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Abstract
Variation in environmental temperature affects numerous biochemical processes in
poikilotherms, which in turn influences their biogeography. The physiological response to
low-temperature has received much attention, but extending genomic-based studies beyond
Diptera is needed to fully comprehend the molecular mechanisms underpinning this
adaptation. The unusual incidence of alpine sticks insects within New Zealand suggests these
species have suitable cold-tolerant phenotypes and genotypes warranting investigation.
The objectives of this thesis were to: (i) verify the application of RNA-Seq to identify
mild cold-shock responsive genes in an alpine stick insect (Micrarchus nov. sp. 2); (ii) further
exploit RNA-Seq to assess intra- and inter-specific variation in this response among alpine
and lowland (Micrarchus hystriculeus) species; (iii) assess the extent that energy pathways
evolve aiding adaptation to low-temperature and other metabolically stressful life-history
traits in Australasian stick insects.
Alpine Micrarchus regularly experience sub-zero temperature in the wild and qPCRverified 454-based RNA-Seq identified three novel cold-responsive loci, emphasising the
varied response to low-temperature across insects. Subsequent qPCR-verified Illumina-based
RNA-Seq showed divergent interspecific transcriptional responses to cold-shock between the
alpine and lowland species. Background genetic variation caused and maintained through a
combination of reduced gene flow, genetic drift and local adaptation is partly responsible for
the extensive intraspecific and reduced within-population, variation in expression response.
Local adaptation in the nuclear genome is preserved despite a complex pattern of unidirectional mitochondrial introgression between species.
The Lanceocercata stick insect radiation includes transitions from tropical to
temperate climates, lowland to alpine habitats and winged to wingless forms. This diversity
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in lifestyle is predicted to afford equally variable metabolic demands. In response, a signature
of positive selection was detected in five core-glycolysis genes, with Likelihood methods
identifying two (phosphoglucose isomerase and glyceraldehyde 3-phosphate dehydrogenase)
that encode branch-point enzymes linking glycolysis to the pentose phosphate pathway as
under positive selection. These results indicate adaptation to stressful lifestyles requires a
balance between maintaining cellular energy production while compensating for stressinduced oxidative damage.
These studies illustrate that adaptation to low-temperature, and other stressful
lifestyles, is a complex interaction between DNA sequence evolution and gene expression
changes, which can evolve differentially in isolated species and populations.
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Chapter 1

Introduction:
Adaptation to low-temperature
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1. Introduction
The continued struggle for species survival in the unpredictable environment is a
major driving force of adaptation (Darwin, 2009). Neither the global environments, nor the
species populating them, are static. The fluid geographic distribution of worldwide biota is a
consequence of numerous dynamic interactions. Low-temperature is a critical abiotic variable
constraining the biogeography of poikilothermic insects (Clarke, 2003; Chown & Nicolson,
2004). To compensate for fluctuations in the thermal environment, insects have acquired
numerous adaptations (Hoffmann, Sørensen, & Loeschcke, 2003; Sinclair, Addo-Bediako, &
Chown, 2003a; Clark et al., 2009; Storey & Storey, 2012). However, the underlying genetic
control of the cold tolerance response largely remains a mystery outside of chilling intolerant
Drosophila species (Hoffmann, 2010). To increase our understanding of how insects interact
with their environment it is imperative to study the molecular basis of this adaptation in nonmodel cold-hardy organisms. Recent technological advances make it is possible to explore
the genetic basis of cold tolerance in non-model species inhabiting harsh low-temperature
climates without a priori assumptions or existing genetic resource (Wang, Gerstein, &
Snyder, 2009b). Furthermore, by adopting an evolutionary framework, it is possible to
quantify and compare intra- and inter-specific variation in this response. This will increase
our understanding of complexity of the adaptation to low-temperature and provide much
needed information on how this varies at the spatial and temporal scales.
Low-temperature exposure reduces enzyme kinetics and metabolic rates (Huey &
Kingsolver, 1989). However, our understanding of how metabolic pathways evolve to
compensate for this reduction in cellular energy is currently limited. Adaptations to other
stressful lifestyles are also associated with fluctuations in metabolic demand (Krogh & WeisFogh, 1951; Ahmad, 1992), and possibly require biochemical adaptation. Comparing enzyme
polymorphism among species with diverse life history traits will permit investigation as to
whether natural selection does act on energy producing pathways, and if so, at which steps
and even at which sites within enzymes.
The primary focus of this thesis is to investigate how gene expression and DNA
sequence variation underpins adaptation. Chapter two attempts to identify cold-responsive
genes in an alpine specialist stick insect using RNA-Seq; Chapter three investigates the intraand inter-specific variation in this response to low-temperature using lowland and alpine stick
insect species from within a single genus. Chapter four looks for natural selection in the
2

glycolytic pathway using stick insects representing an extraordinary natural evolutionary
experiment. Together these results will further our understanding of how organisms adapt to
their environment and how this process drives evolution. Elucidating the complexity of this
interaction is integral to understanding the past, present and future biogeography of species
on the planet.
1.1 Biogeography
What makes the brown rat cosmopolitan and the Lord Howe Island tree lobster
endangered on a solitary islet? The study of the geographic distribution of organisms,
biogeography, initially appears to be a relatively simple discipline (Crisci, 2002). However,
the patchwork apportioning of organisms across Earth’s surface is a product of numerous
dynamic interactions. History, dispersal, physiological tolerances and biotic associations all
culminate in shaping a species geographic distribution. Many scientists have been intrigued
by this “splendid sport” that has all the complexities of a game of chess ((Darwin, 1975)
p.528, para. 2). This multidisciplinary field is broadly divided into historical and ecological
approaches (Posadas, Crisci, & Katinas, 2006). While extensive overlap exists between the
branches of physiology, the temporal scale studied is the fundamental difference (Crisci,
2002). However, to fully understand biogeography it is essential to adopt an integrative
approach spanning the field (Wiens & Donoghue, 2004; Crisci, Sala, Katinas, & Posadas,
2006).
Historical biogeography is a complex multifaceted discipline, however, it indeed
started with a simple 18th century statement; Buffon’s Law declared different areas have
different species (termed by (Nelson, 1978)). Understanding why this declaration was correct,
and what were the underlying causes of disjointed distributions, accelerated as a result of
technological advances during the 20th century (Posadas et al., 2006). The idea of continental
drift and plate tectonics replaced previous outdated notions of static land masses where
species distribution was explained solely by dispersal and extinction. This lead to the
understanding of how changes to Earth affect the species inhabiting it (Posadas et al., 2006).
Tectonic activity fractured the supercontinent of Pangea, and splintered the Gondwanan and
Laurasian landmasses. The separation of species by the creation of geographic barriers was
considered paramount to explaining biogeography during this period. Secondary processes
including long distance dispersal were hypothesised to have negligible impact. However,
shifting attention towards individual species revived the importance of migration and
3

evolutionary relationships (Avise, 2000). The primary source for historical area relationships
comes from the fossil record (Matthew, 1914) with dated phylogenies using molecular clocks
(reviewed in (Bromham & Penny, 2003)) providing further support for deducing past species
distribution. Combining these approaches allows inference as to whether a vicariance event
predates a taxonomic split, and is ultimately the likely cause of speciation. The current
discipline of historical biogeography comprises multiple methods encompassing nine
different approaches (Crisci, Katinas, Posadas, & Crisci, 2003; Posadas et al., 2006).
Ecological biogeography attempts to understand how extant forces in the environment
influence the contemporary distribution of species. The interaction of biotic factors, such as
competition (Connell, 1961; Connell, 1972), and abiotic variables, including salinity
(Williams, Boulton, & Taaffe, 1990) and temperature (Somero, 2002), constrain the
distribution of organisms. Single abiotic factors and an organism’s physiological tolerance
may have a simple relationship at extremes, for example the Coxicerberus ramosae
interstitial isopod is unable to survive in environments where the temperature exceeds 35°C
(Albuquerque, Meurer, & Netto, 2009). In combination, all abiotic variables form a complex
n-dimensional hyperspace of tolerances defined as an organisms fundamental niche
(Hutchinson, 1957). In general, the broader this niche, the more expansive the geographical
distribution (Brown, 1984). Initially great interest was paid to how a species physiology
shapes this niche (Bartholemew, 1958; Vernberg, 1962; Huey & Kingsolver, 1989;
Kingsolver, 1989; Huey, 1991). However, for a large part of the twentieth century
biogeography research focused on biotic factors for explaining species distributions (Spicer
& Gaston, 1999). Eventually renewed interest in physiology was generated by innovative
macro-ecological studies trying to understand the large scale processes and patterns that have
led to the current biogeography of species (Chown & Gaston, 1999; Gaston & Chown, 1999a;
Spicer & Gaston, 1999; Chown, Addo-Bediako, & Gaston, 2002; Chown, Gaston, &
Robinson, 2004). Physiology is also integral to understanding the consequences of
anthropogenic induced environmental perturbation including climate change and pollution
(Parmesan, 2006; Rosenzweig et al., 2008; Denlinger & Lee, 2010; Feder, 2010; Hofmann &
Todgham, 2010). An organism’s physiology is a direct result of genetic, developmental and
environmental influences (Spicer & Gaston, 1999) and knowledge of how it varies on the
temporal and spatial scale, macrophysiology, is fundamental to biogeography (Chown et al.,
2004). Insect thermal biology has had a significant influence on our understanding of
macrophysiology, being one of the most active areas of research (Addo-Bediako, Chown, &
4

Gaston, 2000; Umina, Weeks, Kearney, McKechnie, & Hoffmann, 2005; Rako, Blacket,
McKechnie, & Hoffmann, 2007; Deutsch et al., 2008; Denlinger & Lee, 2010)

1.2 Insects at low-temperature
Extremophiles thrive where all else would fail (Macelroy, 1974). While microbial
examples spring to mind, this term also applies to numerous multicellular animals including
insects that tolerate extreme pH and temperatures (Rothschild & Mancinelli, 2001).
Remarkable examples include the ability of the drosophilid fly, Chymomyza costata, to
survive submergence in liquid nitrogen (-196°C) (Koštál, Zahradníčková, & Šimek, 2011).
Environmental temperature is particularly pertinent to the distribution of poikilothermic
insects due to the range of biochemical and physiological processes affected (Clarke, 2003).
Insects capable of growth and reproduction at low-temperatures (-15°C to +10°C) are termed
psychrophiles (Rothschild & Mancinelli, 2001) with known examples from a majority of
insect orders (Sinclair et al., 2003a; Turnock & Fields, 2005; Denlinger & Lee, 2010).
Species unable to survive even moderately low-temperature without suffering injury or death
are termed chilling intolerant (CI). CI species typically live in thermally-stable tropical
environments. Insects that do persist in low-temperature environments survive by adopting
one of two strategies: freeze avoidant (FA) or freeze tolerant (FT) (Figure 1.1).
Simplistically, FA species physically prevent internal ice crystal formation whilst FT insects
actively promote it. The duality of cold tolerance strategy is somewhat arbitrary with
significant overlap and shared mechanisms (Zachariassen, 1985; Bale, 1993; Sinclair,
Vernon, Jaco Klok, & Chown, 2003b; Denlinger & Lee, 2010). It is generally accepted that
CI, FA and FT strategies are the basic types of cold tolerance, however the names for the
classification vary (Salt, 1961; Ramløv, 1998; Sinclair, 1999; Nedved, 2000; Chown,
Terblanche, & Simpson, 2006; Hawes & Bale, 2007; Denlinger & Lee, 2010).

5

Figure 1.1: The generic responses of insects to low-temperature. Body temperature in
relation to representative ranges of cold tolerance strategy. (Adapted from (Lee, 1989))

At temperatures marginally above freezing all insects must mitigate the trauma
associated with: reduced cell membrane fluidity (Overgaard et al., 2005), changes in ion
concentration (Koštál et al., 2007), increased oxidative stress (Rojas & Leopold, 1996) and
other non-freezing cold injuries (Bale, 2002). To avoid lower temperatures, particularly
below freezing, CI species living in temperate environments may display behavioural
responses that include seasonal migration (Chapman et al., 2008). A majority of insects that
persist in habitats that experience sub-zero temperatures adopt the FA strategy for survival
(Denlinger & Lee, 2010). This involves actively lowering the super-cooling point (SCP) of
the haemolymph preventing ice crystal formation. Insects that super-cool are able to remain
active at temperatures when others would freeze. In an extreme example, overwintering
willow gall insects from the Alaskan interior can depress their SCP to -56°C (Miller &
Werner, 1987). The SCP is depressed in FA species by raising the concentration of low
molecular mass polyols (for example sorbitol and glycerol (Chino, 1958)), decreasing cellular
water content and synthesising antifreeze proteins (Duman, 2001). While FA species are
capable of surviving moderately low sub-zero temperatures, FT species are the extreme lowtemperature pioneers. FT species raise the SCP of their haemolymph to promote the
formation of internal ice crystals at elevated temperatures. Synthesised ice nucleating proteins
6

control the development of internal ice crystals to extracellular spaces that will not cause
permanent injury to the organism (Zachariassen & Hammel, 1976). Inoculative freezing
across the cuticle from ice in the external environment may be required to initiate the FT
response in some species, including tenebrionid beetles (Bolitophagus reticulatus) (Gehrken,
Strømme, Lundheim, & Zachariassen, 1991) and cranefly larvae (Tipula sp.) (Gehrken &
Southon, 1992). FT insects, like FA species, similarly utilise polyols and antifreeze proteins
but to different effect (Duman, 2001). Mixed cold tolerant strategy insects are rare (Voituron,
Mouquet, Mazancourt, & Clobert, 2002) but do exist (Ring & Tesar, 1980; Horwath &
Duman, 1984) and this approach may be selectively advantageous in extremely variable
environments (Voituron et al., 2002).
While the various cold tolerance strategies facilitate long-term persistence of insects
in sub-zero temperature, injury still arises. Cell membranes are damaged by high
concentrations of inter- and intra-cellular electrolytes, cellular dehydration may be beyond
the point of recovery and mechanical injury from the ice crystals themselves may result if
freezing occurred (Denlinger & Lee, 2010). The recovery from this trauma is multifaceted,
including an induced immune response to the physical damage (Marshall & Sinclair, 2011).
Being cold-hardy is energetically demanding requiring the synthesis of numerous proteins.
To reduce associated metabolic costs species seasonally cold harden in response to lowering
temperatures and shortening photoperiod (Clark & Worland, 2008; Denlinger & Lee, 2010).
This primes insects for further low-temperature exposure by initiating the cascade of various
protein and polyol synthesis processes and thereby significantly increases their survival to
subsequent exposure (Lee et al., 2006). Whilst seasonal acclimation occurs over a protracted
time period, insects are also able to respond within minutes following exposure to lowtemperature through rapid cold hardening (RCH), protecting against further cold shock and
non-freezing injury (Lee, Chen, & Denlinger, 1987; Kelty & Lee, 1999). RCH is an
ephemeral response conferring increased cold tolerance for as little as 15 minutes in the olive
fruit fly (Bactrocera oleae) (Koveos, 2001). The RCH response enables individuals to remain
active to avoid predators (Kelty & Lee, 1999) and engage in normal reproductive behaviour
(Shreve, Kelty, & Lee, 2004). Although initially beneficial, long term detrimental effects can
arise from RCH including reduced lifespan and lower adult emergence rates (Denlinger &
Lee, 2010). Response to low-temperature is not only plastic on the temporal scale, with
different life stages exhibiting variation (Hawes & Bale, 2007; Denlinger & Lee, 2010). The
adult Antarctic midge (Belgica antarctica) lives for a week in the austral summer and
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completely lacks the ability to RCH (Lee et al., 2006). Contrastingly, the longer lived larvae
of this species can RCH (Lee et al., 2006).
Insects of all shapes, sizes and origins have been cooled, frozen and thawed. From the
results of these physiological experiments, global patterns in cold tolerance strategy have
been drawn. The northern hemisphere has a propensity for FA insects and the southern
hemisphere species appear predisposed to be FT (Klok & Chown, 1997; Addo-Bediako et
al., 2000; Chown et al., 2004; Sinclair & Chown, 2005). This generality is attributed to
climatic stability, with the continental northern hemisphere typically experiencing milder
winters and reduced seasonality (Sinclair & Chown, 2005). Super-cooled insects in these
environments are less likely to experience sudden extreme drops in temperature that can
result in instantaneously freezing and death (Denlinger & Lee, 2010). Conversely, the largely
oceanic southern hemisphere is unpredictable, fluctuating between extreme temperatures
thereby making FA a risky strategy for the aforementioned reason (Gaston & Chown, 1999b;
Sinclair & Chown, 2005). Understanding such biogeographic patterns in cold tolerance is
essential to elucidate the evolution of thermal adaptation, and the extent to which organisms
can adapt to predicted climate change. Altered environmental temperatures can result in the
expansion or contraction of a species geographic distribution (Crozier, 2003). Ultimately if
temperature exceeds the organisms niche breadth or becomes increasingly unpredictable then
migration, adaptation or extinction are the consequences (Hoffmann & Sgrò, 2011).
Thermal variation in the external environmental is a major driving force of adaptation
and evolution. The physiology of a species may predispose it to a certain cold tolerance
strategy. Life cycle, behaviour, energetics, dispersal and sensing ability preordain an
organism’s optimal strategy (Gilchrist, 1995; Voituron et al., 2002; Angilletta et al., 2006;
Chown et al., 2006; Denlinger & Lee, 2010). Together these interactions can culminate in
extremes; from cold climate specialists, with fixed traits, to organisms that have the genetic
variation and phenotypic plasticity to survive in multiple environments and respond to
predicted climate change (Chown et al., 2006; Denlinger & Lee, 2010; Hoffmann & Sgrò,
2011). The magnitude, duration, variance, frequency, predictability and rate of cooling
influence the evolution of a species response (Denlinger & Lee, 2010). If the temperature
exceeds an organism’s lower lethal limit then local extinction in that microclimate will
transpire (Parmesan, 2006), however, marginally tolerable temperatures may promote local
adaptation of a more cold tolerant phenotype if there is a genetic component to observed
plasticity.
8

A diverse range of insect orders have colonised environments which experience subzero temperature (Turnock & Fields, 2005; Denlinger & Lee, 2010). However, there is little
phylogenetic signal as to which strategy is likely adopted and the evolutionary mechanisms
behind this variation remains elusive (Sinclair et al., 2003a; Denlinger & Lee, 2010). It is
suggested that the FA strategy predates the FT alternative, with holometabolous insects more
commonly FT (Duman, Wu, Xu, Tursman, & Olsen, 1991; Vernon & Vannier, 2002; Sinclair
et al., 2003b). However, incidences of FT species have been recorded in primitive basal
insect orders (e.g. Orthoptera (Sinclair, Worland, & Wharton, 1999). In Drosophila larvae,
which may extrapolate to all insects, CI is the basal state and FA species have arisen multiple
times (Strachan, Tarnowski-Garner, Marshall, & Sinclair, 2011). Across insects FT species
have also arisen multiple times (Sinclair et al., 2003b). Interplay between cold tolerance and
other inherited traits may constrain species with shared evolutionary history to particular
strategies, but further research is required to support this hypothesis (Roff & Fairbairn, 2007;
Denlinger & Lee, 2010; Strachan et al., 2011). Niche conservatism is the tendency of species
to retain ancestral ecological characters (Wiens & Graham, 2005). Clades of species with
strong niche conservatism are likely to share cold tolerance strategies. However, innovative
species that colonise new habitats with altered thermal regimes are likely to adapt novel
solutions to persist in unfamiliar environments.
Adaptation to low-temperature may not always be a product of direct selection and
may inadvertently arise through gene hitchhiking (Denlinger & Lee, 2010). The
aforementioned ability of Chymomyza costata to survive submergence in liquid nitrogen at
temperatures significantly colder than naturally experienced is not a result of direct selection
and may be a result of gene hitchhiking (Koštál et al., 2011). The biochemical cold tolerance
pathways overlap with those for desiccation resistance, with both having similar effects on
cells (Sinclair, Gibbs, & Roberts, 2007a; Sinclair, Nelson, Nilson, Roberts, & Gibbs, 2007b;
Denlinger & Lee, 2010). Increasing solute concentration to depress the SCP in FA species is
complementary to actively removing water from the body as part of the cryoprotective
dehydration process, first documented in the Arctic springtail (Onychiurus articus)
(Holmstrup, 1995; Worland, Grubor-Lajsic, & Montiel, 1998; Holmstrup, Hedlund, & Boriss,
2002; Sinclair et al., 2007a; Sinclair et al., 2007b). It is plausible that cold tolerance itself
evolved from basal desiccation survival pathways (Chown et al., 2006). However,
dehydration can result in decreased cold tolerance in Drosophila melanogaster (Bubliy &
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Loeschcke, 2005; Sinclair et al., 2007b), highlighting the complexity of these physiological
interactions (Hoffmann, Hallas, Anderson, & Telonis-Scott, 2005; Denlinger & Lee, 2010).
With limited ability to regulate their body temperature insects are subject to the whim
of the environment. There is no universal strategy to endure sub-zero temperatures and to
survive insects have developed an intricate series of responses. This presumably involves the
coordinated expression of numerous genes. Identifying the genes that underpin the molecular
basis of cold tolerance will increase our understanding of the complexity, evolution and
adaptive potential of this adaptation and help us appreciate how this shapes their
biogeography.

1.3 Transcribing cold tolerance
Identifying genes underpinning important phenotypic traits is one of the main objectives of
molecular biology. In comparison to our understanding of the physiology, our knowledge of
the genes underpinning cold tolerance in cold-hardy insects is limited. A majority of what we
do know has been gleaned from research using CI Drosophila species (Clark & Worland,
2008; Hoffmann, 2010). Most molecular studies investigating insect cold tolerance are a
priori single gene approaches targeting antifreeze proteins, ice nucleators, heat-shock
proteins and cryroprotectant synthesising enzymes (reviewed in (Clark & Worland, 2008)).
While these studies have provided valuable insights into cold tolerance, they under sample
the full complexity of the response and more importantly, lack the ability to discover some
novel adaptations. Over the last decade proteomic and transcriptomic technologies have
facilitated novel candidate genes and proteins to be identified. While proteomic methods have
been successfully employed to identify novel candidates (Colinet, Nguyen, Cloutier,
Michaud, & Hance, 2007; Li & Denlinger, 2008), transcriptome approaches have been
preferentially adopted (Denlinger & Lee, 2010). Emergent transcriptomic technologies have
facilitated comparative analyses between pools of messenger RNA (mRNA). These methods
allow identification of up- or down-regulated genes in response to a chosen treatment,
without specific a priori targets. The two main techniques currently applied to cold tolerance
genome wide expression studies are suppressive subtractive hybridisation (SSH; (Goto, 2000;
Goto, 2001) and microarray analysis (Laayouni et al., 2007; Sørensen, Nielsen, & Loeschcke,
2007; Clark et al., 2009; Telonis-Scott, Hallas, McKechnie, Wee, & Hoffmann, 2009; Burns
et al., 2010; Zhang, Marshall, Westwood, Clark, & Sinclair, 2011; Teets et al., 2012b; Vesala,
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Salminen, Laiho, Hoikkala, & Kankare, 2012; Wang et al., 2012). However, these methods
will eventually be replaced by RNA-Seq (Wang et al., 2009b).
SSH requires no prior genomic information and has been utilised for over 15 years
(Diatchenko et al., 1996). Whilst subtractive hybridisation methods were being employed a
decade earlier, the adapted SSH protocol increased the high-throughput nature (Lukyanov,
Rebrikov, & Buzdin, 2007). The process begins with the ligation of oligonucleotide adapters
to the control and experimental mRNA pools which are subsequently mixed. The
complementary mRNAs from both pools hybridise leaving only differentially expressed
transcripts as single mRNA molecules. Polymerase chain reaction (PCR) amplification using
the adaptor sequences amplifies the un-hybridised up-regulated transcripts in the control and
experimental treatments separately, these are then sequenced. This technique identifies
differentially regulated genes and generates valuable sequence information in non-model
organisms facilitating follow-on studies. However, the major drawback of SSH is that the
results are qualitative. Subsequent northern blot or qPCR analysis is required to quantify and
verify transcript abundance.
The SSH method has been widely adopted (Lukyanov et al., 2007), but not for
investigating the low-temperature biology of insects (Denlinger & Lee, 2010). However, two
studies (Robich, Rinehart, Kitchen, & Denlinger, 2007; Rinehart, Robich, & Denlinger, 2010)
have used this technique to investigate diapause, which is a similar physiological process to
cold tolerance (Robich et al., 2007; Rinehart et al., 2010). Both projects identified 17 genes
including heat-shock proteins up-regulated during diapause; using female mosquitos (Culex
pipiens) at 18°C (Robich et al., 2007) and cold-hardy flesh flies (Sarcophaga crassipalpis) at
20°C (Rinehart et al., 2010). SSH has been applied to cold acclimated (15°C) and coldshocked recovering (2 or 8 hr at 0°C followed by 2 hr at 25°C) (Goto, 2001) Drosophila
melanogaster, but incomplete results were published. In these studies frost and senescence
marker protein-30 were respectively verified as up- and down-regulated (Goto, 2000).
Follow-on qPCR studies showed that these genes additionally respond to desiccation and
starvation in this species (Sinclair et al., 2007a). A cDNA library screening approach, similar
to SSH, has been applied to the freeze-avoiding goldenrod gall moth (Epiblema scudderiana)
(Bilgen, English, McMullen, & Storey, 2001). In this species a Muscle-LIM Protein gene
facilitating rapid development and spring metamorphosis is up-regulated in final instar larvae
exposed to -20°C (Bilgen et al., 2001).
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SSH has been utilised in relatively few studies compared to the real workhorse of
expression analysis, microarrays. A fundamental difference between the approaches is that
microarray development requires known sequence information to design oligonucleotide
probes for the array. This predominately restricts the application of microarrays to model
organisms, or those that have extensive expressed sequence tag (EST) databases. As with
SSH, microarrays again compare between two pools of mRNA. Each pool is reverse
transcribed to cDNA and labelled with fluorescent dyes. The labelled cDNA pools are
subsequently hybridised to a ‘gene chip’ containing thousands of oligonucleotide probes for
known genes. Differential expression is quantified photometrically by simultaneously
comparing the fluorescence between the dyes representing the two initial mRNA pools for
each oligonucleotide probe. While this method is capable of rapidly producing vast amounts
of data, it is largely limited by the initial start-up costs, especially for non-model organisms
where prerequisite sequence data needs to be generated.
A majority of microarray studies investigating the low-temperature biology of insects
have been performed on D. melanogaster (Sørensen et al., 2007; Telonis-Scott et al., 2009;
Zhang et al., 2011), or in closely related species using microarrays developed for the former
(Laayouni et al., 2007). In the first of these studies, D. melanogaster showed no substantial
difference in the pattern of gene expression in flies artificially selected for cold tolerance
(11°C acclimation step followed by 0.5°C cold-shock) for ten generations (Sørensen et al.,
2007). However, a similar approach without the 11°C acclimation resulted in altered basal
expression of 94 genes, including the down-regulation of proteolysis and electron transport
chain genes (Telonis-Scott et al., 2009). The type of low-temperature exposure can affect the
transcriptional response with single-short, prolonged and repeated cold-shock experiments in
D. melanogaster producing variable transcriptional responses (Zhang et al., 2011). This
variable response includes the up-regulation of genes associated with immune response,
stress response, muscle structure, muscle function, egg production and carbohydrate
metabolism (Zhang et al., 2011). However, three genes are universally up-regulated in all
treatments; a stress protein (Turandot A), a Notch signalling transcription regulator
(Hephaestus) and a carbohydrate metaboliser (CG11374) (Zhang et al., 2011). Cross-species
microarray approach can be used to generate results in closely related species that lack
genomic resources, but the issue of non-specific hybridisation requires results to be validated
by qPCR (Bar-Or, Czosnek, & Koltai, 2007). Changes in the global transcriptional response
of Drosophila subobscura after three years of adaptation to altered thermal regimes was
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assessed using a D. melanogaster microarray (Laayouni et al., 2007). This study successfully
identified differentially expressed genes including: heat shock proteins, transcription
regulators and those associated with nucleic and carbohydrate metabolism (Laayouni et al.,
2007).
Drosophila melanogaster studies have identified many cold-responsive genes and
advanced our understanding of cold tolerance in insects. However, the ever reducing cost of
high-throughput sequencing (HTS) has facilitated the development of custom microarrays for
a variety of non-model species (Clark et al., 2009; Burns et al., 2010; Teets et al., 2012b;
Vesala et al., 2012; Wang et al., 2012). This has enabled a transition from chilling intolerant
Drosophila to other cold-hardy species. This includes the Arctic springtail (Megaphorura
arctica) which cryoprotectively dehydrates to survive the cold (Clark et al., 2009). In this
species a custom microarray showed the dramatic increase (100-fold) in the expression of
trehalose-6-phosphate synthetase, in addition to up-regulating aquaporin, heat shock protein,
skeletal reconstruction, tissue repair and antioxidant genes (Clark et al., 2009). At the
opposite end of the earth, the Antarctic springtail (Cryptopygus antarcticus) is freeze
avoidant and exhibits intraspecific variation in super-cooling point associated with the
moulting process and differential expression of cuticle related genes (Burns et al., 2010). The
cold-hardy temperate flesh fly (Sarcophaga bullata) exposed to a -10°C cold-shock for two
hours, followed by two hours recovery at 25°C, differentially expressed over a thousand
transcripts (Teets et al., 2012b). The differentially expressed genes included heat shock
proteins, cytoskeleton components and genes from cell signalling pathways (Teets et al.,
2012b). S. bullata was also shown to lack a rapid cold-hardening transcriptional response
when exposed to 0°C for two hours (Teets et al., 2012b). Few studies have assessed
interspecific variation in transcriptional response to low-temperature in closely related
species. A custom microarray investigation using the allopatric D. virilise and D. montana
species revealed two shared cold-responsive genes; the heat responsive hsr-omega and
oxidative reducing Ecdysone-induced protein 28/29 kDa genes (Vesala et al., 2012).
However, a majority of genes were either treatment or species specific and included heat
shock, circadian rhythm and metabolic genes (Vesala et al., 2012). Even fewer studies have
attempted to assess intraspecific variation in transcriptional response to low-temperature
exposure using microarrays. In the migratory locust (Locusta migratoria) ‘phase change’ as a
result of increased population density causes a switch from the solitary to the gregarious
morph which in turn reduces the cold hardiness of eggs laid (Wang et al., 2012). Variation in
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the expression profiles of cold exposed eggs (two hours at either 0°C, -5°C or -10°C) showed
those laid during the gregarious-phase up-regulated heat-shock proteins, DOPA
decarboxylases and tyrosine hydroxylase, whilst conversely the solitary-phase laid eggs
increased lipid metabolism and carboxylic acid transport (Wang et al., 2012).
Microarrays have also been used to investigate the closely related biological process
of diapause (Kankare, Salminen, Laiho, Vesala, & Hoikkala, 2010; Ragland, Denlinger, &
Hahn, 2010; Ragland, Egan, Feder, Berlocher, & Hahn, 2011) and to progress from mRNA to
transcription regulating microRNA expression in the freeze tolerant goldenrod gall fly
(Eurosta solidaginis) using a commercially available Arthropoda miRNA array (Courteau,
Storey, & Morin, 2012). While microarray studies have undoubtedly advanced our
knowledge of the low-temperature biology of insects, the approach does have limitations.
Microarrays lack the ability to identify novel transcriptional profiles associated with cold
tolerance with the transcriptome snapshot limited to the sequence information used to
construct the array (Wang et al., 2009b). Even with genome-based arrays (such as those used
for Drosophila), there is a limited ability to distinguish between splice variants, patterns of
allelic expression and to detect low abundance transcripts (Wang et al., 2009b).
SSH, microarrays and single molecule targeted studies have significant limitations.
They are either qualitative, require extensive genomic sequence data or a priori assumption.
Nonetheless, these methods have identified numerous differentially expressed genes in
response to low-temperature from a variety of insects. These genes represent diverse cellular
functions, including genes associated with: stress, metabolism, cuticles, membranes, gene
regulation, cytoskeletal and immune function. Many of the known cold-responsive genes do
not overlap between species, and while this may reflect the differing methodologies and coldstresses, it is also largely attributed to interspecific variation in response to cold (Denlinger &
Lee, 2010; Vesala et al., 2012). High-throughput sequencing (HTS) and RNA-Seq is
becoming the technology of choice for identifying candidate genes. RNA-Seq allows studies
to use species that are not established genetic models, yet display adaptations that make them
pertinent to an array of ecological and physiological questions (Wang et al., 2009). However,
RNA-Seq is only just beginning to be applied explicitly to cold-hardy insects and their
response to low-temperature (Storey and Storey, 2012). For example, the extreme
dehydration tolerance in Antarctica’s only endemic insect, the Antarctic midge (Belgica
antartica), has been investigated using RNA-Seq (Teets et al., 2012a). This species survives
extreme sub-zero temperature through cryoprotective dehydration. This response involves up14

regulation cellular recycling pathways and down-regulating metabolic and ATP producing
genes (Teets et al., 2012a). This study also reveals further interspecific variation, with very
little expression profile overlap in response to desiccation with an Arctic collembolan
(Megaphorura arctica) adapted to a similar inhospitable environment (Teets et al., 2012a).

1.4 The application of RNA-Seq
RNA-Seq is not a methodological revolution but rather an evolution of existing
protocols. Expressed sequence tag (EST) sequencing has been used in conjunction with
Sanger sequencing for some time to infer differential expression (Boguski, Tolstoshev, &
Bassett Jr, 1994; Gerhard et al., 2004). However, the EST method is slow, expensive and
qualitative (Wang et al., 2009b). These problems were partially alleviated by the
development of tag-based methods including: serial analysis of gene expression (SAGE)
(Velculescu, Zhang, Vogelstein, & Kinzler, 1995), massively parallel signature sequencing
(MPSS) (Brenner et al., 2000) and cap analysis of gene expression (CAGE) (Shiraki et al.,
2003). These approaches increased the data output, but: still relied on the expensive Sanger
sequencing platform; produced short tags (14 to 20 bp) which are difficult to uniquely map
back onto a reference genome; and lack the power to distinguish paralogous genes, spice
variants and alleles (Wang et al., 2009b). RNA-Seq utilises advances in sequencing
technology to largely overcome these problems. As with the previous methods (SSH and
microarray), RNA-Seq compares pools of RNA which are commonly enriched for mRNA.
This eliminates ribosomal RNA (rRNA) which can consume 90% of sequence data if not
removed (Wilhelm & Landry, 2009). The mRNA is then reverse transcribed and adaptors
ligated. These pools are subsequently sequenced with or without prior amplification (Wang et
al., 2009b). Reads generated are then mapped onto an existing genome, or de novo
transcriptome, producing sequence counts used to calculate differential expression. Individual
barcodes can be added to each cDNA pool so that multiplexed sequencing runs can keep
track of reads pertaining to individual samples. RNA-Seq is not restricted to any of the HTS
platforms and can be performed using Illumina, SOLiD, 454, Ion Torrent and Pacific Bio; the
choice of which depending on the experiment and suitability of the platforms nuances (Liu et
al., 2012). The number of reads, read length, cost and accuracy of each platform influences
the choice of what is optimal for each study. However, continuously improving sequencing
chemistry means read numbers and sequence lengths are ever increasing (McPherson, 2009),
blurring the lines between the most commonly used Illumina and 454 platforms.
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RNA-Seq has several advantages over previous methods (Wang et al., 2009b),
including: (i) reduced cost (Illumina approximately US$ 0.07 per million nucleotide bases,
Sanger sequencing US$ 2400 for the same amount of data) (Liu et al., 2012); (ii) less initial
RNA required (Wang et al., 2009b); (iii) reduced background signal through unambiguously
mapping reads back to a reference compared to background photometric noise from
microarrays (Wang et al., 2009b); (iv) larger dynamic range of expression level detection
(Mortazavi, Williams, McCue, Schaeffer, & Wold, 2008; Nagalakshmi et al., 2008); (v)
Highly accurate expression estimates (Nagalakshmi et al., 2008); (vi) extremely reproducible
(Cloonan et al., 2008; Nagalakshmi et al., 2008); and most importantly (vii) the ability to
detect novel transcripts and its application to non-model organisms (Wang et al., 2009b).
Additionally, RNA-Seq reveals full sequence variation so that single nucleotide
polymorphisms (SNPs) can be identified (Wang et al., 2009b; O'Neil et al., 2010; Renaut,
Nolte, & Bernatchez, 2010). This sequence data can be used to infer sample ancestry
(Alexander, Novembre, & Lange, 2009) or microarray construction for high-throughput SNP
screening (O'Neil et al., 2010). With the plummeting cost of HTS, the number de novo RNASeq studies using non-model species is expected to dramatically increase (Wang et al.,
2009b). This method is likely to become an extremely valuable tool investigating the genetic
basis of cold tolerance in cold-hardy species.
RNA-Seq studies using non-model organisms generate transcript expression estimates
by constructing a de novo reference transcriptome from the HTS RNA-Seq data. Individual
reads are then mapped back onto this reference generating counts used to infer relative
expression. Constructing the reference de novo transcriptome is fundamental to the whole
process. For this reason initial studies using non-model organisms exploited the longer read
lengths generated by the 454 sequencing platform (Vera et al., 2008; Craft et al., 2010;
Jeukens, Renaut, St-Cyr, Nolte, & Bernatchez, 2010; Künstner et al., 2010; O'Neil et al.,
2010; Wolf et al., 2010; Zhang et al., 2010). However, decreasing costs, increasing short-read
lengths and the sheer volume of data generated means this community is gradually shifting
towards the Illumina platform (Birzele et al., 2010; Crawford et al., 2010; Mizrachi, Hefer,
Ranik, Joubert, & Myburg, 2010; Etebari et al., 2011; Miller, Biggs, Voelckel, & Nelson,
2012; Yao et al., 2012; Venturini et al., 2013; Zhang et al.). Whilst a majority of these studies
have focused on characterising the transcriptome as a whole, or inferring patterns of tissuesspecific expression, several studies have investigated the transcriptional response to abiotic
stressors in a diverse array of organisms. These de novo RNA-Seq studies have investigated
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the response to: salinity in Pacific oysters (Crassostrea gigas) (Zhao, Yu, Kong, & Li, 2012);
pesticide stress in pond snails (Lymnaea stagnalis) (Bouétard et al., 2012) and mealybug
ladybirds (Cryptolaemus montrouzieri) (Zhang et al., 2012); metal accumulation in a marine
polychaete (Ophelina sp.1) (Neave et al., 2012); thermal stress in a marine copepods
(Tigriopus californicus) (Schoville, Barreto, Moy, Wolff, & Burton, 2012a) and coral larvae
(Acropora millepora) (Meyer, Aglyamova, & Matz, 2011); multiple abiotic stresses
associated with aquaculture in rainbow trout (Oncorhynchus mykiss) (Sanchez et al., 2011);
and salinity, dehydration and low-temperature in an Antarctic vascular plant (Deschampsia
Antarctica) (Lee et al., 2013).
The successful utilisation of RNA-Seq to identify the molecular basis of adaptation to
an array of abiotic stress indicates its potential use in studying the low-temperature biology of
insects. However, RNA-Seq does have its problems, and several technological challenges
need to be addressed at the sample preparation and data anlysis stages (Wang et al., 2009b).
Long RNA molecules require enzymatic or mechanical fragmentation prior to sequencing.
Depending on whether this fragmentation occurs before or after mRNA reverse transcription
dictates if the main-transcript body (Mortazavi et al., 2008) or 3’ end (Nagalakshmi et al.,
2008) of these transcripts are respectively over-represented in the final sequence library.
Further technical issues include the inability to distinguish PCR duplicates from abundant
RNA species, and the difficulty in constructing accurate strand-specific libraries (Wang et al.,
2009b). Whilst these are important issues that need addressing for many RNA-Seq
applications, a majority of these technical issues cancel each other out when using the
technology to compare between two experimental groups. More pertinent to these differential
expression studies are the bioinformatics challenges facing RNA-Seq.
The de novo RNA-Seq analysis initially requires the sequence data to be accurately
assembled into a reference transcriptome for a majority of down-stream applications.
Accurate transcriptome assembly and down-stream SNP calling require high quality filtered
data to compensate for elevated error rates in HTS technology (1% error rate in Illumina
(Minoche, Dohm, & Himmelbauer, 2011)) (Singhal, 2013). Data quality can be visualised
and trimmed using an array of software to remove adaptor sequences, low quality bases and
polynucleotide stretches including: FastQC (Andrews, 2010), Cutadapt (Martin, 2011),
PRINSEQ (Schmieder & Edwards, 2011) ShortRead (Morgan et al., 2009) and Trimmomatic
(Bolger & Giorgi). Human and bacterial contamination can be removed by screening against
sequences from publically available databases (Schmieder, Lim, & Edwards, 2012). The
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optimal approach to assemble the remaining cleaned HTS data into a quality representation of
the transcriptome is contentious, with numerous studies comparing existing methods (Kumar
& Blaxter, 2010; Bräutigam, Mullick, Schliesky, & Weber, 2011; Hornett & Wheat, 2012;
Singhal, 2013). Multiple assembly programmes exist, including: Newbler GS De novo
Assembler (Roche), CLC Genomics Workbench (CLC Bio), CAP3 (Huang & Madan, 1999),
SOAPdenovo (Li, 2009), Velvet (Zerbino & Birney, 2008), TGICL (Pertea et al., 2003),
ABySS (Simpson et al., 2009), Oases (Schulz, Zerbino, Vingron, & Birney, 2012) and Trinity
(Grabherr et al., 2011); with selection dependent on HTS platform used (Illumina versus
454), cost (freeware versus licensed), available computing power (memory intensive versus
quick and dirty), previous comparison studies (Kumar & Blaxter, 2010; Bräutigam et al.,
2011; Hornett & Wheat, 2012; Singhal, 2013), ability to use multiple k-mer lengths (SurgetGroba & Montoya-Burgos, 2010) and transcriptome complexity. Whilst de novo
transcriptomes have been successfully used as references to calculate differential expression,
it has been suggested that where possible, non-target species genomes should be used instead
(Hornett & Wheat, 2012). According to this study, there is a 100 million year window of
evolutionary divergence where introduced biases and errors are negligible (Hornett & Wheat,
2012).
The next step in the RNA-Seq analysis pipeline is to map the reads back onto the
reference to generate counts used to calculate differential expression. Difficulty in this
process can arise when small reads have significant matches to more than one part of the
reference (Wang et al., 2009b). This problem is exasperated by repetitive regions and short
reads with high copy number (Wang et al., 2009b). However, several efficient mapping
approaches have been developed to minimise these issues (Mortazavi et al., 2008; Kofler,
Teixeira Torres, Lelley, & Schlotterer, 2009; Li et al., 2009; Anders, 2010; Trapnell et al.,
2010). The generated counts can then be used to infer differential expression and identify
candidate genes.

