in population
size differences between H. maori and H. ricta (Ballard & Kreitman 1995), sex-biased
dispersal (Funk & Omland 2003), sex bias in reproductive success (Wang et al. 2013),
climatic (Hampe & Petit 2005) and anthropogenic (Tracy & Jamieson 2011) processes
could have resulted in the fixation of H. maori mtDNA in H. ricta. For example, H.
ricta may have undergone cycles of range contraction during glacial periods that could
have led to a loss of native H. ricta mtDNA lineages (Hampe & Petit 2005). Humanmediated habitat loss and the effect of novel mammalian predators have also potentially
contributed to reduced distribution and loss of genetic diversity. Before human arrival in
New Zealand ca. 1280 AD (Wilmhurst et al. 2008), most of Banks Peninsula was
covered by native podocarp forest (Norton & Fuller 1994). However, after human
colonisation and subsequent deforestation, less than 1% remained (Porteous 1987).
Novel mammalian predators have also impacted on larger New Zealand invertebrate
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species (Kuschel & Worthy 1996; Gibbs 2009), with terrestrial H. ricta (and H. maori)
more vulnerable to predation than other Hemideina species (Gibbs 1998). Sex-biased
dispersal can influence patterns of introgression (Funk & Omland 2003), although there
is no evidence for differences in dispersal of sexes in H. maori (Leisnham & Jamieson
2002).
Conclusion  
Hemideina ricta mtDNA groups with mtDNA from Canterbury H. maori, a pattern not
shared with nuDNA where H. ricta nuDNA forms a distinct group from H. maori, in
particular Canterbury H. maori. This discordance between markers suggests that H.
maori mtDNA has introgressed into H. ricta, with two possible ancestral introgression
events dated to the Pleistocene. Under a strict biological species concept, the species
status of H. ricta could thus be questioned. However, under a phylogenetic species
concept, H. ricta can still be considered a good species, due to genetic and
morphological differences and on-going geographic isolation from H. maori. This has
implications for the conservation of H. ricta, the rarest and most range-restricted tree
wētā species. Canterbury H. maori and southern H. maori were divergent for both
nuDNA and mtDNA markers. Although morphology suggests that H. maori is a
cohesive species, further research of this divergence may be rewarding.

70

Wētā (Hemideina maori), Rock and Pillar
Range, Otago.
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Chapter  4.  Repeated,  convergent  evolution  of  melanism  
in  Hemideina  maori.  
  

Abstract  
  
Colour polymorphisms represent easily-observable phenotypic differences within
species. Melanism is one of the more extreme phenotypes and is observed in many
invertebrate taxa, with several theories (crypsis; aposematism; thermoregulation;
desiccation resistance; cuticular strengthening; immune function) proposed to explain
its maintenance in populations. The alpine tree wētā (Hemideina maori) has both
melanic and yellow colour morphs. We used phylogeographic analysis using the
mitochondrial DNA (mtDNA) gene cytochrome c oxidase I (COI) and thirty nuclear
DNA (nuDNA) markers to test whether melanism has evolved convergently in different
lineages or whether melanic wētā are monophyletic with respect to non-melanic wētā.
We also sequenced full-length transcripts for three genes (Ddc, ebony and black) in a
preliminary investigation of the molecular basis of melanism in H. maori. Melanism
was distributed sporadically across seven of nine mtDNA groups identified, and in all
three nuDNA groups, with melanic specimens usually grouping with non-melanic wētā
from the same site/region. This finding supports repeated, convergent evolution of
melanism within H. maori. Ancestral character state reconstructions found that nonmelanic was most likely the ancestral cuticular colour and also supported convergent,
independent evolution of melanism throughout H. maori. The selective factor(s) driving
the convergent evolution of melanism have yet to be identified. No polymorphisms in
the three melanism candidate genes tested segregated with colour.
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Introduction  
Melanism is thought to increase fitness in insects in traits as diverse as activity (Roland
1982; Guppy 1986; Ellers & Boggs 2004; Roland 2006), feeding and mating
(Brakefield 1984; Parkash et al. 2008a), fecundity (Rhamhalinghan 1999), egg
maturation (Ellers & Boggs 2004), growth (Hazel 2002), survival (Kingsolver 1995;
Parkash et al. 2008b) and predator avoidance (Clusella-Trullas et al. 2007). In insects,
melanism has been linked to increased crypsis (Kettlewell 1955), aposematism
(Whitman 1987), thermoregulation (Lusis 1961), desiccation resistance (Kalmus 1941),
cuticular strengthening (Majerus 1998) and immune function (Nappi & Vass 1993). For
instance, the distributions of black and white morphs of the beetles Neocicindela
perhispida (Hadley et al. 1988a) and Chaerodes trachyscelides (Harris 1988) match the
background colours of black and white beach sand, suggesting cryptic colouration.
Likewise, the incidence of melanism in grasshoppers increased in frequently-burnt areas
(Forsman et al. 2011), an increase attributed to cryptic protection from predators
(Karpestam et al. 2012). Conversely, melanism, often in conjunction with contrasting
colours (Wiklund & Sillen-Tullberg 1985), has been associated with aposematism. Dark
colouration in lubber grasshoppers (Taeniopoda eques) (Whitman 1987) and desert
locusts (Schistocerca gregaria) (Sword et al. 2000) act as a warning of distastefulness
to predators. In locusts, this unpalatability is the result of a change in diet, with darker
insects feeding on plants that make them unpalatable (Wilson 2000). Additionally, darkcoloured insects can potentially absorb heat more quickly than lighter-coloured insects
(Brakefield & Willmer 1985; Forsman 1997; Ellers & Boggs 2002), a hypothesis
known as thermal melanism. Elevated frequencies of melanism in insects from cooler
climates (Watt 1968; Shapiro 1976; Sømme 1989; Hazel 2002; Michie et al. 2011) have
been interpreted as supporting a thermal melanism hypothesis.
Increased melanisation of the cuticle has also been associated with decreased
cuticular permeability and a reduction in cuticular water loss in insects (Kalmus 1941).
Warm, desiccating environments promote melanism in moth larvae (Välimäki et al.
2015) while melanisation was associated with desiccation resistance in Drosophila
melanogaster strains selected for melanism (Ramniwas et al. 2013). Increased
melanisation has been associated with increased desiccation resistance and more arid
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environments both within and among Drosophila species (Brisson et al. 2005; Pool &
Aquadro 2007; Parkash et al. 2008a).
Incorporation of melanin into insect cuticle strengthens and increases rigidity of
the cuticle (Robins 1991; Riley 1997) by cross-linking of proteins (Riley 1997) and
could advantage insects that live in potentially damaging or abrasive environments. The
high frequency of melanic desert beetles may be an adaptation to resist abrasion from
sand (Majerus 1998) and may be an advantage for insects that live under rocks in small
cavities, i.e montane species.
Melanin also forms an important innate immune defence in insects, with darker
individuals of some species better able to resist infection (Dubovskiy et al. 2013).
Melanin can be toxic to micro-organisms and suppress the synthesis of fungal cuticledegrading enzymes (St. Leger et al. 1988). Melanin also strengthens the cuticle, acting
as a physiochemical barrier that makes the cuticle of melanic insects harder for
pathogens to breach. Encapsulation of endopathogens by melanin (Boman & Hultmark
1987; Nappi et al. 2009; Kacsoh et al. 2014; Vanha-aho et al. 2015) limits damage by
arresting growth and spread of the parasite within insects. Melanism is often seen in
insects at high population densities (Hagen et al. 2006; Bindu et al. 2012), and may be a
response to conditions that increase the likelihood of coming into contact with
pathogens (Wilson & Reeson 1998).
While melanism in vertebrates is typically caused by amino acid substitutions in
the melanocortin 1 receptor (Theron et al. 2001; Nachman et al. 2003), the molecular
basis of invertebrate melanism may be far more diverse, differing even within or among
closely related taxa (Wittkopp et al. 2003; Kopp et al. 2003; Pool & Aquadro 2007).
Part of this diversity is likely due to pleiotropic roles for many of the enzymes and
intermediate metabolites of the melanisation bio-synthesis pathway. For example, the
gene ebony conjugates dopamine with β-alanine to produce N-b-alanyl dopamine that is
used in the melanisation bio-synthesis pathway and is also involved in vision and
circadian rhythm (Newby & Jackson 1991; Claridge-Chang et al. 2001). The black gene
catalyses aspartic acid to β-alanine in the melanisation bio-synthesis pathway and is
involved in higher order visual function (Phillips et al. 2005) while the gene Dopa
decarboxylase (Ddc) that converts L-dopa to dopamine, an intermediate metabolite in
the melanisation bio-synthesis pathway, also acts as a neural transmitter (True 2003;
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Hodgetts & O'Keefe 2006; Wittkopp & Beldade 2009). Because of these pleiotropic
effects, the underlying molecular basis for melanism in insects often involves the
evolutionary modification of cis-regulatory elements of key genes in the melanisation
bio-synthesis pathway (van’t Hof & Saccheri, 2010; van’t Hof. et al. 2011), that allow
expression patterns associated with differences in pigmentation to change without
affecting other key functions (Gompel et al. 2005; Prud'homme et al. 2006; Jeong et al.
2008).
The New Zealand genus Hemideina (tree wētā; Orthoptera: Anostostomatidae)
comprises seven species of large, flightless, nocturnal insects. Six of the seven species
are arboreal (Field & Sandlant 2001), whereas the alpine tree wētā, H. maori, has a
wholly terrestrial, montane lifestyle (Sinclair et al. 1999). Hemideina maori has both
melanic and yellow colour morphs (King et al. 1996; King et al. 2003) (Figure 4.1).
The melanic morph of this alpine species has dorsal tergites alternating black and dark
purple-brown, with a dark ventral surface, whereas the yellow morph has alternating
black and yellow dorsal tergites with a light ventral surface (King et al. 1996). Melanic
and yellow morphs represent phenotypic extremes, with individuals intermediate to
either morph more common throughout most of its range. On the Rock and Pillar Range
(Otago, South Island), melanic and yellow morphs form an apparent hybrid zone, with
yellow wētā predominant at higher elevation sites in the central part of the range and
melanic wētā predominant at lower sites (King et al. 1996; King et al. 2003). Research
to date has provided no evidence that melanism in H. maori is associated with immune
response (Robb et al. 2003), parasitism (Robb et al. 2004), higher local population
density (Robb et al. 2003) or diet (Wilson & Jamieson 2005). Additionally, recent work
suggests that melanism is not significantly associated with heat gain in H. maori
(Chapter 6). Melanic morphs do experience reduced cuticular water loss relative to
yellow morphs (Chapter 5; King & Sinclair 2015), consistent with the melanisationdesiccation resistance hypothesis. However, the relative altitudinal distributions of
melanic versus non-melanic H. maori (the former typically found at lower elevations
than the latter), are inconsistent with the predictions of thermal melanism and the
melanisation-desiccation resistance hypotheses, suggesting that additional factors may
be at play.
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A!

B!

C!

D!

Figure 4.1: Colour morphs of Hemideina maori.
The yellow morph has alternating black and yellow dorsal tergites (A) and a creamy-yellow ventral
surface (B) while the dorsal tergites of the melanic morph alternate black and dark purple-brown (C) with
a dark chocolate brown ventral surface (D).

We used mitochondrial DNA (mtDNA) and nuclear DNA (nuDNA) markers to
test two alternative hypotheses that explore the evolutionary history of melanism in H.
maori. Under a single origin hypothesis, melanic morphs should be monophyletic with
respect to yellow or intermediate wētā. Alternatively, melanism may have arisen
independently at multiple sites, as a result of convergent selective pressures. This study
expands on preliminary mtDNA analyses (King et al. 2003) by using multiple loci and
an expanded range of localities, that includes samples of melanic wētā from several
sites not included in the preliminary study. We also undertake a preliminary
investigation into the molecular basis of melanism by analysing the complete coding
sequences of three melanism candidate genes (black; ebony and Ddc) for a variety of
morphotypes.

Materials  and  Methods  
Sample  collection  and  DNA  extraction  
Wētā were hand-collected from beneath rocks from mostly montane habitats at 32

77

Chapter 4: Melanism in H. maori

South Island sites from Oct 2012 to Dec 2014 (Supplementary Table S1). GIS locality
information and elevation were recorded for each collection site (Supplementary Table
S1). Wētā were visually assigned to three colour categories: melanics, characterized by
dorsal tergites alternating black and dark purple brown with a dark ventral surface
without any yellow (nine sites); yellows, with alternating black and yellow dorsal
tergites and a light ventral surface with no melanic areas in yellow stripes or on the
ventral surface (three sites); intermediates, mostly melanic with some yellow marking
or mostly yellow with dark mottling on either the yellow dorsal stripe or on the ventral
surface (26 sites) (Figure 4.2A and 4.2B; Supplementary Table S16). Tissue was
sampled non-destructively by taking antennal clips that were preserved in 95% ethanol
and stored at -20°C. Total genomic DNA was extracted using a Purelink Genomic DNA
Minikit (Invitrogen) following the manufacturer’s protocol. DNA was eluted in 100 µL
and stored at -20°C.
DNA  amplification  and  sequencing
The oligonucleotide primers listed in Supplementary Table S2 were used to amplify
fragments of the mitochondrial gene cytochrome c oxidase I (COI). Amplification of
COI was performed on an Eppendorf Mastercycler® gradient thermal cycler, consisting
of 2 min at 94°C, followed by 40 cycles each consisting of 45 s at 94°C, 50 s at 45°C
and 1 min at 72°C, followed by a final extension for 2 min at 72°C. All amplifications
were carried out in 10 µL reactions containing 5 µL of MyFi DNA Polymerase mix
(Bioline), 0.5 µL of each primer (10 mM), 3 µL of dH2O and 1 µL DNA. The resulting
PCR products were visualized by electrophoresis, where 2 µL of each product was
mixed with an equal amount of loading dye and run alongside size standards at 100 V
on a 2% agarose gel (2 g of agarose in 100 mL of TAE buffer), containing 1% SYBR
Safe dye (Invitrogen) and viewed on a transilluminator (Uvitec, Integrated Sciences).
Successful amplifications were purified using an Ultra-Sep Gel extraction kit
(OMEGA), following the manufacturer’s protocol. Purified DNA was quantified using
a NanoDrop® ND-1000 Spectrophotometer (Thermo Fisher Scientific, Inc.) and
sequenced bi-directionally using an automated sequencer (Genetic Analysis Services,
Department of Anatomy, University of Otago, New Zealand). Sequencing for most
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individuals was performed using LCOI490 (Folmer et al. 1994) and H7005 (Folmer et
al. 1994), yielding a 925 base pair (bp) fragment. Samples from sites KP, TG, HC, GT,
PL, OH, CC, DB, HK and SM (full names for collection localities can be found in
Supplementary Table S1) gave poor sequence when either of these primers were used in
sequencing reactions. Sequences for these individuals were obtained using
combinations of forward primers jgLCOI490 (Geller et al. 2013) or jerry (Simon et al.
1994) and reverse primers jgHCO2198 (Geller et al. 2013) and H7005 mod1 (Donald et
al. 2005) resulting in two fragments that could be aligned to the other sequences, albeit
with a gap of about 40 bp.
Primers used to amplify nuDNA markers are shown in Supplementary Tables S3
and S4. Nuclear DNA markers were a combination of: amplified regions of 3’
untranslated regions (UTR1-25) (Wielstra et al. 2014) derived from transcriptome data
obtained from Victoria Twort (Landcare Research, Auckland). The 3’ untranslated
regions chosen were from long transcriptome-based gene models (more than 5000 bp)
and were targeted because these regions were predicted to show genetic differentiation
among samples. We also used nuclear genes previously used in orthopteran
phylogeographic studies, ribosomal internal transcribed spacer one (ITS-1) and
ribosomal internal transcribed spacer two (ITS-2) (Kaya et al. 2013); Acp3, a nuclear
gene with relatively high sequence diversity (V. Twort pers. comm.) and nuclear genes
derived from transcriptome data by comparing H. maori transcriptome data against
Drosophila or silk-worm sequence data (Dopa decarboxylase (Ddc); black and ebony)
(V. Twort pers. comm.). Nuclear markers for each sample were amplified in 3 µL
reactions containing 1.5 µL of MyFi DNA Polymerase mix (Bioline), 0.15 µL of each
primer (10 mM), 0.3 µL of dH2O and 0.5 µL DNA. Amplification was performed on an
Eppendorf Mastercycler® gradient thermal cycler using the following temperature
profile; initial denaturation at 94°C for 3 min, followed by 45 cycles of 94°C for 45 s,
60°C for 1 min and 72°C for 1 min, with a final extension at 72°C for 4 min.
Amplifications for each marker were visualised by electrophoresis, where 0.5 µL of
product was mixed with an equal amount of loading dye and run alongside size
standards at 100 V on a 2% agarose gel as before. Amplicons from each individual were
then pooled and purified using 1.8× volume of Agencourt AMPure XP beads (Beckman
Coulter) and were eluted in 40 µL of TE buffer. Cleaned products were quantified with
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a NanoDrop® ND-1000 Spectrophotometer (Thermo Fisher Scientific, Inc.). Libraries
were prepared for each individual using unique barcode adapters annealed to amplicons
during a second round of PCR. This consisted of an initial denaturation at 94°C for 2
min, followed by 10 cycles of 94°C for 40 s, 52°C for 1 min and 72°C for 75 s, with a
final extension at 72°C for 2 min. Barcoded amplicons from each individual were then
pooled and purified as before. The pooled samples were quantified using a high
sensitivity assay on a Perkin Elmer Victor X2 multimode plate reader controlled by
WorkOut software (version 2.5 R2, Build 0514, Dazdaq Solutions Ltd) and then pooled
at equimolar concentrations. The pooled libraries were assayed on an Agilent DNA
1000 bioanalysis chip to determine the final size range and concentration for
sequencing. Pooled libraries were loaded at 4 pM plus 10% PhiX and sequenced on a
MiSeq Reagent Nano kit version 2 (150 bp paired end) (New Zealand Genomics
Limited, Department of Biochemistry, University of Otago, New Zealand).
RNA  extraction  and  amplification  
RNA from the gut of two melanic wētā (northern melanic) from Glenthorpe Station,
Canterbury, two melanic wētā from the Rock and Pillar Range, Otago (southern
melanic) and two yellow wētā, also from the Rock and Pillar Range, Otago (southern
yellow) was extracted following a TRIzol protocol (Invitrogen, Carlsbad, California,
United States of America). Gut was chosen to be the tissue of choice as the
transcriptome data used to develop markers was obtained using RNA extracted from the
gut. Samples were suspended in 1 ml of TRIzol reagent and homogenized with a pestle.
RNA extraction was then conducted as per the manufacturer’s protocol. A NanoDrop®
ND-1000 Spectrophotometer (Thermo Fisher Scientific, Inc.) was used to determine
RNA purity and concentration. 1.5 µg RNA was reverse transcribed to complementary
DNA (cDNA) using a High Capacity cDNA Reverse Transcription kit (Life
Technologies) according to the manufacturer’s protocol.
  
Melanism  candidate  gene  amplification  and  sequencing  
Melanism candidate genes (Ddc, ebony and black) were identified using a transcriptome
approach. Melanism candidate genes from Drosophila and silkworm (black, Ddc,
ebony, Yellow, pale, tan, purple, aaNAT,) were blastn and blaxtx compared against H.
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maori transcriptome. Orthologs for three genes (black, Ddc and ebony) were identified
in H. maori. Primers were designed to amplify the complete transcript of these genes
(Supplementary Table S17). Amplification was performed on an Eppendorf
Mastercycler® gradient thermal cycler, consisting of 2 min at 94°C, followed by 40
cycles each consisting of 45 s at 94°C, 50 s at 60°C and 1 min at 72°C, followed by a
final extension for 2 min at 72°C. All amplifications were carried out in 10 µL reactions
containing 5 µL of MyFi DNA Polymerase mix (Bioline), 0.5 µL of each primer (10
mM), 3 µL of dH2O and 1 µL DNA. The resulting PCR products were visualized by
electrophoresis, where 2 µL of each product was mixed with an equal amount of
loading dye and run alongside size standards at 100 V on a 2% agarose gel (2 g of
agarose in 100 ml of TAE buffer), containing 1% SYBR Safe dye (Invitrogen) and
viewed on a transilluminator (Uvitec, Integrated Sciences). If amplification was
successful, PCR amplifications were purified using the Ultra-Sep Gel extraction kit
(OMEGA), following the manufacturer’s instructions. Purified DNA was quantified
using a NanoDrop® ND-1000 Spectrophotometer (Thermo Fisher Scientific, Inc.) and
sequenced using an automated sequencer (Genetic Analysis Services, Department of
Anatomy, University of Otago, New Zealand).
  
DNA  analyses  
Mitochondrial COI sequences were assembled, edited and aligned manually using
Sequencher version 5.2.4 (Gene Codes Corporation, Ann Arbor, Michigan, United
States of America, http://www.genecodes.com) with the alignment further checked
using MacClade 4.08 (Maddison & Maddison 2005). For nuDNA, reads were
demultiplexed using the Generate FASTQ workflow and automatically partitioned into
different FASTQ files for each individual. Reads for each individual were then mapped
against the 30 reference sequences (excluding the primer sites) (Appendix 1) taken from
the transcriptome data. For marker-individual combinations with at least ten reads
(those with fewer reads were considered to have failed), the combination of SNP/InDels
present in each read was determined. SNP/InDel combinations that occurred in at least
25% of the reads were noted, with changes from reference sequences for each
individual made in MacClade 4.08 (Maddison & Maddison 2005). Two alleles for each
individual for each marker were then reconstructed using PHASE (Stephens et al.

81

Chapter 4: Melanism in H. maori

2001), implemented in DnaSP v.5 (Librado & Rozas 2009). Sanger sequencing was
used to sequence some markers when Illumina sequencing was unsuccessful.
BAPS v5.3 (Corander et al. 2008) was used to test for population genetic
differentiation. BAPS uses a probabilistic Bayesian approach using either haploid or
diploid data, with genetic data sourced from either one locus or multiple loci to assign
samples to distinct gene pools or groups. For diploid data, two alleles, reconstructed
using the program PHASE (Stephens et al. 2001), implemented in DnaSP v.5 (Librado
& Rozas 2009), were assigned per sample. BAPS was used to determine the most
probable number of gene pools (1 ≤ k ≤ 80) as well as being forced to determine
groupings based on predetermined fixed-k clustering (i.e. k = 2, k = 3).
PopART (http://popart.otago.ac.nz) was used to calculate the number of bp
differences between COI haplotypes that were then joined to create a parsimonious
unrooted TCS haplotype network (Templeton et al. 1992). Phased nuDNA alleles (two
per sample) were used by SplitsTree (v4.13.1) (Huson & Bryant 2006) to construct a
median joining network (Bandelt et al. 1999).
Ancestral  character  state  reconstruction  
Ancestral character states for cuticle colour were reconstructed using both parsimony
and maximum likelihood in Mesquite 1.12 (Maddison & Maddison 2006) using the
mtDNA data set. In parsimony reconstruction, the character states were treated as
“unordered”, allowing free transformation of a character state to any other state. The
ML reconstructions were conducted using the Markov k-state 1 parameter (MK1) model
of evolution (Schluter et al. 1997; Pagel 1999). This is a k-state generalization of the
Jukes-Cantor model, that corresponds to the mk model (Lewis 2001). The likelihoods of
character states are shown at each single node as a pie chart. Non-melanism was coded
as 0 whereas melanism was coded as 1. Both ML and MP ancestral-character
reconstruction methods were constructed using a Bayesian phylogeny implemented in
BEAST v 1.8 (Drummond et al. 2012). Estimates were performed three times for
200,000,000 generations, sampling tree parameters every 100 generations, with a burnin of 20%. For COI, we enforced a log uncorrected clock rate of 0.016
(substitutions/site/Ma), based on COI and Cytochrome b estimates for Orthoptera
(Shapiro et al. 2006; Papadopoulou et al. 2010; Allegrucci et al. 2011). Analyses were
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conducted with a Yule Process tree prior under a GTR +I + Γ model of nucleotide
substitution.
  
Melanism  candidate  gene  analysis  
Contiguous sequences for the three candidate melanism genes from six individuals (two
northern melanic wētā; two southern melanic wētā; two southern yellow wētā) were
assembled, edited and aligned manually using Sequencher version 5.2.4 (Gene Codes
Corporation,

Ann

Arbor,

Michigan,

United

States

of

America,

http://www.genecodes.com) with the alignment further checked using MacClade
(Maddison & Maddison 2005). Transcript lengths for ebony, black and Ddc were 2594,
1635 and 1584 bp respectively. Polymorphic sites were analysed to see whether any
polymorphisms segregated with colour. An appropriate substitution model for the
melanism candidate gene data set (HKY85+G6) was selected using Akaike’s
information criterion (AIC) values, using the Smart model system implemented in
PhyML (Guindon et al. 2010). Maximum likelihood bootstrap analysis was performed
using PhyML. The ML bootstrap analyses consisted of 1,000 replicates.
  

Results  
  
Mitochondrial  DNA  
We aligned a 925-bp fragment of COI to infer relatedness among 157 H. maori from 32
localities. Melanic morphotypes were scattered across seven of the nine mtDNA (Mt1–
9) groups (Figure 4.2C and Figure 4.2D). Specifically, only Mt4, represented by four
samples from Ohau ski-field (OH) and Mt6, represented by two samples from the St
Bathans Range (SB), lacked melanism. Median-joining networks constructed from the
COI data set largely corresponded to the groups identified by BAPS, showing that
melanism occurred sporadically in H. maori (Figure 4.3). Melanic individuals generally
grouped with non-melanic samples from the same site/range, suggesting either repeated,
convergent evolution of melanism or repeated loss of melanism in this species. The one
exception to melanic wētā clustering with non-melanic wētā from the same site/range
was the Rock and Pillar Range, where wētā from MP that make up Mt9 are clearly
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divergent from other Rock and Pillar Range wētā (Mt8), including other melanic wētā
from NR and yellow wētā from BH and MU (Figure 4.2C and Figure 4.2D).
  
Nuclear  DNA
We aligned 4047 bp of nuDNA derived from 20 3′   UTRs as well as from ribosomal
internal transcribed spacer regions (ITS-1, ITS-2), Acp3; Ddc, black and ebony to infer
relationships among 146 H. maori samples from 31 localities. BAPS grouped samples
into three nuDNA groups (Nu1–3) (Figure 4.4C and Figure 4.4D). Nu1 was represented
in samples from Canterbury (SP, JP, BR, FP, GP, MH, HT, CS and BS) and largely
corresponded to Mt1–2. The sample from LP that grouped with other Canterbury wētā
for mtDNA (Mt1) grouped with Nu2. This group also consisted of wētā from sites from
around Aoraki/Mount Cook, OH and the MacKenzie Country (KP, TG, HC, GT, PL,
OH, CC, DB, HK, SM and SB), largely corresponding to Mt3–5. OH and SB were the
only two sites with samples from two groups (three OH samples grouped with Nu3 and
the other with Nu2, while one SB sample grouped with Nu2 and one with Nu3). Nu3 is
mainly restricted to Otago and generally corresponds to Mt6–9. Melanism occurred
sporadically in all three identified nuDNA groups, with all melanic wētā in the same
nuDNA group as non-melanic wētā from the same site/range. Median joining networks
constructed using phased nuDNA alleles (Figure 4.5) largely corresponded to the
groups identified by BAPS, with melanic wētā again occurring sporadically through the
network.
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Ancestral  character  state  reconstruction  
Parsimony (Figure 4.6) and likelihood (Supplementary Figure S3) reconstructions
constructed from the mtDNA data set returned almost identical results, suggesting that
melanism was not the ancestral state for cuticular colour of H. maori (that was most
likely intermediate). According to both reconstructions, melanism has independently
evolved at least nine times in H. maori, including possibly three times in Mt7. Most
internal nodes offer 100% support for non-melanism being the ancestral state. However,
some support for melanism as the ancestral state (<10%) is given for lineages that lead
to Mt7-9. Melanism potentially independently evolved five times in these groups from
southern South Island.   

Mt-2!

Mt- 1!
Mt-6!
Mt-5!
Mt-9!
Mt-8!

Character: Melanism!
Parsimony reconstruction!
(unordered)!
Steps: 15!

Mt-7!
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Figure 4.6: Ancestral character states for cuticle colour reconstructed using maximum parsimony.
Wētā were assigned as either melanic or non-melanic. Ancestral character reconstruction methods were
performed in Mesquite 1.12 using a Bayesian phylogeny implemented in BEAST v 1.8 using the mtDNA
data set.
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Melanism  candidate  gene  analysis  
No polymorphic sites in full-length transcripts of three melanism candidate genes
(ebony, black and Ddc) segregated entirely with colour (Figure 4.7). Maximum
likelihood phylogenetic analysis found strong bootstrap support for northern (melanic)
and southern groups (melanic and yellow morphs) as opposed to a melanic and yellow
group (Figure 4.8).
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Figure 4.7: Polymorphic sites in melanism candidate genes.
No polymorphisms segregrated entirely with colour in three melanism candidate genes A. ebony B. black
and C. Ddc.
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Figure 4.8: Phylogenetic analysis using melanism candidate genes:
Maximum likelihood phylogenetic analysis found strong bootstrap support for northern (melanic) and
southern groups (melanic and yellow morphs) as opposed to a melanic and yellow group. Bootstrap
values are shown.

