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Abstract 

Weta are among the largest extant insects in the world and are an iconic part of the New Zealand 

fauna. The decline observed in a number of species has resulted from a combination of habitat 

destruction and predation by introduced mammalian predators. A significant proportion of species are 

now classified as threatened, and these are the focus of a variety of translocations and breeding 

programs. The development of genomic resources, coupled with a better understanding of their 

biology and evolution, is essential to ensure the preservation and survival of these iconic New 

Zealand insects. 

The aim of this thesis was to employ various next-generation sequencing approaches to investigate 

aspects of weta biology and evolution. Three applications, transcriptome sequencing, genome 

sequencing and genotyping-by-sequencing, are highlighted with the resulting data being used to 

investigate the molecular evolution, determine underlying phylogenetic relationships, assemble and 

annotate a draft genome, develop a panel of genome-wide single-nucleotide polymorphisms (SNPs) 

and assess the levels of diversity and inbreeding in species of conservation interest.  

New Zealand tree (Hemideina) and giant (Deinacrida) weta are an ideal group to study selection 

patterns at the molecular level as they encompass a variety of habitats, including alpine adapted 

species which show elevated metabolic rates relative to lowland species. RNA-seq was used to 

generate transcriptomes for all 18 species. Orthologue identification using a bidirectional best hit 

approach identified 755 orthologues, which encompass a diverse range of Gene Ontology (GO) 

terms. A total of 83 orthologues were inferred as being under positive selection for at least one codon. 

Enzymes involved in oxidative phosphorylation, melanin synthesis and free-radical scavenging are 

represented within the 83 transcripts, providing a possible insight into the mechanisms by which 

metabolic rate variation and alpine adaption have evolved. Investigations into patterns of selection 

along branches leading to alpine lineages suggest that each alpine lineage has its own unique set of 

adaptations to the alpine environment. A total of 77 genes were inferred as being under positive 

selection only on alpine lineages and these represent interesting candidates underlying species 

specific alpine adaption within New Zealand weta.  

Sequencing a genome is an important first step to understanding many aspects of a species’ biology 

and evolutionary history. The Poor Knights giant weta (D. fallai) genome is large, with flow cytometry 

estimating the male haploid genome size at 8.5 Gbp. The draft assembly presented here represents, 

to the best of our knowledge, the first genome available for Anostostomatidae and the second for the 

insect order Orthoptera. The final assembly, comprises 5.38 Gbp over 711,650 scaffolds, with an N50 

scaffold size of 516 kbp. Over half (58%) of the genome is comprised of repetitive elements, many of 

which are potentially unique to weta because they lack similarity to known repeat families. The 
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difference between the flow cytometry estimate and assembly size is shown to result from a 

combination of repeat compression and low sequencing coverage. Although the resulting draft 

genome assembly is fragmented, it represents a valuable first step and will help aid our 

understanding and support further research into the genetic basis of weta biology and conservation 

efforts for these endemic species. 

Three Deinacrida species (D. fallai, D. heteracantha and D. mahoenui) were used to develop a 

genome-wide panel of SNPs from genotyping-by-sequencing. All three species are of conservation 

interest, and D. heteracantha and D. mahoenui are the focus of a variety of translocation and 

breeding programs. Although all three species have different population histories, all have undergone 

bottleneck events due to factors such as predation, habitat loss and/or translocation. An 

understanding of the underlying genetic variation and inbreeding levels is essential for the effective 

management of these species. This study reveals genome-wide SNP heterozygosity to be equivalent 

to the levels observed in wild outbred taxa, and that minimal inbreeding is occurring.  A total of 32 

putative outlier loci are inferred as being under diversifying selection, indicative of the potential for 

adaptive variation among the species. The application of these genomic resources to threatened 

species will help inform conservation management, ensuring the survival of these iconic insects. 

 



 

iv 
 

Acknowledgements 

I would thank all of those who have helped me throughout the course of this research. 

First of all, I would like to thank my supervisors Thomas Buckley and Richard Newcomb for the 

continual support and encouragement. Thank you for giving me the freedom to take this project in 

directions that took my interest, and for the motivation to peruse avenues I wouldn’t have taken on my 

own. 

I would also like to add a special thank you to Alice Dennis. Thank you for always being ready to 

provide advice, suggestions and support. Several friends and fellow PhD students have helped to 

push me along the way. Shelley Myers, for always taking an interest in my project. Chen Wu for 

always being willing to help and provide advice along the way, a lot of this would not have been 

possible without our continuous discussions. Talia Brav-Cubitt, thanks for the support and many 

discussions, also a massive thank you for proofreading this thesis. Delwene who always provided 

distractions and support when required, and for binding my thesis. Marie McDonald, thank you for the 

many hours of discussion, support, accompanying me on field trips and for the many hours spent 

collecting weta.  

Thank you to the Iwi from around the country for enabling the collection of samples, especially Ngāti 

Manuhiri and Ngātiwai. Thanks also to the Department of Conservation for issuing collecting permits. 

In particular, thank you to Richard Walle, Leigh Walle, Pete Mitchell, Chris Green and Cathy Mitchell 

for their help, support and advice when collecting on Little Barrier Island.  

A huge thank you must go to all of the wonderful volunteers, friends and colleagues who have helped 

in the collection of samples. Thanks to: R. Cole, M. McDonald, K. Grayson, K. Lomas, D. Seldon, C. 

Watts, T. Jewell, L. Moran, W. Chinn, R. Leschen, I. Millar, P. Ritchie, R. van Heugten, D. Wharton, 

G. Twort, O. Twort, S. Myers, J. Stavert, T. Buckley, P. Mitchell, C. Mitchell, J. Simmons, M. Mitchell, 

L. Whitwell, D. Thornburrow and G. Gibbs. 

Landcare Research is an amazing place to work and I would like to thank all the staff. In particular, I 

would like to acknowledge the past and present members of the ecological genetics lab, including: 

Robyn Howitt, Duckchul Park, Luke Dunning, Ana Ramon-Laca, Diana Prada, Tom Winstanley, Julia 

Allwood and Stefanie Grosser.  

I also need to thank Howard Ross, who provided support, feedback and useful insights and 

suggestions along the way. Rob Elshire and New Zealand Genomics Limited (NZGL) for their help, 

advice and sequencing of GBS samples. Elena Hilario who kindly donated her time to walk me 

through the nuclei extraction methods, and for help troubleshooting DNA extractions. Dagmar Goeke 

and Gary Houliston, thank you for walking me through flow cytometry and for many insightful 

discussions. Ross Crowhurst, Kim Rutherford, Daniel White, the New Zealand eScience Infrastructure 

(NeSI) high-performance computing facilities and the staff at the Centre for eResearch at the 



 

v 
 

University of Auckland for bioinformatic support, and to all my friends, family and colleagues who 

have made this experience what it is. 

Funding was provided by the Allan Wilson Centre, The University of Auckland and Core funding for 

Crown Research Institutes from the New Zealand Ministry of Business, Innovation and Employment’s 

Science and Innovation Group.  

Finally, I would like to acknowledge my family. Thanks to my brothers George and Owen, for keeping 

me sane and for accompanying me on various endeavours. Mum and Dad, I appreciate all you have 

done to make this thesis possible. You have been a constant and unfailing support to me. Thank you 

for quietly putting up with all the madness, for always believing in me and always being ready to do 

anything to help.  

 



 

vi 
 

Table of contents 

 

Chapter 1. General introduction ............................................................................................................. 1 

1.1. Population genomics .................................................................................................................... 2 

1.2. Conservation genomics ................................................................................................................ 2 

1.3. Next-generation sequencing ........................................................................................................ 3 

1.4. Transcriptomics ............................................................................................................................ 3 

1.5. Genome sequencing and assembly ............................................................................................. 4 

1.6. Single nucleotide polymorphism (SNP) markers.......................................................................... 5 

1.7. Weta ............................................................................................................................................. 6 

1.7.1 Ecology ................................................................................................................................... 7 

1.7.2 Conservation .......................................................................................................................... 7 

1.7.3 Genetics.................................................................................................................................. 8 

1.7.4 Phylogenetics ......................................................................................................................... 9 

1.8. The study system ......................................................................................................................... 9 

1.8.1 The genus Deinacrida ............................................................................................................. 9 

1.8.2 The genus Hemideina ........................................................................................................... 12 

1.9. Thesis outline ............................................................................................................................. 14 

Chapter 2. Comparative transcriptomics of New Zealand tree and giant weta reveals selection on 

metabolic loci associated with alpine invasion ..................................................................................... 17 

2.1. Abstract ...................................................................................................................................... 18 

2.2. Introduction ............................................................................................................................... 18 

2.3. Materials and methods .............................................................................................................. 20 

2.3.1 Sample collection ................................................................................................................. 20 

2.3.2 RNA extraction and transcriptome sequencing ................................................................... 22 

2.3.3 Transcriptome assembly ...................................................................................................... 22 

2.3.4 Orthologue identification ..................................................................................................... 23 

2.3.5 Phylogeny reconstruction .................................................................................................... 24 

2.3.6 Inferring selection ................................................................................................................ 24 

2.4. Results ........................................................................................................................................ 26 

2.4.1 Transcriptome assembly assessment .................................................................................. 28 

2.4.2 Orthologous gene identification .......................................................................................... 31 



 

vii 
 

2.4.3 Phylogenetic Reconstruction ............................................................................................... 33 

2.4.4 Selection patterns among amino acid sites ......................................................................... 36 

2.4.5 Selection patterns among alpine and lowland lineages ...................................................... 48 

2.5. Discussion ................................................................................................................................... 52 

2.5.1 Transcriptome assembly and assessment ........................................................................... 52 

2.5.2 Phylogenetic relationships among New Zealand weta ........................................................ 53 

2.5.3 Positive selection and the evolution of metabolic rate ....................................................... 54 

2.5.4 Evidence for species specific adaptation to the alpine environment .................................. 57 

Chapter 3. Deinacrida fallai draft genome assembly and annotation .................................................. 59 

3.1. Abstract ...................................................................................................................................... 60 

3.2. Introduction ............................................................................................................................... 60 

3.3. Materials and methods .............................................................................................................. 62 

3.3.1 Sample collection ................................................................................................................. 62 

3.3.2 Genome size determination ................................................................................................. 62 

3.3.3 DNA extraction and genome sequencing............................................................................. 63 

3.3.4 Genome assembly ................................................................................................................ 63 

3.3.5 Transcriptome sequencing and assembly ............................................................................ 64 

3.3.6 Genome assessment ............................................................................................................ 64 

3.3.7 Repeat identification and masking ...................................................................................... 64 

3.3.8 Genome annotation ............................................................................................................. 64 

3.4. Results ........................................................................................................................................ 65 

3.4.1 Genome assembly ................................................................................................................ 65 

3.4.2 Genome assessment ............................................................................................................ 66 

3.4.3 Repeat assessment............................................................................................................... 69 

3.4.4 Genome annotation ............................................................................................................. 71 

3.5. Discussion ................................................................................................................................... 76 

3.5.1 Genome assembly and assessment ..................................................................................... 76 

3.5.2 Repeat identification and classification ............................................................................... 78 

3.5.3 Genome annotation ............................................................................................................. 79 

Chapter 4. Genome-wide SNP loci reveal insights into genetic variation and inbreeding in three 

threatened Deinacrida species ............................................................................................................. 85 

4.1. Abstract ...................................................................................................................................... 86 

4.2. Introduction ............................................................................................................................... 86 

4.3. Material and methods ............................................................................................................... 90 



 

viii 
 

4.3.1 Sample collection ................................................................................................................. 90 

4.3.2 DNA extraction and sequencing ........................................................................................... 94 

4.3.3 Quality control and SNP calling ............................................................................................ 94 

4.3.4 SNP filtering, outlier detection and population genetic diversity ........................................ 94 

4.4. Results ........................................................................................................................................ 95 

4.4.1 Sequencing and SNP discovery ............................................................................................ 95 

4.4.2 Outlier loci detection ........................................................................................................... 97 

4.4.3 Genetic diversity and divergence ....................................................................................... 100 

4.5. Discussion ................................................................................................................................. 104 

4.5.1 Hardy-Weinberg filtering and outlier loci detection .......................................................... 104 

4.5.2 Species divergence and inbreeding detection ................................................................... 105 

4.5.3 Effects of HWE thresholds and outlier loci removal .......................................................... 108 

4.5.4 Inferences about population histories ............................................................................... 108 

Chapter 5. Final conclusion and future directions .............................................................................. 111 

Appendices .......................................................................................................................................... 117 

A.1. Prophenoloxidase gene trees .................................................................................................. 118 

A.2. Gene Ontology terms enriched within the branch site tests. ................................................. 119 

A.3. Bayescan plots for pairwise comparisons between D. fallai, and D. mahoenui and D. 

heteracantha ................................................................................................................................... 124 

References .......................................................................................................................................... 125 

 

 

 



 

1 
 

 

 

Chapter 1.  

 

General introduction 

 

 

 

 

 

 



 

2 
 

1.1. Population genomics 

Population genomics uses genome-wide sampling to not only identify, but also to separate, locus-

specific effects (such as recombination and selection) from genome-wide demographic effects (such 

as genetic bottlenecks, inbreeding and gene flow) (Luikart, England, Tallmon, Jordan, & Taberlet, 

2003). This approach requires the generation and analysis of a large number of loci increasing the 

power (Allendorf, Hohenlohe, & Luikart, 2010) and accuracy of population genetic parameters 

(Allendorf et al., 2010), such as the loss of heterozygosity associated with inbreeding depression and 

loss of adaptive potential (Hedrick, 2001; Kirkpatrick & Jarne, 2000). Population genomics provides 

the ability to investigate a population’s historical demography and evolution (L. Zhao et al., 2008; S. 

Zhao et al., 2013), through the study of neutral markers, while also enabling the study of the process 

of adaptive evolution and speciation (Albertson, Markert, Danley, & Kocher, 1999; Black Iv, Baer, 

Antolin, & DuTeau, 2001; Wu, 2001) by the identification of signatures of selection and adaptive 

variation present within natural populations (Kohn, Pelz, & Wayne, 2000, 2003; Wilding, Butlin, & 

Grahame, 2001). The application of next-generation sequencing (NGS) methods, such as 

Genotyping-by-Sequencing (GBS) (Elshire et al., 2011), to population genetics provides the ability to 

explore a variety of avenues. Including, furthering our understanding of what processes have shaped 

the diversity we see today (Z. Hu et al., 2015; Laurent et al., 2016), how gene flow affects divergence 

and adaptation (Ferchaud & Hansen, 2016; Fraisse, Belkhir, Welch, & Bierne, 2016; Hess, Campbell, 

Close, Docker, & Narum, 2013; I. Keller et al., 2013), resolving phylogenetic relationships (J. C. 

Jones, Fan, Franchini, Schartl, & Meyer, 2013; Reitzel, Herrera, Layden, Martindale, & Shank, 2013) 

and providing a genetic basis to better inform conservation efforts (Larson et al., 2014; Ogden et al., 

2013). 

1.2. Conservation genomics 

Conservation genomics uses genetic techniques and theories to influence management regimes in 

order to minimise the risk of extinction of threatened species (Frankham, 2003; Frankham, Ballou, & 

Briscoe, 2010). Numerous problems of conservation significance have been addressed using this 

approach; including systematics and taxonomy, hybridisation, and the determination of conservation 

units. Such information is critical in the recognition of distinct and threatened taxa and their associated 

management units (Frankham et al., 2010). Genetic diversity represents an essential component of 

biodiversity, as it provides a basis for selection, adaptation and speciation (Amos & Harwood, 1998). 

Decreasing levels of genetic variation are associated with a decline in adaptive potential and an 

increase in the risk of species extinction (Crnokrak & Roff, 1999; Frankham, 2003; Frankham et al., 

2010). The application of genome wide technologies has shifted the focus from a few loci to a 

genome-wide based approach allowing the estimation of both neutral and selectively important 

genetic variation (Kohn, Murphy, Ostrander, & Wayne, 2006; Ouborg, Pertoldi, Loeschcke, Bijlsma, & 

Hedrick, 2010; Primmer, 2009) and improvement in the accuracy of parameter estimation (Hedrick, 

2001; Kirkpatrick & Jarne, 2000). Application of NGS to conservation genetics has expanded the 

scope of application to enable conservation genetic analysis on taxa that were previously 
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inaccessible, due to the lack of any available genetic information on which to base marker 

development. 

1.3. Next-generation sequencing 

Since the introduction of the first NGS technology in 2005 (Margulies et al., 2005), the field of 

genomic research has continued to expand and develop. Initially this technology was limited to 

applications involving model organisms, for which genetic resources were already present. 

Subsequent advancement and improvement in these technologies have expanded the scope of 

application to previously inaccessible or unexplored fields (Mardis, 2008; Morozova & Marra, 2008; 

Zhou et al., 2010), including the application to organisms with very little or no existing genetic 

resources (Babik et al., 2010; Craft et al., 2010; A. Miller, Good, Coleman, Lancaster, & Weeks, 2013; 

Sze et al., 2012; Vera et al., 2008). Due to the high throughput and parallelized nature, NGS provides 

a means to generate the large volume of sequence data required to undertake a variety of 

comparative genomic analyses. Possibilities of NGS, include the rapid identification of sequence 

variants (Ashrafi et al., 2012; O'Neil et al., 2010), de novo transcriptome and genome assemblies (R. 

Li et al., 2010; Sze et al., 2012; X.-W. Wang et al., 2010; X. Wang et al., 2014), investigation into 

natural selection and speciation processes (Azevedo et al., 2012; K. R. Elmer et al., 2010; Kunstner 

et al., 2010) and gene discovery (Choi et al., 2010; Garg et al., 2011; Mattila, Bechsgaard, Hansen, 

Schierup, & Bilde, 2012). 

1.4. Transcriptomics 

Transcriptomics is defined as the sequencing of expressed genes (cDNA) rather than the entire 

genome of an organism. Sequencing of genes that are expressed at any given point in time enables 

the investigation of ecological and physiological traits of interest in both model, and non-model 

organisms (Z. Wang, Gerstein, & Snyder, 2009). Transcriptome sequencing has been utilised for a 

range of applications including gene expression analysis, genome annotation, and the identification of 

polymorphisms and selection patterns.  

Numerous technologies have been employed to characterise an organism’s transcriptome, including 

hybridisation, and sequence-based approaches. Transcriptomics initially relied on hybridisation-based 

microarray technology, therefore limiting its application to organisms for which prior genetic 

knowledge was available. Initially, sequence-based methods allowing the determination of 

complementary DNA (cDNA) sequences were low-throughput and costly due to the use of Sanger 

sequencing (Sanger, Nicklen, & Coulson, 1977) of individual cDNA clones or Expressed Sequence 

Tags (EST) sequences.  

The introduction of NGS technologies revolutionised the transcriptomics field, allowing high-

throughput approaches to RNA sequencing, commonly termed RNA-seq. The advantage of RNA-seq 

is that it alleviates many of the challenges posed by early technologies, such as the requirement for 

prior genomic knowledge, and difficulty in cross-experiment comparisons (Ozsolak & Milos, 2011; Z. 
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Wang et al., 2009). Although RNA-seq was initially applied only to ‘model’ organisms for which we 

had reference genomes or extensive EST datasets that provided a scaffold for assembly (Bainbridge 

et al., 2006; Cheung et al., 2006), the improvement in sequencing technologies enabled application to 

organisms for which only limited genetic information was available (For example: Babik et al., 2010; 

Craft et al., 2010; Sze et al., 2012; Zeng et al., 2011). Improvements in sequencing coverage and 

depth allowed investigations into species that display adaptations of interest, both ecological and 

physiological, in non-model organisms (Z. Wang et al., 2009) and resulted in the first eukaryotic de 

novo transcriptome assembly in 2008 (Vera et al.). Since then, RNA-seq has been used for a variety 

of different approaches, such as: investigations and comparisons of selection, speciation and 

adaptation (Dunning et al., 2013; K. R. Elmer et al., 2010; Wolf et al., 2010) and gene discovery (Choi 

et al., 2010; Dennis, Dunning, Sinclair, & Buckley, 2015; Dunning, Dennis, Sinclair, Newcomb, & 

Buckley, 2014; Mattila et al., 2012). 

Detecting genome wide patterns of selection allows the identification of candidate genes that may 

play a role in adaptation and ecological speciation (Rundle & Nosil, 2005; Schluter, 2000, 2009; 

Schluter & Conte, 2009). The advent of NGS technologies, combined with application to non-model 

organisms has moved the focus from a single target gene to screening whole pathways, networks and 

genome-wide selection patterns. Genes evolving under positive selection will have more non-

synonymous than synonymous substitutions, while those under neutral evolution will have an even 

ratio, and those subjected to purifying selection will have more synonymous than non-synonymous 

substitutions (J. C. Avise, 2004; A. L. Hughes & Nei, 1988; A L Hughes, Ota, & Nei, 1990; Nei & 

Gojobori, 1986; Ota et al., 2004; Swanson, Clark, Waldrip-Dail, Wolfner, & Aquadro, 2001; Swanson, 

Nielsen, & Yang, 2003). When this ratio is averaged over a whole gene, the approach is stringent and 

only detects those genes evolving under strong and recurrent directional selection (Sharp, 1997). 

Proteins tend to be under purifying selection as a whole to maintain their biological functions (Ponting, 

2008), with positive selection occurring on selected sites within a protein (W.-H. Li, 1997; Z. Yang, 

Nielsen, Goldman, & Pedersen, 2000). A variety of other methods have been proposed to identify 

deviation from neutrality, with the most popular being maximum likelihood methods to detect selection 

in a phylogenetic context. These methods can be used to detect selection acting on specific sites 

within a protein, or along a lineage within a phylogeny (Z. Yang, 2007a). Selection is inferred by 

calculating the ratio of nonsynonymous to synonymous (ω) substitutions using a range of branch and 

site models (R. Nielsen & Yang, 1998; Swanson et al., 2003; Wong, Yang, Goldman, & Nielsen, 2004; 

Z. Yang, 1998, 2007a). Branch models allow for ω to vary across a phylogeny while remaining fixed 

across the gene, while site tests allows for ω variation within each codon (Z. Yang, 2007a). Advances 

in sequencing technologies allow the utilisation of transcriptome data to make inferences about 

selection among species (Begun et al., 2007; A. G. Clark et al., 2007; Mathieson et al., 2015).  

1.5. Genome sequencing and assembly 

The ability to sequence an organism’s entire genome was an important scientific advance, which 

forever changed the fields of molecular biology and genetics. Sequencing a genome is an important 
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first step to trying to understand underlying biology and when used as a comparison with other 

sequenced genomes can provide a useful study of evolutionary processes. 

Since the publication of the first small microbial genomes (C. M. Fraser et al., 1995; Mushegian & 

Koonin, 1996), the field has expanded to not only cover organisms closely related to our ‘model’ 

organisms, but species for which no previous genetic knowledge is available. The publication of the 

giant panda (Ailuropoda melanoleuca) genome which was assembled from short read data (R. Li et 

al., 2010), and the Locust (Locusta migratoria) genome, which represents the largest sequenced 

animal genome, to date, (X. Wang et al., 2014), highlights how far the field has come allowing the 

assembly of large and complex genomes.  

Genome assembly is defined as the problem of determining the underlying genomic sequence given 

a set of sequencing reads. Although simple in principle, this is a complex task requiring the 

incorporation of factors such as the presence of large repetitive regions, uneven sequencing coverage 

and sequencing error (J. R. Miller, Koren, & Sutton, 2010; Narzisi & Mishra, 2011; Phillippy, Schatz, & 

Pop, 2008; Salzberg & Yorke, 2005). The complexity and computational time of assembly depends 

not only on the assembly strategy chosen, but also on dataset complexity and the complexity of the 

genome being assembled (Salzberg et al., 2012; W. Zhang et al., 2011). Because of the numerous 

influencing factors affecting the assembly of a genome, assemblers perform differently when applied 

to different genomes; therefore, the best assembly strategy for any given genome varies depending 

on which organism is being assembled (Bradnam et al., 2013; Salzberg et al., 2012; W. Zhang et al., 

2011). In addition, assembly of large genomes is complicated by the fact that the majority of 

assemblers have been optimised for assembling small genomes, this therefore not only limits the 

number of assembly programmes available, but even further restricts assembler choice, as we are 

restricted to the those that can handle the data, and computational load (Salzberg et al., 2012). 

Despite significant improvements in the sequencing and assembly technologies, the assembly of a 

large genome from short reads still remains a difficult task (Salzberg et al., 2012), although not 

impossible as highlighted by the publication of the locust (X. Wang et al., 2014), giant panda (R. Li et 

al., 2010) and the Norway spruce (Picea abies) (Nystedt et al., 2013) genomes. 

1.6. Single nucleotide polymorphism (SNP) markers 

SNP markers are an efficient tool for genetic studies as they are relatively stable, and abundant in the 

genome (Kruglyak, 1997; Syvanen, 2001). SNPs are characterised as single base variations that 

occur in a particular location of the genome. The use of SNPs for population genetic analyses is 

advantageous due to their high abundance, and they are theoretically evenly spread through both 

coding and non-coding regions of the genome (DeFaveri, Viitaniemi, Leder, & Merilä, 2013; Vignal, 

Milan, SanCristobal, & Eggen, 2002). The combination of genome reduction techniques with NGS 

means that genome-wide SNP detection can be performed rapidly and cost effectively, though 

techniques such as Genotyping-by-Sequencing (GBS) (Elshire et al., 2011) and double digest 

restriction-associated DNA sequencing (ddRAD) (Peterson, Weber, Kay, Fisher, & Hoekstra, 2012). 

GBS is a method developed by Elshire et al. (2011) and allows the identification and screening of 
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novel markers simultaneously. GBS reduces genome complexity by digestion of genomic DNA with 

restriction enzymes, and is coupled with a barcoding system resulting in a cost-effective approach to 

genotyping many individuals at once (Ward et al., 2013). GBS methods can be used to provide 

insights into population size, inbreeding and evidence of adaptive variation (Bourret et al., 2013; 

Johnston et al., 2014; Leaché, Fujita, Minin, & Bouckaert, 2014; Ogden et al., 2013; Van Wyngaarden 

et al., 2016).   

1.7. Weta 

Insects from the Orthopteran family Anostostomatidae are an iconic part of the New Zealand fauna. 

Within New Zealand, members of this family are collectively known by their Māori name weta (wētā) 

There are approximately 56 species which belong to five genera: Hemiandrus, Hemideina, Motuweta, 

Anisoura, and Deinacrida. These genera are all endemic to New Zealand, with the exception of 

Hemiandrus, which  also occurs within Australia (P. M. Johns, 1997). Morphological and phylogenetic 

studies have shown that these genera fall into three broad groups; (i) Hemideina – Deinacrida (tree – 

giant weta); (ii) Hemiandrus (ground weta); (iii) Anisoura - Motuweta (tusked weta) (Trewick & 

Morgan-Richards, 2004; Trewick & Morgan-Richards, 2005). 

Of particular interest are the Hemideina – Deinacrida group, which are considered to be true weta 

(Gibbs, 2001). There are seven species of Hemideina, also known as tree weta, distributed 

throughout the country, the majority of which are abundant and geographically widespread (Trewick & 

Morgan-Richards, 2004). The relative abundance of this genus despite the introduction of a number of 

mammalian predators, such as the Norway rat (Rattus norvegicus), has been attributed to their small 

size, aggressive defence behaviour and selectivity of their daytime refuges (Gibbs, 1998b). In 

contrast, Deinacrida species have limited distributions and abundance, with all but one species being 

the focus of conservation efforts, due to the pressure from introduced mammalian predators (Gibbs, 

1998b; McGuinness, 2001; Trewick & Morgan-Richards, 2005). The susceptibility of these weta to 

predators has been attributed to a number of compounding factors, which include their large body 

size (up to 70 mm in length, and up to 70 g in weight), lack of defence mechanisms, insecurity of 

daytime refuges, and their strong smell (Gibbs, 1998a, 2001). As a result of this many species have 

been predated to near extinction, with the majority of species surviving on offshore islands that lack 

introduced predators or in the alpine habitats above the predator line. 

Hemiandrus are described as cricket-like burrowing weta (Gibbs, 2001), and are distributed 

throughout New Zealand. However, despite this widespread distribution, very few species are well 

characterised. Of an estimated 40 species, only 11 are currently described, hence making them the 

poorest known weta group taxonomically, in New Zealand (P. M. Johns, 1997, 2001; Pratt, Morgan-

Richards, & Trewick, 2008; Smith, Morgan-Richards, & Trewick, 2013).  

Tusked weta (Anisoura/Motuweta) owe their name to the presence of tusk-like structures present on 

the mandibles of mature males (Gibbs, 2001; Trewick & Morgan-Richards, 2004). There are currently 

three recognised species that form a monophyletic group among the New Zealand taxa (Trewick & 
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Morgan-Richards, 2004). All three species are nocturnal and carnivorous (Gibbs, 2002). The body 

type and habitat of all three species are characteristic of ground weta (Hemiandrus), however despite 

these similarities mitochondrial DNA (mtDNA) analyses revealed that they are, in fact, only distantly 

related to all the other New Zealand taxa (McIntyre, 2001). 

1.7.1 Ecology 

New Zealand tree and giant weta are characterised as being large, nocturnal insects that are 

predominately flightless. The majority of the 18 species are found in the South Island, and occupy 

subalpine and temperate forest environments (Pratt et al., 2008). Hemideina and Deinacrida species 

will scavenge for invertebrates, but are predominantly herbivorous, feeding on flowers, leaves and 

fruit (Morgan-Richards & Gibbs, 2001; Trewick & Morgan-Richards, 2004). This predominately 

herbivorous diet is unusual among anostomatids. The prominence of these species, combined with 

their large size, nocturnal behaviour, use of diurnal shelters and the lack of small ground-dwelling 

mammalian predators in New Zealand has led to weta being described as ‘invertebrate mice’, 

thereby, suggesting weta fill niches occupied by small rodents in other parts of the world (Daugherty, 

Gibbs, & Hitchmough, 1993; Fleming, 1977; Gibbs, 2009; P. King, Milicich, & Burns, 2011; McIntyre, 

2001; Stevens, 1980).  However, despite its popularity, some authors suggest that this description is 

misleading as it overlooks the evolutionary and ecological distinctness of weta, such as the ecological 

impact each species has on the environment, differences in metabolic rates and co-occurrence of 

weta and mice (Griffin, Trewick, Wehi, & Morgan-Richards, 2011). 