1.5 Differential Expression Analysis
The continued development of HTS technologies, coupled with ever reducing
operational costs, has led to a stark increase in the amount of sequence data researchers are
able to produce. Calculating differential expression with this magnitude of data within a
rigorous statistical framework has caused some debate, with several methods proposed
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(Tusher, Tibshirani, & Chu, 2001; Wang, Feng, Wang, Wang, & Zhang, 2009a; Anders &
Huber, 2010; Auer & Doerge, 2010; Hardcastle & Kelly, 2010; Robinson, McCarthy, &
Smyth, 2010; Stegle, Drewe, Bohnert, Borgwardt, & Rätsch, 2010). Many of these analyses
were originally developed for DNA microarrays (Tusher et al., 2001) or serial analysis of
gene expression (SAGE) experiments (Velculescu et al., 1995; Robinson & Smyth, 2008).
However, there are fundamental differences between these data, with bead and microarray
technologies results continuous (photometrical) rather than the discrete (sequence) count data
(Wang et al., 2009a; Anders & Huber, 2010; Hardcastle & Kelly, 2010; Oshlack, Robinson,
& Young, 2010; Robinson et al., 2010). Initial sequencing cost is still a limiting factor in
certain respects, with preliminary RNA-Seq studies commonly lacking any technical and few
biological replicates (Marioni, Mason, Mane, Stephens, & Gilad, 2008; Wang et al., 2009a;
Anders & Huber, 2010; Auer & Doerge, 2010; Hardcastle & Kelly, 2010; Robinson et al.,
2010).
A consensus has yet to be reached on the optimal approach for calling differential
expression using RNA-Seq data (Rapaport et al., 2013). Further research is required into the
advantages and disadvantages of the various normalisation methods (Oshlack et al., 2010).
This includes correcting for transcript length to overcome the inherent biases of the HTS
protocols, where longer transcripts have higher counts (Oshlack & Wakefield, 2009).
However, converting to RPKM (reads per kilobase per million mapped reads) or FPKM
(fragments per kilobase of transcript per million mapped reads) to compensate for this bias
reduces the overall count. In turn this decreases the number of significant genes, and may
ultimately not be necessary for accurate expression estimates (Anders & Huber, 2010).
Correcting for transcript length can also violate many of the assumptions made by the downstream analyses (Robinson et al., 2010). The number of raw reads generated for each sample
can greatly vary and generating an effective library size for each is necessary for direct
comparison between samples (Anders & Huber, 2010). Normalising using total library size
can bias expression results if the highly expressed transcripts are differentially regulated.
Trimmed mean of M-value (TMM) and quantile normalisation methods both assume a
majority of genes are not differentially expressed. Normalisation factors are calculated
without the highest and lowest expressed genes (Robinson et al., 2010; Robinson & Oshlack,
2010). The three most widely used differential expression analysis packages implemented in
R (R Development Core Team, 2012) are: edgeR (Robinson et al., 2010), DESeq (Anders &
Huber, 2010) and baySeq (Hardcastle & Kelly, 2010). However, it is worth noting initial
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approaches like DEGseq (differentially expressed genes from RNA-Seq data) which assumed
that the number of transcripts coming from a gene can be approximated by the Poisson
distribution (Jiang & Wong, 2009). However, this assumption has largely been discredited
and the negative binomial distribution is generally considered a better fit (Robinson et al.,
2010). As a result this method has largely been superseded by other approaches; highlighting
the continual progression of differential expression analysis software.
edgeR (empirical analysis of digital gene expression in R) uses a general linear model
(GLM) to calculate differential expression (Robinson et al., 2010). The data is modelled
using a negative binomial distribution which compensates for the increased variation seen
between biological, but not within technical, replicates (Robinson et al., 2010). An empirical
Bayes method is used to reduce the dispersion between genes towards a consensus value
(Robinson & Smyth, 2008). The stringency of the analysis can be increased by using tagwise
dispersion within transcripts as opposed to a common dispersion among transcripts (Anders
& Huber, 2010; Robinson et al., 2010). A Fisher’s exact test analogue adapted for overdispersion is used to estimate differential expression (Robinson et al., 2010). The large
number pairwise comparisons performed means P-values have to be adjusted to compensate
for type I errors (falsely rejecting the null hypothesis). The P-values are converted to q-values
to compensate for the false discovery rate (FDR) using previously described methods
(Benjamini & Hochberg, 1995; Storey & Tibshirani, 2003). DESeq is extremely similar to the
edgeR approach in that a negative binomial distribution is again used for the GLM and
differential expression assessed by way of a modified Fisher’s exact test. However, this
method uses a novel method to estimate variance between transcript abundance (Anders &
Huber, 2010). As a result, DESeq is more stringent, with a reduced bias towards lowly
expressed genes (Anders & Huber, 2010). However, this approach may be overly
conservative and generate false negatives.
The edgeR and DESeq analyses are both exact test methods that are yet to be fully
described (Hardcastle & Kelly, 2010). An increasingly popular alternative to these exact test
approaches is baySeq. This method employs an empirical Bayesian method to share
information across the data and generate posterior probabilities of differential expression.
This reportedly increases the accuracy without confining the analyses to the restricted
pairwise comparisons (Hardcastle & Kelly, 2010). Complex experimental designs involving
multiple replicates over numerous treatments can be simultaneously analysed (Hardcastle &
Kelly, 2010). This allows the full potential of RNA-Seq to be realised by progressing away
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from limited pairwise comparisons that restrict microarray and SSH studies. To Compensate
for differeces in library sizes edgeR and DESeq generate ‘pseudodata’ distributed in roughly
the same pattern as the genuine data (Robinson & Smyth, 2008). In contrast, baySeq uses an
empirical Bayesian formula to scale the real data (Hardcastle & Kelly, 2010).
DESeq and edgeR both incorporate a modified Fisher’s exact test to infer differential
expression. The Fisher’s exact test can be extremely conservative when expression values are
low, and these are the genes that can exhibit elevated variability (Auer & Doerge, 2010).
Other methods for expression comparison can be used but there is marginal difference in
performance (Auer & Doerge, 2010). All the techniques have to correct the P-values or
likelihood scores to reduce the FDR (Benjamini & Hochberg, 1995; Storey & Tibshirani,
2003; Benjamini, 2010). The FDR is not stringent enough to negate all false positives as this
would consequently generate false negatives. It is delicately balanced to reduce the overall
number of false positives whilst identifying as many significant results as possible
(Benjamini & Hochberg, 1995; Storey & Tibshirani, 2003).
All methods have their merits, whether a quick and rough way to explore the data or a
more time consuming analysis where the overall FDR is much lower (Rapaport et al., 2013).
There is currently much debate over which statistical test is the most accurate and reflects the
data in a biologically meaningful way. Each author presents their procedure as the most
reliable, however this is likely to be a product of the data they test the software with, each
performing better under different circumstances (Wang et al., 2009a; Anders & Huber, 2010;
Hardcastle & Kelly, 2010; Robinson et al., 2010). New approaches and improvements to
existing methods are being continually developed (Scharpf, Nobel, Parmigiani, &
Tjelmeland, 2012; Tarazona, García, Ferrer, Dopazo, & Conesa, 2012; Sun, Nishiyama,
Shimizu, & Kadota, 2013). Methods that simultaneously calculate transcript abundance and
calculate differential expression have also been developed, for example Cufflinks (Trapnell et
al., 2010) and ALEXA-seq (Griffith et al., 2010). Whilst there is no consensus, nor likely to
ever be one, it is useful to employ several of these techniques and compare the results. Genes
that are found to be significantly differentially expressed between treatments using multiple
methods are more likely to be biologically meaningful. It is essential to include biological
replicates in the analysis so the results can be interpreted with confidence (Auer & Doerge,
2010). Otherwise it is unclear whether the difference in expression is due to the various
biological treatments, or other confounding variables. It is also becoming apparent that
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increasing the number of replicate samples provides more power than increasing the
sequencing depth (Rapaport et al., 2013)
There are many methods available to analyse differential expression between
transcriptomes data at the level of the individual transcript. However, alternative approaches
utilising gene ontology (GO) terms can generate a more holistic picture of what is changing
in the biological system in response to a specific treatment (Ashburner et al., 2000). The
Gene Ontology Consortium aims to characterise the biological processes, molecular function
and cellular component associated with each gene in a species independent manner
(Ashburner et al., 2000). This common language is extremely useful for non-model
organisms lacking annotated genomes. GO terms are assigned to each transcript using
BLAST. The collection of GO terms can then be compared using GO-Diff (Chen, Wang,
Ling, Liu, & Chen, 2006) or GOseq (Young, Wakefield, Smyth, & Oshlack, 2010). This
highlights biological differences between treatments that may have been missed through
previous analyses due to co-regulation, pleiotropic effects and expressed protein complexes
(Ashburner et al., 2000; Chen et al., 2006; Young et al., 2010). Using GO term enrichment
analysis adds another layer to differential expression analysis and can be particularly useful
in visualising the bigger picture of cellular reaction to the experimental treatment. Whilst
expression response maybe key to adaptation, selection at the sequence level may also play
an important role.

1.5 Genes under selection and adaptation
Across a species geographic range the variable thermal environment, and other abiotic
variables, can be an important selective constraints instigating local adaptation and
subsequent genetic divergence (Angilletta, 2009). The strength of this selection is dependent
on the realised distance between the innate response and the optimum phenotype for the local
environment (Ghalambor, McKay, Carroll, & Reznick, 2007). At the molecular level,
adaptation can occur through DNA coding variants altering thermal stability and enzyme
kinetics (Fields, 2001); or regulatory element mutations causing changes in the pattern of
gene expression. The importance of gene expression and cold tolerance has been discussed in
length, needless to say that these adaptations are highly heritable (Schadt et al., 2003; Morley
et al., 2004; Brem & Kruglyak, 2005; Whitehead & Crawford, 2006) and can be caused by a
single mutation in a pleiotropic transcription regulator (Carroll, 2009). Whilst numerous
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studies have characterised the global transcriptional responses to thermal stress, few have
attempted to assess intraspecific population variation in this reaction which may underpin
local adaptation (Oleksiak et al. 2002; Hoffmann et al. 2003; Polato et al. 2010; Schoville et
al. 2012). A majority of research into selection and adaptation has been conducted at the
basal DNA coding level in a bottom-up approach.
DNA is not static and changes through time as a result of mutation. Imperfect
replication of the genome is the ultimate source of variation required for evolution.
Describing and understanding the heritable changes in genetic diversity is crucial for studies
in evolutionary biology, molecular ecology and population genetics. Mutations come in many
forms with varying degrees of impact on the genome. They range from single point mutations
to whole chromosomal rearrangement. The fate of each mutation depends on many factors. A
substitution mutation can be deleterious, resulting in the loss of protein function, neutral with
no significant change in fitness, or adaptive and possibly subject to positive selection.
The relative importance of neutrality and positive selection has generated fierce
debate (Graur & Li, 2000; Avise, 2004; Nei, Suzuki, & Nozawa, 2010). A loosening of the
neutralist viewpoint with the recognition that selection also has an important role, especially
on exon sequences, is generally accepted; and is responsible for a majority of the current
dogma (Avise, 2004). The neutral theory states that most of the genetic diversity exhibited
within a species is a result of genetic drift and mutation pressure (Kimura, 1985). Most
mutations are neutral and are incorporated into the genome stochastically through drift
(Kimura, 1985). This accounts for the majority of genetic differentiation between allopatric
populations (Kimura, 1985). Detrimental mutations that significantly decrease an organism’s
fitness will be removed by purifying selection. Debate still surrounds the relative importance
of positive selection on mutations that elevate fitness in evolution (Nei et al., 2010).
Positively selected changes are capable of contributing more directly to DNA evolution than
neutral alterations (Endo, Ikeo, & Gojobori, 1996).
To be under positive selection a mutation has to increase fitness, but associating the two
can be extremely difficult, requiring integrative evolutionary and functional approaches
(Dalziel, Rogers, & Schulte, 2009; Cox, Schubert, Travisano, & Putonti, 2010; Storz &
Wheat, 2010; Storz & Zera, 2011). Classic association studies have linked numerous human
diseases to SNP mutations, including cystic fibrosis (Hamosh et al., 1992), breast cancer
(Hunter et al., 2007) and cystic kidney disease (Kirby et al., 2013). In non-model organisms
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making this link is harder but several studies have identified causal connections (Powers,
Lauerman, Crawford, & DiMichele, 1991; Eanes, 1999; Watt & Dean, 2000; Schulte, 2001;
Nachman, Hoekstra, & D'Agostino, 2003; Dean & Thornton, 2007; Dalziel et al., 2009; Storz
& Wheat, 2010; Storz & Zera, 2011). One such example involves a mutation in the MC1R
gene in rock pocket mice (Chaetoddipus intermidus) which results in selectively
advantageous colour polymorphisms reducing the probability of visual predation (Nachman
et al., 2003). Even if there is a perfect relationship between a mutation at a specific locus and
a certain phenotype it may not play a direct role, with linked polymorphisms or pleiotropic
effects responsible (Cork & Purugganan, 2004; Piertney & Webster, 2010). An unequivocal
causal relationship is only provided when gene knock-out approaches are adopted, however
this is normally beyond the scope of non-model organism studies (Piertney & Webster,
2010). An alternative approach is site-directed mutagenesis (Ho, Hunt, Horton, Pullen, &
Pease, 1989) in an attempt to understand the functional consequences of variation at a
particular codon in a functional protein (Yokoyama, Tada, Zhang, & Britt, 2008; Lassance et
al., 2013). Using this approach it was shown that sites under selection in the evolution of
vertebrate opsin appear to have no effect on protein function (Yokoyama et al., 2008).
However, this was assumed solely from measuring the wavelength of maximal light
absorption, and it is possible that these sites under selection influence fitness and protein
function in an alternate way (Yang & dos Reis, 2011). The prerequisite to linking fitness to
selection is detecting positive selection in the first place, and there are many methods to do
so.
The degenerate genetic code means not all mutations result in a translated amino acid
substitution. Mutations that alter the translated amino acid may have a fitness effect and
therefore be subject to selection (nonsynonymous substitution). Over evolutionary timescales
genes under positive selection will have more nonsynonymous than synonymous
substitutions, genes neutrally evolving will have an even ratio and those subject to purifying
selection will have more synonymous than nonsynonymous substitutions (Nei & Gojobori,
1986; Hughes & Nei, 1988; Endo et al., 1996; Wyckoff, Wang, & Wu, 2000; Swanson,
Yang, Wolfner, & Aquadro, 2001; Avise, 2004). Although very simple, when averaged over
a whole gene this method is extremely stringent and only detects those evolving under strong
and recurrent directional selection (Sharp, 1997). Several other methods have been proposed
(Avise, 2004) to identify natural selection and deviation from neutrality: Tajima’s D (Tajima,
1989), HKA (Hudson, Kreitman, & Aguade, 1987), MK (McDonald & Kreitman, 1991) and
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mkprf (McDonald Kreitman Poisson random field; (Bustamante et al., 2002)). Whole genes
under positive selection evolve extremely rapidly and are predicted by neutral theory to occur
at low frequency (Kimura, 1985). Indeed, only 0.45% of coding genes have more
nonsynonymous than synonymous substitutions across their entire open reading frame (Endo
et al., 1996). In part, this is due to core biological genes being under strong purifying
selection to maintain their integral biological functions. In these genes positive selection is
more likely to only act on within gene windows (Endo et al., 1996; Graur & Li, 2000). Using
a sliding window approach up to 10% of genes in some non-model organisms are identified
as under partial positive selection (Nosil, Funk, & Ortiz-Barrientos, 2009; Stapley et al.,
2010).
Maximum likelihood methods to detect positive selection in a phylogenetic context
are extremely popular. They can be used to identify positive selection acting on specific sites
within a protein, lineage within a phylogeny or both simultaneously (Yang, 2007). Selection
is inferred by calculating the ratio of nonsynonymous to synonymous substitutions (ω) using
a range of branch, site and branch-site substitution models (Nielsen & Yang, 1998; Yang &
Nielsen, 1998; Swanson, Nielsen, & Yang, 2003; Wong, Yang, Goldman, & Nielsen, 2004;
Zhang, Nielsen, & Yang, 2005; Yang, 2007). Branch models allow ω to vary across the
phylogeny but it remains fixed within the gene; site models allow ω to vary within the gene
but it remains fixed across the gene; and branch-site models allow ω to vary across the
phylogeny and within the gene (Yang, 2007). Branch-site models were developed to be more
powerful than previous approaches, but this method has been criticised for generating false
positives (Yokoyama et al., 2008; Nozawa, Suzuki, & Nei, 2009a, 2009b). However, this has
been disputed (Yang, Nielsen, & Goldman, 2009; Yang & dos Reis, 2011).
Detecting positive selection within the genome identifies candidates that may play a
role in adaptation, which can ultimately lead to ecological speciation (Schluter, 2000; Rundle
& Nosil, 2005; Hendry, Nosil, & Rieseberg, 2007; Schluter, 2009; Schluter & Conte, 2009).
It also permits investigation of how proteins evolve. Selection is thought to target intrinsically
disordered regions of a proteins secondary structure as opposed to regions of rigidity (helices and β-strands) (Nilsson, Grahn, & Wright, 2011; Schlessinger et al., 2011).
Previously discussed technological advancements have removed the laborious marker
development stage for non-model organisms. This allows selection analyses to progress from
single a priori target studies to screening whole pathways and gene networks. This will
develop the presently limited understanding of how genes interact and evolve together to
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influence the physical properties of metabolic pathways and networks (Kacser & Burns,
1981; Wright & Rausher, 2010; Eanes, 2011; Rausher, 2013).

1.6 The Study System
This thesis aims to investigate: (i) the utilisation of RNA-Seq to identify the genetic
basis of cold tolerance in a single population and species of alpine stick insect (Micrarchus
nov. sp. 2); (ii) intra- and inter-specific variation in the response to low-temperature by
comparing expression profiles among alpine lowland (Micrarchus hystriculeus) stick insect
species; (iii) the incidence of positive selection in the glycolytic pathway across the
Australasian radiation of Lanceocercata stick insects which have undergone a remarkable
adaptive radiation.

1.6.1 The Lanceocercata and Micrarchus
Globally there are over 3,000 described stick insects species (Phasmatodea) with a
majority of this extant diversity tropical in origin (Brock, 2010). The monophyletic
Lanceocercata clade (Whiting, Bradler, & Maxwell, 2003) comprises Australasian species
from five subfamilies: Pachymorphinae, Tropidoderinae, Xeroderinae, Phasmatinae,
Eurycanthinae and Platycraninae (Bradler, 2001, 2009). The Lancerocercata have undergone
an impressive evolutionary radiation, with the convergent evolution of different body forms,
loss of flight in one or both sexes, shifts in diet, and adaptation to low-temperature
environments (Buckley, Attanayake, Nylander, & Bradler, 2010a). The Lanceocercata split
from its sister clade 53.92 million years ago (mya) (38.53-73.62 mya) and according to the
most recent phylogeny reconstruction, culminated in two separate radiations colonising New
Zealand 25.6 (16.8-35.5 mya) and 29.9 (19.79-41.16 mya) mya (Figure 1.2) (Buckley et al.,
2010a).
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Figure 2.11: The Lancerocercata radiation across Australasia culminating in two separate
colonisation events in New Zealand (adapted from (Buckley et al., 2010a)).

Bayesian phylogeny constructed using cytochrome oxidase subunit I (COI), cytochrome oxidase subunit II (COII), histone subunit 3 (H3)
and 28S ribosomal RNA (28S) sequence data. Numbers indicate estimated divergence time in millions of years estimated from
mitochondrial data.

The described endemic New Zealand stick insect fauna currently consists of ten
genera and 24 species occupying almost all habitats from coastal scrub to the high alpine
zone (Salmon, 1991; Jewell & Brock, 2002; Buckley & Bradler, 2010). All species are
polyphagous, arboreal and apterous. The taxonomic status of the New Zealand stick insects is
in need of revision with numerous undescribed species and existing synonymies (Salmon,
1991; Jewell & Brock, 2002; Trewick, Goldberg, & Morgan-Richards, 2005; Buckley et al.,
2008; Buckley et al., 2010a; Buckley, Marske, & Attanayake, 2010b).
The genus Micrarchus Carl (Carl, 1913) currently contains a single recognised
species, M. hystriculeus (Westwood, 1859). The original species description states that this
species occurs in New Zealand, Australia and Papua New Guinea (Carl, 1913). However,
there are no M. hystriculeus collection records from outside New Zealand and it has
subsequently been assumed to be endemic (Salmon, 1991; Jewell & Brock, 2002; Buckley et
al., 2008). A large number of Micrarchus specimens have been collected and stored at the
New Zealand Arthropod Collection (NZAC) at Landcare Research, Auckland. From these a
further three morphologically distinct Micrarchus species have been identified but yet to be
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formally described, these are: Micrarchus nov. sp. 1 (Voucher specimen NZAC03000433),
Micrarchus nov. sp. 2 (Voucher specimen NZAC03009458) and Micrarchus nov. sp. 3
(Voucher specimen NZAC03000053), (Figure 1.3)
Figure 1.3: The four Micrarchus species: a) Micrarchus nov. sp. 2, b) Micrarchus
hystriculeus, c) Micrarchus nov. sp. 1, d) Micrarchus nov. sp. 3. Male (above) and female
(below) pictured in copula in a), b) and c).

Photos a) by Lucy Shield; b-d) by Luke Dunning

Micrarchus is found in the north of the South Island and south of the North Island
(Figure 1.4). Micrarchus hystriculeus has the broadest distribution and is the only species
present on the North Island. Micrarchus nov. sp. 1 is restricted to the east coast of the south
island around Kaikoura (KA; Figure 1.4). Micrarchus nov. sp. 2 is found at high elevation
along the west coast of the south island (NN and BR; Figure 1.4). Micrarchus nov. sp. 3 has
the smallest distribution and is only known from Stephens Island. Further Micrarchus nov.
sp. 3 populations may exist in the Marlborough Sounds (MB; Figure 1.4), but with no
confirmation, its conservation status is classified as data deficient (Buckley et al., 2012).
Micrarchus species are relatively small, spiny and lay distinctive eggs (Salmon, 1991). The
species is easily collected by manual searching and beating host vegetation, including:
Muehlenbeckia sp., Traversia baccharoides, Dracophyllum sp. and introduced Rubus sp.
Little else is known about this genus with wild caught nymphs easily reared in captivity
through all life stages on pohutukawa (Metrosideros excelsa) diet (Salmon, 1991).
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Figure 1.4: New Zealand geographic areas defined by Crosby code (Crosby, Dugdale, & Watt, 1998)
with Micrarchus records.

Stick insects are typically tropical-lowland species and their occurrence in alpine
habitats is globally rare (Salmon, 1991; Murányi, 2007; Vera, Pastenes, Veloso, & Méndez,
2012). However in New Zealand four species are found in this low-temperature environment:
Micrarchus nov. sp.1, Micrarchus nov. sp. 2, Niveaphasma annulata and Tectarchus
salebrosus (Dennis, Dunning, Dennis, Sinclair, & Buckley, 2013).

1.6.2 The New Zealand alpine zone
Life on the ‘small continent’ (Wallis & Trewick, 2009) of New Zealand is the closest
opportunity “we will get to study life on another planet”((Diamond, 1990) p.3, para. 5). To
appreciate the evolution of this unique biota it is essential to understand the geological
processes that gave rise to these islands. New Zealand represents the largest exposed area
(270,534 km2) of the Zealandia continent, with 93 % of this landmass submerged below the
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Pacific Ocean (Wharton, 2011). New Zealand has been isolated since it parted from
Gondwana 82 mya (Cooper & Millener, 1993) with 1,500km of Tasman Sea separating it
from the closest major landmass, Australia (Goldberg, Trewick, & Paterson, 2008). Post
separation New Zealand was likely inundated by the Pacific Ocean and re-emerged as a
product of tectonic activity (Waters & Craw, 2006; Trewick, Paterson, & Campbell, 2007;
Wallis & Trewick, 2009; McCulloch, Wallis, & Waters, 2010). During the Oligocene New
Zealand had relatively low relief (Cooper & Cooper, 1995), up to a few hundred meters
above sea level (Craw, 1995; Buckley & Simon, 2007). It wasn’t until the Miocene that
significant uplift began. The formation of the New Zealand alpine zone began approximately
five mya ago during the Kaikoura Orogeny (Batt, Braun, Kohn, & McDougall, 2000;
Chamberlain & Poage, 2000). The 600km alpine fault gave rise to the Southern Alps and the
first widespread alpine habitat (Wharton, 2011), which became a permanent feature of the
these mountains approximately one mya (Heenan & McGlone, 2012). A majority of the
alpine habitat is located in the South Island and dates from this period, with the few North
Island mountains much younger and volcanic in origin (Wharton, 2011) (Figure 1.5).
Figure 1.5: Distribution of New Zealand alpine habitats. Shaded areas represent elevations greater
than 1,000 meters above sea level (Leathwick, 2002).
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The extensive alpine and sub-alpine habitats in New Zealand regularly experience
sub-zero temperatures. These environments have been the catalyst of numerous adaptive
radiations, with all major New Zealand insect lineages represented (Buckley & Simon, 2007).
Convergent adaptations to this environment include increased body size and reduced wings
(Gibbs, 2006; McCulloch et al., 2010). It is hypothesised that plants, and possibly insects,
took a stepping-stone approach to alpine adaptation, with prior specialisation to open bog
habitats created in the early stages of the Miocene mountain building (Wardle, 1968; Buckley
& Simon, 2007; Heenan & McGlone, 2012). The complexity of colonisation varies from a
single alpine radiation as in the cicadas (Maoricicada) (Buckley & Simon, 2007) to multiple
invasions witnessed in Hebe (Raven, 1973). The four alpine stick insect species in New
Zealand presumable represent a complex pattern of alpine colonisation as they do not form a
monophyletic clade according to the most recent molecular phylogeny (Buckley et al.,
2010a). The biogeography of alpine species has been subsequently interrupted by multiple
glaciations which have led to the disjointed distribution of insect morphology and genetic
variation (Chinn & Gemmell, 2004).
A majority of cold tolerance research in New Zealand alpine insect species has been
conducted in the Rock and Pillar Range of Central Otago, with the charismatic freeze tolerant
(FT) alpine weta (Hemideina maori) resident to this area (Wharton, 2011). In New Zealand
most alpine insects survive by being moderately FT with no freeze avoidant (FA) species
currently recorded (Wharton, 2011). This is thought to reflect the relatively mild, but
unpredictable, southern-hemisphere climate (Wharton, 2011). No study has attempted to
investigate the molecular basis of cold tolerance in any New Zealand alpine insect, and
nothing is known about cold tolerance in any stick insect. Furthermore, it is known that
species from colder climates have higher metabolic rates than their warm climate
counterparts (Addo-Bediako, Chown, & Gaston, 2002), however, metabolic cold adaptation
has not been researched in New Zealand insects.

1.6.3 Pathways, glycolysis and PGI under selection
The continued progression of high-throughput sequencing and its application to nonmodel species has dramatically reduced the labour intensive marker development stage. This
has facilitated the progression of evolutionary studies away from neutral loci by allowing
genes underlying ecologically important traits to be identified (Stinchcombe & Hoekstra,
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2007). This wealth of information also facilitates a progression from sole a priori targeted
studies to pathway level analyses using multiple genes participating in unison in the same
gene network furthering our understanding of molecular adaptation and evolution (Eanes,
1999; Eanes et al., 2006; Flowers et al., 2007; Eanes, 2011; Rausher, 2013). Of particular
interest is how the energy-producing pathways evolve, with respiration generating the cellular
energy (ATP) required for the fundamental biological processes of growth, movement,
development and reproduction. The pathways involved in respiration are well characterised,
flowing from glycolysis to the Krebs cycle, along with known branch points, including the
pentose phosphate pathway activated during periods of oxidative stress (Ralser et al., 2007).
Nonetheless, how these pathways collectively evolve to allow organisms to live in different
environments and adopt new life history traits that might require altered energy levels
requires further attention (Eanes, 2011).
Enzymes in metabolic pathways are kinetically entwined in a complex conveyer belt
of substrate to end-product (Kacser & Burns, 1981). As a result of this interdependence,
mutations that alter in vitro catalytic activity may not alter the observed in vivo phenotype
(Kacser & Burns, 1981). Enzymes with the greatest flux control through pathways are likely
targets of natural selection (Hartl, Dykhuizen, & Dean, 1985; Eanes, 1999; Watt & Dean,
2000), due to the probability of fixation of any adaptive change associated to its conferred
advantage. Flux control may be proportionally distributed across the pathway (Kacser &
Burns, 1981) or asymmetrically localised in enzymes at the top of the pathway (Rausher,
2013; Wright & Rausher, 2010). The evolution and incidence of selection is dependent on the
properties and complexities of the pathway, with the disparity between current and optimal
flux being a key factor (Rausher, 2013). The evolution of flux control and selection on
enzyme polymorphisms has been intensively studied in the glycolytic pathway of Drosophila
(Eanes, 1999, 2011; Eanes et al., 2006; Flowers et al., 2007).
Glycolysis comprises a series of ten enzyme-catalysed reactions that convert glucose
to pyruvate, the substrate for the Krebs cycle. Concurrently, glycolysis also generates small
quantities of ATP and NADH that are utilised by downstream high-energy yielding
processes. Although glycolysis is an essential biological pathway conserved across all
eukaryotes, the component enzymes exhibit extensive variation at both the nucleotide and
protein levels (Eanes, 2011). In Drosophila this selection is centred on the glucose-6phosphate intersection which is the key flux controlling step for glycolysis and the pentose
phosphate pathway (Eanes, 2011). Positive selection acting on the branch points was revealed
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using

intraspecific D. melanogaster clines to identifying amino acid polymorphisms

associated with temperate climate adaptation (Sezgin et al., 2004) and pairwise comparison
between D. melanogaster and D. simulans (Flowers et al., 2007). Corroboration in other
species is needed to confirm the generality of these findings, with the largely homogenous
Drosophila species far from ideal candidates to investigate the role of glycolysis in extreme
adaptation. This pathway level approach is possible in D. melanogaster thanks to the genome
being published over ten years ago (Adams et al., 2000). In non-model species research has
often been limited to single loci, with a majority focusing on the phosphoglucose isomerase
gene (Pgi) which catalyses the second step in the glycolytic pathway.
Selection repeatedly acts on the dimeric phosphoglucose isomerase enzyme (PGI)
even though it is not a rate-limiting step controlling flux through glycolysis (Eanes et al.,
2006). Variation in PGI has been associated with thermal adaptation and other fitness-related
traits in a diverse array of organisms (Riddoch, 1993; Wheat, 2010), including arthropods
(Watt, 1977; Dahlhoff & Rank, 2000; Hanski & Saccheri, 2006; Wheat, Watt, Pollock, &
Schulte, 2006; Wheat, Haag, Marden, Hanski, & Frilander, 2010), bacteria (Dykhuizen &
Hartl, 1983a), molluscs (Hall, 1985) and plants (Filatov & Charlesworth, 1999). The
foundations for studying PGI variation was laid by pioneering Colias butterfly research
showing heterozygotes have increased survival at the end of the flight season (Watt, 1977),
greater male mating success and elevated female fecundity (Watt, Wheat, Meyer, & Martin,
2003). Subsequently, nuclear variation in the phosphoglucose isomerase gene (Pgi) showed
convergent evolution in Colias and Melitaea cinixia butterflies (Wheat et al., 2010).
Increased survival (Watt, 1977) and population growth (Hanski & Saccheri, 2006) are
associated with long-term balancing selection on charge-changing amino acid substitutions
located on external loops of the protein’s surface that likely impact protein function (Wheat et
al., 2006; Wheat et al., 2010). PGI is also under strong climate-related directional selection in
the montane willow leaf beetle Chrysomela aeneicollis (Dahlhoff & Rank, 2000). In this
species distinct alleles are restricted to cold or warm habitats, with heterozygotes maladapted
to either environment (Dahlhoff & Rank, 2000). The consistent association of Pgi
polymorphisms with variation in individual performance, coupled with no known duplication
events in arthropods, has led to this locus being proposed as a general adaptive marker for
conservation genetics in this phylum, akin to MHC in vertebrates (Wheat, 2010). Flight
(Krogh & Weis-Fogh, 1951) and adaptation to low-temperature (Lalouette, Williams,
Hervant, Sinclair, & Renault, 2011) are both linked with fluctuating energy demands and
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elevated oxidative stress. One way to test the link between glycolysis, PGI, and oxidative
stress is to investigate variation in the glycolytic enzymes across related taxa that have
evolved to new, potentially stressful lifestyles, and that vary in their ability to fly.
The Lanceocercata stick insects represent an extraordinary natural evolutionary
experiment and provide the perfect system to further investigate positive selection on
phosphoglucose isomerase and the wider glycolytic pathway. Over the past 40 million years,
Australasian stick insects have evolved gigantism, lost flight and repeatedly invaded cold
habitats from a tropical origin, leading to a huge range of metabolic demands.
1.6.4 Questions addressed
This thesis employs high-throughput sequencing RNA-Seq methods to investigate the genetic
basis of cold tolerance in endemic New Zealand stick insects, and assess if positive selection
is involved in the evolution of glycolysis across a diverse radiation of stick insects. In
particular this research addresses the following questions:
Chapter 1
i. Is RNA-Seq a suitable approach to reliably identify cold-responsive genes in a nonmodel cold-hardy alpine stick insect species?
Chapter 2
ii. Do Alpine and lowland Micrarchus species have divergent transcriptional
responses to cold-shock due to the alpine species adaptation to a colder environment?
iii. Do isolated alpine Micrarchus populations exhibit intraspecific transcriptional
responses to cold-shock due to background genetic variation caused and maintained
by reduced gene flow, genetic drift and possibly local adaptation?
Chapter 3
iv. Is glycolysis the target of positive selection across a broad range of lifestyles, and
if so, at which steps and even at which sites within enzymes has this selection
occurred?
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2.1 Abstract
The endemic New Zealand alpine stick insect Micrarchus nov. sp. 2 regularly
experiences sub-zero temperatures in the wild. 454-based RNA-Seq was used to generate a de
novo transcriptome and differentiate between treatments to investigate the genetic basis of
cold tolerance. Non cold-treated individuals were compared to those exposed to 0°C for 1 hr
followed by a 1 hr recovery period at 20°C. We aligned 607,410 Roche 454 reads, generating
a transcriptome of 5235 contigs. Differential expression analysis ranked candidate cold
responsive genes for qPCR validation by P-value. The top nine up-regulated candidates,
together with eight a priori targets identified from previous studies, had their relative
expression quantified using qPCR. Three candidate cold responsive genes from the RNA-Seq
data were verified as significantly up-regulated, annotated as: prolyl 4-hydroxylase subunit
alpha-1 (P4HA1), staphylococcal nuclease domain-containing protein 1 (snd1) and cuticular
protein analogous to peritrophins 3-D2 (Cpap3-d2). All three are novel candidate genes,
illustrating the varied response to low-temperature across insects.