  
Discussion  
  
Melanism occurred sporadically in seven of nine mtDNA groups and in all three
nuDNA groups. Melanic wētā generally grouped with non-melanic wētā from the same
site/range, suggesting either repeated, convergent evolution of melanism or repeated
loss of melanism in this species. Both maximum parsimony and maximum likelihood
ancestral character state reconstructions for cuticular colour suggested that repeated,
convergent evolution of melanism, rather than repeated loss of melanism, was more
likely. We also employed a candidate gene approach to examine possible differences in
coding sequence for three genes (Ddc, black and ebony) involved in the melanisation
bio-synthesis pathway. No polymorphisms were shared exclusively by melanic wētā
from the north and south of South Island, suggesting either that these candidate genes
are not involved in the melanisation bio-synthesis pathway, that mutations in other
genes in the melanisation bio-synthesis pathway are associated with melanism or
perhaps more likely, that modification of cis-regulatory elements of key genes like Ddc,
black and ebony results in differential distribution of cuticular pigments.
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Melanism appears to have evolved convergently several times, including twice
on the Rock and Pillar Range. Melanic wētā generally grouped with non-melanic wētā
from the same range, with the exception of the Rock and Pillar Range. Melanic wētā
from the southern site MP formed a separate mtDNA group (Mt9) to yellow wētā from
sites MP and BH (Mt8), corresponding to a previously identified hybrid zone (King et
al. 1996). However, melanic wētā from a northern site (NR) grouped with yellow wētā
from MU and BH (Mt8). While no obvious physical features maintain the hybrid zone
(King et al. 1996), phylogenetic breaks can arise even in the absence of barriers to gene
flow if dispersal and population sizes are low (Irwin 2002) or if selection favours
different lineages in different environments (Irwin 2012; Boratynski et al. 2014; Silva et
al. 2014). Furthermore, even if gene flow is substantial, divergent selection acting on
small genomic regions (i.e., genes involved in pigmentation) can maintain phenotypic
divergence (Poelstra et al. 2014). Dispersal in H. maori appears limited, with a mean
dispersal distance of 361 m reported for wētā that moved between tors (Leisnham &
Jamieson 2002), although most (> 95%) did not move (Leisnham & Jamieson 2002).
The hybrid zone between MP and wētā from the rest of the Rock and Pillar Range is
probably maintained by limited dispersal, rather than through selection acting on
functional differences in mitochondrial haplotypes.
Polymorphisms were found in all three candidate genes (black; ebony and Ddc).
However, no polymorphisms segregated with colour (Figure 4.7), with no
polymorphisms shared exclusively by melanic wētā from the north and south of South
Island. Given the complexity of the melanisation bio-synthesis pathway and the
independent evolution of melanism in different populations, multiple mutations or
regulatory changes could result in melanism, potentially resulting in slightly different
phenotypes (Pearse & Pogson 2000). For example, the “brown” stripe in melanic wētā
from Lake Wanaka island populations (MW and MT) appeared more purple than the
“brown” stripe seen in melanic wētā from other sites (K.J. King pers. obs.).
Quantification of colour could be performed using spectrometry (see Chapter 6), with
differences in colour used as circumstantial evidence for independent evolution of
melanism and that different genes may be involved in melanism.
If a selective pressure(s) is strong enough to result in convergent evolution of
melanism in several populations, then why is melanism not more common in H. maori
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(King et al. 2003)? One explanation could be that melanism does not provide a selective
advantage. The sporadic occurrence of melanism could be explained by neutrality
(genetic drift), i.e. if melanism were either present in the ancestral species to H. maori,
or arose early during H. maori speciation, it may occur sporadically throughout the
distribution of the species. However, ancestral character state reconstructions suggest
that melanism was not the ancestral state and instead has repeatedly evolved (Figure
4.6). Furthermore, melanism is not seen in any other Hemideina species, including the
putative ancestral species H. femorata that has a similar phenotype to the yellow morph,
further suggesting that melanism arose in H. maori, rather than being an ancestral
polymorphism shared with other Hemideina species.
While the use of ancestral state reconstructions has generally been used in interspecific comparisons (Friedman et al., 2011, Simpson et al., 2015) and less so in intraspecific comparisons (Bonato & Steinfartz, 2005) we feel justified in using this
approach in an intra-specific study for two reasons. First, pairwise genetic distances
assessed between samples using a GTR+I+Γ model were large, with average pairwise
comparisons between samples of 5.1%, with a maximum divergence of 10.7% between
samples from Mt2 and Mt5 respectively, while mtDNA groups differed on average by
6.86% (Supplementary Table S6). These values are on the upper end of reported
intraspecific divergence and are more typical of interspecific divergence (Virgilio et al.
2010), although they are similar to those reported for H. crassidens (Bulgarella et al.
2014) and the giant scree wētā, D. connectens (Trewick et al. 2000). Second, gene flow
appears to have been limited among allopatric populations, with most regions having
divergent lineages, indicative of periods of isolation. For example, Canterbury and
southern wētā diverged over 3 Ma (Figure 2.8), with these populations potentially
representing morphologically cryptic species (see Chapters 2 and 3). Discussions
around the appropriateness of performing intraspecific ancestral state reconstructions
may also overlap with discussions of species concepts (see Chapter 3), in particular
when using data-sets with a high degree of diversity. For example, ancestral state
reconstructions examined colour in morphologically cryptic bumblebee species that
diverged between 6 and 1 Ma (Williams et al., 2015), with similar genetic diversity to
that seen between intraspecific clades in this study. However, we cannot discount the
possibility that melanism may have evolved once early during the speciation of H.
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maori, with its sporadic geographic occurrence due to ancestral polymorphism rather
than convergent evolution. Identifying the molecular basis of melanism in wētā from
different regions would likely provide more support for convergent evolution of
melanism, especially if different mutations/genes were implicated in melanic wētā from
different populations. Differing mutations were presented as evidence for convergent
evolution, rather than ancestral polymorphisms, for melanism in three closely related
South American felid species: the pampas cat (Leopardus colocolo), the kodkod (L.
guigna), and Geoffroy’s cat (L. geoffroyi) (Schneider et al., 2015) , even though these
three species diverged less than 3 Ma (Johnson et al., 2006) and are known to hybridize
(Trigo et al., 2013).
Even if uniform or similar selective pressures among populations potentially
favour melanism throughout the entire range of H. maori, melanism may not necessarily
spread to other populations (mutation order theory) (Mani & Clarke 1990) if gene flow
between allopatric populations is limited (Chapter 2; Leisnham & Jamieson 2002).
Instead, melanism will be restricted to the population in which the mutation arose (Price
et al. 2010, Winger & Bates 2015). In contrast to drift, natural selection (Price et al.
2010; Mendelson et al. 2014) and ecology (Nosil & Flaxman 2011) can still act on
mutations within populations. Under a mutation-order theory, the order at which
mutations appear is more important than differences in selection pressures in predicting
their ultimate fixation; if mutations appear in a different order among populations,
phenotypes may evolve differently despite uniform selection pressures (Unckless & Orr
2009; Schemske 2010; Mendelson et al. 2014).
The selective pressure driving the convergent evolution of darker cuticles in
divergent populations is still unknown. The two colour morphs, at least on the Rock and
Pillar Range, are thought to meet where the original forest ecotone once existed (G.P.
Wallis pers. comm.). Historically, melanic forms may have lived in forest and yellow
morphs above the tree-line. In turn, this may have driven melanism as there could be
different selective pressures above and below the tree-line. For example, melanism in H.
maori may be cryptic, as a defense against nocturnal, ground active, visual predators
that preyed on forest-dwelling H. maori. Reptiles, including tuatara (Sphenodon
punctatus) and smaller skinks and geckos, while visual hunters, hunt predominantly by
movement, with immobility an effective response when wētā are confronted by reptilian
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predators (Moller 1985; Field & Glasgow 2001). Immobility is less effective against
avian predators, with owls able to discriminate between dark and light prey at night,
even in near total darkness (Dice & Blossom 1937; Dice 1947). The diet of the only
extant native owl, the ruru (Ninox novaeseelandiae) consists, in part, of insects caught
when foraging on the ground and Hemideina species make up a significant part of ruru
diet ( around 10%) (Haw & Clout 1999). However, ruru are a relative newcomer to New
Zealand (Trewick & Gibb 2010), and are uncommon in upland South Island (Fitter &
Merton, 2011). This may be due to competition from the introduced little owl (Athene
noctua) (Moon 1988) and may not reflect the pre human distribution of the species.
Melanism in H. maori is therefore unlikely to be a response to ruru predation.
However, extinct species like the laughing owl (Sceloglaux albifacies) (Williams &
Harrison, 1972) and the owlet nightjar (Aegotheles novazelandiae) (Brigham 1999)
were nocturnal, visual, ground feeding species with a similar distribution to H. maori
(Worthy 1998; Holdaway et al. 2002), and thus could possibly have played some role in
the evolution of melanism in H. maori.
Aposematism is the avoidance of certain prey through learned response to prior
experience. Colouration of both yellow and melanic morphs could be aposematic,
although in other taxa, brighter coloured morphs (i.e yellow) are typically the
aposematic morph. Hemideina species are preyed upon by a variety of native (Haw &
Clout 1999; Field & Glasgow 2001; McIntyre 2001; McCartney 2007) and introduced
predators (Fitzgerald & Karl 1979; Innes 1979; King & Moody 1982; Cowan & Moeed
1987; Jones et al. 2005; Ruscoe & Murphy 2005; Fitter & Merton 2011; Jones et al.
2013). While predation does not preclude aposematism, reptilian, avian and mammalian
predators did not avoid H. crassidens after repeated exposure, suggesting that
Hemideina species are neither distasteful or toxic (Field & Glasgow 2001) and that
aposematism is not likely to drive either melanism or the banded pattern of yellow
morphs.
The sporadic distribution of melanic H. maori could be explained by fire
melanism (Forsman et al. 2011), where melanism offers cryptic protection from
predators in burnt areas (Karpestam et al. 2012). However, fires were uncommon,
patchy and small in scale in pre-human Holocene era New Zealand (Ogden et al. 1998).
Nevetheless, fires appear to have driven adaptive change in other taxa, with serotinous
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populations of manuka (Leptospermum scoparium) in Central South Island indicating
localized, repetitive natural fire (Bond et al. 2004). If certain ranges were more prone to
fire, due to differences in topography/climate/rainfall, it could provide a selective
mechanism for melanism and potentially explain the sporadic geographic distribution of
melanic wētā across South Island.
While immune function is often positively associated with darker cuticles,
production of nitrogen-rich melanins can be costly in predominantly herbivorous,
nitrogen-limited species (Mattson 1980) and may result in a trade-off or balance
between cuticular melanism and other functions, i.e. immune response. Hemideina have
low nitrogen content (Wehi & Hicks 2010), perhaps reflecting dietary limitation of
nitrogen in Hemideina. Repeated cuticular shedding, with wētā moulting up to 10 times
(Koning & Jamieson 2001), also depletes nitrogen content. While melanic morphs
would be expected to have higher rates of melanotic encapsulation, the opposite was
true (Robb et al. 2003), with yellow morphs having higher rates of melanotic
encapsulation. This is consistent with the hypothesis that non-melanic individuals have
more “free” melanin that can be utilized to encapsulate pathogens than melanic
individuals that have less free melanin due to the incorporation of melanin into the
cuticle. However, incidence of parasitism by mites (Robb et al. 2004) did not
significantly differ between morphs, a finding not consistent with a trade-off between
cuticular melanisation and immune function. If there were a trade-off, melanic morphs
may be expected to have a more nitrogen rich diet to compensate. Wētā could obtain
more nitrogen by increasing the proportion of invertebrates included in their diet.
However, diet, including the proportion of invertebrates, did not differ significantly
between morphs (Wilson & Jamieson 2005), even though wētā can modify their diet if
exposed to nutrient-poor food (Wehi et al. 2013).
Although no selective factor has been linked with melanism in H. maori, selection
may be additive, with melanism maintained by selection through correlated traits. For
example, increased desiccation resistance in melanic H. maori (King & Sinclair 2015),
while not the primary factor for melanism in H. maori, may be pleiotropic and help
maintain melanism in the population, acting in conjunction with the unknown primary
factor(s). Ground crickets that developed darker cuticles as a direct response to cooler
temperatures (thermal melanism) also had increased immune function that was
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indirectly selected for through pleiotropy (Fedorka et al. 2013), while a combination of
protection from avian predators (Kettlewell 1955) and the metal chelating action of
melanin (Riley 2013) have been proposed to be selective mechanisms for melanism in
the peppered moth (Riley 2013).
  
Conclusion  
Melanism occurred sporadically in seven out of nine mtDNA groups and all three
nuDNA groups. Ancestral character state reconstructions suggest that non-melanic was
the ancestral cuticular colour and that melanism has evolved repeatedly. Convergent
evolution of melanism is likely driven by selection, although the factor(s) are still
unknown. No polymorphisms segregated with colour in three melanism candidate
genes. However, as genes in the melanisation bio-synthesis pathway play pleiotropic
roles, melanism is likely caused by changes in expression and regulation of genes,
rather than by changes in coding sequence.
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Chapter  5.  Water  loss  in  tree  wētā  (Hemideina):  
adaptation  to  the  montane  environment  and  a  test  of  
the  melanisation-desiccation  resistance  hypothesis.  
  

Abstract  
Montane insects are at a higher risk of desiccation than their lowland counterparts and
are expected to have evolved reduced water loss. Hemideina (tree wētā; Orthoptera:
Anostostomatidae) has both lowland (H. femorata, H. crassidens and H. thoracica) and
montane (H. maori and H. ricta) species. Hemideina maori has both melanic and yellow
morphs. We use these wētā to test two hypotheses; (1) that montane insects lose water
more slowly than lowland species, and that (2) cuticular water loss rates are lower in
darker insects than lighter morphs, due to incorporation of melanin in the cuticle. We
used flow-through respirometry to compare water loss rates among Hemideina species
and found that montane wētā have reduced cuticular water loss by 45%, reduced
respiratory water loss by 55% and reduced molar ratio of V" H2O:V" CO2 by 64% compared
to lowland species. Within H. maori, cuticular water loss was reduced by 46% when
compared to yellow morphs. Removal of cuticular hydrocarbons significantly increased
total water loss in both melanic and yellow morphs, highlighting the role that cuticular
hydrocarbons play in limiting water loss; however, the dark morph still lost water more
slowly after removal of cuticular hydrocarbons (57% less), supporting the melanisationdesiccation resistance hypothesis.	
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Introduction  
  
Montane insects are physiologically challenged by environmental factors including
lower air density and atmospheric partial pressure of oxygen as well as increased windspeed and solar radiation (Jones et al. 1987; Huey 1991; Ashby 1997; Hodkinson 2005;
Dillon et al. 2006) compared to lowland habitats. Together, these environmental
challenges, compounded at subzero temperatures by the high vapour pressure deficits
caused by ice (Sømme 1994), mean montane insects are at a significantly higher risk of
desiccation than lowland insects and would therefore be expected to be more tolerant of
desiccating environments. This increased tolerance may be achieved by surviving
extreme water loss, sometimes to the point of anhydrobiosis (Watanabe 2006); by
increasing initial water content (Gibbs et al. 1997) or by absorbing water from the
environment (Hadley 1994). Most insects that remain active in desiccating
environments do so by retaining water more effectively through a reduction in the rate
of water loss (Gibbs & Matzkin 2001). This is achieved through a combination of
limiting excretory water losses through the mouthparts or anus (Bursell 1960), by
regulating diuresis by decreasing Malpighian tubule activity and/or increasing
resorption in the hind-gut (Park 2012), through reducing respiratory water loss (RWL)
via changes in respiratory patterns (Marais et al. 2005; Chown et al. 2006; Terblanche
et al. 2010) and through decreasing cuticular water loss (CWL) by reducing cuticular
permeability (Chown & Nicolson 2004).
Of these potential routes of water loss, excretory water loss accounts for only a
small fraction (< 6%) of total water loss in Drosophila (Gibbs et al. 1997), and did not
differ among xeric and mesic Drosophila species (Gibbs et al. 2003). While RWL as a
function of metabolic rate can vary widely within and among insect species
(Groenewald et al. 2013), water loss can be reduced through changes in respiratory
patterns (Chown 2002). Continuous gas exchange (CGE), where spiracles do not close
in a coordinated manner, is the most prevalent pattern (Marais et al. 2005). This
contrasts with discontinuous gas exchange cycles (DGE) (Chown 2002), a respiratory
pattern that includes periods where spiracles are open and coordinated periods where
spiracles are closed, with no external gas exchange (Chown et al. 2006). Discontinuous
gas exchange cycles are more common in xeric species (Marais et al. 2005), allowing
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resting or quiescent insects to minimize water loss associated with respiration (White et
al. 2007). As RWL usually accounts for less than 15% of total water loss (Chown
2002), CWL accounts for the majority of total water loss and is thus is the most
significant route for preventing water loss in insects (Chown & Nicolson 2004).
Insects from xeric environments generally have reduced CWL rates compared to
counterparts from more mesic environments (Addo-Bediako et al. 2001). Reduction in
CWL is usually due to reduced cuticular permeability, achieved either through changes
in the composition or quantity of cuticular hydrocarbons (CHCs) (Edney 1977) or
changes in the amount or extent of cuticular melanisation (Kalmus 1941). Increased
CHC quantity, longer lipid chain length, insertion of a methyl branch or ester link, and
unsaturation of cuticular lipids are all expected to reduce cuticular permeability (Gibbs
& Pomonis 1995; Gibbs 1998; Rourke & Gibbs 1999). Intraspecific (Johnson & Gibbs
2004), interspecific (Hadley & Schultz 1987) and sexual differences (Gibbs et al. 1997)
in water loss rates have been associated with changes in CHCs. For example, a decrease
in the proportion of straight-chain n-alkanes and an increase in the proportion of
methylalkanes increased cuticular water loss in mated queen desert harvester ants,
Pogonomyrmex barbatus (Johnson & Gibbs 2004). In three tiger beetle species
(Cicindela), quantity and lipid-chain length of CHCs were significantly increased in the
species with the least permeable cuticle (C. oregona) (Hadley & Schultz 1987).
Increased desiccation resistance in female D. melanogaster was associated with CHCs
with increased lipid chain length and higher melting temperatures, both as a result of
selection (Gibbs et al. 1997) and rapid desiccation hardening (Stinziano et al. 2015).
Not surprisingly given the importance of CHCs in reducing cuticular permeability,
removal of cuticular lipids by organic solvents significantly increases CWL, as shown
in the gall fly, Eurosta solidaginis (Ramløv & Lee 2000) and in D. bipectina (Parkash et
al. 2014).
Increased melanisation of the cuticle has been associated with decreased cuticular
permeability and a reduction in CWL in insects (Kalmus 1941), leading to the
melanisation-desiccation resistance hypothesis, which states that darker individuals
from a given population will have higher desiccation resistance and lower rates of CWL
than less-melanised individuals. Increased melanisation is associated with increased
desiccation resistance in D. melanogaster strains selected for melanism (Ramniwas et
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al. 2013) and increased melanism is frequently associated with both increased
desiccation resistance and more arid environments both within and among Drosophila
species (Brisson et al. 2005; Pool & Aquadro 2007; Parkash et al. 2008a).
Melanism in insects has roles beyond desiccation resistance, and has also been
linked to other physiological and/or ecological factors such as thermoregulation,
immune response and diet (Majerus 1998; Sword 2001; True 2003; Dubovskiy et al.
2013). For example, D. americana from cooler environments are darker (Wittkopp et al.
2011), fitting a thermal melanism hypothesis (Clusella-Trullas & Terblanche 2011)
where darker individuals in cooler environments heat up faster than lighter coloured
insects. Melanism also forms an important innate immune defense, and darker
individuals of some species are better able to resist infection (Dubovskiy et al. 2013).
The diet of melanic locusts includes a higher proportion of toxic plants than nonmelanic locusts, with melanism acting as a warning to deter predation (aposematism)
(Sword 2001). Although the high incidence of melanism in montane insects (Sømme
1989) is often ascribed to thermal melanism, the melanisation-desiccation resistance
hypothesis may also at least partially account for this high incidence: montane, melanic
insects generally have decreased cuticular permeability and reduction in CWL (Parkash
et al. 2008a; Parkash et al. 2008c), and is prevalent even in predominantly nocturnal
insects.
Wētā belonging to the genus Hemideina are large, flightless, nocturnal insects
found on both main islands of New Zealand. Most Hemideina species, including H.
crassidens, H. thoracica and H. femorata are arboreal, living in forest (Field & Sandlant
2001) (Figure 5.1). One species, H. ricta, is usually arboreal but sometimes seeks refuge
under rocks, while its sister species, H. maori, the alpine tree wētā, that shares
morphological, behavioral and genetic similarities to H. ricta (Field 1993; King et al.
2003), has adapted physiologically to a wholly terrestrial, montane lifestyle (Sinclair et
al. 1999). Hemideina maori has two colour morphs; melanic and yellow (King et al.
1996; King et al. 2003) (Figure 5.1). The melanic morph has dorsal tergites alternating
black and dark purple-brown with a dark ventral surface while the yellow morph has
alternating black and yellow dorsal tergites with a light ventral surface (King et al.
1996). Melanism appears to have evolved at least twice in H. maori (King et al. 2003).
There is no evidence that repeated evolution of melanism is associated with increased
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immune response (Robb et al. 2003), incidence of parasitism (Robb et al. 2004) or
different diets between melanic and yellow morphs (Wilson & Jamieson, 2005).
Differences in CWL have not yet been investigated between melanic and yellow morphs
of H. maori, so the melanisation-desiccation resistance hypothesis remains untested in
this system.

Figure 5.1: Phylogeny of Hemideina species used in this study.
Unrooted parsimonious tree from morphological and genetic data for both colour morphs of H. maori
(showing both ventral and dorsal surfaces), H. ricta, H. femorata, H. crassidens and H. thoracica.
Branch lengths are not proportional (modified from Morgan-Richards & Gibbs 2001).

We used flow-through respirometry to measure metabolic rate and determine
several water loss parameters, including total water loss, molar ratio of V" H2O:V" CO2,
CWL, RWL and proportion of total V" H2O lost as RWL in montane (H. maori colour
morphs and H. ricta) and lowland (H. crassidens, H. thoracica and H. femorata)
Hemideina species. Hemideina ricta was grouped with H. maori as the two share a
recent evolutionary past, with evidence of recent introgression of H. maori mtDNA into
H. ricta (see Chapter 3). We compared water loss rates between montane and lowland
groups to investigate the generality that insects in montane environments have reduced
rates of water loss compared to their lowland relatives (Sømme 1989). We hypothesise
that adaptation to the montane environment reduced total water loss in montane wētā,
via decreased rates of both cuticular and respiratory water loss. We also investigated
differences in water loss, and specifically differences in the rate of CWL, between
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melanic and yellow morphs of H. maori. Under the melanisation-desiccation resistance
hypothesis, melanic wētā should have reduced CWL rates when compared to less or
non-melanic counterparts (Kalmus 1941).	
   We hypothesise that melanism in H. maori
has evolved to reduce CWL. Thus, we predict that melanic morphs should lose
significantly less total water than yellow morphs, and that this reduced rate of water loss
should be caused by differences in the structure of the cuticle, rather than the properties
of epicuticular lipids.

Materials  and  Methods  
  
Wētā  collection  and  maintenance  
Hemideina maori of both colour morphs and sexes were hand-collected from beneath
rocks in montane habitats on the Rock and Pillar Range, Otago (1100-1300 m asl,
45°28’S, 170°02’E) in August and October, 2012. Hemideina crassidens of both sexes
were collected from an urban garden in Wellington, in October 2012 (< 250 m asl,
41°29’S, 174°78’E). Hemideina thoracica of both sexes were collected from an urban
park in Auckland, in December 2012 (< 250 m asl, 36°84’S, 174°74’E). Hemideina
femorata and H. ricta of both sexes were collected from roost boxes in native forest
fragments on Banks Peninsula in December 2012 and March 2013 respectively (H.
femorata; < 250 m asl, 43°78’S, 173°00’E; H. ricta; 320-450 m asl, 43°74’S,
172°98’E). Wētā were kept individually in one litre plastic containers in a temperaturecontrolled room (10°C), with a 12D:12L photoperiod before use and provided with food
(small pieces of apple, carrot and dry cat food (Whiskas, Bolton, Ontario, Canada) and
water ad libitum. Wētā were held under laboratory conditions for at least a week before
use in experiments. Food was withheld from wētā for 24 h prior to respirometry
experiments to ensure a consistent absorptive state. In all cases, experiments were
performed using adult wētā.
Flow-through  respirometry  
Wētā were weighed before and after respirometry (Sartorius BP310S, Göttingen,
Germany). Wētā were placed into an experimental 50 ml chamber in a PELT-5
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temperature controlled cabinet (±0.1°C; Sable Systems International, Las Vegas,
Nevada, United States of America, (SSI)) at 15°C, and allowed 40 min equilibration
time. After this period, data were recorded every second for either 90 or 150 min. Dry,
CO2-free air was pumped at 600 ml min-1 through the chamber (monitored by an AD-1
activity detector (SSI) via a mass flow valve (Sierra Instruments, Monterey, California,
United States of America), and measured with a Mux-8 Multiplexer (SSI). CO2 and H2O
were measured in excurrent air using a LiCor Li7000 CO2/H2O infrared gas analyzer
(LiCor, Lincoln, Nebraska, United States of America). Activity was monitored using
infrared activity detectors (AD-2, SSI). All instruments were interfaced to a computer
using a UI2 Analog-Digital interface (SSI), and data were acquired at one s intervals
using Expedata software (SSI). Baseline values, recorded on an empty chamber, were
taken for ten min at the beginning and end of each trial to correct for any instrumental
drift. H2O and CO2 values were zeroed using baseline values, lag-corrected into
synchrony, averaged over five s, then converted into millilitres/min as described
elsewhere (Lighton & Turner 2004). All volumes were corrected to STPD.
Gravimetric  water  loss  
To determine the relative contribution of melanisation and cuticular hydrocarbons in
reducing rates of cuticular water loss, water loss rate was measured gravimetrically in
melanic and yellow H. maori before and after removal of CHCs with hexane. Water loss
was measured in a temperature-controlled room at 15°C. Wētā were placed into a 50 ml
chamber through which dry, CO2-free, air was pumped (Aqua One SR 7500 air pump,
Sydney, Australia) at approximately 800 ml min-1 for five hours. Wētā were weighed
before and after this exposure (Sartorius BP310S, Göttingen, Germany). Mass lost (g)
was recorded and assumed to represent CWL as CWL formed the major component (<
95%) of evaporative water loss seen in earlier respirometry experiments. Each wētā was
measured twice. In the first treatment (essentially a handling control), the ventral
abdominal tergites of each wētā was rubbed with a dry cotton swab for ten min, and
water loss rate measured. Wētā were then allowed one week of recovery, before
cuticular hydrocarbons were removed by rubbing the ventral abdominal tergites for ten
min using a hexane-soaked cotton swab (with regular re-application of hexane to
prevent the cotton swab from drying out). Excess hexane was blotted from the wētā
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with a tissue.
  
Statistical  analyses
Statistical analyses were performed using R version 2.15.1 (R Core team 2012). Mean ±
standard error of the mean (s.e.m) are reported throughout. In individuals that exhibited
DGE, total V" CO2 and V" H2O were calculated from the last full cycle phase in a
respirometry run, corresponding to the start of a closed phase period of one cycle to the
end of the open phase period of the same cycle (Figure 5.2B). V" H2O and	
   V" CO2 were
converted from µl h-1 to mol h-1, from which molar ratio of V" ̇H2O:V" CO2 was calculated.
Cuticular water loss was estimated using the V" H2O/V" CO2 regression method (Gibbs &
Johnson 2004), with CWL estimated as the intercept of this regression. Respiratory
water loss rate was calculated by subtracting CWL from total water loss, while the
proportion of total water lost as RWL was determined by dividing RWL by V" H2O.
Data were checked to ensure assumptions of normality and homogeneity were not
violated, with water loss parameters (V" H2O, CWL, RWL, molar ratio of V̇H2O:V" CO2 and
proportion of total water lost as RWL) log10-transformed to ensure assumptions of
normality and homogeneity were met. Analyses of covariance (ANCOVA) were then
used to compare V" H2O and V" CO2 among all Hemideina species (both H. maori colour
morphs, H. ricta, H. crassidens, H. femorata and H. thoracica). We included mass as a
covariate and sex as a factor in our statistical analyses as both body size (Kleynhans et
al. 2014) and sex (Gibbs et al. 1997; Sassi & Hasson 2013) can modify water loss rates.
Time, taken as the time elapsed from the starting time after the initial base line to the
start of a selected DGE cycle was also included as a covariate to account for potential
changes in V" H2O or V" CO2 released over the course of a respirometry run. Molar ratio of
V" H2O:V" CO2 was compared among species using an ANCOVA with the covariates mass
and time, and the factor sex. Cuticular water loss and RWL were compared among
species using an ANCOVA with mass and time as covariates and sex as a factor.
Proportion of total water lost as RWL was compared among species using an ANCOVA
with total V" H2O, mass and time as covariates and sex as a factor. Lengths of full, open
and closed phases were compared using one-way ANOVA. Only individuals that
exhibited DGE were included in this analysis.
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Figure 5.2: Activity, CO2 and H2O emission traces for DGE and CGE patterns in H. crassidens.
A. and C. Activity of wētā exhibiting DGE (Discontinuous gas exchange) and CGE (continuous gas
exchange) respectively.
B. and D. Emission traces for wētā exhibiting DGE and CGE respectively. CO2 is the bottom trace on the
left y axis (shown in black), while H2O is the top trace in each panel on the right y axis (shown in red).
Baseline measurements, taken ten min before and ten min after respirometry, are indicated by shaded
gray boxes. In B. a full phase, comprised of closed (shaded blue box) and open (shaded dark purple box)
phases, was used for analysis. In D. the shaded light purple box shows the data period (last 1227 s) used
for analysis. 1227 s corresponds to the average full phase cycle length in H. crassidens.