1.7.2 Conservation 

Weta were the first insect taxon to be translocated in New Zealand for conservation purposes, with 

Deinacrida rugosa (Buller) being translocated to Maud Island in 1977 (Sherley, Stringer, & Parrish, 

2010; Watts, Stringer, Sherley, Gibbs, & Green, 2008). Since then, a variety of translocations have 

been carried out between offshore islands, mainland sites, and between the mainland and offshore 

islands (Green, 2005; Sherley et al., 2010; Watts et al., 2008; Watts & Thornburrow, 2009), which 

have resulted in the successful establishment of new populations, as well as the improvement in the 

conservation status of some species. For example, Deinacrida mahoenui (Gibbs)  has been 

successfully translocated and established in an additional two localities (McIntyre, 2001; Watts et al., 

2008; Watts & Thornburrow, 2009), resulting in an improvement in conservation status from 

‘nationally endangered’ to an ‘at risk’ species (Trewick, Morris, Johns, Hitchmough, & Stringer, 2012). 

While D. rugosa has been translocated to five rodent-free islands, as well as back to the mainland, it 

is not yet known if the recent translocations have been successful (Sherley et al., 2010). The current 

conservation status of Hemideina and Deinacrida species are given in Table 1. However, despite 

some improvements in the outlook for some of these species due to translocations and breeding 

programmes, the genomic consequences of these efforts has never been investigated.  
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Table 1: The current conservation status of Hemideina and Deinacrida species based on the revised New Zealand 
threat classification system, NZTCS (Stringer & Hitchmough, 2012; A. J. Townsend et al., 2008) and the subsequent 
review of species conservation status (Trewick et al., 2012). 

Species Conservation Status 

Criteria Category 

H. thoracica* (2n = 23) Threatened Nationally Vulnerable 

D. mahoenui At Risk Recovering 

D. heteracantha At Risk Relict 

D. parva At Risk Relict 

D. rugosa At Risk Relict 

H. trewicki At Risk Relict 

D. elegans At Risk Naturally uncommon 

D. fallai At Risk Naturally uncommon 

D. talpa At Risk Naturally uncommon 

D. tibiospina At Risk Naturally uncommon 

H. ricta At Risk Naturally uncommon 

H. thoracica* (2n=11) At Risk Naturally uncommon 

D. connectens Not Threatened --- 

D. pluvialis Not Threatened --- 

H. broughi Not Threatened --- 

H. crassidens Not Threatened --- 

H. thoracica* (2n=17,17’,15,15’,19,13) Not Threatened --- 

H. femorata Not Threatened --- 

H. maori Not Threatened --- 
*The eight chromosomal races of H. thoracica are grouped into separate lists based on their conservation status 

1.7.3 Genetics 

Due to the unique and distinctive nature of weta, there is widespread interest in these insects. 

However, despite this, the current genetic resources are limited. Previous work has focused primarily 

on sequencing genes for phylogenetic studies, such as cytochrome c oxidase subunits I and II and 

rRNA genes (Morgan-Richards, 2002; Morgan-Richards & Gibbs, 2001; Morgan-Richards, King, & 

Trewick, 2001; Pratt et al., 2008; Trewick & Morgan-Richards, 2004; Trewick & Morgan-Richards, 

2005), and the development of microsatellite loci for Hemideina species (M. L. Hale, Alabergère, & 

Hale, 2010; T. M. King, Hanotte, Burke, & Wallis, 1998). Much more comprehensive genetic 

resources are required to gain a better understanding of the evolutionary history and biology of weta. 

RNA-seq has been used to de novo assemble the male reproductive transcriptomes for two tree weta 

species, Hemideina crassidens (Blanchard) and H. thoracica (White) (Twort, 2012). The 

transcriptomes encompass a diverse range of proteins and functional classes, with 113 orthologues 

being identified. Patterns of molecular evolution showed evidence for positive selection acting on a 

lectin related protein. This study highlights the use of NGS technology for the study of organisms with 

limited prior knowledge. 
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1.7.4 Phylogenetics 

Phylogenetic analysis has shown that the five New Zealand genera fall into three distinct groups; (i) 

Hemideina – Deinacrida; (ii) Hemiandrus; (iii) Anisoura/Motuweta (Trewick & Morgan-Richards, 2004; 

Trewick & Morgan-Richards, 2005). Hemideina and Deinacrida species form a monophyletic group 

with respect to the other New Zealand taxa (Pratt et al., 2008; Trewick & Morgan-Richards, 2004; 

Trewick & Morgan-Richards, 2005). The resolution of relationships within this group is poor (Morgan-

Richards & Gibbs, 2001; Trewick & Morgan-Richards, 2004; Trewick & Morgan-Richards, 2005) 

however, it is recognised that there is a close association between Deinacrida species and Hemideina 

broughi (Buller), with this species being referred to as the stem species of living Deinacridinae (L. H. 

Field, 1993; Gibbs, 2001; Morgan-Richards & Gibbs, 2001; Trewick & Morgan-Richards, 2005). 

Tusked weta also form a monophyletic group (Pratt et al., 2008; Trewick & Morgan-Richards, 2004; 

Trewick & Morgan-Richards, 2005). In comparison, Hemiandrus species are not monophyletic, but 

appear to form two distinct clades  (Pratt et al., 2008). 

1.8. The study system 

This thesis aims to investigate various aspects of the evolutionary biology of all tree (Hemideina) and 

giant (Deinacrida) weta species, using various applications of NGS technologies. 

1.8.1 The genus Deinacrida 

Deinacrida or Giant weta are large heavy bodied insect that possesses a distinctive broad body and 

rounded head, and have declined following the introduction of mammalian predators, such as the 

Norway rat (Rattus norvegicus). All 11 species are now restricted to parts of New Zealand that are 

relatively free of introduced predators or in alpine environments above the predator line (Gibbs, 

1998a). The distribution of Deinacrida species is shown in Figure 1. 
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Figure 1: Distribution of Deinacrida species (modified from Gibbs, 2001; Pratt et al., 2008) 

 

Deinacrida fallai (Salmon), D. heteracantha (White) and D. mahoenui are considered to be the 

northern arboreal group and comprise a monophyletic clade in phylogenetic analysis of both 

morphological and genetic characters (Pratt et al., 2008; Trewick & Morgan-Richards, 2004; Trewick 

& Morgan-Richards, 2005). All three species are forest dwellers with a nomadic lifestyle (McIntyre, 

2001; Richards, 1973). Deinacrida fallai is present in the pohutukawa (Metrosideros excela) forest of 

the Poor Knights Islands, and highlights how giant weta can thrive in a habitat that is free from 

introduced mammalian predators (Gibbs, 2001; McIntyre, 2001). Nocturnal activity is mostly arboreal, 

with individuals hiding in tree holes during the day (Watt, 1982). In comparison, D. heteracantha and 

D. mahoenui have both suffered since the arrival of rats. Deinacrida heteracantha is restricted to a 

single population on Hauturu / Little Barrier Island, although was once present on the mainland 

(Gibbs, 2001; G. Gibbs & McIntyre, 1997; McIntyre, 2001). The Māori name Wētāpunga is formally 

reserved for this, the largest giant weta, species (E. Scott & Emberson, 1999). Deinacrida 

heteracantha occurs in the second-growth forest on the lower slopes of the Little Barrier Island up to 

the mid-level Kauri forest, an altitude of 720 m (Gibbs, 2001; McIntyre, 2001).  Deinacrida mahoenui 

was originally discovered in 1963, and then thought to be extinct until two colonies were discovered in 
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the 1980’s during a gorse clearing operation in the King Country (Gibbs, 2001; McIntyre, 2001). The 

extinction of this species appears to have been prevented by its persistence in introduced gorse 

bushes (Ulex europaeus) (McIntyre, 2001; Sherley, 1995), which provides protection from predators, 

as well as food and shelter (Sherley & Hayes, 1993). The subsequent extinction of one of these 

populations, combined with the high fire risk has resulted in the establishment of an additional seven 

populations, only two of which appear to be thriving (McIntyre, 2001; Watts et al., 2008; Watts & 

Thornburrow, 2009).  

The Cook Strait giant weta, Deinacrida rugosa, is a medium-sized ground dwelling giant weta that 

survives in three remnant populations; Mana Island, Stephens Island and Middle Trio Island (Gibbs, 

2001; McIntyre, 2001). This species is unable to survive in the presence of rats, however survives 

well in the presence of mice (Mus musculus) (Gibbs, 2001). Populations have subsequently been 

successfully  established on Maud Island (Meads & Moller, 1978; Meads & Notmam, 1992a) and 

Sommes Island (McIntyre, 1998). 

Deinacrida parva (Buller) is primarily ground dwelling and shows a preference for river terrace 

habitats. This subalpine to alpine insect is found on the Kowhai River, Hapuku River and Jordan 

Stream catchments of the eastern seaward Kikoura Ranges, and is typically found at an altitude of 

900 m (Gibbs, 2001). The preference for habitat near swift mountain torrents results in a large number 

drowning, however it is unclear if this attraction is innate or mediated by the high frequency of Gordian 

worm parasites (Gibbs, 2001).   

The mountain-bluff weta, Deinacrida elegans (Gibbs), is specialised to occupy the narrow crevices 

between rocks on bluffs and cliffs and is distinct in both colouration and habitat. Deinacrida elegans is 

a moderately large weta that has a distinctive greyish-blue colouration with red, black and white leg 

joints (Gibbs, 1999). There are two locations where the mountain-bluff weta can be found, the 

northern population occupies the greywacke sandstone ranges of Marlborough, while the southern 

population occurs on the cretaceous rhyolite bluffs on the western faces of Mt Somers (Gibbs, 1999, 

2001). D. elegans is considered an alpine dwelling weta, as it has not been discovered below an 

altitude of 1,100m (Meads & Notmam, 1992b). The phylogenetic position of this distinctive weta is 

currently unclear, with morphological analyses placing it in the southern  group of Deinacrida, while 

allozyme data places it as a sister taxon to the northern arboreal species (Morgan-Richards & Gibbs, 

2001).  

Deinacrida talpa (Gibbs) and Deinacrida pluvialis (Gibbs) are sister taxa (Morgan-Richards & Gibbs, 

2001) that occupy areas of sub-alpine tussock and herb fields. Both species are smooth in texture 

and have brown pigmentation. The main differences between these two species is that D. pluvialis is 

larger and uses stones as refuges, while D. talpa is a burrow-forming weta, that excavates long 

tunnels in the soil layer under carpet grass (Chionochloa australis) (Gibbs, 1999).  Deinacrida pluvialis 

appears to be the most abundant in the Western Otago Mountains occurring in an altitude range of 

100 – 1,700 m (Gibbs, 1999, 2001). In comparison, D. talpa is only known from the north-western 
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flanks of several peaks in the Mt Faraday region of the Paparoa Range between 1,200 and 1,300 m 

(Gibbs, 1999, 2001). 

Deinacrida connectens (Andrea), D. tibiospina (Salmon) and D. carinata (Salmon) form a 

monophyletic clade based on genetic and morphological characters (Morgan-Richards & Gibbs, 

2001). Deinacrida connectens, the scree weta, is an alpine specialist that occupies exposed rocky, 

barren slopes that are nearly devoid of vegetation. The preferred altitude of the scree weta is 1,500 m 

but they have been found as low as 770 m and as high as 3,600 m (Gibbs, 2001). This moderate-

sized greyish weta has the widest distribution of all Deinacrida species extending from the Peel 

Range in the North-West or the Blackbirch Range in the North-East to St Mary’s Range in Otago (L. 

H. Field, 1980; Gibbs, 2001). In comparison, D. tibiospina is a small reddish-brown weta that lives in 

the subalpine tussock and herb-field zone between 1,000 and 1,500 m. Interestingly, this weta 

associates with the vegetation rather than the rocks in the mountain habitat, taking shelter under the 

leaf bases of tufted tussocks (Chionochloa) and flax (Phormium) (Meads, 1990). It is only known from 

a few scattered localities in Nelson, the Tasman Mountains and the Arthur Range (Gibbs, 2001). The 

smallest and most southern of the giant weta is D. carinata, and is only found on three islands in the 

Foveaux Strait area (Meads & Notmam, 1993). This pattern is suggestive of a relict population, 

however there are no records of this species from the South Island mainland (Gibbs, 2001). The 

habitat of this species is uncertain to the extent that is not known whether it is ground-dwelling or 

partly arboreal, as the only report on its behaviour was made on Pig Island which lacks tall vegetation 

(Meads & Notmam, 1993). On Pig Island, D. carinata lives among the vegetation on the ground, 

however it is currently unclear if this is the nature or their refuges or if this is a site specific affect 

(Gibbs, 2001; Meads & Notmam, 1993).  

1.8.2 The genus Hemideina 

Hemideina, are commonly known as tree weta, constitute an important component of the native New 

Zealand forest ecosystem (Griffin et al., 2011). The seven species are distributed throughout New 

Zealand, typically in local allopatry or parapatry, with narrow regions of overlap (Figure 2)  and are 

mainly arboreal species, with the exception of Hemideina maori (Pictet and Saussure) which is alpine 

adapted and takes refuge under rocks (Gibbs, 1998a). Tree weta below the alpine zone typically live 

in galleries created in trees and shrubs (Barrett, 1991). These galleries are normally naturally 

occurring crevices and cavities or burrows carved out by wood-boring larva such as cerambycid 

beetles (Ochrocydus hutoni) (L. H. Field & Jarman, 2001). These galleries are not confined to any 

specific host, but manuka (Leptospermum scoparium), kanuka (Kunzea ericoides) and mahoe 

(Melicytus ramiflorus) tend to be favoured; however, many other hosts can support large weta 

populations (L. H. Field & Sandlant, 2001; Little, 1980; Moller, 1985; Rufaut, 1995). Galleries are 

typically large enough to accommodate an adult male and a group of females (L. H. Field & Sandlant, 

2001). All Hemideina, with the exception of H. broughi, are sexually dimorphic, with sexually mature 

males being highly megalocephalic, possessing enlarged heads that support larger mandibles than 

those possessed by females (L. H. Field & Jarman, 2001; Gibbs, 2001; Clint D. Kelly, 2006; Morgan-
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Richards & Gibbs, 2001). Large mandibles are used to secure and aggressively defend galleries, 

where they cohabitate with harems of female weta (L. H. Field, 1993; Clint Dale Kelly, 2005; Clint D. 

Kelly, 2006; Minards, 2011).  The lack of harem formation combined with the absence of 

megacephaly is suggestive of H. broughi having a different mating system from other Hemideina 

(Morgan-Richards & Gibbs, 2001) and is thought to be represent the ancestral state of living 

Deinacridinae (L. H. Field, 1993; Gibbs, 2001; Morgan-Richards & Gibbs, 2001; Trewick & Morgan-

Richards, 2005). 

 

Figure 2: Distribution of Hemideina species (modified from Pratt et al., 2008; J. A. Townsend, Brown, Stringer, & 
Potter, 1997; Trewick & Morgan-Richards, 1995) 

 

Phylogenetically Hemideina is split into two monophyletic clades, the first comprising of North Island 

species, and the other containing South Island distributed species (Minards, 2011; Morgan-Richards 

& Gibbs, 2001). The northern group comprises of H. crassidens, H. thoracica and H. trewicki (Morgan-

Richards) (Minards, 2011; Morgan-Richards & Gibbs, 2001), which are familiar to most New 

Zealanders as they have successfully occupied urban hedges and gardens. Hemideina crassidens 

has the widest distribution of all tree weta species and is the only species to be present on both the 

North and South Island (L. H. Field & Sandlant, 2001; Trewick & Morgan-Richards, 1995). The 

distribution of this species is being limited by competitive interactions with H. thoracica, whose range 

has been expanding southwards due to warming temperatures and who is better adapted to warmer 

environments (Bulgarella, Trewick, Minards, Jacobson, & Morgan-Richards, 2014).  Hemideina 
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trewicki is found in the Hawke’s Bay and Hastings regions where it co-occurs with H. thoracica, where 

they have been shown to be sympatric and often share the same galleries (Trewick & Morgan-

Richards, 1995). The southern clade consists of H. broughi, H. maori, H. femorata (Hutton) and H. 

ricta (Hutton) (Minards, 2011; Morgan-Richards & Gibbs, 2001). The Banks Peninsula tree weta (H. 

ricta) is the most geographically restricted species and is only known from two locations on Banks 

Peninsula (J. A. Townsend et al., 1997). The Canterbury tree weta, H. femorata also occurs on the 

Banks Peninsula but its range extends over a larger area to the North and West (Meads, 1990; J. A. 

Townsend et al., 1997). The most southern distributed species is H. maori which inhabits scree 

slopes and rock outcrops in the alpine region (Gibbs, 1998a; Jamieson, 2002; T. M. King, Wallis, 

Hamilton, & Fraser, 1996).   

Hemideina are also karyotypically variable with the diploid chromosomal number varying from 11 – 24 

(XO males) in the North Island species, and a constant 25 in the four South Island species. Two 

species, H. crassidens and H. thoracica, comprise more than one chromosome race (Morgan-

Richards, 1997, 2000) which occupy discrete geographic ranges, with evidence for intraspecific 

introgression where some of them meet (Morgan-Richards, 1997; Morgan-Richards & Gibbs, 2001; 

Morgan-Richards & Wallis, 2003).  There are two known chromosomal races in H. crassidens (male 

2n of 15 or 19) that are a result of the fusion/fission of two autosomes at their centromere (Morgan-

Richards, 2000). Despite the difference in chromosomal number the two races cannot be 

distinguished by morphological or allozyme characters (Morgan-Richards, 2002). In comparison, H. 

thoracica has nine chromosomal races ranging from 11 – 23 (male 2n). Interbreeding is observed 

where the chromosomal races overlap with limited introgression being observed in both mitochondrial 

and nuclear alleles (Morgan-Richards, 1997; Morgan-Richards, Trewick, & Wallis, 2000, 2001; 

Morgan-Richards & Wallis, 2003). The presence of chromosomal races suggests that chromosomal 

differences alone are insufficient to produce reproductive isolation in this genus (McKean, Trewick, & 

Morgan-Richards, 2015). 

1.9. Thesis outline 

This thesis aims to employ various aspects of NGS based technology to investigate a variety of 

evolutionary aspects of weta biology. In particular, this thesis focuses on molecular evolutionary 

patterns and population genomics of species of conservation interest. The specific objectives of each 

data chapter are as follows: 

Chapter 2: This chapter investigates the evolutionary relationships among Hemideina and Deinacrida 

species using comparative transcriptomics. Published physiological and biochemical analyses 

indicate that some alpine species have a higher metabolic rate than lowland species. Tests for 

positive selection were carried out at the site and branch level to determine whether or not selection is 

occurring on oxidative phosphorylation/respiration genes and other pathways. In addition, the 

question of whether or not alpine adapted species have undergone parallel evolution or are utilising 

different evolutionary solutions at the molecular level is addressed. 
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Chapter 3: This chapter highlights the application of short read sequencing technology to the de novo 

assembly and annotation of the D. fallai genome. The draft assembly I present here is, to the best of 

my knowledge, the first draft genome available for Anostostomatidae and the second for the insect 

order Orthoptera. I assess the quality and completeness of the resulting draft assembly. I use these 

data to determine the repetitive content and the distribution of gene annotations.   

Chapter 4: Genotyping-by-sequencing is used to carry out a population genetic analysis of three 

Deinacrida species (D. fallai, D. heteracantha and D. mahoenui) of conservation importance. This 

chapter highlights the usefulness of genome reduction techniques to study species of conservation 

interest, by providing the first genome-wide SNP (single nucleotide polymorphism) marker panel for 

weta. The resulting SNP dataset is used to address: (i) the effects of different filtering methods on 

population genetic parameter estimates, (ii) to assess levels of genetic diversity and inbreeding and 

(iii) determine whether population genetic patterns correlate with the known population histories.  
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2.1. Abstract 

Alpine adaptation and its associated traits represent interesting candidates for the study of molecular 

evolution. Sub-zero temperatures require an organism to overcome a series of unique challenges 

associated with their environment. New Zealand weta belonging to the genera Hemideina and 

Deinacrida represent ideal candidates for the investigation of selection patterns at the molecular level 

as they encompass a variety of habitats, including alpine adapted species which show elevated 

metabolic rates relative to lowland species. RNA-seq was used to generate transcriptomes for all 18 

Deinacrida and Hemideina species. A total of 755 orthologous genes were identified using a 

bidirectional best hit approach, with the resulting gene set encompassing a diverse range of functional 

classes. Analysis of orthologue ratios of synonymous to non-synonymous amino acid changes found 

the majority of genes are under purifying selection, with 83 genes being identified as being under 

positive selection for at least one codon. A wide variety of Gene Ontology terms, enzymes and KEGG 

pathways are represented among the genes under selection. In particular, enzymes involved in 

oxidative phosphorylation, melanin synthesis and free-radical scavenging are represented providing 

possible insight into how the observed selection patterns may underpin variation in metabolic rate 

among lineages and enabled adaptation to an alpine environment. The enzyme phenoloxidase was 

identified as having the highest rate of codon substitution. The amino acids under selection are 

primarily on the exposed surface of the protein, which may alter enzyme performance. Investigation 

into selection patterns along branches leading to alpine lineages suggests that each alpine lineage 

has employed its own specific suite of adaptations to the alpine environment. The genes identified as 

being under selection only along alpine lineages represent interesting candidates underlying alpine 

adaptation within New Zealand weta. 

2.2. Introduction 

Physiological traits, such as those associated with alpine adaptation, represent interesting candidates 

for studies of adaptation and molecular evolution as their function is linked to environmental 

conditions (Pörtner, Schulte, Wood, & Schiemer, 2010; Seebacher et al., 2010; J. F. Storz, Scott, & 

Cheviron, 2010). Adaptation to an alpine environment requires a species to overcome a series of 

unique challenges associated with sub-zero temperatures including increased membrane rigidity 

(Cossins, Christiansen, & Prosser, 1978; Overgaard, Sorensen, Petersen, Loeschcke, & Holmstrup, 

2005), increased ion concentration (Kelty, Killian, & Lee, 1996; Kostal, Renault, Mehrabianova, & 

Bastl, 2007), elevated oxidative stress (Joanisse & Storey, 1996; Lalouette, Williams, Hervant, 

Sinclair, & Renault, 2011) and increased water loss (Denlinger & Lee, 2010; Somme, 1989). How 

species respond to these challenges is dependent on whether or not they employ a freeze tolerance 

or freeze avoidance strategy (Voituron, Mouquet, de Mazancourt, & Clobert, 2002). Coupled with this 

idea, the genes identified as cold-responsive vary between species with very little overlap (M. S. Clark 

& Worland, 2008; Denlinger & Lee, 2010; Dennis et al., 2015; Dunning et al., 2013; Dunning et al., 

2014; Qin, Neal, Robertson, Westwood, & Walker, 2005; Vesala, Salminen, Laiho, Hoikkala, & 

Kankare, 2012). This variation has been attributed to vast differences in how species respond to low-
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temperatures. Despite high inter-specific variation, enzymes associated with glycolysis, oxidative 

phosphorylation and the citric acid (TCA) cycle appear repeatedly among the genes responding to 

selective pressures, both natural and artificial (for example: Cheviron, Whitehead, & Brumfield, 2008; 

Marden, 2013; The Bactrian Camels Genome, 2012; Yi et al., 2010). Variation at these loci show 

strong associations with fitness affecting phenotypes, such as thermogenesis and locomotor 

performance (Cheviron, Bachman, Connaty, McClelland, & Storz, 2012; Cheviron et al., 2008; 

Marden, 2013; Wheat et al., 2011), and influence the binding affinity, kinetics and thermostability of 

enzymes (Dalziel, Rogers, & Schulte, 2009; Hochachka & Somero, 2002).  

One of the major goals of evolutionary biology is to determine and subsequently study those loci that 

contribute to the survival, reproduction and adaptation of a species (Benfey & Mitchell-Olds, 2008; 

Ellegren, 2008; Stinchcombe & Hoekstra, 2007). The underlying genetic changes and their 

incorporation into a population are dependent on a variety of factors. Such factors include, whether or 

not a substitution is deleterious (loss of function), neutral or adaptive. The majority of mutations are 

considered to be neutral with no fitness affects and are subsequently fixed or lost into the genome 

through genetic drift (Kimura, 1983). Detrimental mutations that result in a decrease of fitness will be 

removed by purifying selection, while those that elevate fitness will be retained by positive selection, 

provided they are heritable (Rasmus Nielsen, 2005; Wright & Andolfatto, 2008). Hence, positively 

selected genetic variation contributes more directly to DNA evolution than neutral changes (Endo, 

Ikeo, & Gojobori, 1996). A high proportion of function altering changes can point to regions of the 

genome that have experienced episodes of positive selection (Oleksyk, Smith, & O'Brien, 2010).  

Assessing the rate of evolution of a protein coding sequences involves the analysis of the rate of non-

synonymous (dN), or amino acid changing, and synonymous (dS), non-amino acid changing, 

substitutions (Gillespie, 1991; Kimura, 1983; Ohta, 1992). The fixation rate of the non-synonymous 

substitutions provides a useful resource for studying evolutionary processes, whereby a gene under 

positive selection will have an excess of non-synonymous substitutions, genes evolving neutrally will 

have an even ratio and those under purifying selection will have an excess of synonymous 

substitutions (J. C. Avise, 2004; A. L. Hughes & Nei, 1988; A L Hughes et al., 1990; Nei & Gojobori, 

1986; Swanson et al., 2001; Swanson et al., 2003). Although simple in principle, when averaged over 

an entire coding region this method is highly stringent and will only detect those genes evolving under 

strong, recurrent directional selection (Sharp, 1997). A variety of methods are available to identify 

coding regions deviating from neutral evolution (J. C. Avise, 2004), however these genes only occur 

at low frequency within a genome (Endo et al., 1996; Kimura, 1983). Due to core biological genes 

tending to be under strong purifying selection, in order to maintain their function (Ponting, 2008), the 

focus of evolutionary sequence analysis has shifted to investigating selection acting on individual 

codons or lineages (W.-H. Li, 1997; Z. Yang et al., 2000). Investigation of coding-regions experiencing 

positive selection identifies candidates that potentially play a role in adaptation, which ultimately may 

result in ecological speciation (Rundle & Nosil, 2005; Schluter, 2000, 2009; Schluter & Conte, 2009), 

and provides a better understanding of how proteins evolve. Advances in sequencing technologies 

allows the utilisation of genome or transcriptome data to make inferences about selection patterns 
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across species (Begun et al., 2007; A. G. Clark et al., 2007; Kosiol et al., 2008; Kunstner et al., 2010; 

Mathieson et al., 2015), shifting our focus from genes of interest to screening pathways, gene 

networks or a genome-wide approach. 

Weta belonging to the genera Deinacrida and Hemideina are large, flightless insects that are 

distributed throughout New Zealand, occupying a diverse range of habitats. Phylogenetic analysis 

suggests that alpine adaption has evolved multiple times among this group (Morgan-Richards & 

Gibbs, 2001). In addition, variation in metabolic rate has been observed among Hemideina, whereby 

alpine adapted species have an elevated metabolic rate when compared to those occupying warmer 

environments (K. King & Sinclair, 2015). These two observations provide an interesting perspective 

from which to study selection patterns at the molecular level. 

Tree weta (Hemideina) consists of seven species distributed throughout New Zealand, with the 

majority of species being considered abundant (Figure 2). Most Hemideina species are considered 

arboreal, living in the forest below the tree-line (L. H. Field & Sandlant, 2001), with the exception of H. 

maori which is alpine adapted and takes refuge under rocks (Gibbs, 1998a). In comparison, 

Deinacrida comprises of 11 species which are restricted to parts of New Zealand that are relatively 

free of introduced predators or in alpine environments above the predator line (Gibbs, 1998a) (Figure 

1). Six species occupy sub-alpine or alpine habitats.  

Alpine habitats require an organism to meet elevated ATP costs associated with growth and 

development at cooler temperatures (Addo-Bediako, Chown, & Gaston, 2002; Chown & Gaston, 

1999; Oikawa, Mori, & Kimura, 2006). The increased demand is meet through a corresponding 

increase in metabolic rate (Chown & Gaston, 1999; Oikawa et al., 2006), with some alpine weta 

having higher metabolic rates than lowland species (K. King & Sinclair, 2015). Here, we examine the 

selection patterns occurring at the molecular level across the Deinacrida – Hemideina phylogeny, 

coupled with investigations into the patterns specific to alpine adapted lineages. We hypothesize that 

genes associated with metabolic processes, ATP production, and processing of metabolic by-

products, such as reactive oxygen species, will show evidence for positive selection across the 

phylogeny. In addition, the non-monophyly of alpine lineages provides the opportunity to investigate 

whether or not alpine adaptation shows evidence for parallel molecular evolution or convergent 

evolution. 

2.3. Materials and methods 

2.3.1 Sample collection 

Samples were collected at sites throughout New Zealand between 2010 and 2015 (Table 2). 

Specimens were collected by day and night searching, and transported back to Landcare Research, 

Auckland where they were snap frozen and stored at -80ºC. Samples were collected under the 

following permits: CA-31615-OTH; 35637-FAU; National Permit 36236; AK-31383-FAU; 38736-FAU; 

NO-23262-FAU; 37619-FAU; 36296-FAU. 
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Table 2: Summary of sample collection details and tissues sequenced from Deinacrida and Hemideina species.  