2.2 Introduction
Temperature is a critical variable affecting the performance and distribution of insects
(Chown & Nicolson, 2004). The New Zealand alpine zone was formed approximately 5 mya
during the Kaikoura Orogeny (Batt & Braun, 1999; Batt et al., 2000; Chamberlain & Poage,
2000). This recent origin has led to substantial adaptive radiation with all major New Zealand
insect lineages represented in alpine habitats (Buckley & Simon, 2007); in particular, the
incidence of alpine stick insects (order Phasmatodea) is globally unusual (Salmon, 1991;
Murányi, 2007; Vera et al., 2012). Out of the 23 endemic New Zealand species from 10
genera (Buckley & Bradler, 2010), only Micrarchus nov. sp. 2 (Voucher specimen
NZAC03009458 from New Zealand Arthropod Collection, Landcare Research, Auckland,
New Zealand) is exclusively found at high elevations (600 to 1409 m above sea level). This
species inhabits the mountain ranges of the north-west South Island, which regularly
experience sub-zero temperatures throughout the year (Salmon, 1991). All life stages of this
species overwinter (Dennis et al., 2013), with those alive at the end of the summer capable of
surviving through until spring.
At low-temperatures all insects need to mitigate problems associated with reduced
cell membrane fluidity (Overgaard, Sørensen, Petersen, Loeschcke, & Holmstrup, 2005),
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changes in ion concentration (Koštál, Renault, Mehrabianová, & Bastl, 2007), induction of
apoptotic pathways and other non-freezing cold injuries (Bale, 2002). In addition, lower subfreezing temperatures lead to a risk of internal ice formation, against which cold-hardy alpine
insects adopt freeze avoidant or freeze tolerant strategies (Wharton, 2011). In New Zealand,
the majority of alpine insects survive by being moderately freeze tolerant with no incidence
of freeze avoidance currently recorded (Wharton, 2011). Nothing is known about cold
tolerance in any stick insects.
Very little is known concerning the genes governing cold tolerance in cold-hardy
insects, as most studies focus on chill-susceptible Drosophila species (Hoffmann, 2010).
However, Drosophila studies have identified a number of candidate genes associated with the
molecular response to cold. The most prominent include heat shock proteins (Qin, Neal,
Robertson, Westwood, & Walker, 2005) and the Frost gene (Goto, 2001). A plethora of other
genes and proteins have also been identified as up-regulated in response to low-temperature
in a variety of insects, with functions related to stress, metabolism, cuticles, membranes, gene
regulation, cytoskeletal and immune function (Denlinger & Lee, 2010; Teets et al., 2012b).
Many of those identified do not overlap between species (Qin et al., 2005; Colinet et al.,
2007; Robich et al., 2007; Clark & Worland, 2008; Li & Denlinger, 2008; Denlinger & Lee,
2010); we expect that this diversity reflects interspecific variation in response to cold, and is
not solely a product of differing methodologies. Additionally, cold tolerance is plastic over
both short-term (rapid cold hardening; (Lee et al., 1987)) and long-term (seasonal
acclimation) temporal scales. Gene expression is not essential for this plasticity (Sinclair et
al., 2007a) but underpins long term responses to, preparation for, and recovery from coldshock. To fully comprehend the molecular mechanisms behind the variation in insect
responses to the cold there is a need to extend genome-based studies beyond the Diptera, in
particular to include insects that experience sub-zero temperatures in the wild.
High-throughput sequencing (HTS) and RNA-Seq have allowed the investigation of
species that are not established genetic models, yet display adaptations that make them
pertinent to an array of ecological and physiological questions (Wang et al., 2009b).
However, RNA-Seq has not been explicitly applied to cold tolerant insects and their response
to low-temperature (Storey & Storey, 2012). Methods previously adopted to identify genes
differentially expressed as a consequence of low-temperature include cDNA library screening
(Bilgen et al., 2001), suppressive subtractive hybridisation (SSH; (Rinehart et al., 2007;
Robich et al., 2007)) and microarrays (Qin et al., 2005; Sørensen, Nielsen, Kruhøffer,
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Justesen, & Loeschcke, 2005; Laayouni et al., 2007; Purać et al., 2008; Zhang et al., 2011;
Teets et al., 2012b). Although microarrays have the potential to provide whole-transcriptome
snapshots, the ability to identify novel transcriptional profiles associated with cold tolerance
is limited by the original starting material used to construct a cDNA array (Wang et al.,
2009b). Even with genome-based arrays (such as those used for Drosophila), there is a
limited ability to distinguish between splice variants, patterns of allelic expression and to
quantify low abundant transcripts (Wang et al., 2009b). By applying HTS to insects across a
range of cold tolerance phenotypes it will not only be possible to uncover novel genes but
also allow the development of a more complete picture of the complexity and common
features that underlie insect cold tolerance.
In this study, we use HTS and de novo transcriptome alignment to identify novel
candidate genes associated with recovery from cold-shock in Micrarchus nov. sp. 2, a coldhardy stick insect currently lacking genomic resources.

2.3 Materials and methods
2.3.1 Field collections
Alpine Micrarchus nov. sp. 2 specimens were collected from Sewell Peak, the
Paparoa Range, New Zealand (42° 24.312 S, 171° 20.585 E, elevation 822 m). Samples for
HTS at the University of Otago, HTS at Landcare Research and quantitative RT-PCR (qPCR)
were collected on the 20/03/2009, 11/02/2011 and 27/01/2012, respectively. At Sewell Peak,
temperatures in late summer can still drop to a few degrees above freezing (Dennis et al.,
2013). Collections were transported live to Landcare Research, Auckland. They were kept en
masse in a vivarium for a minimum period of 3 weeks for acclimatisation in 12:12 light:dark
cycle under ambient room temperature and humidity prior to experimentation. A constant diet
of freshly collected pōhutukawa (Metrosideros excelsa) was provided. All subsequent
procedures were performed exclusively on adult females.
2.3.2 Cold-shock treatments
The control groups were snap frozen in liquid nitrogen directly from approximately
20°C. Cold-shock experiments were performed immediately afterwards. The stick insects
were held at 0°C for 1 hr in 50 mL Falcon tubes that had been pre-immersed in ice baths. A 1
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hr recovery at approximately 20°C followed this treatment. Previous studies associating cold
exposure to gene expression have used a similar temperature and recovery period (Goto,
2001; Sinclair et al., 2007a; Teets et al., 2012b). We expect that Micrarchus nov. sp. 2 would
potentially encounter 0°C in the field at any time of year (Dennis et al., 2013). All insects
survived the treatment and were moving in a coordinated fashion at the end of the recovery
period. Insects were then directly snap frozen and stored at − 80°C.
2.3.3 RNA extraction and cDNA synthesis
All experiments used the head, antennae and prothorax of the animals. These were
removed with sterilised scalpel blades and ground in liquid nitrogen using a mortar and
pestle. mRNA was extracted using Dynabeads mRNA DIRECT™ Kit (Invitrogen, Carlsbad,
CA, USA; cat. no. 610.06) following the manufacturer's protocol, with one amendment;
samples were passed through QIAshredder columns (Qiagen, Hilden, Germany, cat. no.
79656) for sample homogenisation and DNA shearing. RNA quantity was determined by
spectrophotometry prior to cDNA library construction (Roche, Mannheim, Germany, “cDNA
Rapid Library Preparation Method Manual-GS FLX Titanium Series”, October 2009 (Rev.
Jan 2010)). Individual libraries were tagged with MID-labelled primers during preparation.
cDNA Libraries were sent to the University of Otago High-Throughput DNA Sequencing
Unit for purification and sequencing on a Roche 454 GS FLX sequencer.
To increase the number of reads for de novo transcriptome assembly, two additional
samples were sequenced at Landcare Research (Auckland). Total RNA was extracted using
the TRIzol (Invitrogen, cat. no. 15596-018) RNA isolation method, followed by mRNA
purification using the Oligotex mRNA Spin-Column Protocol (Qiagen, Hilden, Germany, cat.
no. 70022). Quality and concentration of RNA extractions were assessed using a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and an
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). cDNA libraries were
constructed using the cDNA Rapid Library Preparation Manual Method (Roche, Mannheim,
Germany, GS Junior Titanium Series, May 2010 (Rev. June 2010)). Individual libraries were
tagged with MID-labelled primers during preparation. Library quality was assessed using the
Agilent 2100 Bioanalyzer and TBS 380 Fluorometer (Turner Biosystems, Sunny-vale, CA,
USA). Sequencing was performed on a 454 GS Junior (Roche, Mannheim, Germany).
For qPCR samples, total RNA was extracted using TRIzol (Invitrogen, cat. no.
610.06) according to the manufacturer's protocol. A further RNA clean-up was performed
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using the RNeasy Mini Kit (Qiagen, cat. no. 74104). Quality and concentration of RNA
extractions were assessed using a NanoDrop ND-1000 spectrophotometer. Contaminating
DNA was removed using the Ambion DNA-free™ DNase Treatment kit (Invitrogen, cat. no.
AM1906). The first strand cDNA synthesis used the SuperScript III First Strand Kit
(Invitrogen, cat. no. 18080-051). Successful DNase treatment and cDNA preparation were
verified using post and pre cDNA synthesis samples as a template for PCR. Glyceraldehyde
3-phosphate (G3P, F1 = 5′-TGCCAGGCAGTTGGTGGTGC-3′, R1 = 5′-ATTCGGCC
GCATCGGTCGCC-3′), which amplifies products from both genomic DNA and cDNA (442
bp), was used to check for successful removal of genomic DNA from pre cDNA synthesis
templates. Enolase primers (ENO, F1 = 5′-AGCACTACCACGGAAAGGGGGT-3′, R1 = 5′ACCATGGTGCCCCAGC CATT-3′) amplify an approximately 1000 bp product from
cDNA only and successful amplification was an indication of cDNA quality. PCRs consisted
of 2.5 μL of 2 mM dNTP (Roche, Mannheim, Germany), 1 μL of 10 μM bovine serum
albumin (Sigma-Aldrich, St Louis, MO, USA), 2.5 μL of 10X FastStart Taq DNA
Polymerase PCR Buffer with MgCl2 (Roche), 1.5 U FastStart Taq DNA Polymerase (Roche)
and 10 pmol of the forward and reverse primers (Sigma-Aldrich) in a total volume of 25 μL.
Amplifications were performed on a GeneAmp PCR system 9700 thermal cycler (Applied
Biosystems, Foster City, CA, USA) using the following parameters: 5 min at 95°C; 40 cycles
of 1 min at 94°C, 1 min at 60°C and 1 min at 72°C; and 10 min at 72°C. Successful
amplification was assessed by gel electrophoresis on 1% agarose gels containing 0.5 mg mL−
1

ethidium bromide.

2.3.4 454 transcriptome alignment
Sequences were cleaned, trimmed and aligned using Newbler GS De novo Assembler
(V. 2.5.3). Redundancy within the alignment was removed using the Geneious (Drummond et
al., 2012) de novo assembler with two different sequence similarity cut-offs (custom
sensitivity with default parameters, minimum overlap = 40 bp and sequence similarity =
100% or 90%). Reassembled Isotigs (putative genes and their splice variants) are
subsequently referred to as contigs and were manually checked to assess validity and to
ensure that they were not the result of repetitive DNA (e.g. microsatellites).
The alignment was annotated using Blast2GO (Conesa et al., 2005) on the 4th of
September 2011 against the nr and SwissProt databases (minimum E-value cut-off < 1− 10).
To identify non annotated contigs selected for qPCR verification from the differential
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expression (DE) analysis, the contig sequences were searched against an unpublished
Illumina transcriptome from the same species (chapter 3). Any matching Illumina contigs that
were longer were subsequently searched against the SwissProt and nr databases.
2.3.5. Sequence counts and differential expression
Sequence counts for each individual contig were generated by mapping the Newblertrimmed data back onto the alignment using PanGEA (v. 1.04) (Kofler et al., 2009). Reads
retained for further analysis had to map unambiguously to one contig, have a minimum
alignment length of 40 bp, incorporate > 20% of the read length and a minimum sequence
similarity of 85%. To be considered for subsequent DE analysis each contig had to have a
combined total of at least ten counts.
DE analysis in R (V. 2.13.0) (R Development Core Team, 2012) used DESeq (V.
1.4.1) (Anders & Huber, 2010), edgeR (V. 2.2.5) (Robinson et al., 2010) and baySeq (V.
1.6.0) (Hardcastle & Kelly, 2010) packages. DESeq and edgeR are similar exact test
approaches, whereas baySeq employs a Bayesian method to assign likelihoods to specified
models. All methods use the negative binomial distribution that compensates for higher levels
of biological than technical variation. Raw counts were normalised for library size using the
calcNormFactors and estimateSizeFactors functions in edgeR and DESeq, respectively. The
quantile normalised counts from edgeR were used for subsequent analysis in baySeq. In
edgeR both common and the more stringent tagwise dispersion methods for estimating DE
were used. Two models were specified for analysis in baySeq; equal expression between all
samples and differential expression between the control and cold-shocked treatments. baySeq
calculated DE with and without transcript length as an additional normalisation factor.
Analysis was performed with 10,000 iterations and 100 bootstraps.
2.3.6. qPCR verification
The results of the DE analysis were ranked by P-value or likelihood depending on the
R package used. Subsequent qPCR verification of candidate cold tolerance genes was
performed. Eight a priori genes (Table 2.1) identified as differentially expressed or with a
possible role in cold tolerance from previous studies found in the de novo transcriptome were
also targeted, along with alkb5 (selected by eye from corrected sequence counts). In addition,
three stably expressed genes identified by DE analysis (P-value > 0.8; > 1000 counts) across
treatments were selected as references to normalise relative expression levels among genes.
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These were: glyceraldehyde-3-phosphate dehydrogenase 2 (g3p2), paramyosin long form
(mysp1) and elongation factor 1-alpha 2 (ef1a2). Primers were designed with stringent
criteria using the Primer3 (Rozen & Helen, 2000) plugin in Geneious (Drummond et al.,
2012). All primers had a Tm of 59–61°C (except NADH_F1 Tm = 57.62°C), GC content
between 40 and 60%, were 18–25 base pairs long and amplify a product between 60 and 150
bp in length (Supplementary Material A.1).
Table 2.1: The eight a priori candidate genes for qPCR analysis present in the Micrarchus
nov. sp. 2 transcriptome that have been previously identified in low-temperature studies as
having a role in cold tolerance. All genes/proteins were shown to be up-regulated in response
to low-temperature except for glna2 (gene product up-regulated) and pgi (genotype, not
regulation, affects cold stress resistance).
Gene

Species

atpa

atp synthase subunit alpha

glna2
hsp70
hsp90
NDUFA

glutamine synthetase 2
heat shock protein 70
heat shock protein 90
nadh: ubiquinone dehydrogenase

pgi

phosphoglucose isomerase

dcam

s-adenosylmethionine decarboxylase
proenzyme
s-adenosyl-l-homocysteine hydrolase a

Sarcophaga crassipalpis (Li & Denlinger,
2008)

S. crassipalpis (Michaud & Denlinger, 2007)
Aphidius colemani (Colinet et al., 2007)
Drosophila melanogaster (Qin et al., 2005)
Oryza sativa* (Yan, Zhang, Tang, Su, & Sun,
2006)

sahha

Melitaea cinxia (Kallioniemi & Hanski, 2011),
Lycaena tityrus (Karl, Schmitt, & Fischer,
2008), Chrysomela aeneicollis (Rank, Bruce,
McMillan, Barclay, & Dahlhoff, 2007)
Vaccinium corymbosum* (Rowland et al.,
2008)

Homo sapiens* (Zieger, Gupta, & Wang, 2011)

* = study species not insect. These genes were selected for qPCR analysis as they were also in the top 10 % of up-regulated
contigs in the RNA-Seq data (ranked by P-value from the edgeR with tagwise dispersion)

qPCR was performed using LightCycler 480 SYBR Green I Master mix (Roche,
Mannheim, Germany, cat. no. 04707516001), 0.25 μM each primer and approximately 5 ng
of template cDNA with a total reaction volume of 10 μL. Reactions were carried out on a
LightCycler 480 (Roche, Mannheim, Germany) with the default cycling parameters and 60°C
annealing temperature. Two treatments (control versus cold-shock) with three biological
repeats, each with three technical repeats and three negative controls, were carried out per
gene. All genes were analysed in two 384-well plates. A preliminary run and subsequent
melting curve analysis was used to exclude genes where more than one product was
amplified. Quantification cycle (Cq) values for each reaction were calculated using
LinRegPCR (Ramakers, Ruijter, Deprez, & Moorman, 2003). Primer efficiencies were
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calculated on average for each gene. Technical replicates where the efficiency was greater
than 5% of the mean were excluded from subsequent analysis. The most suitable reference
genes and normalisation factors were calculated using geNorm (Vandesompele et al., 2002)
based on the geometric means. For the first plate ef1a2 and mysp1 were selected and for the
second plate g3p2 and mysp1 were used. An approximate Pfaffl (Pfaffl, 2001) method
generated relative amounts of each target gene. The raw relative expression values were
natural log transformed and a one tailed t-test used to access significant differential
expression between treatments.

2.4. Results
2.4.1. Transcriptome generation
Four individually-tagged cDNA libraries, each constructed from the head, antennae
and prothorax of a single Micrarchus nov. sp. 2, were sequenced on the Roche 454 GS FLX
platform producing a total of 524,120 sequences (Table 2.2). This dataset was supplemented
with a further 83,112 Roche 454 GS Junior sequences from two cDNA libraries constructed
from the head, antennae and prothorax of additional individuals. The resulting 607,410
sequences comprised 291,936,440 nucleotides with a median read length of 482 bp (mean =
481; SD = 112). Raw data were submitted to the National Centre for Biotechnology and
Information (NCBI) (Sequence Read Archive (SRA) submission number SRA057228). After
trimming to remove bases with low quality scores, adapters and MID barcodes there were
514,993 (84.79%) sequences, 150,267,849 (51.47%) nucleotides and a median sequence
length of 313 bp (mean = 292; SD = 99).
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Table 2.2: The number of raw 454 sequences obtained for each Micrarchus nov. sp. 2 cDNA
library, its treatment, and the percentage used in the final de novo transcriptome alignment.
Raw data was submitted to the National Centre for Biotechnology and Information (NCBI)
with Sequence Read Archive (SRA) submission number SRA057228.
Sample
MMT016
MMT017
MMT018
MMT019
MMT086
MMT0135

Treatment
Cold-shock
Cold-shock
Control
Control
Control
Cold-shock
Total:

# Sequences
101,379
107,242
160,584
154,915
44,480
38,632

# Sequences in alignment
79,382 (78.32%)
81,039 (75.6%)
124,300 (77.42%)
118,845 (76.75%)

607,232

472345 (77.78%)

} 68,779 (82.83%)

An initial Newbler alignment produced 5827 isotigs longer than 50 bp with a median
length of 593 bp (mean = 843; SD 928). These belonged to 4490 isogroups (putative genes).
To remove redundancy the alignment was reassembled using the Geneious de novo assembler
(Drummond et al., 2012) which reduced the number of contigs to 5235. This new alignment
incorporated 78% of the original sequence data with a median contig length of 588 bp (mean
= 819; SD 884). The longest contig was 20,518 bp (BLASTx to SwissProt identified this
contig as a cDNA encoding Twitchin). 1058 contigs were longer than 1000 bp and 3240
contigs were greater than 500 bp. Sequence counts were generated by mapping the Newbler
trimmed reads back onto the alignment. Between 65 and 67% of raw reads (total = 327,870
sequences) for each sample mapped back to 2602 contigs that had a combined total of at least
ten counts; these were used for subsequent differential expression analysis.
The complete de novo transcriptome was annotated (with an E-value < 1− 10) using
three approaches: (1) BLASTn against the non-redundant (nr) protein database identified
2630 (50%) contigs, (2) BLASTx against nr database identified 2060 (39%) contigs and (3)
BLASTx against the SwissProt database identified 1991 (38%) contigs. All contigs are
subsequently referred to by their top BLAST match. Nineteen of the 20 most commonly hit
species for the lowest E-value BLASTx match against the nr database (Figure 2.1) were
insects, apart from Daphnia pulex. In spite of polyA selection during cDNA library
preparation, a substantial number of rRNA sequences remained (17–22% of reads from each
sample were identified as 18S and 28S rRNA).
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Figure 2.1: Species distribution of the top BLASTx matches for each annotated contig from
the de novo assembled Micrarchus nov. sp. 2 transcriptome. Out of the 5,235 contigs, 2,060
(39 %) matched entries in the non-redundant protein (nr) database using Blast2GO (E-value
cut-off < 1-10).

2.4.2. Expression analysis
Relative mRNA abundances were compared between cold-exposed (1 hr at 0°C
followed by 1 hr at 20°C) and control (kept at 20°C throughout) individuals to identify
differentially-expressed candidate cold-responsive genes. Using edgeR with common
dispersion two down-regulated contigs were detected (adjusted P-value of < 0.05) during
recovery from cold-shock. The other tests did not reveal any further candidates with the
limited biological replication (n = 2) resulting in high false discovery rates. A relaxation of
the stringency to uncorrected P-value was permitted as qPCR should identify any false
positives. Using edgeR with common dispersion 168 contigs were identified as differentially
expressed (94 up, 74 down, P-value < 0.05) (Figure 2.2). The edgeR with tagwise dispersion
analysis identified 106 differentially expressed contigs (56 up, 50 down, P-value < 0.05).
DESeq identified 10 differentially expressed contigs (7 up, 3 down, P-value < 0.05). The
baySeq analyses identified 2 up-regulated contigs (likelihood > 0.80). A full list of all
significant differentially regulated genes can be found in the Supplementary Material (A.3).
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Up-regulated contigs during recovery from cold-shock were ranked by P-value, with the top
four from each of the five analyses shown in Table 2.3 (n = 11 due to redundancy between
results). No common contig was identified by the five approaches, but staphylococcal
nuclease domain-containing protein 1 (snd1) was in the top four differentially expressed
contigs for at least one of the analyses in the three R packages implemented (edgeR, DESeq
and baySeq).
Figure 2.2: Volcano plot showing relative mRNA abundances of each contig in the
Micrarchus nov. sp. 2 transcriptome between non cold-treated Individuals and those exposed
to 0°C for 1 hr, with a further hour recovery (n = 2). Differential expression analysis was
performed with an exact test approach using edgeR with common dispersion. Grey points =
contigs with P-value > 0.05, black points = contigs with P-value < 0.05. Shaded boxes
represent areas with a significant P-value and at least a two-fold change in mRNA abundance
as a result of treatment. Contigs where expression is not recorded in one of the treatments,
resulting in an infinite fold change, are not plotted. The three contigs verified as differentially
expressed using qPCR are labelled: prolyl 4-hydroxylase subunit alpha-1 (P4HA1),
staphylococcal nuclease domain-containing protein 1 (snd1) and a cuticular protein
analogous to peritrophins 3-D2 (Cpap3-d2).

46

Table 2.3: Differential expression analysis results for the top ranked up-regulated genes in
response to cold-shock from Micrarchus nov. sp. 2 RNA-Seq data. The relative mRNA
abundances between individuals exposed to 0°C for 1 h, with a further hour recovery, were
compared to non cold-treated individuals (n=2). Contigs were ranked by P-value/likelihood
depending on which analysis was used, boxes shaded grey are non-significant results. Three
exact test approaches (edgeR with common dispersion, edgeR with tagwise dispersion and
DESeq) and two Bayesian methods (baySeq with and without contig length) were performed.
All top four ranked contigs for each analysis shown were selected for validation using qPCR
(n=11 due to redundancy between results).
Contig

Results

snd1

Rank
Result
Rank
Result
Rank
Result
Rank
Result
Rank
Result
Rank
Result
Rank
Result
Rank
Result
Rank
Result
Rank
Result
Rank
Result

C-01744
Cpap3d2
P4HA1
Copia
cadn*
csde1
C-04525
SF3a
restin
thil*

edgeR
(common
dispersion)
22
4.98E-03
37
1.68E-02
46
1.90E-02
47
2.19E-02
9
2.47E-03
1
1.72E-04
21
4.74E-03
29
7.94E-03
2
5.12E-04
3
2.52E-02
4
1.80E-03

edgeR
(tagwise
dispersion)
1
3.08E-04
30
1.87E-02
4
3.88E-03
7
5.12E-03
23
1.43E-02
2
7.79E-04
3
3.48E-03
22
1.27E-02
5
3.88E-03
11
8.73E-03
6
4.88E-03

DESeq

1
5.37E-03
29
1.53E-01
21
1.10E-01
24
1.23E-01
4
3.65E-02
2
6.49E-03
8
5.22E-02
20
1.03E-01
3
1.57E-02
7
4.50E-02
6
4.46E-02

baySeq
(without
length)
859
0.066
3**
0.715
1
0.815
2
0.803
28
0.463
186
0.207
10
0.602
4**
0.709
551
0.109
515
0.115
95
0.295

baySeq
(with
length)
2
0.816
33
0.517
4**
0.774
1
0.871
47
0.617
77
0.352
6
0.729
3**
0.780
55
0.422
37
0.485
23
0.585

Full contig BLAST annotations are: snd1 = staphylococcal nuclease domain-containing protein 1, C-01744 = non annotated
contig 01744, Cpap3-d2 = cuticular protein analogous to peritrophins 3-D3, P4HA1 = prolyl 4-hydroxylase subunit alpha-1,
Copia = copia protein, cadn = neural cadherin, csde1 = cold shock domain-containing protein e1, C-04525 = non annotated
contig 04525, SF3a = spliceosome associated protein and restin = restin. Rank of contig out of: 1186 for edgeR with
common dispersion, 1188 for edgeR with tagwise dispersion, 1292 for DESeq and 1145 for both baySeq analyses. Results
show P-value for edgeR and DESeq, likelihood for baySeq. * = contig not used in subsequent qPCR analysis due to nonspecific amplification of target DNA. ** = in the top four up-regulated genes for baySeq analyses, but the robust approach
means the likelihood value is non-significant.

2.4.3 qPCR verification
Of the eleven candidates identified from RNA-Seq differential expression analysis as
up-regulated (Table 2.3), nine were verified using qPCR with samples from new biological
replicates (n = 3) exposed to the same treatments. Of the nine genes, three were statistically
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significantly up-regulated in cold-exposed individuals (Figure 2.3). These were prolyl 4hydroxylase subunit alpha-1 (P4HA1, P-value = 0.0327), snd1 (P-value = 0.0065) and
cuticular protein analogous to peritrophins 3-D2 (Cpap3-d2, P-value = 0.0469). None of the
eight cold-responsive genes (Table 2.1) selected a priori from the literature were
significantly differentially expressed (Figure 2.3).
Figure 2.3: Boxplots showing relative mRNA abundance from qPCR for each gene between
non cold-treated (white box plots) Micrarchus nov. sp. 2 individuals and those exposed to
0°C for 1 hr, with a further hour recovery (grey box plot) (n = 3). Boxplot pairs on a grey
background represent the reference genes used for normalisation of abundances between
treatments. Boxplots on white background in top panel depict differentially expressed genes
identified from RNA-Seq data (Table 2). Boxplots on white background in bottom panel
shows a priori genes identified in previous studies (Table 3). * = samples with significant ttest P-values (< 0.05) from natural log transformed relative abundance values. Dark line
indicates median, box represents 25th and 75th percentile with whiskers representing
maximum and minimum values.
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2.5 Discussion
This study exploits recent developments in HTS and de novo transcriptomics to
investigate the genetic basis of cold tolerance in an alpine New Zealand stick insect. This is
the first study to apply RNA-Seq specifically to cold-hardy insects and their response to mild
cold exposure. No prior assumption or genomic information was required to discover three
novel cold-responsive genes.
We identified three robust candidate genes that are up-regulated in response to a mild
cold shock in Micrarchus nov. sp. 2. These genes are snd1, P4HA1 and Cpap3-d2 and are
associated with transcription, amino acid metabolism and cuticular organisation, respectively.
As such, these new candidates differ in function from those identified in other insect species.
The low number of genes identified in our study may be due to the gene expression response
to cold being slow, although in Drosophila the window of acute gene expression response to
cold-shock starts to decline after 3 hr (Sinclair et al., 2007a). We note that few genes with
acute responses to cold exposure have been identified in Drosophila (Qin et al., 2005), and
that longer recovery leads to the up-regulation of different gene sets in that species (Zhang et
al., 2011). The limited biological replication (n = 2) for the RNA-Seq and differential
expression analysis likely led to a high false discovery rate. However, the conservative twotier approach of RNA-Seq coupled with subsequent qPCR validation corrects for Type I error
and allows confidence in the three cold-responsive genes that we identified. However, it is
likely that with further power and a wider range of treatment and recovery conditions, it will
be possible to identify additional cold-responsive genes in this species.
No orthologues selected a priori from the literature showed differential expression in
response to cold exposure in Micrarchus nov. sp. 2. However, because of the small number
of transcriptomic studies outside of Diptera, coupled with few studies using cold-hardy
species, we are unable to determine whether this difference is because hemimetabolous
insects and Diptera have different responses to cold, or due to 0°C being a relatively mild
cold stress for an alpine insect. Data loggers (Dennis et al., 2013) indicate that temperatures
in the microhabitat are quite stable near 0°C beneath snow pack and that (even in the
summer) 0°C is a temperature experienced during a cold night, suggesting that 0°C is
ecologically-relevant for this species. We are also unable to determine whether the observed
changes indicate a repair response to damage, or a preparatory response associated with
acclimation to cold. As the RNA-Seq approach becomes more widely adopted, it will be
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possible to compare cold responses in a phylogenetic context, helping to address some of
these questions.
2.5.1. Cold-responsive genes
The snd1 gene encodes a complex, six-domain, multifunctional protein with many
biological functions (Sundstrom et al., 2009; Ying & Chen, 2012). Snd1 is cleaved by
caspase-3-like enzymes in apoptosis (Sundstrom et al., 2009). Rapid cold-hardening in
Drosophila reduces apoptosis and lowers caspase-3-like protein levels (Yi, Moore, & Lee,
2007), and we speculate that elevated expression of snd1 in cold-shocked Micrarchus nov.
sp. 2 may be associated with this process. In other organisms the snd1 protein is also
associated with the accumulation of mRNA into stress granules (Gao et al., 2010; Weissbach
& Scadden, 2012) and the cleavage of double-stranded RNA (Caudy et al., 2003). Thus, it is
possible that snd1 expression is part of a general stress response in Micrarchus nov. sp. 2,
rather than being specifically cold-related. Further experiments monitoring the response of
Micrarchus nov. sp. 2 to other abiotic stresses could identify if up-regulation of snd1 is coldspecific.
PAHA1 encodes an oxidoreductase enzyme catalysing the hydroxylation of proline to
hydroxyproline during the maturation of collagen, and possibly other proteins (Mann et al.,
1996; Shoulders & Raines, 2009; Gorres & Raines, 2010). The PAHA1 enzyme also modifies
proline residues of incorrectly folded collagen after stress in human cells (Vonk et al., 2010).
Thus, increased expression of the PAHA1 gene in Micrarchus nov. sp. 2 might be associated
with stabilisation or the refolding of proteins that were denatured by the cold-shock
treatment, or to stabilise structural peptides in anticipation of future cold exposures.
The final robust candidate we identified was Cpap3-d2, which has been previously
identified in genome sequences of Tribolium castaneum, Nasonia vitipennis and
Acyrthosiphon pisum (Jasrapuria et al., 2010). Cpap3-d2 is associated with the epidermal
cuticle of T. castaneum, and different Cpap transcripts that appear to affect the rigidity of the
cuticle in the elytra and hindwings (Jasrapuria et al., 2010; Dittmer et al., 2011). Increased
expression of cuticular proteins has been recorded in cold-shocked and diapausing D.
melanogaster (Qin et al., 2005; Baker & Russell, 2009), after cold exposure in Aphidius
colemani (Colinet et al., 2007) and in overwintering Cucujus clavipes puniceus larvae
(Carrasco et al., 2011a). The changes in the expression of cuticular proteins with cold shock
are currently unexplained, and we suggest that establishing how the cuticle structure is
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modified by cold shock, whether Cpap3-d2 is responsible for these changes, and how this
contributes to overall cold tolerance maybe profitable avenues for future research.

2.6 Conclusion
Micrarchus nov. sp. 2 regularly experiences sub-zero temperatures in the alpine
environment. This study is the first to apply high-throughput sequencing and de novo
transcriptome alignment to specifically address the response of a cold-hardy insect species to
low-temperature. This method clearly offers promise for future studies of cold tolerance in
non-model organisms. In the current study RNA-Seq was a more successful approach than
screening for a priori genes from other species. This allowed us to identify three Micrarchus
nov. sp. 2 genes that responded to cold-shock, but had not been identified as cold-responsive
in other insects.
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3.1 Abstract
Spatial heterogeneity in the thermal environment affects numerous biochemical and
physiological processes. In particular, low-temperature has a marked effect on poikilothermic
insects, which have evolved numerous molecular adaptations to survive these harsh
conditions. Divergent transcriptional responses to low-temperature exposure are often driven
by variation in the underlying genetic background. The four species within the New Zealand
stick insect genus Micrarchus all experience sub-zero temperatures in their respective
habitats, but the frequency, intensity and duration experienced by the alpine Micrarchus nov.
sp. 2 (Mic.2) is the most extreme. Phylogenetic analyses, RNA-Seq and qPCR were utilised
to examine the evolutionary history of Micrarchus, and compare intra- and inter-specific
variation in response to low-temperature exposure between alpine Mic.2 and lowland
Micrarchus hystriculeus (Mic.h). The qPCR verified RNA-Seq results demonstrate extensive
intra- and inter-specific variation in response to a one hour -5⁰C cold-shock with a
subsequent hour recovery at 21⁰C. Interspecific divergent responses include the propensity of
alpine Mic.2 to enrich for transcripts of structural cuticular genes and lowland Mic.h to
decrease galactolipase expression. Among Mic.2 populations used for RNA-Seq there is
considerable intraspecific variation, with a majority of differentially expressed candidates
unique to each population. Within-population variation in expression response is markedly
reduced, being consistent between insects collected from the wild in different years. We
conclude that the variation in Micrarchus cold-shock response has an underlying genetic
component caused and maintained by reduced gene flow, genetic drift and local adaptation,
which is preserved despite a complex pattern of uni-directional mitochondrial introgression
between species.

3.2 Introduction
The heterogeneous thermal environment is an important selective constraint driving
inter- and intra-specific variation (Kingsolver, 1989; Chown et al., 2004; Chown & Nicolson,
2004) (Angilletta, 2009). External temperature has a strong influence on the geographic
distribution of poikilothermic insects due to the number of biochemical and physiological
processes affected (Clarke, 2003; Chown & Nicolson, 2004). Nonetheless, insects have
colonised the coldest of environments, with some species even able to survive submergence
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in liquid nitrogen (Koštál et al., 2011). To survive and remain active at low-temperature
insects have evolved many physiological and molecular strategies (Hoffmann et al., 2003;
Sinclair et al., 2003a; Clark et al., 2009; Storey & Storey, 2012). However, very little is
known regarding the genetic basis of cold tolerance in cold-hardy insects, with a majority of
studies focusing on chill-susceptible Drosophila species (Hoffmann, 2010).
Insects that experience sub-zero temperature in the environment face many challenges
such as increased membrane rigidity (Overgaard et al., 2005), induced apoptosis (Denlinger
& Lee, 2010), increased ion concentration (Koštál et al., 2007), elevated oxidative stress
(Lalouette et al., 2011) and other non-freezing cold-injury (Bale, 2002). The multifaceted
response to these problems involves numerous genes, with a majority identified from chillsusceptible Diptera studies (Hoffmann, 2010). However, RNA expression techniques are
being increasingly applied to non-model organisms to identify cold-responsive genes in coldhardy insects (Purać et al., 2008; Rinehart et al., 2010; Teets et al., 2012a; Dunning et al.,
2013a). A majority of these candidate cold tolerance genes do not overlap between species
(Qin et al., 2005; Colinet et al., 2007; Clark & Worland, 2008; Li & Denlinger, 2008;
Denlinger & Lee, 2010; Teets et al., 2012a; Dunning et al., 2013a), and this is largely
attributed to extensive interspecific variation in the response to low-temperature across
insects. Even within the same genus, species can display highly divergent patterns of coldinduced gene expression, with the allopatric Drosophila virilis and D. montana only sharing
two differentially expressed genes in response to cold-treatment (Vesala et al., 2012).
Furthermore, divergence in transcriptional response is also common at the intraspecific level,
with candidate gene studies in D. melanogaster identifying few differentially expressed
transcripts shared between individuals with different genetic backgrounds (Sarup et al.,
2011). To reliably identify the genes involved, it is important to validate expression patterns
across populations to compensate for variation in responses attributed to differences in the
genetic background (Sarup et al., 2011).
The global transcriptional responses to thermal stress has been extensively studied,
but few attempts have been made to quantify intraspecific population variation in this
reaction outside of Drosophila (Oleksiak, Churchill, & Crawford, 2002; Hoffmann et al.,
2003; Polato et al., 2010; Schoville et al., 2012a). Microarray and RNA-Seq studies in
intertidal copepods (Tigriopus californicus) (Schoville et al., 2012a) and reef-building coral
larvae (Montastraea faveolata) (Polato et al., 2010), like Drosophila, reveal strikingly
divergent transcription responses to thermal stress between populations. This has been
54

attributed to local adaptation, occurring in Montastraea faveolata, despite high gene flow
among populations (Polato et al., 2010). Reduced gene flow accentuates genetic drift and is
normally required for local adaptation by ensuring that any advantageous character is not lost
through genetic swamping (Lenormand, 2002; Kawecki & Ebert, 2004). The strength of
selection for locally adapted forms is dependent on the realised distance between the initial
phenotype and the optimum for the local environment (Ghalambor et al., 2007). Ultimately,
this local adaptation may culminate in reproductive isolation and ecological speciation
(Schluter, 2000; Rundle & Nosil, 2005; Hendry et al., 2007; Schluter, 2009; Schluter &
Conte, 2009). By expanding studies beyond Diptera and into groups of closely related species
inhabiting different thermal environments, it will be possible to identify candidate cold
tolerance genes that have facilitated the colonisation of harsher low-temperature habitats.
Furthermore, utilising an evolutionary framework allows divergent intra- and inter-specific
responses to low-temperature to be assessed in conjunction with background genetic
variation.
In this study we employ classic phylogenetic methods and cold-shock RNA-Seq
experimental approaches to infer the evolutionary history and investigate the transcriptional
response to cold-shock in populations of Micrarchus Carl (Carl, 1913) stick insects. This
genus is comprised of four endemic New Zealand species that all experience sub-zero
temperatures (Salmon, 1991; Leathwick, 2002; Dennis et al., 2013). The nominate
Micrarchus hystriculeus (Mic.h) (Westwood, 1859) has the broadest geographic distribution
and is the only species extant on the North Island (Salmon, 1991). Micrarchus nov. sp. 1
(Mic.1) (Voucher specimen NZAC 03000433 from New Zealand Arthropod Collection,
Landcare Research, Auckland, New Zealand) has a distribution restricted to the east coast of
the South Island, Micrarchus nov. sp. 2 (Mic.2) (NZAC03009458) is confined to the
mountains of the northwestern South Island and Micrarchus nov. sp. 3 (Mic.3)
(NZAC03000053) is only known from Stephens Island (150 ha). All species are
morphologically distinct and occupy similar niches apart from Mic.2 which is exclusively
found at high elevations (600 to 1409 m above sea level) (Dunning et al., 2013a). Migration,
and therefore gene flow, between populations of Mic.2 is likely to be low, with populations
effectively isolated on alpine sky islands. All life-stages of these species overwinter and
experience sub-zero temperatures in their respective environments; but the frequency,
duration and extremes in temperature encountered by Mic.2 are far greater than those of the
other species (Salmon, 1991; Dennis et al., 2013). Previously, mild cold-shock experiments
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were used to successfully identify three cold-responsive genes in Mic.2 using RNA-Seq.
These genes included an oxidoreductase enzyme, a transcriptional regulator and a cuticle
protein (Dunning et al., 2013a). No information on the genetic basis of cold tolerance
response is available for the other three Micrarchus species or further populations within
Mic.2.
We hypothesise that (i) alpine Mic.2 and lowland Mic.h will have divergent
transcriptional responses to cold-shock due to the alpine species adaptation to a colder
environment; (ii) isolated Mic.2 populations will exhibit intraspecific variation in
transcriptional responses to cold-shock due to background genetic variation caused and
maintained by reduced gene flow, genetic drift and possibly local adaptation. To this end we
utilise phylogenetic markers and high-throughput sequencing (HTS) RNA-Seq to assess the
genetic basis of cold tolerance in Micrarchus species.