Analyses of covariance were used to compare V" H2O and V" CO2 between montane
(both colour morphs of H. maori and H. ricta) and lowland groups (H. crassidens, H.
femorata and H. thoracica), with mass and time included as covariates and group,
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species and sex used as factors. Molar ratio of V" H2O to V" CO2 was compared between
groups using an ANCOVA with the covariates mass and time, and the factors species
and sex. Cuticular water loss and RWL were compared between groups using an
ANCOVA with mass and time as covariates and species and sex as factors. Proportion
of total water lost as RWL was compared between groups using an ANCOVA with total
V" H2O, mass and time as covariates and sex as a factor. Length of full, open and closed
phases were compared using a t-test. Only individuals that exhibited DGE were
included in this analysis.
Analyses of covariance were used to compare V" H2O and V" CO2 between H. maori
colour morphs with mass and time included as covariates and sex as a factor. The ratio
of V" H2O to V" CO2 was compared between morphs using an ANCOVA with the
covariates mass and time, and the factor sex to determine whether molar ratios were
significantly different between morphs. Cuticular water loss and RWL were compared
between morphs using an ANCOVA with mass and time as covariates and sex as a
factor. Proportion of total water lost as RWL was compared between morphs using an
ANCOVA with total V" H2O, mass and time as covariates and sex as a factor.
The effect that CHC removal had on gravimetric water loss was compared in
melanic and yellow H. maori morphs. Analyses of covariance were used to compare
water loss with treatment and colour morph as factors and initial body mass as a
covariate.

Results  
  
We measured metabolic rate (V" CO2) and water loss parameters (V̇H2O; molar ratio of
V" H2O:V" CO2; CWL; RWL and proportion of total V" H2O lost as RWL) in Hemideina
species, using flow-through respirometry in dry air at 15°C (Table 5.1; Figure 5.2).
Activity was only detected in one H. crassidens individual. This activity did not
coincide with the respirometry period selected for analysis in this individual and had no
apparent effect on results. Activity in this wētā shows that the activity detector was
working, as well as confirming that wētā remained largely inactive during respirometry
(Figure 5.2A and Figure 5.2C).
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Comparison   of   metabolic   rate   and   water   loss   parameters   among  
Hemideina  species    
V" CO2 and water loss parameters (V" H2O; molar ratio of V" H2O:V" CO2; CWL; RWL and
proportion of total V" H2O lost as RWL were compared among species (Table 5.1) with
melanic and yellow morphs of H. maori treated as separate taxa in these analyses. Both
H. maori colour morphs, H. ricta and H. thoracica employed DGE (Table 5.2; Figure
5.2B), while three out of seven H. crassidens and one of four H. femorata employed
CGE (Figure 5.2D). Only individuals that employed DGE were used in subsequent
analyses. Total water loss (V" H2O) was partitioned into CWL and RWL components.
V" H2O (Table 5.3; Figure 5.3B) and metabolic rate, measured as V" CO2, differed
significantly among species (Table 5.3; Figure 5.3A and Figure 5.3B). Molar ratio of
V" H2O:V" CO2 and CWL also differed significantly among species (Table 5.3), with CWL
accounting for over 95% of total water loss seen in Hemideina species. Neither total
RWL nor the proportion of total water lost as RWL differed significantly among species
(Table 5.3). V" CO2, V" H2O, CWL and RWL were all positively related to the fresh mass
of the wētā (Table 5.3; Figure 5.3A), while a positive relationship between mass with
both of the molar ratio of V" H2O:V" CO2 and the proportion of total V" H2O lost as RWL was
approaching significance, and thus retained in models to account for body size (Table
5.3). Time spent in the respirometry chamber was not a significant covariate in any
analysis (Table 5.3). There was no difference in V" CO2 or any water loss parameters
(V" H2O; molar ratio of V" H2O:V" CO2; CWL; RWL and proportion of total V" H2O lost as
RWL) between male and female wētā (Table 5.3).
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Figure 5.3: Metabolic rate (V" CO2) as a function of A. Mass and B. V" H2O for six Hemideina species.
Black circles indicate melanic H. maori; yellow stars yellow H. maori; red triangles H. ricta; blue
squares H. crassidens; orange diamonds H. thoracica and green inverted triangles indicate H. femorata.

  
Comparison  of  discontinuous  gas  exchange  parameters
We compared the lengths of open, closed and full phases of DGE cycles among species,
between H. maori colour morphs (Table 5.2) and between lowland and montane groups
(Table 5.4). In all analyses, the lengths of open, closed or full phases did not
significantly differ (P > 0.1).
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H. maori

H. ricta

H. crassidens

H. thoracica

H. femorata

Melanic

Yellow

Gas exchange pattern

DCG

DCG

DCG

DCG/CGE

DCG

DCG/CGE

Full phase length (s)

975 ± 134

1082 ± 232

1316 ± 205

1227 ± 313

1005 ± 159

789 ± 302

Closed phase length (s)

578 ± 128

598 ± 159

904 ± 181

604 ± 226

887 ± 115

551 ± 199

Open phase length (s)

397 ± 73

552 ± 101

412 ± 229

672 ± 113

158 ± 30

236 ± 103

  
Table 5.2: Gas exchange characteristics in Hemideina species.
All H. maori colour morphs, H. ricta and H. thoracica individuals used a discontinuous gas cycling
pattern, while one of four H. femorata and three of seven H. crassidens individuals used a continuous gas
cycling respiratory pattern. No significant differences were observed among species for length of full,
closed or open phases. Mean (± s.e.m) are presented.
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Trait

d.f

MS

F

P

Mass

1

47.97

9.17

0.006**

Species

5

23.672

4.52

0.005**

Sex

1

0.437

0.0837

0.775

Time

1

0.038

0.0073

0.932

Error

23

5.23

Mass

1

0.24

18.23

0.0003**

Species

5

0.04

3.24

0.02*

Sex

1

0.003

0.203

0.656

Time

1

0.032

2.42

0.13

Error

23

0.013

Mass

1

0.0040

3.99

0.057

Species

5

0.0033

3.31

0.021*

Sex

1

0.0001

0.106

0.748

Time

1

0.0016

1.61

0.216

Error

23

0.0010

Mass

1

0.0046

5.85

0.024*

Species

5

0.0034

4.37

0.0062**

Sex

1

0.0002

0.27

0.6054

Time

1

0.0011

1.46

0.2384

Error

23

0.0008

Mass

1

0.00157

9.57

0.005**

Species

5

0.00043

2.62

0.06

Sex

1

0.00005

0.35

0.55

Time

1

0.00001

0.01

0.95

Error

23

0.00016

Proportion of total V" H2O

Mass

1

0.00290

4.16

0.06

lost as RWL

Species

5

0.00081

1.17

0.36

Sex

1

0.00058

0.85

0.37

Time

1

0.00007

0.10

0.75

Error

23

0.00069

V" CO2 (µmol-1 h-1)

V" H2O (µmol h )
-1

-1

Molar ratio (V" H2O:V" CO2)

Cuticular

Water

Loss

(µmol-1 h-1)

Respiratory Water Loss
-1

-1

(µmol h )

Table 5.3: Results of ANCOVA for V" CO2, V" H2O, molar ratio, CWL, RWL and proportion of water
loss by RWL for comparisons among species.
Results for mass, species, sex and time are shown. MS = Mean Squares. * P < 0.05; ** P < 0.01.
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Comparison   of   metabolic   rate   and   water   loss   parameters   between  
montane  and  lowland  wētā  
V" CO2 was significantly increased in montane wētā when compared to lowland wētā
(Table 5.4 and Table 5.5), while V" H2O, the molar ratio of	
   V"H2O:V" CO2, CWL and RWL
were all significantly reduced in montane wētā (Table 5.4 and Table 5.5). Proportion of
total V" H2O lost as RWL did not differ significantly between groups (Table 5.4 and
Table 5.5). Metabolic rate (V" CO2), V" H2O, molar ratio of V" H2O:V" CO2, CWL and RWL
were all positively related to the fresh mass of the wētā (Table 5.5). Time spent in the
respirometry chamber was not a significant covariate in any analysis (Table 5.5). There
was no difference in V" CO2 or any water loss parameters between male and female wētā
(Table 5.5).

Montane group

Lowland group

21

11

3.6 ± 0.2

3.9 ± 0.3

V" CO2 (µmol g h )

3.08 ± 0.16

2.27 ± 0.25

V" H2O (µmol-1 g-1 h-1)

0.249 ± 0.03

0.453 ± 0.06

Molar ratio (V" H2O:V" CO2)

0.08 ± 0.01

0.22 ± 0.04

RWL (µmol g h )

0.004 ± 0.001

0.012 ± 0.004

CWL (µmol-1 g-1 h-1)

0.244 ± 0.03

0.444 ± 0.06

Proportion of total V" H2O lost as RWL (as %)

2.50 ± 0.5

2.40 ± 0.8

Gas exchange pattern used

DCG

DCG/CGE

Full phase length (s)

1182 ± 122

1045 ± 149

Closed phase length (s)

625 ± 91

626 ± 90

Open phase length (s)

452 ± 63

429 ± 116

N
Mass (g)
-1

-1

-1

-1

-1

-1

Table 5.4: Gas exchange, water loss parameters and phase lengths for montane and lowland
Hemideina groups.
Results presented for montane group (consisting of both colour morphs of H. maori and its sister species
H. ricta) and for the lowland group (consisting of H.crassidens, H. thoracica and H. femorata). Only
individuals that exhibited DGE pattern were included. Mean (± s.e.m) are presented.
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Trait

d.f

MS

F

P

Mass

1

43.966

8.295

0.008**

Group

1

61.975

11.685

0.002**

Sex

1

0.701

0.132

0.719

Time

1

0.038

0.007

0.933

Error

22

5.304

Mass

1

0.265

28.32

0.00002**

Group

1

0.090

9.61

0.005**

Sex

1

0.0009

0.09

0.757

Time

1

0.024

2.63

0.117

Error

22

0.009

Molar Ratio

Mass

1

0.0046

5.85

0.02*

(V" H2O:V" CO2)

Group

1

0.0162

20.34

0.0002**

Sex

1

0.0002

0.27

0.60

Time

1

0.0012

1.46

0.24

Error

22

0.0008

Cuticular Water Loss

Mass

1

0.0046

5.85

0.02*

(µmol-1 h-1)

Group

1

0.0162

20.34

0.0002**

Sex

1

0.0008

0.27

0.61

Time

1

0.0011

1.46

0.25

Error

22

0.0008

Mass

1

0.001575

9.57

0.005**

Group

1

0.000950

5.77

0.024*

Sex

1

0.000058

0.35

0.55

Time

1

0.000001

0.01

0.95

Error

22

0.000164

Proportion of total V" H2O

Mass

1

0.00306

3.49

0.08

lost as RWL

Group

1

0.00084

0.95

0.33

Sex

1

0.0006

0.71

0.40

Time

1

0.00003

0.03

0.85

Error

22

0.0008

	
  V"CO2 (µmol-1 h-1)

V" H2O (µmol-1 h-1)

Respiratory Water Loss
-1

-1

(µmol h )

Table 5.5: Results of ANCOVA for V" CO2 , V" H2O, molar ratio, CWL, RWL and proportion of total
V" H2O lost as RWL for comparisons between montane and lowland groups.
Results for mass, group (montane or lowland), sex and time are shown. MS = Mean Squares. * P < 0.05;
** P < 0.01.
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Comparison  of  metabolic  rate  and  water  loss  parameters  between  colour  
morphs  of  Hemideina  maori  
V" H2O, CWL and molar ratio of V" H2O:V" CO2 were lower in the melanic morph of H.
maori compared to the yellow morph (Table 5.6; Figure 5.4), and there was also a trend
toward lower RWL in melanic wētā (Table 5.6). V" H2O, molar ratio of V" H2O:V" CO2,
CWL and RWL were all positively related to the fresh mass of the wētā. Time spent in
the respirometry chamber was not a significant covariate in any analysis (Table 5.6).
There was no difference in V" CO2 or any water loss parameters between male and female

Cuticular water loss (!mol-1 g-1 h-1)"

wētā (Table 5.5).
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Figure 5.4: Cuticular water loss in H. maori colour morphs.
Melanic H. maori morphs lost significantly less cuticular water than yellow H. maori morphs during
respirometry trials, a result consistent with the melanisation-desiccation resistance hypothesis. Mean (±
s.e.m) are shown.
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Trait

d.f

MS

F

P

Mass

1

23.67

3.24

0.09

Morph

1

11.04

1.51

0.24

Sex

1

0.007

0.0009

0.98

Time

1

1.14

0.157

0.70

Error

12

7.31

Mass

1

0.0881

14.71

0.002**

Morph

1

0.0539

9.00

0.01*

Sex

1

0.0167

2.79

0.19

Time

1

0.0111

1.85

0.12

Error

12

0.0059

Mass

1

0.0012

10.40

0.007**

Morph

1

0.0012

7.04

0.02*

Sex

1

0.0004

3.56

0.08

Time

1

0.0002

1.49

0.24

Error

12

0.0001

Cuticular Water Loss

Mass

1

0.083

13.35

0.003**

(µmol-1 h-1)

Morph

1

0.051

8.32

0.013*

Sex

1

0.017

2.70

0.126

Time

1

0.011

1.84

0.199

Error

12

0.006

Mass

1

0.00051

8.99

0.011*

Morph

1

0.00025

4.46

0.056

Sex

1

0.000008

0.139

0.716

Time

1

0.00019

0.343

0.569

Error

12

0.000057

Proportion of total V# H2O

Mass

1

0.0019

2.72

0.12

lost as RWL

Morph

1

0.0004

0.55

0.47

Sex

1

0.0001

0.20

0.66

Time

1

0.0004

0.64

0.44

Error

12

0.0007

V" CO2 (µmol-1 h-1)

V" H2O (µmol-1 h-1)

Molar ratio (V" H2O:V" CO2)

Respiratory Water Loss
-1

-1

(µmol h )

Table 5.6: Results of ANCOVA for V" CO2, V" H2O, molar ratio, CWL, RWL and proportion of total
V" H2O lost as RWL in H. maori colour morphs.
Results for mass, morph, sex and time are shown. MS = Mean Squares. * P < 0.05; ** P < 0.01.
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Comparison  of  water  loss  parameters  in  Hemideina  maori  colour  morphs  
before  and  after  removal  of  CHCs    
Removal of CHCs significantly increased the rate of water loss for both colour morphs
(F1,16 = 12.33, P = 0.003) (Figure 5.5), with removal of CHCs increasing water loss in
yellow morphs by 42% and in melanic morphs by 24%. Yellow morphs lost
significantly more water than melanic morphs, both before and after removal of CHCs
(F1,16 = 7.15, P = 0.03), and amount of water lost was positively related to the fresh

Body mass lost (g)/initial body mass (g)!

mass of the wētā (F1,16 = 5.6, P = 0.03).

Yellow weta!
Melanic weta!

0.08!

0.06!

0.04!

0.02!
Before removal
of cuticular
hydrocarbons!

After removal
of cuticular
hydrocarbons!

Figure 5.5: Effect of cuticular hydrocarbon removal in H. maori.
Removal of cuticular hydrocarbons significantly increased total water loss in both H. maori colour
morphs during gravimetric trials, with water loss in yellow morphs significantly increased when
compared to melanic morphs.
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Discussion  
We used flow-through respirometry to determine metabolic rate (V" CO2) and water loss
parameters for Hemideina species (Table 5.1). Metabolic rate was significantly higher
in montane wētā than in lowland wētā. However, several water loss parameters,
including V" H2O, molar ratio of V" H2O:V" CO2, CWL and RWL were significantly reduced
in montane wētā (Table 5.4 and Table 5.5). Thus, it appears that montane Hemideina
have increased desiccation resistance via decreased rates of water loss. We also tested
the melanisation-desiccation resistance hypothesis using two colour morphs, yellow and
melanic, of the polymorphic H. maori. We found that melanic H. maori morphs lost
significantly less total water than yellow morphs (Table 5.1 and Table 5.6; Figure 5.4).
This reduction was driven by a significant decrease in CWL in melanic morphs,
consistent with the melanisation-desiccation resistance hypothesis, and with findings
from Drosophila (Ramniwas et al. 2013). Removal of CHCs significantly increased
total water loss in both melanic and yellow morphs (Figure 5.5), highlighting the role
that CHCs play in limiting water loss. However, the increase in water loss after removal
of CHCs was less for melanic wētā, showing both melanisation and CHCs, restrict
CWL in this species.
Metabolic rate (estimated from V" CO2) was higher in montane species of wētā
compared to their lowland counterparts (Table 5.5). Increases in metabolic rate have
been noted in other cold-adapted Orthopteran (Hadley & Massion 1985; Rourke 2000;
Booth & Kiddell 2007) and is consistent with metabolic cold adaptation (Clarke 1993),
where species from colder climates have elevated metabolism compared with species
from warmer climates. Metabolic cold adaptation might be a consequence of shorter
growing seasons and colder temperatures (Chappell 1982) or as an adaptation to lower
temperatures found at higher elevation (Hadley & Massion, 1985). Increased metabolic
rate in montane wētā could be a consequence of physiological variation and adaptation
to elevation, or an ancestral feature in montane wētā (phylogeny) that facilitated alpine
colonization. Ideally, phylogeny should also be considered in comparative studies
(Felsenstein 1985). However, the small number of Hemideina species precluded the use
of formal phylogenetically-independent contrasts in this study. Giant wētā (Deinacrida)
have several species pairs, where one is a montane species, the other lowland (Trewick
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& Morgan-Richards 2004). Further analyses of desiccation resistance in wētā, using
these lowland and montane species pairs as the unit of replication, would offer further
insight into the evolution of montane physiology and would allow physiological
differences to be somewhat decoupled from phylogeny.
Hemideina ricta was grouped with H. maori to form a montane group. In contrast
to H. maori that has a current elevational distribution from around 300 metres to 1800
metres a.s.l., the elevational distribution of H ricta ranges from 20-800 metres a.s.l.
(Townsend et al. 1997). The two species were grouped together on the basis of many
shared morphological (Field 1993a; Field 1993b, Morgan-Richards & Townsend 1995;
Morgan-Richards & Gibbs 2001), behavioural (Field 1993a), physiological (Sinclair et
al. 1999) and genetic (Morgan-Richards & Gibbs 2001; King et al. 2003; Hale et al.
2010) commonalities that have led to the specific status of H. ricta to be questioned.
This close relationship potentially made untangling physiology from phylogeny
difficult.
Several water loss parameters, including both CWL and RWL, were significantly
reduced in montane wētā compared with their lowland counterparts (Table 5.5).
Furthermore, the relationship between respiration and water loss, measured by the molar
ratio of V" H2O:V" CO2, appeared more costly in lowland species. Collectively, these
results suggest that montane Hemideina have several adaptations to increase desiccation
resistance and decrease water loss. Insects adapted to xeric environments have shown
reduced CWL (Chown 2002), possibly as a response to increased risk of desiccation
stress (Jones et al. 1987; Huey 1991; Ashby 1997; Hodkinson 2005; Dillon et al. 2006).
As CWL can be reduced by changes in cuticular hydrocarbon amount, chain-length,
methyl branching and unsaturation (Hadley 1994; Gibbs 1998), differences in CHCs
would be expected in a comparison of cuticle from montane and lowland species.
Cuticle structure, lipid content and hydrocarbon content have been examined in H.
maori and were similar to those seen in other terrestrial insects (Hadley et al. 1988b;
Hadley 1989). Removal of CHCs significantly increased water loss for both melanic
and yellow morphs of H. maori (Figure 5.5), showing a role for CHCs in waterproofing
the cuticle.
Our gravimetric comparison of water loss before and after CHC removal assumes
that total mass lost is a proxy for CWL. In our respirometry studies (Table 5.1), we
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found that CWL was responsible for around 95% of total water loss in H. maori.
Although we cannot rule out handling (or hexane application) causing stress-induced
upregulation of metabolic rate and consequently of respiratory water loss, this seems
unlikely because (1) the increased rate of water loss we observed was equivalent to a
11-fold increase in RWL; and (2) we controlled for handling in these experiments by
applying the treatment to both yellow and black morphs, and by sham-treating wētā
prior to the initial measurement. In a study where the cuticle of ants was abraded, and
water loss measured using respirometry, increased total water loss was due to increased
cuticular transpiration and not via increased RWL or metabolic rate (Johnson et al.
2011). This suggests that handling does not necessarily elevate either metabolic rate or
RWL in insects, and supports our assumption.   
While removal of CHCs increased CWL in both yellow and melanic H. maori, we
found that the melanic morph still had lower rates of water loss, implying that the
increased incorporation of melanin in the cuticle is responsible for the lower rate of
water loss in darker wētā (Table 5.6; Figure 5.4 and Figure 5.5). This is consistent with
the melanisation-desiccation resistance hypothesis that has mainly found support in
Drosophila (Parkash et al. 2008a; Parkash et al. 2008b; Ramniwas et al. 2013). Under
this resistance hypothesis, melanic individuals have a selective advantage in more
desiccating environments, like montane environments, than less or non-melanic
individuals. Melanic Drosophila morphs were found in more desiccating environments
(higher elevations) than non-melanic morphs (Parkash et al. 2008b; Parkash et al.
2009), while darker abdominal pigmentation positively correlated strongly with
elevation in sub-Saharan D. melanogaster populations (Pool & Aquadro 2007).
However, the altitudinal distribution of melanic H. maori differs from this pattern. In
the Rock and Pillar Range, yellow wētā are found mostly at elevations above 1200 m,
whereas melanic wētā are generally found at lower (and presumably less desiccating)
elevations (1000-1200 m (King et al. 1996). This distribution appears to conflict with a
melanisation-desiccation resistance scenario where populations with the highest degree
of melanisation should be found in more desiccating environments and suggests that
desiccation resistance may not be the primary factor for melanism in this species.
While most water lost by Hemideina was via the cuticle, RWL was also
significantly lower in the montane group (Table 5.4). Reduced RWL in montane species

123

Chapter 5: Water loss in Hemideina

is consistent with previous studies where RWL was reduced in xeric beetle species
when compared to mesic species (Chown & Davis 2003). Decreases in RWL can be
associated with decreased length of the open phase in DGEs (Lehmann 2001). However,
the length of the open phase did not differ between groups (Table 5.4), showing that
differences in RWL between montane and lowland species were due to increased
volume of ̇H2O released by lowland wētā during the open phase, rather than the
spiracles remaining open for longer. Similarly, a positive association between decreased
duration of the open phase or increased duration of the closed phase of DGEs was not
seen in the orthopteran species Paracinema tricolor when individuals were either
dehydrated or exposed to conditions of low relative humidity (Groenewald et al. 2014),
conditions where DGE should act to reduce RWL. While RWL made up less than 5% of
total water loss, even small changes in RWL in desiccating environments may impact
survival over the course of a season (Williams et al. 2010). All montane wētā employed
DGE whereas two lowland species, H. crassidens and H. femorata employed both CGE
and DGE (Table 5.2 and Table 5.4; Figure 5.2B and Figure 5.2D). While several
hypotheses to explain the evolutionary pressures that lead to DGE have been proposed
(Matthews & Terblanche 2015), one hypothesis, the hygric hypothesis (Buck et al.
1953), suggests that DGEs evolved to limit respiratory water loss by maximizing the
time the spiracles are closed (Chown et al. 2006). The fact that all montane wētā, from a
more desiccating environment than lowland wētā, exhibited DGE, while wētā from two
of three lowland species employed CGE, offers some support to the hygric hypothesis.
Hemideina species did not display classical DGE as V" CO2 never reached zero. (an
average of 0.004 ml min-1 V" CO2 was released during the “closed” phase) (Figure 5.2B).
This suggests that small amounts of CO2 may still diffuse through incompletely closed
spiracles, a finding previously described in orthopterans (Hadley & Quinlan 1993;
Nespolo et al. 2007; Groenewald et al. 2012). Measuring subatmospheric intratracheal
pressure in individuals that employ DGE (Groenewald et al. 2012), with a particular
focus on the closed phase where limited CO2 is still released, may offer further insight
into gas exchange patterns seen in Hemideina.
Water loss parameters did not significantly differ by sex in any analysis (Tables
5.3, 5.5 and 5.6). This contrasts with sex differences in desiccation resistance reported
in Drosophila species (Gibbs et al. 1997; Sassi & Hasson 2013). Differences in body
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size may account for some of the observed differences in Drosophila (females are
typically larger than male flies). While Hemideina species used in this study are
sexually dimorphic for certain traits (males have larger head length and width) (Koning
& Jamieson 2001), overall body size did not differ significantly between male and
female wētā used in this study. Furthermore, adult Hemideina species are much larger
(3-10 grams) and long-lived (around two to four years (Jamieson et al 2000; McIntyre
2001; Joyce et al. 2004; Kelly 2008a) and potentially as long as seven or eight years
(Leisnham & Jamieson 2004) in comparison to Drosophila, so the same tradeoffs seen
in Drosophila may not apply to Hemideina.
  
Conclusion
Our results support our two main hypotheses; first, montane wētā have increased
desiccation tolerance via reduced rates of water loss when compared to lowland species
and second, CWL is reduced in melanic H. maori morphs when compared to yellow
morphs. Montane wētā have several water loss parameters including total water loss,
molar ratio of V" H2O:V" CO2, CWL and RWL that are significantly reduced when
compared to lowland species. Such differences probably represent physiological
changes that allowed montane wētā to adapt to a more desiccating environment than
their lowland counterparts, whose environment is less harsh and where the challenges
associated with water retention are reduced. Our results support the melanisationdesiccation resistance hypothesis previously tested predominantly in Drosophila. Total
water loss was significantly less in melanic morphs than yellow morphs, driven by a
decrease in CWL. This difference was also observed between colour morphs after
cuticular hydrocarbon removal, showing that both CHCs and cuticular melanisation
play roles in reducing water loss in wētā.

125

126

Hakataramea Pass, MacKenzie Country.

127

128

Chapter 6: Thermal melanism

Chapter   6:   Melanism   does   not   change   heating   and  
cooling   rates   in   Hemideina:   a   test   of   the   thermal  
melanism  hypothesis.  
  

