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Abstract 

Advances in sequencing technologies over the last decade have led to the 

rapid production of large volumes of sequencing data for phylogenetic analyses. 

True phylogenomic studies are now possible, although remain constrained by both 

labour and cost. However, the availability of mitochondrial genome sequences is 

growing as a result of increased access to Next-Generation Sequencing platforms. 

The phylogenetic analysis of complete mitochondrial genomes is becoming the 

marker of choice within some taxa and the comparative analysis of entire 

mitogenome sequences has revealed new informative characters. Despite these 

technological improvements, assembling longer sequences, such as that of entire 

mitochondrial genomes, has not been straightforward. Very few large-scale studies 

exist, and have been primarily limited to nominally intra-specific datasets.  

This study explores the potential of amplifying, sequencing and assembling 

mitochondrial genomes from a diverse order; Araneae (spiders). To this end I have 

amplified spider mitogenomes via more traditional polymerase chain reaction 

(PCR) strategies and whole genome amplification (WGA) steps, in order to assess 

their utility in resolving phylogenetic in-congruence in hitherto understudied taxa.  

Whilst complete mitochondrial genomes were successfully sequenced, this 

research highlights the obstacles to the rapid amplification of large divergent 

mitogenomic datasets. However, the data generated from the study has been 

critical in elucidating the evolutionary history of the Araneae, the generation of 

robust phylogenetic hypotheses, and in dating the major radiations of extant 

spiders. To my knowledge this study represents the most complete comparative 

mitogenomic analysis within the Araneae to date, and provides a framework from 

which subsequent analyses can further delineate the evolutionary history of the 

order. 
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1.1. Arthropod diversity 

The Araneae are among the oldest and most diverse groups of terrestrial organisms 

with the earliest fossils (and most Arachnid allies) dating from 380 million year old 

Devonian deposits (Shear et al., 1989). Current diversity is comprised of over 43,000 

described species placed in more than 3,800 genera spanning 112 families (Platnick, 

2012). Spiders are an unequivocally ecologically important guild, being the dominant 

predators of insects in natural and managed ecosystems. Furthermore, spiders are model 

organisms used in biochemical, behavioural, ecological, comparative development and 

speciation research (Blackledge et al., 2009; Foelix, 1996; Oxford and Gunnarsson, 2006; 

Scott et al., 2006). 

Amongst other similarly sized orders, only the five largest insect groups 

(Coleoptera, Lepidoptera, Hymenoptera, Diptera, and Heteroptera) and the mites (Acari) 

are more speciose than spiders (Araneae).  Recent estimates of the world's total spider 

diversity range from 76,000 (Platnick, 1999) to 170,000 (Coddington and Levi, 1991) 

indicating that between 20-50% of the world's potential total spider species have 

already been described and classified. This contrasts favourably with other non-

vertebrate taxa; the 12,000 known species of millipedes, for example, are thought to 

represent approximately 10% of the actual total diversity (Hoffman et al., 2002; Sierwald 

and Bond, 2007), and the figure for mites is believed to be much lower (Maraun et al., 

2007; Walter and Proctor, 1999). 

 

1.2. Araneae systematics 

The phylogenetic study of spiders has so far been limited and, prior to the 

turn of the century, phylogenetic analyses have been based almost entirely on 

morphological characters supplemented with behavioural information 
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(Coddington and Levi, 1991; Griswold et al., 1998; Griswold et al., 1999).  The 

comparatively insignificant amount of genomic work to date on spiders has been 

uncoordinated and of little utility for broad-scale phylogenetic investigation. 

However, the advent of high-throughput DNA sequencing has made it feasible to 

examine substantial parts of the genome across a dense sampling of taxa (Philippe 

and Telford, 2006).  