3.3 Methods
3.3.1 Sample collection
Micrarchus specimens were collected across their known distributions between 2004
and 2012 (Figure 3.3; Full location details Supplementary Material B.1). Specimens were
collected by beating and manually searching host vegetation (Salmon, 1991; Dennis et al.,
2013). Insects were preserved in ethanol or transported live to Landcare Research, Auckland.
3.3.2 Micrarchus phylogeny reconstruction
DNA was extracted from leg muscle tissue (5 – 10 mg) of 148 individuals using the
Corbett X-tractor Gene robot (Corbett Robotics, Brisbane, Australia) and the QIAxtractor DX
Reagents kit (Qiagen, Hilden, Germany, cat. no. 950107) following the manufacturer’s
instructions. Samples were sequenced for mitochondrial cytochrome oxidase subunit I (COI),
cytochrome oxidase subunit II (COII) and 28S ribosomal RNA using previously published
methods (see (Buckley et al., 2008) for primer sequences and reaction conditions). Sequence
information was supplemented with a further 36 individuals sequenced using cDNA as
template (qPCR samples) and 24 individuals using high-throughput sequencing (RNA-Seq
samples). Two Tectarchus ovobessus and two T. salebrosus were used as outgroups for
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COI/II and 28S respectively; both are endemic to New Zealand and closely related to
Micrarchus (Buckley et al., 2010a; Dunning et al., 2013b). In total, 210 sequences for both
loci were edited and assembled into 28s and COI/COII alignments using Geneious v. 5.6.4
(Drummond et al., 2012). Nucleotide substitution models for phylogenetic analysis were
selected based on the corrected Akaike Information Criterion (Sugiura, 1978; Hurvich &
Tsai, 1989) implemented in jModelTest v. 0.1.1 (Guindon & Gascuel, 2003; Posada, 2008).
Bayesian phylogenies were constructed using Markov-chain Monte Carlo (MCMC) sampling
in MrBayes v. 3.2.0 (Huelsenbeck & Ronquist, 2001; Ronquist & Huelsenbeck, 2003) with
10 million generations sampled every thousand. A relative burn-in of 25% was used with the
following priors: uniform substitution rates, unconstrained branch lengths, empirically
estimated state frequencies, exponential gamma shape parameter set to five for among-site
rate variation and proportion of invariable sites uniformly distributed between all and none.
Non-parametric bootstrap analysis under maximum likelihood (100 pseudo replicates) was
performed using Garli v. 2.0 (Zwickl, 2006) (substitution model: COI/COII = GTR+I+G; 28S
= TIM3+G).
3.3.3 Cold-shock experiments
All cold-shock experiments were performed exclusively on adult females. For these
experiments alpine Mic.2 was collected from two sites: (i) Sewell Peak (SP), in the Paparoa
Range, on 11/02/2011 (Site 1; Figure 3.3 & Supplementary Material B.1) and; (ii) Mt. Arthur
(MA), Arthur Range, on 13/02/2011 (Site 9; Figure 3.3 & Supplementary Material B.1). The
lowland Mic.h was collected from Paengaroa Scenic Reserve (Pa), Taihape, on 25/03/2011
(Site 38; Figure 3.3 & Supplementary Material B.1). Prior to experimentation insects were
maintained under constant conditions (Dunning et al., 2013a) for a minimum of 16 days
acclimatisation. The RNA-Seq experimental design consisted of three independent trials
between control and cold-shocked groups (For Mic.2_SP and Mic.h_PA n = 3 vs. 3;
Mic.2_MA n = 6 vs. 6). Experiments were conducted on 17/03/2011 for both Mic.2_SP and
Mic.2_MA, and on 11/04/2011 for Mic.h_PA. The control groups were snap frozen in liquid
nitrogen after two hours at 21⁰C in a Sanyo MIR-154 incubator (Global Science and
Technology, Osaka, Japan). Immediately after this cold-shock experiments were performed.
Stick insects were placed in the incubator at 21⁰C for one hour. The temperature was then
ramped down at approximately -1⁰C min-1 until it reached the cold-shock temperature of 5⁰C, where it was held for one hour. The temperature was then ramped up at approximately
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+1⁰C min-1 and held at 21⁰C for a further one hour recovery, at which point insects were snap
frozen and all samples stored at -80⁰C prior to RNA extraction. All insects survived the
treatments and were moving in a coordinated fashion prior to snap freezing.
3.3.4 cDNA preparation and high-throughput sequencing (HTS)
Total RNA was extracted from the 24 experimental samples using previously
published methods (Dunning et al., 2013a), with one exception; cDNA libraries for HTS were
prepared using the Illumina TruSeq RNA Sample Preparation Kit (Illumina San Diego, CA,
USA, cat. no. 15013136) according to the manufacturer’s protocol. In summary, mRNA was
purified from 2.65 µg total RNA from each sample which was subsequently individually
fragmented and reverse transcribed to form double-stranded cDNA. Individual samples had
randomly assigned barcodes ligated to the cDNA fragments and amplified with 13 cycles of
PCR. Libraries were validated using the Agilent 2100 Bioanalyzer to ensure each had the
recommended ~260 bp fragment size. Libraries were sent for HTS to the University of Utah’s
Microarray and Genomic Analysis Shared Resource where they were qPCR quantified prior
to sequencing on three lanes of a 50 cycle single-end Illumina HiSeq 2000 run.
3.3.5 Pre-processing, aligning and annotating HiSeq data
Reads with ambiguous bases were removed using ShortRead v. 1.16.3 (Morgan et al.,
2009) implemented in R v. 2.15.0 (R Development Core Team, 2012). Illumina adapter
sequences and low quality bases (Phred quality > 30) were trimmed using Cutadapt v. 1.1
(Martin, 2011). Poly A/T tails longer than 10 bp from either end of the reads, and any read
shorter than 40 bp was removed using PRINSEQ lite v. 0.16 (Schmieder & Edwards, 2011).
Cleaned reads were grouped by population and de novo assembled using Trinity release
2012-10-05 (Grabherr et al., 2011). Trinity’s three independent software modules (Inchworm,
Chrysalis and Butterfly) initially align reads into contigs which are then clustered into de
Bruijn graphs which are subsequently matched to report full length alternatively spliced
isoforms and separate paralogous transcripts. Default Trinity parameters (200 bp minimum
contig length) were implemented with the reduce Butterfly option to collapse overly similar
contigs. Ribosomal RNA was removed using all available databases in riboPicker v. 0.4.3
(Schmieder et al., 2012). Assemblies were annotated by BLASTx (E-value threshold = 1e-10)
sequence searching against the National Centre for Biotechnology Information (NCBI) nonredundant (nr) protein and SwissProt databases. Gene Ontology (GO) annotation was based
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on the SwissProt Blast matches using Blast2GO v. 2.6.2 (Conesa et al., 2005). GO
annotations were compared and visualised between assemblies using WEGO (Ye et al.,
2006).
3.3.6 Differential expression analysis of RNA-Seq data
Individual cleaned sequence reads were mapped back onto the respective population
trinity assemblies using the sensitive pre-set parameters in Bowtie 2 v. 2.0.0 (Langmead &
Salzberg, 2012). Sequence counts were generated by constructing a merged Gene Transfer
Format (GTF) file with the Cufflinks v. 2.0.2 package (Trapnell et al., 2010) and extracting
counts using the default parameters in HTSeq v. 0.5.3p3 (Anders, 2010). Differential
expression analysis followed previously published methods (Dunning et al., 2013a). In brief,
we used DESeq v. 1.10.1 (Anders & Huber, 2010), edgeR v. 3.0.4 (Robinson et al., 2010) and
baySeq v. 1.12.0 (Hardcastle & Kelly, 2010) packages implemented in R v. 2.15.0 (R
Development Core Team, 2012) to determine which genes were differentially expressed
using recommended significance cut-offs to control for Type I error. To be considered for
differential expression analysis, each contig had to have at least one count per million in half
the samples analysed (3 out of 6 in Mic.2_SP and Mic.h_PA; 6 out of 12 in Mic.2_MA). GO
annotation enrichment analysis was performed by way of a Fisher’s exact test in Blast2GO
(Conesa et al., 2005) between the GO terms associated with the differentially regulated coldresponsive contigs, and those associated with the non-differentially expressed contigs. The
analysis was restricted to biological function with a stringent significance cut-off (FDR <
0.05).
3.3.7 qPCR validation
To validate the RNA-Seq results a subset of six genes (Table 3.1), with a range of GO
terms and direction of regulation, were selected for qPCR using both technical and biological
replicates. Two non-differentially expressed reference genes (pyruvate kinase and ATP
synthase subunit beta; P-value > 0.85; counts > 1000) were selected from the RNA-Seq data
to normalise the relative qPCR expression between genes. Technical replicates used cDNA
synthesised from the same individuals as RNA extractions used for the RNA-Seq data.
Biological replicates consisted of cDNA synthesised from different individuals from the same
population, with Mic.2 individuals collected and treated on different dates to the technical
replicates; Mic.2_SP collected 27/01/2012 and treated 28/02/2012; Mic.2_MA collected
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23/01/2012 and treated 02/03/2012. In addition, three further populations were used for
qPCR. These were Alpine Mic.2 collected from: (i) Mt. Owen (MO), Nelson Range on
25/01/2012 and treated on 01/03/2012 (Site 5; Figure 3.3 & Supplementary Material B.1)
and; (ii) Harwood’s Hole (HH), Takaka Hill on 24/01/2012 and treated on 29/02/2012 (Site
11; Figure 3.3 & Supplementary Material B.1). Lowland Mic.h was collected from Kowhai
(KO), Wairau Valley on 19/01/2012 treated on 25/04/2012 (Site 14; Figure 3.3 &
Supplementary Material B.1). For biological and population replicates, experimental
treatments and RNA extractions followed previously described methods for RNA-Seq
samples. Primer design, DNase treatment, cDNA library preparation and qPCR followed
previously published methods (Dunning et al., 2013a) with one exception; contaminating
DNA was removed from RNA extractions using TURBO DNase (Invitrogen, Carlsbad, CA,
cat. no. AM2238) prior to cDNA synthesis. Fold changes were generated by dividing the
mean relative amount for each treatment group by the mean relative amount for the control.
Linear regression with Pearson correlation coefficients were used to compare the agreement
between the RNA-Seq and qPCR results for both technical and biological replicates. To
compare fold-change estimates between the qPCR and RNA-Seq methods a Bland-AltmanPlot (Bland & Altman, 1986) was constructed. For the additional HH, KO and MO
populations, significant differential expression between treatments was assessed using the
log-transformed raw relative expression values and a one tailed t-test.
Table 3.1: Target genes used for RNA-Seq expression estimate validation by qPCR exhibit a
range of biological function Gene ontologies (GO)
Gene
Cud2

GO term
GO:0005214
GO:0042302
Sardh
GO:0050660
GO:0008480
Catl
GO:0004197
GO:0042393
GO:0008010
GO:0005214
GO:0042302
GO:0005198
Fabg
GO:0016491
GO:0000166
Hex
GO:0005344
GO:0045735
Comp8923 -

Definition
Structural constituent of chitin-based cuticle
Structural constituent of cuticle
Flavin adenine dinucleotide binding
Sarcosine dehydrogenase activity
Cysteine-type endopeptidase activity
Histone binding
Structural constituent of chitin-based larval cuticle
Structural constituent of chitin-based cuticle
Structural constituent of cuticle
Structural molecule activity
Oxioreductase activity
Nucleotide binding
Oxygen nutrient reservoir activity
Transporter activity
-

GO term annotation based on BLASTx analysis against the SwissProt database implemented in Blast2GO (Conesa et al., 2005). Full gene
names are: Cud2 = Endocuticle structural glycoprotein bd-2, Sardh = sarcosine dehydrogenase, Catl = cathepsin I, Fabg = 3-oxoacyl-[acylcarrier-protein]reductase, Hex = hexamerin 1 and Comp8923 = Unannotated Contig 8923.

60

3.3.8 Population genetics and phylogeography of Micrarchus
Contigs corresponding to all 13 mitochondrial protein coding genes were extracted
from the three RNA-Seq assemblies by tBLASTx sequence searching against the complete D.
melanogaster mitochondrial genome (DMU37541). The contigs were subsequently aligned
and pairwise similarities between the mitochondrial genes from all three Micrarchus
transcriptome assemblies calculated. To generate SNP data to compare between the three
populations, a new Trinity assemble was constructed with the cleaned reads from all 24
individuals with the same parameters as described above. Individual clean reads were then
mapped onto the new combined assembly using Bowtie 2 (Langmead & Salzberg, 2012).
SNPs were subsequently called from the Bowtie 2 mapped reads using the recommended
default parameters for mpileup in SAMtools v. 0.1.18 (Li et al., 2009). The data set was
trimmed to only retain bialleic, unlinked and high quality (Q > 30) SNPs with no missing
data using VCFtools v. 0.1.10 (Danecek et al., 2011). Population structure was assessed by
way of a principle component analysis (PCA) performed in R (R Development Core Team,
2012) and ancestry inference using ADMIXTURE v.1.22 (Alexander et al., 2009) with K = 2
to K = 6.

3.4 Results
3.4.1 Transcriptome assembly
A total of 235 million 50 bp un-paired Illumina reads were obtained from 24
individually-tagged cDNA libraries. Raw data were submitted to the NCBI Sequence Read
Archive (SRA). An average of 9.8 million reads (range = 6.6 – 13.2 million reads) were
generated for each library, with 99% of the data remaining after trimming. Cleaned reads
were de novo assembled by species and population: Mic.2_SP, Mic.2_MA and Mic.h_PA;
producing 42425, 58743 and 37814 contigs respectively (Table 3.2). Between 27% and 30%
of the contigs within each assembly were annotated by BLASTx against the nr database, with
the species distribution of top-matches overlapping among the three assemblies (Figure 3.1).
The distribution of level two GO terms from the SwissProt BLASTx matches were extremely
similar among the three assemblies (Figure 3.2).
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Table 3.2: Summary statistics for Micrarchus stick insect de novo transcriptome assemblies
generated from 50 bp single-end Illumina HiSeq RNA-Seq data.
Species
Populations
Individuals
Clean Reads
Contigs
Mean length (bp)
Standard Deviation (bp)
Median (bp)
Longest Contig (bp)
N50 (bp)
N90 (bp)

Micrarchus
nov. sp. 2
Sewell Peak
Mt. Arthur
6
12
59,833,254
118,263,415
42,425
58,743
587
619
680
740
343
346
14,995
14,290
829
918
251
256

Micrarchus
hystriculeus
Paengaroa
6
56,471,214
37,814
567
624
340
16,697
772
248

Figure 1.1: Top twelve most frequently hit species for BLASTx annotation (E-value < 1-10)
against the NCBI non-redundant protein database using the single top-match for each contig
from the three separate de novo assembled transcriptomes. For Micrarchus nov. sp. 2 (Mt.
Arthur), Micrarchus nov. sp. 2 (Sewell Peak) and Micrarchus hystriculeus (Paengaraoa)
15,871 (27%), 12,891 (30%) and 11,087 (29%) contigs were annotated respectively.
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Figure 3.2: Relative distribution of level two gene ontology (GO) annotations between the
different Micrarchus transcriptome assemblies. GO terms were assigned using SwissProt
BLASTx sequence search matches (E-value < 1-10) and plotted using WEGO (Ye et al.,
2006).

3.4.2 Phylogeography and population genetics
A total of 210 individuals were sequenced, generating 530 bp 28S and 1515 bp COI/COII
alignments. All sequences have been submitted to NCBI Genbank. The 28S Bayesian and
likelihood phylogenies support respectively monophyletic Micrarchus species, with Mic.h
sister to Mic.1, and Mic.2 sister to Mic.3 (Figure 3.3; expanded phylogeny Supplementary
Material B.3). There is very little intraspecific variation at this locus, with between 98.5%
and 100% pairwise identity between alleles. The COI/COII Bayesian phylogeny does not
support any Micrarchus species as monophyletic, with geographically proximal populations
of different species grouped together (Figure 3.4; expanded phylogeny Supplementary
Material B.3). The Mic.2 haplotype clade containing SP, Denniston Plateau and Buckland’s
Peak is sister to all other Micrarchus haplotypes, separated by the longest branch in the
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phylogeny. The other clades containing Mic.1, Mic.2 and Mic.3 are nested within the Mic.h
samples. Mic.3 is endemic to Stephens Island (location 22; Figure 3.3), where it is sympatric
with the widespread Mic.h. Whilst distinct at the 28S locus, it shares mtDNA with Mic.h.
Figure 3.3: Geographic distribution of the four Micrarchus species within New Zealand and
their evolutionary relationship based on 28S ribosomal RNA sequences. The 28S Bayesian
phylogeny is collapsed into the four species nodes, each with number of samples (n), number
of different haplotypes (h) and percentage pairwise identity between haplotypes (i) shown.
Upper support values are posterior probabilities estimated with MrBayes; lower support
values are likelihood bootstraps (100) estimated with GARLI. Scale bar represents the
number of substitutions per site. The full detail of each of the 43 sampling locations and
expanded phylogeny is provided in the Supplementary Material (B.1 & B.2). Sites used for
RNA-Seq and qPCR and labelled.
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Figure 3.4: Bayesian phylogeny constructed using mitochondrial cytochrome oxidase
subunit I (COI) and II (COII) DNA sequences representing 208 individuals from 43
populations and four Micrarchus species. Nodes collapsed to population, with those that are
non-monophyletic denoted with an asterisk. Support values are posterior probabilities
estimated in MrBayes. Scale bar represents the number of substitutions per site. Sites used for
RNA-Seq and qPCR and labelled. The full detail of each of the locations, samples and the
expanded phylogeny is provided in the Supplementary Material (B.1 & B.2).
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Mic.h is the only extant North Island species, with these populations forming a
monophyletic clade for both COI/COII and 28S. All Mic.2_MA mtDNA protein coding
sequences have a greater pairwise identity to those from Mic.h_PA (average pairwise identity
= 95.2%) than the conspecific Mic.2_SP (average pairwise identity = 92.7%), apart from
NADH dehydrogenase subunit 4L (ND4L). The ND4L gene is 285 bp in Mic.2_MA and is
98.1% identical to Mic.h_PA (11 observed substitutions) and 98.6% identical to Mic.2_SP
(10 observed substitutions). The degree of admixture in the nuclear genome between Mic.h
and Mic.2 was assessed using 45,785 biallelic unlinked transcriptome wide SNPs extracted
from all 24 individuals from three populations: 6 x Mic.h_PA (Pure Mic.h mtDNA); 6 x
Mic.2_MA (pure Mic.2 mtDNA) and 12 x Mic.2_MA (introgressed Mic.h mtDNA). PCA
analysis of the SNP data identified three separate clusters that corresponded to the three
populations (Figure 3.5). The first principle component explained 26.2% of the variation in
the data and separates both Mic.2 populations from Mic.h. The second principle component
explained 14.6% of the variation in the data and distinguishes between the two Mic.2
populations. Maximum likelihood estimation was used to determine the ancestry of each
individual from the SNP data, with three being the optimal number of ancestral populations
based on cross-validation errors between different values of K (2-6). K = 3 clearly separates
the three populations (Figure 3.6). The next best fit of K = 2 groups the populations into their
respective species groups. Values of K higher than three have a much lower fit to the data
(higher cross-validation error).
Figure 3.5: Principle component analysis of 45,785 biallelic unlinked SNPs from 24
individuals representing three populations and two Micrarchus species (Paengaroa = M.
hystriculeus; Mt. Arthur and Sewell Peak = M. nov. sp. 2).
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Figure 3.6: Inferred ancestry (Q-Plot) of the 24 samples used for RNA-Seq representing two
Micrarchus species from three populations (Paengaroa = M. hystriculeus; Mt. Arthur and
Sewell Peak = M. nov. sp. 2) assigned by ADMIXTURE based on 45,785 biallelic unlinked
SNPs. Each individual is represented by one vertical bar portioned into varying proportions
(colours) representing ancestral populations (K). The optimal value of K is determined by the
lowest cross-validation procedure score (K = 3).

3.4.3 Differential expression analysis
Relative mRNA abundances between cold-shocked ( 21⁰C for 1 hr; -1⁰C min-1 for 26
min; -5⁰C for 1 hr; +1⁰C min-1 for 26 min; 21⁰C for 1 hr) and control (21⁰C for 3 hr)
individuals was used to identify cold responsive genes in two alpine populations of Mic.2
(Mic.2_MA and Mic.2_SP) and one population of the lowland (Mic.h_PA). Counts for
differential expression analysis were generated by mapping cleaned 50bp Illumina HiSeq
reads back onto their respective population transcriptome, with between 60.7 – 86.8% (Mean
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= 81.4%; SD = 5.6%) of reads from each individual mapping uniquely to one contig. Five
differential expression analyses were performed for each population, with 1410, 241 and 134
differentially expressed cold-responsive genes found in Mic.2_SP, Mic.2_MA and Mic.h_PA
populations, respectively (Table 3.3; Full details of the differentially regulated coldresponsive genes in Supplementary Material B.6). A majority of the differentially expressed
genes were unique to each population (Mic.2_MA 54%; Mic.2_SP 90%; Mic.h_PA 71%),
sharing no BLASTx match (E-value threshold = < 1e-10) with differentially expressed genes
identified in other populations (Figure 3.7). However, several contigs did overlap between
populations and species, with numerous pairwise matches of cold-responsive genes regulated
in the same and opposite directions as a result of cold-shock (Figure 3.7; Full details of
correspondence

between

differentially

regulated

cold-responsive

transcripts

in

Supplementary Material B.7). No contig was universally up-regulated as a result of coldshock in all three populations. However, all populations do share a universally down
regulated cold-responsive transcript identified as a putative uncharacterised Tribolium
castaneum protein (Mic.2_SP; comp3887 BLASTx E-value 5e-54) associated with protein
binding (GO:0005515) and containing a predicted DDE superfamily endonuclease (PF13358)
domain.
Table 3.3: Differentially expressed cold-shock responsive transcripts in Micrarchus stick
insects identified using 50 bp single-end Illumina HiSeq RNA-Seq data. Cold-shock
treatment individuals ( 21⁰C for 1 hr; -1⁰C min-1 for 26 min; -5⁰C for 1 hr; +1⁰C min-1 for 26
min; 21⁰C for 1 hr) were compared to controls (21⁰C for 3 hr) using three exact test
approaches (edgeR with common dispersion, edgeR with tagwise dispersion and DESeq) and
two Bayesian methods (baySeq with and without contig length).
Species
Population
Contigs*
Direction
edgeR†
edgeR‡
DESeq
baySeq
baySeq§
Total

Micrarchus
nov. sp. 2
Sewell Peak
Mt. Arthur
27798
30502
up
Down up down
182
1153
44
195
73
1028
6
28
22
218
0
2
22
134
0
9
36
158
2
14
215
1195
45
196

Micrarchus
hystriculeus
Paengaroa
27391
up down
87
44
23
9
3
2
3
2
6
4
89
45

Significance cut-off for: edgeR = FDR < 0.05 (P-value < 0.002); DESeq = FDR <0.10 (P-value < 0.001); BaySeq FDR
<0.10 (likelihood > 0.83). * = number of contigs used for differential expression analysis after removing contigs with less
than one count per million in at least three samples for Sewell Peak/Paengaroa and 6 samples for Mt. Arthur, † = using
common dispersion, ‡ = using tagwise dispersion, § = contig length used as additional normalisation factor. Total = unique
contigs called by all analysis methods.
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Figure 3.7: Intra- and inter-specific variation in differentially-expressed cold-responsive loci
from three populations representing two species of Micrarchus stick insect. Each separate
Venn diagram represents a population and the number of its differentially expressed contigs
that have at least one BLASTx (E-value <1-10) sequence match with a differentially expressed
contig in the other populations.

Cold-shock treatment = 21⁰C for 1 hr; -1⁰C min-1 for 26 min; -5⁰C for 1 hr; +1⁰C min-1 for 26 min; 21⁰C for 1 hr. Control
treatment = 21⁰C for 3 hr. N.B. for six contigs BLASTx matches were both up- and down-regulated in one corresponding
population, in this case hits for both directions of regulation were included.

The GO terms enriched between non-differentially and differentially expressed
contigs were assessed using a Fisher’s exact test. A total of 7341, 8057 and 6570 contigs had
associated GO terms, this included 37, 7 and 6 belonging to up-regulated, and 174, 22 and 7
to the down-regulated contigs from the differential expression analysis in Mic.2_SP,
Mic.2_MA and Mic.h_PA respectively. In Mic.2_SP eight biological functions, comprising
29 unique contigs, were significantly (FDR <0.05) enriched in the up-regulated contigs
(Table 3.4). In the same population, 25 biological functions, comprising 60 unique contigs,
were significantly enriched in the down-regulated contigs (Table 3.4). In Mic.2_MA 4
biological functions containing 11 contigs were enriched in the down-regulated transcripts. In
Mic.h_PA a single biological function comprising two unique contigs was significantly
enriched in the down-regulated contigs. The GO terms for the structural constituent of cuticle
(GO:0042302), structural constituent of chitin-based cuticle (GO:0005214) and structural
molecule activity (GO:0005198) were significantly enriched in both Mic.2_SP and
Mic.2_MA, albeit in opposite directions.
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Table 3.4: Enriched biological function Gene Ontologies (GO) as a result of cold-shock
treatment in two species of Micrarchus stick insects. GO terms from differentially expressed
contigs in the cold-shock treatment (21⁰C for 1 hr; -1⁰C min-1 for 26 min; -5⁰C for 1 hr;
+1⁰C min-1 for 26 min; 21⁰C for 1 hr) and control (21⁰C for 3 hr) groups were compared to
GO terms for non-differentially expressed contigs to assess enrichment of biological function
using a Fishers exact test.
GO term
Definition
FDR
#DR #GO Genes
Micrarchus nov. sp. 2 (Sewell Peak) up-regulated in response to Cold-Shock
GO:0042302 Structural constituent of cuticle
2.53E-18 12
25
Catl-a, Catl-b, Cu07, Cu14, Cu23,
Cua3a, Cud1-a, Cud1-b, Cud2-a, Cud4,
Cud8, Cuh1c,
GO:0005214 Structural constituent of chitin1.24E-07 6
13
Catl-a, Catl-b, Cua3a, Cud1-a, Cud2-a,
based cuticle
Cud8
GO:0004503 Monophenol monooxygenase
2.33E-04 3
3
Prpa3-a, Prpa3-b, Prpa3-c
activity
GO:0016716 Oxidoreductase activity, acting
2.33E-04 3
3
Prpa3-a, Prpa3-b, Prpa3-c
on paired donors, with
incorporation or reduction of
molecular oxygen, another
compound as one donor, and
incorporation of one atom of
oxygen
GO:0005198 Structural molecule activity
5.38E-04 12
400
Catl-a, Catl-b, Cu07, Cu14, Cu23,
Cua3a, Cud1-a, Cud1-b, Cud2, Cud4,
Cud8, Cuh1c,
GO:0008010 Structural constituent of chitin7.23E-04 3
4
Catl-a, Catl-b, Cud8,
based larval cuticle
GO:0031404 Chloride ion binding
3.23E-03 3
6
Prpa3-a, Prpa3-b, Prpa3-c
GO:0016491 Oxidoreductase activity
5.68E-03 13
612
Al7a1, Aldr, Cp6j1, Cp6k1, Dhgl, Fabg,
Glo5, H17b6, Perc, Pgdh, Prpa3-a,
Prpa3-b, Prpa3-c,
Micrarchus nov. sp. 2 (Sewell Peak) down-regulated in response to Cold-Shock
GO:0002020 Protease binding
2.24E-04 9
42
Iap1, Lrp1-b , Nec1-a, Nec1-b, Ry44-a,
Ry44-b, Ry44-c, Ry44-d, Ry44-e
GO:0043924 Suramin binding
2.78E-04 5
9
Ry44-a, Ry44-b, Ry44-c, Ry44-d, Ry44-e
GO:0034236 Protein kinase A catalytic
4.15E-04 5
10
Ry44-a, Ry44-b, Ry44-c, Ry44-d, Ry44-e
subunit binding
GO:0005219 Ryanodine-sensitive calcium4.15E-04 5
10
Ry44-a, Ry44-b, Ry44-c, Ry44-d, Ry44-e
release channel activity
GO:0071936 Coreceptor activity involved in
8.72E-04 4
6
Lrp1-a, Lrp1-b, Lrp1b, Vldlr
Wnt receptor signaling pathway
GO:0034237 Protein kinase A regulatory
1.72E-03 5
14
Ry44-a, Ry44-b, Ry44-c, Ry44-d, Ry44-e
subunit binding
GO:0002162 Dystroglycan binding
1.72E-03 5
14
Utro-a, Utro-b, Vinc-a, Vinc-b, Vinc-c
GO:0005245 Voltage-gated calcium channel
2.18E-03 5
15
Ry44-a, Ry44-b, Ry44-c, Ry44-d, Ry44-e
activity
GO:0051018 Protein kinase A binding
2.81E-03 5
16
Ry44-a, Ry44-b, Ry44-c, Ry44-d, Ry44-e
GO:0005218 Intracellular ligand-gated
2.81E-03 5
16
Ry44-a, Ry44-b, Ry44-c, Ry44-d, Ry44-e
calcium channel activity
GO:0008092 Cytoskeletal protein binding
3.50E-03 28
521
Ank2, Ank3-a, Ank3-b, Dmd, Dmda,
Dyst, Futsc, Mica3, Plec, Sptn1, Sptn5,
Syne1-a, Syne1-b, Syne1-c, Syne1-d,
Titin-a, Titin-b, Titin-c, Titin-d, Tln2,
Unc22-a, Unc22-b, Unc89,
Utroa, Vinc-a, Vinc-b, Vinc-c, Vinc-d
GO:0005109 Frizzled binding
3.68E-03 4
9
Lrp1-a, Lrp1-b, Lrp1b, Vldlr
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GO:0017147
GO:0015026
GO:0005200

Wnt-protein binding
Coreceptor activity
Structural constituent of
cytoskeleton
Calcium-release channel activity
Beta-catenin binding

3.68E-03
5.32E-03
6.94E-03

4
4
10

9
10
95

1.49E-02
1.68E-02

5
6

24
38

2.03E-02

5

26

2.37E-02

5

27

Ry44-a, Ry44-b, Ry44-c, Ry44-d, Ry44-e

GO:0001948

Intracellular ligand-gated ion
channel activity
Voltage-gated cation channel
activity
Glycoprotein binding

Lrp1-a, Lrp1-b, Lrp1b, Vldlr
Lrp1-a, Lrp1-b, Lrp1b, Vldlr
Ank2, Ank3-a, Ank3-b, Sptn1, Tln2,
Utro-a, Vinc-a, Vinc-b, Vinc-c, Vinc-d
Ry44-a, Ry44-b, Ry44-c, Ry44-d, Ry44-e
Cadn, Chd6, Chd7, Vinc-a, Vinc-b, Vincc
Ry44-a, Ry44-b, Ry44-c, Ry44-d, Ry44-e

2.53E-02

7

58

GO:0003779

Actin binding

3.10E-02

15

239

GO:0034185

Apolipoprotein binding

3.49E-02

6

45

Lrp, Utro-a, Utro-b, Vinc-a, Vinc-b,
Vinc-c, vldlr
Dmd, Futsc, Mica3, Plec, Sptn1, Syne1-c,
Syne1-d, Tln2, Unc22-a, Unc89, Utro-a,
Vinc-a, Vinc-b, Vinc-c, Vinc-d
Lrp, Lrp1-a, Lrp1-b, Lrp1-c, Lrp1b,
Vldlr
Ank2, Ank3-a, Vinc-a, Vinc-b, Vinc-c
Lrp, Lrp1-a, Lrp1-b, Lrp1b, Lrp2, Vldlr

GO:0015278
GO:0008013
GO:0005217
GO:0022843

GO:0045296
GO:0030228

Cadherin binding
3.50E-02 5
30
Lipoprotein particle receptor
3.80E-02 6
46
activity
GO:0030492 Hemoglobin binding
4.78E-02 4
19
Lrp, Lrp1-b, Lrp1b, Lrp2
Micrarchus nov. sp. 2 (Mt. Arthur) down-regulated in response to Cold-Shock
GO:0042302 Structural constituent of cuticle
6.10E-21 11
19
Cu21-a, Cu21-b, Cu21-c, Cu21-d, Cud1a, Cud1-b, Cud2-a, Cud2-b, Cud4, Cud7,
Cud9
GO:0005214 Structural constituent of chitin1.72E-09 6
12
Cu21-a, Cu21-b, Cu21-c, Cu21-d, Cud2based cuticle
a, Cud2-b
GO:0005198 Structural molecule activity
1.30E-05 11
396
Cu21-a, Cu21-b, Cu21-c, Cu21-d, Cud1a, Cud1-b, Cud2-a, Cud2-b, Cud4, Cud7,
Cud9
GO:0008011 Structural constituent of pupal
7.23E-04 3
5
Cud2, Cu21-a, Cu21-b
chitin-based cuticle
Micrarchus hystriculeus (Paengaroa) down-regulated in response to Cold-Shock
GO:0047714 Galactolipase activity
3.88E-02 2
4
Lipr1, Lipr2
Cold-shock treatment = 21⁰C for 1 hr; -1⁰C min-1 for 26 min; -5⁰C for 1 hr; +1⁰C min-1 for 26 min; 21⁰C for 1 hr; control
group = 21 ⁰C for 3 hr. GO = gene ontology; FDR = false discovery rate; #DR = Number differentially regulated; #GO =
total number in category; Genes are referred to as their top BLASTx hit againsit the SwissProt database, abbreviations;
Al7a1 = alpha-aminoadipic semialdehyde dehydrogenase; Aldr = aldose reductase; Ank2 = ankyrin-2; Ank3-a/b = ankyrin3; Cadn = neural-cadherin; CatI-a/b = cathepsin l; Chd6 = chromodomain-helicase-dna-binding protein 6; Chd7 =
chromodomain-helicase-dna-binding protein 7; Cp6j1 = cytochrome p450 6j1; Cp6k1 = cytochrome p450 6k1; Cu07 =
cuticle protein 7; Cu14 = larval cuticle protein lcp-14; Cu21-a/b/c/d = cuticle protein 21; Cua3a = larval cuticle protein
a3a; Cud1-a/b = endocuticle structural glycoprotein bd-1; Cud2-a/b = endocuticle structural glycoprotein bd-2; Cud4 =
endocuticle structural glycoprotein bd-4; Cud7 = cuticle protein 7; Cud8 = endocuticle structural glycoprotein bd-8; Cud9 =
endocuticle structural glycoprotein bd-9; Cuh1c = larval pupal cuticle protein h1c; Dhgl = glucose dehydrogenase; Dmd =
dystrophin; Dmda = dystrophin isoforms a/c/f/g/h; Dyst = dystonin; Fabg = 3-oxacyl-[acyl-carrier-protein] reductase;
Futsc = microtubule-associated protein futsch; Glo5 = peroxisomal -2-hydroxy-acid oxidase; H17b6 = 17-betahydroxysteroid dehydrogenase; Iap1 = apoptosis 1 inhibitor; Lipr1 = pancreatic lipase-related protein 1; Lipr2 = pancreatic
lipase-related protein 2; Lrp = low-density lipoprotein receptor-related protein; Lrp1-a/b/c = low-density lipoprotein
receptor-related protein 1; Lrp1b = low-density lipoprotein receptor-related protein 1b; Lrp2 = low-density lipoprotein
receptor-related protein 2; Mica3 = protein-methionine sulfoxide oxidase; Nec1-a/b = neuroendocrine convertase 1; Perc =
chorion peroxidase; Pgdh = 15-hydroxyprostaglandin dehydrogenase; Plec = plectin; Prpa3-a/b/c = phenoloxidase subunit
a3; Ry44-a/b/c/d/e = ryanodine receptor 44f; Sptn1 = spectrin alpha non-erythrocytic 1; Sptn5 = spectrin beta nonerythrocytic 5; Syne1-a/b/c/d = nesprin-1; Titin-a/b/c/d = titin; Tln2 = talin-2; Unc22-a/b = twitchin; Unc89 = muscle mline assembly protein unc-89; Utro-a/b = utrophin ; Vinc-a/b/c/d = vinculin; Vldlr = very low-density lipoprotein receptor.
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3.4.4 qPCR verification
To validate the RNA-Seq results, expression was also measured in a subset of six
genes (Table 3.1) by qPCR for technical (same individuals and RNA extractions for both
methods) and biological replicates (different individuals from the same population) in all
three populations. Overall, there was excellent agreement between the RNA-Seq and qPCR
results for the technical replicates (P-value < 0.001; Figure 3.8). There was also a positive
correlation between the RNA-Seq and qPCR results for the biological replicates (P-value <
0.009; Figure 3.8). A Bland-Altman-Plot showed no major consistent bias in the methods;
however RNA-Seq slightly over estimates expression on average by 0.25 log2 (fold-change)
(Figure 3.9). Fold-changes from the Mic.2_SP biological replicates appear to have
consistently higher fold-change estimates from the RNA-Seq, but this is likely a product of
biological variation rather than an intrinsic bias in the methods. The expression of the qPCR
candidates was also assessed in alpine Mic.2_MO and Mic.2_HH, and lowland Mic.h_KO
(Figure 3.10). There is a high level of intra- and inter-specific variation in the magnitude of
expression response to the cold-shock treatment. For example, in Endocuticle structural
glycoprotein db-2 (Cud2) the direction of regulation in the additional alpine Mic.2
populations are consistent with Mic.2_MA, but only Mic.2_HH is significantly downregulated as a result of cold-shock. Sarcosine dehydrogenase (Sardh) is significantly upregulated in Mic.2_HH, but not Mic.2_MO; even though the overall fold-change is higher in
the latter. Cathepsin l is significantly up-regulated in three of the four alpine populations
(Mic.2_MA, Mic.2_SP and Mic.2_MO). Unannotated contig8923 (Comp8923) is upregulated as a result of cold-shock in all alpine species populations.
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Figure 3.8: Validation of RNA-Seq expression data with qPCR technical and biological
replicates for three populations representing two species of Micrarchus stick insect. Log
transformed fold-changes for both methods are plotted together in each graph. In A and C the
qPCR fold-changes are derived from technical replicates using the same RNA extractions as
the RNA-Seq experiments. In B and C the qPCR fold-changes are derived from biological
replicates using different individuals and RNA extractions from the RNA-Seq experiment.
For both technical and biological qPCR replicates, fold-changes were normalised across
treatments using two reference genes; pyruvate kinase and ATP synthase subunit beta.
Pearson correlation coefficients were used to compare the correlation between the RNA-Seq
and qPCR results

Gene abbreviations: Cud2 = Endocuticle structural glycoprotein bd-2, Sardh = sarcosine dehydrogenase, Catl = cathepsin l,
Fabg = 3-oxoacyl-[acyl-carrier-protein] reductase, Hex = hexamerin 1and Comp8923 = Unannotated Contig 8923.
Negative fold-changes represent increased expression in treatment group (21⁰C for 1 hr; -1⁰C min-1 for 26 min; -5⁰C for 1
hr; +1⁰C min-1 for 26 min; 21⁰C for 1 hr); positive fold-changes represent increased expression in control group (21⁰C for 3
hr).
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Figure 3.9: Bland-Altman-Plot to assess bias in expression estimation between RNA-Seq and
qPCR (technical and biological replicates). The bias line indicates the mean difference
between the methods used to estimate fold-change. The 95% confidence intervals are the
mean of the difference between the two methods multiplied by (+/-) two standard deviations.