Code Species Sex Locality Date 
Collected 

Collected by Tissue(s) 
Sequenced 

WT89 D. carinata Male Pig Island, Foveaux straight Jan-13 R. Cole Muscle 
WT68 D. connectens Male Mt Robert Apr-12 M. McDonald Muscle 
WT104 D. elegans Female Mt Sommers Dec-13 M. McDonald Antennae 
WT58 D. fallai Male Tawhiti Rahi, Poor Knights Islands Apr-12 K. Grayson Muscle, Testis, 

Accessory gland, 
Midgut, Antennae 

WT70 D. fallai Female Tawhiti Rahi, Poor Knights Islands Apr-12 K. Grayson Antennae 
WT74 D. heteracantha Male Hauturu / Little Barrier Island Jun-12 K. Lomas, D. Seldon Muscle 
WT57 D. mahoenui Male Warrenheip, Cambridge Feb-10 C. Watts Muscle 
WT263 D. parva* Unknown Mt Fyffe Apr-15 M. McDonald Muscle 
WT158 D. pluvialis Female Matukituki River, Mt Aspiring National Park Apr-14 T. Jewell Muscle 
WT72 D. rugosa Male Stephens island May-12 L. Moran Muscle 
WT250 D. talpa* Male Mt Faraday, Paparoa Range Feb-15 T. Buckley, W. Chinn, R. Leschen Muscle 
WT251 D. tibiospina* Male Mt Arthur, Kahurangi National Park Feb-15 I. Millar Muscle 
WT153 H. broughi Male Denniston Plateau Feb-14 I. Millar, A. Walker Muscle 
WT19 H. crassidens Male Karori, Wellington Oct-11 P. Richie Muscle 
WT67 H. femorata Male Banks Peninsula, Christchurch Mar-12 R. van Heugten Muscle 
WT65 H. maori Male Rock and Pillar Range, Otago Jul-13 D. Wharton Muscle 
WT107 H. ricta Male Banks Peninsula, Christchurch Jul-13 R. van Heugten Muscle 
WT16 H. thoracica Male Birkdale, Auckland Sep-11 V. Twort, G. Twort, O. Twort Muscle 
* represents samples for which library construction and sequencing were carried out at BGI 



 

22 
 

2.3.2 RNA extraction and transcriptome sequencing 

We used RNAase, DNase and pyrogen-free plasticware, pipette tips and reagents for RNA extraction. 

Total RNA was isolated from leg muscle tissue, with the exception of D. elegans where antennae was 

sampled and D. fallai where multiple tissues were extracted independently (Table 2). Tissue was 

ground in liquid nitrogen and extracted using Trizol reagent (Invitrogen) according to the 

manufacturer’s protocol, with the following modifications: ground samples were incubated overnight at 

room temperature in Trizol and ethanol precipitations were incubated overnight at 4ºC. The resulting 

products were spin column purified with the RNeasy mini kit (Qiagen). Verification and quantification 

of the extractions was carried out using an Agilent 2100 Bioanalyzer (Agilent Technologies) and a 

Nanodrop 2000 spectrophotomer (Thermo Fisher Scientific or Quant-iTTM RiboGreen® RNA Reagent 

(Thermo Fisher Scientific) respectively prior to cDNA library preparation. 

Cleaned RNA was used for cDNA library construction, with the exception of the D. fallai antennae 

sample where we used the Trizol extracted RNA due to sample degradation during the cleaning 

process. Libraries were constructed at either Landcare Research or the Beijing Genomics Institute 

(BGI, Table 2). 

Landcare Research prepared libraries were constructed using the Illumina TruSeq RNA kit v2 

(catalogue ID: RS-122-2001) with an input of approximately 2.5 µg of total RNA. The PCR 

amplification step was performed for 12 cycles. Library quality was verified using a Bioanalyzer prior 

to sample quantification and sequencing at New Zealand Genomics Limited on the Illumina 96 

HiSeq2000 platform to generate 100 bp paired-end reads. 

In the case of BGI prepared libraries, total RNA was shipped to BGI Shenzhen for library preparation 

and sequencing. Messenger RNA (mRNA) was isolated with the Dynabeads mRNA Purification Kit 

(Invitrogen), followed by shearing with RNA fragmentation reagent (Ambion) at 72ºC. SuperScriptTMII 

Reverse Transcriptase (Invitrogen) was used for cDNA synthesis with random N6 primers (IDT). 

Second-strand synthesis was carried out with RNase H (Invitrogen) and DNA polymerase I (New 

England Biolabs), followed by end-repair, adaptor ligation and agarose gel selection (250 ± 20 bp). 

Products were subsequently indexed and PCR amplified to finalise library preparation. Verification of 

the cDNA fragment size and quantity was carried out using a Bioanalyzer and an ABI StepOnePlus 

Real-Time PCR machine. Sequencing was carried out on an Illumina HiSeq2000 with 150 bp paired-

end reads.  

2.3.3 Transcriptome assembly 

Raw Illumina data was quality checked with FASTQC (Andrews, 2010). Sequencing reads were 

processed to remove reads containing ambiguous bases (N’s), followed by the removal of 

homopolymer stretches using Prinseq v 0.20.4 (Schmieder & Edwards, 2011). Adaptor sequences 

were removed using Cutadapt 1.4.1 (Martin, 2011), following which reads less than 50 bp in length 

were discarded. We assembled de novo transcriptomes for each species individually (D. fallai tissues 

were combined to generate an overall transcriptome) using Trinity 2.0.6 (Grabherr et al., 2011; Brian 
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J. Haas et al., 2013), default parameters with a minimum contig length of 100 bp. We chose the 

Trinity assembler as it performs well as a de novo assembler, offering a balance between 

completeness, accuracy of isoform detection and contiguity of sequences (Honaas et al., 2016). 

Redundancy among the resulting transcripts was reduced using CD-HIT-EST (v3.1.1 similarity 

threshold of 95% (W. Li & Godzik, 2006)). Ribosomal sequences were manually removed from the 

assembly based on similarity to known insect ribosomal sequences (downloaded 14/10/2014 Table 3) 

using a Blastn (v2.2.28 (Altschul et al., 1997)) approach (1e-10 cut-off). Each transcript was analysed 

separately from this point (i.e. splice variants were not taken into account). Transcriptome assembly 

quality and completeness was assessed by mapping reads back onto the final assembly (Bowtie2 

v2.1.0 (Langmead & Salzberg, 2012), sensitive option) and by assessing presence of conserved 

arthropod genes with BUSCO (Transcriptome option (Simão, Waterhouse, Ioannidis, Kriventseva, & 

Zdobnov, 2015)). Open reading frames (ORFs) were identified for each species using Trans-decoder, 

with default parameters except for the retention of the longest ORFs provided they were bigger than 

120 amino acids long (Brian J. Haas et al., 2013). 

 

Table 3: Ribosomal RNA (rRNA) reference sequences from Deinacrida and Hemideina species 

rRNA subunit Species Accession  

18S Deinacrida carinata EU676711.1 

 Hemideina maori EU676708.1 
28S Deinacrida carinata EU676684.1 

 Hemideina maori EU676685.1 
12S Deinacrida carinata EU676708.1 

 Hemideina maori EU676657.1 
16S Hemideina maori AFS14483.1 
5.8S Tylopsis lilifolia AM888956.1 
5S Acheta domesticus M16074.1 

 

2.3.4 Orthologue identification 

We compiled a reference set of genes from the D. fallai trans-decoder results. All the ORF’s identified 

from the D. fallai transcriptome were annotated using a Blastx search (e-value threshold 1e-05) 

against the National Centre for Biotechnology Information (NCBI) swiss-prot database (accessed 

17/12/2015). Gene Ontology (GO) terms (Consortium, 2015), KEGG (Kyoto Encyclopaedia of Genes 

and Genomes) pathways (Kanehisa & Goto, 2000; Kanehisa, Sato, Kawashima, Furumichi, & 

Tanabe, 2016) and EC (Enzyme Commission) codes (McDonald, Boyce, & Tipton, 2009) were 

assigned using BLAST2GO v2.8 (Conesa et al., 2005) based on the Blastx results. ORFs were then 

filtered using the following criteria; complete ORF, significant BLASTx hit to a known protein, blast 

similarity of < 80%, and an E-value < 1e-10. We choose this blast criterion in order to remove those 

samples with high similarity to the swiss-prot database, as high similarity to a protein from a distantly 

related organism resulted in uninformative weta orthologue alignments that showed a pairwise identity 
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of close or equal to 100%. The orthologue dataset was further limited to only include those ORFs that 

had significant blast homology, because those lacking homology may represent novel proteins or 

highly diverged sequences or could represent untranslated regions or genomic DNA contamination. 

After screening, a reference set of 17,174 D. fallai transcripts were used for the orthologue search.  

To identify one-to-one orthologues from the D. fallai reference set in the remaining 17 transcriptomes, 

we undertook a bidirectional blast approach, using Blastn (e-value threshold 1e-5). Blast results were 

filtered to include only those identified in all 18 species. The resulting genes were aligned using 

MAFFT 7.266 (Katoh, Kuma, Toh, & Miyata, 2005; Katoh & Standley, 2013), using the auto option to 

select the most appropriate alignment strategy. Alignments were screened to ensure that at least 90% 

of the ORF was present in all species, and stop codons were removed. A final dataset representing 

755 genes was taken forward for downstream analysis. 

2.3.5 Phylogeny reconstruction 

The most appropriate model of DNA evolution was identified for each gene using the Akaike 

information criterion from jModelTest2 (v2.1.6) (Darriba, Taboada, Doallo, & Posada, 2012; Guindon 

& Gascuel, 2003). A maximum likelihood phylogeny was constructed independently for each gene in 

Garli V2.01 (Zwickl. Derrick, 2006) using 25 search and 1,000 bootstrap replicates. Gene trees were 

used as input for species tree construction with ASTRALII v4.10.11 (Mirarab & Warnow, 2015), gene-

and-site level bootstrapping was performed. For comparative purposes, we constructed a Bayesian 

and maximum likelihood phylogeny from the concatenated nucleotide alignment partitioned by codon. 

The Bayesian phylogeny was constructed using ExaBayes v1.4.1 (Aberer, Kobert, & Stamatakis, 

2014) for one million generations, sampled every 500. A relative burn-in of 25% was used with the 

following priors; exponentially distributed 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 zero and one. Each dataset 

was analysed in four different runs. The maximum likelihood phylogeny was generated in Garli using 

a partitioned model with separate GTR+I+G model for each codon position and 1,000 bootstrap 

samples was used to determine the degree of support for each node. 

2.3.6 Inferring selection 

To detect patterns of selection on the conserved orthologue set, ω was estimated using the CODEML 

package of PAML v.4.5 (Z. Yang, 2007b). For all comparisons the species tree generated by 

ASTRAL-II was used, with an unrooted tree being generated using the ape R package (Paradis, 

Claude, & Strimmer, 2004). Two separate sets of analyses were implemented to assess selection 

patterns. To detect amino acid sites under selection, four site model comparisons were used (M0:M3, 

M1a:M2a, M7:M8, M8a:M8). The models implemented are extensively described elsewhere (Z. Yang, 

2007b). Likelihood ratio tests (LRTs) between models where ω is allowed to vary above one, and the 

associated null models where ω is fixed at one, allows inference of the selective pressures acting 

along the protein sequence (Z. Yang, 2007b). Codons under positive selection were identified using 
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the BEB (Bayes Empirical Bayes) method under the M2a model. To identify genes under selection in 

alpine lineages, branch tests were implemented in six independent analyses. Each analysis had a 

unique alpine lineage as the foreground branch to test for selection associated with the alpine habitat. 

These six tests had the following as foreground branches; (1) H. maori branch, (2) D. elegans branch, 

(3), D. parva branch, (4) D. connectens branch, (5) D. tibiospina branch and (6) the branches leading 

to and including D. talpa and D. pluvialis (Figure 3). A lowland comparison of branch selection 

patterns was carried out by labelling lowland lineages as foreground branches, we tested (1) D. 

rugosa branch, (2) D. carinata branch, (3) H. broughi branch, (4) H. femorata branch, (5) H. ricta 

branch, (6) the branches leading to H. trewicki, H. crassidens and H. thoracica, and (7) the branches 

leading to and including D. heteracantha, D. mahoenui and D. fallai (Figure 3). P-values generated 

from the LRT tests were corrected for multiple testing using a false discovery rate of 5% with the R 

package QValue (Storey, 2002). KEGG pathway and GO enrichment analysis was carried out in 

Kobas (Xie et al., 2011) by first mapping transcripts to the Drosophila melanogaster reference set (E-

value threshold 1e-5), followed by enrichment analysis using a Fisher’s exact test. We tested for GO 

and KEGG terms associated with the genes under selection against all other genes identified in the 

transcriptome. 

Figure 3: Phylogenetic tree showing the location of the foreground labelled branches in the alpine and lowland lineage 
branch tests 
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Secondary protein structures were predicted for the top hit under the M1a:M2a model comparison 

using PSIPRED V4.0 (Buchan, Minneci, Nugent, Bryson, & Jones, 2013). A blastp search of the 

RCSB Protein Data Bank (Berman et al., 2000) aligned the D. fallai protein sequence with the closest 

orthologue. The resulting structural alignment was viewed in Cn3D (Y. Wang, Geer, Chappey, Kans, 

& Bryant, 2000). 

2.4. Results 

To investigate the phylogenetic relationships and selection patterns among Deinacrida and 

Hemideina species, 18 de novo assembled transcriptomes were generated, primarily from muscle 

tissue. Illumina sequencing produced a total of 194 Gbp (5 – 38 Gbp of data per species) (Table 4). 

De novo assembly of each species, followed by the removal of redundant and rRNA sequences, 

resulted in average of 223,301 contigs per species. On average, the assemblies have an N50 value of 

851 (ie. 50% of the assembled bases are incorporated into contigs 851 bp in length or longer), and a 

total assembly length of 111 Mbp. Assembly statistics for each species assembly are shown in Table 

5. 

 

Table 4: Summary of RNA-seq data from Hemideina and Deinacrida species  

Species Raw Data (Gbp) No. Raw Pairs 
No. Cleaned 
Pairs 

D. carinata 5.794 57,368,030 53,028,680  
D. connectens 5.021 49,715,476 45,723,934  
D. elegans 3.912 38,726,720 35,840,262  
D. fallai* 38.025 376,481,720 315,605,868 
D. heteracantha 8.662 85,759,960 79,034,252  
D. mahoenui 6.527 64,617,352 59,526,220  
D. parva 8.838 58,922,812 58,759,734 
D. pluvialis 20.541 203,366,318  185,352,010  
D. rugosa 7.938 78,597,258 72,763,410  
D. talpa 10.245 68,301,380 68,125,774 
D. tibiospina 9.202 61,351,562 61,191,748 
H. broughi 19.766 195,708,172  176,252,720  
H. crassidens 5.621 55,655,960 52,140,542  
H. femorata 6.101 60,408,592 56,290,568  
H. maori 6.118 60,579,874 56,420,004  
H. ricta 20.283 200,820,610  184,487,074  
H. thoracica 5.888 58,295,096 53,491,706  
H. trewicki 5.55 54,954,814 50,694,098  

* D. fallai transcriptome was constructed by combining reads from all six tissue libraries together 
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Table 5: Summary statistics of transcriptomes from Deinacrida and Hemideina species 

Species No. Transcripts N50 (bp) 
Median Contig 
Length (bp) 

Average Contig 
Length (bp) 

Longest 
Contig (bp) 

Total Assembly 
Length (bp) 

D. carinata 158,184 979 262 542 17,203 85,686,758 
D. connectens 143,006 762 260 494 15,112 70,585,929 
D. elegans 154,541 749 256 485 11,098 75,027,101 
D. fallai* 491,052 812 238 486 24,836 238,830,923 
D. heteracantha 181,474 932 258 528 23,901 95,857,769 
D. mahoenui 136,415 658 259 466 19,336 63,537,626 
D. parva 276,182 688 231 451 32,515 124,660,635 
D. pluvialis 273,395 1,173 251 560 33,018 153,195,209 
D. rugosa 162,088 1,012 267 552 20,026 89,502,720 
D. talpa 292,982 777 226 464 33,578 136,051,565 
D. tibiospina 285,966 802 230 474 26,755 135,419,927 
H. broughi 283,853 1,014 250 535 29,155 151,790,647 
H. crassidens 206,762 677 253 469 15,587 96,930,441 
H. femorata 171,783 926 259 529 22,031 90,810,936 
H. maori 157,489 888 262 524 17,603 82,514,748 
H. ricta 296,632 1,121 247 547 48,604 162,318,013 
H. thoracica 212,966 640 251 457 21,835 97,372,708 
H. trewicki 134,650 721 261 484 13,481 65,137,927 

* D. fallai transcriptome was constructed by combining reads from all six tissue libraries together 
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2.4.1 Transcriptome assembly assessment 

The quality and completeness of each transcript set was assessed using BUSCO (Simão et al., 2015) 

by searching for the presence of highly conserved single-copy core eukaryotic orthologues (arthropod 

database and transcriptome option used). On average 1,234 out of the 2,675 proteins (46%) were 

completely present (range of 41% - 84%, Table 6). Generally speaking, the variation in the 

completeness of each transcript set correlates with the amount of data available for the assembly. 

This is consistent with the findings of a recent study assessing de novo assemblers, using 

Arabidopsis thaliana and Oryza sativa data, whereby increasing data in 1 Gbp increments increases 

assembly quality (Honaas et al., 2016). The plateau seen when comparing the completeness of the 

20 Gbp assemblies with the combined D. fallai assembly (38 Gbp of data, Table 6, Figure 4) is due to 

diminishing returns, whereby once a particular threshold is reached, there are diminishing returns, in 

terms of the yield of additional transcripts, with an increase in data (Honaas et al., 2016). The number 

of complete conserved orthologues present in the assemblies is comparable or better than 

transcriptomes analysed in Simão et al (2015). In comparison to 43 other arthropod species 

assemblies, seven of the weta assemblies rank in the upper third, while 13 rank in the upper half of 

assemblies (Figure 5). The BUSCO analysis therefore shows that the draft transcriptomes presented 

are a good basis for further transcriptomic research of weta and downstream evolutionary analyses. 

 

Table 6: Summary of assembly assessment statistics 

Species 
Raw data 
(Gbp) 

BUSCO results Read mapping statistics 
Complete 
(Duplicated) 

Fragmented Missing 
Final 
assembly 

rRNA 
transcripts 

D. carinata 5.794 62% (15%) 15% 11% 87.78% 5.53% 
D. connectens 5.021 50% (10%) 13% 35% 87.64% 6.48% 
D. elegans 3.912 52% (10%) 14% 33% 86.68% 7.59% 
D. fallai* 38.025 83% (32%) 6.5% 9.7% 86.02% 8.37% 
D. heteracantha 8.662 65% (15%) 10% 23% 82.06% 13.01% 
D. mahoenui 6.527 41% (7.3%) 15% 43% 70.03% 25.20% 
D. parva 8.838 69% (21%) 12% 18% 85.69% 6.19% 
D. pluvialis 20.541 84% (29%) 4.7% 10% 88.95% 5.38% 
D. rugosa 7.938 67% (15%) 10% 22% 80.17% 15.25% 
D. talpa 10.245 77% (25%) 9.6% 13% 85.11% 10.84% 
D. tibiospina 9.202 76% (25%) 8.6% 14% 82.86% 12.79% 
H. broughi 19.766 79% (26%) 6.9% 13% 81.59% 12.51% 
H. crassidens 5.621 46% (10%) 16% 37% 73.97% 19.59% 
H. femorata 6.101 63% (14%) 10% 26% 85.27% 9.38% 
H. maori 6.118 59% (13%) 11% 28% 86.68% 7.59% 
H. ricta 20.283 84% (28%) 4.5% 11% 88.95% 5.38% 
H. thoracica 5.888 46% (11%) 17% 35% 65.02% 27.3% 
H. trewicki 5.55 44% (8.1%) 14% 40% 80.33% 14.27% 

* D. fallai transcriptome consists of data from six different libraries 
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Figure 4: The effect of increasing data on the completeness of the transcriptome, as assessed by BUSCO  
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Figure 5: BUSCO (Benchmarking Universal Single-Copy Orthologues) analysis comparison of the tree (Hemideina) 
and giant (Deinacrida) weta assemblies to 43 other arthropod species. Transcriptome Assemblies generated in this 
study are in highlighted in red. For each species 2,675 single copy arthropod orthologues were searched. Proportions 
in green show the relative number of complete genes found in each assembly, whereas orange and red proportions 
illustrate fragmented and missing genes, respectively. Note: *D. fallai transcriptome comprises of reads originating 
from six different tissue types 
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Alignment of the raw data against the final transcriptome assembly revealed on average 82.49% of 

the reads mapped back to transcripts, and 7.59% mapped to removed rRNA transcripts (Table 6). 

Generally speaking, rRNA contamination was relatively low, with the exception of the D. mahoenui 

and H. thoracica samples. The relatively high percentage of reads incorporated into each assembly, 

combined with the BUSCO results indicate that the assemblies for each species provides a valuable 

resource for analysing genes of interest. 

2.4.2 Orthologous gene identification 

The D. fallai combined transcriptome was used as a basis for the generation of the reference 

orthologue dataset, as it contained a total of 38 Gbp of raw data and had one the highest complete 

set of BUSCO orthologues (83%, Table 6). ORF identification with transdecoder followed by filtering 

resulted in a D. fallai reference set of 17,174 ORFs. A bi-directional best hit approach extracted 

>4,000 conserved, orthologous genes from all 18 species. After filtering the results to remove 

sequences with < 90% of the ORF, 755 genes remained for downstream analysis. These transcripts 

encompass a wide range of categories, and therefore provide a representative orthologue dataset for 

downstream molecular analysis. The majority of orthologues were assigned to at least one GO term, 

with the exception of two sequences. Distribution of transcripts across all three categories was similar 

(Figure 6). Of the transcripts assigned a molecular function term, the majority were assigned to 

binding, followed by catalytic activity and transporter activity (Figure 6). Cellular, single-organism and 

metabolic processes were the three categories with the most transcript assignment within the 

biological processes category (Figure 6). Roughly, 26% (202 transcripts) were assigned EC numbers, 

and encompassed all six classes. The most prominent class identified was hydrolases, followed by 

transferases with 86 and 56 sequences identified, respectively (Figure 7). 
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Figure 6: Distribution of level 2 Gene Ontology annotations for all Deinacrida and Hemideina orthologues 
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Figure 7: Distribution of EC (Enzyme Commission) classification for Hemideina and Deinacrida orthologues  

 

 

2.4.3 Phylogenetic Reconstruction 

To reconstruct the phylogenetic relationships among our study species the set of 755 conserved 

orthologues was used. Three separate phylogenetic analyses were undertaken; one species tree 

reconstruction and two concatenated analyses. All nodes were identically reconstructed across 

analyses (Figure 8). Nodal posterior probabilities of 1.0 (Bayesian analysis), likelihood bootstrap 

values of 100% and Astral support values of 100% were estimated for all nodes. Generally speaking, 

the species tree generated in this study agrees with previous studies based on morphological, 

allozymes and cytogenetic characters (Morgan-Richards & Gibbs, 2001; Trewick & Morgan-Richards, 

2004; Trewick & Morgan-Richards, 2005). Hemideina forms two main sister clades, one consisting of 

northern species (H. crassidens, H. thoracica and H. trewicki), and the second consisting of southern 

species (H. femorata, H. ricta and H. maori). The grouping of H. broughi with D. talpa and D. pluvialis 

is consistent with previous reports (Morgan-Richards & Gibbs, 2001; Trewick & Morgan-Richards, 

2004). The majority of previously reported sister species pairings are consistent with the species tree 

topology. The main exception is the northern arboreal Deinacrida clade, where previous studies have 

suggested that within this group D. fallai and D. heteracantha are sister species, showing a moderate 
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level of support (Gibbs, 2001; Morgan-Richards & Gibbs, 2001; Trewick & Morgan-Richards, 2004). 

Our transcriptome tree strongly indicates that the sister-species pairing within this group is in fact 

between D. mahoenui and D. heteracantha. The alpine lineages do not form a monophyletic group 

with respect to lowland lineages and this is consistent with previous analyses (Morgan-Richards & 

Gibbs, 2001). 



 

35 
 



 

36 
 

Figure 8: Consensus phylogeny constructed using 755 orthologues obtained from transcriptome sequences. Support 
values are Bayesian posterior probabilities/ maximum likelihood bootstrap values/ astral local posterior probabilities.  
Branch lengths are given in coalescent units, as calculated by astral. Triangles indicate species whose range includes 
an alpine habitat. 

 

2.4.4 Selection patterns among amino acid sites 

Site-based likelihood models were used to infer positive selection acting on amino acid sites across 

the phylogeny. Generally speaking, we found the majority of orthologues to be evolving under 

purifying selection when a single ω value is calculated across the entire protein coding sequence 

using the one-ratio (M0) model (mean ω=0.21, range 0.001 – 3.23 Figure 9). Two orthologues have 

an ω > 1 indicating that the protein as a whole is under positive selection. Despite the majority of 

genes being under overall purifying selection, significant among-site variation within genes is 

observed for 473 of the 755 orthologues, with the M3 model, which permits three ω values, providing 

a significantly better fit to the data than the M0 model (corrected P-value <0.05, 4 degrees of 

freedom). The M8 model is a better fit for 105 of the orthologues identified in the M0:M3 comparison 

(corrected P-value < 0.05, 2 degrees of freedom). A more conservative likelihood ratio test for positive 

selection replaces the M7 null model with the M8a, which has an extra category of ω fixed at one. The 

M8:M8a nested model comparison identified 159 orthologues (corrected P-value < 0.05, degrees of 

freedom of a 50:50 mixture of point mass 0 and 1). The most stringent approach compares the M1a 

null model, which has two values of ω (ω <1, ω =1), and M2a, which has an additional category of ω 

that is greater than one. This approach identifies positive selection in 83 orthologues (P-value <0.05, 

2 degrees of freedom), suggesting evidence of selection on these genes is especially robust. The 

number of sites identified as statistically significant under the M2a model ranges from zero to thirty-

nine for each gene. 
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Figure 9: Distribution of Omega (ω) values calculated for 755 orthologues in 18 Deinacrida and Hemideina species 
under the M0 evolutionary model. The red bar indicates the two genes with an overall ω indicative of positive selection 

 

 

The orthologues identified from the M1a:M2a selection test encompass a diverse range of GO terms, 

KEGG pathways and EC classes. To test for the enrichment of molecular functions a GO enrichment 

test was undertaken within KOBAS. A total of 47 GO categories were enriched within the 83 

orthologues (Table 7). Seven molecular function GO categories were enriched within the dataset and 

included the terms copper iron binding (GO:0005507, ontology: Molecular Function), superoxide 

dismutase activity (GO:0004784, ontology: Molecular Function) and aspartic-type endopeptidase 

activity (GO:0004190, ontology: Molecular Function). A total of 17 biological process terms were also 

enriched, and these included acetyl-CoA metabolic processes (GO:0006084, ontology: Biological 

Process), removal of superoxide radicals (GO:0019430, ontology: Biological Process) and copper ion 

transport (GO:0006825, ontology Biological Process). Five of the six enzyme EC classes are also 

represented within the dataset (Figure 10). The most prominent class of enzyme identified as under 

selection is hydrolases followed closely by oxidoreductases. The enzymes are distributed throughout 
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a total of 42 KEGG pathways (Table 8). No pathways were identified as being enriched with a Fisher’s 

exact test using KEGG pathway assignment within KOBAS. The number of enzymes present in each 

pathway ranged from one to four. The pathways with the most enzymes identified as being under 

selection were purine metabolism (Pathway ID map00230), oxidative phosphorylation (Pathway ID 

map00190), glutathione metabolism (Pathway ID map00480) and the biosynthesis of antibiotics 

(Pathway ID map01130). 
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Table 7: Gene Ontology (GO) terms identified as being enriched within orthologues under selection in the M1a:M2a site test 

GO ID Category GO Description 
Input 
Number 

Background 
Number 

Corrected 
P-Value 

GO:0030724 Biological Process testicular fusome organization 2 5 0.0208 

GO:0019430 Biological Process removal of superoxide radicals 2 10 0.0267 

GO:0000305 Biological Process response to oxygen radical 2 10 0.0267 

GO:0071450 Biological Process cellular response to oxygen radical 2 10 0.0267 

GO:0071451 Biological Process cellular response to superoxide 2 10 0.0267 

GO:0008302 Biological Process female germline ring canal formation, actin assembly 2 10 0.0267 

GO:0000303 Biological Process response to superoxide 2 10 0.0267 

GO:0016482 Biological Process cytoplasmic transport 7 558 0.0283 

GO:0031987 Biological Process locomotion involved in locomotory behaviour 3 63 0.0289 

GO:0048738 Biological Process cardiac muscle tissue development 2 14 0.0330 

GO:0000212 Biological Process meiotic spindle organization 3 69 0.0333 

GO:0006084 Biological Process acetyl-CoA metabolic process 2 16 0.0366 

GO:0006825 Biological Process copper ion transport 2 16 0.0366 

GO:0034614 Biological Process cellular response to reactive oxygen species 2 17 0.0383 

GO:0007300 Biological Process ovarian nurse cell to oocyte transport 3 82 0.0420 

GO:0006801 Biological Process superoxide metabolic process 2 22 0.0466 

GO:0007051 Biological Process spindle organization 6 519 0.0478 

GO:1990204 Cellular Component oxidoreductase complex 4 155 0.0303 
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GO ID Category GO Description 
Input 
Number 

Background 
Number 

Corrected 
P-Value 

GO:0005811 Cellular Component lipid particle 10 442 0.0001 

GO:0044444 Cellular Component cytoplasmic part 32 4,732 0.0001 

GO:0044429 Cellular Component mitochondrial part 11 728 0.0009 

GO:0005739 Cellular Component mitochondrion 13 1,139 0.0016 

GO:0005737 Cellular Component cytoplasm 35 6,363 0.0016 

GO:0044422 Cellular Component organelle part 27 4,996 0.0192 

GO:0044446 Cellular Component intracellular organelle part 26 4,834 0.0208 

GO:0031090 Cellular Component organelle membrane 9 902 0.0267 

GO:0005743 Cellular Component mitochondrial inner membrane 6 387 0.0267 

GO:0019866 Cellular Component organelle inner membrane 6 403 0.0283 

GO:0005759 Cellular Component mitochondrial matrix 5 263 0.0283 

GO:0031966 Cellular Component mitochondrial membrane 6 453 0.0366 

GO:0005740 Cellular Component mitochondrial envelope 6 469 0.0390 

GO:0016020 Cellular Component membrane 28 6,188 0.0390 

GO:0005576 Cellular Component extracellular region 10 1,288 0.0427 

GO:0035183 Cellular Component female germline ring canal inner rim 2 20 0.0429 

GO:0031967 Cellular Component organelle envelope 7 673 0.0429 

GO:0031975 Cellular Component envelope 7 676 0.0429 

GO:0044421 Cellular Component extracellular region part 7 682 0.0440 
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GO ID Category GO Description 
Input 
Number 

Background 
Number 

Corrected 
P-Value 

GO:0045271 Cellular Component respiratory chain complex I 3 93 0.0466 

GO:0030964 Cellular Component NADH dehydrogenase complex 3 93 0.0466 

GO:0005747 Cellular Component mitochondrial respiratory chain complex I 3 93 0.0466 

GO:0016530 Molecular Function metallochaperone activity 2 6 0.0234 

GO:0016721 Molecular Function oxidoreductase activity, acting on superoxide radicals as acceptor 2 10 0.0267 