Prior to renewed efforts led by the American Museum of Natural History in 

resolving the phylogeny of the Araneae, evolutionary biologists have referred to a 

benchmark order-level phylogenetic framework, derived from morphological data 

proposed by the compilation of data from many individual studies (Coddington et 

al., 2004) (Figure. 1.1.). This framework has subsequently been exposed as 

inaccurate, as new data from more recent molecular studies has led to its 

continued alteration (Blackledge et al., 2009; Bond, 2012) (Figure. 1.2.) There is 

therefore a clear need for a comprehensive study incorporating enough 

distinguishing characters to provide a definitive and robust phylogeny (Jocque and 

Dippenaar-Schoeman, 2006).  
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Figure 2.1. Cladistic hypotheses for all Araneomorph spider families using 

behavioural and morphological characters. From Coddington, J. A. (2004).  
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Figure 1.2. Phylogenetic framework for web building spiders from 

behavioural and molecular characters from Blackledge et al. (2009). The 

magnified section of the tree (black box) is annotated to show the families each 

genus is currently placed in. The family Araneidae (Orb-weavers) are in red text. 

The interspersal of four other families (Anapidae, Nephilidae, Tetragnathidae and 

Theridiidae) amongst the Araneidae highlights the issues with current taxonomic 

placements. 

In spite of the increased availability of high-throughput technologies, 

comparatively few studies in the Araneae have moved away from utilising 

morphological and behavioural  characters for resolving phylogenies (Coddington 
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et al., 2012; Moradmand and Jaeger, 2012) and none are yet to take advantage of 

Next-Generation Sequencers. The majority of studies that have incorporated 

molecular data are primarily focused on the Cytochrome Oxidase I (COI) bar-

coding region and single gene markers that are frequently used to differentiate 

cryptic species, and resolve phylogenies at the genus and familial levels (Arnedo et 

al., 2004; Astrin et al., 2006; Barrett and Hebert, 2005; Wood et al., 2012). Genes 

from both the mitochondrial and nuclear genomes, that have been used in studies 

to resolve phylogenetic placement within the Aranaeae include, mitochondrial 

(mt) Cytochrome Oxidase I (COI) (Arnedo et al., 2004; Blackledge et al., 2009; 

Bruvo-Madaric et al., 2005; Hedin and Maddison, 2001) Actin-5C (Vink et al., 

2008), mt12S Ribosomal RNA (Bruvo-Madaric et al., 2005; Fang et al., 2000; Park 

et al., 2007), mt16S ribosomal RNA (Arnedo et al., 2004; Bruvo-Madaric et al., 

2005; Fang et al., 2000; Hedin and Maddison, 2001), nuclear 18S ribosomal RNA 

(Arnedo et al., 2004; Blackledge et al., 2009), nuclear 28S ribosomal RNA (Arnedo 

et al., 2004; Blackledge et al., 2009; Bruvo-Madaric et al., 2005; Hedin and 

Maddison, 2001), NADH dehydrogenase 1 (ND1) (Hedin and Maddison, 2001) and 

Histone H3 (Arnedo et al., 2004; Blackledge et al., 2009). However, most of these 

studies have been narrow in taxon sampling and have focused at the family and 

sub-family levels. The resulting lack of available molecular data has meant that 

very little is known about the process and patterns of molecular evolution within 

the Araneae (Masta, 2000a).  

 

1.3. Arachnid mitochondrial genomes 

The arachnid mitochondrial genome, similar to most animal mitochondrial 

genomes, is a small extra-chromosomal genome comprising 37 genes including 22 

coding for transfer RNAs (tRNAs), 13 coding for proteins and 2 coding for 
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ribosomal RNAs (rRNAs) (Boore, 1999). As well as the 37 coding genes 

mitochondrial genomes also contain a large non-coding sequence that has been 

named the control region, due to its role in controlling the transcription and 

replication of the mtDNA molecule (Mardulyn et al., 2003). Within arachnids and 

other invertebrates the control region is also known as the ‘A + T’ rich region as it 

exhibits a higher frequency of deoxyadenylate and deoxythymidylate residues than 

any other section within the mitochondrial DNA molecule. All animal 

mitochondrial genomes, including those of the Araneae are typically closed-

circular molecules with the exception of three Cnidarian classes (Cubozoa, 

Scyphozoa & Hydrozoa) that have linear mtDNA chromosomes (Boore, 1999). 