Negative values on the x axis represent an increase in expression as a result of cold-shock treatment (21⁰C for 1 hr; -1⁰C min-1 for 26 min; 5⁰C for 1 hr; +1⁰C min-1 for 26 min; 21⁰C for 1 hr); and positive values represent increased expression in control group (21⁰C for 3 hr).
Negative values on the y axis represents a higher fold-change estimate for the RNA-Seq method compared to qPCR, and vice versa.
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Figure 3.10: Bar chart representing log transformed fold-changes in gene expression between
control (21⁰C for 3 hr) and cold shocked (21⁰C for 1 hr; -1⁰C min-1 for 26 min; -5⁰C for 1 hr;
+1⁰C min-1 for 26 min; 21⁰C for 1 hr); Micrarchus stick insects using qPCR (n = 3 for each
population and treatment group). * = qPCR samples with significant t-test P-value (< 0.05)
from log transformed relative mRNA abundances normalised with two reference genes
(pyruvate kinase and ATP synthase subunit beta) or for RNA-Seq data, a significant result of
one of the differential expression analyses.

Negative fold-changes represent increased expression in treatment group (21⁰C for 1 hr; -1⁰C min-1 for 26 min; -5⁰C for 1 hr; +1⁰C min-1 for
26 min; 21⁰C for 1 hr); positive fold-changes represent increased expression in control group (21⁰C for 3 hr). Inf = Infinite fold-change

3.5 Discussion
3.5.1 Interspecific cold-shock response
The de novo assembled transcriptomes of the three Micrarchus populations were very
similar, with substantial overlap in the distributions of GO annotations within and among
species. There is also overlap in the cold-shock response, with a DDE superfamily
endonuclease domain containing transcript universally down-regulated in both species. All
Micrarchus species experience sub-zero temperature in their respective habitats (Salmon,
1991; Leathwick, 2002; Dennis et al., 2013) and this shared down-regulation may be part of
an induced basal cold-shock response. DDE superfamily endonuclease domain containing
proteins aid efficient DNA transposition by cleaving DNA prior to a strand transfer reaction
(Venclovas & Siksnys, 1995). Endonucleases are also down-regulated during pupal diapause
in flesh fly brains (Li, Popova-Butler, Dean, & Denlinger, 2007) and their function is
associated with transposable elements which are increasingly becoming appreciated as agents
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of adaptation and evolution (Casacuberta & Gonzalez, 2013). Adaptation to different
environments in Drosophila is associated with transposable elements (González, Karasov,
Messer, & Petrov, 2010) and this may also be the case in Micrarchus.
While there are similarities between the Micrarchus species sampled, the data
presented here demonstrates substantial interspecific divergence in gene expression response
to cold-shock. For example “galactolipase activity” is down-regulated in Mic.h but not in
Mic.2; conversely proteins involved in the structure of the cuticle are enriched in Mic.2 but
not Mic.h. The “structural constituents of the cuticle”, “structural constituent of chitin-based
cuticle” and “structural molecule activity” GO terms are all enriched in response to coldshock in both Mic.2_MA and Mic.2_SP. In addition, individual cuticular genes are
differentially expressed in the qPCR results from Mic.2_MO (Catl) and Mic.2_HH (Cud2). In
contrast, the Mic.h_PA and Mic.h_KO transcriptional responses show no significant
differential expression of cuticular genes in the RNA-Seq or qPCR data; indicating a lack of
structural reorganisation of the cuticle in response to cold-shock in this species. The duration,
frequency and magnitude of sub-zero temperature survived by alpine Mic.2 is greater than
lowland Mic.h, and structural reorganisation of the cuticle may be an adaptation that has
facilitated the colonisation of the alpine environment by Mic.2. Increased expression of
cuticular proteins can reduce cuticle permeability and may inhibit inoculative freezing from
direct contact with ice in the external environment (Olsen, Sass, Li, & Duman, 1998). The
prevention of inoculative freezing is particularly pertinent to overwintering alpine Mic.2, with
habitat covered in snow for much of winter (Salmon, 1991; Dennis et al., 2013). A coldresponsive cuticular protein was previously identified in response to a mild cold-shock (1 hr
0⁰C with 1 hr recovery at 20⁰C) in Mic.2_SP (Dunning et al., 2013a). However, this gene
(cuticular protein analogous to peritrophins 3-d2) was not differentially expressed in the
current study, illustrating variation in the transcriptional response to mild and severe coldshock. Cold-responsive cuticular genes and proteins have been identified in many other insect
species including flies (Qin et al., 2005), wasps (Colinet et al., 2007), beetles (Carrasco et al.,
2011a), and locusts (Wang et al., 2012); indicating that this structure likely plays an
important role in the adaptation to low-temperature.
Over 100 cuticular proteins have been identified in D. melanogaster (Karouzou et al.,
2007) and the organisation of the insect cuticle is a delicate balance of relative expression
between these sequentially expressed genes (Riddiford, 1981; Dittmer et al., 2011).
Mic.2_MA and Mic.2_SP both up-regulate three orthologous cuticle-associated transcripts as
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a result of cold-shock. Catl is a proteolysis enzyme acting on chitin-based cuticles, and is
upregulated in Arctic springtails during cyroprotecive dehydration (Clark et al., 2009). The
other two shared up-regulated orthologues from Mic.2_MA and Mic.2_SP contain predicted
trans-membrane and signal peptide domains, characteristic of insect cuticular proteins
(Andersen, Hojrup, & Roepstorff, 1995). However, a majority of transcripts with the
“structural constituent of cuticle” GO term are up-regulated in Mic.2_SP (48%; 12 out of 25)
and down-regulated in Mic.2_MA (58%; 11 out of 19). Geographically isolated copepod
populations share a similar opposing structural cuticle transcriptional response induced by
thermal stress (Schoville et al., 2012a). This dichotomy in expression response may be part of
a complex time-series of response, as seen during moulting (Riddiford, 1981), with the speed
of response differing between individuals and populations, or the cuticle structure may be
modified in different ways between individuals. Establishing how the cuticle is physically
modified by cold-shock in the different populations and species will reveal how the complex
interaction between the relative expression of the numerous cuticle genes shapes this
structure and influences thermal-tolerance.
Cuticle modification appears integral to Mic.2 while membrane adjustment may be
important for Mic.h. In response to cold-shock, lowland Mic.h_PA down-regulates
“galactolipase activity” associated enzymes (Lipr1 and Lipr2). Conversely, in both Mic.2
populations the galactolipase orthologues were not differentially expressed (edgeR with
common dispersion FDR = 1.000). Galactolipase genes were only recently reported in
insects, with higher enzyme activity associated with a folivore diet in lepidopteran larvae
(Christeller, Amara, & Carrière, 2011). In several chill-resistant plants lower galactolipase
activity reduces the degradation of organelle membrane lipids and lowers levels of free fatty
acids (Gemel & Kaniuga, 1987; Kaniuga, 2008). At low-temperature insects must mitigate
the effects of reduced membrane fluidity (Overgaard et al., 2005) and it is possible
galactolipase activity is involved with this process. Whilst these enzymes are candidates for
adaptation in Mic.h it is possible they are population specific as only one site was used for
RNA-Seq. Corroboration is required in more Mic.h populations before intraspecific variation
in this response due to differing genetic backgrounds can be ruled out (Sarup et al., 2011).
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3.5.2 Intraspecific cold-shock response
A majority of differentially regulated genes are unique to each population.
Intraspecific variation in the response to cold-shock may indicate local adaptation in
Micrarchus. The candidate locally adapted cold-shock response genes in Mic.2 include
oxidoreductase and phenoloxidase associated transcripts.
Low-temperature exposure elevates oxidative stress in insects (Lalouette et al., 2011).
The enrichment of the “oxidoreductase activity” GO term is a result of the up-regulation of
13 annotated transcripts in Mic.2_SP, each potentially reducing the damage of oxidative
stress caused by low-temperature (Lalouette et al., 2011). Conversely, only a single upregulated contig had this ontology in Mic.2_MA (Cytochrome b). An increase in
oxidoreductase activity has previously be documented in the same population in response to a
mild cold-shock (Dunning et al., 2013a); in D. melanogaster with improved resistance to
chill-coma stress (Telonis-Scott et al., 2009); and cryoprotectively dehydrated Arctic
springtails (Clark et al., 2009). The up-regulated transcripts include two environmental stress
response cytochrome P450 genes (Cp6k1 and Cpgj1) (Sang, Ma, Qiu, Zhu, & Lei, 2012) and
an insect cryroprotectant polyol synthesising enzyme, Aldose reductase (Aldr) (Koštál et al.
2004).
The insect immune system responds to tissue damage caused by exposure to lowtemperature (Marshall

& Sinclair, 2011). In Mic.2_SP three phenoloxidase subunit a3

(Prpa3-a/b/c) paralogues are partially responsible for the enrichment of four associated GO
terms, including “chloride ion binding” and “monophenol monooxygenase activity”.
However, the orthologous transcripts in Mic.2_MA are not differentially expressed as a result
of cold-shock (edgeR with common dispersion FDR = 1.000). Phenoloxidase is a key
component of the insect immune system (González-Santoyo & Córdoba-Aguilar, 2012)
which may be expressed in response to cellular damage caused by the cold-shock treatment
(Marshall & Sinclair, 2011).
3.5.3 Genetic divergence and introgression in Micrarchus
The divergent transcriptional responses to cold-shock have an underlying component
of genetic control driven by limited dispersal ability reducing gene flow between populations.
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This in turn facilitates local adaptation and accentuates genetic drift. Our results support this
conclusion with both populations and species genetically distinct.
The dispersal ability of apterous Micrarchus is limited, particularly for the alpine
Mic.2, which is effectively restricted to alpine sky islands. While all four endemic New
Zealand Micrarchus species are monophyletic at the 28S locus, with little intraspecific
variation, the mtDNA phylogeny indicates reduced gene flow between geographically
isolated populations. However, no species is monophyletic in the mtDNA phylogeny with
Mic.h mtDNA introgressing into the other Micrarchus species. The consistent non-random
clustering of geographic proximal populations precludes the alternative incomplete lineage
sorting explanation for the observed pattern (Holder, Anderson, & Holloway, 2001).
Furthermore, introgression is commonly observed phenomenon in stick insects (MorganRichards & Trewick, 2005; Andersen, Pertoldi, Loeschcke, & Scali, 2006; Buckley et al.,
2008; Schwander & Crespi, 2009). We hypothesise that reduced gene flow between
populations promotes genetic drift and local adaptation, which in turn contributes to the
observed intra- and inter-specific variation in the cold-shock transcriptional response between
genetically distinct Micrarchus populations.
The two Mic.2 populations used for RNA-Seq analysis have divergent mitochondrial
backgrounds, with Mic.2_MA possessing introgressed Mic.h mtDNA and Mic.2_SP being
considered “pure” Mic.2 mtDNA. While it appears there has been complete Mic.h mtDNA
capture in Mic.2_MA, the transcriptome wide SNP data indicates a predominately Mic.2
nuclear genome in this population. Several processes in insects may give rise to
mitochondrial capture with reduced nuclear introgression (reviewed in (Toews & Brelsford,
2012)). The uni-directional mitochondrial replacement, but reduced nuclear introgression,
may indicate local adaptation in Mic.2 and purifying selection against introgressing Mic.h
nuclear genes. Local adaptation in the nuclear genome is likely to contribute to the
population-specific variation in the observed transcriptional responses to low-temperature
exposure.
3.5.4 Technical and biological variation in RNA-Seq
Independent technical replication validates the RNA-Seq methodology but biological
replication is essential for extrapolating broader conclusions (Fang & Cui, 2011). The
excellent correlation between the technical replicate qPCR and Illumina expression results
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indicates the reliability of RNA-Seq for studies of gene expression, with no significant
systematic bias. The RNA-Seq data also had a significant correlation with the qPCR
biological replicates indicating reduced intra-population variation in expression, likely due to
the common genetic background. For MA and SP the biological replicates were collected
from the wild one year later. Similarities in expression response between these qPCR
biological replicate samples and those used for RNA-Seq are a result of genetic similarity
rather than developmental induced plasticity, as they experienced different thermal regimes
during maturation. Interspecific population variation in expression response to cold-shock is
fixed as a result of the distinct genetic variation contained within each population caused by
genetic drift and local adaptation.
All expression comparisons are based on a single window of one hour recovery after
the -5⁰C cold-shock. While background genetic variation likely causes the divergent
transcriptional response, a proportion of the extensive variation may be due to varying speed
of the temporal responses between populations. This may have caused the observed variation
in the expression response of cuticular genes in Mic.2 populations. There are currently no
studies addressing the temporal variation of the acute expression response between
genetically diverse populations of insects. Results of such time-series studies will provide
much needed insight as to whether observed differences in expression response between
populations are absolute or relative.

3.6 Conclusion
Alpine and lowland species of Micrarchus stick insect exhibit intra- and inter-specific
divergence in transcriptional response to cold-shock. Phylogenetic reconstruction and
transcriptome wide SNP data illustrate nuclear divergence between populations despite a
complex pattern of uni-directional mitochondrial introgression between species. Overall the
divergent transcriptional response to cold-shock has an underlying genetic component caused
and maintained by reduced gene flow, genetic drift and possibly local adaptation.
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4.1 Abstract
Background
The glycolytic pathway is central to cellular energy production. Selection on
individual enzymes within glycolysis, particularly phosphoglucose isomerase (Pgi), has been
associated with metabolic performance in numerous organisms. Nonetheless, how whole
energy-producing pathways evolve to allow organisms to thrive in different environments
and adopt new lifestyles remains little explored. The Lanceocercata radiation of Australasian
stick insects includes transitions from tropical to temperate climates, lowland to alpine
habitats, and winged to wingless forms. This permits a broad investigation to determine
which steps within glycolysis and what sites within enzymes are the targets of positive
selection. To address these questions we obtained transcript sequences from seven core
glycolysis enzymes, including two Pgi paralogues, from 29 Lanceocercata species.
Results
Using maximum likelihood methods a signature of positive selection was inferred in
two core glycolysis enzymes. Pgi and Glyceraldehyde 3-phosphate dehydrogenase (Gaphd)
genes both encode enzymes linking glycolysis to the pentose phosphate pathway. Positive
selection among Pgi paralogues and orthologues predominately targets amino acids with
residues exposed to the protein’s surface, where changes in physical properties may alter
enzyme performance.
Conclusion
Our results suggest that, for Lancerocercata stick insects, adaptation to new stressful
lifestyles requires a balance between maintaining cellular energy production, efficiently
exploiting different energy storage pools and compensating for stress-induced oxidative
damage.

4.2 Background
Respiration generates the cellular energy required for the fundamental biological
processes of growth, development and reproduction. The pathways involved in respiration are
well characterised, flowing from glycolysis to the Krebs cycle, along with well-understood
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branch points, including the pentose phosphate pathway activated during periods of oxidative
stress (Ralser et al., 2007) and increased lipid biosynthesis (Zamer & Hoffmann, 1989).
Nonetheless, how these pathways as a whole evolve to allow organisms to live in different
environments and adopt new life history traits that might require altered energy levels
requires further attention (Eanes, 2011).
Enzymes in metabolic pathways are kinetically entwined in a complex conveyer belt
of substrate to end-product (Kacser & Burns, 1981). As a result of this interdependence,
mutations that alter in vitro catalytic activity may not alter the observed in vivo phenotype
(Kacser & Burns, 1981). Enzymes with the greatest flux control through pathways are likely
targets of natural selection (Eanes, 1999; Hartl et al., 1985; Watt & Dean, 2000), due to the
probability of fixation of any adaptive change associated to its conferred advantage. Flux
control may be proportionally distributed across the pathway (Kacser & Burns, 1981) or
asymmetrically localised in enzymes at the top of the pathway (Rausher, 2013; Wright &
Rausher, 2010). The evolution and incidence of selection is dependent on the properties and
complexities of the pathway, with the disparity between current and optimal flux being a key
factor (Rausher, 2013). The evolution of flux control and selection on enzyme
polymorphisms has been intensively studied in the glycolytic pathway of Drosophila (Eanes,
1999, 2011; Eanes et al., 2006; Flowers et al., 2007).
Glycolysis comprises a series of ten enzyme-catalysed reactions that convert glucose
to pyruvate, the substrate for the Krebs cycle. Concurrently, glycolysis also generates small
quantities of ATP and NADH that are utilised by downstream high-energy yielding
processes. Although glycolysis is an essential biological pathway conserved across all
eukaryotes, the component enzymes exhibit extensive variation at both the nucleotide and
protein levels, which may be the target of selection (Eanes, 2011). In Drosophila, positive
selection is centred on the glucose-6-phosphate intersection for glycolysis and the pentose
phosphate pathway (Flowers et al., 2007). The branch point enzymes are hypothesised to
possess novel flux control resulting in higher selection coefficients for adaptive mutations
(Eanes, 2011). In the Drosophila species studied, branch point enzymes accumulate more
adaptive mutations than enzymes at the top of the pathway, which are conserved by strong
purifying selection (Eanes et al., 2006). Simulations provide theoretical support for this
empirical evidence, and make the prediction that the further flux is from optimum, the more
likely adaptive substitutions are to occur disproportionately in branching enzymes (Rausher,
2013). Further work is required in species with diverse metabolic demands to test the
generality of the Drosophila findings (Eanes, 2011). Positive selection and adaptation within
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glycolysis and its connecting pathways are likely to be a balance between maintaining
cellular energy production, reducing the associated damage caused by oxidative stress (Ralser
et al., 2007), and efficiently exploiting the available substrate storage pools (e.g. glycogen or
triglycerides) (Eanes, 1999).
A majority of evidence for selection within the glycolytic enzymes, and its correlation
with fitness, has been accumulated for the dimeric enzyme phosphoglucose isomerase (PGI;
EC 5.3.1.9), which is not a rate-limiting step in glycolysis (Eanes et al., 2006). Variation in
Pgi has been associated with flight performance, thermal adaptation and other fitness-related
traits in a diverse array of organisms (Riddoch, 1993; Wheat, 2010), including arthropods
(Dahlhoff & Rank, 2000; Hanski & Saccheri, 2006; Watt, 1977; Wheat, Haag, Marden,
Hanski, & Frilander, 2010; Wheat er al., 2006), bacteria (Dykhuizen & Hartl, 1983), molluscs
(Hall, 1985), and plants (Filatov & Charlesworth, 1999). PGI is thought to be under climaterelated directional selection in the beetle Chrysomela aeneicollis (Coleoptera), where distinct
alleles with functional and physiological differences are restricted to cold or warm habitats
(Dahlhoff & Rank, 2000). Comparisons between Colias and Melitaea cinixia butterfly Pgi
nuclear polymorphisms indicate convergent evolution (Wheat et al., 2010). Increased Colias
survival (Watt, 1977) and M. cinixia population growth rates (Hanski & Saccheri, 2006) have
both been correlated with Pgi allelic variants. This variation is likely a product of long-term
balancing selection on charge-changing amino acid substitutions on external loops of the
protein’s surface (Wheat et al., 2006, 2010). The consistent association of Pgi polymorphisms
with variation in individual performance, coupled with no known duplication events in
arthropods, has led to this locus being proposed as a general adaptive marker for conservation
genetics in this phylum, akin to MHC in vertebrates (Wheat, 2010).
Flight (Krogh & Weis-Fogh, 1951) and adaptation to low temperature (Lalouette et
al., 2011) are both linked with varying energy demands and increased oxidative stress. The
metabolic rate of insects during flight may increase by over a 100-fold compared with when
they are at rest (Krogh & Weis-Fogh, 1951). This metabolically-demanding activity results in
increased oxidative stress, which causes cellular damage and even increased mortality in
houseflies (Musca domestica) (Yan & Sohal, 2000). Furthermore, the increased energy
demand of flight may require the insect to exploit different fuels, as seen in the flight-capable
morphs of the wing-polymorphic cricket (Gryllus firmus), where apterous individuals
increase lipid biosynthesis in preparation for flight (Zera & Larsen, 2001). Similar patterns
are observed in insects exposed to low temperatures, where depressed metabolic rates result
in the accumulation of reactive oxygen species (Lalouette et al., 2011) and there is increased
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lipid biosynthesis in preparation for overwintering in several insect species (Downer &
Matthews, 1976). One way to test the impact of varying metabolic demands on the evolution
of glycolysis is to study variation in these component genes across related taxa that have
evolved to new, potentially stressful lifestyles, and that vary in their ability to fly.
The Australasian Lanceocercata stick insects (Order: Phasmatodea) form a
monophyletic clade 2010; Whiting et al., 2003) comprising species from five subfamilies,
Pachymorphinae,

Tropidoderinae,

Xeroderinae,

Phasmatinae,

Eurycanthinae,

and

Platycraninae, with distinct morphological characters (Bradler, 2009). The Lancerocercata
have undergone an impressive evolutionary radiation over the last 50 Mya (Buckley et al.,
2010). This includes the convergent evolution of different body forms (Buckley et al., 2009),
loss of flight in one or both sexes, shifts in diet, and adaptation to low-temperature
environments in New Zealand, including four wingless species found in high alpine areas
where they regularly experience sub-zero temperatures 2013; Dunning et al., 2013). These
contrasting lifestyles within Lanceocercata are expected to afford a diverse range of
metabolic demands. This diversity provides a comprehensive model system in which to
determine whether glycolysis has been the target of positive selection, and if so, at which
steps and even at which sites within these enzymes selection has occurred. To pinpoint
positive selection within Lanceocercata we obtained partial cDNA sequences of seven core
glycolytic enzymes, together with the enzymes immediately before and after the pathway,
across a phylogeny of 29 Lanceocercata species. We found that the Pgi gene has been
duplicated within Lanceocercata, with at least two of the three paralogous copies and Gapdh
evolving under positive selection.

4.3 Results
4.3.1 DNA sequencing of genes from glycolysis
We used de novo transcriptomes derived form 454 sequencing of three New Zealand
species (Micrarchus nov. sp. 2 (Dunning et al., 2013), Niveaphamsa annulata and Clitarchus
hookeri) to design PCR primers and amplify 19 genes to reconstruct the evolutionary history
of 29 Lanceocercata stick insects. Of these partial gene transcripts, ten were distributed
across the glycolytic pathway, including seven of the ten core enzymes (Figure 4.1). In
addition, six nuclear protein coding genes with a variety of cellular functions (Calr, Ef1a,
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Flnc, Gsk3b, Mer and Sord), two mitochondrial genes (COI, COII), and 28S rDNA were
sequenced from cDNA for phylogenetic reconstruction.
Pgi duplications
Figure 4.1 Positive selection in the glycolytic pathway. Galm and Pdh are not part of the core
glycolysis genes but operate in the steps immediately before or after the pathway. Genes in
Bold were sequenced in this study, with ω denoting positive selection having been inferred at
individual codons. Branch points to and from the pentose phosphate pathway are included.

Although only a single copy of Pgi has been previously characterised in arthropods,
the transcriptome assemblies revealed three paralogous copies of Pgi within Lanceocercata,
with the duplication events presumably occurring after the split between Timema and all
other Phasmatodea (Supplementary Material C.4), which occurred more than 95 Myr ago
(Buckley et al., 2010). Sequences of the full length open reading frame from the
transcriptomes show extensive predicted amino acid variation within and among Pgi
paralogues (Supplementary Material C.5), with the percentage of identical amino acid sites
within the three species being higher for pairwise comparisons among orthologues (mean =
94.2%) than paralogues (mean = 70.2%). Subsequent PCR amplification of Pgi paralogues
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across a wider range of species was possible from a region within Pgi1 (675 bp) and Pgi2
(1452 bp), but not from Pgi3 due to the lack of unique primer binding sites.

4.3.2 Lanceocercata phylogeny reconstruction
To infer evolutionary relationships among the sampled Lanceocercata species, a
combined Bayesian phylogeny (Figure 4.2) was constructed from a 15,034 bp partitioned
alignment of the 18 protein coding genes and 28S. An average of 13,990 bp of sequence data
was used per species, with the minimum of 9,692 bp (Gen. Nov. 1, sp. nov. 1) and a
maximum of 15,034 bp (Acanthoxyla sp. Argosarchus horridus, Asteliaphasma jucundum, all
Clitarchus sp., Pseudoclitarchus sentus, Tectarchus ovobessus and T. salebrosus). This
combined phylogeny has variable support for a monophyletic clade containing all New
Zealand species. The different lifestyles of flight and alpine habitation are scattered across the
phylogeny.

4.3.3 Codons under positive selection in the glycolytic pathway
The selective pressures acting on a protein-coding DNA sequence can be inferred
from the ratio of nonsynonymous to synonymous nucleotide substitutions (ω). Purifying
selection is indicated by ω <1, whereas ω =1 implies neutral evolution and ω >1 indicates
positive selection (Yang, 2007). Typically, selection acts on relatively few amino acid sites
within a protein-coding gene. As a result, standard neutrality tests that average ω across the
entire reading frame often fail to infer incidences of positive selection (Yang & Nielsen,
2002). Amino acid residues likely to have been influenced by positive selection within a
protein can be identified by estimating ω with site-based maximum likelihood methods
(Lassance et al., 2013), even though this approach may be overly conservative (Yokoyama et
al., 2008). Positive selection can be inferred by comparing the goodness of fit for a set of
nested models. Models that allow ω to vary above one to include the effect of positive
selection are compared with null models where ω is not allowed to fluctuate above 1,
meaning the observed nucleotide variation is solely a product of purifying selection and
neutrality. Likelihood ratio tests and chi-square distributions are used to assess the statistical
significance between the models.
Site-based likelihood models were used to infer positive selection acting on ten
Lanceocercata genes associated with the glycolytic pathway (Figure 4.1).
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Figure 4.2 Lanceocercata phylogeny with codons under selection. Combined Bayesian
Lanceocercata phylogenetic tree constructed using 15,077 bp from 19 genes with branch
lengths proportional to the estimated number of substitutions per site. Nodal support values
are nucleotide posterior probabilities/ nucleotide maximum likelihood bootstraps/ amino acid
posterior probabilities and /amino acid maximum likelihood bootstraps. Asterisks denote
nodes with 100% support; Dashes indicate nodes with less than 50% support. Amino acids
sites identified by the M8 Bayes Empirical Bayes (BEB) analysis are depicted on the right
with polarity and hydrophobicity highlighted.
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We found that all glycolysis genes are predominantly evolving under the influence of strong
purifying selection when a single value of ω is calculated across the protein coding sequences
using the one-ratio (M0) model (mean ω = 0.10; range 0.04-0.19; Table 4.1). However, there
is significant among-site variation in ω within all genes, with the M3 model permitting three
ω values, providing a significantly better fit to the data than the M0 model (p value <0.001;
d.f.= 4; M0:M3; Table 4.1; Supplementary Material C.1). To test for positive selection the
M7 beta neutral model with eight categories of ω, all less than one and together comprising a
beta distribution, is compared with the M8 model that has one additional ω value that is free
to vary above one and therefore account for positive selection. The M8 model is a
significantly better fit for three core glycolysis genes (Pgi1 (p < 0.001), Pgi2 (p < 0.001),
Gapdh (p < 0.05) and aldose 1-epimerase (Galm (p < 0.05); d.f. = 2), which links glycolysis
to the Leloir pathway, indicating positive selection acts on these genes (Table 4.1;
Supplementary Material C.1). A more conservative likelihood ratio test for positive
selection replaces the M7 null model with M8a, which has an extra category of ω fixed at
one. The M8:M8a nested model comparison identifies positive selection in Pgi1 (p < 0.001)
and Pgi2 (p < 0.05) (d.f. = 50:50 mixture of point mass 0 and 1; Supplementary Table 1). The
most stringent approach to identify positive selection compares the M1a null model, which
has two values of ω (ω <1, ω =1), and M2a, which has an additional third category of ω that
is greater than one. This approach still identifies positive selection in Pgi1 (p < 0.001; d.f. =
2; Supplementary Material C.1), suggesting that this inference is especially robust.

Table 4.1 Positive selection in the glycolysis enzymes from Lanceocercata stick insects.
Gene
Galm
Pgi1
Pgi2
Tpi
Gapdh
Pgk
Pglym
Eno
Pyk
Pdh

pp
-1
2
2
5
6
7
8
9
10
+1

n (m)
28 (2)
20 (3)
28 (4)
28 (1)
29 (2)
29 (1)
27 (0)
25 (1)
29 (2)
27 (2)

bp
681
1452
675
651
837
915
486
903
777
729

ө
0.11
0.06
0.08
0.09
0.09
0.13
0.10
0.09
0.10
0.09

k
1.86
2.80
4.69
2.37
2.60
2.70
3.67
1.99
3.07
3.95

ω(M0)
0.16
0.10
0.10
0.14
0.04
0.19
0.08
0.11
0.04
0.05

M0:M3
210.93**
292.65**
216.97**
53.06**
126.85**
283.07**
153.05**
131.51**
146.00**
103.29**

M7:M8
6.08*
21.92**
16.55**
1.27
10.78*
3.34
2.10
1.89
0.00
0.46

M8:M8a
0.68
15.33**
4.59*
0.95
0.24
0.57
0.68
0.01
0.00
0.00

Eno = Enolase; Galm = Aldose 1-epimerase; Gapdh = Glyceraldehyde 3-phosphate dehydrogenase; Pdh = Pyruvate dehydrogenase; Pgi1 =
Phosphoglucose isomerase 1; Pgi2 = Phosphoglucose isomerase 2; Pgk = Phosphoglycerate kinase; Pglym = Phosphoglycerate mutase; Pyk
= Pyruvate kinase; Tpi = Triosephosphate isomerase; PP = pathway position of the enzyme out of the ten key glycolysis reactions, N.B.
Galm and Pdh are the steps immediately before and after the pathway. n = number of species with complete and partial (m) sequences; bp =
sequence length; ө = nucleotide diversity; k = ratio of transitions to transversions; ω (M0) = ratio of synonymous to nonsynonymous
substitutions under the M0 model; 2Δl is given for each model comparison (MO:M3; M7:M8 and M8:M8a), which is twice the difference
between the log likelihood of the two nested site-specific models implemented in PAML. Models are judged to have a significantly better fit
(*=P-value < 0.05; ** = P-value < 0.001) based on the χ2 distribution with degrees of freedom proportional to the difference in the number
of parameters between models; M7/M8 = 2, M8/M8a = 50:50 mixture of point mass 0 and 1.
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4.3.4 Amino acid sites under positive selection in the glycolytic pathway
Four genes had sites identified under positive selection in the nested M7:M8 site
models. A subsequent Bayes Empirical Bayes (BEB) method implemented in PAML was
used to assess the significance of the ω ratio at each of these positively selected codon
positions. In total six codons were identified as under significant positive selection (Posterior
probability (P) > 95%; Table 4.2). These include one site in Gapdh (Asn63), two in Pgi1
(Val414 and Lys454) and three in Pgi2 (Asn131, Asn324 and Gly425). All these codons
involve predicted amino acid substitutions that vary in residue polarity and hydrophobicity,
apart from Asn63 in Gapdh, where only hydrophobicity is altered (Figure 4.2). The two Pgi
paralogues share a similar pattern of BEB posterior probabilities (Figure 4.3), with regions of
high posterior probability (P > 0.75) being predominately located in disordered regions of the
protein secondary structure (Pgi1 = 3 out of 4; Pgi2 = 7 out of 11; Figure 3) as opposed to
well-structured α-helices (Pgi1 = 1 out of 4; Pgi2 = 4 out of 11) or β-strands (Pgi1 = 0 out of
4; Pgi2 = 0 out of 11). Disordered regions are defined as areas that in isolation do not fold
into well-defined 3D structures and conversely sample a large portion of the available
conformational space, including features such as loops and extended domains (Schlessinger
et al., 2011). In other arthropod species, sites identified as either under positive selection,
balancing selection, associated with fitness differences or segregating between species in Pgi
also predominately occur within these disordered regions (Colias sp.: 18 out of 27 (Wheat et
al., 2006); Melitaea cinixia: 4 out of 5 (Wheat et al., 2010); Tigriopus californicus: 4 out of 6
(Schoville et al., 2012). Similar patterns of high posterior probabilities of positive selection
are seen among paralogues and orthologues (Figure 4.3). There is direct overlap between
Val414 in Pgi1, which is under positive selection (P = 0.999), and the homologous site in
Pgi2 (P = 0.836). Additionally, Asn131, which is under positive selection in Pgi2 (P = 0.98)
is homologous to a segregating site between Colias sp. (Gly128) (Wheat et al., 2006).
Table 4.2 Amino acid sites identified as being under positive selection. Inferred using the M8
model in Gapdh, Pgi1 and Pgi2 from Lanceocercata species
Gene
Site*
BEB
ω M8 (+/- SE) amino acids
Gapdh 63
0.993
1.794 (0.821) C,N,S
Pgi1
414
0.999
2.532 (0.809) V,I,K,T
454
0.999
2.533 (0.807) K,R,S,N,A,T,E
Pgi2
131
0.981
1.498 (0.148) A,K,T,V
324
0.975
1.493 (0.162) V,A,T,M
425
0.955
1.474 (0.208) G,R
* = Amino acid site in the full length Micrarhcus nov. sp. 2 sequences. SE = standard error. BEB = Bayes Empirical Bayes posterior
probability.
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Figure 4.3 Positive selection within Pgi and Gapdh. Distribution of positively selected sites
across three Lanceocercata stick insect genes: phosphoglucose isomerase 1 (Pgi1),
phosphoglucose isomerase 2 (Pgi2) and glyceraldehyde 3-phosphate dehydrogenase (Gapdh);
Probability of each codon position being under positive selection (ω>1) using Bayes
Empirical Bayes analysis under the M8 site-specific model in PAML. The Pgi1 analysis
consists of 225 codons from 28 species, Pgi2 484 codons from 20 species and Gapdh 279
codons from 29 species. Codon position based on full-length alignment of both Pgi genes
from Micrarchus nov. sp. 2. Amino acid sites identified in previous studies as either under
positive selection, associated with fitness differences or segregating between species for PGI
are shown. The secondary structure of each protein in relation to codon position is shown.