Abstract     
  
Thermal melanism is one of several hypotheses proposed to explain the occurrence of
melanic and lighter animals within a species. Thermal melanism predicts that under
conditions of low temperature, melanic animals will warm up more rapidly under
radiative heating than lighter coloured or non-melanic animals. Thermal melanism also
predicts that reflectance is reduced in melanic individuals, therefore increasing light
(and therefore heat) absorption in darker insects. We tested thermal melanism in colour
morphs of the alpine wētā, Hemideina maori. Rate of heat gain was measured in wētā
directly exposed to a radiative heat source (basking simulation) as well as in wētā
indirectly exposed to a heat source (microhabitat simulation). In both simulations,
thermal melanism was not supported as rate of heat gain was not significantly increased
in melanic morphs, compared to yellow morphs. Instead, mass was the significant
covariate, with heat gain slower in heavier wētā. Rate of heat loss was also slower in
heavier wētā, irrespective of colour, in both simulations. Modelled estimates for body
temperature found melanic wētā were 0.8°C hotter than yellow wētā when wind speed
was 0.1ms-1, although this difference was reduced to only 0.1°C when wind-speed was
increased to 8ms-1. Cuticular reflectance was measured spectrometrically, with total
reflectance (after area-weighted adjustment to account for the proportion of dorsal
region made up of different colour areas) only differing between morphs by 2%. This
small difference in cuticular reflectance between morphs may explain why heat gain in
melanic morphs was not significantly increased when compared to yellow morphs.
Although thermal melanism is often cited as the adaptive mechanism for melanism in
insects, melanism in H. maori does not appear to be associated with increased heat gain.
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Introduction  
  
Colour polymorphisms are one of the most obvious manifestations of both inter and
intra-specific phenotypic variation. Of these, melanism is one of the most striking.
Several hypotheses to explain the occurrence of darker and lighter ectotherms have been
put forward, with one of the most prominent being thermal melanism. The thermal
melanism hypothesis posits that because darker colours absorb more solar radiation (and
therefore heat), darker insects should have faster heating rates and reach higher
equilibrium temperatures than lighter coloured insects of the same mass (Lusis 1961;
Watt 1968), especially in conditions of low temperature and a limited radiative regime
(Lusis 1961). Elevated frequency of melanism in insects from cooler climates (Sømme
1989), i.e. high latitude/elevation areas and seasonal polyphenism, where darker
phenotypes are more prevalent during cooler periods (Watt 1968; Shapiro 1976; Hazel
2002; Michie et al. 2011) have been interpreted as supporting a thermal melanism
hypothesis. A positive relationship between melanisation and more rapid heat gain has
also been demonstrated in empirical studies, where rates of heating were significantly
increased in melanic ladybirds (Brakefield & Willmer 1985; Stewart & Dixon 1989),
butterflies (Ellers & Boggs 2002), grasshoppers (Forsman 1997) and aphids (Dixon
1972) when compared to non or less melanic counterparts. Due to faster rates of
heating, melanic morphs reach optimal body temperatures faster than non-melanic
morphs, resulting in increased fitness in traits as diverse as increased activity (Roland
1982; Guppy 1986; de Jong et al. 1996; Ellers & Boggs 2004), feeding and mating
(Brakefield 1984; Parkash et al. 2008a), fecundity (Rhamhalinghan 1999), egg
maturation rates (Ellers & Boggs 2004), growth rates (Hazel 2002), survival
(Kingsolver 1995; Parkash et al. 2008b), and predator avoidance (Clusella-Trullas et al.
2007). These fitness benefits provide a selective advantage that explains the
maintenance of melanism in insect populations.
However, some empirical studies suggest that darker insects (Umbers et al.
2013) and reptiles (Geen & Johnston 2014) do not necessarily heat up faster than paler
counterparts. Differences in experimental design and set-up i.e. use of dead vs. live
animals, painted vs. naturally-coloured animals, natural vs. artificial light as well as
how colour has been described probably contribute to diverging findings (Umbers et al.
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2013; Geen & Johnston 2014). While colour has often been described visually
(qualitatively), spectrometry can be used to quantify colour by measuring reflectance, a
direct measurement of the proportion of light reflected (and therefore absorbed)
(Umbers et al. 2013).
While diurnal animals can bask to regulate body temperature, nocturnal
ectothermic animals can also regulate their temperature during their “inactive period”
through appropriate microhabitat selection, position and posture (Kearney & Predavec
2000; Kearney 2002; Rock & Cree 2008). Colour should only affect radiative heat gain
and should have no effect on conductive or convective heat gain (Chown & Nicholson,
2004). Therefore, in insects that choose microhabitats under substrates (i.e rocks/logs)
that are not directly exposed to radiative heat, heat gain should be independent of colour
during inactive periods, with melanic and lighter-coloured insects of the same mass
gaining heat equally as fast.
Besides thermoregulation, melanism has also been linked to other (non-thermal)
physiological and/or ecological factors such as desiccation resistance, immune response
and diet (Majerus 1998; Sword 2001; True 2003; Dubovskiy et al. 2013; Fedorka et al.
2013). Melanism forms an important innate immune defense, and darker individuals of
some species are better able to resist infection (Dubovskiy et al. 2013; Fedorka et al.
2013). The diet of melanic locusts includes a higher proportion of toxic plants than nonmelanic locusts, with melanism acting as a warning to deter predation (aposematism)
(Sword 2001). Melanised cuticles have also been associated with increased desiccation
resistance, with decreased cuticular permeability and accompanying reduction in
cuticular water loss (Parkash et al. 2008a; Parkash et al. 2008b; King & Sinclair 2015).
The genus Hemideina (tree wētā; Orthoptera: Anostostomatidae) comprises
seven species of large, flightless, nocturnal insect found on both main islands of New
Zealand. Six of the seven species are arboreal, living in forest (Field & Sandlant 2001).
The alpine tree wētā, H. maori has adapted to a wholly terrestrial, montane lifestyle
(Sinclair et al. 1999). Hemideina maori has melanic and yellow colour morphs (King et
al. 2003; King et al. 1996) (Figure 6.1). The melanic morph has dorsal tergites
alternating black and dark purple-brown with a dark ventral surface while the yellow
morph has alternating black and yellow dorsal tergites with a light ventral surface (King
et al. 1996). Melanism in H. maori is neither sex-limited nor polyphenic, although
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heritability of melanism has not been quantified. Melanic and yellow morphs represent
phenotypic extremes, with individuals intermediate to either morph more common
throughout most of its range (Chapter 4). However, melanic and yellow wētā form a
hybrid zone on the Rock and Pillar Range (King et al. 1996; King et al. 2003), with
melanism suggested to have evolved at least twice in H. maori (King et al. 2003).

A.!

B.!

C.!

D.!

Figure 6.1: Colour morphs of H. maori.
The yellow morph has alternating black and yellow dorsal tergites (A.) with a light creamy-yellow ventral
surface (B.) while the dorsal tergites of the melanic morph alternate black and dark purple-brown (C.)
with a dark chocolate brown ventral surface (D.).

This thesis confirms its sporadic occurrence in seven of nine mitochondrial
DNA groups, with no clear latitudinal cline, likely due to repeated, convergent
evolution (Chapter 4). There is no evidence that melanism in H. maori is associated
with increased immune response (Robb et al. 2003), incidence of parasitism (Robb et
al. 2004), higher local population density (Robb et al. 2003) or different diets between
melanic and yellow morphs (Wilson & Jamieson 2005). Melanic morphs have reduced
cuticular water loss compared to yellow morphs (Chapter 5; King & Sinclair 2015),
consistent with the melanisation-desiccation resistance hypothesis. However, the
altitudinal distribution of melanic H. maori morphs with melanic morphs found at lower
elevations than yellow morphs, the opposite of what would be expected under a
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melanisation-desiccation resistance pattern, suggests that desiccation resistance is not
the primary factor for melanism in this species.
Many insects with darker cuticles gain heat faster than less-melanised
counterparts, fitting a thermal melanism hypothesis (Dixon 1972; Brakefield & Willmer
1985; Stewart & Dixon 1989; Forsman 1997; Ellers & Boggs 2002; Clusella-Trullas &
Terblanche 2011). Basking and diurnal activity has been observed in the predominantly
nocturnal mountain bluff wētā, Deinacrida elegans (Meads & Notman 1991), but is rare
or absent in Hemideina (Kelly 2006). In one exceptional instance, predatory, diurnal
activity was observed in H. maori (G.P. Wallis pers. comm.). The altitudinal
distribution of melanic morphs (typically found at lower elevations) together with
nocturnal behaviour suggests that thermal melanism is not the primary factor for
melanism in H. maori.
Wētā could also potentially thermoregulate during the day through the selection
of appropriate retreat sites, (galleries), exploiting potential differences in microhabitat
temperature due to variables such as rock thickness, orientation and solar exposure
(Sinclair et al. 2001; Rock et al. 2002). Hemideina maori galleries are generally in
cavities under a rock on a rock substrate. While exposure to direct radiative heat would
likely be negligible or non-existent within galleries, wētā could gain heat by pressing
their body against either the bottom or upper rock substrate (Muth 1977; Dial 1978;
Bauwens et al. 1996; Rock et al. 2000). However, conductive heat gain should be
independent of colour and associated with mass, being slower in heavier wētā.
Heat loss via wind-mediated convection can quickly negate heat gain. Higher
subelytral temperatures in black Onymacris unguicularis beetles when compared to
white O. bicolour diminished at wind-speeds of 2 ms-1 and above (Turner & Lombard,
1990), while differences in air-flow affected temperature change more than colour in
Kosciuscola tristis (Umbers et al. 2013). Convective and conductive heat loss should be
independent of colour, with melanic and lighter coloured animals emitting long-wave
radiation at the same rate per unit area (Norris 1967) and cooling at similar rates (Watt
1968; Keyser et al. 2015). However, melanic forms of some taxa did lose heat faster
than paler counterparts (Pearson 1977; Rice & Bradshaw 1980; Pereboom & Biesmeijer
2003; Geen & Johnston 2014).
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thermocouples, (Robb et al. 2003) and compared between H. maori colour morphs. We
did this to investigate the thermal melanism hypothesis that predicts melanic morphs
should heat faster than yellow morphs, due to decreased cuticular reflectance, resulting
in more light (and heat) being absorbed by the melanic morph. We hypothesise that
melanic wētā directly exposed to a radiative heat source (basking simulation) placed on
top of a ceramic tile should gain heat faster than yellow morphs. We also used thermal
imaging to examine whether darker coloured areas of wētā gained heat faster than paler
areas while basking. Thermal imaging has been used to quantify temperature in
mammals (Cena & Clark 1973; Benesch & Hilsberg 2003), notably utilized in zebras
where black stripes were 10°C warmer than white stripes in full sun (McCafferty 2007),
in birds (Tattersall et al. 2009), reptiles (Tattersall et al. 2006) as well as in insects
(Dzialowski et al. 2014). We hypothesise that heating should be independent of colour
when wētā are not directly exposed to radiative heat i.e. microhabitat simulation. In this
case, mass, not colour, should be the main co-variate influencing heat gain.
Furthermore, we hypothesise that heat loss should be independent of colour in both
basking and microhabitat simulations, with mass being the significant co-variate.

  
Materials  and  Methods
  
Wētā  collection  and  maintenance  
Hemideina maori of both colour morphs and sexes were hand-collected from beneath
rocks in montane habitats on the Rock and Pillar Range, Otago (1100-1300 m above sea
level) (45°28’S, 170°02’E) in August and October, 2012 and transferred to the
laboratory in plastic containers the same day. Melanic wētā were collected from lower
elevations than yellow morphs. Wētā were kept individually in one litre plastic
containers in a temperature-controlled room at 15°C, with a 12D:12L photoperiod under
fluorescent lighting before use and provided with food (small pieces of apple, carrot and
dry cat food (Whiskas, Bolton, Ontario, Canada) and water ad libitum. Wētā were held
under laboratory conditions for at least a week before use in experiments.   
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Quantifying  colour    
Dorsal reflectance of morphs was measured with an Ocean Optics USB 4000 Plug and
Play spectrophotometer with a PX-2 pulsed xenon light source attached to a laptop
running SPECTRA SUITE software (Ocean Optics Inc., Dunedin, Florida, United
States of America) and calibrated against a UV-reflecting white BaSO4 standard (Ocean
Optics). Reflectance was measured between 350 and 850 nm at 0.18 nm intervals with
reference to a white standard (Ocean Optics WS-1 diffuse reflectance standard) and
black standard (light source disabled). Measurements were taken with the probe
oriented at 90° to the cuticle surface. Reflectance measurements were taken from five
wētā of each morph, from brown and black coloured areas of the melanic morph and
from yellow and black coloured areas of the yellow morph. Five reflectance
measurements for each coloured area were taken from each animal. Spectral data was
inspected and processed using the R package pavo (Maia et al. 2013). Wavelengths
were interpolated in 1—nm bins and considered from 350—850 nm. Spectra from
different coloured areas were combined and averaged. Data was smoothed and spectral
curves were plotted for each coloured area. Differences in average reflectance were
determined using t-tests. Measured wavelengths (350—850 nm) were compared
between morphs or between differently coloured dorsal areas within morphs.
Percentage body cover of dorsal area for each coloured area (black or yellow in
yellow morphs and black or brown for melanic morphs) was calculated from
photographs using the image analysis software, ImageJ 1.40 (National Institutes of
Health, United States of America). The images were converted to gray-scale before the
colour threshold was adjusted to define the percentage area that visually matched each
colour region. Overall reflectance (surface area-weighted average) for each individual
was then adjusted to take into account the percentage of body covered by each colour.
  
Steady-state  energy  budget  model    
We used a steady-state (time-independent) energy budget model (Porter & Gates 1969,
Clusella-Trullas et al. 2009) to predict Tb (body temperature) for melanic and yellow H.
maori colour morphs under varying ambient temperature (10—40°C) and wind speed
(0.1 and 8 ms-1).
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We used this equation to predict Tb:
Qs (1 – r) = εσTb4 + hc (T – Ta)
b

where
Qs (Wm-2) describes incident energy flux in the form of solar radiation, including direct
sunlight, scattered sunlight, etc. available to be absorbed by the wētā. A value of 634
Wm-2 was the value calculated for Qs by the Solarview calculator on the website
http://solarview.niwa.co.nz/. This was the maximal value returned for the selected site
on the Rock and Pillar Range (-45.467836, 170.016174) located near the centre of a
local hybrid zone for H. maori colour morphs (King et al. 1996; King et al. 2003). r
refers to skin reflectance and was estimated to be 0.0441 for yellow wētā and 0.0246 for
melanic wētā. ε refers to the emissivity of the cuticle of long-wave radiation (estimated
to be 100% or 1) (Clusella-Trullas et al. 2009) and σ is the Stefan-Boltzmann constant
(5.673 x10-8 Wm-2 K-4). Tb refers to abdominal body temperature while Ta is ambient
temperature. hc (convection coefficient) was calculated using the formula h = 6.77 V0.6 Dc

0.4

(Mitchell 1976). V refers to wind speed (ms-1), while D refers to characteristic

dimension of the animal; in this model mass (m) where m = (volume)1/3, volume =
mass/density was used as the characteristic dimension. A mass of 5 g was used for both
colour morphs (D = (0.005/10001/3)-0.4. We modelled the effects of Ta on Tb and
compared differences in Tb between morphs when wind speed was either 0.1 ms-1 or 8
ms-1. 0.1 ms-1 is the mininum value for wind-speed, due to surface micro-layer heat
convection adjacent to grasshopper integument during still wind conditions (Lactin &
Johnson 1998), while 8 ms-1 is the average wind speed in the Rock and Pillar Range
(Peat & Patrick 2002). This model assumes that heat gain via conduction and metabolic
heat and heat loss via evaporative water loss are negligible (Anderson et al. 1979;
Chappell & Whitman 1990). While evaporative cooling has been noted in Orthoptera
(Prange 1990; Roxburgh et al. 1996), this is likely to only influence heat loss when
ambient temperatures are high (Chown & Nicolson 2004). Wētā abdomens were not
lowered onto the tile during basking trials, limiting the potential of conductive heat gain,
although it is possible that wētā lower their abdomen onto microhabitat substrate in natural
settings, as seen in other taxa (Muth 1977; Dial 1978; Bauwens et al. 1996; Rock et al.
2000).
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Heating/cooling  simulations  
Food, but not water, was withheld from wētā for 24 h prior to thermoregulation
experiments to ensure a consistent absorptive state. While metabolic heat production
has little to no effect on the body temperature of most insects (Harrison et al. 2012),
metabolic rate generally increases with feeding (Bradley 2003), with differences in
metabolic rate potentially leading to differences in metabolic heat production. Access to
water was not limited as dehydration may affect reflectance (Mielewczik et al. 2012).
Mass was measured (±0.1 g) on a calibrated digital balance (Sartorius BP310S,
Göttingen, Germany). Before both basking/microhabitat simulations, wētā were
narcotised by CO2 to allow anal insertion of a thermocouple (type K, chromel/alumel,
code 219-4315, Radio Spares, United Kingdom) to record internal body temperature
(Tb). A second thermocouple probe was placed close to the animal to record ambient
temperature (Tamb) (Figure 6.2). Thermocouples were calibrated daily before use. All
heating/cooling experiments were conducted in a temperature-controlled room at 15°C.
  
Basking  simulation  experimental  design  
For basking simulations, narcotized wētā were placed on top of a tile, with heating
measured for 420 s. Heating was measured under a 140 W incandescent bulb (Philips
Electronics, Netherlands), positioned 16 cm at a 90° angle above the wētā (Figure
6.2A). To minimize differences between individual wētā, placement and orientation of
wētā and placement of the thermocoupler recording ambient temperature were
consistent between experiments. Wētā cooling rate was recorded for 360 s after the light
source was removed. As activity can increase metabolic rate (Full 1997) and therefore
potentially body temperature, experiments were stopped if the wētā became active.
Temperature readings were reported every second and recorded by LabChart Pro v. 7.2
(AD Instruments, Castle Hill, Australia). We used a FLIR-i60 infrared camera
(Stockholm, Sweden) to capture images of five yellow and five melanic morphs while
basking, with an image taken every two min for eight min. Thermal imaging was not
used to assess rates of heat gain in wētā but was used to capture any potential
differences in heating between different coloured dorsal areas. Temperature differences
between different coloured areas were examined using FLIR QuickReport software.
Spotmeters were placed on 3 different coloured areas per animal (“stripes” on the 3rd, 5th
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and 7th dorsal tergites), with mean temperature provided used as Tb. The thermal
resolution of the infra-red camera was 0.1°C, while the spatial resolution was 2.42
mrads.

(Tamb)!
(Tb )!

Figure 6.2: Experimental set-up showing basking and microhabitat simulations.
A. Wētā were placed onto a tile (thick black line) and directly exposed to the heat source positioned 16
cm directly above the wētā. Ambient temperatures (Tamb) were measured by a thermocoupler placed next
to the wētā (green line).
B. Wētā were placed between two tiles and indirectly exposed to the heat source positioned 5 cm directly
above the wētā. Internal abdominal temperature (Tb) were measured using a thermocoupler (thin black
line) that was anally inserted. Ambient temperatures (Tamb) were measured by a thermocoupler placed
next to the wētā (green line).

Microhabitat  simulation  experimental  design  
Wētā were placed between two tiles (Figure 6.2B), separated by approximately 2 cm.
This experimental set-up was designed to resemble the rock on rock substrate preferred
as galleries by H. maori. The gap between tiles was large enough to prevent the dorsal
surface of a narcotized wētā from touching the underside of the top tile. A 100 W
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incandescent bulb (Philips Electronics, Netherlands), positioned 5 cm at a 90° angle
above the wētā, was used as the light source. Heat gain in wētā was recorded until an
ambient temperature of 25°C was reached. At this point, the light was removed. Wētā
temperature and ambient temperature continued to be recorded during this period (heat
loss). Experiments were stopped if the wētā became active as activity can lead to
metabolic heat production in insects (Rastogi 2008). Temperature readings were
reported every second and recorded by LabChart Pro v. 7.2 (AD Instruments, Castle
Hill, Australia).
Basking  simulation  analysis  
Statistical analyses were performed using R version 2.15.1 (R Core team 2012). Mean ±
standard error of the mean (s.e.m) are reported throughout. Analysis was performed on
data obtained from the first 420 s of heating and for the first 360 s of cooling after the
heat source was removed. Mass (m) and starting abdominal temperature (Tb at start)
were compared between colour morphs of H. maori using a t-test. Starting ambient
temperature (Tamb at start), slope of Tamb during heating (Tamb heating slope) and slope of
Tamb during cooling (Tamb cooling slope) were compared between morphs using a t-test to
ensure that ambient temperatures that acted as controls did not differ. Heat gain was
compared between morphs using analysis of covariance (ANCOVA) with Tb heating
slope as the dependent variable, colour and sex as factors and mass as a covariate to test
for differences between morphs in rate of heat gain (Figure 6.3A). Likewise, we used
ANCOVA with Tb cooling slope as the dependent variable, colour and sex as factors and
mass and body temperature before cooling as covariates to test for differences between
morphs in rate of heat loss (Figure 6.3B). Body temperature before cooling was used as
a covariate as rate of heat loss should be faster in animals with a higher body
temperature, regardless of colour, than those with a lower body temperature (Chown &
Nicholson 2005). We used t-tests to compare temperatures of black and yellow coloured
areas of yellow morphs and between black and brown coloured areas of melanic morphs
taken with a FLIR-i60 infrared camera.
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Microhabitat  simulation  analysis  
Analysis of heat gain was performed on data from the starting point to the time when
ambient temperature reached 25°C after which the light source was removed. After the
heat source was removed, wētā Tb continued to increase for a short time. Cooling slope
was measured from the point when Tb started to decrease. Starting ambient temperature
(Tamb at start), slope of Tamb during heating (Tamb heating slope) and slope of Tamb during
cooling (Tamb cooling slope) were compared using a t-test to ensure that ambient
temperatures during the microhabitat simulation that were used as controls did not differ
between morphs. Mass and starting abdominal temperature (Tb at start) were compared
between colour morphs of H. maori using a t-test. We used ANCOVA with Tb heating
slope as the dependent variable, colour and sex as factors and mass as a covariate.
Likewise, we used ANCOVA with Tb cooling slope as the dependent variable, colour
and sex as factors and mass and starting temperature before cooling as covariates to test
for differences in rate of heat loss during cooling. The experimental time was 50 min,
which included both heat gain and heat loss components of the experiment. Rates of
cooling were also compared between wētā in basking and microhabitat simulations,
using a t-test.
  

Results  
  
Quantifying  colour    
Reflectance did not differ between the black stripes of melanic and yellow morphs
(Table 6.1; Figure 6.3), with black stripes in both morphs reflecting 1.08% of
wavelengths between 350—850 nm. In melanic wētā, the reflectance of brown stripes
(4.2% ± 0.26) was significantly increased (t5.4= -11.8, P < 0.001) when compared to the
black stripes. Similarly, in yellow wētā, the reflectance of yellow stripes (8.7%) was
significantly increased (t9.0 = -7.9, P < 0.001) when compared to the black stripes (Table
6.1; Figure 6.3). The reflectance of yellow stripes in yellow wētā was significantly
increased (t10.2 = -4.5, P < 0.001) when compared with the brown stripes of melanic wētā
(Table 6.1; Figure 6.3). The percentage of black coloured dorsal areas was determined
in both melanic (55.5% ± 1.7) and yellow morphs (56.4% ± 2.2). Total reflectance was
then adjusted for each colour morph to reflect percentage of coloured areas for each
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morph. Reflectance in the yellow morph (4.4%) was about 2% more than that for the
melanic morph (2.5%) after adjustments for proportion of dorsal coloured area.

Average reflectance

Measured wavelengths

Melanic H. maori

Yellow H. maori

Black stripes Brown stripes

Black stripes Yellow stripes

1.08 ± 0.05 4.2 ± 0.26

1.08 ± 0.03

8.7 ± 0.97

(350—850nm)

Table 6.1: Reflectance values of H. maori cuticle.
Reflectance values were recorded for melanic and yellow morphs. Average reflectance shown for
measured wavelengths (350—850nm).
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Figure 6.3: Representative spectral reflectance of coloured regions of H. maori cuticle.
Graphs show average percentage reflectance for coloured regions of H. maori colour morphs for
wavelengths between 350—850 nm. Solid line shows mean, while dotted lines indicate ± 1 standard
deviation.
A. Black coloured area, melanic morph.

B. Brown coloured area, melanic morph.

C. Black coloured area, yellow morph.

D. Yellow coloured area, yellow morph.
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Steady-state  energy  budget  model    
At constant Qs (634 W m-2) and low wind-speed (0.1 ms-1), estimates for melanic wētā
body temperature were ~ 0.8°C higher than yellow wētā (ΔTb = 0.8°C) (Figure 6.4A),
with changes in Ta that varied between 10°C to 40°C not affecting estimates for ΔTb.
When wind speed was increased to 8 ms-1, estimates for body temperature (Tb) for both
colour morphs were significantly reduced (t13 = -10.67, P < 0.001) when compared to
estimates of Tb made when wind-speed was 0.1 ms-1 (Figure 6.4B). Difference in
temperature between morphs (ΔTb) was reduced to ~ 0.1°C when wind-speed was
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Figure 6.4: Estimates of Tb body temperature of H. maori colour morphs.
A steady-state energy flux model was used to estimate body temperature (Tb) when ambient temperature
varied from 10°C to 40°C and wind-speed was either A. 0.1m s-1 or B. 8 ms-1.
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Heat  gain  and  loss  during  basking    
Surface temperature did not significantly differ between black and yellow coloured
areas of yellow morphs (Figure 6.5) or between brown and black coloured areas of
melanic wētā (P > 0.5) when infra-red images taken every two min during wētā basking
were compared.
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Figure 6.5: Infra-red images of a yellow H. maori morph while heating. Infrared images were
captured every two min of a yellow H. maori individual while heating.
A. Before heating.

B. 2 min of heating.

C. 4 min of heating.

D. 6 min of heating.

E. 8 min of heating.

F. Photograph

of wētā used

in

this trial.

Temperature of black and yellow coloured dorsal stripes did not differ significantly (P > 0.1) during
heating. Scale shows insect length.

  
Rate  of  heat  gain  and  loss  for  wētā  in  basking  simulation    
As starting ambient temperature (Tamb at start), slope of Tamb during heating (Tamb heating
slope) and slope of Tamb during cooling (Tamb ) did not differ significantly between trials
involving melanic and yellow wētā (P < 0.5), differences in heating/cooling rates were
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examined using slope of wētā heating/cooling, rather than a ratio of Tb/Tamb. Based on
internal abdominal temperatures measured with thermocouples (Table 6.2), melanic
morphs did not gain heat significantly faster than yellow morphs (F1, 20 = 0.081, P = 0.8)
during basking (Figure 6.6A). Rate of heat gain did not differ by sex (F1, 20 = 0.3, P =
0.59). However, mass was a significant covariate with heat gain significantly slower in
heavier wētā (F1, 20 = 5.45, P = 0.03). Cooling rates did not significantly differ between
morphs (F1, 11 = 1.25, P = 0.28) (Figure 6.6B) or by sex (F1, 11 = 3.19, P = 0.15). Mass
was a significant co-variate in rate of heat loss (F1, 11 = 9.35, P = 0.01), with heavier
wētā losing heat slower than lighter wētā.
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Figure 6.6: Heating/cooling slopes showing body temperature of H. maori colour morphs during
basking simulation.
A. Heating slopes for melanic abdominal temperature (Tb) (black line) and yellow abdominal temperature
(Tb) (yellow line). Mean (solid line) ± sem (dotted lines) are shown.
B. Cooling slopes for melanic abdominal temperature (Tb) (black line) and yellow abdominal temperature
(Tb) (yellow line). Mean (solid line) ± sem (dotted lines) are shown.
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Melanic

Yellow

H. maori

H. maori

N

11

13

Mass (g)

3.2 ± 0.2

5 ± 0.4

Wētā starting temperature (C°)

14.4 ± 0.4

14.2 ± 0.3

Ambient starting temperature (C°)

15.6 ± 0.5

15.5 ± 0.4

Wētā heating slope (C° s.-1)

0.012 ± 0.001

0.011 ± 0.0009

Ambient heating slope (C° s.-1)

0.014 ± 0.0007

0.014 ± 0.0009

Wētā cooling slope (C° s.-1)

-0.0073 ± 0.0005

-0.0062 ± 0.0009

Ambient cooling slope (C° s.-1)

-0.0014 ± 0.0006

-0.0012 ± 0.0008

Table 6.2: Heat gain and loss for H. maori colour morphs during basking.
Analysis was performed on data obtained from the first 420 s of heating and for the first 360 s of cooling
after the heat source was removed. Thermocouplers were used to record internal abdominal and ambient
temperatures.

  
Rate  of  heat  gain  and  loss  for  wētā  in  microhabitat  simulation  
As starting ambient temperature (Tamb at start), slope of Tamb during heating (Tamb heating
slope) and slope of Tamb during cooling (Tamb) did not differ significantly in the
microhabitat simulation trials involving melanic and yellow wētā (P < 0.5), differences
in heating/cooling rates were examined using slope of wētā heating/cooling, rather than
a ratio of Tb/Tamb. Based on internal temperature measured with thermocouples (Table
6.3), melanic morphs did not gain heat significantly faster than yellow morphs (F1, 18 =
0.94, P = 0.35) during the microhabitat simulation (Figure 6.7). Heat gain also did not
differ between male and female wētā (F1, 18 = 0.2, P = 0.65). Mass was a significant covariate, with heavier wētā gaining heat slower than lighter wētā (F1, 18 = 4.12, P = 0.04).
Heat loss in the microhabitat simulation did not significantly differ between morphs
(F1, 12 = 1.61, P = 0.22) or between male and female wētā (F1, 12 = 0.46, P = 0.51). Mass
was a significant co-variate, with heavier wētā losing heat slower than lighter wētā
(F1, 12 = 5.39, P = 0.04). Heat loss was significantly slower in wētā in the microhabitat
simulation than for wētā during the basking simulation (t25 = -3.72, P = 0.001).
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Figure 6.7: Heating/cooling plots showing body temperature of H. maori colour morphs during
microhabitat simulation.
Heating/cooling plots for melanic abdominal temperature (Tb) (black line) and yellow abdominal
temperature (Tb) (yellow line). Mean (solid line) ± sem (dotted lines) are shown.
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Melanic

Yellow

H. maori

H. maori

N

11

11

Mass (g)

3.3 ± 0.2

4.7 ± 0.4

Wētā starting temperature (C°)

13.3 ± 0.3

12.7 ± 0.3

Ambient starting temperature (C°)

14.6 ± 0.4

13.5 ± 0.5

Wētā heating slope (C° s.-1)

0.011 ± 0.0006

0.010 ± 0.0005

Ambient heating slope (C° s.-1)

0.011 ± 0.0005

0.010 ± 0.0006

Time to Tamb=25°C

981 ± 32

1031 ± 39

Wētā cooling slope (C° s.-1)

-0.0052 ± 0.0004

-0.0043 ± 0.0003

Ambient cooling slope (C° s.-1)

-0.0045 ± 0.0003

0.0040 ± 0.0002

  
Table 6.3: Heat gain and loss for H. maori colour morphs during microhabitat simulation.
Analysis of heat gain was performed on data from the starting point to the time when ambient
temperature reached 25°C after which the light source was removed. After the heat source was removed,
wētā Tb continued to increase for a short time. Cooling slope was measured from the point when Tb started
to decrease. Total time of experiment was 50 min.