Prior to this study, there have been six complete Araneae mitochondrial 

genomes published within the National Centre for Biotechnology’s (NCBI) 

GenBank database (GenBank accession numbers: AY309258, AY309259, 

AY452691, NC_005942, NC_010777, NC010780). The first whole mitochondrial 

genome of a spider to be sequenced was that of the jumping spider Habronattus 

oregonensis (family Salticidae), which provided novel insights on the structure and 

arrangement of genes within the mitochondrial DNA of spiders (Masta and Boore, 

2004). As well as differing in gene order from the most basal member of the 

Chelicerata, the horseshoe crab Limulus polyphemus (GenBank accession number 

JX983598.), the secondary structure of tRNAs were found to lack the distinctive 

canonical cloverleaf shape typically associated with their function. Truncations of 

tRNA coding sequences were found to be the smallest sequences recorded, even 

smaller than previously recorded nematode tRNAs (Ohtsuki et al., 2002; Okimoto 

and Wolstenholme, 1990), and highlighted the lack of understanding of the 

evolution of the Araneae, especially when contrasted with other arachnid orders. 
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The complete spider mitochondrial genomes that have been sequenced so far 

range in size from 13,874 bp to 14,436 bp in length (Lee et al, unpublished (Qiu et 

al., 2005)). Much larger mitochondrial genomes have been found in other classes, 

but these typically contain large non-coding regions and/or duplications of large 

portions of the genes present and thus do not exhibit variation in gene content 

(Denovanwright and Lee, 1992; Lilly and Havey, 2001; Yokobori et al., 2004). The 

complete spider mitochondrial genomes that have been sequenced so far have 

highlighted the potential of complete mtDNA sequences in resolving complex 

intra-order relations by opening the door to new avenues of bioinformatic 

research from which a more accurate and robust phylogeny can be created. 

 The sequenced Araneae mitochondrial genomes have led to the realisation 

of two potential tools that can be used, in conjunction with traditional methods, for 

constructing more accurate phylogenies. Differences within the Araneae in both 

gene order and configuration of the secondary structure of tRNAs can be used to 

test any phylogenetic reconstruction undertaken. Mitochondrial gene order was 

considered to be well conserved amongst the Class Arachnida, however, studies 

have since shown that this not the case (Black and Roehrdanz, 1998). When 

compared to the American horseshoe crab (Limulus polyphemus), believed to be 

the most basal member of the Arachnida, seven translocations of tRNA genes are 

apparent (Masta, 2000b; Masta and Boore, 2004). However, comparisons between 

the currently sequenced spider genomes have shown that these translocations 

have occurred as spiders diversified, and those more basal genomes do not exhibit 

any translocations.   

Several mechanisms have been proposed for the occurrence of gene 

translocations within the mitochondrial genome, predominantly focused around 

tandem duplication events (Macey et al., 1997).  Through this mechanism gene 
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duplications occur as a result of slipped strand mispairing followed by the 

subsequent deletion of one of the genes (Moritz, Dowling and Brown, 1986; Moritz 

and Brown, 1987). Other instruments of gene order changes known to occur 

include inversion-based mechanisms (Griffiths et al., 2000), whereby the coding 

sequences of genes change strands, and transposition, involving the movement of 

defined elements to new locations with the genome (McClintock, 1950). However, 

neither of these two mechanisms are likely to be involved in the differences 

exhibited between spider mitochondrial genomes as there are no currently 

observed reversals of coding polarity and spider mtDNA sequences lack the 

terminal repeats characteristic of transposable elements. More commonly, tRNA 

genes can alter their position via translocation and remoulding (Cantatore et al., 

1987; Littlewood & Webster, 2012; Wang & Lavrov, 2011) where tRNA genes are 

duplicated through the process of DNA replication. 

 

1.4. Phylogenetics 

The advent of DNA sequencing, in the latter part of the twentieth century, 

soon led to its use in the reconstruction of complex phylogenies that could not be 

resolved solely using morphological and behavioural characters (Fitch, 1982; 

Wake, 1981, 1982). However, prior to the turn of the century, phylogenetic 

analyses have often relied solely on single nucleotide substitutions and insertions 

or deletions as indicators of divergence or common ancestry (Felsenstein, 1988; 

Hillis et al., 1994). Many factors have since been found to cloud the phylogenetic 

signal from such characters, including convergence, non-independent 

substitutions, functional constraints and saturation of mutations at variable sites 

making them unreliable for such studies (Rokas, 2000).   
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Phylogenetics follows directly from the theory of evolution and is a 

prerequisite to any evolutionary study. Contemporary phylogenetics relies heavily 

on mathematical models to identify homologous characteristics shared between 

organisms and to infer relationships based on that data (Goodman et al., 1974; 