High resolution crystal structures of the glycolytic enzymes are available, allowing
the location of codons identified as under positive selection by the BEB analysis to be
visualised in a structural context. Predicted structural models of full length Micrarchus nov.
sp. 2 protein sequences were generated using SWISS-MODEL (Schwede, Kopp, Guex, &
Peitsch, 2003). PGI1 and PGI2 were modelled against the pig PGI structure (Davies &
Muirhead, 2002) (1GZD; E = 0; sequence identity = 70 & 66% respectively), whereas Gapdh
was modelled against the spiny blue lobster GAPDH structure (Song, Xu, Lin, & Tsou, 1999)
(1DSS; E = 1.71e-146; sequence identity = 81%). Five of six residues under positive selection
in these enzymes are located on the surface of the protein (Figure 4.4). None of the sites
under positive selection are closely associated with the conserved active site residues (Figure
4.4).
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Figure 4.4 PGI and GAPDH structural models. Structural model highlighting the location of
amino acid sites under selection and active sites of Lanceocercata stick insect PGI1, PGI2
and GAPDH enzymes

4.4 Discussion
Here we infer positive selection within the glycolytic pathway of Australasian
Lanceocerata stick insects encompassing a wide diversity of lifestyles and habitats. The genes
under positive selection are not key metabolic control steps regulating flux through the
glycolytic pathway. Across the pathway, Pgi and Gapdh exhibit the strongest signal for
positive selection using the conservative codon-based likelihood methods. This may be
attributed to their positions in the glycolysis pathway and association with branch points
diverting flux through the pentose phosphate pathway (PPP) (Figure 4.1).
The PPP synthesises NADPH for lipid biosynthesis and to neutralise reactive oxygen
species accumulated during periods of oxidative stress (Ralser et al., 2007). Pgi allelic
variants and GAPDH inactivation are respectively known to differentially regulate flux
through the PPP in the sea anemone Metridium senile (Zamer & Hoffmann, 1989) and C.
elegans (Ralser et al., 2007). Excess NADPH synthesised by the PPP may play an important
role in adaptation to novel stressful life histories by allowing insects either to exploit different
energy storage pools, or to compensate for increased oxidative stress, or both. Increased lipid
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biosynthesis is documented in overwintering insects (Downer & Matthews, 1976) and winged
morphs of Gryllus firmus (Zera & Larsen, 2001). Insects are also particularly susceptible to
oxidative stress due to: (i) their tracheal respiratory system; (ii) herbivorous diets being rich
in pro-oxidants (Ahmad, 1992); (iii) extreme demand for oxygen during flight (Krogh &
Weis-Fogh, 1951); and (iv) exposure to low-temperature (Lalouette et al., 2011).
The amino acid substitutions at the sites inferred to be under positive selection do not
discretely partition among different life history strategies. The lack of a clear pattern may in
part be due to the complexity of their life-history traits. For example, alpine species may
experience selection for vastly different metabolic regimes depending on whether they are
freeze tolerant or freeze avoidant (Voituron et al, 2002). Understanding how adaptation to
new stressful lifestyles alters flux through both the glycolytic and PPP will require integrated
biochemical enzyme assays in relation to sites under positive selection (Storz & Wheat, 2010;
Zera, 2011), and will ultimately indicate the relative importance of maintaining energy
production against exploiting the different energy storage pools and reducing the cost of
stress induced oxidative damage in adaptation.
The continued association of Pgi with an array of fitness measures has led to the
suggestion that this locus could be used as an adaptive marker in arthropods (Wheat, 2010).
However, the occurrence of paralogues affects its practical implementation using traditional
PCR-based methods, at least in the Euphasmatodea. Gene duplications may become fixed if
there is existing balancing selection, as the fixation of both original alleles removes the
possibility of the deleterious occurrence of homozygotes at the original locus (Proulx &
Phillips, 2006). The Pgi duplications in Lanceocercata are possibly a consequence of existing
balancing selection preceding subsequent gene duplication. Gene duplications may eventually
lead to subfunctionalisation of tissue-specific forms of the protein, as seen in teleost fish Pgi
(Sato & Nishida, 2007) and Tpi (Merritt & Quattro, 2001).
The positive selection acting on Pgi1 and Pgi2 results in changes to the polarity and
hydrophobicity of the translated amino acids. The charge-changing amino acid substitutions
in the stick insect PGI proteins may cause biochemical and fitness differences similar to those
observed in Colias PGI (Wheat et al., 2006, 2010). In both stick insects and Colias, a
majority of these sites occur in disordered regions of the PGI secondary structure, in regions
that are more conformationally-flexible than the α-helices and β-strands. These intrinsicallydisordered protein regions are thought to tolerate increased genetic variation and are
important for maintaining adaptive potential (Nilsson et al., 2011; Schlessinger et al., 2011).
Furthermore, protein function is maintained by purifying selection against internal changes
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that may disrupt enzyme function, restricting positive selection to amino acids exposed to the
surface of the protein’s three dimensional structure (Bustamante, Townsend, & Hartl, 2000).
Relatively few modifications are required for environment-specific adaptations to develop, as
seen in vertebrate rhodopsin where 94% of amino acid sites are evolving neutrally
(Yokoyama et al., 2008), and in Mytilus mussels where temperature adaptation in isocitrate
dehydrogenase is driven by two amino acid substitutions (Lockwood & Somero, 2012).
While surface modifications can alter catalytic performance of enzymes, as seen in lactate
dehydrogenase (Fields & Somero, 1998), they are more likely to affect a protein’s thermal
stability (Fields, 2001). A similar pattern of positive selection across the overlapping protein
coding sequence is observed in the Pgi paralogues investigated here. There is also
correspondence in the position of sites under positive directional selection in the stick insects
and those identified as either under positive selection, associated with fitness differences or
segregating between other arthropod species ((Schoville et al., 2012; Watt et al., 2003; Wheat
et al., 2010); Figure 4.3). A majority of the Pgi coding sequence is conserved by strong
purifying selection maintaining protein function. However, positive selection appears to be
able to act on specific portions of the Pgi gene that are: (i) intrinsically disordered regions of
the protein structure where genetic variation is maintained; and (ii) surface residues that can
influence enzyme conformation and efficiency. Modifications within these convergent
windows of positive selection are presumably responsible for driving enzyme properties
towards local optima in response to a host of species-specific adaptations.

4.5 Conclusion
These results from Lanceocercata stick insects illustrate that adaptations within metabolic
pathways may be a delicate trade-off between maintaining energy production, optimally
exploiting different energy pools, and reducing the effects of increased oxidative stress in the
system. Maintaining this balance affects organisms regardless of the adaptation, and selection
likely targets enzymes at branch points due to their pleiotropic effects on flux through
metabolic pathways. The complexity of enzyme and pathway interactions requires further
integrative studies to understand how the metabolic network evolves as a whole

4.6 Methods
Lanceocercata specimens were collected from Australia, New Caledonia and New
Zealand. Samples were preserved in ethanol and stored at –20⁰C or directly snap frozen and
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stored at –80⁰C before RNA extraction. Total RNA was extracted from leg muscle using the
RNeasy Mini kit (Qiagen) from 55 individuals representing 29 species. First strand cDNA
synthesis was random hexamer primed using the SuperScript III First Strand Kit (Invitrogen)
following the manufacturer’s protocol. cDNA libraries were subsequently amplified used 5
μL first strand cDNA, 5 μL of 2mM dNTP (Roche), 10 μL of 10X FastStart Taq DNA
Polymerase PCR Buffer with MgCl2 (Roche),1 μL of 15mM MgCl2 (Roche), 2 U FastStart
Taq DNA Polymerase (Roche) and 5 μL of 25 µM random hexamer in a total volume of 53
μL. Amplifications were performed on a GeneAmp PCR system 9700 thermal cycler
(Applied Biosystems) using the following parameters: 5 min at 95⁰C, 3 min at 50⁰C , 40 sec
72⁰C; 40 cycles of 40 sec at 94⁰C,40 sec at 65⁰C and 40 sec at 72⁰C; and 10 min at 72⁰C.

4.6.1 Sequencing of glycolysis genes
Primers to amplify partial gene sequences for 19 genes were designed from three 454
de novo transcriptomes of three New Zealand species (Micrarchus nov. sp. 2 (Dunning et al.,
2013), Niveaphamsa annulata and Clitarchus hookeri) using Primer3 (Rozen & Helen, 2000)
in Geneious v.5.6 (Drummond et al., 2012). The N. annulata and C. hookeri transcriptomes
were constructed from previously published methods (Dunning et al., 2013) and consisted of
276K reads from eight individuals and 235K reads from six individuals, respectively (NCBI
SRA submission SRA061479 & SRA061480). Primers were designed to amplify parts of ten
gene transcripts (Eno, Galm, Gapdh, Pdh, Pgi1, Pgi2, Pgk, Pglym, Pyk, and Tpi) distributed
across the glycolytic pathway. In addition, six nuclear protein coding genes with a variety of
cellular functions (Calr, Ef1a, Flnc, Gsk3b, Mer and Sord), two mitochondrial genes (COI,
COII), and 28S rDNA were sequenced to assist with phylogeny reconstruction. Target genes
were PCR amplified with reactions consisting of approximately 5 ng cDNA, 2.5 μL of 2mM
dNTP (Roche), 1 μL of 10 µM BSA (Sigma-Aldrich), 2.5 μL of 10X FastStart Taq DNA
Polymerase PCR Buffer with MgCl2 (Roche), 1.5 U FastStart Taq DNA Polymerase (Roche)
and 7.25 pmol of the forward and reverse primers (Sigma-Aldrich) in a total volume of 25
μL. Amplifications were performed on a GeneAmp PCR system 9700 thermal cycler
(Applied Biosystems) using the following parameters: 5 min at 95⁰C; 35 cycles of 1 min at
94⁰C,1 min at primer specific annealing temperature and 1 min at 72⁰C; and 10 min at 72⁰C
(Primer sequences and annealing temperature in Supplementary Table 2). Successful
amplification was assessed by gel electrophoresis on 1% agarose gels containing 0.5 mg mL–1
ethidium bromide.
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PCR products were sequenced using BigDye Terminator Cycle Sequencing Ready
Reaction Mix v3.1 (Applied Biosystems). Cycle sequencing products were cleaned using the
BigDye Xterminator Purification Kit (Applied Biosystems) and analysed in both directions
on the ABI Prism 3100 Genetic Analyzer (Applied Biosystems). Sequences were
subsequently cleaned, trimmed and aligned using Geneious v.5.6. To verify nucleotide
substitutions were not a result of polymerase errors, the generated sequences were compared
with the High-Throughput Sequencing generated data; and intraspecifically if multiple
samples were available for a species. Three core glycolytic enzymes were not characterised,
due to multiple expressed copies (hexokinase) or insufficient sequence information in the
original transcriptomes (phosphofructokinase and aldose). Sequences were submitted to the
NCBI Genbank repository (accession KF383428 to KF383954).
Subsequent sequence analyses only used one sequence per species selected on the
tiered criteria of: sequence length; fewest variable nonsynonymous sites; fewest synonymous
sites; greatest agreement to consensus; and finally, using the individual selected for a
majority of other genes. If necessary, haplotype reconstruction of polymorphic sequences was
performed using SeqPHASE (Flot, 2010) and PHASE v2.1 (Stephens & Donnelly, 2003;
Stephens & Scheet, 2005) (probability of > 90%) prior to calculating descriptive statistic in
DnaSP v.5 (Librado & Rozas, 2009). Substitution models for nucleotide and amino acid
alignments were selected using the corrected Akaike information criterion (Hurvich & Tsai,
1989) from jModelTest v.0.1.1 (Guindon & Gascuel, 2003; Posada, 2008) and ProtTest3
v.3.2 (Darriba, Taboada, Doallo, & Posada, 2011; Guindon & Gascuel, 2003) respectively. A
Bayesian phylogeny for the 15,034 bp partitioned alignment using MrBayes v.5.6
(Huelsenbeck & Ronquist, 2001; Ronquist & Huelsenbeck, 2003) run for 10,000,000
generations. Additional phylogeny nodal support values were obtained by maximum
likelihood (100 bootstraps) in Garli v.2.0 (Zwickl, 2006).

4.5.2 Inferring selection
To screen for positive selection in the ten glycolysis protein coding genes, ω was
estimated by maximum likelihood using site models implemented in the CODEML program
of PAML v.4.5 (Ziheng Yang, 2007). The models implemented (M0, M1a, M2a, M3, M7,
M8 and M8a) are extensively described elsewhere (Ziheng Yang, 2007). Complex models
(M1a, M2a, M3, M7, M8, M8a) permit more than one category of ω, allowing individual
codons to be identified as under positive selection (>1) when the average ω across the whole
gene indicates purifying selection (<1). Likelihood ratio tests (LRTs) between models where
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ω is allowed to vary above one, and the associated null models where ω is fixed at one, allow
inference on the selective pressure acting on the sequence (Ziheng Yang, 2007). Codons
under positive selection were identified using BEB method under the M8 model. Secondary
protein structures were predicted using PSIPRED V.3.3 (Buchan et al., 2010). Threedimensional structural modelling of genes identified as under positive selection was
performed using SWISS-MODEL (Schwede et al., 2003) and visualised in PyMOL v.0.99
(Delano, 2002).
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Chapter 5

Discussion
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5. Discussion
The aim of this thesis was to use stick insects as a model to study adaptation at the
molecular level. Previous understanding of how transcriptional profiles and metabolic
pathways evolve to facilitate the colonisation of inhospitable habitats and adopt novel lifehistory traits is largely unknown, or limited to ecologically and morphologically homogenous
model species. In this thesis 454-based RNA-Seq was validated as a reliable method to
identify cold-responsive loci in a cold-hardy alpine stick insect species (chapter 2). Three
novel candidate genes were identified illustrating the varied response to low-temperature
across insects. Subsequent in depth Illumina-based RNA-Seq described significant intra- and
inter-specific variation in the transcriptional response among one lowland and two alpine
stick insect species populations (chapter 3). This comparison emphasises the importance of
background genetic variation in contributing to the disparity in cold-shock transcriptional
response between populations and species. Positive selection was detected in the glycolytic
pathway across a diverse radiation of Australasian stick insects that range from large winged
tropical to small wingless alpine species (chapter 4). The incidence of selection within
glycolysis indicates that adaptation to new stressful lifestyles likely requires a balance
between maintaining cellular energy production and compensating for stress-induced
oxidative damage. Overall these results highlight the complexity of the molecular basis of
adaptation in species with ecological diverse life-history traits. While these results provide a
much need insight outside of traditional model organisms, it also raises numerous questions
that need to be addressed by further research.
5.1 Molecular basis of cold tolerance
454-based RNA-Seq was used to identify cold-responsive genes in a single population
of alpine Micrarchus nov. sp. 2 that regularly experiences sub-zero temperature in the wild
(Dennis et al., 2013). Non cold-treated individuals were compared to those exposed to 0°C
for one hour followed by a one hour recovery period at 20°C. Three cold-responsive loci
were verified with qPCR, these were: a pleiotropic transcription regulator (staphylococcal
nuclease domain-containing protein 1); an oxidoreductase enzyme (prolyl 4-hydroxylase
subunit alpha-1); and a cuticular protein (cuticular protein analogous to peritrophins 3-d2).
All three are novel candidate genes involved in cold tolerance, illustrating the varied response
to low-temperature across insects (Denlinger & Lee, 2010; Carrasco, Tan, & Duman, 2011b).
Only three candidates were verified as cold-responsive due to limited biological replication (n
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= 2) in the RNA-Seq experiment, and possibly that a 0°C cold-shock may be a mild treatment
for an alpine insect.
Further investigation into the genetic basis of cold tolerance within the same
population was performed with increased biological replication (n = 3) and a more extreme
cold-shock (-5°C). Together these alterations resulted in the identification of considerably
more cold-responsive loci. These candidates included transcripts with similar oxidoreductase
and structural cuticular associated functions as those previously identified as up-regulated in
response to the mild cold-shock. In both mild and extreme cold-shock studies M. nov. sp. 2
from Sewell Peak up-regulates cytochrome p450 6j1 (Cpgj1; edgeR common dispersion
(Robinson et al., 2010); 454 P–value = 0.003, FDR = 0.293; Illumina P–value = <0.001, FDR
= <0.001). The cytochrome P450 superfamily is a diverse group of enzymes which are
expressed in response to environmental stresses (Feyereisen, 1999). In Drosophila,
cytochrome P450 expression is induced by heat stress, insecticide exposure and starvation
(McDonnell et al., 2012). Induction of Cpgj1 in M. nov. sp. 2 is therefore likely to be part of
a general stress response rather than being cold-shock specific. Furthermore, this is supported
by research showing that rapid environmental change, such as a cold-shock, is more likely to
prompt a general stress response (Young, Locke, & Elowitz, 2013). Stress-specific
transcription responses are typically induced by gradual changes in environmental variables
(Young et al., 2013). Comparing transcriptional responses to varied abiotic stresses allows
general and specific stress responses to be distinguished (Girardot, Monnier, & Tricoire,
2004). Heat-shock proteins were originally identified in response to heat stress (Lindquist,
1986). However, subsequent studies have shown this gene family to be a general stress
response (Feder & Hofmann, 1999). Adaptation to harsh environments likely modifies
existing stress responses, with cold tolerance hypothesised to be derived from basal
desiccation pathways (Chown et al., 2006). Gene knockout studies have shown that stressinduced and stress-essential genes do not always overlap; knockouts of the former can still
survive exposure to the same stress, whereas organisms without functional copies of the latter
cannot survive (Birrell et al., 2002; Giaever et al., 2002; Hirasawa, Furusawa, & Shimizu,
2010; de Nadal, Ammerer, & Posas, 2011). Comparing gene expression patterns among
populations or species with varied phenotypes is the most productive approach to elucidating
the genes involved in producing the phenotype responsible for survival against a specific
stressor (Birrell et al., 2002).
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Intraspecific variation in cold-shock transcriptional response between M. nov. sp. 2
populations from Sewell Peak and Mt. Arthur were investigated using Illumina-based RNASeq. These results were subsequently compared to the less cold-hardy lowland M.
hystriculeus from Paengaroa to examine interspecific variation between species with different
cold tolerance phenotypes. Between species there is limited overlap in cold-shock response
with no universal shared up-regulated transcript. However, an orthologous endonuclease is
universally down-regulated and this may be part of a common cold tolerance response
derived from a shared common ancestor. Endonucleases are associated with the movement of
transposable elements (TEs) around the genome (Venclovas & Siksnys, 1995). TEs are
increasingly correlated with adaptation and evolution (Casacuberta & Gonzalez, 2013). In
Drosophila, adaptation to temperate environments from tropical origins is associated with
variation in TEs (González et al., 2010). It is possible that TEs have had a similar function in
stick insects and have facilitated the colonisation of temperate New Zealand from tropical
New Caledonia. Future genomic studies will be able to compare the frequency of TEs
between tropical and temperate stick insect species to investigate if there is a correlation
between TE frequency and climate (González et al., 2010).
There is a stark difference between the transcriptional responses of the two
Micrarchus species. In particular, alpine M. nov. sp. 2 populations have a propensity to
differentially express structural cuticular proteins. Contrastingly, there appears to be no signal
from the expression data for significant structural rearrangement of the cuticle in lowland M.
hystriculeus populations. Modification of the cuticle may be a stress-essential response in M.
nov. sp. 2 and could have facilitated the colonisation of the inhospitable alpine environment.
The alpine zone occupied by M. nov. sp. 2 has complete snow cover for extended periods
during winter (Salmon, 1991; Dennis et al., 2013). Preliminary physiology work indicates
that M. nov. sp. 2 survives this sub-zero temperature exposure by adopting a freeze avoidant
(FA) cold tolerance strategy (A. B. Dennis, personal communication, March 1, 2012) and
modification of the cuticle may be necessary to prevent inoculative freezing across the cuticle
from ice in the external environment (Olsen et al., 1998). Reducing the incidence of freezing
across the cuticle increases survival of FA species and this advantage is likely to be subject to
strong natural selection (Denlinger & Lee, 2010).
Cold-responsive cuticular proteins have previously been identified in numerous
diverse insect species (Qin et al., 2005; Colinet et al., 2007; Purać et al., 2008; Carrasco et al.,
2011a; Wang et al., 2012). In a FA Antarctic springtail (Cryptopygus antarcticus) increased
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cuticle protein expression is associated with the moulting process which in turn may lower
the super cooling point of this species (Clark & Worland, 2008; Purać et al., 2008). However,
only adult stick insects were used for expression analyses in this study, indicating cuticle
structural rearrangements outside of moulting are important cold tolerance adaptations.
Although orthologous cuticular genes are up-regulated in the different M. nov. sp. 2
populations, a majority are enriched in opposite directions. A similar pattern was documented
in response to acute thermal stress between intertidal copepod (Tigriopus californicus)
populations from different thermal environments (Schoville et al., 2012a). In the copepod
study this observation was used to reinforce the hypothesis of local adaptation. However,
without knowledge of how the cuticle is physically modified in stick insects this conclusion
cannot be drawn. Insect cuticle organisation is underpinned by a delicate balance of relative
expression between multiple sequentially expressed genes (Riddiford, 1981; Dittmer et al.,
2011). The dichotomy in response between M. nov. sp. 2 populations may not result in
opposite modifications to the cuticle structure.
The induced expression of cuticular genes may be part of a complex time-series of
response, similar to moulting (Riddiford, 1981), with the speed of recovery and
transcriptional response differing between populations. Further assessment of this hypothesis
can be achieved by comparing a series of cold-shock transcriptional responses between
individuals allowed to recover for increasing time periods. Similar approaches have been
applied to D. melanogaster yielding insight into temporal variation in the expression response
(Sinclair et al., 2007a; Colinet, Lee, & Hoffmann, 2010). However, little is known about
temporal variation of the acute expression response between genetically diverse populations
of other insects. Corroborating the pattern of cuticular gene expression and physical
modification to the cuticle will allow inference of how adjustments to this structure underpin
cold tolerance and colonisation of the alpine environment. Alterations to the physical cuticle
structure can be assessed by measuring changes in strength, permeability and thickness.
Cuticle strength can be measured using a penetrometer, which records the force required to
push a pin through the cuticle (Grosscurt, 1978). Measuring permeability can be inferred
from the mass of water loss from insects exposed to dry conditions in the laboratory (Chown
& Nicolson, 2004). Cuticle thickness and the ratio of endocuticle to exocuticle can be
measured with microcomputer tomography (microCT) scanning and scanning electron
microscopy (SEM) (Dirks & Taylor, 2012). In addition, fitness effects can be inferred from in
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vitro comparison of the incidence of inoculative freezing across dissected cuticular patches
exposed to sub-zero temperature (Olsen et al., 1998).
Variation in transcriptional responses to cold-shock in Micrarchus is extreme, with
few overlapping transcripts. This appears to be a common pattern when assessing intra- and
inter-specific variation in transcriptional response (Teets et al., 2012a; Vesala et al., 2012).
However, expression patterns are significantly correlated within population, even between
insects collected from the wild in different years. During maturation these individuals will
have experienced altered thermal regimes, reducing the impact of developmental induced
plasticity in contributing to the observed variation in cold-shock response between
populations. Background genetic diversity is responsible for the fixed intraspecific variation
in expression response in D. melanogaster (Sarup et al., 2011), and a similar relationship is
likely in Micrarchus stick insects. The distinct genetic variation contained within each
population is caused and maintained through a combination of reduced gene flow, local
adaptation and genetic drift. The uni-directional flow of M. hystriculeus mtDNA into several
M. nov. sp. 2 populations, coupled with known reduced nuclear introgression in one of these
populations, supports possible local adaptation in the nuclear genome. However, clarification
of the extent of nuclear introgression will require SNP data from more geographic proximal
populations of both the alpine and lowland species. While the results presented here hint at
local adaption driving divergent transcriptional responses, additional work is required to
substantiate this (Kawecki & Ebert, 2004). In particular, replicated reciprocal transplant or
common garden experiments need to be conducted to infer elevated fitness of individuals in
their own habitat (Kawecki & Ebert, 2004). However, this may be somewhat problematic in
Micrarchus stick insects. For a three year period, eggs of these species have been in the
laboratory but few have hatched. There appears to be an induced diapause that cannot be
broken despite varying the temperature, humidity and light cycles. Once the cue to break this
diapause has been discovered it will still take over six months for the insects to reach
maturity. Once reared, large cohorts can be transplanted in to the field using caging methods
previously trialled for another alpine stick insect species, Niveaphasma annulata (Dennis et
al., 2013). Under laboratory conditions common garden experiments can also be used to
quantify the effect of developmental induced plasticity (Ayrinhac et al., 2004; Hoffmann,
Shirriffs, & Scott, 2005; Schaefer & Ryan, 2006).
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5.2 RNA-Seq and identifying candidate genes
RNA-Seq is still in its infancy, but already it has been utilised to identify the
molecular basis of adaptation to a diverse range of abiotic stressors across an even more
impressive collection of species (Meyer et al., 2011; Sanchez et al., 2011; Bouétard et al.,
2012; Neave et al., 2012; Schoville et al., 2012a; Zhang et al., 2012; Zhao et al., 2012; Lee et
al., 2013). This burgeoning field initially utilised the 454 high-throughput sequencing
platform, but gradually the cost effective Illumina approach has become the technology of
choice (Hornett & Wheat, 2012). This rapid progression is reflected during the course of this
thesis. For approximately the same financial cost, a 40-fold increase in the number of
nucleotides, and a 386-fold fold increase in the number of sequences, were generated using
Illumina HiSeq platform in 2011 (chapter 3) as opposed to 454 FLX technology in 2010
(chapter 2). While Roche have also increased the data output of their platform over the same
period, it is still over a 100-fold more expensive per base than Illumina (Liu et al., 2012).
The sheer volume of data generated by the latter swamps the sequence information produced
by the former. This was highlighted when trial de novo assemblies constructed using both
454 and Illumina data from a single Micrarchus nov. sp. 2 population resulted in no
noteworthy change in the number of transcripts assembled, or their length, when compared to
solely using Illumina data. A further advantage of Illumina is that the number of reads
generated enables more samples to be multiplexed, thereby promoting greater biological
replication. Sequencing additional biological replicates is a more efficient way of increasing
statistical power than obtaining greater sequencing depth for fewer samples (Rapaport et al.,
2013). This paradigm is partially responsible for increasing the number of transcripts
identified as differentially expressed from two (chapter 2) to 1,268 (chapter 3) at a 5% false
discovery rate using edgeR with common dispersion (Robinson et al., 2010). However, this
interpretation is confounded with numerous other variables, including the aforementioned
difference in the extremity of cold-shock treatments between experiments.
Initial RNA-Seq studies often had poor experimental design, lacking biological
replicates or pseudo-replication through sample pooling (Auer & Doerge, 2010). For this
reason RNA-Seq was viewed as more of a hypothesis generator, identifying candidate loci
with high false discovery rates, but providing valuable sequence information that could be
utilised by follow-on studies to screen these candidates. This limited replication was largely a
product of initial financial cost and statistical naivety (Auer & Doerge, 2010). Even limited
replication (n = 2) reduces the number of false discoveries; 33% of candidates used for qPCR
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were verified as significantly differentially expressed in chapter 2, compared to 15% of
candidates verified as significantly differentially expressed in a pooled study (effectively n =
1; (Poelchau, Reynolds, Denlinger, Elsik, & Armbruster, 2011)). However, comparing
between the qPCR and RNA-Seq methods can be difficult, with inherent fundamental
differences in the approaches and statistical analyses (Poelchau et al., 2011). Assessing
correlation between expression estimates from the two methods is a more effective way of
validation than equating absolute significances (Nagalakshmi et al., 2008).
RNA-Seq was originally developed using model species, typically with inbred
laboratory strains exhibiting little variation in the genetic background homogenising
transcriptional response (Rifkin, Kim, & White, 2003; Sarup et al., 2011). The increased
genetic variation exhibited in wild non-model organisms may underpin the greater variation
witnessed in expression patterns. As a result, more extensive biological replication may be
required in genetically diverse species to compensate for observed plasticity. However,
increasing the number of biological replicates from three to six in Micrarchus nov. sp. 2
(chapter 3; Sewell Peak versus Mt. Arthur) resulted in fewer differentially expressed
transcripts being identified. This may reflect biological reality, with the comparison
confounded across populations with divergent genetic backgrounds. Alternatively, fewer
biological replicates may under-sample the variation in expression among biological
replicates; thereby increasing the number of candidate differentially expressed transcripts
identified by using an under-estimate of the variance. Even though HTS costs are
plummeting, dramatically increasing the sample size is not always possible, especially when
studying rare or endangered species. For studies where cost is still an issue, it may be
necessary to reduce the scope of the study to incorporate extensive biological replication.
This may provide more meaningful results than spreading resources thinly across multiple
investigations using the minimum sample size for statistics. Copiously increasing sample
sizes will facilitate RNA-Seq to progress from a ‘sledgehammer’ approach only capable of
identifying candidates with large fold-changes in expression, to a more reliable estimator
capable of detecting subtle differences in expression profiles. While cold-shock responses
suit this ‘sledgehammer’ approach, longer-term ecologically meaningful adaptations may be
a result of subtle changes in expression profile, which would presently be overlooked by
RNA-Seq studies with limited replicates.
To provide a more reliable estimate of transcript abundance it has been suggested that
de novo assembled transcripts should be annotated against closely related species with
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available genomes (Hornett & Wheat, 2012). Counts can then be combined for transcripts
that share the same annotation (Hornett & Wheat, 2012). In preliminary analysis pipeline
development, trials were conducted mapping both Micrarchus species to: (i) a combined
assembly using all available sequences; and (ii) mapping both species to assemblies
constructed using sequence information from only one species. Both resulted in less than
optimal outcomes, with (i) producing more contigs and subsequently each species mapping to
different parts of the transcriptome. In (ii), and perhaps more importantly, fewer reads
mapped back onto the transcriptome when using a non-specific reference. Critically, the reads
that fail to map using non-specific references may represent regions of the genome evolving
rapidly between the species and these may be important candidate loci for adaptation and
speciation. As with a majority of de novo RNA-Seq studies there is no genome for a species
separated by less than 100 million years of evolution from Micrarchus (Hornett & Wheat,
2012), and indeed there are no published genomes for any Phasmatodea species. However,
this is likely to change rapidly, with initiatives including the Genome 10K project for
vertebrates (Haussler et al., 2009) and the i5K project for arthropods (Levine, 2011) aiming
to sequence thousands of genomes in a diverse array or organisms. The results from these
coordinated sequencing efforts may negate the need to assemble de novo transcriptomes in
candidate gene studies. De novo RNA-Seq has superseded previous redundant expression
methodologies including serial analysis of gene expression (SAGE); however, it is also a
transient approach, which will be similarly superseded by technological advancements.

5.3 Metabolic evolution: From detecting positive selection to inferring fitness effects
Respiration generates the cellular energy required for the fundamental biological
processes of growth, development and reproduction. However, our understanding of how
metabolic pathways evolve to allow organisms to live in different environments, and adopt
new life history traits that might require altered energy levels, remains little explored (Eanes,
2011). Australasian Lanceocercata stick insects exhibit diverse lifestyles and occupy
heterogeneous environments. These adaptations are expected to be associated with an equally
impressive range of metabolic demands. To compensate, enzymes within the glycolytic
pathway have been the target of positive selection.
The genes subject to positive selection in Lanceocercata stick insects are not ratelimiting or pathway-control steps regulating flux through the glycolytic pathway (Eanes et al.,
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2006). Contrastingly, positive selection in Drosophila species is centred on the glucose-6phosphate intersection which is the key flux controlling step (Eanes et al., 2006; Eanes,
2011). Intriguingly, pairwise Drosophila comparisons do not identify positive selection
acting on phosphoglucose isomerase (Pgi). This enzyme is consistently associated with flight
performance, thermal adaptation and other fitness-related traits in a diverse array of
organisms (Riddoch, 1993; Wheat, 2010), including arthropods (Watt, 1977; Dahlhoff &
Rank, 2000; Hanski & Saccheri, 2006; Wheat et al., 2006; Wheat et al., 2010), bacteria
(Dykhuizen & Hartl, 1983a), molluscs (Hall, 1985) and plants (Filatov & Charlesworth,
1999). There are two possible explanations for the paucity of positive selection in
Drosophila: (i) the limited pairwise comparison between species lacks the power to detect
subtle positive selection; or (ii) positive selection does not target Pgi in these species, which
may be attributed to their comparative ecological and morphological uniformity. Direct
comparison between Lanceocercata and Drosophila results is not possible due to the lack of
sequence information generated for the Lanceocercata paralogous hexokinase genes. In
Lanceocercata positive selection may also target this control step, which would further
support the conclusion that adaptation is a delicate trade-off between maintaining energy
production while simultaneously reducing associated oxidative stress. Further exploration of
the selective pressures acting on the remaining glycolysis genes, their paralogues and
enzymes in neighbouring pathways can be achieved be generating the relevant sequencing
information using HTS RNA-Seq. This approach is cheaper and less time consuming than
traditional cloning methods used for resolving full length multi-copy genes. Sufficient read
depth for each species will also generate full length sequences allowing selection analyses to
be performed across entire open-reading frames. Full length mRNA sequences including
untranslated regions (UTR) are essential for follow-on studies linking genotype to phenotype.
Codon-based likelihood methods (Yang, 2007) identified two of the ten core
glycolysis genes as under positive selection in Lanceocercata (Pgi and Gapdh). This is
attributed to both PGI and Gapdh being located on branch points to and from the pentose
phosphate pathway (PPP) where they are able to compete for substrate. The PPP is activated
to synthesise NADPH during periods of oxidative stress (Ralser et al., 2007). Branch point
enzymes are typically subject to positive selection as they pleiotropically influence multiple
facets of the biochemical phenotype (Eanes, 1999; Whitt, Wilson, Tenaillon, Gaut, &
Buckler, 2002; Flowers et al., 2007; Eanes, 2011). Adaptive substitutions are predicted to
disproportionately accumulate in branching enzymes when flux through the system is far
from optimum (Rausher, 2013). Adaptation to new stressful lifestyles in Lanceocercata stick
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insects is likely to require metabolic modification to maintain energy production and reduce
oxidative stress. Optimising the relative flux through glycolysis and the PPP in Lanceocercata
is achieved by positive selection on branching enzymes that directly influence this trade-off.
Understanding how adaptation to new stressful lifestyles alters flux through both these
pathways will require integrated biochemical enzyme assays in relation to sites identified as
under positive selection (Storz & Wheat, 2010; Zera, 2011). This will ultimately indicate the
relative importance of maintaining energy production against the cost of reducing stressinduced oxidative damage.
Positive selection acting on Pgi1, Pgi2 and Gapdh results in changes to the physical
properties of five translated amino acids. The localisation of positive selection is: (i) driven
by strong purifying selection maintaining enzyme function (Bustamante et al., 2000); (ii)
limited to intrinsically disordered regions of the protein structure where genetic variation
required for adaptation is maintained (Nilsson et al., 2011; Schlessinger et al., 2011); and (iii)
restricted to surface residues that can influence enzyme thermal stability and performance
(Fields & Somero, 1998; Fields, 2001). These substitutions may cause biochemical and
fitness differences similar to those observed in Colias PGI (Wheat et al., 2006; Wheat et al.,
2010). Linking variants at the five codon positions to changes in phenotype could be inferred
using in vitro methods. Site-directed mutagenesis to introduce the desired mutation (Ho et al.,
1989) and subsequent in vitro expression and purification generates the required recombinant
proteins for biochemical assays to infer functional differences (Fields & Houseman, 2004;
Johns & Somero, 2004; Fields, Rudomin, & Somero, 2006; Yokoyama et al., 2008;
Georgelis, Shaw, & Hannah, 2009). An in vitro investigation of biochemical properties
removes the effect of interspecific background genetic variation, which may generate false
positives. However, associations between sites identified as under selection and functional
properties may not always correlate (Runck, Weber, Fago, & Storz, 2010). The lack of
association may be due to the site identified as under positive selection being a false positive
of the method used to infer selection (Yokoyama et al., 2008). Alternatively, the functional
property of the enzyme being measured in the in vitro experiment may not be the function
targeted by positive selection (Yang & dos Reis, 2011). As enzymes evolve they may acquire
additional cellular functions (Jeffery, 2003), and this secondary role could be the target of
selection (Storz & Zera, 2011). PGI has been shown to moonlight as a autocrine mobility
factor (Yanagawa, Funasaka, Tsutsumi, Watanabe, & Raz, 2004), however, the consistent
correlation of PGI variation and metabolic rate indicates this secondary function may be of
limited importance (Wheat, 2010). A major drawback of in vitro studies is that observed
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changes in catalytic activity may not reflect in vivo phenotypic alterations due to the
dependence on other enzymes in the pathway (Kacser & Burns, 1981). As a result, in vivo
techniques may be a more reliable approach to infer fitness effects of variation in PGI and
GAPDH enzymes.
It is possible to use a yeast expression system with Lanceocercata Pgi and Gapdh
genes replacing the yeast orthologues (Billerbeck & Panke, 2012). Flux through glycolysis
and the PPP can then be compared between recombinant yeast with the different
Lanceocercata sequence variants. The influence of each amino acid substitution has on flux
through both pathways under various environmental conditions can be compared. A yeast
expression system has been successfully utilised to investigate the contribution of sites under
selection in a Ostrinia moth pheromone biosynthesis gene (Lassance et al., 2013).
Furthermore, transfected yeast or Escherichia coli representing all combinations of amino
acid variation can then be equally pooled into chemostats for experimental competition
studies (Dykhuizen & Hartl, 1983b), where growth rate is closely associated with flux
(Dykhuizen & Dean, 1990). After sufficient generations the ratio of each genotype in
chemostats exposed to various environmental conditions can be assessed to infer selective
advantages for each codon variant. With technological advances it will be possible to perform
in vivo studies in Drosophila and ultimately stick insects. The parthenogenetic Clitarchus
hookeri (Salmon, 1991) species may be particularly useful for such studies. The ability to
rapidly generate numerous clones with uniform genetic backgrounds allows differences in
metabolic performance to be solely attributed to the introduced Pgi and Gapdh mutants.
Using a stick insect model will permit the influence of amino acid variation on adaptation and
evolution of glycolysis and the PPP to be inferred in a more ecologically relevant native
system.
The consistent association of Pgi polymorphisms with variation in individual
performance, coupled with no known duplication events in arthropods, has led to this locus
being proposed as a general adaptive marker for conservation genetics in this phylum, akin to
MHC in vertebrates (Wheat, 2010). However, the occurrence of paralogues affects its
practical implementation using traditional PCR based methods, at least in the
Euphasmatodea. For widespread use as an adaptive marker, it is integral that it can be easily
recovered across arthropods using traditional Sanger sequencing approaches. Universal
adaptive markers may be as elusive as a universal DNA barcode, both akin to ‘searching for
the Holy Grail’ (Rubinoff, Cameron, & Will, 2006). Gene duplications may eventually lead
to subfunctionalisation of tissue-specific forms of the protein, as seen in teleost fish Pgi (Sato
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& Nishida, 2007) and Tpi (Merritt & Quattro, 2001). From the RNA-Seq experiments, it is
known that all three Lanceocercata Pgi paralogues are expressed in the head and prothorax
(chapter 1 & 2). Additionally, both Pgi1 and Pgi2 are known to be expressed in the leg
muscle tissues used to construct cDNA for selection analysis (chapter 3). However, nothing
else is known about the expression patterns of the Pgi paralogues within stick insects.
Different tissues are expected to have varying physiological demands, for which metabolic
profiles are required to compensate (Eanes, 2011). Characterising the locality of Pgi
expression within different tissues through qPCR and RNA-Seq will provide further
information on how different parts of the body respond and facilitate the adaptation of the
whole organism to novel stressful environments. Eventually transgenic stick insects could be
constructed with each Pgi labelled with complementary fluorescent proteins (Shaner et al.,
2004) enabling real-time expression of paralogues within different body tissues to be
investigated in response to abiotic stresses and flight (Chudakov, Lukyanov, & Lukyanov,
2005).