  
Discussion  
  
Rate of heat gain during basking experiments did not vary between morphs, contrary to
expectations under a thermal melanism hypothesis. Instead, mass was the significant
covariate, with heat gain slower in heavier wētā. Rate of heat gain also did not vary
between morphs in the microhabitat simulation where wētā were not directly exposed to
radiative heat. However, this is consistent with expectations as colour should only be an
important consideration in radiative heat gain, not conductive or convective heat gain.
Rate of heat loss in both simulations was also independent of colour, with heavier wētā
losing heat more slowly. Total reflectance (after adjustment to account for the
proportion of dorsal region made up of different colour areas) differed between morphs
by only 2%. While the modelled temperature of melanic wētā was 0.8°C hotter than
yellow wētā when wind speed was 0.1ms-1, this difference was reduced to only 0.1°C
when wind-speed was increased to 8ms-1, the average wind speed at the Rock and Pillar
Range where wētā were collected from. Infra-red images taken during heating found no
differences between differentially coloured areas of wētā, suggesting that the difference
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in reflectance was too small to drive increased heat gain in melanic wētā and that rate of
heating was independent of colour. Therefore, the adaptive mechanism for melanism in
H. maori does not appear to be associated with thermoregulation. Given the positive
association between cuticular melanisation and thermoregulation in many insect species
(Dixon 1972; Brakefield & Willmer 1985; Stewart & Dixon 1989; Forsman 1997;
Ellers & Boggs 2002; Clusella-Trullas & Terblanche 2011), and the visually striking
difference in cuticular colour between melanic and yellow H. maori colour morphs,
these results seem counterintuitive. However, in a review of thermal melanism, 17/31
studies showed no significant difference in heating rates between darker and lighter
coloured insects (Umbers et al. 2013). In the majority of these studies, colour was
determined visually, rather than quantitatively. As reflectance determines the amount of
light (and therefore heat) absorbed, accurate measurements of reflectance can offer
further insight into the relationship between colour and thermoregulation. Ideally,
reflectance should be measured from 300 nm up to 2600 nm to incorporate ultra-violet,
visible and infra-red parts of the spectrum. Most solar energy that reaches the earth’s
surface is between 300 and 1800 nm, with 60% of this energy contained in the nonvisible parts of the spectrum (Gates 1980). Although the role that near infra-red
(NIR) (700—2500 nm) plays in insect thermoregulation has not been extensively
studied, differences in NIR reflectance can influence body temperature (Porter &
Kearney 2009).
Total reflectance (after adjustment to account for the proportion of dorsal region
made up of different colour areas) differed between morphs by only 2%. Differences of
this magnitude of reflectance between dark and lighter coloured insects, including
orthopteran species, have not resulted in more rapid heat gain for darker coloured
insects (Harris et al. 2013a; Umbers et al. 2013). Reflectance of two phases (turquoise
and melanic) of the grasshopper Kosciuscola tristis varied by around 2%, with heat gain
and body temperatures achieved not differing significantly between phases (Umbers et
al. 2013). Colour was also not a significant factor in heat gain in light and dark striped
grasshoppers (Phaulacridium vittatum) that varied in cuticular reflectance by around 23% (Harris et al. 2013a). In taxa where reflectance between melanic and paler
counterparts varied by at least 9%, the rate of heat gain was significantly increased in
melanic individuals. For example, in tenebrionid beetle species with white elytra, that
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had reflectance values at least 15% higher than melanic species (Henwood 1975), white
beetles had significantly lower abdominal temperatures than melanic species (Edney
1971). The rate of heat gain in comparisons between melanic and wild-type lizard
colour morphs (Tiliqua scincoide), that differed in reflectance by 7.5%, were not
significantly different (Geen and Johnston 2014) but both gained heat significantly
faster than albino individuals (measured reflectance 2%, 10% and 56% in melanistic,
wild-type and albino individuals respectively). Similarily, melanic lizards with a
reflectance of 6.1% gained heat significantly faster than non-melanistic lizards with a
reflectance of 15.2% (Clusella-Trullas et al. 2009). Therefore, a difference in
reflectance of only 2% between H. maori morphs may not be enough to drive faster
heating in melanic morphs.
Rate of heat gain in wētā during the microhabitat simulation was also
independent of colour, with heavier wētā gaining heat slower than lighter wētā.
Thermoregulation can occur during an individuals’ inactive period, influenced by
choice of retreat site, the position that it chooses and the posture it adopts (Kearney
2002). The temperature range that H. maori is exposed to varies significantly, from
-6°C in winter to above 40°C in summer (Ramløv 1999). Microhabitat choice is likely
an important consideration for H. maori, with rocks varying in thickness, exposure and
orientation allowing wētā to explore different thermal opportunities (Rock et al. 2000).
Hemideina maori prefer to utilize galleries under larger rocks, that either afford enough
room to accommodate a large insect or alternatively provide a more stable microclimate
and/or allow variety in microclimates (Sinclair et al. 2001).
Posture and positioning can also influence heat gain (Whitman 1987) and heat
loss (Keyser et al. 2015). Position and posture of wētā during basking and microhabitat
simulations were controlled for as wētā were narcotized to allow insertion of the
thermocouple and prevent movement during the trial. While this ensured consistency in
the posture and positioning of wētā, treatment with CO2 also eliminated any chance for
wētā to thermoregulate by either changing their behaviour or posture (i.e by pressing
abdomen or dorsal surface against tiles). Treatment with CO2 repressed the metabolic
rate of most insects (Carpenter et al. 2001), while Drosophila exposed to CO2 have
altered physiological processes (Nilson et al. 2006; Milton & Partridge 2008) and
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metabolic modifications (Colinet & Renault 2012). However, the effect CO2 has on heat
gain and heat loss in insects has not been quantified.
Cooling rates were significantly slower in the microhabitat simulation than in
basking wētā. This is probably due to the microhabitat study taking place in a more
closed environment where differences in airflow were more controlled compared to the
basking simulation that was performed in a more open environment. Heat loss can be
significantly increased via wind-mediated convection (Turner & Lombard, 1990,
Umbers et al. 2013). Wētā potentially choose microhabitat sites that minimize heat loss
via wind-mediated convection. Wind-speed in the Rock and Pillar Range, where wētā
were collected from, averages 8 ms-1 (Peat & Patrick 2002) with winds of this strength
likely to quickly negate any potential thermal benefits experienced by melanic morphs.
This was shown by the steady state modelling where a wind-speed of 8 ms-1 reduced
differences between morphs to only 0.1°C, compared to the 0.8°C difference between
morphs when wind-speed was 0.1 ms-1 (Figure 6.4).
Although incandescent bulbs have been used to test thermal melanism in both
insects (Punzalan et al. 2008; Hegna et al. 2013) and reptiles (Geen et al. 2014), ideally
thermoregulation studies would be performed on live animals in natural light and in a
natural habitat. By performing this study in a laboratory setting using artificial light, we
were able to control for compounding factors such as cloud interference and convection.
As wētā gained heat during the experiment, the light source used appears sufficient to
allow conclusions about thermal melanism to be made. However, artificial lights are
likely missing low wavelength components so results may differ from experiments
conducted under natural light.
Melanic insects that heat more rapidly than lighter coloured often prefer higher
temperatures (Harris et al. 2013b). This may reflect that melanic insects maintain a
higher average temperature compared to lighter coloured insects. In contrast, the
selected temperature for both H. maori colour morphs did not differ (Robb et al. 2004),
suggesting that morphs do not maintain significantly different body temperatures.
Hemideina maori (of both morphs) had a preference for temperatures lower than 20°C,
with temperatures between 5°C to 8°C being most favoured (Rock et al. 2002). Basking
appears to be rare in H. maori, and as only radiative heat should affect differences in
heat gain between colour morphs, likely rules out any selective advantage in quicker
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heat gain for melanic wētā. Being too hot may have negative consequences for a coldadapted insect like H. maori that has a preference for lower temperatures (Rock et al.
2002).
  
Conclusion  
Thermal melanism appears unlikely to be the major selective factor maintaining
melanism in H. maori. Abdominal temperatures did not differ between colour morphs
when basking, with mass being the significant co-variate. No difference in heat gain
between morphs was observed in a microhabitat simulation, with mass again being the
significant co-variate. Thermoregulation in ectotherms is often behavioural but it is not
known if (or how) H. maori modifies its behaviour to maximize thermoregulatory
opportunities. For example, H. maori may bask more than assumed, as was the case in a
gecko previously thought to be exclusively nocturnal (Gibson et al. 2015). However, it
is more likely that H. maori modifies its behaviour during its inactive period,
maximizing thermoregulatory opportunities by exploring different thermal niches in its
microhabitat.
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Craigieburn Range, Canterbury.
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Chapter  7:  General  Discussion  
  
The goals of this project were to use genetic markers to examine the phylogeography of
H. maori, to investigate the relationship between H. maori and H. ricta and to determine
whether melanism arose once or multiple times in H. maori. We also investigated the
melanisation-desiccation resistance using colour morphs of H. maori and compared
water loss in alpine species to lowland counterparts, to see if decreased water loss was
associated with alpine adaptation. Finally, we tested the thermal melanism hypothesis
that has been associated with melanism in other insect species, using colour morphs of
H. maori.
  

Summary    
Wētā  persisted  in  microrefugia  during  glacial  events  
Repeated glacial cycling has had different impacts on the phylogeography of many New
Zealand taxa, with some taxa showing deep north/south phylogeographical splits
(Wallis & Trewick 2001; Neiman & Lively 2004; Leschen et al. 2008; Wallis &
Trewick 2009 McCulloch et al. 2010; Dussex et al. 2014; Weston & Robertson 2015),
consistent with local extinctions from heavily glaciated regions and subsequent
recolonisation of these areas (biotic gap) from northern/southern refugia. Other taxa
however appeared to have persisted in micro-refugia in or alongside heavily glaciated
regions even during glacial periods (Trewick et al. 2000; Buckley et al. 2001a; Leschen
& Michaux 2005; Hill et al. 2009;	
   McCulloch et al. 2010, Seago & Leschen 2011). We
found high levels of mtDNA (COI) and nuDNA divergence in H. maori that suggests
that wētā persisted in microrefugia within and alongside the biotic gap and that the
impact of glaciation on the distribution of H. maori was localised. Divergence of alpine
wētā was estimated to date to about 3 Ma, consistent with speciation promoted by
Pliocene mountain building as seen in other alpine taxa (Trewick 2001; Trewick &
Wallis 2001; Lockhart et al. 2001; Heenan & Mitchell 2003; Trewick & MorganRichards 2004; Chinn & Gemmell 2004; Trewick 2007) with subsequent Pleistocene
glaciation shaping intra-specific population structure. This shows that the effect of
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glaciation varies significantly among New Zealand taxa and highlights how similar
processes can result in quite different phylogeographic structure, depending on the
characteristics of the study organism.
Apparent   introgression   of   Hemideina   maori   mitochondrial   DNA   into  
Hemideina  ricta  
We also used mtDNA and nuDNA to examine the relationship between H. maori and H.
ricta. Consistent with previous studies (King et al, 2003), H. ricta mtDNA grouped
with Canterbury H. maori mtDNA. This pattern was not observed when nuDNA was
considered. Hemideina ricta nuDNA formed a distinct group from H. maori, in
particular Canterbury H. maori. Mito-nuclear discordance suggests that H. maori
mtDNA has introgressed into H. ricta, with two possible ancestral introgression events
dated to the Pleistocene. Under a strict biological species concept, the species status of
H. ricta would be questioned. However, under a phylogenetic species concept, H. ricta
can still be considered a good species, due to differences in nuDNA and two
morphological characters that differ from H. maori (Morgan-Richards & Gibbs 2001).
This has implications for the conservation of H. ricta, the rarest and most rangerestricted tree wētā species. Although morphology suggests that H. maori is a cohesive
species, Canterbury H. maori and Southern H. maori were divergent for both nuDNA
and mtDNA markers, with an especially high degree of mtDNA sequence divergence.
However, high mtDNA sequence diversity has also been reported for H. thoracica
(Morgan-Richards et al. 2001) and H. crassidens (Bulgarella et al. 2014) and may be a
feature of Hemideina, with simple mate recognition systems preventing speciation, even
between highly differentiated populations. Further evaluation of this divergence
between Canterbury and southern H. maori may be a rewarding focus for future
research.
Repeated,  convergent  evolution  of  melanism  in  H.  maori  
We found that melanism occurred sporadically in seven out of nine mtDNA groups and
all three nuDNA groups. Ancestral character state reconstructions suggested that nonmelanic was the ancestral cuticular colour and that melanism has evolved repeatedly.
Convergent evolution of melanism is likely driven by selection, although the selective

156

Chapter 7: General Discussion

factor(s) driving the repeated evolution of melanism are unknown. The altitudinal
distribution of morphs (melanics generally found at lower elevations than yellow
morphs) is inconsistent with either thermal melanism or the melanisation-desiccation
resistance hypothesis (despite melanic wētā losing less water through their cuticle than
yellow morphs (King & Sinclair 2015), while being nocturnal would appear to rule out
thermal melanism or protection from UV radiation as selective factors. We suggest that
crypsis or immune function appear the two most likely selective factors that promote
repeated, convergent evolution in H. maori, although no strong support for either has
been found. No polymorphisms segregated with colour in three melanism candidate
genes. However, as genes in the melanisation bio-synthesis pathway play pleiotropic
roles, melanism is likely caused by changes in expression and regulation in genes, rather
than by changes in coding sequence, so this was perhaps not an unexpected result.
Support   for   the   melanisation-desiccation   resistance   hypothesis   and  
reduction  in  water  loss  associated  with  alpine  adaptation    
We compared water loss between alpine and lowland Hemideina species and used
melanic and yellow H. maori colour morphs to test the melanisation desiccationresistance and thermal melanism hypotheses. We found support for decreased water loss
and increased desiccation tolerance via reduction in several water loss parameters
including total water loss, molar ratio of V" H2O:V" CO2, cuticular water loss and
respiratory water loss significantly in alpine species compared to lowland species. Such
differences probably represent physiological changes that allowed montane wētā to
adapt to a more desiccating environment than their lowland counterparts, whose
environment is less harsh and where the challenges associated with water retention are
reduced. Cuticular water loss (CWL) was reduced in melanic H. maori morphs when
compared to yellow morphs. This finding supports the melanisation-desiccation
resistance hypothesis previously tested predominantly in Drosophila. Total water loss
was significantly less in melanic morphs than yellow morphs, driven by a decrease in
CWL. This difference was also observed between colour morphs after cuticular
hydrocarbon (CHCs) removal, showing that both CHCs and cuticular melanisation play
roles in reducing water loss in wētā. However, as stated above, the altitudinal
distribution of melanic morphs differs from expectations under the melanisation-
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desiccation resistance hypothesis, with decreased water loss rates possibly a pleiotropic
effect of another factor(s), i.e. crypsis, immune function that drives melanism in H.
maori.
  
Comparison  of  heating  rates  between  colour  morphs  of  Hemideina  maori  
did  not  support  the  thermal  melanism  hypothesis    
We also tested the   thermal melanism hypothesis using melanic and yellow colour
morphs of H. maori. Thermal melanism appears unlikely to be the major selective factor
maintaining melanism in H. maori. Abdominal temperatures did not differ between
colour morphs when basking, with mass being the significant co-variate. No difference
in heat gain between morphs was observed in a microhabitat simulation, with mass
again being the significant co-variate. Heat loss, as expected, was independent of colour
during both basking and microhabitat simulations. Despite a striking visual difference in
colour, reflectance of colour morphs varied by less than 5% when measured using a
spectrometer. Presumably, this small difference was not large enough to drive
differential rates of heating between colour morphs. This was also apparent when infrared images of basking wētā were analysed, with no difference in temperature between
different coloured-areas of wētā abdomen.
  

Future  research  
  
Potentially  informative  sampling  sites    
The phylogeographic structure of a species as a whole is usually extrapolated from
genetic data from specimens collected from a limited number of sites. Although we
sampled from many sites, there are still gaps in sampling that are perhaps inevitable
when trying to collect samples from alpine areas with limited accessability. The largest
gap was between Mount St. Patrick (SP)/Jacks Pass (JP), the two most northern sites
near Hanmer Springs, to Broken River ski-field (BR) about 110 km away. While wētā
have been reported previously in this gap, two unsuccessful field-trips failed to find any
wētā. SP and JP was grouped with BR by BAPS for both nuDNA (k = 3) and for
mtDNA (k = 8), suggesting that any wētā collected from this area would have likely
grouped with other North Canterbury wētā. Similarily, there is a gap in Central Otago,
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where wētā have been previously reported but were not found during sampling fieldtrips. Further collecting could focus on finding populations that fill these gaps.
Two other sites where wētā have been reported but were not found on collecting
trips that would have been potentially informative were the Danseys Pass area and the
Thompson Mountains. The site SM lies about ~20 km to the north-east of Danseys Pass,
with the ~2000 m St Mary Range separating the two. SM grouped with southern wētā
for nuDNA but with wētā from central South Island for mtDNA and it would have been
informative to see how wētā from Dansey’s Pass grouped. The expectation would be
that Dansey’s Pass wētā grouped with other Otago wētā for both mtDNA and muDNA,
with the St Marys Range a geographical barrier limiting gene flow between Danseys
Pass area wētā and wētā from SM. Wētā have also been reported under the tree-line in
the Thomson Mountains (T. Jewell pers. comm.). This population is geographically
isolated while its persistence in the presence of mammalian predators under the tree-line
is atypical. Wētā were not found on a short sampling field-trip into the Thomson
Mountains but the unusual aspects of this population warrants further investigation at
some stage.
Two other sites of interest were LP (Little Peel Forest) and the relatively lowelevation islands on Lake Wanaka, Mou Tapu and Mou Waho (sites MT and MW). The
one sample collected from LP had a divergent mtDNA haplotype that separated from
other Canterbury wētā around 2 million years ago. More samples from this area would
be informative, especially as the region may have acted as a local refugium. Wētā of
both colour morphs are found on mammalian-predator free Mou Tapu and Mou where
H. maori live under rocks in forest, although juveniles have been reported under skirts
of cabbage-trees. These wētā may represent a relict lowland population that survived in
situ due to the absence of novel mammalian predators, and that at least on Mou Tapu,
suffered little habitat modification. Wanaka wētā may have behavioural or ecological
differences from typical sub-montane and montane wētā.
Alternatives  to  amplicon  based  approach  
We used an amplicon based approach in this project to examine phylogeographic
structure provided by nuDNA that allowed us to compare over 4000 bp among samples.
However, techniques like ddRADseq (Peterson et al. 2012) and reduced representation
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libraries (Davey et al. 2011; Lemmon & Lemmon 2013) allow the generation of
hundreds or even thousands of single nucleotide polymorphisms (SNPs) that would
have provided potentially greate resolution. We did attempt to perform dd-RADseq, but
did not obtain useful results. Aside from some technicial issues, two other factors may
have acted against a successful deployment of this technique. First, the genome size of
H. maori is large (7.0—8.8 GB) (Appendix 2), with variation in genome size possibly
due to sex differences. The sex chromosomes of Hemideina are large (Morgan-Richards
1997), with the sex chromosomes paired in females (XX) and single in males (XO),
meaning the genomes of males may be smaller. Second, wētā genomes appear to have a
high proportion of transposable elements (M Morgan-Richards, pers, comm.) that will
complicate analysis. For these reasons, amplicon-based approaches, while potentially
less powerful, may be more effective in species with large genomes with a high degree
of repeatable elements than approaches like ddRADseq.
Environmental  niche  modelling  
We used environmental niche modelling using current climate data, to estimate the
distribution of H. maori. Using current location data without understanding or having
any knowledge of past species distribution and how they have changed over time could
led to a biased distribution model. For example, populations of H. maori found on
relatively low elevation, rat-free islands, are potentially indicative that the current, predominantly montane distribution of the species is not representative of its pre-human
distribution, as seen in several species of New Zealand birds (Trewick & Worthy 2001;
Powlesland et al. 2006; Dussex et al. 2015). Instead, H. maori’s current distribution
may reflect its vulnerability to introduced mammalian predators. By only using current
climate data and what may amount to relict population localities, we may be skewing
the results and under-estimating the natural distribution of the species. Inclusion of
biotic factors can improve ENMs (de Araújo et al. 2013) but are not easily mapped onto
geographical space; therefore few studies have incorporated biotic factors into models
(de Araújo et al. 2013). Processes like competitive exclusion (Wisz et al. 2012;
Bulgarella et al. 2014) or predator-prey relationships (de Araújo et al. 2013) can affect
the distribution of species. Models may underestimate or overestimate distribution, or
accurately predict where species can be successfully introduced or become invasive. For
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example, the modelled distribution of H. crassidens did not include areas around
Dunedin (Bulgarella et al. 2014), although an introduced population of H. crassidens
has become established in the city (Harris 2004). Inclusion of climatic data from the
LGM would also be informative following an approach used by Buckley et al. 2009,
who performed an ENM using LGM projections
Evaluating   functional   significance   of   introgression   of   Hemideina   maori  
mitochondrial  DNA  into  Hemideina  ricta    
Hemideina ricta should be treated as a separate species from H. maori due to genetic
and morphological differences. However, the two species are closely related and H.
maori mtDNA appears to have completely introgressed into H. ricta, possibly on two
separate occasions dating to the Pleistocene. Mitochondrial DNA of two H. ricta
individuals from the western part of Banks Peninsula grouped more closely with North
Canterbury H. maori than with other H. ricta. This is unlikely to be the result of book
error as the haplotype in these individuals was still distinct from any of the North
Canterbury haplotypes. More sampling from wētā in this region could be informative. If
samples with similar haplotypes to the two west Banks Peninsula wētā or if haplotypes
that were even more H. maori-like were found, this would support our conclusion of
mtDNA introgression via repeated invasion of Banks Peninsula by H. maori.
One difficulty with this conclusion is the current allopatric distribution of the two
species. We have suggested that contact between the two species occurred during
glacial periods when the range of cold-tolerant H. maori likely expanded. This could be
tested by performing an ENM using LGM projections (Buckley et al. 2009),
notwithstanding potential issues to the use of ENM in this instance (see above). If
models do show that the two species were sympatric, we also then need to assume that
hybridisation produced fully inter-fertile offspring. Hybridisation potential could be
tested by performing crosses and examining the fitness, viability and fertility of F1, F2,
and backcross animals. Matings between the two species have not been tried in
captivity. Four of five parapatric species combinations mated in captivity (MorganRichards et al. 2001), although resulting hybrids appeared to be largely infertile
(Morgan-Richards et al. 2001; Mckean 2014). Therefore, given the close relationship
between H. maori and H. ricta, it would be expected that H. maori and H. ricta would
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be receptive to inter-specific mating.
Introgression of H. maori mtDNA into H. ricta suggests that H. maori mtDNA
could have been selected for, possibly due to improved performance in lower
temperatures. Future research could examine whether H. ricta/H. maori mtDNA
outperforms mtDNA of lowland Hemideina species at colder temperatures.
Comparisons could focus on H. femorata, sympatric with H. ricta on Banks Peninsula.
The metabolic rate of H. ricta/H. maori (estimated from V̇CO2) was higher than the
corresponding value for H. femorata (King & Sinclair 2015). This could be due to
mutations in H. ricta/H. maori mtDNA and could be tested by comparing respiration in
isolated whole mitochondrial preparations (Scott et al. 2009) from H. ricta/H. maori
and H. femorata at different thermal regimes. In conjunction with this, if there were
differences in respiration, could mutations in H. ricta/H. maori mtDNA be identified
that are associated with increased fitness in colder temperatures (Dalziel et al. 2009;
Scott et al. 2011; Boratyński et al. 2014)? Alternatively, increased metabolic rate in H.
maori/H. ricta could be associated with increased number of mitochondria per cell
(Mathieu-Costello et al. 1998), associated with mitochondria distribution within cells
(Scott et al. 2009) or not be associated with mitochondria at all.
An increase in metabolic rate in alpine wētā is consistent with metabolic cold
adaptation (MCA) (Clarke 1993), where species from colder climates have elevated
metabolism compared with species from warmer climates. Raised metabolic rate might
be a consequence of shorter growing seasons and colder temperatures (Chappell 1982)
or an adaptation to lower temperatures found at higher elevation (Hadley & Massion
1985). Future studies could compare the metabolic rate of montane H. maori with either
H. maori from lower elevations i.e. Mou Tapu/Mou Waho or with H. maori reared at
low elevation. This could show whether increased metabolic rate in montane wētā is a
consequence of physiological variation and adaptation to elevation, or is an ancestral
feature in montane wētā that facilitated alpine colonisation. Metabolic rate did not differ
between low (150 m asl) and higher elevation (500–1000 m asl) populations of H.
crassidens and H. thoracica (Bulgarella et al. 2015; Minards et al. 2014). In H.
crassidens, high-elevation individuals grow quicker and achieved larger sizes while
maintaining metabolic rates at levels not significantly different from low-elevation
individuals (Bulgarella et al. 2015). Morphological differentiation, in concert with
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genetic variation, was suggested to allow H. crassidens to adapt to changing conditions.
  
What  is  driving  convergent  evolution  of  melanism  in  H.  maori?  
The question of what selective factors are behind repeated, convergent evolution of
melanism in H. maori is still unresolved. The two colour morphs, at least on the Rock
and Pillar Range, meet around where the original forest ecotone is believed to have
existed (G.P. Wallis pers. comm.). If this is biologically significant, rather than
coincidental, melanism could be the result of a trade-off between phenotypes that are
adaptive in one environment (crypsis in individuals found below or near the putative
tree-line) but maladaptive in another. Melanin is costly to produce (Mattson 1980),
particularly in large insects that live in resource-limited areas and is used in other
functions i.e. immunity (Boman & Hultmark 1987, St. Leger et al. 1988,	
   Nappi et al.
2009 Dubovskiy et al. 2013, Kacsoh et al. 2014; Vanha-aho et al. 2015). This may
result in a trade-off between cuticular melanism and immune response (Talloen et al.
2003).   This outcome would suggest that melanin plays a role analogous to that of
carotenoids in birds, where it has been shown that carotenoids are limited and
competitively allocated between plumage color and immune function (Baeta et al.
2008).
Non-melanic H. maori had higher rates of melanotic encapsulation than melanic
individuals (Robb et al. 2003), fitting with the hypothesis that non-melanic individuals
have more “free” melanin than melanic individuals. Other tests of the immune system
could be performed to see if they differ between colour morphs. For example,
phenoloxidase activity in both colour morphs could be measured, both before and after
wētā are challenged with an internally inserted foreign object, e.g Sephadex bead (as
done in Robb et al. 2003). Phenoloxidase, a precursor in the melanisation bio-synthesis
pathway, is involved in numerous physiological processes, including immunity, wound
healing and haemolymph clotting (reviewed in Lu et al. 2014), with trade-offs between
darker cuticles and phenoloxidase activity (immune function) reported (Cotter et al.
2008).
Melanism in wētā that lived below the old tree-line may have been driven by
predation by nocturnal, ground hunting visual predators like owls. Owls can
discriminate between dark and light prey at night (Dice & Blossom 1937; Dice 1947).
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Ruru (Ninox novaseelandiae),   New Zealand’s only extant native owl, prey on
Hemideina species (Haw & Clout 1999). Ruru hunt using both visual and auditory cues,
with prey taken in flight, from trees or on the ground (Higgins 1999).  Ruru have been
noted to fly lower/spend more time on the ground earlier in the night and fly higher to
use moonlight later in the night (K. Denny pers. comm.). While ruru are relatively
newcomers to New Zealand (Trewick & Gibb 2010), the diet of the now-extinct
laughing owl (Sceloglaux albifacies)  likely included wētā (although no wētā sub-fossils
were reported from laughing owl middens (Worthy & Holdaway 1996; Worthy 1997; T.
Worthy pers. comm.). Laughing owl have been described as being a ground feeder in
open ground hunting in or around rocky areas, either in open country or at the margins
of scrub or forest (Williams & Harrison, 1972), a description that could have
implications for melanism in wētā that lived near the margins of scrub or forest.    
  