Huelsenbeck and Crandall, 1997; Huelsenbeck et al., 2001; Lewis, 1998). The 

accuracy of phylogenetic reconstructions is strongly influenced by the quality of 

the models used to illustrate/explain the evolution of such characters (Holder and 

Lewis, 2003). Reconstructing evolutionary history based on living organisms alone 

has proved difficult (Quental and Marshall, 2010). Until the 1970’s when advances 

in molecular sciences first allowed genetic comparisons, phylogeny was almost 

solely based on morphological and behavioural characters. This has worked well in 

respect to some studies but has proved difficult to establish relationships between 

organisms with few reliable homologous characteristics (Van Niel, 1955). 

Access to molecular data has given evolutionary biologists better provision to 

a greater number of reliable homologous characters and was key in identifying the 

Archaea as the third major domain of life, in addition to Prokaryotes and 

Eukaryotes (Woese and Fox, 1977). Previous approaches to phylogenetics, 

including analysis of morphological characters (Sereno, 2008), analysis of fossil 

records (again morphological) (Smith, 1994) and comparisons of partial ribosomal 

RNA sequences (Mindell and Honeycutt, 1990), had resulted in the production of 

several conflicting topologies and were hindered by alignment ambiguities, 

artefactual associations of rapidly evolving taxa and substitutions within the 

ribosomal sequences studied (Delsuc et al., 2005). As more and more genes were 

analysed, topological conflicts arose (due in part to homoplasy and convergence) 

and single genes were seen as not containing enough information to form 

statistically sound support (Gee, 2003; Soltis et al., 1999).  
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1.5. Mitogenomics 

In order to overcome the bias associated with tree assembly, ever-increasing 

numbers of genetic characters have been used in phylogenetic analyses, and 

coupled with advances in DNA extraction and sequencing technology has led to the 

phylogenetic study of whole genomes in a field termed phylogenomics (Delsuc et 

al., 2005). Phylogenomics uses existing phylogenetic principles to make sense of 

genomic data (Philippe et al., 2009). This method is helping to resolve complex 

relationships by expanding the number of characters that can be used for 

phylogenetic analysis (Wiens et al., 2008). This research has changed the focus of 

phylogenetic study from searching for informative characters to the development 

of improved reconstruction methods for the use of genomic data (Sanchez et al., 

2011; Tarraga et al., 2007). Models that existed prior to this had failed to fully take 

in to account molecular evolutionary processes, including the mechanisms of 

evolution and the time scales involved. Current methods of using whole genomes 

to infer phylogeny focus on gene content and gene order coupled with the use of 

more traditional sequence-based methods (Boore and Brown, 1998). 

 Due to the size and associated sequencing costs of the nuclear genome, it has 

been preferable to analyse the genomes of intracellular organelles instead of an 

organism’s complete nuclear DNA (Curole and Kocher, 1999; Miya and Nishida, 

2000; Shaw et al., 2007). The use of intracellular organelles, such as mitochondria, 

for phylogenetic analyses offers many advantages over nuclear DNA (Simon et al., 

1994). Benefits include the comparative ease of extracting homologous sequences, 

maternal inheritance (in most taxa) and lack of recombination, making the 

mitochondrial genome an increasingly popular marker in genetic studies of 

animals (Harrison, 1989). Many studies have now been undertaken to use whole 

mitochondrial genomes to resolve phylogenetic relationships (Morin et al., 2010; 
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Prosdocimi et al., 2012; Timmermans et al., 2010). These studies have highlighted 

the importance and potential benefits of such work, however, the nature of 

evolution and the limitations of current phylogenetic methods mean that parts of 

the tree of life may be difficult to resolve with confidence (Cameron, 2007). 

Arthropods provide the second most studied phylum for mitochondrial DNA 

(after chordates). They illustrate perfectly the use of mitogenomics for 

phylogenetic/evolutionary biology purposes. A single translocation (within the 

genome) of one gene coding for one of 22 tRNAs has been used to show the close 

relationship of insects and crustaceans to the exclusion of myriapods, chelicerates, 

tardigrades and onychophorans (Boore et al., 1998) (Figure 1.3.). Gene 

arrangements are highly conserved within the arthropods with most variation 

occurring at the areas of large non-coding regions or the tRNAs. 