5.4 Conclusion and the future of adaptation studies
Understanding how organisms adapt to dynamic environments is essential to
understand past, present and future biogeographic patterns. Technological advancements
have allowed a rapid progression from traditional model organisms to species displaying
diverse ecological and physiological adaptations (Wang et al., 2009b). Five years ago it
would have been unthinkable to investigate the genetic basis of cold tolerance, and screen
metabolic pathways for positive selection, in a non-model stick insect during the course of a
single PhD. However, this is now the tip of the iceberg, with the number and power of studies
investigating adaptation in the genomic era ever increasing. Of particular interest will be
studies spanning the different levels combining sequence evolution, expression variation,
pathway flux estimates and protein abundances to generate a more detailed picture of how
organisms evolve.
The relative importance of structural versus regulatory change in adaptive evolution is
a long standing question in evolutionary biology (Storz & Zera, 2011). The results from this
thesis are not suitably balanced to address this and further work is needed. Transcriptome
adaptation was investigated at the intraspecific level, or with limited pairwise comparisons
between closely related species. Sequence evolution in the glycolytic pathway was assessed
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interspecifically across 29 species representing over 40 million years of evolution (Buckley et
al., 2010a). For the glycolysis genes more than one specimen was sequenced for each enzyme
in a majority of New Zealand taxa. Eight individuals representing five populations were
sequenced for the ten glycolysis genes in Micrarchus nov. sp. 2 revealing limited variation (>
99% average pairwise similarity). However, within this species there is extensive variation in
the transcriptional response to cold-shock. This may be a product of disparities in the strength
of purifying selection between regulatory and structural mutations. Mutations in pleiotropic
transcriptional regulators and promoter regions that alter expression levels may be less likely
to be removed from the gene pool by purifying section than mutations disrupting the active
site of core metabolic enzymes. However, the order and relative importance of these
mutations in adaptation to a low-temperature alpine environment is unknown. By adopting
the RNA-Seq framework across the New Zealand stick insect radiation it will be possible to
infer how expression profiles are modified to allow repeated invasion of the alpine habitat by
the four alpine species. Sequence data generated as a by-product of this approach can be
subsequently screened for positive selection (Schabauer et al., 2012). In combination, these
results will provide greater insight into adaptation to low-temperature environments and the
relative importance of regulatory versus structural mutation in contributing to this adaptation.
The independent radiation of alpine stick insect lineages also facilitates investigation into the
possibility of convergent evolution. Adaptive evolution may consistently target convergent
loci that are integral to the development of a cold-hardy phenotype in stick insects.
Furthermore, similarities and differences between the closely related, but independent,
lineages will further our understanding of how the different cold tolerance strategies evolve
and whether species are phylogenetically constrained to adopt a particular strategy.
Technological advancements are yielding fascinating results into the complexity of
adaptation. However, these approaches generate more questions than answers. Research into
environmental adaptation is a ‘truck and trailer approach’, with technological and theoretical
advancements in model species driving subsequent research in ecological diverse non-model
species as the technology filters down. Already it is becoming apparent that epigenetics,
DNA methylation and small interfering RNAs play an important role in adaptation as the
complex layers of biological organisation are further dissected. Understanding the complexity
of adaptation is key to elucidating the potential winners and losers of numerous challenges
facing the global biota, including responding to predicted climate change.
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A. Chapter 2
A.1. qPCR Primer sequences; primer name denotes direction, F= forward; R = reverse.
Annotation (e‐value < 1‐10)
atp synthase subunit alpha
(atpa)
paramyosin long form
(mysp1)
glutamine synthetase 2 cytoplasmic
(glna2)
s-adenosylmethionine decarboxylase proenzyme
(dcam)
heat shock protein 90
(hsp90)
staphylococcal nuclease domain-containing protein 1
(snd1)
heat shock protein 70
(hsp70)
elongation factor 1-alpha 2
(ef1a2)
Unannotated contig01744
(C-01744)
s-adenosyl-l-homocysteine hydrolase a
(sahha)
glyceraldehyde-3-phosphate dehydrogenase 2
(g3p2)
Cuticular protein analogous to peritrophins 3-D2
(Cpap3-d2)
Phosphoglucose isomerase
(Pgi)
Prolyl 4-hydroxylase subunit alpha-1
(P4HA1)
Copia protein
(Copia)
probable alpha-ketoglutarate-dependent dioxygenase
(alkb5)
cold shock domain-containing protein e1
(csde1)
Unannotated contig04525
(C-04525)
nadh: ubiquinone dehydrogenase
(NDUFA1)
spliceosome associated protein mrna
(SF3a)
restin
(restin)

Primer
atpa_F1
atpa_R1
mysp1_F1
mysp1_R1
glna2_F1
glna2_R1
dcam_F1
dcam_R1
hsp90_F1
hsp90_R1
snd1_F1
snd1_R1
hsp70_F1
hsp70_R1
ef1a2_F1
ef1a2_R1
C-01744_F1
C-01744_R1
sahha_F1
sahha_R1
g3p2_F1
g3p2_R1
Cpap3-d2_F1
Cpap3-d2_R1
Pgi_F1
Pgi_R1
P4HA1_F1
P4HA1_R1
Copia_F1
Copia_R1
alkb5_F1
alkb5_R1
csde1_F1
csde1_R1
C-04525_F1
C-04525_R1
NDUFA1_F1
NDUFA1_R1
SF3a_F1
SF3a_R1
restin_F1
restin_R1

Sequence (5' ‐ 3')
TCGAGCGCGAGTTCCTCCAA
TTGCCCTCCTTCGCGATG
TGCTTGGCGCGGATAAGCGA
AGGCAGCTACAAGAACAGGAGGGC
TCTTCGCGCATCGCCTTGGT
TCGTGGTGACCTTCGACCCCAA
CACGTTTGACCTGTTCATACCAGCG
ACCAATGAGAGGGACAGCAAGAACA
CATGCGGCCAGGATATACCGCA
AGCATCCTCGCCTTCCGCTT
TCGCAAAAGCTCGCACCGCT
TGTGCCTCTCTCCCTTCAGGCT
GGGGATGGTGGTGTTGCGCTTT
GCCATCTTGGCTGGCGACAAGT
TCTCTGCCCTGCCGACTGTCAT
ACCGGCCTTTCCTGCGAAACT
TGCGAAGACAAGCTTTAGAGACCGT
ACCCTCTTAAGGACGAGCGCCA
GCTGCCTGCAGCGCATTTATGG
TGTTGGCGGGAAAGGTGGCA
ACCGTCCCTCCACAACTTGCCA
TGGCACCACTTGCCAAGGTCA
AGGTGAAGCCGAAAGGTTGGCA
AGGACTGCGAAATCGTCCTCC
ACTACGCCACAGGCCCCATAGT
TGGTGGATCAGCTGGTAGAAGGC
AGATGGTTACACATGCCACACCCAA
ACAGGCAAGGGTGTGTTGCCA
AGCCTTGACACCACTCCTTCCAAC
TGAAGACTGCGGGTGAGCTGT
TCGTTTCGACAGTTGCGACCCA
TGACCGGGCCCCTCTTAGAAACA
TTGTCGCCAGAACGCAGGGT
AACCGCGGGGAGTGCTTCTT
TGCTTTGGAGGCGGGCTTGT
CGGCAACAGCGAAGTGCTGA
TGTCTTGGGAGTTGCTTTGAAGTGG
GGACACGGTGGTACTGTGTTTGACA
GGCTGGCCAAAGAAGCCAAGGA
TTGCTGCAGTTGGCGTGGCT
TCCACCAGCCTCTGCAAGTCCT
TGACGCGTGCTGCCAGTCAA
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A.2. Contigs from Micrarchus nov. sp. 2 de novo assembled transcriptome used for subsequent qPCR analysis

P4HA1

Selected1

Contig
Length
(bp)

DE

755

BLASTx against nr
database

Prolyl 4-hydroxylase
subunit alpha-1
[Acromyrmex echinatior]

E-Value

3.21E-120

BLASTn against nr database

PREDICTED: Nasonia
vitripennis prolyl 4hydroxylase subunit alpha-2like (LOC100116138), mRNA

E-Value

3.45E-105

snd1
DE

2383

ebna2 binding protein
p100

0.0E+00

strongylocentrotus purpuratus
staphylococcal nuclease
domain containing 1 mrna

1.5E-61

C-04525

DE

441

---NA---

---NA---

---NA---

---NA---

Cpap3-d2

DE

1333

csde1

DE

568

Copia

DE

724

C-01744

DE

1461

Nasonia vitripennis
cuticular protein
analogous to peritrophins
3-D2 (Cpap3-d2), mRNA
cold shock domaincontaining protein e1-like
isoform 3

hypothetical protein
TcasGA2_TC015470
[Tribolium castaneum]
---NA--restin (reed-steinberg cellexpressed intermediate
filament-associated
protein)

1.13E-160

cuticular protein analogous to
peritrophins 3-D2 precursor
[Tribolium castaneum]

---NA---

MMT16
(coldshock)
Counts2

MMT17
(coldshock)
Counts2

MMT18
(control)
Counts2

MMT19
(control)
Counts2

qPCR Pvalue

5.78E-91

17

14

2

3

3.27E-02

0.0E+00

93

33

12

13

6.51E-03

---NA---

9

8

1

0

3.65E-01

---NA---

17

15

3

2

4.69E-02

2.1E-11

30

7

3

2

2.01E-01

1.57E-38

43

0

3

2

4.91E-01

---NA---

11

10

3

1

4.69E-01

4.34E-72

Medicago truncatula
chromosome 8 clone mth2182o15, complete sequence

4.48E-12

---NA---

---NA---

---NA---

3.3E-18

---NA---

---NA---

---NA---

---NA---

30

0

2

0

3.83E-01

tribolium castaneum
spliceosome associated protein
mrna

5.2E-13

---NA---

---NA---

0

28

0

1

6.15E-02

2.0E-31

2

33

1

0

NA*

2.5E-25

4

18

0

1

NA*

0.0E+00

66

61

76

61

3.63E-01

2.4E-149

70

85

48

48

2.46E-01

1.9E-65

DE

285

DE

357

---NA---

---NA---

DE

637

cadherin- isoform h

1.7E-39

acyrthosiphon pisum neuralcadherin-like mrna

9.7E-51

DE

328

acetoacetyl- thiolase

2.1E-27

tetraodon nigroviridis fulllength cdna

8.6E-29

atpa

AP

1938

atp synthase subunit
mitochondrial

0.0E+00

drosophila erecta gg22793
(dere\gg22793) mrna

0.0E+00

glna2

AP

4702

glutamine synthetase 2

5.7E-159

drosophila erecta gg18416

2.0E-158

restin

Prolyl 4-hydroxylase subunit
alpha-1; Short=4-PH alpha-1;
AltName: Full=Procollagenproline,2-oxoglutarate-4dioxygenase subunit alpha-1
snd1_ponab ame:
full=staphylococcal nuclease
domain-containing protein 1 ame:
full=100 kda coactivator ame:
full=p100 co-activator
---NA---

E-Value

csde1_human ame: full=cold
shock domain-containing protein
e1 ame: full=n-ras upstream gene
protein ame: full=protein unr
Copia protein; AltName:
Full=Gag-int-pol protein;
Contains: RecName: Full=Copia
VLP protein; Contains:
RecName: Full=Copia protease
---NA---

1.2E-36

acyrthosiphon pisum cold
shock domain-containing
protein e1- transcript variant 3
mrna

6.68E-120

BLASTx against SwissProt
database

SF3a

cadn

thil

cadn_drome ame: full=neuralcadherin ame: full=cadherin-n
short=dn-cadherin flags:
precursor
thil_mouse ame: full=acetylmitochondrial ame:
full=acetoacetyl- thiolase flags:
precursor
atpa_drome ame: full=atp
synthase subunit mitochondrial
ame: full=protein bellwether
flags: precursor
glna2_drome ame: full=glutamine
synthetase 2 cytoplasmic
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AP

dcam

3811

s-adenosylmethionine
decarboxylase proenzyme

4.4E-144

pediculus humanus corporis sadenosylmethionine mrna

drosophila melanogaster heat
shock protein cognate 4
(hsc70-4) transcript variant
mrna

7.4E-49

hsp70

AP

2264

heat shock protein 70

0.0E+00

sahha

AP

1453

s-adenosylhomocysteine
hydrolase

0.0E+00

tetraodon nigroviridis fulllength cdna

0.0E+00

pgi

AP

902

phosphoglucose isomerase

2.4E-175

drosophila sechellia gm20655
(dsec\gm20655) mrna

1.7E-163

NDUFA1

AP

428

1.4E-33

---NA---

---NA---

hsp90

AP

2608

nadh:ubiquinone
dehydrogenase
heat shock protein 90

0.0E+00

locusta migratoria heat shock
protein 90 complete cds
xenopus laevis alkylation
repair homolog 5 mrna

0.0E+00

nasonia vitripennis long formlike mrna
drosophila melanogaster
elongation factor 1alpha48d
transcript variant mrna

0.0E+00

oncometopia nigricans
glyceraldehyde-3-phosphate
dehydrogenase complete cds

0.0E+00

alkb5

704

probable alphaketoglutarate-dependent
dioxygenase abh5

7.9E-55

RC

mysp1

RE

3708

long form-like

0.0E+00

efia2

RE

1989

elongation factor 1-alpha

0.0E+00

1433

glyceraldehyde-3phosphate dehydrogenase

0.0E+00

0.0E+00

9.5E-39

0.0E+00

RE
g3p2

dcam_drome ame: full=sadenosylmethionine
decarboxylase proenzyme short=
etdc short=samdc contains: ame:
full=s-adenosylmethionine
decarboxylase alpha chain
contains: ame: full=sadenosylmethionine
decarboxylase beta chain flags:
precursor
hsp7d_manse ame: full=heat
shock 70 kda protein cognate 4
short=hsc 70-4

1.1E-104

121

140

16

72

5.02E-02

0.0E+00

253

294

308

258

2.48E-01

0.0E+00

27

33

15

10

4.02E-01

g6pi_droya ame: full=glucose-6phosphate isomerase short=gpi
ame: full=phosphoglucose
isomerase short=pgi ame:
full=phosphohexose isomerase
short=phi
---NA---

1.7E-168

3

7

2

4

1.47E-01

---NA---

13

7

3

1

9.65E-02

hs90b_horse ame: full=heat shock
protein hsp 90-beta
alkb5_xenla ame: full=probable
alpha-ketoglutarate-dependent
dioxygenase abh5 ame:
full=alkylated dna repair protein
alkb homolog 5
mysp1_drome ame: full= long
form
ef1a2_drome ame:
full=elongation factor 1-alpha 2
short=ef-1-alpha-2
g3p2_drome ame:
full=glyceraldehyde-3-phosphate
dehydrogenase 2 ame:
full=glyceraldehyde-3-phosphate
dehydrogenase ii short=gapdh ii

0.0E+00

62

47

43

43

4.47E-01

1.4E-53

8

9

2

1

2.50E-01

0.0E+00

1275

1142

1477

1074

NA

0.0E+00

327

333

350

369

NA

0.0E+00

86

70

87

83

NA

sahha_xenla ame:
full=adenosylhomocysteinase a
short= cyase a ame: full=sadenosyl-l-homocysteine
hydrolase a

Selected1 = Selected for qPCR from the differential expression analysis (DE), from the literature (AP) or the by eye from the raw counts (RC); RE = references for qPCR normalisation;
Counts2 = edgeR quantile corrected counts used for differential expression analysis;
* = not use for qPCR analysis due to non-specific amplification of target DNA based on melt curve analysis
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A.3. Differentially expressed (P-value < 0.05) Micrarchus nov. sp. 2 transcripts between non
cold-treated individuals and those exposed to 0°C for 1 hr, with a further hour recovery (n =
2). Transcripts annotated using BLASTx against the SwissProt database (unless stated) with
an E- value cut-off of < 1-10. Redundant annotations removed.
A.3.1. Annotated down-regulated transcripts in response to cold-shock
(1) 10 kda heat shock mitochondrial; (2) 28s ribosomal protein mitochondrial; (3) 39s
ribosomal protein mitochondrial; (4) aldose reductase; (5) atp-dependent dna helicase pif1;
(6) basic endochitinase a; (7) camp-responsive element-binding 2; (8) charged multivesicular
body protein 5; (9) circadian clock-controlled protein; (10) contactin; (11) defense protein;
(12) egl nine homolog 3; (13) ejaculatory bulb-specific protein; (14) glucose dehydrogenase;
(15) glutathione s-transferase 1-1; (16) guanine nucleotide-binding protein g subunit alpha;
(17) muscle m-line assembly protein unc-89; (18) phosphate carrier mitochondrial; (19)
phosphatidate photoreceptor-specific; (20) probable pyruvate dehydrogenase e1 component
subunit mitochondrial; (21) programmed cell death protein; (22) protein cornichon; (23)
protein yellow; (24) pyridine nucleotide-disulfide oxidoreductase domain-containing protein
1; (25) rna-binding protein with serine-rich domain 1-b; (26) rna-directed rna polymerase l;
(27) rna-directed rna polymerase l; (28) transcription elongation factor spt6; (29) ubiquitinprotein ligase
A.3.2. Annotated up-regulated transcripts in response to cold-shock
(1) acetyl-mitochondrial; (2) adenosylhomocysteinase a; (3) apolipophorins; (4) atpdependent zinc metalloprotease yme1 homolog; (5) cold shock domain-containing protein e1;
(6) copia protein; (7) cytochrome p450 6j1; (8) delta -sterol reductase; (9) dual specificity
protein phosphatase 10; (10) group xiia secretory phospholipase a2; (11) interaptin; (12)
isocitrate dehydrogenase cytoplasmic; (13) low-density lipoprotein receptor; (14)
microtubule-associated protein 4; (15) mitochondrial ubiquitin ligase activator of nfkb 1-a;
(16) myosin heavy muscle; (17) neural-cadherin; (18) neurogenic locus notch homolog
protein 3; (19) nucleic-acid-binding protein from mobile element jockey; (20) paraplegin;
(21) plasma membrane calcium-transporting atpase 3; (22) probable alpha-ketoglutaratedependent dioxygenase abh5; (23) protein ygbm; (24) rab-like protein 3; (25) retinal
dehydrogenase; (26) ribosome-binding protein 1; (27) s-adenosylmethionine decarboxylase
proenzyme; (28) serine threonine-protein phosphatase 2a 56 kda regulatory subunit gamma
isoform; (29) staphylococcal nuclease domain-containing protein 1; (30) tox high mobility
group box family member 4; (31) tubulin beta-1 chain; (32) wiskott-aldrich syndrome protein
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B. Chapter 3
B.1. Micrarchus sampling localities
Final
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
33
34
35
36
37
38
39
40
41
42
43

Site
Sewell Peak
Bucklands Peak
Denniston Plateau
Lead Hills
Mt Owen
Boulder Lake
Lake Lockett
Cobb
Mt Arthur
Mt Robert
Harwoods Hole
Riwaka
Golden Bay
Kowhai
Hori Bay
Mt Fyffe
Carluke
Puhipuhi
Okiwi
Awatere Valley
Maud Island
Stephens Island
Waima River Valley
Cowshed Bay
Whites Bay
Long Island
Wellington
Turakirae Heads
Catchpool Valley
Wairongomai Station
Putangirua Pinnacles
Waikuku Lodge
Waiohine Gorge
Rangataua
Mt Holdsworth
Fensham
Carterton
Paengaroa
Bideford
Ngaumu State Forest
Te Uri
Kuripapango
Napier Taupo Road

Latitude
-42°24.312'
-41°52.474'
-41°46.031'
-40°52.415'
-41°31.444'
-40°54.064'
-41°4.824'
-41°6.382'
-41°11.839'
-41°50.046'
-40°58.3'
-41°1.99'
-40°49.331'
-41°42.841'
-41°6.378'
-42°20.162'
-41°12.964'
-42°14.813'
-42°12.989'
-41°42.238'
-42°4.997'
-40°40.247'
-41°53.213'
-41°12.148'
-41°23.111'
-40°40.247'
-41°16.95'
-41°26.137'
-41°20.894'
-41°15.352'
-41°26.982'
-41°24.616'
-41°0.452'
-39°25.767'
-40°54.029'
-40°59.594'
-41°3.649'
-39°38.695'
-40°51.645'
-41°1.693'
-40°13.461'
-39°23.77'
-38°59'

Longitude
171°20.585'
171°37.744'
171°47.255'
172°32.52'
172°33.935'
172°34.709'
172°37.571'
172°41.504'
172°42.805'
172°48.672'
172°53.355'
172°54.047'
173°0.161'
173°6.779'
173°31.383'
173°38.438'
173°35.516'
173°45.125'
173°516'
173°51.54'
175°47.1'
174°0.255'
174°1.127'
174°1.932'
174°3.48'
174°0.255'
174°45.252'
174°54.918'
174°55.862'
175°8.779'
175°14.453'
175°21.88'
175°23.484'
175°27.871'
175°28.09'
175°30.141'
175°36.233'
175°42.83'
175°52.361'
175°57.411'
176°16.322'
176°18.86'
176°32'

Altitude (m)
749-822
1076
638-650
978
1187
997
1320
879-1045
1336-1347
1409
813
92-95
4
399-452
40-120
126-1105
26
241
5-24
276
89
65-230
170
7
4-52
80
139
1
55
31
97
461
141
671
328
118
63
517-540
138
267
340
700
620

n
19
2
7
3
8
2
2
3
41
2
6
5
1
8
3
5
2
2
5
2
1
16
2
2
3
2
2
1
4
2
4
2
1
3
2
2
2
20
2
2
1
2
2
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B.2. Individual identifier and collection location for each Micrarchus sample

ID
MIH001
MIH002
MIH003
MIH005
MIH006
MIH008
MIH009
MIH010
MIH011
MIH013
MIH014
MIH015
MIH016
MIH017
MIH018
MIH019
MIH020
MIH021
MIH022
MIH023
MIH024
MIH026
MIH027
MIH028
MIH029
MIH030
MIH031
MIH032
MIH033
MIH034
MIH035
MIH037
MIH038
MIH039
MIH042
MIH043
MIH044
MIH046
MIH048
MIH049
MIH051
MIH052
MIH053
MIH054
MIH055
MIH057
MIH058

Site
27
16
21
27
13
12
38
14
14
12
15
22
15
23
23
15
38
41
18
18
22
29
40
43
39
29
30
34
31
29
28
36
29
35
38
34
38
38
39
31
38
31
34
38
38
31
30

ID
MIH059
MIH061
MIH062
MIH063
MIH064
MIH065
MIH066
MIH067
MIH068
MIH069
MIH071
MIH072
MIH073
MIH076
MIH077
MIH078
MIH079
MIH080
MIH081
MIH082
MIH083
MIH084
MIH085
MIH086
MIH087
MIH091
MIH092
MIH093
MIH101
MIH102
MIH103
MIH104
MIH105
MIH106
MIH109
MIH110
MIH112
MIH113
MIH114
MIH115
MIH128
MIH130
MIH131
MIH133
MIH136
MIH137
MIH169

Site
35
42
37
33
32
42
43
40
37
32
36
19
19
16
20
20
25
25
24
24
17
17
12
12
12
22
22
22
22
22
22
22
22
22
38
38
38
38
38
38
38
38
38
38
38
38
19

ID
MIH229
MIH230
MIH231
MIH235
MIH236
MIH237
MIH238
MIH239
MIH240
MIH241
MIH242
MMT004
MMT005
MMT006
MMT007
MMT009
MMT016
MMT017
MMT018
MMT020
MMT023
MMT024
MMT025
MMT027
MMT028
MMT029
MMT030
MMT031
MMT032
MMT033
MMT034
MMT035
MMT036
MMT037
MMT038
MMT039
MMT040
MMT041
MMT042
MMT043
MMT044
MMT045
MMT046
MMT047
MMT048
MMT049
MMT050

Site
14
14
14
14
14
14
26
26
25
19
19
3
9
8
8
3
1
1
1
1
1
1
1
3
3
3
7
7
3
9
9
9
9
9
9
9
9
9
9
9
9
9
9
8
9
9
9

ID
MMT051
MMT052
MMT053
MMT054
MMT055
MMT056
MMT073
MMT074
MMT076
MMT077
MMT078
MMT079
MMT087
MMT088
MMT089
MMT097
MMT098
MMT099
MMT100
MMT101
MMT103
MMT109
MMT111
MMT113
MMT120
MMT121
MMT122
MMT123
MMT124
MMT146
MMT150
MMT151
MMT161
MMT162
MMT163
MMT169
MMT170
MMT171
MMT172
MMT173
MMT174
MMT178
MMT179
MMT180
MMT201
MMT202
MMT204

Site
9
9
9
9
9
3
9
9
9
9
9
9
1
1
1
9
9
9
9
9
9
1
1
1
4
4
4
10
10
1
1
1
1
1
1
11
11
11
11
11
11
16
16
16
5
5
5

ID
MMT208
MMT209
MMT210
MMT216
MMT217
MMT218
MMT221
MMT223
MMT224
MMT227
MMT228
MMT229
MMT230
MMT231
MMT232
STV012
STV014
STV015
STV017
STV018

Site
5
5
5
9
9
9
9
9
9
6
6
2
2
5
5
22
22
22
22
22
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B.3. Expanded Micrarchus 28S Bayesian phylogeny. See supplementary material B.2-3 for

full sample information. Branch support values are posterior probabilities estimated in
MrBayes.
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B.4. Expanded Micrarchus COI/COII Bayesian phylogeny. See supplementary material B.23 for full sample information. Branch support values are posterior probabilities estimated in
MrBayes.
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B.5. qPCR primer sequences; primer name denotes direction (F= forward; R = reverse)
Gene
cud2
sardh
catI
fabg
hexa
Comp8923
PK
atps

Primer
cud2-F
cud2-R
sardh-F
sardh-R
catI-F
catI-R
fabg-F
fabg-R
hexa-F
hexa-R
Comp8923-F
Comp8923-R
PK-F
PK-R
atps-F
atps-R

Sequence (5'-3')
TCCTGCGCCGAGATGCCATT

Product (bp)
70

ACAACGAGGTGAACTTTGATGGCT
ATGCTGAGCTCGCAGGAGGTGA

125

TTGGTGAGCGCGGCACAGAA
ACAGGTGTGACTGCCCCCTTCT

89

ACGCAGGACCATGCGGTGTT
CCACTTGACGATGCTGGCCGTT

134

ACTGGTCCAGCGCAGACTTGGA
TCAGAGTGTCACCCCACGCCAA

128

ATCCGGCATCGAAGACTCGCCA
TGCACGTCAGTCAGGCAAATTCTGT

109

ATTGCTGCACAGCAGGAGAGGG
ACCCTGCTTCCAGCCAGTGACA

65

GCAAGCACCGTGGCTTCCTCAA
TTGCCCGCATGGCCAGTGAA

83

ACTGTAGCACGTGCCCGCAA

All primers Tm between 59-61⁰C except * = Tm = 58.85⁰C
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B.6. Annotated genes (BLASTx against SwissProt database with E- value > 1 ) identified as

significantly differentially expressed by at least one differential expression analysis (edgeR
FDR < 0.05; DESeq & baySeq FDR < 0.10) between control (21⁰C for 3 hr) and coldshocked (21⁰C for 1hr; -1⁰C min-1 for 26 min; -5⁰C for 1 hr; +1⁰C min-1 for 26 min; 21⁰C for
1 hr) individuals. For Micrarchus nov. sp. 2 (Sewell Peak) n = 3; Micrarchus nov. sp. 2 (Mt.
Arthur) n = 6; Micrarchus hystriculeus (Panegaroa).
B.6.1. Annotated up-regulated transcripts in response to cold-shock in M. nov. sp. 2 from
Sewell Peak
(1) alpha-aminoadipic semialdehyde dehydrogenase short; (2) aldose reductase short; (3) argininosuccinate
synthase; (4) cathepsin l; (5) zinc carboxypeptidase a 1; (6) cox assembly mitochondrial protein homolog short;
(7) cytochrome p450 6j1; (8) cytochrome p450 6k1; (9) allergen cr-pi; (10) larval cuticle protein lcp-14 flags:
precursor; (11) pupal cuticle protein 20; (12) cuticle protein lpcp-23; (13) larval cuticle protein a3a; (14)
endocuticle structural glycoprotein bd-1; (15) endocuticle structural glycoprotein bd-2; (16) endocuticle
structural glycoprotein bd-4; (17) endocuticle structural glycoprotein bd-8; (18) cuticle protein 6; (19) cuticle
protein 7; (20) glucose dehydrogenase short protein; (21) es1 protein mitochondrial; (22) 3-oxoacyl- reductase;
(23) ferric-chelate reductase 1; (24) peroxisomal -2-hydroxy-acid oxidase glo5; (25) mannose-1-phosphate
guanyltransferase; (26) glypican-4; (27) 17-beta-hydroxysteroid dehydrogenase type 6 short; (28) hexamerin;
(29) probable alpha-ketoglutarate-dependent hypophosphite dioxygenase; (30) juvenile hormone epoxide
hydrolase 1; (31) hemolymph lipopolysaccharide-binding protein short; (32) lysozyme; (33) probable
methyltransferase-like protein 15 homolog; (34) outer dense fiber protein; (35) chorion peroxidase; (36) 15hydroxyprostaglandin dehydrogenase short; (37) papilin; (38) phenoloxidase subunit a3 short; (39) 26s
proteasome non-atpase regulatory subunit 1; (40) 28s ribosomal protein mitochondrial short; (41) sialin; (42)
protein sly1 homolog; (43) neuropathy target esterase sws; (44) protein takeout; (45) transferrin; (46) udpglucuronosyltransferase 1-6 short; (47) urokinase-type plasminogen activator short; (48) venom serine
carboxypeptidase; (49) vitellogenin; (50) aminopeptidase; (51) atp-dependent zinc metalloprotease yme1
homolog;

B.6.2. Annotated down-regulated transcripts in response to cold-shock in M. nov. sp. 2 from
Sewell Peak
(1) ac transposable element-derived protein 4; (2) latrophilin and seven transmembrane domain-containing
protein 1; (3) nuclease harbi1; (4) protein fam200b; (5) 115 kda protein in type-1 retrotransposable element
r1dm; (6) 1-phosphatidylinositol -bisphosphate phosphodiesterase; (7) allatotropin short; (8) ankyrin-2 short;
(9) ankyrin-3 short; (10) apolipophorins contains; (11) apoptosis 1 inhibitor; (12) arl14 effector protein; (13)
atp-dependent dna helicase pif1; (14) b2 protein flags; (15) chromodomain-helicase-dna-binding protein 6
short; (16) chromodomain-helicase-dna-binding protein 7 short; (17) chromodomain-helicase-dna-binding
protein 9 short; (18) copia protein; (19) cytochrome b; (20) cytochrome c oxidase subunit 1; (21) cytochrome c
oxidase subunit 2; (22) cytochrome c oxidase subunit 3; (23) cytoplasmic dynein 1 heavy chain 1; (24)
deoxyuridine 5 -triphosphate nucleotidohydrolase short; (25) dynein heavy cytoplasmic; (26) dystonin;(27)
dystrophin; (28) e3 ubiquitin-protein ligase ubr4; (29) ejaculatory bulb-specific protein 3; (30) envelope
glycoprotein; (31) enzymatic polyprotein; (32) exocyst complex component 5; (33) fat-like cadherin-related
tumor suppressor homolog; (34) fibrillin-1; (35) general transcription factor ii-i repeat domain-containing
protein 2 short; (36) general transcription factor ii-i repeat domain-containing protein 2a short; (37) general
transcription factor ii-i repeat domain-containing protein 2b short; (38) glutathione s-transferase isoform d;
(39) histone acetyltransferase kat6b; (40) histone h1; (41) isoforms a c f g h short; (42) jerky protein; (43) jerky
protein homolog; (44) jerky protein homolog-like; (45) la-related protein; (46) large structural protein short;
(47) latent-transforming growth factor beta-binding protein 4 short; (48) low-density lipoprotein receptor-
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related protein 1 short; (49) low-density lipoprotein receptor-related protein 1b short; (50) low-density
lipoprotein receptor-related protein 2 short; (51) low-density lipoprotein receptor-related protein short; (52)
mariner mos1 transposase; (53) microtubule-associated protein futsch; (54) muscle m-line assembly protein
unc-89; (55) mushroom body large-type kenyon cell-specific protein 1; (56) nadh-ubiquinone oxidoreductase
chain 1; (57) nesprin-1; (58) neural-cadherin; (59) neuroendocrine convertase 1 short; (60) neurogenic locus
notch homolog protein 3 short; (61) nuclear receptor corepressor 1 short; (62) peptidyl-prolyl cis-trans
isomerase fkbp6 short; (63) plasma membrane calcium-transporting atpase 4 short; (64) plectin short; (65)
pogo transposable element with krab domain; (66) prolow-density lipoprotein receptor-related protein 1 short;
(67) protein lap4; (68) protein purity of essence; (69) protein takeout flags; (70) protein-methionine sulfoxide
oxidase mical3; (71) Putative uncharacterized protein FLJ37770; (72) retrotransposable element tf2 155 kda
protein type 1; (73) retrovirus-related pol polyprotein from transposon 297 includes; (74) retrovirus-related pol
polyprotein from transposon includes; (75) retrovirus-related pol polyprotein from transposon tnt 1-94 includes;
(76) retrovirus-related pol polyprotein from type-1 retrotransposable element r1; (77) retrovirus-related pol
polyprotein from type-1 retrotransposable element r1 4; (78) retrovirus-related pol polyprotein from type-1
retrotransposable element r2; (79) rna-directed rna polymerase catalytic subunit; (80) rna-directed rna
polymerase l short; (81) ryanodine receptor 44f; (82) scan domain-containing protein 3; (83) sco-spondin flags;
(84) serpin a3-2 flags; (85) signal transducer and activator of transcription 5b; (86) spectrin alpha nonerythrocytic 1; (87) spectrin beta non-erythrocytic 5; (88) talin-1; (89) talin-2; (90) tigger transposable elementderived protein 1; (91) tigger transposable element-derived protein 2; (92) tigger transposable element-derived
protein 4; (93) tigger transposable element-derived protein 6; (94) titin; (95) transposable element tc1
transposase; (96) transposable element tcb1 transposase; (97) transposable element tcb2 transposase; (98)
transposon ty3-i gag-pol polyprotein; (99) transposon-derived buster3 transposase-like protein; (100) twitchin;
(101) Uncharacterized protein K02A2.6; (102) Uncharacterized protein KIAA0232; (103) uncharacterized
transposon-derived protein; (104) utrophin; (105) vacuolar protein sorting-associated protein 13a; (106)
vacuolar protein sorting-associated protein 13c; (107) very low-density lipoprotein receptor short; (108)
vinculin; (109) zinc finger bed domain-containing protein 5; (110) zinc finger mym-type protein 1; (111) zinc
finger mym-type protein 5;

B.6.3. Annotated up-regulated transcripts in response to cold-shock in M. nov. sp. 2 from Mt.
Arthur
(1) anaphase-promoting complex subunit 7 short; (2) apoptosis 1 inhibitor; (3) cathepsin l; (4) cytochrome b;
(5) cytochrome c oxidase subunit 1; (6) histone; (7) probable rna-directed dna polymerase from transposon xelement; (8) rna-directed dna polymerase from mobile element jockey;

B.6.4. Annotated down-regulated transcripts in response to cold-shock in M. nov. sp. 2 from
Mt. Arthur
(1) 17-beta-hydroxysteroid dehydrogenase type 6 short; (2) alcohol dehydrogenase; (3) atp-dependent dna
helicase pif1; (4) chitotriosidase-1; (5) cuticle protein 21; (6) cuticle protein 6; (7) cuticle protein 7; (8)
dehydrogenase reductase sdr family member 11 flags; (9) endocuticle structural glycoprotein bd-1; (10)
endocuticle structural glycoprotein bd-2; (11) endocuticle structural glycoprotein bd-4; (12) endocuticle
structural glycoprotein bd-8; (13) endocuticle structural glycoprotein bd-9; (14) envelope glycoprotein; (15)
glutathione s-transferase 1-1; (16) mariner mos1 transposase; (17) outer dense fiber protein 3; (18)
photosystem q protein; (19) protein isoforms b c flags; (20) protein yellow flags; (21) rna-directed rna
polymerase catalytic subunit; (22) rna-directed rna polymerase l short; (23) serine protease 29; (24) sodium
potassium-transporting atpase subunit beta-2; (25) udp-n-acetylhexosamine pyrophosphorylase includes;
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B.6.5. Annotated up-regulated transcripts in response to cold-shock in M. hystriculeus from
Paengaroa
(1) 115 kda protein in type-1 retrotransposable element r1dm; (2) ankyrin repeat and kh domain-containing
protein 1; (3) ankyrin repeat domain-containing protein 2; (4) ankyrin-2 short; (5) apolipophorins; (6)
hemolymph lipopolysaccharide-binding protein short; (7) metabotropic glutamate receptor 5 short; (8) mucin-6;
(9) s-norcoclaurine synthase;