Avian predation could be tested using models of melanic and yellow morphs

(Vignieri et al. 2010). Captive populations of ruru (there are at least two captive
populations in New Zealand (I. Castro pers. comm.) could be used to test levels of
predation on different colour morphs. Captive populations would be used for two
reasons. The first is that wild ruru can be difficult to observe at night (K. Denny pers.
comm.) and secondly, mammalian predators could interfere with the study, something
that would be less of an issue with captive birds.   
  
Molecular  basis  of  melanism  
We looked at the coding sequence of three candidate melanism genes (ebony, Ddc and
black) but did not find any polymorphisms that segregated with colour in these genes.
However as genes in the melanisation bio-synthesis pathway play pleiotropic roles,
melanism is likely caused by changes in expression and regulation in genes, rather than
by changes in coding sequence. Therefore, rather than employing a candidate gene
approach and looking for mutations that segregate with colour, a transcriptome
approach that can identify genes that are differentially expressed between morphs may
be more informative (Nie et al. 2014). Appropriate selection of tissue, developmental
stage and timing of RNA collection will be crucial, as melanin-related genes may not be
expressed all the time, in all developmental stages, even in the integument. In H. maori,
melanin pigments are deposited at the junction of the epicuticle and exocuticle (Hadley
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1989). Collection of tissue immediately after moulting may be optimal with most
moulting in H. maori occurring in summer, and in particular January (Leisnham et al.
2003). Melanin production may also be able to be chemically induced (Tanaka 2003),
although this may modify gene expression in unexpected ways.
  
Melanisation-desiccation   resistance   hypothesis   and   alpine   adaptation  
Cuticular water loss was significantly reduced in melanic H. maori colour morphs when
compared to yellow morphs offering support for the melanisation-desiccation resistance
hyothesis. Cuticular colour variation has also been noted in Deinacrida connectens, the
giant scree wētā, ranging from blue-grey to black (Morgan-Richards & Gibbs 1996).
This species shares a similar distribution to H. maori, although is usually found at
higher elevations (>1500 m a.s.l) than H. maori (Morgan-Richards & Gibbs 1996).
Colour variants of this species could also be used to test the melanisation-desiccation
resistance hyothesis.
We also found that montane and lowland Hemideina differed in water loss
parameters, with water loss significantly reduced in alpine wētā, possibly as a
consequence of alpine adaptation. Several New Zealand invertebrate groups, including
giant wētā (Deinacrida) (Trewick and Morgan-Richards 2004), grasshoppers (Trewick
2008), cicadas (Buckley and Simon 2007), stick insects (Buckley et al. 2010) and
cockroaches (Chinn and Gemmell, 2004), include lowland and montane species,
representing multiple, independent colonisations of New Zealand’s montane zone.
Further analyses of physiological differences, including metabolic rate and resistance to
desiccation, using lowland and montane species pairs as the unit of replication, would
offer further insight into the evolution of montane physiology and would allow
physiological differences to be somewhat decoupled from phylogeny.   
We also found that CHCs play a crucial role in limiting water loss. Increased
CHC quantity, longer lipid chain length, insertion of a methyl branch or ester link, and
unsaturation of cuticular lipids have all been shown to reduce cuticular permeability
(Gibbs & Pomonis 1995; Gibbs 1998; Rourke & Gibbs 1999). The CHCs of montane
and lowland Hemideina have not been compared and such comparisons may offer
insight into how CHCs function to reduce cuticular water loss in montane wētā.  
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Thermal  melanism  
Colour did not significantly effect rate of heat gain in both basking and microhabitat
simulations (Chapter 6). By performing these experiments in a laboratory setting using
artificial light, we were able to control for compounding factors such as cloud
interference and convection. We were also limited by the equipment and methodology
used that could not be replicated in the field. However, artificial light does not contain
the full spectrum that natural light covers. Due to this, it would be beneficial to perform
similar experiments under natural light. Temperature of melanic and yellow morphs
could be taken in the field using hand-held digital thermometers in areas where morphs
are sympatric, i.e. around Picnic Rock on the Rock and Pillar Range (G.P. Wallis pers.
comm.) or on Lake Wanaka islands. Measurements could be taken from insects
immediately after being collected from galleries (microhabitat simulation) or after
allowing wētā to bask, although wētā would have to be constrained to prevent escape
during basking trials (Umbers et al. 2013).
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Collecting on Mou Tapu, Lake Wanaka, Otago.
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Supplementary  Figures  
	
  

	
  
Supplementary Figure S1: Admixture analysis of H. maori using nuDNA data set.
BAPS was used to perform an admixture analysis. Colours refer to groups individual wētā were
assigned to by BAPS. Some admixture was seen, particular within the central South Island (Nu2) and
also notably at SP (the northern-most site which shows admixture with the souther-most group Nu3).
A. Admixture using complete nuDNA data set.
B.   Admixture using only coding markers from the nuDNA data set.
C.   Admixture using only non-coding markers from the nuDNA data set.
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Supplementary Figure S2: Principal coordinate analysis performed on mtDNA and nuDNA
data sets.
Each sample was used as a data point. Coloured circles and names correspond to mtDNA and nuDNA
groups assigned by BAPS.
A.

Principal coordinate analysis for the mtDNA data-set.

B.

Principal coordinate analysis for the nuDNA data-set.
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Supplementary Figure S3: Ancestral character states for cuticle colour reconstructed using
maximum likelihood.
Wētā were assigned as either melanic or non-melanic. Ancestral character reconstruction methods were
performed in Mesquite 1.12 using a Bayesian phylogeny implemented in BEAST v 1.8 using the mtDNA
data set.
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Sampling localities
Mount Saint Patrick

Site
identifier
SP

Latitude
(S°)
42.4417

Longitude
(E°)
172.7440

Altitude
(m asl)
1343-1561

N

Habitat

4

Scree

Jacks Pass

JP

42.4749

172.8215

902

1

Scree

Broken River ski-field,

BR

43.1240

171.6848

1572-1635

7

Scree

GP

43.1627

171.4059

583

7

Riverflat

FP

43.2905

171.7455

1022-1295

5

Scree

MH

43.497

171.5395

1559-1573

7

Scree

MS

43.6118

171.3160

930-942

2

Rocky out-

Craigieburn Range
Boundary Stream,
Wilberforce Valley
Foggy Peak,
Torlesse Range
Mount Hutt ski-field,
Mount Hutt
Woolshed Creek ridge,
Mount Somers

crops

Haketere-Heron Road

HT

43.5877

171.1666

621-643

6

Washout plain

Caroline Stream,
Rangitata River trib.
Bush Stream,
Rangitata River trib.
Little Mt Peel

CS

43.5163

170.8652

583

4

Riverflat

BS

43.6230

170.8785

523

7

Riverflat

LP

43.8700

171.2175

1186

1

Scree

Kea Point, Mount Cook

KP

43.7108

170.0845

930

3

Rocky outcrops

Tasman Glacier car-park

TG

43.6989

170.1636

727

4

Riverflat

Confluence Hooker and
Tasman Rivers
Glentanner

HC

43.7406

170.1296

684

7

Riverflat

GT

43.8944

170.1130

546-564

4

Riverflat

Peters Lookout,
Lake Pukaki
Ohau ski-field,
Ohau Range

PL

44.0418

170.1327

570

9

Riverflat

OH

44.2207

169.7779

1640

4

Scree/
Rocky outcrops

Coal Creek, Lake Tekapo

CC

43.7862

170.5727

730

7

Riverflat

Mount Dobson ski-field,
Mount Dobson
Hakataramea Pass

DB

43.9424

170.6617

1756-1781

5

Scree

HK

44.3105

170.5706

854-857

4

Riverflat

Awakino ski-field,
St Marys Range
Saint Bathans Range

SM

44.7789

170.3236

1260-1481

3

Scree

SB

44.7595

169.8283

1380

2

Scree

Northern Dunstan Range

ND

44.8981

169.6533

1130

3

Rocky outcrops
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Mou Waho,
Lake Wanaka

MW

44.5550

169.0817

427-459

5

Rocky outcrops

Mou Tapu,
Lake Wanaka

MT

Ida Range

ID

44.9533

170.0029

786-859

4

Scree

Northern site,
Rock and Pillar Range
Big Hut,
Rock and Pillar Range
Museum Rock,
Rock and Pillar Range
MacPhees Rock,
Rock and Pillar Range
Lammermoor Range

NR

45.3364

170.1336

1240-1275

7

Rocky outcrops

BH

45.4362

170.0745

1341-1343

6

Rocky outcrops

MU

45.4596

170.0488

1364-1375

6

Rocky outcrops

MP

45.4710

169.9918

1125-1275

10

Rocky outcrops

LM

45.6415

169.7935

1126-1141

4

Rocky outcrops

Black Umbrella Range

BU

45.6649

169.0308

1082-1179

6

Rocky outcrops

/forest
44.6088

169.0504

297-345

5

Rocky outcrops
/forest

Supplementary Table S1: Sampling localities with site information.
Name of sampling location, site identifier, latitude (S°) /longitude (E°), elevation (m asl), N (number
collected) and type of habitat are described.

Primer name

5′ - 3′  sequence

Source

LCO1490

GGTCAACAAATCATAAA GATATTGG

Folmer et al. 1994

H7005

CCGGATCCACNACRTARTANGTRTCRTG

Hafner et al. 1994

jgLCO1490

TITCIACIAAYCAYAARGAYATTGG

Geller et al. 2013

jerry

CAACAYTTATTTTGATTTTTTGG

Simon et al. 1994

jgHCO2198

TAIACYTCIGGRTGICCRAARAAYCA

Geller et al. 2013

H7005 mod1

ARTGNGCNACNACRTARTANGTRTCRTG

Donald et al. 2005

Supplementary Table S2: Primers used to amplify COI mtDNA.
Primer names, primer sequence and source of primer are shown.
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Contig

Primer name

5′- 3′  sequence

comp44165_c5_seq9

UTR1-F

TCAAATGACCCTTTCCTCCA

comp44165_c5_seq9

UTR1-R

GGGTTGAACCTTGCTTCATT

comp44456_c0_seq1

UTR2-F

TCTTTCTGCCCACCCATTAG

comp44456_c0_seq1

UTR2-R

TTGAGCCCTCGAAGTAGCAT

comp42153_c0_seq1

UTR3-F

TGCAAGTTGTTTGGGATGAA

comp42153_c0_seq1

UTR3-R

TTCATGGTAGGGAGCAAACC

comp38960_c0_seq1

UTR4-F

CATGCCACTTCGTCGAGAT

comp38960_c0_seq1

UTR4-R

GAATGTCAGTCCCGCTTGTT

comp43656_c0_seq3

UTR5-F

ACGAAATAGGGATCTTTTTGC

comp43656_c0_seq3

UTR5-R

AAACAAAAAGGAGGGAAGGAA

comp43542_c1_seq1

UTR6-F

TCTCCTTCATTTCCATGAATGTT

comp43542_c1_seq1

UTR6-R

ATAAGCAAAGGCTGCAATGG

comp43056_c0_seq24

UTR7-F

TGAATCGACACATTCAAACACA

comp43056_c0_seq24

UTR7-R

GACAGGAACTGGTCCCTCAA

comp43731_c0_seq7

UTR8-F

CAGCACCACAACTCTTGGAA

comp43731_c0_seq7

UTR8-R

TCGGCACTTTGTAACACTCG

comp42129_c0_seq1

UTR9-F

GCATCCAGTCACGAAACAAA

comp42129_c0_seq1

UTR9-R

ACCCACAACAATGCACAAAA

comp40722_c0_seq3

UTR10-F

TAGGCAACCGCTAGGGACTA

comp40722_c0_seq3

UTR10-R

CCATCCCAAATTCACTTCCA

comp41254_c0_seq2

UTR11-F

TGTTGCTTGCGCTCTGTTAC

comp41254_c0_seq2

UTR11-R

AACTCGCACTGCCTCTGAAT

comp41108_c0_seq2

UTR12-F

GACTGCCAAAGAAGAGCCTTT

comp41108_c0_seq2

UTR12-R

CAATAGCCAGGAGCAAATCC

comp41927_c0_seq6

UTR13-F

TGGTTCCCTAGATGCAGTTTG

comp41927_c0_seq6

UTR13-R

GGAGGCATGAAGATGACGTT

comp40051_c0_seq3

UTR14-F

CCGAAAAGAGATTTTTGAACG

comp40051_c0_seq3

UTR14-R

TGGGGAAAGCACTCCATTTA

comp39776_c0_seq3

UTR17-F

CCTGACAAAACTTTGACCACTG

comp39776_c0_seq3

UTR17-R

TTGCAACAGGCCATAAATGT

222

Supplementary Information

comp43076_c0_seq1

UTR18-F

TCAAGTCGGTGTGTTTTGGA

comp43076_c0_seq1

UTR18-R

TCCTCAATACCAAGGAAGGCTA

comp39683_c0_seq3

UTR21-F

AAGGGCACAGGACTCAGAGA

comp39683_c0_seq3

UTR21-R

GAGTTGGTTCCCAATGCTGT

comp40042_c0_seq2

UTR22-F

TTTGTTGGCACTGTGAAGGA

comp40042_c0_seq2

UTR22-R

CGAAAGCTTGGCGTTAAAAG

comp43383_c1_seq1

UTR25-F

CCGTTGTGTGCAGCTAGTTA

comp43383_c1_seq1

UTR25-R

CAAGGACATATGACACTTTCAGG

Supplementary Table S3: Contig, primer name and primer sequence designed to amplify 3′ UTRs.
Primers were designed from transcriptome data to amplify 3′   UTRs. Amplicons were designed to be
approximately 500 bp in length. Transcriptome data was supplied by Victoria Twort, Landcare Research,
Auckland, New Zealand. An inline Illumina barcode was added to the 5′ end of each primer; Forward
primers ACGACGCTCTTCCGATCT and reverse primers CGTGTGCTCTTCCGATCT.

Locus amplified

Primer name

Primer sequence (5’-3’)

Acp3

ACP-3-F1

TGGTGTTAGGGAAAACCATCA

Acp3

ACP-3-R1

GGAGCTCCATGTATGCCTCA

Acp3

ACP-3-F2

TGACAAGAGGAGTAGACGTAGGC

Acp3

ACP-3-R2

GGAGCTCCATGTATGCCTCA

Acp3

ACP-3-FirstF1

AAAGAAACCGTATGATTTGTGGCACG

Acp3

ACP-3-FirstR1

TTTTTCTTGCTACGGCAATCA

Acp3

ACP-3-Reverse

GGCCTGTGAGAAGGAAGGCACTC

ebony

EbonyF7

AGCAATTGGGCACAGATGTA

ebony

EbonyR7

AACGCTGGCTGCATCTTACT

black

Black F1

CGGCCATACTAAGTTCGTCA

black

BlackR2

TGGACTGGAGAAACACATCG

black

Bc-F1

AGTCGGGACTGGGGAAAGT

black

Bc-R1

ACGAAGTACGGGTGTCCAGT

Ddc

Ddc-F1

TTTGCTGTATGCAGCCACTT

Ddc

Ddc-R1

AAGACAAGTGCTTTGATTTGTTTC

Ddc

Ddc-F2

AAGACAAGTGCTTTGATTTGTTTC

Ddc

Ddc-R2

AAATTGAATCAGCTGAAATTTTG
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Ddc

DcF2

GTTTACGCCTGCTCCAAGAG

Ddc

DcR2

TGCCGAGCCCTGTAATACTC

ITS-1

ITS-F1

ATCCACCGTTCAGGGTTGTA

ITS-1

ITS-R1

CAGTTGCCGATGTTACTGGA

ITS-2

ITS-F2

TGAACATCGACATTTYGAACGCACAT

ITS-2

ITS-R2

TTTCTTTTCCTCCSCTTAYTRATATGCTTAA

Supplementary Table S4: Locus amplified, primer name and primer sequence designed to amplify
nuDNA markers.
Primers were designed from transcriptome data to amplify nuDNA markers. Amplicons were designed to
be approximately 500 bp in length. Transcriptome data was supplied by Victoria Twort, Landcare
Research, Auckland, New Zealand. An inline Illumina barcode was added to each primer; forward
primers 5′-ACGACGCTCTTCCGATCT-3′ and reverse primers 5′- CGTGTGCTCTTCCGATCT-3′.

Pop

n

h

S

Hd

π

SP

4

2

8

0.5 (0.265)

JP
BR
GP
FP

1
7
7
5

1
1
1
3

0
0
0
39

1 (0)
0 (0)
0 (0)
0.8 (0.16)

MH

7

5

4

0.91 (0.10)

MS
HT

2
6

1
3

0
11

0 (0)
0.8 (0.12)

CS
BS

4
7

1
2

0
2

0 (0)
0.28 (0.19)

LP
KP

1
3

1
2

0
3

1 (0)
0.67 (0.31)

TG

4

4

3

1 (0.18)

HC

6

5

11

0.93 (0.12)

GT

4

4

9

1 (0.18)

PL

9

4

59

0.83 (0.08)

CC

7

4

6

0.85 (0.1)

DB

5

4

9

0.9 (0.16)

0.004324
(0.0032)
0
0
0
0.0249
(0.016)
0.002162
(0.0016)
0
0.006342
(0.0041)
0
0.00062
(0.00064)
0
0.00225
(0.002)
0.0019
(0.0016)
0.005
(0.003)
0.0054
(0.004)
0.032
(0.018)
0.002297
(0.001664)
0.0045
(0.0032)
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Pairwise
differences
4 (2.52)

Tajima’s D

0
0
0
23 (12.26)

0
0
0
1.71

2 (1.28)

1.07

0
5.87 (3.26)

0
1.31

0
0.57 (0.52)

0
-1.23

2 (1.51)

0
0

1.66 (1.22)

0.167

4.47 (2.60)

-0.44

4.83 (2.97)

-0.154

29.22
(14.14)
2.09 (1.32)

1.77

4.00 (2.4)

-0.526

-0.82

-0.73

Supplementary Information

OH

4

2

1

0.5 (0.27)

HK

4

2

3

0.5 (0.27)

SM

3

3

5

1 (0.27)

SB

2

2

14

1 (0.5)

ND

3

3

5

1 (0.27)

MW
MT
ID

5
5
4

1
1
4

0
0
12

0 (0)
0 (0)
1 (0.18)

LM
BU

4
6

1
2

0
1

0 (0)
0.6 (0.13)

NR

7

5

7

0.90 (0.10)

BH

6

4

7

0.8 (0.17)

MU

6

4

22

0.8 (0.17)

MP

9

5

52

0.81 (0.12)

0.000548
(0.00068)
0.00169
(0.0015)
0.0037
(0.003256)
0.015
(0.016)
0.0037
(0.003256)
0
0
0.0072
0.005
0
0.00065
(0.00068)
0.0028
(0.0019)
0.00324
(0.0023)
0.0081
(0.005)
0.014
(0.0082)

0.5 (0.52)

-0.612

1.5 (1.12)

-0.754

3.33 (2.33)

0

14 (10.25)

0

3.33 (2.33)

0

0
0
6.67 (3.98)

0
0
0.187

0
0.6 (0.55)

0
1.44

2.57 (1.56)

-0.518

3.00 (1.82)

-0.125

7.53 (4.10)

-1.36

13.44 (6.68)

-1.51

Supplementary Table S5: Estimates of genetic diversity for the mitochondrial COI gene within
different H. maori populations.
Population identifier, sample size (n), number of observed haplotypes (h), number of polymorphic sites
(S), haplotypic diversity (Hd), nucleotide diversity (π), pairwise differences with their respective standard
deviations (SD) in brackets and Tajima's D.
Group

1

1

2

3

4

5

6

7

8

9

3.7

8.13

8.21

7.83

8.54

7.32

7.30

8.34

7.87

8.05

8.21

8.26

7.32

7.27

8.46

7.72

6.62

8.14

7.35

7.27

7.39

3.25

6.38

6.41

6.19

7.45

5.86

6.14

6.08

6.88

6.29

6.12

6.95

2.26

6.07

2

3.29

3

7.29

6.93

4

7.28

7.15

6.23

5

6.38

6.74

5.33

2.62

6

6.88

6.77

6.56

5.15

5.1

7

5.92

6.06

5.93

5.16

5.29

5.38

8

5.88

6.01

5.86

4.98

5.24

5.32

2.13

9

6.68

6.84

5.96

6.00

5.83

5.96

5.26

5.87
5.12

Supplementary Table S6: Mean genetic distances determined for COI for nine H. maori groups.
GTR+I+Γ genetic distances for mitochondrial COI (above diagonal) and uncorrected p values (below)
generated by PAUP 4 (Swofford 1993).
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Pop

n

h

S

Hd

π

Mt1

16

7

47

0.79 (0.09)

Mt2

35

14

34

0.88 (0.04)

Mt3

23

16

24

0.952 (0)

Mt4

4

2

1

0.5 (0.27)

Mt5
Mt6

22
2

14
2

41
14

0.957 (0.02)
1.00 (0.5)

Mt7

29

13

54

0.85 (0.05)

Mt8

18

11

15

0.94 (0.03)

Mt9

8

4

9

0.75 (0.14)

all

157

83

205

0.9831 (0.0033)

0.012
(0.007)
0.009
(0.005)
0.004
(0.003)
0.0005
(0.0006)
0.01 (0.007)
0.015
(0.016)
0.017
(0.008)
0.004
(0.002)
0.004
(0.003)
0.064
(0.03)

Pairwise
differences
11.31 (5.42)

Tajima’s D

8.44 (4.00)

0.08

3.92 (2.04)

-1.48

0.5 (0.519)

-0.61

12.68 (5.94)
14 (10.24)

0.60
0

15.6 (7.15)

0.5

3.48 (1.86)

-0.76

3.75 (2.11)

0.39

45.54 (25.5)

0.80

-0.85

Supplementary Table S7: Estimates of genetic diversity for the mitochondrial COI gene within H.
maori groups.
Population identifier, sample size (n), number of observed haplotypes (h), number of polymorphic sites
(S), haplotypic diversity (Hd), nucleotide diversity (π), pairwise differences with their respective standard
deviations (SD) in brackets and Tajima's D are shown. Groups were determined using BAPS.
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Pop n

S

π

Pairwise
differences

Tajima’s D

SP

3

12

0.0011 (0.0007)

4.53 (2.59)

-0.83

JP

1

5

0.0015 (0.0002)

5 (3.87)

0

BR

7

37

0.0022 (0.0012)

8.41 (4.14)

-1.19

GP

8

25

0.0016 (0.0009)

5.6 (2.84)

-1.04

FP

5

22

0.0013 (0.0008)

4.88 (2.60)

-1.76

MH

5

37

0.0029 (0.0017)

11.9 (5.90)

-0.43

HT

5

25

0.0019 (0.0011)

7.95 (4.04)

-0.47

CS

4

20

0.0020 (0.0012)

7.5 (3.92)

-0.14

BS

7

14

0.0007 (0.0005)

2.78 (1.56)

-1.49

LP

1

13

0.0033 (0.003)

13 (9.5)

0

KP

2

26

0.0037 (0.0025)

15.2 (8.6)

0.71

TG

3

31

0.0026 (0.0016)

10.6 (5.63)

-1.39

HC

5

46

0.0035 (0.0019)

14.4 (7.07)

-0.55

GT

8

41

0.0038 (0.0022)

15.35 (7.69)

-0.15

PL

8

40

0.0030 (0.0016)

11.5 (5.50)

-0.19

CC

6

27

0.0020 (0.0011)

7.24 (3.65)

-0.84

DB

5

33

0.0026 (0.0015)

9.66 (4.84)

-0.82

OH

4

18

0.0011 (0.0007)

4.21 (2.34)

-2.03

HK

4

56

0.0040 (0.0023)

16.39 (8.19)

-1.29

SM

3

33

0.0043 (0.0026)

15.53 (8.11)

0.47

SB

2

27

0.0042 (0.0029)

16.5 (9.37)

1.24

ND

3

25

0.0031 (0.0019)

12.53 (6.61)

0.91

MW

5

30

0.0022 (0.0013)

9.13 (4.59)

-0.66

MT

5

19

0.0014 (0.0008)

5.44 (2.86)

-0.88

ID

4

43

0.0040 (0.0023)

15.89 (7.95)

-0.22

LM

3

20

0.0018 (0.0012)

7.60 (4.13)

-0.82

BU

5

47

0.0046 (0.0025)

18.89 (9.16)

0.66

NR

7

40

0.0028 (0.0015)

11.30 (5.46)

-0.44

BH

6

26

0.0022 (0.0012)

8.94 (4.43)

0.17

MU

6

37

0.0028 (0.0015)

11.47 (5.60)

-0.29

MP

10

47

0.0025 (0.0013)

10.27 (4.89)

-0.90

Supplementary Table S9: Estimates of genetic diversity for nuDNA data set within different H.
maori populations.
Population identifier, sample size (n), number of polymorphic sites (S), nucleotide diversity (π), pairwise
differences with their respective standard deviations (SD) in brackets and Tajima's D.
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Pop

n

h

S

π

Tajima’s D

0.0029 (0.0015)

Pairwise
differences
11.89 (5.43)

Nu1

45

87

94

Nu2

42

82

144

0.0044 (0.0022)

17.80 (7.98)

-1.29

Nu3

59

115

166

0.0038 (0.0019)

15.39 (6.92)

-1.66

all

146

284

290

0.0051 (0.0025)

20.76 (9.19)

-1.74

-1.19

Supplementary Table S10: Estimates of genetic diversity for nuDNA data set within H. maori
groups.
Population identifier, sample size (n), number of observed haplotypes (h), number of polymorphic sites
(S), nucleotide diversity (π), pairwise differences with their respective standard deviations (SD) in
brackets and Tajima's D are shown. Groups were determined using BAPS.

Site #
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

1578843.4
1577938.4
1493556.5
1498062.3
1498352.3
1470441.7
1481883.1
1464421.6
1452208.4
1427458.5
1428386.5
1456798.1
1404636.6
1412331.2
1365114
1371419.2
1368884.6
1368731.5
1370598.2
1406130.8
1342581.7
1388423.2
1388257.1
1387463.8
1349289.3
1288403.3
1286685.4
1335964.1
1336263.9
1335564.2
1457155.3
1367400.3

5301111.2
5301722.2
5225077.1
5205705.7
5206334.6
5219865.9
5183084.7
5170128.4
5171831.6
5179646.7
5167665.7
5139898.8
5149061.2
5131906.8
5156141.1
5157615.8
5152824
5134968.9
5114625.8
5090937.7
5098676.2
5038231.9
5038216.2
5038257.8
5038689.4
5059072.2
5052781.6
5023900.4
5024401
5023599.9
5168642
5018740.9

229

Supplementary Information

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

1368177.3
1375196.4
1371304.3
1369395.5
1364989
1350162.2
1291841.3
1362570.9
1366277.9
1468294.2
1448581.2
1448125.7
1466341.9
1369779.8
1387360.7
1370394.3
1481772.5
1387902.5
1557736.5
1559776.2
1418206.3
1402682.6
1414800.1
1429779.7
1421690
1345465.7
1366947
1362928.1
1469103.7
1423559.4
1406986.1
1404937.1
1290397.9
1503388.5
1467845.1
1401620.8
1370874.9
1361807.7
1406983
1425662.2
1432650.1
1365903.6
1572829.2
1585741.1
1557687.4
1559687.1
1454668
1454668
1418186.5
1402299.6
1404423.2

5019377.3
4970062.3
4964516.3
4961579.6
4960103.7
4941394.2
4937108.4
5031225
5024225.3
5200527.7
5200107.3
5200742.2
5223503.5
5133644.8
5038084.4
5154340.9
5183849.9
5018754.8
5272260.6
5274507.6
5109860.9
5072004.8
5186293.8
5184757.4
5191966.4
5037657.8
4956227.4
5101708.4
5226475.3
5167685.3
5119247.4
4991484.4
4984440.4
5226403.2
5218425
4992777
4965599.6
5063207.6
5104821.5
5186819.1
5199284.4
5155344.4
5296694.4
5297330.2
5272246.3
5272909.7
5193103.6
5193103.6
5110079.4
5089611
5084812.4
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84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109

1361807.7
1406983
1425662.2
1432650.1
1365903.6
1572829.2
1585741.1
1557687.4
1559687.1
1454668
1454668
1402299.6
1404423.2
1404423.2
1291731.3
1292530.4
1292132.4
1291531
1292733.5
1292833.6
1348959.3
1347358.4
1346257.6
1348058.8
1345257
1410071.6

5063207.6
5104821.5
5186819.1
5199284.4
5155344.4
5296694.4
5297330.2
5272246.3
5272909.7
5193103.6
5193103.6
5089611
5084812.4
5084812.4
4936787.6
4937889.7
4936287.7
4936887.4
4935888.3
4935888.4
5038918.2
5039117.1
5039416.5
5038917.5
5039515.8
5101183.5

Supplementary Table S11: 109 verified localities (New Zealand Map grid (NZTM format) where H.
maori have been recorded that were included in ENM.
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H. ricta number identifier

Latitude (S°)

Longitude (E°)

1-3

-43.741

172.980

4

-43.816

173.058

5

-43.702

173.036

6

-43.756

173.003

7

-43.854

172.956

8

-43.836

173.079

9

-43.723

172.953

10

-43.752

173.016

11

-43.858

173.005

12

-43.684

172.927

13

-43.749

173.039

14

-43.797

173.037

15

-43.798

16

-43.707

172.986

17

-43.742

172.983

18

-43.811

173.014

19

-43.800

173.000

20

-43.825

172.987

21

-43.705

173.028

22

-43.711

172.936

23

-43.724

172.921

173.037

Supplementary Table S12: Sampling localities of H. ricta.
Number identifier, latitude (S°) and longitude (E°) for H. ricta used in analyses.
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Group

n

h

S

Hd

π
0.015 (0.008)

Pairwise
differences
14.08 (6.63)

Tajima’s
D
-0.56

Mt1

18

8

56

0.83 (0.07)

Mt2

35

14

34

0.88 (0.04)

0.009 (0.005)

8.44 (4.00)

0.08

Mt3

27

18

47

0.97 (0.02)

0.02 (0.01)

10 (4.93)

-0.68

Mt4

22

15

41

0.957 (0.02)

0.01 (0.007)

12.68 (5.94)

0.60

Mt5

2

2

14

1.00 (0.5)

0.015 (0.016)

14 (10.24)

0

Mt6

47

25

69

0.94 (0.02)

0.017

15.98 (7.3)

0.043

Mt7

8

4

9

0.75 (0.14)

0.004 (0.003)

3.75 (2.11)

0.39

Mt8

21

9

18

0.76

0.006 (0.003)

5.24 (2.64)

0.18

H. ricta (all)

23

10

34

0.79 (0.008)

0.009 (0.005)

8.18 (3.94)

-0.42

H. maori

157

84

205

0.9831 (0.0033)

0.064 (0.03)

45.54 (25.5)

0.80

Supplementary Table S13: Estimates of genetic diversity for the mitochondrial COI gene within H.
maori and H. ricta groups.
Group as determined by BAPS, sample size (n), number of observed haplotypes (h), number of
polymorphic sites (S), haplotypic diversity (Hd), nucleotide diversity (π), pairwise differences with their
respective standard deviations (SD) in brackets and Tajima's D. Groups were determined using BAPS.