GO:0004784 Molecular Function superoxide dismutase activity 2 10 0.0267 

GO:0004190 Molecular Function aspartic-type endopeptidase activity 2 12 0.0283 

GO:0070001 Molecular Function aspartic-type peptidase activity 2 12 0.0283 

GO:0005507 Molecular Function copper ion binding 3 75 0.0368 

GO:0016491 Molecular Function oxidoreductase activity 11 1,537 0.0429 
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Table 8: Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathways present in the 83 orthologues identified as under selection in the M1a:M2a site test 

Pathway ID Pathway Enzyme ID Enzyme No. Enzyme 
Sequences 

map00010 Glycolysis / Gluconeogenesis ec:2.3.1.12 acetyltransferase 1 

ec:4.1.2.13 aldolase 1 

map00020 Citrate cycle (TCA cycle) ec:2.3.1.12 acetyltransferase 1 

map00030 Pentose phosphate pathway ec:4.1.2.13 aldolase 1 

map00051 Fructose and mannose metabolism ec:4.1.2.13 aldolase 1 

map00053 Ascorbate and aldarate metabolism ec:1.8.5.1 dehydrogenase (ascorbate) 1 

map00062 Fatty acid elongation ec:4.2.1.17 hydratase 1 

map00071 Fatty acid degradation ec:4.2.1.17 Hydratase 1 

map00073 Cutin, suberine and wax biosynthesis ec:1.2.1.50 reductase 1 

map00190 Oxidative phosphorylation ec:3.6.3.6 ATPase 1 

ec:1.6.99.3 dehydrogenase 2 

ec:1.6.5.3 reductase (H+-translocating) 2 

map00230 Purine metabolism ec:3.5.4.4 deaminase 1 

ec:3.6.1.3 adenylpyrophosphatase 2 

ec:3.1.4.17 phosphodiesterase 1 

ec:3.6.1.15 phosphatase 4 

map00240 Pyrimidine metabolism ec:4.2.1.70 synthase 1 

map00280 Valine, leucine and isoleucine degradation ec:4.2.1.17 hydratase 1 
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Pathway ID Pathway Enzyme ID Enzyme No. Enzyme 
Sequences 

map00281 Geraniol degradation ec:4.2.1.17 hydratase 1 

map00310 Lysine degradation ec:4.2.1.17 hydratase 1 

map00350 Tyrosine metabolism 

 

ec:1.14.18.1 monophenol monooxygenase 1 

ec:1.10.3.1 oxidase 1 

map00360 Phenylalanine metabolism ec:4.2.1.17 hydratase 1 

map00362 Benzoate degradation ec:4.2.1.17 hydratase 1 

map00380 Tryptophan metabolism ec:4.2.1.17 hydratase 1 

map00410 beta-Alanine metabolism ec:4.2.1.17 hydratase 1 

map00965 Betalain biosynthesis ec:1.14.18.1 monophenol monooxygenase 1 

map00480 Glutathione metabolism ec:2.5.1.18 transferase 2 

  ec:1.5.4.1 synthase 1 

  ec:1.8.5.1 dehydrogenase (ascorbate) 1 

map00520 Amino sugar and nucleotide sugar metabolism ec:3.2.1.14 chitodextrinase 1 

map00592 alpha-Linolenic acid metabolism ec:4.2.1.17 hydratase 1 

map00620 Pyruvate metabolism ec:2.3.1.12 acetyltransferase 1 

map00627 Aminobenzoate degradation ec:4.2.1.17 hydratase 1 

map00640 Propanoate metabolism ec:4.2.1.17 hydratase 1 

map00650 Butanoate metabolism ec:4.2.1.17 hydratase 1 

map00680 Methane metabolism ec:4.1.2.13 aldolase 1 
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Pathway ID Pathway Enzyme ID Enzyme No. Enzyme 
Sequences 

map00710 Carbon fixation in photosynthetic organisms ec:4.1.2.13 aldolase 1 

map00720 Carbon fixation pathways in prokaryotes ec:4.2.1.17 hydratase 1 

map00730 Thiamine metabolism ec:3.6.1.15 phosphatase 4 

map00740 Riboflavin metabolism ec:1.14.18.1 monophenol monooxygenase 1 

map00790 Folate biosynthesis ec:1.5.4.1 synthase 1 

map00903 Limonene and pinene degradation ec:4.2.1.17 hydratase 1 

map00930 Caprolactam degradation ec:4.2.1.17 hydratase 1 

map00940 Phenylpropanoid biosynthesis ec:1.11.1.7 lactoperoxidase 1 

map00950 Isoquinoline alkaloid biosynthesis ec:1.14.18.1 monophenol monooxygenase 1 

  ec:1.10.3.1 oxidase 1 

map00980 Metabolism of xenobiotics by cytochrome P450 ec:2.5.1.18 transferase 2 

map00982 Drug metabolism - cytochrome P450 ec:2.5.1.18 transferase 2 

map00983 Drug metabolism - other enzymes ec:3.1.1.1 ali-esterase 1 

map01040 Biosynthesis of unsaturated fatty acids ec:1.14.19.1 9-desaturase 1 

  ec:4.2.1.17 hydratase 1 

map01130 Biosynthesis of antibiotics ec:2.3.1.12 acetyltransferase 1 

  ec:4.1.2.13 aldolase 1 

  ec:4.2.1.17 hydratase 1 
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Figure 10: Distribution of EC (Enzyme Commission) classification for orthologues identified as under selection in the 
M1a:M2a comparison 

 

The 10 transcripts exhibiting the strongest signal for selection are shown in Table 9. Of these 

transcripts six have been identified as enzymes. The transcript showing the strongest signal, with a 

total of 35 sites identified as under section codes for the inactive precursor form of the phenoloxidase 

enzyme (Table 10). Structural alignment of the enzyme with the Tobacco hornworm (Manduca sexta) 

orthologue (PDB ID 3HHS, Y. Li, Wang, Jiang, & Deng, 2009), allows the location of the codons 

identified as under positive selection to be visualised in a structural context. Twenty-five of the sites 

are located on the surface of the protein, while two sites (398 and 434) occur near the active site. 

None of the amino acid states at these sites correlate with the grouping of species into alpine and 

lowland.  
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Table 9: Summary of Paml site test results for the top ten genes under selection when ranked by p value. 

Contig Annotation Protein 
length 
(aa) 

K (M0) ω (M0) 
 

M1a:M2a BEB 
sites 
(M2) 

3861 prophenoloxidase 727 2.54 0.43 82.85** 35 
255 collagen alpha-2 chain 1778 3.56 0.29 119.46** 22 
3721 very long-chain specific acyl- 

mitochondrial 
635 3.19 0.34 156.29** 16 

777 cd63 antigen 239 2.61 0.94 124.92** 13 
3921 cytoplasmic dynein 1 

intermediate chain-like isoform 
x16 

664 3.48 0.14 59.89** 11 

4174 glutathione s-transferase omega-
1 

242 2.57 1.01 35.74** 10 

2771 superoxide dismutase 199 2.77 1.07 35.36** 9 
268 nucleoporin nup54 560 2.72 0.24 71.99** 8 
1338 cd63 antigen-like 231 2.72 0.87 106.75** 8 
1060 microsomal glutathione s-

transferase 3-like 
143 3.21 0.98 28.73** 7 

Significance: *P>95%, **P>99%, K=ratio of transitions to transversions, ω (M0) = ratio of nonsynonymous to synonymous 
substitutions under the M0 model; M1a:M2a = likelihood ratio test result for the nested model comparison between the M1a and 
M2a model, aa= amino acid, = number of amino acid detected under positive selection under a Bayes Empirical Bayes model 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Positive selection within prophenoloxidase. A) Distribution of positively selected sites within the Hemideina 
and Deinacrida phylogeny. Probability of each codon position being under positive selection (ω>1) using Bayes 
Empirical Bayes analysis under the M2a model in PAML. Codon position based on the full alignment length. The 
secondary structure is shown in relation to codon position. B) Prophenoloxidase structural model highlighting the 
location of amino acid sites under selection (shown in yellow) and C) Visual representation of Prophenoloxidase 
active site showing the amino acids under selection (yellow). 

 

A) 

C) B) 
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Table 10: Amino acid sites identified as being under positive selection in prophenoloxidase. Inferred using the M2a 
model.  

Site* BEB ω M2a (+/- SE) Amino Acids 

35 0.986 2.665 (0.436) L, I 
49 0.954 2.609 (0.524) A, T 
53 0.99 2.672 (0.424) E, A, Q, V 
54 0.979 2.653 (0.457) R, N, S 
66 0.973 2.642 (0.475) S, A 
91 0.976 2.648 (0.466) N, S, T 
92 0.963 2.626 (0.498) L, I 
94 0.979 2.653 (0.458) A, P, S 
127 0.993 2.676 (0.416) V, I 
135 0.987 2.667 (0.434) S, T 
143 0.993 2.677 (0.414) A, S 
146 0.961 2.623 (0.506) C, S 
163 0.971 2.640 (0.478) I, L 
178 0.972 2.641 (0.477) C, S 
179 0.998 2.683 (0.400) S, A, T 
246 0.955 2.612 (0.521) Y, F 
253 0.988 2.668 (0.430) E, Q 
318 0.973 2.642 (0.475) V, I, G 
359 0.997 2.682 (0.403) D, N, S 
362 0.996 2.680 (0.407) Q, E, D 
369 0.966 2.631 (0.491) T, P 
381 0.958 2.617 (0.514) S, A 
385 0.951 2.606 (0.528) S, T 
398 0.998 2.684 (0.399) L, G 
405 0.952 2.606 (0.528) V, L 
434 0.966 2.632 (0.492) L, F 
461 0.955 2.612 (0.517) G, N 
512 0.962 2.624 (0.501) T, A 
600 0.952 2.605 (0.526) A, D 
650 0.978 2.651 (0.460) M, T 
668 0.987 2.666 (0.434) P, S 
707 0.992 2.675 (0.418) I, L, V 
720 0.992 2.674 (0.420) G, A 
722 0.997 2.683 (0.402) P, S, T 
727 0.999 2.686 (0.395) G, K, E, Q, N 

* = Amino acid site in the full length D. fallai sequence. SE = standard error. BEB = Bayes Empirical Bayes posterior probability 
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2.4.5 Selection patterns among alpine and lowland lineages 

To test for selection associated with alpine lineages branch tests were carried out by independently 

labelling branches leading to alpine lineages. As the alpine habitat character is scattered across the 

phylogeny this required six independent tests to be carried out, the branches leading to D. parva, D. 

elegans, D. connectens, D. tibiospina, H. maori, and D. talpa and D. pluvialis were labelled as 

foreground branches. Of the transcripts tested, 176 (23.3%) had foreground ω ratios > 1 in at least 

one test, indicating positive selection along the foreground branch. Of the transcripts under selection 

the majority of genes (72%) were identified only in a single alpine test. The number of transcripts 

inferred as being under positive selection in each lineage varied from 2 to 62 (Figure 12).  

 

Figure 12: Number of genes under positive selection for each alpine lineage test 

 

To determine whether or not a similar pattern is also observed in lowland adapted lineages, the 

branches to all remaining lineages were independently labelled. As the remaining species are also 

scattered throughout the phylogeny, this required seven independent tests to be carried out. A total of 

197 (26%) transcripts were identified as having a foreground ω ratio indicative of positive selection. 

The majority of genes under selection on the branch leading to a lowland lineage were identified in 

only one of the seven groups. The number of transcripts identified in each lineage varied from 2 to 70 

(Figure 13).  
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Figure 13: Number of genes identified as under positive selection for each lowland lineage test 

 

A comparison of the transcripts identified in both the alpine and non-alpine lineage branch tests 

revealed that 36% of the genes identified were common to both habitat types (Figure 14). In both 

datasets, no positively selected transcripts were inferred on branches leading to either all the alpine or 

all the lowland groups, with at most a gene being under positive selection on four independent 

lineages (Figure 15). A GO and KEGG enrichment was carried out on the sets of genes unique to the 

alpine, unique to the lowland and those identified in common. Within the genes unique to the alpine 

groups, GO terms such as GTP binding (GO: 0005525), GTPase activity (GO: 0003924 and ATP 

binding (GO: GO:0005524) were enriched, with no KEGG pathway enrichment occurring. Among the 

genes unique to the lowland lineages, GO enriched terms included heme binding (GO:002003), 

oxidation-reduction process (GO:0055114) and electron carrier activity (GO: 0009055). Within the 

alpine group five KEGG pathways were enriched, three of which are signalling pathways (Table 12). 

The top five GO enriched terms identified in the three datasets are given in Table 11, with the 

complete list of enrichments given in appendix A.2. 
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Figure 14: Venn diagram showing the overlap between transcripts identified as under positive selection in the alpine 
and lowland lineage tests 

 

 

Figure 15: Distribution of the number of lineages a gene was identified in as under positive selection for the alpine and 
lowland lineage tests 
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Table 11: The top five Gene Ontology (GO) terms enriched within the genes under selection in only the alpine lineages, lowland lineages or in common to both habitat types 

Alpine Unique Shared Low-land Unique 
GO ID GO Category GO Description GO ID GO Category GO Description GO ID GO Category GO Description 

GO:0006468 Biological 
Process 

protein 
phosphorylation 

GO:0006468 Biological 
Process 

protein 
phosphorylation 

GO:0006468 Biological 
Process 

protein 
phosphorylation 

GO:0004674 Molecular 
Function 

protein 
serine/threonine 
kinase activity 

GO:0004674 Molecular 
Function 

protein 
serine/threonine 
kinase activity 

GO:0016705 Molecular 
Function 

oxidoreductase 
activity, acting on 
paired donors, with 
incorporation or 
reduction of 
molecular oxygen 

GO:0005524 Molecular 
Function 

ATP binding GO:0005524 Molecular 
Function 

ATP binding GO:0005524 Molecular 
Function 

ATP binding 

GO:0004672 Molecular 
Function 

protein kinase 
activity 

GO:0010951 Molecular 
Function 

protein kinase 
activity 

GO:0004674 Molecular 
Function 

protein 
serine/threonine 
kinase activity 

GO:0032482 Biological 
Process 

Rab protein signal 
transduction 

GO:0010951 Biological 
Process 

negative regulation 
of endopeptidase 
activity 

GO:0005506 Molecular 
Function 

iron ion binding 
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Table 12: KEGG pathways enriched within the genes identified as under positive selection in the alpine lineage tests 

Pathway ID Pathway Input Number Background 
Number 

Corrected 
P-value 

dme04068 FoxO signalling pathway 15 47 9.51x10-07 
dme04150 mTOR signalling pathway 11 32 7.23x10-05 
dme04310 Wnt signalling pathway 17 85 9.34x10-05 
dme04144 Endocytosis 17 113 0.00408 
dme04931 Insulin resistance 10 46 0.014494 

 

2.5. Discussion 

Transcriptome sequencing of all 18 Deinacrida and Hemideina species was used as a means to 

identify conserved orthologues and their associated patterns of selection. The results presented in 

this chapter show that candidate genes involved in respiration, energy production and metabolism are 

under positive selection across the phylogeny. In addition, investigation of selection patterns 

associated with alpine adaptation show no evidence for parallel evolution, and rather supports the 

idea that each alpine lineage has a unique set of adaptations allowing adaptation to the harsh alpine 

environment.  

2.5.1 Transcriptome assembly and assessment 

To identify orthologues genes among New Zealand tree and giant weta, we de novo assembled 

transcriptomes for all 18 species. Assembly resulted in an average of 223,301 transcripts per species. 

The observed number of transcripts varies between each assembly, and correlates with a decrease in 

total transcripts as sequencing depth increases. This is a direct consequence of a number of factors 

including read length and sequencing depth. Illumina sequencing reads are shorter than the 

transcripts we are trying to reconstruct, therefore in order for a complete transcript to be assembled 

we need a series of overlapping reads sequenced at a great enough depth (Robertson et al., 2010). 

The lack of coverage or sequencing depth of lowly expressed transcripts are largely responsible for 

the assembly errors observed in de novo assemblies, resulting in fragmentation and non-assembly 

(Honaas et al., 2016). Therefore, it can be difficult to identify sequences that originate from the same 

transcript but fail to assemble due to sequencing polymorphism, sequencing error or alternative 

splices (Choi et al., 2010). This issue can be reduced by increasing sequencing depth, however this 

isn’t a realistic solution, as a point is reached whereby increasing coverage results in limited benefits 

in terms of the number of transcripts observed and the completeness of assembly (Honaas et al., 

2016). This is seen when comparing the D. fallai assembly with the D. pluvialis and H. ricta 

assemblies, despite the 10 Gbp increase in sequencing data the number of complete core 

orthologues remains similar.  

Identification of single copy core orthologous genes provides a measure of assembly completeness, 

while mapping reads back onto final transcripts provides a measure of quality. The single-copy 

conserved genes are expected to be widely expressed at a moderate level hence providing an 

indicator of data completeness (Der, Barker, Wickett, & Wolf, 2011; M. Hale, McCormick, Jackson, & 
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DeWoody, 2009; Honaas et al., 2016). The numbers of conserved orthologues present within the 18 

transcriptomes are as good as, or better than many published transcriptomes (Simão et al., 2015). 

Despite this, the D. mahoenui and H. thoracica transcriptomes exhibited a lower percentage of 

completeness than transcriptomes sequenced at a similar level. The lower proportion of core 

orthologues could be due to the fact that 25.2% and 27.3% of the reads map to rRNA transcripts 

respectively, thereby lowering the coverage for other transcripts, resulting in gene fragmentation or 

non-assembly. In addition, both samples had reproductive organs previously dissected for RNA-seq 

analysis (Twort, 2012), therefore some degradation of RNA may have occurred, resulting in the 

inability to assemble complete transcripts.  

2.5.2 Phylogenetic relationships among New Zealand weta 

Alpine weta do not form a monophyletic group within the phylogeny, indicating that speciation into the 

montane environment has occurred multiple times in weta, rather than being considered the retention 

of an ancestral state (Morgan-Richards & Gibbs, 2001). This theory is supported by the fact that 

freeze tolerance has been shown to have evolved multiple times within Orthoptera (Sinclair, 1999). 

The sister-species pairing of D. parva with D. rugosa and H. maori with H. ricta supports the 

hypothesis of multiple origins as one species in each pair is alpine adapted while the other occupies a 

lowland environment (Morgan-Richards & Gibbs, 2001). In addition, the New Zealand alpine zone is 

relatively young, being between two to seven million years old (Heenan & McGlone, 2013; 

Whitehouse & Pearce, 1992). This coupled with the fact that the level of genetic divergence observed 

within the alpine scree weta (D. connectens) correlates with the age of the alpine zone (Trewick, 

Wallis, & Morgan-Richards, 2000), lends further support to this hypothesis. In order to confirm this 

hypothesis a phylogenetic analysis including a suitable outgroup would be required, this however was 

outside the scope of this study. 

The placement of H. broughi within the phylogeny is consistent with previous morphological and 

phylogenetic studies (Morgan-Richards, King, et al., 2001; Trewick & Morgan-Richards, 2004). 

Phylogenetic reconstructions have shown that H. broughi is a sister group to the two neighbouring 

western alpine giant weta (D. pluvialis and D. talpa) (Morgan-Richards & Gibbs, 2001; Trewick & 

Morgan-Richards, 2004). This combined with morphological data, the lack of sexual dimorphism (L. H 

Field & Deans, 2001) and stridulatory ridges that is seen in all other tree weta and all weta except 

three Deinacrida species (Morgan-Richards & Gibbs, 2001), and the phylogeny presented here, 

suggests that this may in fact be the case. However, the question of whether or not H. broughi should 

be considered a member of the Deinacrida genus has also been raised (Morgan-Richards & Gibbs, 

2001; Trewick & Morgan-Richards, 2004). To answer this question, adequate outgroup sampling of 

anostostomatids is required to determine whether or not these genera are in fact reciprocally 

monophyletic.  
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2.5.3 Positive selection and the evolution of metabolic rate 

Alpine adapted weta have been shown to have an elevated metabolic rate when compared to species 

occupying lowland environments (K. King & Sinclair, 2015). This increased metabolic rate requires 

alpine adapted individuals to deal with stress induced responses, such as the increased production of 

ROS. Therefore, to gain insight into how evolutionary forces have affected the divergence of proteins 

across the weta phylogeny, the ω ratio was examined for all 755 orthologues. Generally speaking, the 

ω ratios for the orthologues were less than one, indicative of overall purifying selection. This is a 

common occurrence with proteins generally tending to be under purifying selection as a whole, with 

adaptation occurring on a subset of proteins and within proteins on selected sites/regions (W.-H. Li, 

1997; Z. Yang et al., 2000). Proteins exhibiting ω ratios around 0.5 tend to have experienced 

episodes of adaptive evolution (Andrés, Maroja, Bogdanowicz, Swanson, & Harrison, 2006; N. L. 

Clark & Swanson, 2005; Swanson et al., 2001; Swanson, Wong, Wolfner, & Aquadro, 2004), with a 

similar trend being observed among H. thoracica and H. crassidens male reproductive associated 

proteins (Twort, 2012).  

A transcriptome wide scan for positive selection identified a total of 83 genes for which we can infer 

positive selection at a least one amino acid site. These genes under positive selection encompass a 

wide range of GO terms and KEGG pathways. Of the genes identified 36% were annotated as 

enzymes. This is consistent with the observation that metabolic enzymes are often inferred to have 

higher than expected levels of functionally important variation (Marden, 2013), with enzymes involved 

in glycolysis and the TCA cycle repeatedly being identified as responding to natural selection 

(Cheviron et al., 2012; Cheviron et al., 2008; Dunning et al., 2013; Marden, 2013; Wheat et al., 2011). 

Enzymes involved in both of these pathways were among the genes under selection in weta. The 

non-neutral variation seen in metabolic enzymes has been suggested to be a consequence of their 

moonlighting functions, whereby these enzymes play roles outside of metabolism (Fu et al., 2011; 

Kim & Dang; Marden, 2013). Furthermore, a variety of metabolism related pathways had enzymes 

under selection. These pathways include glycolysis, oxidative phosphorylation and the pentose 

phosphate pathway. Enzymes involved in key metabolic pathways, such as these, have been shown 

to exhibit ecologically important variation within whitefish (Coregonus clupeaformis) (M. Evans & 

Bernatchez, 2012; Renaut, Nolte, & Bernatchez, 2010) and high altitude deer mice (Peromyscus spp.) 

(Cheviron et al., 2012).  

Of particular interest are the enzymes identified in the oxidative phosphorylation pathway. Coding and 

transcriptional variation among these genes have been observed in a variety of taxa, and are 

hypothesised to translate into adaptive differences in aerobic capacity and thermal tolerance 

(Cheviron et al., 2008; Dalziel, Moore, & Moyes, 2005; Mishmar et al., 2003; Ruiz-Pesini, Mishmar, 

Brandon, Procaccio, & Wallace, 2004; G. R. Scott et al., 2011; F. Zhang & Broughton, 2015). In 

addition, oxidative phosphorylation genes have been implicated as playing a key role in the evolution 

of reproductive barriers among populations, and as a speciation mechanism, due to cytonuclear 

incompatibility of oxidative phosphorylation complexes (M. Evans & Bernatchez, 2012; Gershoni, 

Templeton, & Mishmar, 2009; G. E. Hill, 2016). This occurs because although the complexes are 
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found in the inner mitochondrial membrane, individual components are encoded in both the nuclear 

and mitochondrial genomes, and hence are expected to be tightly co-adapted (Blier, Dufresne, & 

Burton; Gershoni et al., 2009). This idea is supported by the fact that inter-population hybridisation 

within an intertidal copepod (Tigriopus californicus) results in reduced cytochrome c oxidase enzyme 

activity, and as a result reduced fitness, due to the disruption of co-adapted nuclear and mitochondrial 

oxidative phosphorylation genes (Ellison & Burton, 2008; Rawson & Burton, 2002). In particular, 

Complex V has been identified as playing a role in reproductive isolation in Atlantic eel species 

(Anguilla spp.), due to cytonuclear incompatibility (Gagnaire, Normandeau, & Bernatchez, 2012). The 

current leading hypothesis is that mismatched mitochondrial and nuclear components leads to 

enhanced production of ROS, which is predicted to affect DNA, functional molecules in the cell and 

may even result in complete mitochondrial dysfunction (Bayona-Bafaluy, Müller, & Moraes, 2005; 

Grossman, Wildman, Schmidt, & Goodman; G. E. Hill, 2016; Reinecke, Smeitink, & van der 

Westhuizen, 2009). Three enzymes involved in the oxidative phosphorylation pathway have been 

identified as under selection among Deinacrida and Hemideina species (EC3.6.3.6, EC1.6.99.3, 

EC1.6.5.3), and belong to Complexes I and V. Therefore, these enzymes may potentially represent 

speciation-related genes and/or genes key to adaptation in the alpine environment.  

The orthologue showing the strongest signal for positive selection was annotated as 

prophenoloxidase, which is the inactive form of phenoloxidase and had a total of 35 codons identified 

as under positive selection. Phenoloxidase plays a key role in melanogenesis whereby it catalyses 

the oxidation of phenols to quinones, that polymerise to form melanin (Soderhall & Cerenius, 1998). In 

addition to pigmentation, melanin plays a variety of roles within invertebrates including desiccation 

resistance, thermoregulation, pathogen resistance and immune response (Barnes & Siva-Jothy, 2000; 

Reeson, Wilson, Gunn, Hails, & Goulson, 1998; Wilson, Cotter, Reeson, & Pell, 2001; Wilson et al., 

2002). Within H. maori the melanic colour morph has been shown to have a higher desiccation 

resistance than the non-melanic morph (K. King & Sinclair, 2015). In addition to desiccation 

resistance, melanin levels have also been associated with differences in immunity potential between 

the two H. maori colour morphs (Robb, Forbes, & Jamieson, 2003). Melanin is also a key free-radical 

scavenger (H. Z. Hill, 1992; Korytowski, Pilas, Sarna, & Kalyanaraman, 1987; Różanowska, Sarna, 

Land, & Truscott, 1999) helping to prevent damage caused by ROS. Therefore, the variation 

observed within this enzyme among weta may play a role in the ability of a species to be able to adapt 

to an alpine environment, and the metabolic cost associated with adaptation. The majority of sites 

identified under the M2a BEB analysis occur on the surface of the enzyme, with the exception of sites 

398 and 434. Surface modifications can influence the thermostability (P. A. Fields, 2001) and catalytic 

performance of enzymes (P. A. Fields & Somero, 1998). These surface changes are key in 

maintaining the adaptive potential of a protein (Nilsson, Grahn, & Wright, 2011; Schlessinger et al., 

2011), while purifying selection against internal changes is key to maintaining enzyme function 

(Bustamante, Townsend, & Hartl, 2000). Understanding how the changes observed affects the 

performance and stability of the enzyme will require biochemical assays to determine what affects, if 

any the sites under positive selection have (J. F. Storz & Wheat, 2010; Zera, 2011). 
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We acknowledge that two or more copies of prophenoloxidase have been found in most insects 

(González-Santoyo & Córdoba-Aguilar, 2012), although species such as the honeybee (Apis 

mellifera) only has one copy (J. D. Evans et al., 2006). The evolutionary conservation also varies 

across taxa, with Drosophila melanogaster and Tribolium castaneum sharing two of their three 

prophenoloxidase genes (Waterhouse et al., 2007), while others have experienced a radiation of this 

gene family with Anopheles gambiae having 9 copies, while Aedes aegypti has 10 (Waterhouse et al., 

2007). The evolutionary reason behind why prophenoloxidase has diversified in some clades, while 

being highly conserved in others is unclear (González-Santoyo & Córdoba-Aguilar, 2012). 

Nevertheless, the possibility exists that the high rate of positive selection observed among Deinacrida 

and Hemideina may be a function of a diversification of prophenoloxidase among these taxa or may 

be caused by the presence of alternative copies in the alignment. The gene tree for prophenoloxidase 

disagrees with the species tree primarily in the placement of D. mahoenui (A.1 Figure 1A), although 

the placement has low support values. To determine if additional copies were present within the D. 

mahoenui transcriptome all sequences within the alignment were blasted against the whole 

transcriptome, and all significant blast results extracted. This resulted in the identification of one 

additional copy which was highly similar to the transcript already in the alignment (99% pairwise 

identity). The inclusion of the second copy within the alignment resulted in a tree with the same 

topology was the original gene tree (A.1 Figure 1B). This therefore, suggests that the alignment 

analysed here includes only orthologues, and therefore, this gene represents an interesting candidate 

for downstream analyses. However, it should be noted that before any further investigations can be 

carried out validation of the candidate gene by PCR is required to confirm that the correct assembly of 

each transcript has occurred. 

The production of ROS is a by-product of metabolism, and has been attributed to exposure to stress. 

Superoxide dismutase is a key component of the insect antioxidant enzyme system, converting 

reactive oxygen species to oxygen and hydrogen peroxide (Fridovich, 1975; Gretscher et al., 2016). A 

superoxide dismutase was identified in the top 10 genes under selection. The changes observed 

within this enzyme represent interesting candidates for how this enzyme had adapted to deal with the 

increased production of ROS, as a result of the increased metabolism observed in alpine Hemideina 

species (K. King & Sinclair, 2015). The site selection test results presented here point towards 

selection acting on metabolic associated processes such as ATP production and the processing of 

free-radicals. Adaptation to an alpine environment requires an organism to be able to deal with stress 

induced responses, such as the production of ROS, therefore the enzymes and their associated 

selection patterns represent interesting candidates for further analysis, including functional analysis to 

see, if any, what changes affect enzyme function. It should be noted however, that an association 

between sites under selection and protein function may not always correlate (Runck, Weber, Fago, & 

Storz, 2010). This in part is due to sites representing false positives of the method used (Yokoyama, 

Tada, Zhang, & Britt, 2008). Alternatively, the function being observed in vitro may not be the function 

which is being selected for (Ziheng Yang & dos Reis, 2011). Enzymes, are known to have 

moonlighting functions (Fu et al., 2011; Kim & Dang, 2005; Marden, 2013), and may also acquire 
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additional cellular functions as they evolve (Jeffery), therefore the lack of association may be due to 

these secondary roles being the target of selection (Jay F. Storz & Zera, 2011).  