B.6.6. Annotated down-regulated transcripts in response to cold-shock in M. hystriculeus
from Paengaroa
(1) diuretic hormone short; (2) ejaculatory bulb-specific protein 3; (3) glycoprotein g; (4) myosuppressin; (5)
neuroparsin-a short; (6) nucleoprotein short; (7) pancreatic lipase-related protein 1 short; (8) pancreatic
lipase-related protein 2 short; (9) probable rna-directed dna polymerase from transposon bs; (10) rna-directed
rna polymerase short; (11) sarcosine mitochondrial short; (12) transforming acidic coiled-coil-containing
protein 3;
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B.7. Intra- and inter-specific overlap in differentially-expressed cold-responsive loci from

three populations representing two species of Micrarchus stick insect. Each table represents
contigs from one population with corresponding differentially expressed contigs in another
(BLASTx E-value <1-10). Abbreviations; SP = Micrarchus nov. sp. 2 from Sewell peak; MA =
Micrarchus nov. sp. 2 from Mt. Arthur; PA = Micrarchus hystriculeus from Panegaroa.
B.7.1. Micrarchus nov. sp. 2 from Sewell peak
SwissProt Annotation
unannotated contig (comp59564_c0_seq1)
cathepsin l
unannotated contig (comp48463_c0_seq1)
unannotated contig (comp91528_c0_seq1)
unannotated contig (comp67267_c0_seq1)
hemolymph lipopolysaccharide-binding protein
unannotated contig (comp78028_c0_seq1)
unannotated contig (comp4626_c0_seq1)
unannotated contig (comp3201_c0_seq1)
endocuticle structural glycoprotein bd-2
unannotated contig (comp14910_c0_seq1)
unannotated contig (comp25852_c0_seq1)
unannotated contig (comp3098_c0_seq1)
unannotated contig (comp28864_c0_seq1)
unannotated contig (comp2118_c0_seq1)
endocuticle structural glycoprotein bd-4
unannotated contig (comp3433_c0_seq1)
endocuticle structural glycoprotein bd-1
unannotated contig (comp33938_c0_seq1)
unannotated contig (comp2652_c0_seq2)
unannotated contig (comp69467_c0_seq1)
pupal cuticle protein 20
unannotated contig (comp227490_c0_seq1)
unannotated contig (comp4455_c0_seq1)
unannotated contig (comp5762_c0_seq1)
unannotated contig (comp6360_c0_seq1)
unannotated contig (comp56371_c0_seq1)
endocuticle structural glycoprotein bd-2
unannotated contig (comp1050_c0_seq1)
unannotated contig (comp2943_c0_seq2)
endocuticle structural glycoprotein bd-2
unannotated contig (comp15615_c0_seq1)
larval cuticle protein a3a
unannotated contig (comp3632_c0_seq2)
unannotated contig (comp1689_c0_seq1)
unannotated contig (comp3119_c0_seq1)
unannotated contig (comp3195_c0_seq1)
unannotated contig (comp9818_c0_seq1)
unannotated contig (comp1534_c0_seq1)
unannotated contig (comp4745_c0_seq1)
unannotated contig (comp4474_c0_seq1)
unannotated contig (comp785_c0_seq1)
unannotated contig (comp1445_c0_seq2)
unannotated contig (comp4292_c0_seq1)
unannotated contig (comp23945_c0_seq1)
unannotated contig (comp2943_c0_seq1)
unannotated contig (comp1445_c0_seq1)
unannotated contig (comp25124_c0_seq1)
unannotated contig (comp31045_c0_seq1)
unannotated contig (comp3042_c0_seq1)
unannotated contig (comp27774_c0_seq1)
unannotated contig (comp28837_c0_seq1)
unannotated contig (comp3633_c0_seq1)
unannotated contig (comp9510_c0_seq1)
unannotated contig (comp8433_c0_seq1)
endocuticle structural glycoprotein bd-8

Direction Of Regulation
SP
MA
PA
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Down
Up
Up
Down
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down

Number of Contigs
MA
PA
2
1
2
2
1
1
3
4
1
3
1
2
1
7
1
1
1
6
2
6
2
1
1
3
1
2
4
4
1
4
1
2
7
3
2
3
1
2
2
1
2
1
3
4
1
1
2
2
1
1
2
2
2
1
3
1
1
2
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unannotated contig (comp12225_c0_seq1)
protein takeout
unannotated contig (comp1396_c0_seq2)
unannotated contig (comp2142_c0_seq1)
unannotated contig (comp1402_c0_seq2)
unannotated contig (comp1396_c0_seq1)
unannotated contig (comp2345_c0_seq1)
unannotated contig (comp3042_c0_seq3)
unannotated contig (comp3042_c0_seq2)
unannotated contig (comp26000_c0_seq1)
cuticle protein 7
unannotated contig (comp2985_c0_seq1)
unannotated contig (comp1518_c0_seq1)
outer dense fiber protein 3
cuticle protein 6
unannotated contig (comp7973_c0_seq1)
unannotated contig (comp4138_c0_seq1)
unannotated contig (comp2725_c0_seq1)
unannotated contig (comp4684_c0_seq1)
unannotated contig (comp1479_c0_seq1)
unannotated contig (comp4570_c0_seq1)
17-beta-hydroxysteroid dehydrogenase type 6
unannotated contig (comp5893_c0_seq1)
larval cuticle protein lcp-14
unannotated contig (comp5808_c0_seq1)
endocuticle structural glycoprotein bd-1
outer dense fiber protein 3
unannotated contig (comp89055_c0_seq1)
unannotated contig (comp1274_c0_seq1)
unannotated contig (comp59813_c0_seq1)
unannotated contig (comp3273_c0_seq2)
unannotated contig (comp3887_c0_seq4)
unannotated contig (comp3887_c0_seq6)
unannotated contig (comp3887_c0_seq9)
unannotated contig (comp3887_c0_seq1)
unannotated contig (comp3887_c0_seq10)
unannotated contig (comp3887_c0_seq15)
unannotated contig (comp3887_c0_seq2)
unannotated contig (comp3887_c0_seq7)
unannotated contig (comp3887_c0_seq5)
unannotated contig (comp90239_c0_seq1)
unannotated contig (comp46346_c0_seq1)
rna-directed rna polymerase l
unannotated contig (comp213407_c0_seq1)
unannotated contig (comp63560_c0_seq1)
unannotated contig (comp2697_c0_seq1)
unannotated contig (comp2559_c0_seq1)
mariner mos1 transposase
mariner mos1 transposase
unannotated contig (comp3287_c0_seq1)
unannotated contig (comp3391_c0_seq1)
unannotated contig (comp3880_c0_seq4)
pogo transposable element with krab domain
unannotated contig (comp132282_c0_seq1)
unannotated contig (comp1999_c0_seq2)
tigger transposable element-derived protein 6
unannotated contig (comp119984_c0_seq1)
cytochrome c oxidase subunit 1
cytochrome b
unannotated contig (comp1188_c0_seq1)
apoptosis 1 inhibitor
unannotated contig (comp3372_c0_seq1)
ejaculatory bulb-specific protein 3
unannotated contig (comp1212_c0_seq1)
sco-spondin
unannotated contig (comp170645_c0_seq1)
unannotated contig (comp3673_c0_seq1)
unannotated contig (comp132950_c0_seq1)
unannotated contig (comp55201_c0_seq1)
unannotated contig (comp213684_c0_seq1)

Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down

Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down

Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up

1
1
3
4
1
3
1
3
3
4
2
1
1
1
6
1
2
2
2
2
2
1
1
3
1
4
1
Up
Up
Up
Up
Down
Down
Down
Down
Down
Down
Down
Down
Down
Up
Up
Up
Up
Up

Down
Up
Up
Up
Up
Up
Up
Up

6
6
6
6
6
6
6
6
6
1
1
1
1
1
1
1
1
1
1
2
1
1
1
1
1
1
1
1
1
1
1

2
1
2
5
1
1
1
1
1
1
1
1
1
2
1
2
1
1

1
1
1
1
1
1
4
1
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unannotated contig (comp155373_c0_seq1)
unannotated contig (comp160226_c0_seq1)
unannotated contig (comp177288_c0_seq1)
unannotated contig (comp49082_c0_seq1)
unannotated contig (comp79813_c0_seq1)
unannotated contig (comp7841_c0_seq1)
unannotated contig (comp985_c0_seq1)
unannotated contig (comp62111_c0_seq1)
unannotated contig (comp1199_c0_seq2)
unannotated contig (comp29939_c0_seq1)
115 kda protein in type-1 retrotransposable element r1dm

Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down

Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up

1
1
1
1
1
2
1
4
1
1
2

B.7.2. Micrarchus nov. sp. 2 from Mt. Arthur
SwissProt Annotation
unannotated contig (comp8650_c0_seq1)
unannotated contig (comp9054_c0_seq2)
unannotated contig (comp9054_c0_seq1)
unannotated contig (comp10473_c0_seq1)
unannotated contig (comp20752_c0_seq1)
unannotated contig (comp87272_c0_seq1)
unannotated contig (comp6682_c0_seq1)
unannotated contig (comp48418_c0_seq1)
unannotated contig (comp8923_c0_seq1)
unannotated contig (comp8923_c0_seq2)
cathepsin l
cytochrome c oxidase subunit 1
unannotated contig (comp3153_c0_seq1)
cytochrome b
apoptosis 1 inhibitor
unannotated contig (comp84544_c0_seq1)
unannotated contig (comp98010_c0_seq1)
unannotated contig (comp17119_c0_seq1)
unannotated contig (comp7528_c0_seq1)
unannotated contig (comp2379_c0_seq1)
unannotated contig (comp2562_c0_seq1)
unannotated contig (comp19942_c0_seq1)
glutathione s-transferase 1-1
unannotated contig (comp3345_c0_seq1)
unannotated contig (comp8531_c0_seq1)
unannotated contig (comp6492_c0_seq1)
unannotated contig (comp12028_c0_seq1)
unannotated contig (comp3334_c0_seq2)
unannotated contig (comp9152_c0_seq1)
unannotated contig (comp5917_c1_seq1)
unannotated contig (comp9028_c0_seq1)
atp-dependent dna helicase pif1
unannotated contig (comp2515_c0_seq1)
mariner mos1 transposase
unannotated contig (comp87029_c0_seq1)
unannotated contig (comp53269_c0_seq1)
unannotated contig (comp5526_c0_seq1)
unannotated contig (comp113637_c0_seq1)
unannotated contig (comp3313_c0_seq1)
unannotated contig (comp6419_c0_seq1)
unannotated contig (comp14089_c0_seq1)
unannotated contig (comp17712_c0_seq1)
unannotated contig (comp6150_c0_seq2)
unannotated contig (comp6150_c0_seq1)
unannotated contig (comp27344_c0_seq1)
unannotated contig (comp6636_c0_seq1)
unannotated contig (comp9597_c0_seq1)

Direction of Expression
MA
PA
SP
Up
Up
Down
Up
Up
Up
Up
Up
Up
Up
Down
Up
Down
Up
Down
Up
Up
Up
Up
Up
Up
Up
Up
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Down
Down
Down/Up
Down
Down
Down/Up
Down
Down
Down/Up
Down
Down
Up
Down
Down
Up
Down
Down
Down
Up
Down
Down
Up
Down
Down
Up
Down
Up
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down/Up
Down
Down/Up
Down
Down/Up
Down
Down/Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up

Number of Contigs
PA
SP
2
1
1
1
1
1
1
1
1
3
3
1
1
1
1
1
2
3
2
1
9/2
1
9/2
1
9/2
1
1
1
2
1
1
3
1
2
1
3
3
2
1
2
1
2
2/2
12/1
9/1
1/2
3
1
1
1
1
1
1
1
1
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cuticle protein 21
unannotated contig (comp10556_c0_seq1)
unannotated contig (comp9358_c0_seq1)
unannotated contig (comp3204_c0_seq2)
cuticle protein 7
unannotated contig (comp3204_c0_seq1)
unannotated contig (comp6503_c0_seq1)
unannotated contig (comp3322_c0_seq1)
unannotated contig (comp3392_c0_seq1)
unannotated contig (comp4558_c0_seq2)
unannotated contig (comp4558_c0_seq1)
unannotated contig (comp6645_c0_seq1)
endocuticle structural glycoprotein bd-9
unannotated contig (comp6309_c0_seq1)
unannotated contig (comp12928_c0_seq1)
cuticle protein 6
unannotated contig (comp10423_c0_seq1)
unannotated contig (comp4310_c0_seq1)
endocuticle structural glycoprotein bd-1
unannotated contig (comp129638_c0_seq1)
unannotated contig (comp3263_c0_seq1)
cuticle protein 6
cuticle protein 21 ame: full=lm-acp 21
unannotated contig (comp3694_c0_seq1)
unannotated contig (comp4257_c0_seq1)
unannotated contig (comp9287_c0_seq1)
unannotated contig (comp7843_c0_seq1)
unannotated contig (comp7965_c0_seq2)
unannotated contig (comp11692_c0_seq1)
endocuticle structural glycoprotein bd-1
unannotated contig (comp5792_c0_seq1)
unannotated contig (comp2140_c0_seq1)
unannotated contig (comp6369_c0_seq1)
endocuticle structural glycoprotein bd-2
endocuticle structural glycoprotein bd-1
unannotated contig (comp3248_c0_seq1)
cuticle protein 7
unannotated contig (comp8955_c0_seq2)
unannotated contig (comp5226_c0_seq1)
unannotated contig (comp8955_c0_seq1)
unannotated contig (comp17457_c0_seq1)
unannotated contig (comp13687_c0_seq1)
unannotated contig (comp16274_c0_seq1)
unannotated contig (comp24928_c0_seq1)
unannotated contig (comp6527_c0_seq4)
unannotated contig (comp75281_c0_seq1)
unannotated contig (comp7040_c0_seq1)
endocuticle structural glycoprotein bd-1
unannotated contig (comp10617_c0_seq1)
endocuticle structural glycoprotein bd-1
unannotated contig (comp8932_c0_seq1)
endocuticle structural glycoprotein bd-8
unannotated contig (comp166509_c0_seq1)
unannotated contig (comp21832_c0_seq1)
unannotated contig (comp33896_c0_seq1)
cud2_schgr ame: full=endocuticle structural glycoprotein bd-2
unannotated contig (comp151605_c0_seq1)
unannotated contig (comp8463_c0_seq1)
unannotated contig (comp18510_c0_seq1)
17-beta-hydroxysteroid dehydrogenase type 6
endocuticle structural glycoprotein bd-4
unannotated contig (comp2502_c0_seq1)
unannotated contig (comp107209_c0_seq1)
unannotated contig (comp6351_c0_seq1)
cuticle protein 6

Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
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Down
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Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
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Up
Up
Up
Up
Up
Up
Up
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Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
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Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up

1
2
1
3
2
3
1
2
7
3
3
2
2
3
1
3
1
1
3
2
4
1
1
3
2
1
3
3
1
3
4
2
1
5
4
1
1
1
2
2
1
3
1
1
1
1
2
6
3
5
2
3
3
1
4
6
1
3
1
1
1
1
1
2
1
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B.7.3. Micrarchus hystriculeus from Paengaroa
Swissprot Annotation
unannotated contig (comp4385_c0_seq8)
unannotated contig (comp4385_c0_seq5)
unannotated contig (comp5107_c0_seq1)
unannotated contig (comp73814_c0_seq1)
unannotated contig (comp2073_c0_seq1)
unannotated contig (comp21019_c0_seq1)
unannotated contig (comp18696_c0_seq1)
unannotated contig (comp25404_c0_seq1)
unannotated contig (comp3707_c0_seq1)
unannotated contig (comp58893_c0_seq1)
unannotated contig (comp68847_c0_seq1)
unannotated contig (comp1598_c0_seq1)
unannotated contig (comp11417_c0_seq1)
unannotated contig (comp109857_c0_seq1)
unannotated contig (comp4367_c0_seq4)
unannotated contig (comp21559_c0_seq1)
unannotated contig (comp4367_c0_seq3)
ankyrin-2
unannotated contig (comp4367_c0_seq7)
unannotated contig (comp4367_c0_seq5)
unannotated contig (comp22432_c0_seq1)
unannotated contig (comp102913_c0_seq1)
115 kda protein in type-1 retrotransposable element r1dm
unannotated contig (comp78235_c0_seq1)
unannotated contig (comp30_c0_seq1)
unannotated contig (comp133426_c0_seq1)
unannotated contig (comp67369_c0_seq1)
unannotated contig (comp158894_c0_seq1)
unannotated contig (comp175045_c0_seq1)
mucin-6
unannotated contig (comp83954_c0_seq1)
apolipophorins
unannotated contig (comp4386_c0_seq2)
unannotated contig (comp47525_c0_seq1)
unannotated contig (comp6598_c0_seq1)
unannotated contig (comp1037_c0_seq1)
unannotated contig (comp3559_c0_seq1)
ejaculatory bulb-specific protein 3

Direction of Expression
PA
MA
SP
Up
Up
Down
Up
Up
Down
Up
Up
Up
Down
Down
Up
Down
Down
Up
Down
Up
Down
Up
Down
Up
Down
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Up/Down
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Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Up
Down
Down
Down
Down/Up
Down
Down
Down
Up
Down
Up
Down
Up

Number of Contigs
# MA
# SP
3
1
1
1
1
1
3
1
1
1
1
1
1
1/1
1/1
2
1
1
1
2
1
1
1
1
3
2
2
2
2
1
2
1
1
1
2
2
1
5
11
1
2
1
1
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C. Chapter 4
C.1.1-10. Likelihood parameter values for site and branch specific models for ten enzymes
associated with glycolysis in Lanceocercata.
C.1.1. Eno (Enolase)
Model
M0
M1a
M2a
M3
M7
M8
M8a

l
-3796.50
-3734.32
-3734.32
-3730.75
-3731.79
-3730.84
-3730.85

dN/dS
0.110
0.143
0.143
0.121
0.120
0.121
0.121

Estimates of parameters
ω = 0.10964
p0 = 0.88930, (p1 = 0.11070)
p0 = 0.88930, p1 = 0.11070, (p2 = 0.00000), ω2 = 30.50253
p0 = 0.82411, p1 = 0.14927, (p2 = 0.02632) ω0 = 0.01994, ω1 = 0.47404, ω2 = 1.28698
p = 0.11579, q = 0.82851
p0 = 0.94785, (p1 = 0.05215) p = 0.17392, q = 2.14520, ω = 1.05350
p0 = 0.94016, (p1 = 0.05984) p = 0.18256, q = 2.42855, ω = 1.00000

C.1.2. Galm (Aldose 1-epimerase)
Model
M0
M1a
M2a
M3
M7
M8
M8a

l
-3555.43
-3454.87
-3454.87
-3449.96
-3453.18
-3450.14
-3450.48

dN/dS
0.155
0.188
0.188
0.172
0.162
0.172
0.164

Estimates of parameters
ω = 0.1552
p0 = 0.84695, (p1 = 0.15305)
p0 = 0.84695, p1 = 0.04145, (p2 = 0.09486), ω2 = 0.05819
p0 = 0.71804, p1 = 0.19258, (p2 = 0.08938) ω0 = 0.01639, ω1 = 0.28882, ω2 = 1.17527
p = 0.12494, q = 0.64155
p0 = 0.91168, (p1 = 0.08832) p = 0.24183, q = 2.79451, ω = 1.17181
p0 = 0.89364, (p1 = 0.10636) p = 0.26738, q = 3.64572, ω = 1.00000

C.1.3. Gapdh (Glyceraldehyde 3-phosphate dehydrogenase)
Model
M0
M1a
M2a
M3
M7
M8
M8a

l
-3779.93
-3719.72
-3719.05
-3716.50
-3722.68
-3717.29
-3717.41

dN/dS
0.043
0.055
0.061
0.052
0.065
0.049
0.048

Estimates of parameters
ω = 0.04280
p0 = 0.95800, (p1 = 0.04200)
p0 = 0.95855, p1 = 0.03851, (p2 = 0.00294), ω2 = 3.23704
p0 = 0.94120, p1 = 0.05501, (p2 = 0.00379) ω0 = 0.00967, ω1 = 0.56760, ω2 = 3.08936
p = 0.04709, q = 0.63918
p0 = 0.97641, (p1 = 0.02359) p = 0.07744, q = 2.70902, ω = 1.16462
p0 = 0.97151, (p1 = 0.02849) p = 0.08807, q = 3.51764, ω = 1.00000

C.1.4. Pdh (Pyruvate dehydrogenase)
Model
M0
M1a
M2a
M3
M7
M8
M8a

l
-3128.40
-3078.51
-3078.51
-3076.76
-3077.75
-3077.52
-3077.52

dN/dS
0.052
0.072
0.072
0.060
0.066
0.067
0.067

Estimates of parameters
ω = 0.05235
p0 = 0.94248, (p1 = 0.05752)
p0 = 0.94248, p1 = 0.05752, (p2 = 0.00000), ω2 = 25.93450
p0 = 0.65061, p1 = 0.28323, (p2 = 0.06616) ω0 = 0.00000, ω1 = 0.04530, ω2 = 0.71440
p = 0.05109, q = 0.67726
p0 = 0.95301, (p1 = 0.04699) p = 0.11580, q = 4.57465, ω = 1.00000
p0 = 0.95301, (p1 = 0.04699) p = 0.11580, q = 4.57467, ω = 1.00000

C.1.5. Pgi1 (Phosphoglucose isomerase 1)
Model
M0
M1a
M2a
M3
M7
M8
M8a

l
-2786.10
-2675.58
-2664.42
-2657.82
-2669.64
-2656.99
-2669.64

dN/dS
0.104
0.141
0.197
0.151
0.126
0.153
0.126

Estimates of parameters
ω = 0.10370
p0 = 0.87532, (p1 = 0.12468)
p0 = 0.87135, p1 = 0.11971, (p2 = 0.00895), ω2 = 6.84299
p0 = 0.83012, p1 = 0.16085, (p2 = 0.00903) ω0 = 0.00744, ω1 = 0.56138, ω2 = 6.04082
p = 0.04969, q = 0.34623
p0 = 0.99100, (p1 = 0.00900) p = 0.07135, q = 0.63715, ω = 6.08312
p0 = 0.99999, (p1 = 0.00001) p = 0.04969, q = 0.34624, ω = 1.00000
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C.1.6. Pgi2 (Phosphoglucose isomerase 2)
Model
M0
M1a
M2a
M3
M7
M8
M8a

l
-4908.76
-4816.51
-4816.11
-4800.27
-4810.17
-4801.90
-4804.19

dN/dS
0.098
0.118
0.125
0.114
0.110
0.114
0.101

Estimates of parameters
ω = 0.09770
p0 = 0.92193, (p1 = 0.07807)
p0 = 0.92392, p1 = 0.07023, (p2 = 0.00586), ω2 = 2.40926
p0 = 0.66727, p1 = 0.29625, (p2 = 0.03648) ω0 = 0.00000, ω1 = 0.19952, ω2 = 1.50572
p = 0.11326, q = 0.88951
p0 = 0.96764, (p1 = 0.03236) p = 0.20741, q = 2.77776, ω = 1.57978
p0 = 0.95066, (p1 = 0.04934) p = 0.22868, q = 3.67539, ω = 1.00000

C.1.7. Pgk (Phosphoglycerate kinase)
Model
M0
M1a
M2a
M3
M7
M8
M8a

l
-5061.85
-4929.70
-4929.70
-4920.31
-4922.92
-4921.25
-4921.54

dN/dS
0.194
0.229
0.229
0.206
0.196
0.207
0.201

Estimates of parameters
ω = 0.19374
p0 = 0.81155, (p1 = 0.18845)
p0 = 0.81155, p1 = 0.11620, (p2 = 0.07225), ω2 = 1.00000
p0 = 0.56750, p1 = 0.30438, (p2 = 0.12812) ω0 = 0.00000, ω1 = 0.22905, ω2 = 1.06606
p = 0.13541, q = 0.55380
p0 = 0.91323, (p1 = 0.08677) p = 0.19958, q = 1.49523, ω = 1.18305
p0 = 0.87279, (p1 = 0.12721) p = 0.23192, q = 2.38946, ω = 1.00000

C.1.8. Pglym (Phosphoglycerate mutase)
Model
M0
M1a
M2a
M3
M7
M8
M8a

l
-2228.23
-2158.87
-2158.87
-2151.7
-2153.78
-2152.31
-2152.65

dN/dS
0.078
0.102
0.102
0.094
0.119
0.090
0.084

Estimates of parameters
ω = 0.07787
p0 = 0.91321, (p1 = 0.08679)
p0 = 0.91321, p1 = 0.06913, (p2 = 0.01767), ω2 = 1.00000
p0 = 0.81373, p1 = 0.14290, (p2 = 0.04337) ω0 = 0.00000, ω1 = 0.26670, ω2 = 1.27599
p = 0.03471, q = 0.25567
p0 = 0.95528 (p1 = 0.04472) p = 0.05604, q = 1.22788, ω = 1.24774
p0 = 0.94481, (p1 = 0.05519) p = 0.05049, q = 1.24849, ω = 1.00000

C.1.9. Pyk (Pyruvate kinase) GT
Model
M0
M1a
M2a
M3
M7
M8
M8a

l
-3834.24
-3777.76
-3777.76
-3761.24
-3762.33
-3762.33
-3762.33

dN/dS
0.036
0.071
0.071
0.040
0.045
0.045
0.045

Estimates of parameters
ω = 0.03626
p0 = 0.93970, (p1 = 0.06030)
p0 = 0.93970, p1 = 0.06030, (p2 = 0.00000), ω2 = 13.80843
p0 = 0.61439, p1 = 0.30532, (p2 = 0.08030) ω0 = 0.00006, ω1 = 0.2126, ω2 = 0.41875
p = 0.05735, q = 1.04612
p0 = 0.99999, (p1 = 0.00001) p = 0.05736, q = 1.04640, ω = 1.40148
p0 = 0.99999, (p1 = 0.00001) p = 0.05736, q = 1.04634, ω = 1.00000

C.1.10. Tpi (Triosephosphate isomerase) GT
Model
M0
M1a
M2a
M3
M7
M8
M8a

l
-2716.07
-2693.6
-2693.6
-2689.54
-2690.41
-2689.77
-2690.25

dN/dS
0.139
0.180
0.180
0.154
0.153
0.156
0.152

Estimates of parameters
ω = 0.13928
p0 = 0.87314, (p1 = 0.12686)
p0 = 0.87314, p1 = 0.10137, (p2 = 0.02549), ω2 = 1.00000
p0 = 0.67892, p1 = 0.31455, (p2 = 0.00654) ω0 = 0.01154, ω1 = 0.41197, ω2 = 2.57660
p = 0.19881, q = 1.08056
p0 = 0.99464, (p1 = 0.00536) p = 0.22782, q = 1.33953, ω = 2.63921
p0 = 0.96492, (p1 = 0.03508) p = 0.24364, q = 1.70338, ω = 1.00000
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C.2. PCR Primer sequences and their annealing temperature. Genes were either amplified in
one complete fragment or with the use of internal primers.
Gene

Primer and Direction

5'-3'

Annealing

Aldose 1-epimerase

Galm_313F

ACAATCCGTATTTCGGAGCAACCA

60⁰C

Galm_663F

TTCAACTGGGTCCGAGAGCATC

60⁰C

Galm_789R

TCAGCTGCGGGAATGCCAGTT

60⁰C

Galm_998R

TGCAGCATGCTTCCTGTACGTGT

60⁰C

Calr_283F

ACCTGGTGGTGCAGTTCACGG

58⁰C

Calr_790F

AGAGTGGGAGCCGCCCATGAT

58⁰C

Calr_811R

TGCTTGGGCTTCCACTCGCC

58⁰C

Calr_1167R

GGCGTGTCTCCTGCTTCTGCC

58⁰C

CI-J-2195

(Simons et al., 1994)

54⁰C

TL2-N-3014

(Simons et al., 1994)

54⁰C

TL2-J-3034

(Simons et al., 1994)

54⁰C

TK-N-3785

(Simons et al., 1994)

54⁰C

Ef1a-795-F

CCACCTAGCCGTCCCACGGA

62⁰C

Ef1a-1496-R

GTCGGCAGGGCAGAGAGCTG

62⁰C

Eno_185F

AGCACTACCACGGAAAGGGGGT

56⁰C

Eno_10901

ACCATGGTGCCCCAGCCATT

56⁰C

Flnc_360F

TCGTACCTTCCCACTGCCCCT

60⁰C

Flnc_1301R

TGGCCCACCTGCATGCACTC

60⁰C

Gapdh_446R

TGCCAGGCAGTTGGTGGTGC

60⁰C

Gapdh_43F

ATTCGGCCGCATCGGTCGCC

60⁰C

Gapdh_338F

TGCTCACTTGGAAGGTGGGGC

60⁰C

Gapdh_885R

TGCTGAGGGGAATGCCAGCC

60⁰C

Gsk3b_310F

GCGAAGCTATGCGACACTGGGG

64⁰C

Gsk3b_1267R

CCGGGGTTGTTGCTCGCAGT

64⁰C

Gsk3b_815F

AGCGCTGGGTGTGTTCTGGC

64⁰C

Gsk3b_818R

GGGTTGCCCCAGCAGCAGTT

64⁰C

Mer_863F

GCGCATCCTGGCCTTGTGCAT

60⁰C

Mer_1676R

GCGCTTCGTGTTGCCCTTGC

60⁰C

Mer_1168F

TGAGCTGGAGGAGCGCCAGA

60⁰C

Mer_1507R

TCCGCGAGCGTCCTCCTCTC

60⁰C

Pgi1_924F

GCGCGCACTTCGCTGACAAC

60⁰C

Pgi1_1601R

GCTGCTCACCGGCGTCTTGT

60⁰C

Pgi1_1143F

GGACTACGCCACAGGCCCCATA

60⁰C

Pgi1_1423R

CGACTATGGAGTTGGTGGGGCG

60⁰C

Pgi2_-6F

GTGAAGACGCGCCCAGCAGT

70⁰C

Pgi2_+62R

CCGCCCAATCAGCTCGCAGT

62⁰C

Pgi2_702F

CCCAGTCCGCCAAGCAGTGG

62⁰C

Pgi2_961R

GCCAGGATCGCCGCCATGTT

70⁰C

Pgi2_1149R

CCGGTGTTCCCCACACCACG

64⁰C

Pgi2_33F

GTTGTTCAAGCTGCCCAGGCTCACC

64⁰C

Pgi2_813F

ATGGACGAGAGGAACATCTTCAGG

64⁰C

Pgi2_+104R

CGCACACAATTTTTCTTTGTTACAGCG

64⁰C

Pgi2_280F

AGGGACGCCATGTTCGCCG

64⁰C

Pgi2_981R

TGTACCACACGCCGAGCAGC

64⁰C

Pgi2_833F

TTCTGGGACTGGGTCGGCGG

64⁰C

Pgi2_1628R

GGTGGACGGGTCGTGGCTTG

64⁰C

Pgk_131F

AGCGTATTGTTGCTGCCCTGGA

62⁰C

Pgk_1049R

CCACTGCATCCATCAGACCCTTCG

62⁰C

Pgk_653F

CGGGGCCAAGGTTGCAGACAA

62⁰C

Pgk_673R

TCATCCACGCGGTCGAGCAT

62⁰C

Calreticulin

Cytochrome oxidase I & II

Elongation factor 1 alpha
Enolase

Filamin-C
Glyceraldehyde 3-phosphate dehydrogenase

Glycogen synthase kinase 3 beta

Moesin ezrin radixin homolog

Phosphoglucose isomerase 1

Phosphoglucose isomerase 2

Phosphoglycerate kinase
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Phosphoglycerate mutase
Pyruvate dehydrogenase

Pyruvate kinase

Sorbitol dehydrogenase

Triosephosphate isomerase

28s

Pglym_206F

GGCGCAGGACACACTCCAAGC

60⁰C

Pglym_695R

CACTGTTTCCTCATCACCCAGGAACT

60⁰C

Pdh_236F

AGGCGAATGGAGGCTTCCGC

60⁰C

Pdh_969R

GCTCCGCACCGAGGAGCTTG

60⁰C

Pdh_458F

CGCGAGGGGTAAAGGTGGCTC

60⁰C

Pdh_823R

TGGGTCCCTTGCCACTCGC

60⁰C

Pyk_149F

ACCATTGGGCCGGCATCACG

62⁰C

Pyk_930R

GCTTGCCCGCATGGTTGCAG

62⁰C

Pyk_605F

ATGCTGGGCAGCAGGAAGGG

62⁰C

Pyk_607R

GGGACTCCGGGCAGGTTCAC

62⁰C

Sord_1003R

TTGCCCTTGCCCGTCTTGGC

66⁰C

Sord_160F

CCTGGTCAACGGCCGGATCG

66⁰C

Sord_208F

CATGGGACACGAGGCGAGCG

60⁰C

Sord_955R

AGTTTGAAGTTGTGGGTGAT

60⁰C

Sord_581F

GCCAAGGCCATGGGAGCCAG

60⁰C

Sord_748R

AGCCTGACGGTGGACTCGGC

60⁰C

Tpi_28F

AGGAAGTTTTGGGTCGGTGGGA

60⁰C

Tpi_683R

GCGAAGCTCCACCCACAAGGA

60⁰C

Tpi_241F

ACAGGTGAGATCAGCCCAGCAA

60⁰C

Tpi_484R

TGGCCCAAACAGGCTCGTATGC

60⁰C

28S-356

(Buckley et al., 2008)

60⁰C

28S-1009

(Buckley et al., 2008)

60⁰C
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C.3. Lanceocercata stick insect collection details
Species
Acanthoxyla sp.
Anchiale sp.
Argosarchus horridus

Asprenas impennis
Asprenas sp.
Asteliaphasma jucundum
Canachus sp.
Clitarchus hookeri
Clitarchus nov. sp. 2
Clitarchus nov. sp. 1
Cnipsus rachis
Ctenomorpha sp.
Gen. Nov. 1, sp. nov. 1
Leosthenes sp.
Micrarchus nov. sp. 2 (NZAC03009458)

Micrarchus hystriculeus
Micrarchus nov. sp. 1 (NZAC03000433)
Micrarchus nov. sp. 3 (NZAC03000053)
Microcanachus sp.
Niveaphasma annulata

Gen. Nov. 2 sp. nov. 1
Pseudoclitarchus sentus
Spinotectarchus acornutus
Tectarchus huttoni
Tectarchus ovobessus
Tectarchus salebrosus
Tepakiphasma ngatikuri
Tropidoderus sp. 1
Tropidoderus sp. 2

n
1
1
1
1
1
1
1
1
2
1
2
1
1
1
1
1
1
1
1
1
2
2
1
1
1
1
2
2
2
1
1
1
1
1
2
1
2
1
1
1
2
1
1
1
1

Collection Details

Coordinates

NZ, Auckland, Oratia, Waitakere
NZ , Westland, Okarito, Pack Track to Three Mile Lagoon
AU, Queensland, Kuranda
NZ, Mid Canterbury, Bank’s Peninsula, Okuti Valley
NZ, Bay of Plenty, Karangahake Gorge
NZ , Rangitikei, Paengaroa
NC, Prov. Sud, trail to Plateau de Dogny,
NC, Prov. Sud, Col d'Amieu
NZ, Auckland, Kakamatua Park, near Huia, Waitakere
NZ, Northland, Puketi Forest, Waipapa River Track
NC ,Prov. Sud, Road from Sarraméa to Canala
NZ, Waikato, Lake Karapiro
NZ, Auckland, Totara Park, Manukau,
NZ, Northland, Cape Reinga, Te Paki
NZ, Northland, Tawhiti Rahi, Poor Knights Island
NC, Prov. Nord, Aoupinié, maintenance hut
NC, Prov. Sud, Road from Sarraméa to Canala
AU, Queensland, Noonbah Station
NC, Prov. Sud, Riviére Bleue Pk,
NC, Prov. Sud, trail to Plateau de Dogny
NZ, Buller, Sewell Peak
NZ, Nelson, Mt Arthur Trk, ridge above Mt Arthur hut
NZ, Nelson, Lead Hill eastern slope
NZ, Nelson, Lake Sylvester Track, Cobb Dam
NZ, Nelson, Mt Robert
NZ, Nelson, Denniston Saddle, Whareatea Mine
NZ , Rangitikei, Paengaroa
NZ, Kaikoura, Puhi Puhi Reserve
NZ , Marlborough sounds, Stephens Island, Queens Beach
NC, Prov. Sud, Riviére Bleue Park
NZ , Mackenzie, Lake Ohau Ski Field Road
NZ, Fjordland, Lk Monowai Road
NZ, Central otago, The Remarkables, Rastus Burn Road
NZ , Southland, Old Coach Rd, Papatowai, The Catlins
NC, Prov. Nord, Aoupinié, maintenance hut
NZ, Great Island, Three Kings Islands
NZ, Northland, Kohuranaki Reserve
NZ, Northland, East Herekino, Kaitaia Walkway
NZ, Wellington, Akatarawa Saddle, Tararua Forest
NZ, Wellington, Kapiti Island, Wilkinson Track
NZ , Rangitikei, Paengaroa
NZ, Christchurch, Kennedy’s bush
NZ , Northland, Kauri Bush
AU, Queensland
AU, Queensland

(-36°55’34”,174°37’02”)
(-43°13’17”,170°09’55”)
(-16°48’55”,145°38’33”)
(-43°46’56”,172°49’55”)
(-39°38’45”,175°42’37”)
(-21°37', 165°52')
(-21°33’ S,165°45’)
(-37°01’49”,174°31’10”)
(-35°16’41”,173°41’06”)
(-21°35’06”,165°48’56”)
(-37°56’48”,175°35’35”)
(-37°00’04”,174°54’42”)
(-34°30’03”,172°47’25”)
(-35°27’19”,174°44’08”)
(-21°09',165°19’)
(-21°35’06”,165°48’56”)
(-24°05’15”,143°08’41”)
(-22°09’, 166°30’)
(-21°37',165°52')
(-42°24’19”,171°20’35”)
(-41°11’52”,172°42’45”)
(-40°52’25”,172°32’31”)
(-41°06’19”,172°40’57”)
(-41°50’03”,172°48’40”)
(-41°46’02”,171°47’15”)
(-39°38’45”,175°42’37”)
(-42°14’22”,173°45’10”)
(-40°40’15”,174°00’15”)
(-22°09’,166°30)
(-44°14’56”,169°47’48”)
(-45°48’29”,167°31’32”)
(-45°01’47”,168°47’09”)
(-46°33’09”,169°28’29”)
(-21°09',165°19’)
(-34°09’34”,172°08’10”)
(-34°29’57”,172°52’21”)
(-35°09’47”,173°16’09”)
(-40°56’55”,175°06’39”)
(-40°51’36”,174°55’25”)
(-39°38’45”,175°42’37”)
(-43°37’59”,172°36’25”)
(-34°30’03”,172°47’25”)
-

NZ = New Zealand, AU = Australia, NC = New Caledonia, n = number sequenced.
New Zealand Arthropod Collection (NZAC) code provided for vouchers specimens for undescribed species
For undescribed NC species information refers to previously published identifications (Buckley et al., 2010a)
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C.4. Bayesian arthropod PGI phylogeny constructed using full length amino acid sequences (alignment = 574
amino acids). Duplications in the Lancerocercata stick insects are highlighted. Phylogeny constructed using
MrBayes: 0.5 million generations; average deviation of spilt frequencies < 0.01; WAG amino acid substitution
model with Gamma; scale indicates number of substitutions per site. Full length sequences from NCBI
GenBank (Accession numbers after species name). Timema sequence extracted from published transcriptome
(Comeault et al., 2012)
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C.5. Amino acid alignment of all three PGI paralogues in Clitarchus hookeri (CLH), Niveaphasma annulata
(NIV) and Micrarchus nov. sp. 2 (MI2) transcriptomes. Sites identified as under positive selection across the
Lanceocercata (posterior probability > 0.95) using the M8 substitution model and BEB analysis implemented in
the CODEML program of the PAML v.4.5 package highlighted in yellow.
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