Mt1
-

Mt2

Mt1

Mt3

Mt4

Mt5

Mt6

Mt7

Mt2

0.65

-

Mt3

0.79

0.83

-

Mt4

0.76

0.82

0.65

-

Mt5

0.78

0.86

0.77

0.68

-

Mt6

0.72

0.77

0.78

0.74

0.68

-

Mt7

0.81

0.87

0.79

0.76

0.87

0.72

-

Mt8

0.59

0.75

0.83

0.82

0.88

0.76

0.90

Mt8

-

	
  
Supplementary Table S14: Pairwise FST values among groups of H. maori and H. ricta for
mitochondrial data.
Pairwise FST values calculated for mtDNA among groups that were determined using BAPS software.
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Pop

n

h

S

Hd

π

Nu1

45

87

94

0.993

0.0029

(0.0018)

(0.0015)

0.9994

0.0044

(0.0020)

(0.0022)

0.9996

0.0038

(0.012)

(0.0019)

0.9999

0.0051

(0.0003)

(0.0025)

0.9989

0.0015

(0.0051)

(0.0008)

Nu2

Nu3

H. maori

H. ricta

42

59

146

22

82

115

284

43

144

166

290

34

Pairwise
differences
11.89 (5.43)

Tajima’s D

17.80 (7.98)

-1.29

15.39 (6.92)

-1.66

20.76 (9.19)

-1.74

6.14 (2.97)

-0.73

-1.19

Supplementary Table S15: Estimates of genetic diversity for nuclear DNA within different H. maori
and H. ricta groups.
Population identifier, sample size (n), number of observed haplotypes (h), number of polymorphic sites
(S), haplotypic diversity (Hd), nucleotide diversity (π), pairwise differences with their respective standard
deviations (SD) in brackets and Tajima's D are shown. H. maori row groups all H. maori individuals.
Groups were defined using BAPS.
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Sampling localities

Site identifier

Mount Saint Patrick

SP

Jacks Pass

JP

Broken River ski-field, Craigieburn Range

BR

Boundary Stream, Wilberforce Valley

Elevation
(m asl)
1343-1561

4

Cuticular
colour
2 mel/2 inter

1

1 inter

1572-1635

7

7 inter

GP

583

7

2 mel/5 inter

Foggy Peak, Torlesse Range

FP

1022-1295

5

5 inter

Mount Hutt ski-field, Mount Hutt

MH

1559-1573

7

7 inter

Woolshed Creek ridge, Mount Somers

MS

930-942

2

2 inter

Haketere-Heron Road

HT

621-643

6

6 inter

Caroline Stream, Rangitata River trib.

CS

583

4

4 inter

Bush Stream, Rangitata River trib.

BS

523

7

7 inter

Little Mt Peel

LP

1186

1

1 inter

Kea Point, Mount Cook

KP

930

3

3 inter

Tasman Glacier car-park

TG

727

4

4 inter

Confluence Hooker and Tasman Rivers

HC

684

7

7 inter

Glentanner

GT

546-564

4

1 mel/ 3 inter

Peters Lookout, Lake Pukaki

PL

570

9

9 inter

Ohau ski-field, Ohau Range

OH

1640

4

4 inter

Coal Creek, Lake Tekapo

CC

730

7

7 inter

Mount Dobson ski-field, Mount Dobson

DB

1756-1781

5

5 inter

Hakataramea Pass

HK

854-857

4

4 inter

Awakino ski-field, St Marys Range

SM

1260-1481

3

3 mel

Saint Bathans Range

SB

1380

2

2 inter

Northern Dunstan Range

ND

1130

3

3 inter

Mou Waho, Lake Wanaka

MW

427-459

5

2 mel/3 inter

Mou Tapu, Lake Wanaka

MT

297-345

5

2 mel/ 3inter

Ida Range

ID

786-859

4

4 inter

Northern Rock and Pillar Range

NR

1240-1275

7

7 mel

Big Hut, Rock and Pillar Range

BH

1341-1343

6

6 yellow

Museum Rock, Rock and Pillar Range

MU

1364-1375

6

6 yellow

MacPhees Rock, Rock and Pillar Range

MP

1125-1275

10

9 mel/ 1 yellow

Lammermoor Range

LM

1126-1141

4

4 mel

Black Umbrella Range

BU

1082-1179

6

3 yellow/3 inter

902

N

Supplementary Table S16: Sampling localities and cuticular colour of sampled H. maori.
Name of sampling location, site identifier, elevation (m asl), N (number collected) and cuticular colour of
wētā sampled (mel = melanic; inter = intermediate, yellow = yellow).
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Gene amplified