2.5.4 Evidence for species specific adaptation to the alpine environment 

The repeated invasion into alpine environments among the weta phylogeny provides an opportunity to 

investigate the genetic basis of adaptation to the associated harsh environmental conditions. The 

elevation in metabolic rate associated with alpine habitats in some weta species (K. King & Sinclair, 

2015) suggests an underlying predisposition for alpine adaption (Kathryn R. Elmer & Meyer, 2011). 

These two factors combined, allows the investigation of whether alpine adaptation shows evidence for 

parallel molecular evolution. Parallel speciation can occur via a number of different processes. Firstly, 

evidence from a number of systems suggests that species undergo parallel evolution, whereby they 

utilise the same genes and genomic regions (Conte, Arnegard, Peichel, & Schluter, 2012; Stern, 

2013). Examples include the loss of pigmentation in cave fish (Gross, Borowsky, & Tabin, 2009), 

freshwater invasion of sticklebacks (Glazer, Cleves, Erickson, Lam, & Miller, 2014) and squid 

bioluminescence (Pankey, Minin, Imholte, Suchard, & Oakley, 2014). Alternatively, changes can 

occur in different genomic regions as seen in New Zealand stick insect cuticular evolution (Dennis et 

al., 2015). Lastly, parallel adaption can occur via a combination of these two processes as seen in 

Timema stick insects whereby parallel speciation is achieved through unique gene regions and 

regions that diverge in parallel (Soria-Carrasco et al., 2014). We used branch tests to assess whether 

or not weta alpine adaption has occurred via parallel evolution, in other words are alpine adapted 

species utilising the same genomic regions. A total of 176 and 197 transcripts were identified in the 

alpine and lowland lineage tests respectively, with 36% being under positive selection in at least one 

alpine and one lowland lineage. Furthermore, no genes were inferred to be under positive selection in 

all of the alpine lineages suggesting that adaptation in each alpine lineage is utilising different 

genomic regions. The genes identified uniquely within the alpine lineages represent prime candidates 

for further investigation into what advantages the evolutionary patterns identified confer to a particular 

species to deal with the unique environment in which they live.  
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3.1. Abstract 

Giant weta are among the largest extant insects in the world and are an iconic part of the New 

Zealand fauna. One such species is the Poor Knights giant weta (Deinacrida fallai). The D. fallai 

genome is large, with flow cytometry estimating that the male genome is 8.5 Gbp in size. The 

assembly of a draft genome will provide a framework to not only further our understanding but will 

provide a resource to inform conservation efforts. We report, to the best of our knowledge, the first 

draft genome available for Anostostomatidae and the second for the insect order Orthoptera. The 

draft genome assembly, from a D. fallai male, comprises 5.38 Gbp from over 711,650 scaffolds with 

an N50 scaffold size of 516 kbp. Over half (58%) of the genome assembly is comprised of repetitive 

elements, many of which are unclassified and potentially unique to weta. Annotation of the assembly 

identified 23,647 gene models, which encompass a diverse range of Gene Ontology (GO) 

classifications. GO term distribution is similar to the pattern seen in the Drosophila melanogaster and 

Musca domestica gene annotation distribution. Identification of protein domains identified the most 

commonly occurring repeat domains to be ankyrin and WD-40 domains, both of which are highly 

prevalent in eukaryotic genomes. The difference between the flow cytometry estimate and the 

assembly size is likely due to a combination of repeat compression and low sequencing coverage. 

Although the resulting draft assembly is fragmented, it represents a valuable first step in the 

generation of genomic resources for these species to understand the biology of these iconic species.  

3.2. Introduction 

Giant weta (Deinacrida) are one of the largest extant insects in the world, weighing up to 70 grams, 

and 82 millimetres in length (McIntyre, 2001; Richards, 1973; Trewick & Morgan-Richards, 2004). 

Deinacrida are large-bodied, flightless Orthoptera that are endemic to New Zealand (Gibbs, 2001; P. 

M. Johns, 1997). There are eleven described species of giant weta (Gibbs, 1999), ten of which are of 

conservation interest (Gibbs, 1998b; Trewick et al., 2012). Giant weta are an iconic part of the New 

Zealand fauna and are a flagship for New Zealand conservation (Watts et al., 2008). The Poor 

Knights giant weta, Deinacrida fallai (Figure 16A), is one of the largest Deinacrida species (McIntyre, 

2001) and is an arboreal dwelling insect thriving in the pohutukawa forests of the Poor Knights Islands 

(Figure 16B)(Richards, 1973). The Poor Knights Islands are a set of volcanic islands located 26 km 

off the coast of Northland (Figure 17). The northern-most and largest island, Tawhiti Rahi, has an 

area of 145 hectares. The distance of these islands from the mainland, combined with lack of human 

habitation since early last century, has resulted in a habitat free from introduced mammalian 

predators that threaten other Deinacrida species (Gibbs, 1998b). However, the conservation status of 

this species is currently recognised as ‘at risk’ (Trewick et al., 2012), due to the relatively small size of 

the islands they inhabit. Deinacrida fallai is thought to be endemic to the Poor Knights islands due to a 

combination of the distance from the mainland, lack of evidence of a wider past distribution and the 

lack of any land connection to mainland since the Pliocene (Hayward, 1991; McIntyre, 2001; 

Richards, 1973; Watt, 1982). The ecology and biology of this species is known mainly from the 

captive observations of Richards (1973). Adults are generally solidary with a nomadic lifestyle 
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(Richards, 1973). Nocturnal activity is mostly arboreal with individuals hiding in the bark of 

pohutukawa or perching in foliage during the day (Gibbs, 2001).  

 

 

Figure 16: A) Adult Deinacrida fallai (Photo: Shelley Myers) and B) Habitat on Tawhiti Rahi, Poor Knights Island 
(Photo: Thomas Buckley) 

 

Figure 17: Location of the Poor Knights Islands 

 

 

A) B) 
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Here we present a draft genome sequence for the Poor Knights giant weta that comprises 63% of the 

genome, spread across 711,650 scaffolds and with an assembled N50 scaffold size of 516 kbp. This 

represents the first, to our knowledge, draft genome assembly of the family Anostostomatidae and the 

second for the order Orthoptera (X. Wang et al., 2014). We identified repeat families that comprise 

58% of the genome assembly. Annotation resulted in the identification of 23,647 gene models, which 

encompass a range of GO terms and KEGG pathways. The genome assembly presented here 

provides a valuable genetic resource to help aid our understanding and support further research into 

the genetic basis of weta biology and conservation efforts for these endemic species.  

3.3. Materials and methods 

3.3.1 Sample collection 

Samples were collected at the Poor Knights Islands in 2012 (Table 13), transported back to Landcare 

Research, snap frozen in liquid nitrogen and stored at -80ºC. Samples were collected under a permit 

issued by the New Zealand Department of Conservation (NO-21083-FAU) and with the full approval 

of the Ngātiwai Trust Board who represent the Māori people who are guardians of the Poor Knights 

Islands and the species inhabiting them.  

Table 13: Sample collection details 

Code Species Sex Locality Collected Used for 

WT58 D. fallai Male Tawhiti Rahi,  

Poor Knights Islands 

2012 by K. 

Grayson 

Paired-end 

libraries 

WT70 D. fallai Female Tawhiti Rahi,  

Poor Knights Islands 

2012 by K. 

Grayson 

Mate-pair 

libraries 

 

3.3.2 Genome size determination 

Genome sizing using flow cytometry followed the Otto two-step method with the substitution of 

propidium iodine for DAPI (Otto, 1990). Approximately 15 mm2 of leg tissue with a suitable standard 

was co-chopped in a few drops of ice cold Otto buffer 1 with a stainless steel razor blade before 

incubation for approximately two minutes. The sample was then filtered through a 20 µm Celltrics filter 

(PARTEC GmbH) before adding 2.5 mL of Otto buffer 2 containing 1 mg/mL propidium iodine. The 

sample was run on a PARTEC CyFlow Space with a 488 nm laser as the excitation source. The 

internal standard used was Pisum sativum Ctirad (9.09 pg 2C content; 4,445 Mbp; Lysak & Dolezel, 

1998) and the gain adjusted as required. The total amount of DNA in the sample was determined as 

the ratio of the average channel number of the sample 2N to the average channel number of standard 

2N times the 1C amount of DNA in the standard.  
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3.3.3 DNA extraction and genome sequencing 

Genomic nuclei were isolated using the method described previously (T. T. Hu et al., 2011), with the 

modifications described in Naim et al. (2012). We chose this method to minimise the amount of 

mitochondrial DNA co-extracted. Briefly, leg tissue from two D. fallai samples was ground in liquid 

nitrogen using a precooled mortar and pestle and combined with 30 ml of ice cold nuclei isolation 

buffer (0.5 M mannitol, 10 mM PIPES, 10 mM MgCl2, 5 mM β-mercaptoethanol 2%, 10 mM sodium 

metabisulfite, polyvinylpyrrolidone (MW 40,000), 200 mM Lysine, 6 mM EGTA, pH 6). The resulting 

homogenate was filtered through 2 layers of miracloth. Lysis of the filtrate was achieved by the 

gradual addition of Triton X-100 (final concentration of 0.5%). The nuclei-enriched fraction was 

collected by centrifugation (4ºC; 15 min at 4967 g) using disposable 50 mL falcon tubes. Nuclei pellets 

were gently resuspended in the same volume of ice cold nuclei isolation buffer without β-

mercaptoethanol, and centrifuged for a further 15 min at 4967 g at 4ºC. All pellets were resuspended 

and combined into 50 mL of the wash buffer and centrifuged again. The resulting pellet was used for 

nuclear genomic DNA extraction with the DNeasy plant mini kit (Qiagen) with the following 

modification: spin columns were incubated with elution buffer at room temperature for 30 minutes 

prior to centrifugation. Nuclear genomic DNA was quantified by a Nanodrop 2000 spectrophotomer 

(Thermo Fisher Scientific) and quality checked by running a sample on a 0.5% w/v agarose gel 

stained with 1X GelRed (Huntingtree Ltd).  The resulting nuclear genomic DNA was sent to New 

Zealand Genomics Limited (NZGL) in Otago for library construction and sequencing. Paired-end 

sequencing libraries (insert sizes: 200 bp; 500 bp; 1 kbp) were prepared using the TruSeq® DNA LT 

Sample Prep Kit v2 (catalogue ID: FC-121-2001), whereas mate-pair libraries (insert sizes: 5 kbp; 8 

kbp) were constructed using the Nextera® Mate Pair Sample Prep Kit (catalogue ID: FC-132-1001) 

and sequenced on 28 lanes on an Illumina HiSeq2000TM. 

3.3.4 Genome assembly 

Raw reads were quality checked with FASTQC (Andrews, 2010). Sequencing reads were processed 

to remove reads containing N’s using Prinseq v. 0.20.4 (Schmieder & Edwards, 2011), followed by 

low quality (phred score <30) and Illumina primer sequence trimming with Cutadapt v1.4.1 (Martin, 

2011). Processed reads were analysed with FASTQC, with an additional 6 bp and 5 bp trimmed from 

the 5’ and 3’ ends, respectively. Reads less than 70 bp in length and those lacking a pair were 

discarded using prinseq. The resulting cleaned reads were error corrected using soapec (version 2.0; 

http://soap.genomics.org.cn), low frequency cut off of 3 and hash length of 23). To reduce the 

computational load redundancy removal was undertaken prior to assembly with Fastuniq v1.1 (H. Xu 

et al., 2012). The resulting read pairs (representing ~51x coverage of the genome size) were de novo 

assembled using the SOAPdenovo short-read assembler v2 (Luo et al., 2012) with a hash length of 

65. The mate pair data (insert lengths of ~5,000 and 8,000 bp) were processed to remove those reads 

containing N’s and adaptor sequences with prinseq and cutadapt, respectively. Following this we 

trimmed the reads to 36 bases in length (prinseq) and all duplicate reads were removed using 

fastuniq. The cleaned mate pair data were used to further join the SOAPdenovo scaffolds using 

SSPACE v2 basic (Boetzer, Henkel, Jansen, Butler, & Pirovano, 2011) using six iterations. We ran 

http://soap.genomics.org.cn/
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three iterations per insert size, with the number of links per run being set to 20, 10 and 5, respectively. 

The resulting scaffolds were screened to remove scaffolds less than 200 bp in length, and subjected 

to three iterations of gap closure, one round per paired-end library, using GapCloser (version 1.12; 

http://soap.genomics.org.cn).    

3.3.5 Transcriptome sequencing and assembly 

RNA-seq data was generated from six different tissue types, from the same two individuals used for 

the paired-end and mate-pair libraries. RNA extraction, sequencing and assembly methods are given 

in sections 2.3.2 and 2.3.3. ORFs were predicted using TransDecoder (B. J. Haas & Papanicolaou, 

n.d), and annotated using a Blastx (e-value threshold of 1e-5) search against the NCBI swiss-prot 

database (accessed 17/12/2015). Open reading frames were then filtered to exclude those that were 

incomplete and had no significant blast hits. Due to the presence of transcript isoforms, only the 

isoform with the smallest e-value was retained for annotation. This analysis resulted in a dataset of 

1,813 protein sequences to be used for annotation training (see section 3.3.8).   

3.3.6 Genome assessment 

To assess the completeness of the genome assembly, the core eukaryotic genes mapping approach 

(CEGMA) was used, which tests for the presence of 248 highly conserved eukaryotic loci (Parra, 

Bradnam, & Korf, 2007). In addition, we used The Benchmarking Universal Single-Copy Orthologues 

(BUSCO) strategy to get a more thorough assessment of completeness, based on a core set of 2,675 

arthropod genes (Simão et al., 2015). Genome assembly quality was assessed by mapping both the 

paired-end and RNA-seq reads onto the assembly with Bowtie2, with default parameters (Langmead 

& Salzberg, 2012). Genome assembly coverage was determined by converting the resulting sam files 

to bam using SAMtools (H. Li et al., 2009) followed by the BEDTools v2.26.0 (Quinlan & Hall, 2010) 

genomecov module. 

3.3.7 Repeat identification and masking 

To identify repeats a de novo repeat prediction approach was undertaken. RepeatModeler v1.0 (Smit 

& Hubley, 2008-2015) was used to generate a repeat library. The resulting repeat sequences were 

blast searched against the NCBI non-redundant (nr) database, using a blastx approach (e-value 

threshold of 1e-05, accessed 05/11/2015), any models with significant blast hits to non-repeat genes 

were removed from the library. This resulted in a total of 1,666 repeat models, which were used as 

the input repeat models for RepeatMasker version open-4.0.5, run with default parameters (Smit, 

Hubley, & Green, 2013-2015). 

3.3.8 Genome annotation 

A gene training set was constructed using Scipio v1.4 (O. Keller, Odronitz, Stanke, Kollmar, & Waack, 

2008), using a total of 1,813 D. fallai protein sequences identified from the combined transcriptome 

(see section 3.3.5), and genome scaffolds greater than 10,000 bp in size as input. The resulting 

http://soap.genomics.org.cn/
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training set was used to train Augustus v3.0.2 (Stanke, Steinkamp, Waack, & Morgenstern, 2004), 

with parameter optimisation being carried out with the optimize_augustus.pl script, prior to training, 

resulting in in a total of 688 gene models. The Augustus gene models were used in conjunction with 

the combined D. fallai transcriptome assembly to annotate scaffolds greater than 10,000 bp with 

Maker v2.31.8 (Cantarel et al., 2008). Protein coding gene functions were assigned based on the best 

match derived from alignments to proteins annotated in Swissprot and the nr databases (accessed 

07/08/2016) using blastp with an e-value threshold of 1e-5. Gene Ontology (GO) term assignment, 

KEGG pathway identification and annotation of genes was carried out using Blast2GO with default 

parameters (Conesa et al., 2005).  

3.4. Results 

To determine the size of the D. fallai genome flow cytometry of both female and male leg tissue 

samples was undertaken. The 1C values were 11 Gbp for the female sample and 8.5 Gbp for the 

male. The large difference in genome size between male and female D. fallai is consistent with the 

notion that the sex chromosome is one of the large metacentric chromosomes within Hemideina 

species (McKean et al., 2015; Morgan-Richards, 1997). 

3.4.1 Genome assembly 

To generate a draft genome assembly for D. fallai, a variety of paired-end and mate-pair libraries 

were sequenced from one male and one female on 28 Illumina HiSeq lanes (Table 13). Illumina 

sequencing produced a total of 641 Gbp and 327 Gbp for the paired-end and mate-pair libraries, 

respectively. Removal of low quality regions, and redundancy removal resulted in a total of 434 Gbp 

(51.07x coverage) paired-end data for assembly, and 9.31x genome coverage (~82 Gbp) of mate-pair 

data (Table 14). De novo assembly followed by scaffolding resulted in a final assembly of 5.38 Gb, 

consisting of 711,650 scaffolds and an N50 of 516 kbp (Table 15).  
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Table 14: Summary of sequencing libraries generated from nuclear genomic DNA of Deinacrida fallai 

Library ID 

Estimated 

Insert Size 

(bp) 

Read Pairs 
Total Bases Available 

for Assembly 

Estimated 

Genome 

Coverage 

Paired-end Libraries 

370-200 180 3,363,151,404 

326,290,969,517 38.39x 
370-500 180 753,230,756 

17-1 180 453,248,158 

SHORT 180 214,089,140 

17-2 500 288,541,206 
33,275,621,446 3.91x 

LONG 500 348,882,254 

370-1kb 750 806,401,240 
74,535,998,226 8.77x 

17-3 750 146,541,340 

Mate Pair Libraries 

18-1 5,000 1,607,526,166 41,543,548,056 2.31x 

18-2 8,000 857,625,630 21,092,462,208 5x 

370-8kb 8,000 784,615,240 19,707,731,208 2x 

 

Table 15: Summary statistics of the Deinacrida fallai genome assembly 

 Contigs Scaffolds 

Total Size (bp) 5,595,581,163 5,384,742,638  
Total Number 7,295,996 711,650  
Longest Seq (bp) 343,895 4,140,542  
Shortest Seq (bp) 100 200  
Average Seq (bp) 766 7,566  
GC Content 37.00% 37.00% 
N Content 6.16% 4.85% 
N50 17,268 516,192  
N75 2,521 194,760  
N90 131 14,805  
N95 --- 2,267  
Total Number >2 kbp 159,912 62,761 
Total Number >10 kbp 139,223 25,702 

 

3.4.2 Genome assessment 

To assess genome assembly completeness, two approaches were undertaken to examine the 

presence of highly conserved protein coding genes. The first approach tested for the presence of 

highly conserved protein sequences found in all eukaryotes using the CEGMA gene set. CEGMA 

results indicated 94.35% genome assembly completeness based on the 248 loci included in the test. 

A total of 234 genes had a match (at least in part) in the genome assembly, with ~65% of loci being 
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considered complete. In addition, we employed the Benchmarking Universal Single-Copy Orthologues 

(BUSCO) strategy to assess the completeness of the assembly and gene set using the arthropod 

profile. BUSCO results indicate that 90% of the 2,675 genes queries were at least partially present 

(59% of which were complete) within the D. fallai assembly. The number of conserved orthologues 

missing from the assembly is comparable with 17 other sequenced arthropod species analysed in 

Simão et al. (2015) (Figure 18). Despite the low number of missing orthologues, the majority (30%) of 

orthologues present appear to be fragmented. In addition to examining the presence of conserved 

genes, the RNA-seq data obtained from D. fallai tissues, and the paired-end data were mapped to the 

assembly to assess the presence of expressed genes and data incorporation, respectively. On 

average 98% of the paired-end data and 85% of the RNA-seq data mapped back to the assembly 

(Table 16). The coverage of each bp within the genome assembly was used as a measure of whether 

repeat compression was an issue in this assembly. The majority of the genome assembly (70%) has 

a coverage of between 1x - 15x (Figure 19), while 1.5% has a coverage greater than 50x. 
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Figure 18: BUSCO (Benchmarking Universal Single-Copy Orthologues) analysis comparison of the Deinacrida fallai 
genome assembly to 17 other arthropod genomes. The gene set analysed in this study is highlighted in red. For each 
gene set 2,675 single copy arthropod orthologues were searched. Proportions in green show the relative number of 
complete genes found in each gene set, whereas orange and red proportions illustrate fragmented and missing genes, 
respectively. 

Table 16: Summary of mapping rates of cleaned paired-end and RNA-seq data onto the D. fallai assembly. * The 200 bp 
library reads were mapped in four separate lots due to computational limitations. 

Cleaned Data type Overall Mapping Rate 

200 bp-1* 98.88% 
200 bp-2* 98.95% 
200 bp-3* 98.95% 
200 bp-4* 98.97% 
500 bp 98.92% 
1 kbp 99.02% 
RNA-Seq 85.14% 
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Figure 19: Distribution of the fraction of the genome assembly with a given level of coverage. The red bar indicates the 
increase in coverage associated with repeat compression 

 

3.4.3 Repeat assessment  

Repetitive elements constituted ~ 58% of the assembled D. fallai genome, of which unclassified 

repeats (26.55%) and LINES (15.81%) were the most abundant elements. The distribution of repeat 

elements identified is shown in Table 17. The overall level of repeats we identified with the D. fallai 

genome assembly is similar to that identified in the Locusta migratoria genome (Table 17).  
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Table 17: Comparison of the number of base pairs identified as being derived from transposable elements in three sequenced genomes. 

 Deinacrida fallai Locusta migratoria Drosophila melanogaster 

Types Length (bp) Percentage of Assembly Length (bp) Percentage of Assembly Length (bp) Percentage of Assembly 

Unknown 1,429,513,138  26.55 406,097,360  6.33 11,211,970  6.64 
LINE 851,211,853  15.81 1,332,720,207  20.42 12,119,904  7.18 
DNA 607,734,899  11.29 1,480,538,225  22.69 4,849,763  2.87 
SINE 104,812,387  1.95 141,176,698  2.16 52,841  0.03 
Other 67,560,160  1.26 32,017  0.00 698,554  0.41 
LTR 56,864,360  1.06 508,675,263  7.80 21,849,378  12.95 
Simple repeat 28,711,019  0.53 13,026,240  0.20 2,733  0.00 
nonLTR --- --- 63,892,419  0.98 --- --- 
Retrotransposons --- --- 153,548,453  2.35 --- --- 
Total 3,084,887,709  57.29 3,840,808,141  58.86 50,785,143  30.00 
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3.4.4 Genome annotation 

We annotated the genome assembly and predicted 23,647 gene models, 7,560 of which were 

considered to be high evidence maker annotations, these represent annotations that are highly 

supported by homology evidence. Of the inferred gene set, 73.35% matched entries in the nr or 

swissprot databases (Table 18). A blastp top-hit species distribution of the gene set annotations 

showed the highest homology to the Nevada dampwood termite (Zootermopsis nevadensis), followed 

by the black garden ant (Lasius niger) and the African velvet spider (Stegodyphus mimosarum) 

(Figure 20). A total of 11,368 gene annotations were assigned at least one GO term. The highest 

number of annotations were grouped into the biological process category (84.26%), followed by 

cellular component (62.81%) and molecular function (50.54%), (Figure 21). Of the counts assigned to 

biological processes, 24% were attributed to metabolic processes and 22% to cellular process. The 

entire gene set was screened for the presence of protein families and domains against the InterPro 

database (Hunter et al., 2009), from which 13,817 contain conserved domains. The top 20 domain 

and repeat domain entries are shown in Table 19. The top repeat domain identified within the gene 

set was the Ankyrin repeat (IPR002110), which is one of the most common protein-protein interaction 

motifs, occurring in a large number of functionally diverse proteins in eukaryotes (Marcotte, Pellegrini, 

Yeates, & Eisenberg, 1999; Voronin & Kiseleva, 2008). A total of 3.07% of genes were assigned to 

KEGG pathways (Table 18). 

In D. fallai the average intron length is 7,376 bp, which is generally greater than that of most other 

sequenced insects, with the exception of L. migratoria (Table 20). On average D. fallai genes have 

1.46x more introns per gene than L. migratoria (X. Wang et al., 2014). The completeness of the 

annotation gene set was assessed using BUSCO, which shows that only 39% of the arthropod gene 

set are complete, with 48% missing completely. A comparison of the D. fallai results with 17 other 

annotated gene sets (Simão et al., 2015) suggests that we are missing a much larger proportion of 

these conserved genes (Figure 22). 
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Table 18: Comparison of annotation statistics between the Deinacrida fallai and Locusta migratoria  

  Deinacrida fallai Locusta migratoria 

  Number Percentage of 

Genes 

Number Percentage of 

Genes 

Total  23,647 100% 17,307 100 

Annotated Swissprot 11,221 47.52% 11,513 66.52% 

 KEGG 728 3.07% 10,687 61.75% 

 InterPro 13,817 58.43% 10,268 59.33% 

 GO 11,368 48.07% 8,459 48.88% 

 NR 17,345 73.35% 12,343 71.32% 

 All annotated 17,345 73.3.5% 12,963 74.90% 

Unknown  6,302 26.65% 4,344 25.10% 

 

 

Figure 20: Top-hit species distribution for blastp results for the Deinacrida fallai annotation gene set 
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Figure 21: Distribution of level 2 Gene Ontology annotations for the Deinacrida fallai annotation gene set 
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Table 19: Top 20 InterPro domains and repeat domains identified with the Deinacrida fallai annotation gene set 

InterPro Domain 
Entry 

Count InterPro Description 

IPR012337  872 Ribonuclease H-like domain 
IPR000477 588 Reverse transcriptase domain 
IPR001584  549 Integrase, catalytic core 
IPR027417 490 P-loop containing nucleoside triphosphate hydrolase 
IPR009057  480 Homeodomain-like 
IPR013083 416 Zinc finger, RING/FYVE/PHD-type 
IPR029526  381 PiggyBac transposable element-derived protein 
IPR013103  371 Reverse transcriptase, RNA-dependent DNA polymerase 
IPR005135 349 Endonuclease/exonuclease/phosphatase 
IPR001878  330 Zinc finger, CCHC-type 
IPR016186 312 C-type lectin-like 
IPR016187 312 C-type lectin fold 
IPR004875 312 DDE superfamily endonuclease domain 
IPR020683  304 Ankyrin repeat-containing domain 
IPR011011  298 Zinc finger, FYVE/PHD-type 
IPR013830  265 SGNH hydrolase-type esterase domain 
IPR001304 251 C-type lectin 
IPR011009  241 Protein kinase-like domain 
IPR027806 237 Harbinger transposase-derived nuclease domain 
IPR025724  236 GAG-pre-integrase domain 
InterPro Repeat 
Entry 

Count InterPro Description 

IPR002110 280 Ankyrin repeat 
IPR001680  119 WD40 repeat 
IPR001611 112 Leucine-rich repeat 
IPR003591 82 Leucine-rich repeat, typical subtype 
IPR019734  44 Tetratricopeptide repeat 
IPR002172  25 Low-density lipoprotein (LDL) receptor class A repeat 
IPR020472  22 G-protein beta WD-40 repeat 
IPR018108  21 Mitochondrial substrate/solute carrier 
IPR006553 19 Leucine-rich repeat, cysteine-containing subtype 
IPR000884  16 Thrombospondin type-1 (TSP1) repeat 
IPR000225  14 Armadillo 
IPR000033 13 LDLR class B repeat 
IPR018487  13 Hemopexin-like repeats 
IPR006616  12 DM9 repeat 
IPR000408  11 Regulator of chromosome condensation, RCC1 
IPR018159  9 Spectrin/alpha-actinin 
IPR021133  8 HEAT, type 2 
IPR001440  8 Tetratricopeptide repeat 1 
IPR016201  7 Plexin-like fold 
IPR002017 7 Spectrin repeat 
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Table 20: Comparison of gene parameters among sequenced insects and Homo sapiens 

Species Gene Set Number Average Exon Number per Gene Average Exon Length (bp) Average Intron Length (bp) 

Deinacrida fallai 23,647 6.23 266 7,376 
Locusta migratoria 17,307 5.77 201 11,159 
Acyrthosiphon pisum 33,486 4.06 221 1,121 
Pediculus humanus 10,775 6.43 240 294 
Apis mellifera 11,062 6.46 252 1,347 
Drosophila melanogaster 13,689 3.97 408 888 
Anopheles gambiae 14,324 4.21 376 1,363 
Bombyx mori 14,623 5.44 225 1,082 
Daphnia pulex 30,907 4.62 211 285 
Nasonia vitripennis 17,369 5.3 267 1,286 
Tribolium castaneum 16,531 4.34 311 1,179 
Homo sapiens 22,389 8.96 174 5,436 
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Figure 22: BUSCO (Benchmarking Universal Single-Copy Orthologues) analysis comparison of the Deinacrida fallai 
gene set to 17 other arthropod genome gene sets. The gene set analysed in this study is highlighted in red. For each 
gene set 2,675 single copy arthropod orthologues were searched. Proportions in green show the relative number of 
complete genes found in each gene set, whereas orange and red proportions illustrate fragmented and missing genes, 
respectively 

 

3.5. Discussion 

Genome sequencing of D. fallai was used as means to de novo assembly and annotate a draft 

genome for the Poor Knights giant weta. The results presented in this chapter show that despite the 

large size of the male genome (8.5 Gbp), as determined by flow cytometry, a reasonable assembly 

can be obtained from short read sequencing data.  

3.5.1 Genome assembly and assessment 

De novo assembly of the D. fallai genome resulted in a total length of 5.38 Gbp distributed over 

711,650 scaffolds. The assembly is roughly 3.1 Gbp smaller than the genome size determined by flow 

cytometry. To assess if this difference in size is due compression of repetitive elements during 
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assembly, lack of coverage or a combination of these factors, a variety of assessments were 

undertaken. First, the identification of conserved core orthologues provides a measure of 

completeness. We employed two methods to look for the presence of conserved core orthologues, 

CEGMA and BUSCO. Of the CEGMA genes 94.35% were present in the D. fallai assembly at least 

partially, whereas of the BUSCO genes 10% of the core arthropod set were missing from the 

assembly. BUSCO provides a more comprehensive approach to determining completeness, as it 

contains a larger number of core conserved single-copy genes than the CEGMA database. When 

compared to other sequenced insect genomes the D. fallai genome contains a much larger proportion 

(30%) of fragmented genes compared to all 17 arthropod genomes (Figure 18). The large number of 

fragmented core genes is likely to be a result of the fragmented assembly, since the genome 

assembly consists of over 70,000 scaffolds, with many genes likely to be spread across multiple 

scaffolds. The second approach used to assess the genome assembly was to map the cleaned 

paired-end reads used for the assembly back onto the genome to assess the level of incorporation, 

while mapping of RNA-seq provides a measure of transcripts present in the genome. Over 98% of the 

paired-end libraries map to the final assembly, whereas 85.14% of the RNA-seq reads mapped to the 

genome. These results suggest that the majority of the genome coding regions are covered by the 

sequencing data present, indicating that part of the difference between the flow cytometry genome 

estimate and the actual assembly may be due to repeat compression. However, some of the 

difference in size must also be attributed to low sequencing coverage as regions of the genome are 

missing, as indicated by the missing BUSCO orthologues and the ~15% of RNA-seq reads that don’t 

map to any region of the assembly. 

Large genomes, such as the one presented here, represent a computational challenge because they 

tend to be comprised of a high proportion of repetitive regions (Hancock, 2002; Uozu et al., 1997) and 

require more computational power to assemble, due to the amount data required to achieve a given 

level of genomic coverage. The relationship between read length, coverage and genome size is 

complex and depends on the sequencing technology used (Schatz, Delcher, & Salzberg, 2010). The 

relationship, however is a non-linear one meaning that for large genomes, such as that of D. fallai, 

exponentially more sequencing data is required to overcome the associated sequencing biases and 

non-uniform error rates associated with NGS data (Alkan, Sajjadian, & Eichler, 2011; Dohm, Lottaz, 

Borodina, & Himmelbauer, 2008; Schatz et al., 2010). These biases can only be overcome by 

oversampling the genome, thereby reducing the number of gaps introduced in the assembly (Schatz 

et al., 2010). The same exponential relationship was observed in the Deinacrida and Hemideina 

transcriptome assemblies (section 2.4.1 and Figure 4), whereby the amount of coverage required to 

improve the assembly was associated with diminishing returns.  

Like most large genomes, such as that of the locust (X. Wang et al., 2014), the D. fallai genome 

assembly has a large proportion (57.29%) of repetitive elements. The assembly of repeats presents 

an issue in any assembly because in order to correctly assemble a repetitive region there needs to be 

large enough insert sizes present to span the repeat region, otherwise repeats can be compressed 

(Treangen & Salzberg, 2011). To assess whether or not repeat compression was an issue in our 
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assembly, we looked at the depth of coverage across the assembly by mapping the reads used onto 

the final scaffolds. The overall coverage of the majority of bases in the assembly was 15x or less. 

However, a proportion of the genome assembly had high levels of coverage (>50x) compared to this 

average value, indicating that repeat compression is an issue in our assembly. This result combined 

with the core orthologue search suggests that the difference observed between actual and assembled 

genome size is a combination of repeat compression during assembly and a lack of genomic 

coverage. In order to obtain a more complete assembly, that is a representative size, longer insert 

sizes combined with increased coverage is required. The level of coverage used to assemble the 

locust (X. Wang et al., 2014) and giant panda (R. Li et al., 2010) genomes were 114x and 73x 

coverage of cleaned reads, respectively. Therefore, based on these assemblies we estimate an 

additional 50x coverage of cleaned data (current coverage is ~51X) is required to improve the 

assembly, effectively doubling the amount of paired-end data already obtained. Longer read 

technologies, such as Single-molecule real-time (SMRT) sequencing by Pacific BioSciences (PacBio) 

(Eid et al., 2009; Roberts, Carneiro, & Schatz, 2013), could also be utilised as they have been shown 

to improve short read assemblies and solve the issue of repeat compression (Berlin et al., 2015; 

Brown et al., 2014; Chaisson et al., 2015; Ferrarini et al., 2013). However, due to the prohibitive cost 

and time needed, further sequencing was outside the scope of this study. Despite this, the draft 

genome assembly presented here provides a valuable resource for this and related species, and 

represents an important step in the development of genetic resources to enable and enhance future 

research of these unique insects.  

3.5.2 Repeat identification and classification 

Our analysis indicates, that like the locust (X. Wang et al., 2014), a large number of repetitive (57.29% 

of the assembly) elements are present in the D. fallai genome assembly. The large number of 

repetitive regions, in part, helps to explain the large genome size (Hancock, 2002; Uozu et al., 1997). 

Interestingly, the majority of the repeat regions identified (26.55%) are considered to be unclassified. 

Observations of a large proportion of unclassified repeats within genome assemblies are not 

uncommon. A high proportion of unclassified repeats was also observed in the sunflower (Helianthus 

annuus L.) genome (Gill et al., 2014), and were the second highest class in a 600 kbp region of the 

Calliphora vicina genome (Negre & Simpson, 2013). Unclassified repeats can occur because of: (1) a 

fragmented assembly which makes classification difficult; (2) highly diverged repeats which lack 

homology to existing repeat annotations; or (3) potentially represent novel repeats specific to weta. 

The second most common type of repeat identified within the D. fallai genome assembly was LINES, 

representing 15.81% of the assembly. LINEs were also the second most common repeat element in 

the locust genome (X. Wang et al., 2014). Further investigations into what repeat class the 

unclassified component belongs to warrants further investigation as ‘novel’ repeat elements have the 

potential to represent species-specific transposable elements that could be used for studies of 

introgression and speciation (Macas et al., 2015; Novák et al., 2014). Further investigations could 

focus on whether or not these unclassified repeat elements are related to each other, and whether or 

not they potentially represent a novel repeat family. 



 

79 
 

3.5.3 Genome annotation 

Annotation of the D. fallai draft genome assembly resulted in the identification of 23,647 gene models, 

73% of which were annotated using the swiss-prot and nr databases. Generally speaking, the 

annotation of gene models was similar to the levels observed in the locust genome (Table 18).  

The top-hit species distribution for the gene models showed the highest homology to three insect 

species, Z. nevadensis (Terrapon et al., 2014), L. niger (GCA_001045655.1) and S. mimosarum 

(Sanggaard et al., 2014), all of which have publicly available genomes. The distribution of GO 

classifications for the D. fallai genome was compared to M. domestica and D. melanogaster to assess 

whether or not the overall distributions were similar. Comparison against L. migratoria and other 

sequenced insects was unable to be carried out, due to the lack of data availability for the entire gene 

set. Overall, the distribution of genes within GO classifications was similar between D. fallai, M. 

domestica and D. melanogaster (J. G. Scott et al., 2014)(Table 21). The most notable difference 

within the biological processes category was the two-fold percentage increase in ‘metabolism’ within 

D. fallai. This increase in ‘metabolism’ related genes may be due the large number of enzymes and 

metabolism associated genes identified within the transcriptome data that were subsequently used for 

genome annotation. Within the cellular components classification, a reduction in all categories was 

observed, with the exception of genes in the ‘membrane’ category. The comparison of GO 

distributions between these three genomes indicates that for the assembly a reasonable 

representation of gene models has been obtained.   
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Table 21: Gene ontology comparison between the Deinacrida fallai, Musca domestica and Drosophila melanogaster genomes for A) biological process B) cellular component and C) 
molecular function. 

A) 

 D. fallai M. domestica D. melanogaster 

Process Percentage of 
counts 

Rank Percentage of 
counts 

Rank Percentage of 
counts 

Rank 

metabolic  20.37 1 11.1 3 13.5 3 

cellular  18.67 2 12 2 15.6 1 

single-organism  13.71 3 12.1 1 15.3 2 

biological regulation 6.28 4 10.8 4 8.2 6 

localization 5.59 6 5.6 10 4.2 10 

response to stimulus 4.47 7 8.7 7 7 8 

signalling 3.62 8 5.9 9 4.6 9 

cellular component organization or biogenesis 2.06 9 7.8 8 7 7 

multicellular organismal  0.79 10 8.8 6 9.2 5 

multi-organism  0.15 16 0.8 13 0 13 

growth 0.06 20 2.5 12 0.9 12 

reproduction 0.06 21 4.4 11 3.9 11 

developmental  -- -- 9.3 5 10.5 4 
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B) 

 D. fallai M. domestica D. melanogaster 

Component Percentage of 
counts 

Rank Percentage of 
counts 

Rank Percentage of 
counts 

Rank 

membrane 14.06 1 10.9 4 5 5 

cell 11.17 2 36.2 1 43.6 1 

organelle 6.73 5 29.2 2 26.6 2 

macromolecular complex 3.65 6 11.3 3 13.9 3 

membrane-enclosed 
lumen 

0.69 8 7.7 5 4 6 

extracellular region 0.57 9 4.4 6 6.5 4 

extracellular matrix 0.14 15 0.4 7 0.5 7 
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C) 

 Deinacrida fallai Musca domestica Drosophila melanogaster 

Activity Percentage of 
counts 

Rank Percentage of 
counts 

Rank Percentage of 
counts 

Rank 

catalytic  21.1 1 28.9 2 32.9 2 

binding 20.85 2 48.1 1 42.4 1 

transporter  2.72 3 6.1 3 7 3 

molecular transducer  1.74 4 1.9 8 1 9 

structural molecule  0.93 5 3.2 5 4.9 4 

nucleic acid binding transcription factor  0.48 8 2.7 7 3.3 7 

antioxidant  0.26 9 0.4 10 0.3 10 

electron carrier  0.09 11 1 9 1 8 

enzyme regulator  -- -- 4.1 4 3.3 6 

receptor  -- -- 3.2 6 3.8 5 

translation regulator  -- -- 0.3 11 0.1 11 

nutrient reservoir  -- -- 0.1 12 -- -- 

protein tag -- -- 0 13 -- -- 
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Ankyrin repeat domains were the most common repeat domain identified within the D. fallai gene set. 

These domains comprise of a tandem motif of roughly 33 amino acids and mediate protein-protein 

interactions by acting as scaffolds (Mosavi, Cammett, Desrosiers, & Peng, 2004; Sedgwick & 

Smerdon, 1999), and are one of the most common motifs occurring in functionally diverse eukaryotic 

proteins (Bork, 1993; Marcotte et al., 1999; Sedgwick & Smerdon, 1999; Voronin & Kiseleva, 2008). 

Ankyrin domain containing proteins are involved in a wide variety of functions, including transcriptional 

regulation, signal transduction, development and sex differentiation (Mosavi et al., 2004). The second 

most abundant repeat domain within the gene set was the WD-40 domain. This domain is very 

abundant and among the top 10 domains in eukaryotic genomes (Stirnimann, Petsalaki, Russell, & 

Müller, 2010). Like the ankyrin repeat they provide a scaffold for protein-protein interactions and are 

involved in a wide variety of cellular functions, including signal transduction, cell cycle control and 

transcriptome regulation (Andrade, Perez-Iratxeta, & Ponting, 2001; Stirnimann et al., 2010; C. Xu & 

Min, 2011). 

The average intron size observed in the D. fallai gene set was large compared to that of other insect 

genomes, with the exception of the locust (Table 20). This large intron size is consistent with the 

finding that increasing genome size correlates with increased intron lengths (X. Wang et al., 2014). It 

should be noted, however, that the intron and exon size and number statistics are calculated using 

the high confidence Maker annotations, that are supported and modified by homology evidence, 

comprised of only 31.97% of the total gene set. Therefore, based on the correlation between genome 

size and intron length, the average intron length would be expected to increase once a more complete 

genome assembly and higher quality annotation is obtained. Assessment of the gene set with 

BUSCO, revealed that only 39% of the conserved arthropod genes are complete, with 40% being 

present in fragmented form. The large amount of missing and fragmented genes present is higher 

than that observed in other assembled insect genomes (Figure 22) and adds support to the fact that 

the genome assembly presented here is fragmented. In order to improve the quality of the annotation, 

more sequencing data is required to improve the assembly. In order to generate an accurate and 

reliable set of annotations, manual annotation is necessary, however, this is a slow process and 

ideally would require a more complete and less fragmented genome assembly (Reed, Famili, Thiele, 

& Palsson, 2006; Reeves, Talavera, & Thornton, 2009).  

The genome assembly presented here provides a valuable addition to the genomic resources 

available for these iconic New Zealand species. Thereby, providing a resource to further our 

understanding and support further research by providing a framework on which to provide a genetic 

basis for conservation efforts (M. Hale et al., 2009; Kohn et al., 2006; Larson et al., 2014; Primmer, 

2009). 
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Genome-wide SNP loci reveal insights into genetic 

variation and inbreeding in three threatened 

Deinacrida species 
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4.1. Abstract 

Giant weta are an iconic New Zealand species that have declined due to a combination of habitat loss 

and the introduction of mammalian predators. Ten of the eleven giant weta species are of 

conservation interest, and are the focus of a variety of translocations and breeding programs. An 

understanding of the underlying genetic variation and levels of inbreeding is essential for the effective 

management of these species. Genotyping-by-sequencing, a reduced representation genome 

sequencing approach, is used to provide the first genome-wide SNP marker panel for three 

Deinacrida species. All three species, D. fallai, D. heteracantha and D. mahoenui, have different 

population histories, however all have undergone bottleneck events due to factors such as predation, 

habitat loss and/or translocation. In this study a total of 138,752 SNPs were identified. Two filtering 

parameters were tested resulting in a conservative data set containing 5,382 SNPs and a liberal 

dataset with 7,830. Although the filtering method chosen affected the absolute value of the 

parameters, the biological interpretation was not affected. High levels of genome-wide SNP 

heterozygosity was observed among all three species, and comparisons to other taxa suggest the 

variation is equivalent to wild outbred taxa. Genetic differentiation identified D. fallai as the most 

genetically distinct species (Fst of ~0.7) from both D. heteracantha and D. mahoenui. Insights into the 

potential for adaptive variation was gained using an outlier analysis. A total of 32 putative outlier 

SNPs were identified across the two datasets, all of which are inferred as being under positive 

selection. Identity disequilibrium was detected at low (range 0.001 – 0.006) but significant levels, 

suggestive of a lack of inbreeding in all three species. The application of these genomic resources to 

species of conservation interest will provide a genetic basis to inform conservation management, 

ensuring the survival of these iconic New Zealand insects.  

 

4.2. Introduction 

Giant weta (Deinacrida) are large bodied, flightless Orthoptera that are endemic to New Zealand 

(Gibbs, 2001; P. M. Johns, 1997). Of the eleven described species, ten are of conservation interest 

(Gibbs, 1998b; Trewick et al., 2012). Giant weta are an iconic part of the New Zealand fauna, and are 

a flagship species for New Zealand conservation (Watts et al., 2008). All eleven species are restricted 

to parts of New Zealand that are relatively free of introduced predators or in alpine environments 

above the predator line (Gibbs, 1998b). The decline of these species has been attributed to a 

combination of the introduction of mammalian predators and habitat destruction (Gibbs, 1998b; 

McGuinness, 2001). The susceptibly of giant weta to predators has been attributed to their large size, 

lack of defence mechanisms, insecurity of daytime refuges and their strong smell (Gibbs, 1998b, 

2001). The majority of Deinacrida species occur in the South Island, with three species forming a 

northern dwelling arboreal group (Pratt et al., 2008; Trewick & Morgan-Richards, 2004; Trewick & 

Morgan-Richards, 2005) (Figure 8). The northern group, consisting of D. fallai, D. heteracantha and 

D. mahoenui, (Figure 23) comprise a monophyletic clade in phylogenetic analyses of both 
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morphological and genetic characters (Pratt et al., 2008; Trewick & Morgan-Richards, 2004; Trewick 

& Morgan-Richards, 2005)(Figure 8). All three species are forest dwellers with nomadic lifestyles 

(McIntyre, 2001; Richards, 1973), and were chosen for this study as all three species have undergone 

bottlenecks associated with habitat destruction, predation and/or translocation.  

The Mahoenui giant weta, D. mahoenui (Figure 24A), is a medium sized long-legged weta, ranging 

from 50 – 62 mm in length and weighing up to 10.5 g and 19.0 g, for males and females respectively 

(Sherley & Hayes, 1993; Watts et al., 2008). The species was originally discovered in 1963, and 

thought to be extinct until two populations were discovered in the 1980’s during a gorse clearing 

operation the King Country (Gibbs, 2001; McIntyre, 2001). The survival of this species has been 

attributed to its habitation in introduced gorse (Ulex europaeus), which provides protection from 

mammalian predators (McIntyre, 2001; Sherley & Hayes, 1993). D. mahoenui are unique among giant 

weta as they occur in two colour morphs, the first is dark chocolate brown with black markings, which 

occurs more predominantly; while the second colour morph is dark yellow with black to brown 

markings (Sherley, 1998b). The subsequent extension of one of these populations coupled with high 

fire risk resulted in the establishment of an additional seven populations (McIntyre, 2001; Watts et al., 

2008; Watts & Thornburrow, 2009). These translocations represented the first intentional transfer of 

insects in New Zealand (Watts et al., 2008). Translocations to these seven locations involved the 

movement of 2,050 individuals over 32 releases between 1989 and 2002, and represented five 

mainland sites and two islands (Watts et al., 2008). Limited follow-up searches were made to 

determine the success of translocations, until Watts and Thornburrow (2009)  demonstrated that weta 

were only found readily at two locations that were free of introduced mammalian predators. Currently 

this species is recognised as ‘At Risk’ (Stringer & Hitchmough, 2012; Trewick et al., 2012). The 

population sampled in this study (Figure 23) involved the translocation of 287 individuals over 3 

releases between 2001 and 2002 (Watts et al., 2008), and was included to gage the genetic health of 

the translocated population. 

The Little Barrier giant weta, D. heteracantha (Figure 24B), is the largest giant weta with adults 

ranging from 52 – 57 mm and 60 – 73 mm in length and weighing 9 g and 35 g for adult males and 

females, respectively (McIntyre, 2001). The present day distribution of this species is limited to 

Hauturu / Little Barrier Island (Figure 23) although it was once abundant in forests of northern New 

Zealand, including Northland and Great Barrier Island (Gibbs, 2001; Gibbs & McIntyre 1997; McIntyre, 

2001; Watt, 1963). Hauturu is a 3,082 ha nature reserve, with D. heteracantha occurring in the 

second-growth forest up to the mid-level Kauri (Agathis australis) forest up to an altitude of 720 m 

(Gibbs, 2001; McIntyre, 2001). The restriction of this species to Little Barrier Island has been 

attributed to the introduction of mammalian predators and habitat loss (McIntyre, 2001; Sherley, 

1998a). The Māori name Wētāpunga is formally reserved for this species (E. Scott & Emberson, 

1999). The decline in the Hauturu population was thought to be due to the presence of kiore (G. 

Gibbs & M. McIntyre, 1997; Sherley, 1998a), with population numbers increasing following their 

eradication from the island (Green, Gibbs, & Barrett, 2011). Individuals are typically found on 

Pohutukawa (Metrosideros excelsa), epiphytes, nikau palm (Rhopalostylis sapida) and ponga 
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(Cyathea dealbata), and feed on fresh foliage at night (Gibbs, 2001; Sherley, 1998a). Deinacrida 

heteracantha are currently classified as an ‘At Risk’ species (Stringer & Hitchmough, 2012; Trewick et 

al., 2012), with its status improving from a ‘Nationally Endangered’ (Hitchmough, Bull, & Cromarty, 

2007) species due to the establishment of a captive breeding program in 2008 at Butterfly Creek, 

followed by Auckland Zoo in 2012 (Little Barrier Island Supporters Trust). The goal of these programs 

is to reintroduce the species onto predator free islands of the Harauki Golf, such as Tiritiri Matangi 

and Motuora (Little Barrier Island Supporters Trust).  

The Poor Knights giant weta, D. fallai (Figure 24C), is slightly smaller than D. heteracantha being up 

to 73 mm in length, and weighing up to 40 g (Richards, 1973; Sherley, 1998a). Deinacrida fallai is 

found in the pohutukawa forests of the Poor Knights islands (Figure 23) (McIntyre, 2001; Richards, 

1973). The Poor Knights islands are a set of volcanic islands located off the coast of Northland, and 

due to the relatively small size of these islands the species is classified as ‘At Risk’ (Stringer & 

Hitchmough, 2012; Trewick et al., 2012). The distance of these islands from the mainland, combined 

with the lack of human habitation since early last century, has resulted in a habitat free from 

introduced mammalian predators that threaten other Deinacrida species (Gibbs, 1998b). Deinacrida 

fallai is thought to be endemic to the islands due to a combination of the distance from the mainland, 

lack of evidence for a past wider distribution and the lack of any land connection to the mainland since 

the Pliocene (Hayward, 1991; McIntyre, 2001; Richards, 1973; Watt, 1982). The biology of this 

species is known mainly from the captive observations of Richards (1973). Adults are generally 

solitary with a nomadic lifestyle, with nocturnal activity primarily being arboreal, and are typically found 

hiding in the bark of pohutukawa or perching in foliage during the day (Gibbs, 2001; Richards, 1973).  

Habitation of the island until about 1823, combined with the presence of feral pigs on Aorangi 

(eradicated in 1936) resulted significant habitat modification (W. Fraser, 1925; Harper, 1975).  

The increasing availability and affordability of next-generation sequencing technologies means that 

the use of genome-wide markers is becoming increasing popular in ecological and evolutionary 

research. The use of a genome-wide approach not only increases the density of markers available, it 

enables more detailed studies of general diversity, divergence and adaptive variation (Angeloni, 

Wagemaker, Vergeer, & Ouborg, 2012; Davey et al., 2011). In particular, single nucleotide 

polymorphisms (SNPs) although less informative per marker than traditional markers, such as 

microsatellites, are advantageous as they are not only highly abundant, but are theoretically evenly 

spread through both coding and non-coding loci across the genome (DeFaveri et al., 2013; Vignal et 

al., 2002). Genome-wide SNP genotyping methods, such as Genotyping-by-Sequencing (GBS) 

(Elshire et al., 2011) or double digest restriction-associated DNA sequencing (ddRAD) (Peterson et 

al., 2012), can be used to provide insights into inbreeding, population diversity, effective population 

sizes and to detect potential adaptive variations (Johnston et al., 2014; F. C. Jones et al., 2012; 

Leaché et al., 2014; Rasmus Nielsen et al., 2005). In this study, we report on the development of the 

first panel of genome-wide SNP markers in giant weta that will serve as an important tool for the 

conservation of these species, and provide insights into the levels of genetic variation, inbreeding and 

selection. The three species included in this study have different population histories, but all of which 
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have undergone bottlenecks due to various factors, such as habitat modification in the case of D. 

fallai, predation of D. heteracantha by Kiore and translocation in the case of D. mahoenui. This study 

uses GBS technology to (i) develop a panel of genome-wide SNPs, (ii) determine if a conservative or 

liberal approach to SNP filtering affects population genetic parameters (iii) assess the levels of 

genetic variation within each species, (iv) assess levels of inbreeding, (v) test for the presence of 

selective variants and (vi) determine if we are able to detect evidence for bottleneck history and relate 

these population genetic inferences to known population history of the species.  

 

Figure 23: Distribution of Deinacrida heteracantha, D. mahoenui and D. fallai (modified from Gibbs, 2001; Pratt et al., 
2008) 
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Figure 24: The three Deinacrida species used in this study: A) D. mahoenui female (Photo: Danny Thornburrow), B) D. 
heteracantha female (Photo: Marie McDonald) and C) D. fallai female (Photo: Shelley Myers) 

 

4.3. Material and methods 

4.3.1 Sample collection  

Due to the conservation status of the species in this study, non-lethal sampling in the form of antennal 

clippings was undertaken between 2010 and 2014 (Table 22). Samples of D. fallai were collected 

from Tawhiti Rahi, Poor Knights Islands (35 27 S, 174 44 E), D. heteracantha from Hauturu (-36º 13’ 

S, 175º 3’ E) and D. mahoenui from Warrenheip, Cambridge (-37º 56’ S, 175º 35’ E). Individual 

samples were captured, recorded and a clipping, approximately 10 mm in length, was removed from 

an antenna and the individual released. Clippings were placed in 100% ethanol and transported to 

Landcare Research Auckland and stored at -80ºC. Samples were collected under the Department of 

Conservation permits; 37619-FAU and NO-21112013-LND. 

 

B) 
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Table 22: Summary of sample collection details from Deinacrida. All D. fallai samples were collected from Tawhiti Rahi 
(Poor Knights Islands), D. mahoenui from Warrenheip, Cambridge and D. heteracantha from Hauturu

Code Species Sex Date Collected Collected by 

WT70* D. fallai Female 20/01/2012 K. Grayson 

WT58* D. fallai Male 20/01/2012 K. Grayson 

WT133 D. fallai Female 11/12/2013 T. Buckley, S. Myers, J. Stavert 

WT141 D. fallai Male 11/12/2013 T. Buckley, S. Myers, J. Stavert 

WT117 D. fallai Male 12/12/2013 T. Buckley, S. Myers, J. Stavert 

WT143 D. fallai Unknown 10/12/2013 T. Buckley, S. Myers, J. Stavert 

WT113 D. fallai Unknown 12/12/2013 T. Buckley, S. Myers, J. Stavert 

WT128 D. fallai Male 10/12/2013 T. Buckley, S. Myers, J. Stavert 

WT138 D. fallai Female 11/12/2013 T. Buckley, S. Myers, J. Stavert 

WT149 D. fallai Male 12/12/2013 T. Buckley, S. Myers, J. Stavert 

WT130 D. fallai Female 12/12/2013 T. Buckley, S. Myers, J. Stavert 

WT125 D. fallai Male 11/12/2013 T. Buckley, S. Myers, J. Stavert 

WT139 D. fallai Male 11/12/2013 T. Buckley, S. Myers, J. Stavert 

WT124 D. fallai Male 12/12/2013 T. Buckley, S. Myers, J. Stavert 

WT118 D. fallai Female 11/12/2013 T. Buckley, S. Myers, J. Stavert 

WT132 D. fallai Female 10/12/2013 T. Buckley, S. Myers, J. Stavert 

WT109 D. fallai Unknown 11/12/2013 T. Buckley, S. Myers, J. Stavert 

WT122 D. fallai Male 10/12/2013 T. Buckley, S. Myers, J. Stavert 

WT135 D. fallai Male 11/12/2013 T. Buckley, S. Myers, J. Stavert 

WT142 D. fallai Male 12/12/2013 T. Buckley, S. Myers, J. Stavert 

WT151 D. fallai Male 12/12/2013 T. Buckley, S. Myers, J. Stavert 

WT121 D. fallai Male 12/12/2013 T. Buckley, S. Myers, J. Stavert 

WT131 D. fallai Female 11/12/2013 T. Buckley, S. Myers, J. Stavert 

WT134 D. fallai Male 11/12/2013 T. Buckley, S. Myers, J. Stavert 

WT116 D. fallai Male 12/12/2013 T. Buckley, S. Myers, J. Stavert 

WT144 D. fallai Male 10/12/2013 T. Buckley, S. Myers, J. Stavert 

WT123 D. fallai Male 12/12/2013 T. Buckley, S. Myers, J. Stavert 

WT140 D. fallai Female 11/12/2013 T. Buckley, S. Myers, J. Stavert 

WT111 D. fallai Female 12/12/2013 T. Buckley, S. Myers, J. Stavert 

WT152 D. fallai Male 10/12/2013 T. Buckley, S. Myers, J. Stavert 
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Code Species Sex Date Collected Collected by 

WT114 D. fallai Male 12/12/2013 T. Buckley, S. Myers, J. Stavert 

WT129 D. fallai Male 10/12/2013 T. Buckley, S. Myers, J. Stavert 

WT146 D. fallai Male 11/12/2013 T. Buckley, S. Myers, J. Stavert 

WT148 D. fallai Male 12/12/2013 T. Buckley, S. Myers, J. Stavert 

WT137 D. fallai Female 12/12/2013 T. Buckley, S. Myers, J. Stavert 

WT115 D. fallai Female 12/12/2013 T. Buckley, S. Myers, J. Stavert 

WT150 D. fallai Female 10/12/2013 T. Buckley, S. Myers, J. Stavert 

WT147 D. fallai Male 12/12/2013 T. Buckley, S. Myers, J. Stavert 

WT110 D. fallai Female 12/12/2013 T. Buckley, S. Myers, J. Stavert 

WT108 D. fallai Female 10/12/2013 T. Buckley, S. Myers, J. Stavert 

WT119 D. fallai Male 10/12/2013 T. Buckley, S. Myers, J. Stavert 

WT136 D. fallai Male 11/12/2013 T. Buckley, S. Myers, J. Stavert 

WT127 D. fallai Male 12/12/2013 T. Buckley, S. Myers, J. Stavert 

WT145 D. fallai Male 11/12/2013 T. Buckley, S. Myers, J. Stavert 

WT120 D. fallai Male 12/12/2013 T. Buckley, S. Myers, J. Stavert 

WT98* D. heteracantha Female 26/06/2012 K. Lomas, D. Seldon 

WT74* D. heteracantha Male 26/06/2012 K. Lomas, D. Seldon 

WT236 D. heteracantha Unknown 4/10/2014 P. Mitchell, C. Mitchell, J. Simmons, M. Mitchell 

WT240 D. heteracantha Female 4/10/2014 P. Mitchell, C. Mitchell, J. Simmons, M. Mitchell 

WT233 D. heteracantha Unknown 4/10/2014 P. Mitchell, C. Mitchell, J. Simmons, M. Mitchell 

WT235 D. heteracantha Unknown 4/10/2014 P. Mitchell, C. Mitchell, J. Simmons, M. Mitchell 

WT238 D. heteracantha Unknown 4/10/2014 P. Mitchell, C. Mitchell, J. Simmons, M. Mitchell 

WT239 D. heteracantha Male 4/10/2014 P. Mitchell, C. Mitchell, J. Simmons, M. Mitchell 

WT237 D. heteracantha Female 4/10/2014 P. Mitchell, C. Mitchell, J. Simmons, M. Mitchell 

WT243 D. heteracantha Unknown 4/10/2014 P. Mitchell, C. Mitchell, J. Simmons, M. Mitchell 

WT234 D. heteracantha Male 4/10/2014 P. Mitchell, C. Mitchell, J. Simmons, M. Mitchell 

WT244 D. heteracantha Female 4/10/2014 P. Mitchell, C. Mitchell, J. Simmons, M. Mitchell 

WT245 D. heteracantha Unknown 4/10/2014 P. Mitchell, C. Mitchell, J. Simmons, M. Mitchell 

WT199 D. heteracantha Female 8/06/2014 V. Twort, M. McDonald 

WT183 D. heteracantha Female 4/06/2014 V. Twort, M. McDonald, L. Whitwell 

WT241 D. heteracantha Female 4/10/2014 P. Mitchell, C. Mitchell, J. Simmons, M. Mitchell 
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Code Species Sex Date Collected Collected by 

WT57* D. mahoenui Male 10/02/2010 C. Watts 

WT202 D. mahoenui Male 20/06/2014 D. Thornburrow 

WT225 D. mahoenui Female 23/06/2014 D. Thornburrow 

WT229 D. mahoenui Male 23/06/2014 D. Thornburrow 

WT213 D. mahoenui Female 22/06/2014 D. Thornburrow 

WT221 D. mahoenui Male 23/06/2014 D. Thornburrow 

WT224 D. mahoenui Male 23/06/2014 D. Thornburrow 

WT212 D. mahoenui Male 22/06/2014 D. Thornburrow 

WT211 D. mahoenui Male 22/06/2014 C. Watts 

WT230 D. mahoenui Male 23/06/2014 D. Thornburrow 

WT164 D. mahoenui Female 17/06/2014 C. Watts 

WT176 D. mahoenui Male 20/06/2014 D. Thornburrow 

WT179 D. mahoenui Female 20/06/2014 D. Thornburrow 

WT217 D. mahoenui Male 23/06/2014 D. Thornburrow 

WT166 D. mahoenui Male 17/06/2014 C. Watts 

WT228 D. mahoenui Male 23/06/2014 D. Thornburrow 

WT226 D. mahoenui Female 23/06/2014 D. Thornburrow 

WT209 D. mahoenui Male 22/06/2014 D. Thornburrow 

WT180 D. mahoenui Female 20/06/2014 D. Thornburrow 

WT222 D. mahoenui Male 23/06/2014 D. Thornburrow 

WT165 D. mahoenui Female 17/06/2014 C. Watts 

WT167 D. mahoenui Male 20/06/2014 D. Thornburrow 

WT219 D. mahoenui Female 23/06/2014 D. Thornburrow 

WT203 D. mahoenui Male 20/06/2014 C. Watts 

WT218 D. mahoenui Male 23/06/2014 D. Thornburrow 

WT227 D. mahoenui Female 23/06/2014 C. Watts 

WT210 D. mahoenui Female 22/06/2014 D. Thornburrow 

WT216 D. mahoenui Female 23/06/2014 C. Watts 

WT215 D. mahoenui Female 23/06/2014 C. Watts 

WT168 D. mahoenui Male 20/06/2014 D. Thornburrow 

WT214 D. mahoenui Female 22/06/2014 D. Thornburrow 
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Code Species Sex Date Collected Collected by 

WT205 D. mahoenui Male 20/06/2014 C. Watts 

WT204 D. mahoenui Male 20/06/2014 D. Thornburrow 

WT220 D. mahoenui Male 23/06/2014 D. Thornburrow 

 

 

4.3.2 DNA extraction and sequencing 

Genomic DNA was extracted using the Invitrogen PureLink® Genomic DNA mini kit (Life 

Technologies) following grinding in liquid nitrogen using manufacturer’s instructions. DNA quantity 

was assessed using Quant-itTM PicoGreen®. Where necessary, due to low DNA yield, multiple 

extractions were carried out and subsequently heat concentrated at 70ºC. Genomic DNA quality was 

assessed by gel electrophoresis on 0.8% agarose gels containing 1X GelRed (Huntingtree Ltd.).  