Primer name

Primer Sequence 5′ - 3′

Black

cBlack F1

AGTCGGGACTGGGGAAAGT

Black

cBlack R2

GTTCAAGATGGGCAACATCC

Black

cBlack F3

GCAGATGCCCATTACTCCAT

Black

cBlack R4

TTACGCTATATGATAGCTCGTTTTG

Ddc

cDdc F1

GTTTACGCCTGCTCCAAGAG

Ddc

cDdc R2

TGCATAAGCTGCATCCACAT

Ddc

cDdc F3

CTTTGATTGCCTGGAAGAGC

Ddc

cDdc R4

GCACTGAGGCTTAATGGATTCT

Ebony

cebony F1

TTTTTATAGTGCGTCGACAAATTC

Ebony

cebony R2

GGAGGAGTCAGGCTCAACTG

Ebony

cebony F3

TTCTGGATCAGCACAAGGTG

Ebony

cebony R4

GCCTAGGATGGACGCTACTG

Ebony

cebony F5

CAGATGTGCCTGAGAAGCAG

Ebony

cebony R6

GCACCGAATGGCTTTGTACT

Ebony

cebony F7

AGCAATTGGGCACAGATGTA

Ebony

cebony R7

AACGCTGGCTGCATCTTACT

Supplementary Table S17: Primers used to amplify cDNA for melanism candidate genes (Ddc,
black and ebony).
Gene amplified, primer names and primer sequence are shown.
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Appendix  1:  Reference  transcripts  for  nuclear  DNA  
markers  
>UTR1
CTAGCATGAAGAATACGAGTACTAGCGATAAGTTCCACTCTACTTTTATGCTGGCTTACCTTC
AAGAAAATGCAGGGTAATATTGTTACTATGCATTTGCAAAACTGCAATGTAACTCATTTAGG
CTTTCTCCAAATTCAGTAGAGAAAGGTACCAGACTGATAAAATTGGTTGCATTTTCTTGAAG
TATGTCCCATTCTTAAGCGTTATGAAGAAAATAAGTAAATTTAATTTAAATTATTACATAATT
TATTATTGTACATCCAAATGTGGTAATGTTATATAGTGCTTTATCAGACAGCTGTCTTAATAA
ATATTTTAAATGTATATTCCAGAGTATTTATATATGTGAAGTTAAAATGATGGGACAGATTG
TAAAACAAGTGTTATCTAGATTCCCTATCCATTGTTTTCTTTCATTCCATGCTTCGTATAACTG
TTAAGCAGCGAATTGATATTCA
>UTR2
GAGACTAGAATAAACAACTTGCATCATATACTGGGATGCACAAAGGTGAATGGAGACCATC
CAACTGCAAGAACTAACAACTAACAATCTCCTTCGTTTTCAGAACATCTATTATGTTACCAT
GTTAATTTGATCACAAGCTTTTCGAAGTGCAATAAAACATCCATCTACCTACATTCCTTTATG
TATCTATCTTGTTCAATGTACCACCTTATTACATTTCTTGCTTCTATACATCTTAACCCTCGAA
GTGGCACGAGTTGCAATTGCAACCTTTTAGCTGCTTGCTTAACTTTTCAACACACCACCAAAT
TTATTGCCTTAAATCATTTTTTCGTACGAGAATATTAACCTTCAGACTCTTACCATTAAATTG
ATATATAATAAATAAGTCGTGATTTAATATAACAAGCTTATAATATTTTTAACCTATTTAATC
TTTAAAATTGCCTGCCTCC
>UTR3
CACAACAATTTGCTCTGCTTGTTCATTAAATATTTGTTCTTTTATTTTGAAATGAAATTTCACA
AAAAAAAAATTTATGAATGTGTTTTTCCATTACTCATTCAACTTGCATACAACTTGGAGCCCT
CGGAAAAAAGAAAGAAAGTAAAACTGGATTGAATTACAACAATATTATACAATTATTTAAC
ACTGTGATTTAGTCATGTATGCCTGCCTAGCATTGTATAACAATTTTGCTCTCTGAAAAATTT
GAAGAGCAAAGAACATTCCTTTGCTTACGCGTAAGAAAAAGAGAGGGTTGGTCATTCCAGA
ATTGCTAACAAGACATGAGAGCGATGTTTAAAGTGTTGGTTTTGGTTATAAAATTTGCATAA
TGTACTAACAATGAAGTGGGGAAGAGCACCAAACAGTGCCAGTCACAACACAAGGTGAAGT
CGTCACTGGAAAGGGACACAATAATATCA
>UTR4
TATGTAGCATGTTGCAGGAAGTTATCAACTGCCATGCAAGAGCTGACCATTAGGTGCTACAA
TGCTCGCCATCACCTTTATGTGGGAACAGGATTAAAGGAAAAGTGCATGACTTATTTGACAC
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TTTTCATGCACATGTGTTCATAAATTAAAATAAACTATCAAGTGTTCCTCACCAGCTTTTTAT
ACATGCTTCTTTTTCATTCTGTATAATGCTGATTTTGTATGGTATCAAGAGCAGTTGTGTAAA
ATAGTGTTGTGGTGGAAAATAAATATGAGTATTAATGTTTAACCTTAAATGAACGCAATAGG
TAAATATTCAGTCAGTATGATAGCAAGAAATTCATATTTCTGAAAAAAGAAAGTAGGTACTC
AGATATGTGAAACTCTTCATTATACATATTCTTTTTGCAATTGCAAAACTTATTGGTGCTATC
TTACTTTACTTAAGTGTATAAAATAAAATAATGTTGTTATTA
>UTR5
AAATTGTAATACTAAAGTTTCCTGTTGTTGTAAAAATTGTCTTAGTAGAATTGTTTCATTGGC
ATATATCATGTCTGGGTATTCCACTCATGTACTTCTCATATATATATAATATGTGTATATATA
TATGAAAATGCATGGCTGAATGTTGGAAATCTTCAAACCTGTGAAGTGGGAAGCTAATCCAT
GATTTTCGAGAAATTAAAATGTTATGACTGTAAGTATGAGAAATTGAGTTGTATATCAAAAT
TGTTAAATGATTTGTATAATGGAGCAGTAAAATTTGTTCATGTAAAGTTAATAATTATATTAT
CTGGTGGTGATTGCAAGAATGTGAGGAAGATGTGAAATTGGTATGCTAGGTGTGAAAATTTT
TCAGACATGTAACACTGATTTGTTTCTTTCTATTACTTTATTTTTTTATTATTATTTTATAGTTT
CTTTT
>UTR6
AAATTATCCTTTAAAAACTTTTGTAGGTAAAATAAGTGTGGTTTCGTATTTGTACAGTGTTGT
AAAGTAGTTATTTAATTTCTTTGGATACTTTATGCAAATAATATACAATGCCATATTTTCTTA
AAAATTACTATTCCTAAAAGGAATTGCGACTGTTAGAATTTGAGAAGGTTAATAAATAAATA
ACTTCAGAAGTGTTTTGTAAGTAGGATAAATTAGTATTTAATATTGTTAGTATGAAGTTTACT
GGTGAAGATTAGTTTCTTAAAGTGTAACTTAGTAAATATGGCATATATGATATTTGTATTTTA
TGATTTATTACTAGACTATGACGTCTGGATGCAATGATGGGTGAGACTCTTAATTTTACATTT
CATGTCACATATTAGCCAGCTGCTCCAGCAAGTGATTCCATATCTTTATATAAAAACTAACA
TTTGCCTCAAT
>UTR7
GTAGTGCTTGCATATTTTTTTTGTTCCCTAGTACAAATTTTCATACTCCATGACTTTAAAACA
CAGACCAAGCCGATTTGGGCATACACATCCCTGATCGATGTCTGTGATATTTGAGTGTAATG
CAGAAATGTCCAGTAAAGTGAATATCACTAAATCATTGGTATTGTCTTTATTGGTTGTCCAA
AAATTATGCACATGCAGAAAGAAGAGACTTTTTAAACTGCAAATATTCAAACCTCTGTAATT
TTCTTGCCTCACTGTCTAAACTGTATGGTATTCAGCTTCTTTCTGTGTGATCCCTTTCCTCAGT
CCTATACATTATTTTAGCATTATTCATAGTGATAGTAAAGTCTTGTGTTATTGGCACAAAAGA
GCTAGTGTACAACCTGAAAAGTATGTCTAGAATGTTCAATCTCTTAAACTGCACCAGCACTA
TGGAATTGGTCACAGAAAAT
>UTR8
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GCTGGTATCTCATTCCCAGACAAGAGACTTGTCCAAATGGGAAAGAAGCAAAACTAAAAAC
AGCAAAATATTTCACCTCTTTCTAATAAAAAGGTGCATCCTTATTCCCTTTTATAATTTTATTT
TAAAAGAAATTAAAATTTCGACTTTCATTATGTCAAGTTACGTTCATTCATGGGAGAAATAA
TTCTTCTCAAAATATGCAAACACATTTATAATGCGCTTTCTTGCTCTTGTTCAGTTCTCAGTTG
TGCATTTGTGTGGGTAAGGGAGGAAAGGGGAGAGTTACAGCTTTAGTGTGTAAGAAGCTTTT
TTAAACTGCCATATTGAATGAAATGTACCATATTTGGAATTATTGTGTGAATTGTGGAGAAG
AAGCAGACTGTTTATATATGTTCCCAATTGTTGGTAAGTATTAGTGAAGCACACCCGAGTGT
TACAAAGTGCCGAAGATCGGA
>UTR9
ATACCTGTGACACTCATCTGTTTTATATATATTGAGTACTTTTCAGGTGTGTTCCTAGTCTTTT
TTTTATACTCTATTGTACAGCGTTTGTTACTCTTAGGACAATGTGAGTATATGCAATATATCA
ATGGCATTTGTAATTAGTGAAACATTAAAAAAAAAAAATCTATGTAATGTATGTAGTTACGA
TTGTGTAATTTCTGTTGTTGTATTGTTTTAGATAGATGTTCCAATACTCTTCAAGTATATAAA
GTGAAAAGCTATGAGTAACATCTTGTTATAATTAGGAACAAATGTATTGATTTACACATTTG
AAGTTTTTAGAAAAATATGATCTAGAGAGCTTAATTGTAGGCTATGATTATTCAATACTGTA
TAACCTTTCACTTTATAAACTGGTCTAGAATAGTTACATATTTTTACCTTCATATAAAATCCT
ATCATACCAGTGATTTGGAAAAAAAAAAGATGTTTTGGTATTTTGTGCATTGTTGTGGGTAT
TATGACTCGATTACA
>UTR10
TGTCGATGGACGAGYGTCAGTGGGAGTGGACAGACTGCCATGCCCATCCGCCGGGCACAGG
GTGGTTTGGAGTGAGGCTGCTGAAGTGTGTGACGTCGGTGCGTGTAGGACCTGCTAGAAGA
GCTAGTGCAACCCAATGCTACTGGTTTTCACCCATGCAGCATTCTTTGCTAGACTGTTTCATC
ATGAAGTATTTTATGAAATAAGAGTAATTGGTTGTTATAACTGCAAGATGTATATGATTCTG
CTGTTAAATCTACACTTTTAACTTGTTTTAGTTTGTTTAGATCAGGGTTCTAACACTGTTGAG
GTTATTTCGAGGAAGCCAGGGAGCGCTGCCTCCCGCTGGACGGGCGGGGCCTCGACCGAGT
CTCGACAGAGTCTCATGCGACCTCCGCAGCGTTCGGAGGCCACCACTTTCAATGCATTTGTA
AAAAGATAACACACCTCGACACACAAATTTTTTGGAAGTGAATTTGGGATGGAGATCGGAG
AAACCACACGA
>UTR11
TGACTAATAACTGTCATATTATGAAATTCTTGTTGAAATATGAGCAAATTAGGTTTTGCTTTT
GAAATGTTCTTTCTTTTTTGACTGATGATCAACAAGCTGCAAAGTTAGAATATGGACAATGT
TGCACAAGAAACCAGTGTGGGTGATTGTTCCTGTCCAGAAGAGAAGAGGAGGAACTCGGTG
GTCTCGCATGCCTCTGATCACTATGCCAAATTCCAAATATTTTTGTTCTTAAATTCATGTAAT
CTCCATTGACTAATTTCTGTGTACTAGTATATGACCTTACATGTAATTAGCAAACATTTTCAT
TTGCAAAATGGACTAATGTTGTTACTGTTTCTTCCTTCTTACTGTAGTGATTTGGTTGCATTGT
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ATTTAGTAAAATATTGCTCTTCATAACTAATCAAGTAATTCTCTTTGATATTCAGAGGCAGTG
CGAGTTAGATCGGAGAAACACACGA
>UTR12
GTTAAATTTTCTTCTTCTCTAAACTGTACTGATTTTGATCGACTACTTTTAATATGTGTAAATA
GAGGCAATTTGTTCTAAATGGCAATGTGAAATCAGATGAATCAGTCAAATTAGATGTGGTAA
CAGTGGTTCTGTTTTATTTAATCCTCACTGTGAACCACCACTGGCGTGTTAATATATGTCTGC
AGTTTTTAGTGTTGTGTGTGATAACATCAATTGGTGTGCCATGAATGTATAACTCCAAATCCT
TTAAAATGTTATTTGAGAATATTTTCTTTCATTCTAAAACTTTCTTCTTGTGAAAGTCTTATTT
TATTGATGTTTTCATTGAGCAATTATAGTTGTTGTCATATGGCAGGTGTGGAACCTAAATTGT
ATTGAATATATATGGTCACTTTAAACACAAGTAAAAATTAATGTTACAACTATGATACTTAA
TTGTAGGTTCAGGATTTGCTCCTGGCTATTGAGATCG
>UTR13
AATGTTAACTACAGATTATTTCACATTTTGTAAAGTTTTATTTCAGTACTAAGATTATAAGTA
TTTTCTAAACTGTAATTCACATCCTCATGTAGTTACTGTTGTAATTCTTATTTTATGTTATAGT
CTTAACAGGCATTAATTCAAAACACACAATAAAAATGTATATAACCACAGTAATGCATTTCA
AGTTCTTTAAGGTTACTTGTCAAGTAGTATCAGTCCAAACAAACTGAAATGAGCCTGGTTTG
TTGCGAGTCTTAATAAATATTAGGTATGTTTTTTTTATTATTATTTGATATGAAAACACATTG
TGTAAATATCTATTAAATGTATAACTATTTTCTTACAGATTTCATATGTTGGTCTGATAAGTA
AGGGCTTTTTTTAAGAGGCACCGTATAAAAAATAGAATATAATTATATTGACTTTTTTAAAA
ATAAAAGTGTATATTAATTGTTTAATTAAATTTAAATAAAATAGGAGGATTTTAACGTCATC
TTCATGCCTC
>UTR14
AACGTAACATGCACTATAATTCTTTTAAAAGAATAAATCCGAGGTGAATGATTTAAAAAAA
AATCGTGTATATTACTATAATATTATATTACTTAATATATATATAGCACTTTACTTTTTCTTTC
GTATATTTTCTATTATTTCCTCTCTTTTCTTCTTTTTTTTTTTTTCCGAGTGATTGTGCAAAGTG
AAATGTGAAGAAACTATTCTTTTCAAAGGAGAAGAAAAGTTATGTACAGTTACTATGAAAG
TAAGGTGAAGTGTGTGTGTTTTCTTAAACAGAGGAAGAGTAGCAAAAGATGTGCTTATAAA
AATGATTTCTGGTTGGAGATTGTACAGGAGCCATGATAGGCTACATCCAGGGCTAGAAAAA
TGTTTTTAAAAGATGAGTATAAATAAGAGTTAATAAGATGTATAAACTGTTCTGTTATTAAT
ATTATTATGCCTTGTAGTGTTATATATTTTTGTGACCTATTTTTTCAGTTTAATTTTG
>UTR17
GAGAGATAATCTCACTTGGTTATTATTCCAACAGATGGAGTAATTTGTCCAGTTTATCCTATA
TAAGGGTATATTTATTACATGACAAAGATAAATACAATTTTAAGAAATTCAATATTTAGATT
TTATCTCAAATTACAATATGTCATAATAGACGTTGAAAACTTTCTATTATTGTATCACCAGCA
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TTACAGATGTTTACTTTAATTCCCAACATGACAATATCTATAAATGTTCCTTCTCCCAGCACA
GTATAAATTCCAATCAGGTGACAGAAGAAAAAGGTTATTACTAACAACATTTCTACTTTTGT
ACAACAGATTTGTGATTTTCTTTATAAATAAATTATATGTATTACCTTGTGATATTTTTACAA
TGAATGAGAGTAAACTCATTAAGCGTGCTTATGACAATTTTGCCATACAAATCATTTCTCTA
AGAGAAAAATAAGGAAAATACATTTATGGCCTGTTGCAAAGATCG
>UTR18
AATTACTCTCAATATTGCTGCTATATCTAAACATTAGAATACTTCGATTTAGAATTTCAGCAT
GAATCTTTTTGATAATATGTTCTTATTACATTAAAAGTGCTATTAACTCGACTTCTAGTGTGA
AATCAGTACATGCTGGACAATTTAAGTAGAATTATACCCCCTTCCTGCAAAAGGCTATTACA
AAAATAGCTTAAGCATATATACGTTACAATTAACCAAACTTGTATTATATTTCATGTAAGAA
GGCAGTGTTTTATATTGAGATTAGTGCTGTATCAGCATGGCTTTCCTTGCCCTACTTACAGGA
GGCTCACGCAAATTTTGTACATGTGTATTATAGTGTGATGTTCTAGATATAATTAATATATAT
CTATTCGAGTAATCACGTTTTTTTTTTTTTAAGTAACTTTCTTCCAATTTCTTCACTTTGAAAA
ATGTTTTTTCTAAGAATGATGATGTAAGACAGCTAGAAATG
>UTR21
AGTGTGATCAGTTTATGCCCGATTAGGAAAGGACTAAGAACCACAACAGACTGAACCTACT
TACTTTCTATGATTATTGAGATGTCAGATGTCTCAAGCCTATGCACGGCTTTTAAAAACTAGC
TTGGGTCCAGATAAGTAGACAGAAAGAGGAGCAAAGCTGGAGTCCATGTCCACTCTAGCAT
TAAAAGTAGTCACCTACCTCTTATTCATGCATATAAACTAATATTTTTTCAATTATGAATGGA
TCTGGGGTTTGGTCTTTTATGGCTCTGAATCCTTTCTTTAGATTTCAAAGTACTTTATAAGCAT
ACTTCTACGAGGCTTTCTCAGTGCATTCATTGCTGCTGTGACACGAGACTTTTGTATAGAGTT
TAAGCTAGAGCAACTCTATATTTTTGTGCAGGTATATTATAAATATATGTTGCAAGCAGGCC
AGATGTGAGTGAACAGCATTGGGAACCAACTCAGATCGA
>UTR22
GTCGTTAAATATCTTCTTGTGTCAGTTTTACACAATTGGCCATGTAAAAACAAGCTTTATAGT
TATTGAAATTAAAGTAATATAAACTTTATAAATTCTGCCTTACTGGTGAGTAAGCACCAGTA
ACAAGTAATGTAGTGTACTGCAACTTCTCCCGACTGAACAAGATATTAAATACATTAGACTA
TATTTCACAGTAGAGTACAATTTGTTACTTCACCCACTGTCTAAACTTTTCTATGCTCTTACA
AAACTTTTCTTCTGACAGTTCTGTATTATAGGCTGGATCAGAAATATTTATAATTTTGTCATT
GCAAGAGTCTCCCCTGAATGATACGTGTTGCAGAGAATGTGCTTAAAACTGTACTCTAAGGC
TTCTTTGTTTAAAAAAACAAACAATTGCTTTTAACTAGACTTATCTTCAGTCTCCATTGTTGT
ATTGTAGTACCTGAACTTTTAACGCCAAGCTTTCGAGATCGGA
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>UTR25
TGCCTGAGTTCAAGATACAGTGTGTGTTGTGTGTAACGTTGCACAAGTCGGTAAAAATACAA
TTGGACTCCGTATCTCCCCACTACAATTCCGAAGTTAGTCTACAGTACTGTTACTTATTTCTG
CATTTATATATATATTCTTAATTCCTCTGGTATTTTATATAAATGTGGCTTTATCATATGCTGT
TCATTTTGTTTTATGGTTTCAAATAGTTGAATTTACTATATGATTTGTACGTCCAGTGTTTTCA
GAAACTTTTCACTAGGTACAGAAAAACAAACAGCAATATGAATCTATTTCTAGTGTATAATA
CTTATGAAGAATGTTATATAATATTGGAGCATCATATTTTCTTTTCAATCTATTTCTACGAAG
CATGTAATTAATAAAATGCAACTTGTTGCATCTATGAGTGATTCATTATTAATTATGGATTTT
TGCAGATTCAGTATTACCTGAAAGTGTCATATGTCCTTGAGATCGGAGAAATCATCATTATC
GATTAAATACTGATGGTACCATTCGACGTTTAATCTGTGACCCTAATACTGTTAACTAGTTTT
CTCCAACCTGATCCATGTTAGCTCAGTCGCATTCAAGACTATCCCTCTTAAACTCAGGCCATT
CTGAACCGAGTTAAACCAGAGGTAGTAAGGATGTCTAGGACGAGATGGTGGGGAATGAAAG
AGAAGAGGTCACATAGGTGAATCCCATTATGAGGGATAGATGACAAGAGGAGTAGAGGTA
GGCCTAGAAGAAGGCGGTTTGTATGTGTTCAGAATGTCCTGAATGAGGCTACTGTAACAGCT
CTTGACAGATCAGATTGTAAAAATGCAGTTAACGGCATTAAGGCCACAGAATGAACGCCGA
AAGACACCGTTAATCTTTAATCGATGATGATGATTAATAAAACTATTAAATGTGATGTTAAA
AATATAAA
>Acp3 First 900 bp
GTTGTATACAGCTTGGGGCATTAGTGTTAATAGTTTAACTTATGCAGATGATCTGATTATAAT
CTCGTGGCGAGTTTTCAGAATAACGTTAAAAGTCTGGAAAAAAACAATACAATTCACATACT
CAAGTAATGGTGTTAGGGAAAACCATCATCATCATTATCGATTAAATACTGATGGTACCATT
CGACGTTTAATCTGTGACCCTAATACTGTTAACTAGTTTTCTCCAACCTGATCCATGTTAGCT
CAGTCGCATTCAAGACTATCCCTCTTAAACTCAGGCCATTCTGAACCGAGTTAAACCAGAGG
TAGTAAGGATGTCTAGGACGAGATGGTGGGGAATGAAAGAGAAGAGGTCACATAGGTGAA
TCCCATTATGAGGGATAGATGACAAGAGGAGTAGAGGTAGGC
>Acp3.1
TTTCTTCTTAAGAGAGGCAGTCCTCATCATTAGAAAAGTTGTTTGGTTCACCTATGGCCCAAT
TCGTATATCCGGATTCTTTCAGTGGTTCACCTTTAAAATGAAATAAGTATTATGCTGTATGAA
ACAAAGAGAGATGCAATATCGTATTTTTCATTTACTACGTAATTTTTTAAAAAAGAAGATAT
ATTGTAATCATTAAATCACTCAAATGACATTAGGTGACTCTATTAGACTAAGATATGGTAGC
ATTGTGACACTATCACCTCTTACCAATGTGGCAAAACCTCCTCCTACAATATTTCTTCAACAT
GTCAAACTGTAATGAGTTTTATAATTATTGTGATTACTCAATGGGATTTATTGGAAGGATTTC
TACCCACTGCCTTAAAACTCCATTACTGTAGTATAAAGAAAATAGGATTTATACTTAAGACT
CTAAATTATCATACAACGCTAACTAAATTCAACTCATTTTGTGGTATTTAGGAACTCAGAAG
T
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>Acp3.2
TCATCATTATCGATTAAATACTGATGGTACCATTCGACGTTTAATCTGTGACCCTAATACTGT
TAACTAGTTTTCTCCAACCTGATCCATGTTAGCTCAGTCGCATTCAAGACTATCCCTCTTAAA
CTCAGGCCATTCTGAACCGAGTTAAACCAGAGGTAGTAAGGATGTCTAGGACGAGATGGTG
GGGAATGAAAGAGAAGAGGTCACATAGGTGAATCCCATTATGAGGGATAGATGACAAGAG
GAGTAGAGGTAGGCCTAGAAGAAGGCGGTTTGTATGTGTTCAGAATGTCCTGAATGAGGCT
ACTGTAACAGCTCTTGACAGATCAGATTGTAAAAATGCAGTTAACGGCATTAAGGCCACAG
AATGAACGCCGAAAGACACCGTTAATCTTTAATCGATGATGATGATTAATAAAACTATTAAA
TGTGATGTTAAAAATATAAA
>Acp3.3
CTAGAAGAAGGCGGTTTGTATGGGTTCAGAATGTCCTGAATGAGGCTACTGTAACAGCTCTT
GACAGATCAGATTGTAAAAATGCAGTTAACGGCATTAAGGCCACAGAATGAACGCCGAAAG
ACACAGTCAATCTTTAATCGATGATGATGATTAATAAAACTATTAAATGTGATGTTAAAAAT
ATAAATGAGGCATACATGGAGCTCCGCGAATATGTCCTTCTAGCGTACTTTGAAATCAAGCG
AGATAATTTTGCAAAGCAATAACATAATGATAACTTGTTATTTCATAATTGTAACATCTTCTG
AATATCATAATTACCCTTATTCCTCAAGATGACTACAGTATTTAATTATTTCATAGCTAACGT
AGGATATGATATTGCTAAATTCATACCTTTAACTGTCATAAATTCTCCATCTATTTCTATATC
A
>Blk1
TTTTTATATTCCATTTTCTTATAAACTAATTATACAACAGCTATGAAATCTCTTTTCAAAGATT
GTGGCATTACATGTTATTCCTTGATAATTTTTCTCCGCATATTTTATACATATAAATATGCAT
GAAACCCTCGTTTCACAAAACACGTTTAAACGAATCCAGTGGCTTTTTATGTACTATTGTTCA
AACGGTGTAAACATGTCATGGGCTCGTAAACAGTTTCTGACAAAAAAGAACATTAAAATGA
CGAATTTACTTTGTCCAACATAGAACGTTGGATCCTTTCTTAAAGAAATTAGACTCACCTTAT
GTAACCTTTCATTAAAAGTGGGTTGATCTTCTAGTCCTCTTAAGCTAGGAGGAACATACCAG
AAGCAGACATTGGTACACTCTGGTTCAATCAGCAATCTGAATCCATCTCTATTTTTTATTTGT
TCTGTGAAATATTCTGCATTGTCAAATACTGTGT
>DdC1
AACAGAAGAACGAGACCTGGAATTTGCATGGAATGAGATTTGTAGCCAGGCCAATGCTGTT
CTTACTGACACCTCTATACAGCTGAATGAAGAGGGTTACAACACTGAAATGCTTAATAATAC
TGCCATTAATTCAGAGAGTCACAATGGAGTTCTTAATAGCAAGGGTATTCTTAATGGCAATG
GCATTCTCCACCAACATAATGGCCACATACATCAGAGTGACAAGAGTGTGTAAGAATGATT
GACAATAATAGTTTATTTACTTCAGAATCCATTAAGCCTCAGTGCTAGATTCAAATACTATTT
CTTATATACAATTTTCAGTGAATTTATCAACTTTATCACAGTTTATTGTAATAGAAGTTGTGA
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AACATTACGTCAAATTGTACATTTGTTTAAGTTAAGACAAGTGCTTTGATTTGTTTCTAGTGA
CATATCAAACCTACCTCTCAAATTCGATAATAC
>Ddc2
TAGTGACATATCAAACCTACCTCTCAAATTCGATAATACTGTTTCCAATATCGCATTTTGTAA
TATTTCCTTTCATTACATATTTCCTCAATATCATTTCTTTCACATTTATTATTATTATCACTCTC
ATGACCATAATTCTGACATGAATTACATATGGTCTTGTGAAAAAGGGCAAGCCCCAAACATA
TGATGTGCTCCACAGATATAAACTACTCACAGTTTTACAATTATGATATTTTATTAATTACAC
CATATCCAAACCTATTATTTTCTATCAATAATGTTCCCATGAAAGAAGTGTACAAGTTACCA
ATAAAATAAAACTATAATCCTCAGTAAGGTAACAATGCTTTTAAGAGCATTCAACATCTCCT
CCCCACAACAGTTTCTATATATCATATTGAATGTTACAATCAGAAAGATAAGTTTCACAAGA
AACAAACTTA
>Bc1
CTCGGCTGTACCGTACCGGAGACTATGCCAGAGTGGTGAAAGGAACTCTGCTGTATGAAGG
TCGCATGGACTCTCAAGTGAAGATCCGAGGACATCGCGTCGACCTGTCGGAGGTAGAGCGA
GCAGTGACCGCTCTGCCGGCAGTAGACAAGGGAGTCGTTCTGTGCTACAAACCAGGCGAAA
TCAATCAGGCACTACTGGCTTTCGTGACAATGAAACCGGAGTTCGCCACATCAGCTCTACAA
ATTGAAGCCACGCTGGAGAAAAGCCTGGCTTCATACATGTTGCCGCAAGTGATTGTACTGGA
CAGCATCCCGCTGCTTGTAAATGGCAAGATGGACCGCCAGAGACTCCTCAAGGAATACGAG
GAAACATATCTAATTGGTTCGGATAGTGGAAAAGTTGAATTGGATTACACAGATGTGCCTGA
GAAGCAGATGGATGCAGCCACCACACTATTTGAGA
>Ebony7
TATGAATACAAAGTTATGCTGGACTTCCAAGTGAACACCTACACAGCTCCAGACAGTACAA
AGCCATTCGGTGCAGCACCAGACTGGCAAAAGGCTATTTGTTCCTGGAGAACAGTTTGAAG
ACAATGGATCTTGTTCTCATAAGGAAAAATACTTCATTGACTGACAAGTTCTGTTAACGTAC
CTCAACTACACCTGTGTGATATTGACAATACTTTTGGGTCTTAAATATGACTAAAATGTTAAC
AACATTCCAATCATGGAAGTACAATCTTAAGATAATAGAGCAGCTACCAAATCTTAACATAA
TATTTAATTTCATTTTGTAAATATTTCATTCTTTATATTGTTGAACAATCTACCACCATTTAGA
AACATCTGTATGTAAGTGCACTCTGAAATGACTAGAGCAGTAAATTCCTTGTATACATGTGT
ACTTGTCCTGTGTGTTTTAATAATAG
>Dc2
GCTAGACCTTCCGACTGAGTTCCTCAACTGCTCCGAAGGGCCGGGTGGAGGAGTATTACAGG
GCTCGGCAAGTGAGACCACGCTGGTGGGACTGCTGGCAGCTAAGGAAAGAACGGTGCGTCG
TGTGAAAGCTGAACATCCTGACTGGGAAGAGGGAGAGATTAAAGCCCGTCTCGTTGCATAC
TCGTCAGACCAGTCCAACTCATCCGTGGAAAAGGCCGGTCTTTTAGGATCCATGACGATGCG
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ACTGCTCCCAACGGACCAACATCTTCGGCTGAGGGGAGATTCAGTGGAAAAGGCAATCAAA
AGCGATCGAGAGAAAGGCATGATCCCCTGTTATGTTGTAGCTACTCTGGGCACAACTGCAAC
CTGTGCCTTTGATTGCCTGGAAGAGCTGGGTCCCATCTGCCAACGAGAAAAGCTGTGGCTGC
>ITS1
ATCCACCGTTCAGGGTTGTATTCACATTTCAACGAGCGCTCGCGCGCCGTTACTGTTCAAGG
GTTTGCCTTACGTCAGAGACTTGCATTCGGAACCACTGGCCGGAGGTCTTTATAACCTGCCC
GCCGCCGCCGCAAGTATCGCTACTGCGGCAGGGCGGGTCTCCCCTGCTCGATCGCCGGGAG
GCGAGATCGGGGGTAGGTGACCAGAGTTCCCAGGAGACGCATCCGTTGCCGGACCCCCAGC
GGGCGGGTCCGGGCGAATTGCGAGCCCCTGTCGCCTTTCGGCATTGCTTTTCTGCTGCTGCG
CGGTGGCAGCAGCTGCTTGCTTGCAACGGTCAGTCTGTTTGAAGACGTGACGTTAATGATCC
TTCCGCAGGTTCACCTACGGAAACCTTGTTACGACTTTTACTTCCTCTAAATGATCAAGTTTG
GTCATCTTTCCAGTAACATCGGCAACTGCACGAGGCTGAAGCCGCGCACCGGTCCGAAGAC
CTCACTAAATCATTCAATCGGTAGTAGC
>ITS2
CCGTTCCGGACCACGTCTGGGCTGAAGGGTCGGTCCGCTAAAACTGAACGTCCGGCGGCGG
ATTGATTTTCGTCGTCGGCGTTCGATTCTGGGAGCTTCGCGGGTCGGTCGGGCACAAGTCCC
GCGCCGCGTCTCCTTAAATGTCGCGCCTTGCGCGCGAGACAACGCTCGGTTTGGCGTCGTCC
TCGCGGAGTCTCGTCTCTGGCCTTGCTGAAGCCTGACTCCCGCGTTGGCGCGCCCTCCGAAG
CGCCGAGAAACACTCTTTGCTAACGACCTCAGAGCAGACGAGACTACCCGCTGAATTTAAG
CATATCAGCCATACACAACTGAGTCGGGACTGGGGAAAGTCCGTGACTTCTGCTACCTATAT
AAACAGTGCGCTGTTGTTACAACTTGTCAGTTACTCGCCATTCTTCTGTTTAGCCTTCCACAG
TGCGGGAGCCAACATGCCGACTGCAGCAGAGACAGCAACAATTGCTCCGCCACTTGAAGGA
GTGAATGGAAAATTGGAGGCTGCTGCCGTAACTGATCCTACACCCTCACCTGCACCACGCGG
GAAGACTCCATGGTTTGCAAGTTTAAGCGATCCAGCTCGTCATGGTGCTTTCTTCAGGGATG
CAATGGAAATATTGGTGGAAAAGGCGATCTTTCAAGGCACAAATCGAAATAATCGCGTCCT
AGAATGGCAGGAACCTCATCAACTTCAACAACTTTTGGATTTGGAATTGGAAAATCAACCGG
CTAACCACGATAAACTTCTCCAGCTCCTCAAAGATGTTATTAAATACAGTGTGAAGACTGGA
CACCCGTACTTCGTCAATCAGCTCTTCTCAAGTGTTGATCCATACGGTCTAGTAGGACAATG
GCTGGGAGATGCCCTTAACCCAAGTGTATACACTTACGAAGTTTCTCCAGTTTTCACGCTAA
TGGAAGAAACTGTACTGAAAGAAATGAGACGTATTGTGGGGTTTCATGATGGTGCTGGAGA
CGGTATTTTCTGCCCAGGTGGCTCAGTAGCTAATGGTTATGCCATTAGTTGTGCACGCTACCA
CCTTGTACCTGAAGTAAAGACTAAGGGATTACATGGGTTACCCAGATTGGTATTATATACAT
CTGCAGATGCCCATTACTCCATCAAAAAGATGGCCTCATTTATGGGATTGGGTTCAGACAAT
GTGTATCTTGTACAGTGTGATGCACAAGGAAAAATGGATGTTGCCCATCTTGAACAGCTAAT
ACAACAAACACTGGATGAAGGTGCCATGCCTTTCATGGTGTCTGCCACAGCAGGTACAACTG
TTTTGGGGGCATTCGATCCGATTCCCCCCATTGCTGATATCTGCTCTAAACATAACATGTGGC
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TCCACATCGATGCAGCGTGGGGGGGAGGAGCTCTTGTTTCTAAAAAGTACCGACACTTGCTG
GAGGGCATTGAGAGGGCTGACTCTGTCACATGGAATCCTCACAAACTTCTGACTGCACCTCA
GCAATGTTCTACATTTTTAACAAGACATGAGGATGTATTGTCTGCCTGCCATTCAGCCAGTG
CACAATATCTTTTCCAAAAGGACAAATTTTATGACACAAGGTTTGATACTGGTGATAAACAC
ATCCAGTGTGGGCGCAGAGCAGATGTCCTTAAGTTCTGGTTTATGTGGAAAGCAAAAGGCA
CTATTGGACTGGAGAAACACATCGACACAGTATTTGACAATGCAGAATATTTCACAGAACA
AATAAAAAATAGAGATGGATTCAGATTGCTGATTGAACCAGAGTGTACCAATGTCTGCTTCT
GGTATGTTCCTCCTAGCTTAAGAGGACTAGAAGATCAACCCACTTTTAATGAAAGGTTACAT
AAGGTTGCACCCAAAATCAAGGAGAGGATGATGAAAGATGGATCAATGATGGTTACATATC
AGCCACTGAAAGAACTACCAAATTTCTTCCGTCTGGTGCTCCAAAACTCGGGTCTCGATCAT
TCTGACATGGACTTCTTTATTTCAGAATTTGTAACAAAACGAGCTATCATATAGCGTAACGT
AAAAGTGATTGTTATCCAGTACCTTTTTAAATTATCTGTAAATAAATGTATAAATTATT
>black transcriptome sequence
AAGCAAGACATCTGTCACCGAGTTTACGCCTGCTCCAAGAGCTACTGTCGCTAGATACGTTG
TGACAAAAACCAGAATCTGACATGGACGTCGAACAGTTTCGTGAGTTCGGGCGTGCAGCCG
TGGACTTCATTGCGGACTACGTGGAAACATTACGCGATAGGCCCGTCCTGCCGTCTGTGGAA
CCAGGATTCCTACAAAAGTTGATTCCATCGCAAGCACCGAAGTCTGGCGAAAAGTGGGAGG
ATGTAATGAAAGATATGGATCGAGTAATATTGCCAGGGATGACAAACTGGCAGTCTCCTCA
ATTCCACGCTTACTACCCTACAGCCAACTCGTACCCCAGTATCGTGGGGGAGATGCTGAGCG
CCGGATTCGGCTGCCTTGGATTCAGTTGGATCGTGAGTCCAGTATGTACCGAACTGGAGGCA
GCCATGATGGATTGGTTGGGGAAAATGCTAGACCTTCCGACTGAGTTCCTCAACTGCTCCGA
AGGGCCGGGTGGAGGAGTATTACAGGGCTCGGCAAGTGAGACCACGCTGGTGGGACTGCTG
GCAGCTAAGGAAAGAACGGTGCGTCGTGTGAAAGCTGAACATCCTGACTGGGAAGAGGGA
GAGATTAAAGCCCGTCTCGTTGCATACTCGTCAGACCAGTCCAACTCATCCGTGGAAAAGGC
CGGTCTTTTAGGATCCATGACGATGCGACTGCTCCCAACGGACCAACATCTTCGGCTGAGGG
GAGATTCAGTGGAAAAGGCAATCAAAAGCGATCGAGAGAAAGGCATGATCCCCTGTTATGT
TGTAGCTACTCTGGGCACAACTGCAACCTGTGCCTTTGATTGCCTGGAAGAGCTGGGTCCCA
TCTGCCAACGAGAAAAGCTGTGGCTGCATGTGGATGCAGCTTATGCAGGTAGTGCATTCATC
TGTCCTGAGTTCCGTTATCTTATGGCTGGAGTGAATTATGCTGACTCCTTTAATTTTAACCCT
CACAAGTGGCTACTGGTCAACTTTGATTGTTCTGCCATGTGGGTGAAGGATGCCCGCTACCT
GGTGGAGGCATTCAATGTGGACCGCATTTACCTGGCCCATAAGAATGAGGGTCAGGCACCA
GATTACAGACATTGGCAGATACCACTAGGGCGACGTTTTCGTTCTCTCAAATTATGGTTAGT
GCTTCGTATGTATGGATCCCAAGGCCTGCAGGAGCATATACGCCGGCATGTGGCACTTGCTC
ATCAGTTTGAGAACCTTGTGCATGCTGACCCACGCTTTGAGATTACCTCTGAAGTCATTCTAG
GGCTTATCTGCTTCAGACTCAAGGGCCCTGATGCATTGACACGACAATTATTGGATCGTCTG
ACAGTCCGTCGAAAGATCTATGTAATAGCAGGCACTGCCCATGATGAATTGGTAGTGAGATT
TGCTGTATGCAGCCACTTAACAGAAGAACGAGACCTGGAATTTGCATGGAATGAGATTTGTA
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GCCAGGCCAATGCTGTTCTTACTGACACCTCTATACAGCTGAATGAAGAGGGTTACAACACT
GAAATGCTTAATAATACTGCCATTAATTCAGAGAGTCACAATGGAGTTCTTAATAGCAAGGG
TATTCTTAATGGCAATGGCATTCTCCACCAACATAATGGCCACATACATCAGAGTGACAAGA
GTGTGTAAGAATGATTGACAATAATAGTTTATTTACTTCAGAATCCATTAAGCCTCAGTGCT
AGATTCAAACACTATTTCTTATATACAATTTTCAGTGAATTTATCAACTTTATCACAGCTTAT
TGTAATAGAAGTTGTGAAACATTACGTCAAATTGTAAATTTGTTTAAGTTAAGACAAGTGCT
TTGATTTGTTTCTAGTGACATATCAAACCTACCTCTCAAATTCGATAATACTGTTTCCAATAT
CGCATTTTGTAATATTTCCTTTCATTACATATTTCCTCAATATCACTTCTTTCACATTTATTAT
TATCATCACTCTCATGACCATAATTCTTACATGAATTACATATGGTCTTGTGAAAAAGGGCA
AGCCCCAAACATATGATGTGCTCCACAGATATAAACTACTCACAGTTTTACAATTATGATAT
TTTATTAATTACACCATATCCAAACCTATTATTTTCTATCAGTAATGTTCCCATGAAAAAAGT
GTACAAGTTACCAATAAAATAAAACTATAATCCTCAGCAAGGTAACAATGCTTTTAAGAGC
ATTCAACATCTCCTACCCACAACAGTTTCTATATATCATATTGAATGTTACAATCAGAAAGA
TAAGTTTCACAAGAAACAAACTTACAAAAATTTCAGCTGATTCAATTAAATAATCTAACATG
GTTCAATTTATTCAAAACAAAATGTACTACACCGACTTACCAGTGTCGAATTCAAAAAGTAG
TCTAAAGTGTATGTTAATGCTTTATTACATGTTACCATCATAATCTGCTTTGTATGTTTGTTTC
TTCCACCCATTTTACATTTATTTCTATACATCAGTTCAACAAGAGATTAAACAAAATCCTCAA
TTCAGATGTCATTGATTATACCCTTGATTTAATAACACATTAAAAAAAGTCAATATTAAACA
CGAACCAGGACAAAACTGAAAATTCAACATTTATAACTCTATCACTGCAC
>Ddc transcriptome sequence
CGTTAACTTCGTTCAGTCTTATTTAGTTTCATACAAAGTGACTTTTTATAGTGCGTCGACAAA
TTCATATACTTCAAGTCCTCAAATAAGATGGGTTCCATACCGCAGTTGTCCGTACTTCGAGG
AGACACACACCTGCTGCCCTCTGGGTCGCTTCTACTCCACCGCCTCCTGGAACGCCGAGCGG
AGGAAGTGGTCAACGCTCCCGCTCTCCTCAGTGGCGACAGAAGCACTTCTCACGCTGCTCTA
CATGCAGCCGCATCTCGCCTCGCCCGAGTGCTCGTGCGACACGCGCGTGCGGGTGGCAGGA
GTGCGAACGATGACGGCGACCAGCTGGTGGCGGTGAGCATGGAGCCCAGCGAGCGCCTGGT
GGTCACATTGCTGGCAGTCTGGAAGGCAGGCGCAGCCTACCTGCCGCTAGACCCCAGTTTCC
CCGAGCCTCGAGTCCGTCACATCCTCGCAGAATCAAAACCCCTCATGGTTATCACAGATACA
GCGGACCCCGACAAATTCGGCAGCTTCGATCACGTTGTCACGTTCGACGACCTTCAGGCAGA
GGCCCACGACGTTTCCGGCGAGTCTCTGGAAGATGCTGAGTCGCTGCCTCTCGGCCTGACAC
CGTTAGCTCTCGTCTTGTACACTTCCGGAAGTACGGGAACTCCTAAAGGAGTGCGGCTGCCT
CATCGCGTGGTGCTCAACAGATTGTGCTGGCAATGGCGAGAATTCCCCTACAGCGACCAAG
AGCGCGTGTGCGTATTTAAGACGGCTCTCACCTTCGTGGACTCCGTTGCGGAATTGTGGGGA
CCTCTTCTCCAGGGTCGAGCAGTACTCGTGGTCCCCAAGGCCATAACCAGGGACCCGGAGA
GGCTGGTGCGCCTTCTGGATCAGCACAAGGTGGAACGGCTGGTCCTGGTGCCCTCGCTGCTG
CGGGCGCTCTTGCTGCAGTTGAGCCTGACTCCTCCGGGGACGCCATCTCCGCTCTCCAGTCTC
CGCCTCTGGGTGTGCAGTGGCGAGGCTCTGGCCATCGACTTGGTCGAACAATTCTTCCGTCG
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CTTCCCGCCAGGAAGACACGTCCTCTGCAACTTCTACGGCAGCACCGAGATCATGGGTGATG
TCACGTATCACGTGATGAGTGGCCCGCGAGACGTCGCTCCGGACGACAAAGTGCCCATAGG
TCGACCTCTGGACAACACTCTCATCTATCTACTGGACCAGCAGTACCGGCCGGTCGTGGCAG
GCGACGTCGGGGAGCTGTTCGTCGCAGGTCTCAACCTGGCCGCTGGCTACGTGAACGGCCG
AGACCCCGAGCGTTTCGTCGCCAACCCACTCACCGTCGACCCTGACTACTCTCGGCTGTACC
GTACCGGAGACTATGCCAGAGTGGTGAAAGGAACTCTGCTGTATGAAGGTCGCATGGACTC
TCAAGTGAAGATCCGAGGACATCGCGTCGACCTGTCGGAGGTAGAGCGAGCAGTGACCGCT
CTGCCGGCAGTAGACAAGGGAGTCGTTCTGTGCTACAAACCAGGCGAAATCAATCAGGCAC
TACTGGCTTTCGTGACAATGAAACCGGAGTTCGCCACATCAGCTCTACAAATTGAAGCCACG
CTGGAGAAAAGCCTGGCTTCATACATGTTGCCGCAAGTGATTGTACTGGACAGCATCCCGCT
GCTTGTAAATGGCAAGATGGACCGCCAGAGACTCCTCAAGGAATACGAGGAAACATATCTA
ATTGGTTCGGATAGTGGAAAAGTTGAATTGGATTACACAGATGTGCCTGAGAAGCAGATGG
ATGCAGCCACCACACTATTTGAGACAGTAGCGTCCATCCTAGGCAGTTCTGCCAGAAACAAG
CTGAGATTACAGTCCAACTTTTACGAACTTGGAGGAAACTCTTTGAACTCCGTGTACACTGT
AACCAAACTGCGGGATCAGGGCTATGCTATTAGTATCACAGACTTCATTTCGGCAAAAGACC
TGTCGCAGGTTTTGGATCGTATGTATCCTGTTGGTGAAAACGATAAGACTATTTCATCCAACT
TGGACCTACAGTCCACATATGTGTCACAGATGCTCAATGATTCCCACAAAGGAGACGTAACC
AGGATCATAACAAACAGTTTCTACGAGAAAGCAGACCTAGAGCAATGGCTACTACCACACA
TTCACAAAGAAGATTATGTCGACCTCATTGACAAACTGTGGGATGCGCTGGTTCAAAAGAAC
TTCAGTTTTGTAGTAAAAACACAACAGGGAGAAATTATTGGTGTTGCACTTAACTTTGATGT
TCATGATGAACCAGTTATTGAAATCACCAGTAAACTTACTGTCGTATTTGATTTTCTGGAGTT
CTTGGAAGGACCTATAAGGGATGAGAAGCTACCACAGGGCAAGGGGCAAGTGTTGCACAGT
TTCATGATGGGAACACACCAGCGACTTAACCATCAAGAAAATATTGAAGTAATACAATTCAT
GGAAGAGGAAGTCTTGAAGAATGCTAGACAGAGGGGATTTGCGGGAATTTTCACAACAAAC
ACCAGTCCTCTTACACAGCAATTGGGCACAGATGTATATGAATACAAAGTTATGCTGGACTT
CCAAGTGAACACCTACACAGCTCCAGACAGTACAAAGCCATTCGGTGCAGCACCAGACTGG
CAAAAGGCTATTTGTTCCTGGAGAACAGTTTGAAGACAATGGATCTTGTTCTCATAAGGAAA
AATACTTCATTGACTGACAAGTTCTGTTAACGTACCTCAACTACACCTGTGTGATATTGACA
ATACTTTTGGGTCTTAAATATGACTAAAATGTTAACAACATTCCAATCATGGAAGTACAATC
TTAAGATAATAGAGCAGCTACCAAATCTTAACATAATATTTAATTTCATTTTGTAAATATTTC
ATTCTTTATATTGTTGAACAATCTACCACCATTTAGAAACATCTGTATGTAAGTGCACTCTGA
AATGACTAGAGCAGTAAATTCCTTGTATACATGTGTACTTGTCCTGTGTGTTTTAATAATAGA
GTAAGATGCAGCCAGCGTTTATTACCAAACAGAATCCCTACCCTGCCATTTTAATCATCAAT
GTTCTCTTGTTGATGACATTGTCAGAAGTAATTTGATATAGTACAATTCTAAGTTGCATTAAA
AAAAGTCTCCTAGGATTTTGTTCTCTCGAGACCAATGCATGCTTATAGTCTTTAATGCAATGG
TTAATTTAAGGAAATGTGTGTGTTTTTAACTTAGTTATCAGTATTGTGTTGTACCTATCCAAA
TATTGTAAATAGTATCTGTAGT
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Appendix  2:  Genome  size  of  Hemideina  maori  
determined  by  flow  cytometry  
Performed by Landcare Research, Lincoln, New Zealand
a:

white leg of female wētā, H. māori, stored in EtOH

b:

brown leg of male wētā, H. māori, stored in EtOH

Project Summary
DNA contents were determined using flow cytometry. Flow cytometry followed the
Otto two-step method with the substitution of propidium iodine for DAPI (Otto 1990).
Approximately 2 mm of wētā leg tissue with a suitable standard was co-chopped in 1 ml
of ice cold Otto buffer 1 with a stainless steel razor blade before incubation for
approximately 2 minutes. The sample was then filtered through a 30 μm Celltrics filter
(PARTEC GmbH) before adding 2.5 ml of Otto buffer 2 with 1 mg/ml propidium
iodine for nuclei staining. The sample was run on a PARTEC CyFlow Space with a 488
nm laser as the excitation source. The internal standard used was Chinese Spring Wheat
(CSW, Triticum aestivum) 34.64 pg 2C content (Lee et al. 1997), and gain adjusted as
required for the different H. māori entities.
Results
H.
sample

māori x-main ration H. māori : CV H. māori
CSW

2C content

a = female

1 : 1.62

8.8

~ 21.3 pg

b = male

1 : 1.95

7.0

~ 17.7 pg

The nature of variation in DNA content is unclear. More samples are needed for
analysis to address this.
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