DNA was sent to New Zealand Genomics Limited (NZGL) for GBS library construction according to 

the protocol from Elshire et al. (2011), with enzyme PstI. Libraries were pooled and sequenced on two 

lanes of Illumina HiSeq with 100 bp single-end reads. 

4.3.3 Quality control and SNP calling 

SNPs were discovered and called from the raw GBS data using the Tassel 5.0 V2 (Bradbury et al., 

2007) GBS pipeline with physical alignment to D. fallai genomic scaffolds greater than 10 kbp in size 

(see sections 3.3.4 and 3.3.8) using the sensitive option of Bowtie2. This software demultiplexes, 

quality checks and calls SNPs. Any reads containing barcodes or low quality regions (average quality 

score <20) were discarded. A minimum kmer coverage of 10, and kmer length of 64 bp were used. 

SNPs were filtered to remove minor SNP states, and SNPs with a minor allele frequency < 0.05. 

SNPs were only retained for downstream analysis if they were present in all 95 individuals. 

4.3.4 SNP filtering, outlier detection and population genetic diversity 

To screen for whether or not loci were in Hardy-Weinberg equilibrium (HWE) VCFtools (Danecek et 

al., 2011) was used, with two different cut-off thresholds employed. The first, being a conservative 

approach, removed all loci significantly deviating (p-value < 0.01) from HWE in at least one or more 

species. The second approach, termed the liberal approach, removed those loci significantly (p-value 

< 0.01) deviating from HWE in all three species. A Bayesian method (Beaumont & Balding, 2004) was 

used to detect outliers using the program BAYESCAN v2.1 (Fischer, Foll, Excoffier, & Heckel, 2011). 

BAYESCAN was run with 20 pilot runs, a burn-in period of 50,000 followed by 5,000 iterations. 

Outliers were identified in R with a false discovery rate q-value of 0.05. To determine whether or not 

outlier loci were located within or near annotated genes, the BEDOPS v2.4.20 (Neph et al., 2012) 

closest features option was used. Genetic clustering, in the form of a Principal Component Analysis 

(PCA) was carried out with the R package SNPRelate (Zheng et al., 2012). VCFtools was used to 
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calculate observed and expected heterozygosity. The R package inbreedR (Stoffel et al., 2016) was 

used to calculate multi-locus heterozygosity (MLH) and identity disequilibrium (g2). Confidence 

intervals were obtained for g2 by bootstrapping (n=100) and significance was assessed using 

permutations (n=100). In the same package, we also estimated the expected correlation between 

heterozygosity and inbreeding, and bootstrapping was performed 100 times. Genepop (Rousset, 

2008) was used to calculate pairwise fixation indexes (Fst) values, and gene diversity within and 

among individuals. Inbreeding coefficients (Fis) were calculated for individuals with VCFtools. 

Additional population genetic parameters, such as nucleotide diversity and Tajima’s D statistic were 

calculated using the diversity option in Tassel. In addition, we calculated the effective population size 

(Ne) using NeEstmator (Do et al., 2014), using the linkage disequilibrium option (NeLD). Conversion 

between various data formats was carried out with PGDspider (Lischer & Excoffier, 2012).   

4.4. Results 

4.4.1 Sequencing and SNP discovery 

A total of 387,332,070 single-end reads were obtained across all 95 individuals. De-multiplexing and 

quality filtering resulted in an average of 3,710,467 reads per sample (Range: 513,104 – 5,889,802), 

Figure 25. A total of 519,505 tags were recovered from the dataset, tag coverage averaged 56x. 

Mapping of the tags onto D. fallai genomic scaffolds >10 kbp, resulted in an overall mapping rate of 

92.50%. A total of 233,947 SNPs were identified. After filtering (minor allele frequency >0.05, read 

depth of 10) 138,752 remained. The proportion of missing data per individual varied from 0.2 to 0.7, 

with D. fallai samples generally having less missing data than D. heteracantha and D. mahoenui 

(Figure 26). A total of 8,017 SNPs were present in all individuals and subsequently screened for 

significant deviation from HWE (P-value < 0.01). Two different approaches were taken for determining 

which loci should be removed. The first approach taken was a conservative one, whereby any loci 

deviating from HWE in one or more species was discarded (referred to as the conservative dataset). 

The second approach only excluded loci that were identified as deviating from HWE in all three 

species (referred to as the liberal dataset). These approaches resulted in a total of 5,382 and 7,830 

SNPs, respectively, for downstream analysis.  
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Figure 25 Distribution of reads passing quality control and available for SNP calling per sample 

z  

Figure 26: Distribution of the proportion of missing data per individual for Deinacrida heteracantha, D. mahoenui and 
D. fallai samples 
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4.4.2 Outlier loci detection 

Of the 5,382 SNPs present in the conservative dataset 0.16% (9 SNPs) were identified as outliers 

among the three species (Figure 27A). to determine whether or not a particular species pairing was 

driving the observed selection patterns, pairwise comparisons were performed. An additional 3 outlier 

SNPs were identified in the pairwise comparison of D. heteracantha and D. mahoenui (Figure 27B), 

while the remaining pairwise comparisons yielded no outliers (Appendix A.3 Figure 1). A total of 12 

SNPs were identified as outliers, leaving a total of 5,370 SNPs in the neutral dataset. All outlier loci in 

the conservative dataset had alpha values > 1, indicative of diversifying selection (Table 23).  

In comparison, of the 7,830 SNPS in the liberal data set, 17 (0.22%) were identified as outliers among 

all three species (Figure 27C). All of the 12 outlier SNPs identified in the conservative dataset were 

identified in this analysis of the liberal SNP data set (Table 23). Of the pairwise analyses, only the D. 

mahoenui and D. heteracantha comparison identified any outliers, with an additional 20 SNPs being 

identified. As with the conservative dataset, all remaining pairwise comparisons yielded no outliers 

(appendix figs). A total of 37 SNPs were identified as outliers leaving a total of 7,793 SNPs in the 

neutral dataset. All outlier loci in this dataset also had alpha values indicative of diversifying selection 

(Table 23). For all candidate outlier loci, we searched against the D. fallai annotation set (see sections 

3.3.8 and 3.4.4 ), to see if they fell into or near genes. No significant matches were observed. All 

downstream analyses were carried out on all loci, neutral loci and outlier loci. This approach was 

chosen because even small percentages of outlier loci can influence the estimation of population 

parameters as most methods assume that loci are neutral (Allendorf & Luikart, 2009; Allendorf & 

Seeb, 2000; Van Wyngaarden et al., 2016). In addition to potentially influencing genetic parameter 

estimates, the outlier loci themselves are of interest because they can reveal genetic differentiation 

patterns in places where neutral markers often remain uninformative, and therefore can provide a 

valuable tool in the management of populations of conservation interest (Funk, McKay, Hohenlohe, & 

Allendorf, 2012; Larson et al., 2014).  
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Table 23: Outlier loci identified in the conservative and liberal SNP datasets and their associated alpha values 

SNP Position Alpha Value (Conservative Dataset) Alpha Value (liberal Dataset) 

All 3 species D. heteracantha & D. mahoenui All 3 species D. heteracantha & D. mahoenui 

SCAFFOLD1467 314232 1.5326 1.6793 1.7682 1.9219 
SCAFFOLD25 90240 1.4989 1.7011 1.7355 1.9198 
SCAFFOLD3425 234390 1.5426 1.6834 1.7602 1.9059 
SCAFFOLD372 71371 1.5095 1.6501 1.7462 1.9157 
SCAFFOLD4168 146720 1.5486 1.6644 1.7655 1.9111 
SCAFFOLD578 298750 1.5325 1.6683 1.7544 1.9212 
SCAFFOLD68 1766096 1.5408 1.6944 1.7549 1.9142 
SCAFFOLD68 1766102 1.526 1.6767 1.7553 1.9176 
SCAFFOLD68 1766117 1.537 1.6937 1.7509 1.9252 
SCAFFOLD1355 118739 --- 1.2153 1.3747 1.553 
SCAFFOLD1467 314261 --- 1.1562 1.3833 1.5468 
SCAFFOLD261 176126 --- 1.2049 1.3651 1.5686 
SCAFFOLD548 738738 --- --- 1.1438 1.4495 
SCAFFOLD9731 48646 --- --- 1.2257 1.4428 
SCAFFOLD9731 48612 --- --- 1.2378 1.4333 
SCAFFOLD2265 391607 --- --- 1.2467 1.4335 
SCAFFOLD4342 218337 --- --- 1.2494 1.4306 
SCAFFOLD1133 47122 --- --- --- 1.3757 
SCAFFOLD1517 630698 --- --- --- 1.3671 
SCAFFOLD1517 630674 --- --- --- 1.3804 
SCAFFOLD1517 630689 --- --- --- 1.3865 
SCAFFOLD1802 664457 --- --- --- 1.1398 
SCAFFOLD1818 349996 --- --- --- 1.385 
SCAFFOLD1818 349995 --- --- --- 1.3864 
SCAFFOLD2203 373933 --- --- --- 1.1908 
SCAFFOLD235 70656 --- --- --- 1.3519 
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SNP Position Alpha Value (Conservative Dataset) Alpha Value (liberal Dataset) 

All 3 species D. heteracantha & D. mahoenui All 3 species D. heteracantha & D. mahoenui 

SCAFFOLD2623 231141 --- --- --- 1.3345 
SCAFFOLD277 320612 --- --- --- 1.3493 
SCAFFOLD2781 285947 --- --- --- 1.2936 
SCAFFOLD2976 49738 --- --- --- 1.3336 
SCAFFOLD2985 446717 --- --- --- 1.2199 
SCAFFOLD3174 168258 --- --- --- 1.1949 
SCAFFOLD378 983228 --- --- --- 1.3438 
SCAFFOLD5120 175290 --- --- --- 1.1958 
SCAFFOLD5985 167903 --- --- --- 1.1928 
SCAFFOLD6458 97955 --- --- --- 1.3356 
SCAFFOLD951 853183 --- --- --- 1.3834 
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Figure 27: Results from the Bayesian test for selection for the conservative and liberal SNP datasets. A) The three way 
species comparison and B) Deinacrida heteracantha and D. mahoenui pairwise comparison for the conservative SNP 
dataset. C) Three way comparison and D) D. heteracantha and D. mahoenui pairwise comparison of the liberal SNP 
dataset. Outliers are defined as all loci with a q-value higher than 0.05 and are highlighted in red.  

4.4.3 Genetic diversity and divergence 

Genetic differences between the three species was assessed with Weir and Cockerham’s F-statistics 

(Weir & Cockerham, 1984), while genetic clustering analysis used a principal component analysis 

(PCA). In the case of both the liberal and conservative SNP datasets, analysis of all loci, neutral loci 

and outlier loci, clustering resulted in the clear separation of all three species. The first principal 

component (PC) explained 53.62%, 53.76%, and 85.11% of the total variance of the three loci sets, 

respectively, in the conservative SNP dataset. While in comparison, the first PC explained 53.55%, 

53.67%, and 63.61% of the variance for all three loci sets in the liberal SNPs.  

 

A) B) 

C) D) 
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Figure 28: Principal components analysis plots for (A) all loci, (B) neutral loci, and (C) outlier loci in the conservative 
SNP dataset and for (D) all loci, (E) neutral loci and (F) outlier loci for three species of Deinacrida 

D. fallai 

D. heteracantha 

D. mahoenui 

A) B) 

C) D) 

E) F) 
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The outlier loci SNP sets were excluded from the downstream population genetic analyses, as they 

contain too few SNPs to achieve informative parameter estimates. Average observed heterozygosity 

(Ho) ranged from 0.21 – 0.28 and 0.25 – 0.36 in the conservative and liberal all loci datasets, 

respectively. The variation between the two HWE filters caused an average difference of 22.5% 

difference in the Ho value obtained from both the neutral and outlier loci (Table 24). In all cases, Ho 

were greater than the expected heterozygosity (He), with variation between the two filters and loci type 

being similar. The most pronounced difference was observed in the D. mahoenui dataset for both all 

loci and neutral loci. The estimated effective population sizes (NeLD) were the same for the all loci, 

and neutral loci within each dataset. Larger NeLD were obtained for the liberal dataset, with D. 

heteracantha returning infinity values. The smallest NeLD across all datasets was for D. fallai.  

Individual multi-locus heterozygosity (MLH) averaged over each species ranged from 0.21 – 0.36, 

with D. heteracantha consistently having the highest MLH. High, positive Tajima’s D values were 

obtained for all three species. This result is indicative of both low and high frequency polymorphisms 

which have resulted from selection and/or a decrease in population size. Within and between gene 

diversities were similar for all three species, with the values correlating with the nucleotide diversity 

and theta values (Table 24). All three species had negative Fis values indicative of high levels of 

outbreeding. This is supported by the low significant identity disequilibrium values (g2), suggesting 

that inbreeding is relatively rare in each species. The low estimates are not a result of insufficient 

marker density, as the expected correlation between heterozygosity and inbreeding is very high for 

each species (ranging from 0.85 – 0.95). Based on pairwise Fst values, D. fallai was the most 

genetically distinct of the three species (Table 25), with Fst values being similar between all loci and 

the neutral loci.  
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Table 24: Population genetic parameters for each Deinacrida species sampled.  

Species n Ho He Fis Av MLH 
π per 
bp 

ϴ per 
bp 

TD Qintra Qinter NeLD g2 (std) 

All loci (conservative, 5,382 SNPs) 
 

D. fallai 45 0.210 0.146 -0.426 0.210 (+-0.017) 0.147 0.101 1.675 0.100 0.091 168.1  
(162 – 174.6) 

0.006 
(0.003)* 

D. heteracantha 16 0.289 0.219 -0.318 0.362 (+-0.012) 0.224 0.184 0.954 0.199 0.177 270.1  
(240.5 – 307.8) 

0.001 
(0.0005)* 

D. mahoenui 34 0.276 0.196 -0.385 0.256 (+-0.019) 0.198 0.140 1.590 0.164 0.147 250.2  
(238.5 – 263.3) 

0.002 
(0.0009)* 

All loci (liberal, 7,830 SNPs) 
 

D. fallai 45 0.256 0.171 -0.482 0.256 (+-0.019) 0.172 0.108 2.127 0.197 0.142 116.2  
(114.7 – 117.8) 

0.005 
(0.003)* 

D. heteracantha 16 0.362 0.249 -0.409 0.362 (+-0.012) 0.254 0.199 1.195 0.313 0.231 infinity (∞) 0.001 
(0.0007)* 

D. mahoenui 34 0.361 0.239 -0.492 0.256 (+-0.019) 0.240 0.240 2.127 0.308 0.216 345  
(333.3 – 357.5) 

0.003 
(0.0005)* 

Neutral loci (conservative, 5,370 SNPs) 
 

D. fallai 45 0.211 0.146 -0.426 0.210 (+-0.017) 0.147 0.101 1.675 0.100 0.091 168.1  
(162 – 174.6) 

0.006 
(0.003)* 

D. heteracantha 16 0.276 0.196 -0.318 0.362 (+-0.012) 0.224 0.184 0.954 0.199 0.177 270.1  
(240.5 – 307.8) 

0.001 
(0.0005)* 

D. mahoenui 34 0.299 0.219 -0.385 0.256 (+-0.019) 0.198 0.140 1.590 0.164 0.147 269.1  
(239.7 – 263.6) 

0.062 
(0.0009)* 

Neutral loci (liberal, 7,793 SNPs) 
 

D. fallai 45 0.257 0.171 -0.482 0.257 (+-0.019) 0.173 0.109 2.12 0.198 0.231 116.1  
(114.5 – 117.7) 

0.006 
(0.003)* 

D. heteracantha 16 0.298 0.219 -0.409 0.363 (+-0.012) 0.254 0.199 1.207 0.314 0.232 infinity  
(∞) 

0.001 
(0.0005)* 

D. mahoenui 34 0.363 0.340 -0.492 0.363 (+-0.020) 0.241 0.155 2.12 0.310 0.218 341  
(329.6 – 353.2) 

0.002 
(0.0009)* 

Note: n = number of individuals; Ho = observed heterozygosity; He = expected heterozygosity; Fis = inbreeding co-efficient; Av MLH = average multi-locus heterozygosity; π per bp = nucleotide 
diversity per base pair; ϴ per bp = theta per base pair; TD = Tajima’s D statistic; Qintra = within gene diversity; Qinter = between gene diversity; NeLD = effective population size calculated using the 
linkage disequilibrium option; g2 (std) = identify disequilibrium (standard deviation); * = P-value < 0.01) 
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Table 25: Pairwise Fst values for (A) all loci and (B) neutral loci for the conservative (values in bold) and the liberal 
SNP datasets 

A) D. fallai D. heteracantha D. mahoenui 

D. fallai -- 0.7334 0.7436 

D. heteracantha 0.6037 -- 0.2585 

D. mahoenui 0.6098 0.1936 -- 

 

B) D. fallai D. heteracantha D. mahoenui 

D. fallai -- 0.7329 0.7460 

D. heteracantha 0.6018 -- 0.2762 

D. mahoenui 0.6069 0.1790 -- 

 

4.5. Discussion 

The application of high throughput sequencing technology in the form of GBS allowed the 

development of the first panel of genome-wide SNP loci in three species of Deinacrida. Analyses of 

these data identified outlier loci, and quantified the levels of genetic variation and inbreeding occurring 

within these species of conservation interest.   

Reference based SNP calling of 38.7 Gbp of Illumina data, resulted the calling of a total of 138,752 

SNPs across three Deinacrida species. The proportion of missing data varied from individual to 

individual, with D. fallai samples generally having less missing data than the D. heteracantha and D. 

mahoenui samples (Figure 26). The difference observed in the proportion of missing data can be 

attributed to the genetic distance between a given species and the reference used for SNP calling. In 

our case, D. fallai genomic scaffolds were used as a basis for SNP calling, resulting in less missing 

data for individuals of the same species. This result highlights the usefulness of a reference for SNP 

calling, but also suggests that the genetic distance between the reference species and the species of 

interest is an important consideration. 

4.5.1 Hardy-Weinberg filtering and outlier loci detection 

Two different filtering thresholds were chosen for filtering out loci identified as being out of HWE, in 

order to determine if the threshold chosen influences population genetic parameter estimates. The 

two thresholds were determined based on two commonly used thresholds holds: (i) loci that violate 

HWE in all populations (for example: Kjeldsen et al., 2016) and (ii) loci violating HWE in one or more 

populations (for example: Van Wyngaarden et al., 2016). The first approach resulted in the removal of 

187 loci, while the later removed 2,635 SNPs. The detection of outlier loci resulted in the identification 

of a total of 12 and 37 loci in the conservative and liberal datasets, respectively. All of the outliers 

identified in the conservative dataset, were also identified in the liberal dataset, and all had alpha 

values greater than one, indicative of diversifying selection. The loci identified in these tests are likely 

to be associated with regions of the genome under directional selection. While we are unlikely to have 
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identified all regions of the genome under directional selection, the results indicate that differential 

selective pressures are present at least between D. heteracantha and D. mahoenui, as pairwise tests 

only revealed outliers between these two species. This suggests that these two species are driving 

the selection results seen when all three species are analysed. Downstream analyses were 

subsequently carried out on all loci, neutral loci and outlier loci separately, with the outlier loci being 

excluded from the population genetic parameter analysis due to there not being enough markers to 

provide reliable parameter estimates. Outlier loci are of interest because they can reveal genetic 

differentiation patterns in places where neutral markers often remain uninformative, and therefore can 

provide a valuable tool in the management of populations of conservation interest (Funk et al., 2012; 

Larson et al., 2014). Failure to account for outlier loci can lead to overestimation of neutral 

differentiation or an underestimation of gene flow (Van Wyngaarden et al., 2016). The number of 

outlier loci detected in our study (0.16% and 0.22% in conservative and liberal datasets, respectively) 

is lower than the numbers of outlier loci detected in other genome-wide studies, which typically range 

from 0.99% to 5.2% (Bourret et al., 2013; De Wit & Palumbi, 2013; Guo, DeFaveri, Sotelo, Nair, & 

Merilä, 2015; Hess et al., 2013; Kjeldsen et al., 2016; Van Wyngaarden et al., 2016). However, the 

numbers of loci we identified as candidates under selection is consistent with the 30 loci identified in 

the marine invertebrate Nematostella vectensis (Reitzel et al., 2013), and the 0.11% of outlier SNPs in 

Koloa populations (Kjeldsen et al., 2016). Nevertheless, the low percentages of outliers identified here 

are consistent with the suggestion that approximately 5-10% of genome shows signatures of selection 

(Nosil, Funk, & Ortiz-Barrientos, 2009; Strasburg et al., 2012). Therefore, to determine whether or not 

the proportion of outliers identified in each dataset influenced downstream analysis, each of the SNP 

dataset was analysed using either (i) all loci, (ii) neutral loci or (iii) outlier loci. Outlier loci have the 

potential to represent loci that are driving species differentiation through differential local adaption. 

Therefore, outlier loci warrant further investigation into whether or not they are located within or near 

genes. The initial screen carried out in this chapter, did not find any nearby annotations within the 

genome, however a blast approach or a reannotation approach for these scaffolds may reveal what 

genetic elements are potentially linked to these SNPs.  

Genetic clustering analysis split the dataset into three groups in all analyses. Therefore, the genetic 

data presented here supports the biological species used in this study. This in an important 

consideration in any conservation genetic study, as accurate delimitation of species boundaries is of 

importance when considering conservation (J. Avise, 1998; Frankham et al., 2010). 

4.5.2 Species divergence and inbreeding detection 

The results presented here provide the first insight into genome-wide diversity for Deinacrida species. 

The level of observed heterozygosity, within all three species is similar to that observed in various 

wild, outbred populations (Table 25). In addition, the multi-locus heterozygosity levels (MLH) were 

also high among all three species (MLH range: 0.21 – 0.36). In contrast, an outbred mouse strain and 

inbred population of harbour seals (Hoffman et al., 2014) both had lower MLH values (0.16 and 0.06 

respectively) than those observed in all datasets in this study. The results of this SNP study indicate 



 

106 
 

that giant weta may have equivalent levels of genetic diversity to those found in stable outbred wild 

taxa (Table 26).  

Table 26: Heterozygosity values of various species based on SNP analysis 

Species Common name He Ho References 

Giant Weta     

Deinacrida fallai* Poor Knights giant weta 0.159 0.234 This study 

Deinacrida heteracantha* Little Barrier giant weta 0.221 0.306 This study 

Deinacrida mahoenui* Mahoenui giant weta 0.249 0.325 This study 

Outbred or large wild populations 

Phascolarctos cinereus Koala 0.29 0.27 Kjeldsen et al. (2016) 

Nematostella vectensis Starlet sea anemone 0.165 0.209 Reitzel et al. (2013) 

Oncorhynchus 

tshawytscha 

Chinook salmon 0.26 0.25 Narum et al. (2008) 

Canis latrans Coyote 0.25 0.20 Koblmüller, Nord, Wayne, 

and Leonard (2009); Kyle 

et al. (2006) 

Odocoileus spp. Deer 0.31 0.30 Haynes and Latch (2012) 

Sus scrofa domesticus Feral Pig 0.28 0.27 Goedbloed et al. (2013) 

Canis lupus Wolf (North American) 0.24 0.22 Cronin et al. (2014); Gray 

et al. (2009)  

Aedes aegypti Yellow fever mosquito 0.27 0.24 Rašić, Filipović, Weeks, 

and Hoffmann (2014) 

Populations with a recent known bottleneck or domesticated species 

Ursus americanus Black Bear 0.02 0.02 Cronin et al. (2014) 

Ursus maritimus Polar Bear 0.04 0.05 Cronin et al. (2014) 

Pusa hispida hispida Arctic Ringed Seal 0.14 0.13 Olsen et al. (2011) 

Canpus lupus Wolf (Italian) 0.17 0.15 Fabbri et al. (2007); Gray 

et al. (2009) 

Ursus arctos Brown Bear 0.17 0.16 Cronin et al. (2014); W. 

Miller et al. (2012) 

Felis catus Domestic Cat (Russian 

Blue) 

- 0.19 Kurushima et al. (2013) 

Bos tarus Angus - 0.12 MacEachern, Hayes, 

McEwan, and Goddard 

(2009) 

Anguilla anguilla European eel 0.041 0.038 Pujolar et al. (2014) 
*Ho and He values were averaged across all four SNP sets analysed 

Identity disequilibrium (ID) represents a measure of inbreeding within a population or species. The g2 

statistic quantifies the measure of ID, which is the excess of multiple heterozygotes at many loci 
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relative to the expectation under random association, and standardized by average heterozygosity 

(Szulkin, Bierne, & David, 2010).  Significant ID was observed in all species, across all datasets. The 

g2 values obtained for all species were very low (range: 0.001 – 0.006) yet significant (P-value of 

0.01). Although low g2 values can be associated with insufficient marker density, this is not an issue in 

our dataset because a high correlation is observed between heterozygosity and inbreeding (r2 range: 

0.85 – 0.95). This suggests that the low g2 values can be explained by the relatively rare occurrence 

of close inbreeding in these species. This conclusion is further supported by the negative F is values 

observed across all datasets. Negative Fis values (average of 0.418 across datasets) suggest that 

inbreeding is occurring at only very low levels within our three species.  

Pairwise Fst values indicate that D. heteracantha and D. mahoenui are most closely related, with D. 

fallai being equidistant from both species. This result supports the species tree constructed from 755 

orthologues (Figure 8), and is consistent with the idea that each of these species is geographically 

and genetically isolated from each other. Deinacrida fallai is expected to be more distinct from D. 

heteracantha and D. mahoenui because it had been isolated on the Poor Knights Islands, lacking any 

connections to the mainland since the Pliocene (Hayward, 1991; McIntyre, 2001; Richards, 1973; 

Watt, 1982). The Fst values between D. heteracantha and D. mahoenui also indicate a lack of gene 

flow, which is consistent with the clear distinction between the two species in the PCA plots.     

Although all tests identified D. fallai as the most genetically distinct species, variation was observed in 

the value obtained between the liberal and conservative datasets, with the estimates varying by 

~20%. It should however be noted, that Fst estimates can be biased due to variable and small sample 

sizes. The contribution of this error to the raw Fst estimates is ~1/(2S) (Waples, 1998 and citations 

therein), where S is the number of individuals sampled from a population. Although, this bias is 

expected to be low in this study, even for the small sample size present in D. heteracantha, as 

simulations have shown that Fst calculations are accurate, even for small sample sizes when large 

numbers of markers are employed (Willing, Dreyer, & van Oosterhout, 2012). However, the possibility 

exists that the variation not only in the number of individuals sequenced per species, but the 

difference in SNP number between datasets may account for some of this variation.  

Effective population size can be an indicator of population health within a species. Due to the fact that 

we only had access to a single temporal sample, a linkage disequilibrium method was used. The less 

stringent (liberal SNP dataset) dataset was unable to attain an accurate estimate of NeLD, for D. 

heteracantha with infinity being reported. This indicates that the number may be quite large for this 

dataset, since if the small number of individuals sampled in this species were highly related a small 

NeLD value would be expected (Kjeldsen et al., 2016). The conservative SNP all loci dataset provided 

NeLD values of 168, 270 and 250 for D. fallai, D. heteracantha and D. mahoenui, respectively. A Ne of 

50 to 100 is generally accepted as sufficient for the maintenance of short-term fitness (Shaffer, 1981). 

All three species have Ne values over 100, indicating the current health of populations. Deinacrida 

fallai has a smaller effective population size than the translocated population of D. mahoenui; this is 

likely to be a result of long term bottlenecking of these species.   
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4.5.3 Effects of HWE thresholds and outlier loci removal 

Various HWE filtering methods are currently employed in genome-wide SNP studies, whether it is just 

filtering out SNPs that significantly deviate from HWE in a minimum of one population, 50% of the 

populations, or those that are only in common between the populations. We tested whether or not two 

different HWE filtering options affected the population genetic parameters of interest in this study.  

The biggest effect of the two filtering options was seen on the Fst calculation, whereby the statistic 

varied on average by 30% (Table 24). The second largest differences were seen in the calculation of 

Tajima’s D statistic, where the average difference was 25%. The type of HWE filtering method chosen 

had a substantial effect on some of the calculated population genetic parameters. Some of the 

differences observed between the two statistics can be attributed to the proportion of heterozygosity 

within each of the datasets, which has an influence on both of these statistics. In the case of our 

experiment, taking a more liberal approach increases the number of makers included by ~45%, 

however in doing so we may have included more markers that were potentially polymorphic between 

the species, but monomorphic within a species and therefore potentially having a considerable 

influence on the statistic value. However, it should be noted that although the value of the statistic 

changes, the biological interpretation in this study wasn’t affected.  

To determine the effects of the presence of outlier loci on population genetic parameter analysis each 

SNP dataset was split into three, (i) all loci (ii) neutral loci and (iii) outlier loci. However, due to the 

small number of outlier loci identified, the dataset consisting of just outlier loci was excluded for the 

diversity calculations as they contained too few loci to get accurate parameter estimates. The removal 

of outlier loci from the dataset had the biggest difference on the liberal dataset, with little to no 

changes in parameter estimates for the conservative dataset. This result is expected, as the liberal 

dataset contained three times more outlier loci than the conservative dataset, nevertheless the 

observed differences appear to be minimal and do not affect the biological interpretations. 

4.5.4 Inferences about population histories 

For each SNP dataset, the levels of observed heterozygosity was greater than the expected 

heterozygosity, and correlated with observed heterozygosity levels seen in wild populations (Table 

26). This combined with the negative Fis values, and the low but significant ID observed for all three 

species indicates that there is little to no inbreeding occurring in all three Deinacrida species. The high 

Tajima’s D statistic is indicative of balancing selection and/or a reduction in population size due to 

bottlenecking in all three Deinacrida species.  

The combination of negative Fis values and positive Tajima’s D statistic are indicative of selection 

and/or a reduction in population size due to bottlenecking. However, an alternative explanation is also 

possible, whereby this pattern can be observed if there is a large variance of reproductive success in 

a stable population. A large variance in reproductive success in a population would mean that there is 

a large fraction of siblings observed every generation. This would result in a large number of short 

branches in the gene genealogy producing a deviation from the Kingman coalescent (Eldon & 

Wakeley, 2006; Sjödin, Kaj, Krone, Lascoux, & Nordborg, 2005), the underlying assumption in these 
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tests. This results in higher heterozygosity than expected, positive Tajima’s D statistics, and negative 

Fis values (Hoban et al., 2013). Therefore, the potential exists that the pattern being observed within 

the Deinacrida datasets is due to variance in individual reproductive success. Another alternative 

explanation for the observed pattern could be that there is a genuine lack of relatedness among the 

individuals sampled, which would lead to the low Fis and g2 values obtained for each species. This 

effect is perhaps greater in the D. heteracantha dataset where only 16 individuals were included. The 

lack of knowledge regarding whether or not there is any sub-structuring with any of the species also 

could influence the results we obtained. This is a question that needs addressing, but due to 

computational time constraints was outside the scope of this thesis.   

All three Deinacrida species are known to have undergone at least one bottleneck event in recent 

history. Program’s such as BOTTLENECK (Piry, Luikart, & Cornuet, 1999) and DIYABC (Cornuet et 

al., 2014) are commonly used with SNP data to test for and model past bottleneck events and could 

provide useful insight into the interpretation of the results presented in this chapter. However, 

BOTTLENECK is a Microsoft Windows program developed in 1999, and due to Windows file size 

constraints is unable to handle large datasets such as the one generated here. While DIYABC is able 

to handle large datasets, computational time limitations meant we are unable to utilise this program. 

Initial testing runs showed that for the first simulation step alone required analysis time in excess of 

200 days. Therefore, due to these issues, we are currently unable to make any inferences about the 

bottleneck history of these species. Further works needs to be done to investigate whether there is 

any substructure present in the island populations, such as D. fallai, that may be influencing the 

statistics presented. In addition, increased sampling is required to address the questions about 

population sub-structuring and variation in reproductive success. Ideally, modelling of population 

histories with a program such as DIYABC needs to be carried out to test which scenarios are more 

probable given what we know about past bottleneck scenarios. Such modelling would enable the 

comparison of a variety of different scenarios, such as determining whether or not a population has 

experienced a very short bottleneck, or a prolonged ongoing bottleneck. This analysis has the 

potential to help determine whether the statistics presented here are skewed by one of the factors 

previously discussed.  

Regardless of what the future analyses reveal the SNP markers present a valuable first step to 

revealing genome-wide levels of diversity in these iconic species, and provide an important tool to 

help aid in the perseveration of these insects for future generations. Based on the results presented in 

this chapter, we would recommend the continued preservation of the Poor Knights Islands and 

monitoring of the D. fallai population to ensure population size does not decrease below its current 

levels. 
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Final conclusion and future directions 
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The aim of this thesis was to employ various aspects of next-generation sequencing technology to 

investigate evolutionary aspects of weta biology. I highlight the use of three sequencing applications; 

transcriptome sequencing, genome sequencing and genotyping-by-sequencing (GBS). The resulting 

data are used to investigate molecular evolutionary patterns, determine underlying phylogenetic 

relationships, assemble and annotate a draft genome, develop a panel of genome-wide single-

nucleotide polymorphisms (SNPs) and assess the levels of diversity and inbreeding in species of 

conservation interest.  

In Chapter 2 I used transcriptome sequencing to de novo assemble transcriptomes for all 18 

Deinacrida and Hemideina species. The utilisation of a variety of bioinformatic tools lead to the 

identification of 755 full length coding orthologues in all 18 species. Phylogenetic analysis confirmed 

that alpine lineages are non-monophyletic among weta and supports the current leading hypothesis 

that adaptation to the montane environment occurred multiple times, rather than the result of the 

retention of the ancestral state (Morgan-Richards & Gibbs, 2001). The majority of sister species 

pairings are consistent with previous reports (Morgan-Richards & Gibbs, 2001; Trewick & Morgan-

Richards, 2004; Trewick & Morgan-Richards, 2005), with the exception being the northern arboreal 

clade, wherein I find strong support that the sister species pairing is between D. mahoenui and D. 

heteracantha rather than between D. heteracantha and D. fallai. Although the orthologue detection 

method used in this thesis has been shown to perform well (Altenhoff & Dessimoz, 2009), alternative 

software for orthologue identification exists, such as ProteinOrtho (Lechner et al., 2011). It would be 

interesting to determine whether the same orthologue groups are identified with alternative methods, 

and what additional orthologue groups are identified. 

Investigations of selection at the molecular level focused on two levels. The first being a transcriptome 

wide search for positive selection on codons within each transcript. This approach has its advantages, 

as adaptation tends to occur on specific amino acid sites, with proteins as a whole tending to be 

under purifying selection (W.-H. Li, 1997; Z. Yang et al., 2000). Generally speaking all the orthologues 

identified had an ω < 1, with a similar pattern being observed in Hemideina reproductive proteins 

(Twort, 2012). A total of 83 genes were identified as having amino acid sites under selection, 

encompassing a variety of Gene Ontology (GO) terms, KEGG (Kyoto Encyclopaedia of Genes and 

Genomes) pathways, and enzyme classes. Of the genes identified 36% encoded for enzymes. This 

finding agrees with previous reports that metabolic enzymes have higher than expected levels of 

functionally important variation (Marden, 2013), in part due to their moonlighting functions (Fu et al., 

2011; Kim & Dang, 2005). GO enrichment of categories such as oxidative phosphorylation, provides 

candidate loci for further investigation, as transcriptional variation in these genes has been suggested 

to translate into adaptive differences in aerobic capacity and thermal tolerance (Cheviron et al., 2008; 

Mishmar et al., 2003; F. Zhang & Broughton, 2015). In addition, oxidative phosphorylation related 

genes have been implicated in the evolution of reproductive barriers (M. Evans & Bernatchez, 2012; 

Gershoni et al., 2009), thereby potentially representing an interesting speciation mechanism among 

weta. The candidates identified in this screen represent key candidates for further research as they 
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have the potential to represent speciation-related genes and/or genes that are key players in how 

alpine adaption evolved among these species.  

The candidate gene showing the strongest signal for selection was prophenoloxidase (PPO), with 35 

codons identified as under positive selection. PPO plays a key role in melanogenesis (Soderhall & 

Cerenius, 1998), desiccation resistance, thermoregulation and pathogen resistance (Barnes & Siva-

Jothy, 2000; Wilson et al., 2001). The majority of sites identified are surface modifications, with two 

sites being near the active site. Surface modifications can influence the catalytic activity and 

thermostability of enzymes (P. A. Fields, 2001; P. A. Fields & Somero, 1998), and are a key player in 

maintaining the adaptive potential of a protein (Nilsson et al., 2011). Within weta, melanin has been 

shown to influence the desiccation resistance and immunity potential within H. maori colour morphs 

(K. King & Sinclair, 2015; Robb et al., 2003). Therefore, the molecular selection patterns found within 

PPO may play an important role in the ability of a species to adapt to an alpine environment, and 

influence the metabolic cost associated with adaption, due to the free-radical scavenging properties of 

melanin (H. Z. Hill, 1992; Różanowska et al., 1999). Further work, could focus initially on the 

confirmation of orthology and gene assembly validation, followed by biochemical assays, such as the 

standardised method for measuring prophenoloxidase levels described by Laughton and Siva-Jothy 

(2010), to determine what effects the observed changes have on enzyme function . 

In addition to looking at sites under selection, branch tests allow the identification of genes under 

selection along particular branches of the phylogeny. Due to the non-monophyly of alpine lineages 

this approach allows the identification of genes under diversifying selection along branches leading to 

alpine inhabiting species. I used this approach to assess whether or not alpine adaptation is 

underpinned by parallel evolution involving positive selection on the same genes or whether each 

alpine species has a unique set of genes under positive selection. A total of 176 genes were identified 

as under positive selection (ω >1) in at least one alpine lineage, with overlap between each lineage 

being minimal. The lack of overlap between the six alpine lineages tested suggests a lack of parallel 

evolution and indicates that each group may have its own unique set of adaptions for dealing with the 

harsh montane environment. A similar lack of evidence for parallel evolution was observed within the 

New Zealand stick insects in relation to the evolution of cuticle genes (Dennis et al., 2015). For 

comparative purposes, branch tests were also carried out on all the remaining lowland species in the 

phylogeny. A similar lack of evidence for parallel evolution was found among the 197 transcripts 

under positive selection, with no common genes in all seven lineages. Approximately one third of the 

genes were identified in common between the alpine and lowland tests. The transcripts unique to the 

alpine tests, represent candidates for further analysis into how a particular species has adapted to its 

alpine environment.  

Some KEGG pathways and GO terms were enriched within both the alpine and lowland lineage tests. 

Within the genes unique to the alpine lineages three signalling pathways were enriched and of 

particular interest is the FoxO signalling pathway. The FoxO pathway has been shown to regulate 

overwintering and diapause in the mosquito Culex pipiens (Sim & Denlinger, 2008), in addition FoxO 

has been implicated in the mediation of oxidative stress responses (Lehtinen et al., 2006). Therefore, 
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further investigation into what components of this pathway are under selection within alpine lineages 

and how these changes potentially influence the ability of alpine adapted species. Investigations could 

start with identifying the enzymes present in the dataset that map to the FoxO pathway, and 

determining what steps they are affecting. Following, which validation of gene sequences should be 

carried out, followed by biochemical assays.   

 Interestingly, GO terms such as heme binding, ATPase activity, and electron carrier activity were 

enriched within the genes unique to the lowland lineage tests, and not the alpine lineages. Heme 

serves an important role in electron transfer, oxygen transport and storage, and in the oxidation of a 

variety of compounds (Duncan, Osawa, Kutty, Kutty, & Wiggert, 1999; Mangum, 1985; Ribeiro & 

Walker, 1994; Terwilliger, 1998) and also functions as a regulatory molecule for growth (Chen & 

London, 1981; Sassa, 1988) and protein synthesis (Grayzel, Hörchner, & London, 1966; London, 

Bruns, & Karibian, 1964; Ochoa & Haro, 1979). Further investigations into which transcripts make up 

the heme binding GO term would be of interest, as the transcripts identified may potentially play a role 

in the evolution of island gigantism we see in the lowland giant weta lineages.  

Prior to any further investigations candidate genes of interest need to be validated, using techniques 

such as PCR and sanger sequencing, to confirm that correct assembly has occurred. Following 

validation biochemical assays can be used to determine what effects the observed changes have on 

enzyme function. Methods such as site-directed mutagenesis (Ho, Hunt, Horton, Pullen, & Pease, 

1989) can be used to introduce the desired mutations into the enzymes of interest. In vitro expression 

and purification can then be used to generate the required proteins for biochemical analyses (Peter A. 

Fields & Houseman, 2004; G. C. Johns & Somero, 2004; Yokoyama et al., 2008). However, it should 

be noted that an in vitro investigation of biochemical properties removes any effect of background 

genetic variation, and may result in the observed changes in catalytic activity not accurately reflecting 

the in vivo phenotypic alterations, due to the interdependence of enzymes and pathways (Kacser & 

Burns, 1981; Runck et al., 2010). In vivo techniques may be a more reliable approach to infer fitness. 

It is possible to use a yeast expression system, provided yeast orthologues of the genes of interest 

can be identified, whereby the weta gene of interest replaces the yeast orthologue (Billerbeck & 

Panke, 2012). Yeast expression systems have been successfully used to investigate the contribution 

of selected sites in a pheromone biosynthesis gene from a Ostrinia moth (Lassance et al., 2013).  

The Deinacrida fallai genome is large, with flow cytometry estimating the male haploid genome size to 

be 8.5 Gbp. In Chapter 3 I utilise short read sequencing technology to de novo assemble a draft 

genome assembly for D. fallai. The assembly is the first for Anostosomatidae, and to the best of my 

knowledge the second for the order Orthoptera (X. Wang et al., 2014). A final draft assembly size of 

5.38 Gbp was obtained, of which 58% was identified as repetitive elements. Of the repetitive elements 

identified 26% are unclassified. Unclassified repeats can result due to a variety of reasons, including 

assembly fragmentation or highly diverged repeats that lack homology to existing repeat annotation, 

however the potential exists that some of these have the potential to represent novel repeats specific 

to weta. Annotation revealed a total of 23,647 gene models, which have a similar GO distribution to 

Drosophila melanogaster and Musca domestica gene annotations (J. G. Scott et al., 2014). The 
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difference between the assembled draft genome size and the flow cytometry estimate was shown to 

be a combination of repeat compression during assembly and a low sequencing coverage. Although 

large genomes, such as the one I present in this chapter present a computational challenge, due to 

the high proportion of repeats and computational power required for assembly, a reasonable 

assembly can be obtained for ~50X coverage. Ideally, I estimate that double the coverage would be 

required to obtain a better, more complete and less fragmented assembly and hence improve the 

overall annotation set. In addition, longer read technologies, such as Single-molecule real-time 

(SMRT) sequencing by Pacific BioSciences (Eid et al., 2009; Roberts et al., 2013), could be utilised 

as the combination of long read technologies with short read assemblies has been shown to not only 

improve assembly but revolve repeat compression (Berlin et al., 2015; Brown et al., 2014; Chaisson 

et al., 2015; Ferrarini et al., 2013).  Nevertheless, the genome I present provides a valuable addition 

to the genetic resources for these iconic New Zealand species, thereby providing a framework on 

which to provide a genetic basis for conservation efforts and help our understanding of weta biology 

and evolution. Further research into the unclassified repeat elements would be interesting as they 

have the potential to represent novel repeat families specific to weta, and could be used a way to 

study speciation and introgression. In addition, an alternative method to study repeat and repeat 

evolution would be to carry out low-pass sequencing of a variety of species to identify and 

characterise not only the composition of weta repeat elements but also the intra- and inter-specific 

variation (Novák et al., 2014).  

In Chapter 4, I utilise a genome-reduction sequencing method, GBS, to develop a genome-wide panel 

of SNPs for three Deinacrida species.  The resulting SNPs were used to investigate the levels of 

diversity and inbreeding present in three species of conservation interest. The observed level of 

heterozygosity is comparable to the levels of diversity found in wild outbreeding populations, such as 

chinook salmon (Oncorhynchus tshawytscha) (Narum et al., 2008), and the yellow fever mosquito 

(Aedes aegypti) (Rašić et al., 2014). I identify statistically significant low identity disequilibrium values 

for all three species, indicating that inbreeding between closely related individuals is rare. This results 

is supported by the negative inbreeding coefficients (Fis) calculated for the three species. This result is 

promising for these species as inbreeding results in an increased risk of exposing deleterious alleles, 

reduces the reproductive fitness and genetic diversity, and hence reduces the ability of a species to 

adapt (Frankham, 2003; Frankham, 2005; Frankham et al., 2010; Frankham et al., 1999).  

The high Tajima’s D statistics obtained are suggestive of past bottleneck events, which are known to 

have occurred in all three species. However, I do acknowledge that the combination of negative F is 

values with high Tajima’s D statistics can be attributed to an additional two explanations; (i) variance 

of reproductive success, and (ii) a genuine lack of relatedness between the individuals sampled. 

Further investigations into whether or not these alternative explanations are affecting the results I 

presented in this chapter are now required. I would propose, especially for D. heteracantha, carrying 

out sampling of more individuals. Increasing sample sizes would allow investigation into species sub-

structuring and test variation on reproductive success. 
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In addition to increasing sampling, a landscape genetic approach could be used on the D. fallai 

dataset, due to each sample being associated with GPS co-ordinates. This approach would enable 

the determination of whether or not any sub-structuring is occurring on the island due to any particular 

geographical features. Within D. heteracantha it has been observed that males tend to travel greater 

distances than females (Watts & Thornburrow, 2011), and given the distribution of males and females 

within the D. fallai sample this could be an interesting factor to address. For an initial look at whether 

or not any population sub-structuring within the three species is observed, I would recommend 

running a clustering program such as fastSTRUCTURE (Raj, Stephens, & Pritchard, 2014) to see 

whether or not this idea is supported.   

The outlier loci identified with Chapter 4, also warrant further investigation. The potential exists that 

the outliers I identified, if present within or close to genes, might be driving species differentiation 

through local adaption, as each loci exhibited an alpha of value indicative of diversifying selection. In 

order to carry this out, you need to determine within what regions of the genome they are located in. 

An initial screen, of whether or not the outliers were present in genes came up negative. This negative 

result is likely due to the fragmented assembly, whereby exons for a single gene are spread across 

multiple scaffolds. In addition, the annotation dataset has been shown to be lacking a large proportion 

of highly conserved single-copy orthologues, and therefore a SNP may be present within a gene that 

we are lacking an annotation for. Nevertheless, additional approaches are available, such as the 

utilisation of SNPEff (Cingolani et al., 2012) which defines the genomic region based on the 

annotation file, or a blast approach of the scaffolds with outlier could be carried out to identify exons 

for those scaffolds lacking annotations. In addition, reannotation of the scaffolds containing outlier, 

with just the transcriptome sequences could be undertaken in order to try and improve the current 

annotation on those scaffolds.  

In summary, the genetic data generated during the course of my PhD, provides a substantial increase 

in the genetic resources for these iconic New Zealand insects. I have shown that transcriptome wide 

analyses of selection patterns, can be used to identify interesting candidate genes for further analysis 

into processes such as alpine adaptation.  In addition, to the transcriptome data, I present the first 

draft genome for Anostosomatidae which although fragmented, provides a valuable resource to aid 

the conservation of weta by providing a genetic basis for which to carry out investigations into 

variation and inbreeding. A conservation genetic analysis of three Deinacrida species highlights the 

usefulness of genome reduction techniques, such as GBS, to study non-model organisms. In addition, 

to the analysis presented in this thesis, the genetic data could be combined to investigate various 

aspects of weta biology and evolution. One particular area that could be further investigated is the use 

of a target DNA enrichment method enabling the study and characterisation of a large number of loci 

across genomes. The transcriptome and genome data generated in this thesis, could be used in 

conjunction with a method described by Mayer et al. (2016), to design a variety of ‘bait’ DNA 

sequences. These ‘baits’ could be used to subsequently investigate the broader phylogenetic 

relationships among Anostosomatidae, and could potential represent a more cost effective approach, 

than GBS, as a quick effective monitoring tool for weta species of conservation interest.  
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A.1. Prophenoloxidase gene trees 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A.1 Figure 1: Maximum likelihood phylogeny for A) prophenoloxidase gene tree including both D. mahoenui 
orthologues and B) original prophenoloxidase gene tree. Trees were constructed using garli with 1,000 bootstrap 
replicates. 
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A.2. Gene Ontology terms enriched within the branch site tests. 

A.2 Table  1 Gene Ontology terms enriched among the genes under positive selection in only the alpine lineages 

GO ID Category GO Description Input Number Background 

Number 

Corrected P-Value 

GO:0006468 Biological Process protein phosphorylation 138 247 5.47E-133 

GO:0004674 Molecular Function protein serine/threonine kinase activity 96 167 1.13E-88 

GO:0005524 Molecular Function ATP binding 144 620 4.38E-72 

GO:0004672 Molecular Function protein kinase activity 64 139 4.16E-49 

GO:0032482 Biological Process Rab protein signal transduction 32 33 1.03E-39 

GO:0005525 Molecular Function GTP binding 56 160 9.28E-35 

GO:0003924 Molecular Function GTPase activity 54 150 4.00E-34 

GO:0031982 Cellular Component vesicle 32 50 2.33E-29 

GO:0015031 Biological Process protein transport 30 60 6.56E-23 

GO:0016192 Biological Process vesicle-mediated transport 34 126 2.23E-16 

GO:0045202 Cellular Component synapse 23 56 7.70E-15 

GO:0007254 Biological Process JNK cascade 16 29 1.60E-11 

GO:0090303 Biological Process positive regulation of wound healing 11 12 3.22E-10 

GO:0055037 Cellular Component recycling endosome 14 34 3.73E-08 

GO:0043025 Cellular Component neuronal cell body 17 63 3.15E-07 

GO:0004697 Molecular Function protein kinase C activity 7 7 6.40E-06 

GO:0050809 Molecular Function diazepam binding 6 6 1.37E-04 

GO:0000062 Molecular Function fatty-acyl-CoA binding 7 10 1.73E-04 

GO:0046664 Biological Process dorsal closure, amnioserosa morphology change 7 9 2.17E-04 

GO:0004857 Molecular Function enzyme inhibitor activity 6 8 0.001194345 
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GO ID Category GO Description Input Number Background 

Number 

Corrected P-Value 

GO:0042049 Biological Process cellular acyl-CoA homeostasis 6 7 0.001512054 

GO:0007394 Biological Process dorsal closure, elongation of leading edge cells 7 12 0.002163281 

GO:0031532 Biological Process actin cytoskeleton reorganization 8 19 0.003568298 

GO:0031532 Biological Process actin cytoskeleton reorganization 8 19 0.003568298 

GO:0031532 Biological Process actin cytoskeleton reorganization 8 19 0.003568298 

GO:0051017 Biological Process actin filament bundle assembly 7 18 0.035268227 

GO:0051017 Biological Process actin filament bundle assembly 7 18 0.035268227 

GO:0035099 Biological Process hemocyte migration 7 19 0.049557173 

 

A.2 Table  2:Gene Ontology terms enriched among the genes under positive selection in only the lowland lineages 

GO ID Category GO Description Input Number Background 

Number 

Corrected P-Value 

GO:0006468 Biological Process protein phosphorylation 186 247 4.86E-71 

GO:0016705 Molecular Function oxidoreductase activity, acting on paired donors, 

with incorporation or reduction of molecular oxygen 

86 86 8.63E-48 

GO:0005524 Molecular Function ATP binding 320 620 2.25E-46 

GO:0004674 Molecular Function protein serine/threonine kinase activity 131 167 1.30E-44 

GO:0005506 Molecular Function iron ion binding 114 146 4.71E-38 

GO:0043231 Cellular Component intracellular membrane-bounded organelle 77 90 1.15E-33 

GO:0009055 Molecular Function electron carrier activity 95 121 1.46E-31 

GO:0020037 Molecular Function heme binding 97 127 1.52E-30 

GO:0055114 Biological Process oxidation-reduction process 178 387 1.04E-24 



 

121 
 

GO ID Category GO Description Input Number Background 

Number 

Corrected P-Value 

GO:0004672 Molecular Function protein kinase activity 96 139 1.61E-24 

GO:0006839 Biological Process mitochondrial transport 42 49 3.34E-17 

GO:0032482 Biological Process Rab protein signal transduction 32 33 9.44E-16 

GO:0022857 Molecular Function transmembrane transporter activity 48 59 9.50E-16 

GO:0031966 Cellular Component mitochondrial membrane 38 46 5.08E-14 

GO:0004656 Molecular Function procollagen-proline 4-dioxygenase activity 25 26 4.58E-10 

GO:0016702 Molecular Function oxidoreductase activity, acting on single donors with 

incorporation of molecular oxygen, incorporation of 

two atoms of oxygen 

25 27 3.14E-09 

GO:0015031 Biological Process protein transport 39 60 4.84E-09 

GO:0031982 Cellular Component vesicle 34 50 1.87E-08 

GO:0016020 Cellular Component membrane 149 412 3.22E-08 

GO:0003924 Molecular Function GTPase activity 75 150 5.85E-08 

GO:0043401 Biological Process steroid hormone mediated signalling pathway 19 20 2.08E-07 

GO:0016222 Cellular Component procollagen-proline 4-dioxygenase complex 17 17 2.17E-07 

GO:0031418 Molecular Function L-ascorbic acid binding 23 27 8.27E-07 

GO:0004879 Molecular Function RNA polymerase II transcription factor activity, 

ligand-activated sequence-specific DNA binding 

20 22 1.79E-06 

GO:0005525 Molecular Function GTP binding 73 160 1.64E-05 

GO:0003707 Molecular Function steroid hormone receptor activity 15 15 3.18E-05 

GO:0018401 Biological Process peptidyl-proline hydroxylation to 4-hydroxy-L-proline 15 16 6.56E-05 

GO:0006032 Biological Process chitin catabolic process 15 16 6.56E-05 

GO:0045202 Cellular Component synapse 30 56 5.63E-04 
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GO ID Category GO Description Input Number Background 

Number 

Corrected P-Value 

GO:0004568 Molecular Function chitinase activity 16 19 9.23E-04 

GO:0016459 Cellular Component myosin complex 16 22 0.002442 

GO:0005834 Cellular Component heterotrimeric G-protein complex 15 20 0.003177 

GO:0030162 Biological Process regulation of proteolysis 21 35 0.008616 

GO:0042626 Molecular Function ATPase activity, coupled to transmembrane 

movement of substances 

29 53 0.009236 

GO:0007010 Biological Process cytoskeleton organization 23 41 0.011647 

GO:0010951 Biological Process negative regulation of endopeptidase activity 13 16 0.014285 

GO:0005762 Cellular Component mitochondrial large ribosomal subunit 25 49 0.015472 

GO:0090303 Biological Process positive regulation of wound healing 11 12 0.017838 

GO:0005884 Cellular Component actin filament 16 25 0.023192 

GO:0016192 Biological Process vesicle-mediated transport 49 126 0.025154 

GO:0055037 Cellular Component recycling endosome 19 34 0.04047 

GO:0005743 Cellular Component mitochondrial inner membrane 30 67 0.04351 
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A.2 Table  3: Gene Ontology terms enriched among the genes under positive selection identified in common to the alpine and lowland lineages  

GO ID Category GO Description Input Number Background 

Number 

Corrected P-Value 

GO:0006468 Biological Process protein phosphorylation 169 247 7.41E-170 

GO:0004674 Molecular Function protein serine/threonine kinase activity 123 167 4.90E-112 

GO:0005524 Molecular Function ATP binding 174 620 3.00E-71 

GO:0004672 Molecular Function protein kinase activity 82 139 1.35E-60 

GO:0010951 Biological Process negative regulation of endopeptidase activity 13 16 1.68E-10 

GO:0030162 Biological Process regulation of proteolysis 16 35 1.41E-08 

GO:0045861 Biological Process negative regulation of proteolysis 13 21 2.20E-08 

GO:0009253 Biological Process peptidoglycan catabolic process 11 15 1.28E-07 

GO:0008745 Molecular Function N-acetylmuramoyl-L-alanine amidase activity 11 14 1.45E-07 

GO:0042834 Molecular Function peptidoglycan binding 12 18 2.34E-07 

GO:0004867 Molecular Function serine-type endopeptidase inhibitor activity 23 85 1.19E-06 

GO:0000165 Biological Process MAPK cascade 9 14 5.87E-05 

GO:0004707 Molecular Function MAP kinase activity 7 7 9.04E-05 

GO:0004697 Molecular Function protein kinase C activity 7 7 9.04E-05 

GO:0006955 Biological Process immune response 15 54 1.31E-04 

GO:0006952 Biological Process defence response 19 103 0.001296 

GO:0071276 Biological Process cellular response to cadmium ion 6 6 0.001481 

GO:0071243 Biological Process cellular response to arsenic-containing substance 6 6 0.001481 

GO:0008934 Molecular Function inositol monophosphate 1-phosphatase activity 6 7 0.004245 

GO:0012501 Biological Process programmed cell death 8 16 0.004312 

GO:0016045 Biological Process detection of bacterium 5 5 0.026406 
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A.3. Bayescan plots for pairwise comparisons between D. fallai, and D. 

mahoenui and D. heteracantha 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A.3 Figure 1: Bayescan tests for selection for the conservative and liberal SNP datasets. A) pairwise comparison 
between D. heteracantha and D. fallai for the conservative SNP dataset, B) pairwise comparison between D. mahoenui 
and D. fallai for the conservative SNP dataset, C) pairwise comparison between D. heteracantha and D. fallai for the 
liberal SNP dataset and D) pairwise comparison between D. mahoenui and D. fallai for the liberal SNP dataset 
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