 

 

 

Figure 1.3. Phylogenetic reconstruction of Arthropoda and sister taxa at the 

sub-phylum level taken from Boore et al (1998). A single tRNA translocation 



 

 13 

has been used to infer the close relationship of the phyla Crustacea and Insecta, to 

the exclusion of Chelicerata and Myriapoda. 

The increase in whole mitochondrial genome datasets is providing new 

characters from which phylogenies can be better supported. These tools, known as 

rare genomic changes (RGCs) are becoming increasingly popular for resolving 

complex phylogenetic relationships where traditional methods have produced 

ambiguous, unresolved results (Rokas, 2000). RGCs occur much less frequently 

than base substitutions and are defined as large-scale mutational changes that 

have occurred within particular clades. Examples of rare genomic changes are 

intron indels, retroposon integrations, signature sequences and changes in 

organelle gene order, gene duplications and genetic code variants. 

Gene arrangements and translocations have been found to be the most 

common and important RGCs in providing support to phylogenetic data (Bleidorn 

et al., 2006; Moret and Warnow, 2005). Statistically, it is highly unlikely that the 

occurrence of the 37 mitochondrial genes in the same order would appear 

independently across taxa. Shared-derived arrangements are most likely to be due 

to common ancestry and not convergent evolution or chance. The number of gene 

arrangements that have been found within whole mitochondrial genomes that 

have been published so far, suggest that gene arrangements are not selectively 

constrained, but those that do not lethally disrupt mitochondrial genome function 

are rare (Boore, 1995). Not all divergences will coincide with mtDNA 

rearrangements and as a result, the resolving power of strictly looking at gene 

order, within a genome, is weak (Luo, 2009; Boore, 1995). Subsequent 

independent changes in lineages may remove any trace of relatedness that was 

previously present, however, due to the low chance of sequence orders being 

independently repeated, relationships resolved this way are likely to be correct. 
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The secondary structure of tRNA molecules is another important feature that 

has been shown to vary among some metazoans (Dirheimer et al., 1995). In almost 

all Eukaryota and Prokaryota the secondary structure of tRNA is a highly 

conserved cloverleaf shape (with three arms), but truncated, non-cloverleaf 

configurations have been recorded in some animal phyla, including land snails, 

nematodes and now spiders (Masta, 2000a; Masta and Boore, 2004; Okimoto and 

Wolstenholme, 1990; Yokobori and Paabo, 1995). It has been hypothesized that 

such truncations were due to pressures on the mitochondrial genome to minimize 

its size (Yamazaki, 1997). In some metazoans, the T-arm has been lost completely 

and is often found in conjunction with the loss of the D-arm and its replacement 

with a new secondary structure (D-loop). Due to the widespread form of the 

cloverleaf secondary structure of the mitochondrial tRNAs it has been argued that 

truncations are actually deleterious and consequently, deleterious mutations may 

be accumulating in the tRNAs of the affected organisms. From a genomic 

perspective, the accumulation of deleterious mutations in large groups of 

metazoans appears counterintuitive (Masta and Boore, 2004, 2008). However, 

posttranscriptional modification has been suggested as a mechanism whereby 

deleterious mutations are corrected via RNA editing (Borner et al., 1997). 

 

1.6. Second generation sequencing 

The advent of Next-Generation Sequencing (NGS) has dramatically increased 

the volume of sequencing conducted by the scientific community and expanded the 

range of problems that can be addressed by the direct readouts of DNA sequence 

(Rothberg and Leamon, 2008). Key breakthroughs in the development of NGS 

sequencing platforms included higher throughput, simplified in vitro sample 

preparation and the miniaturization of sequencing chemistries. It has been this 
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miniaturization that has enabled massively parallel sequencing reactions to be 

carried out at a scale and cost that has not been previously possible (von Bubnoff, 

2008). Since its conception, NGS sequencing has led to a better understanding of 

the structure of the human genome, led to the first non-Sanger sequence of an 

individual human and opened up new approaches to identify small RNAs 

(Rothberg and Leamon, 2008; Wheeler et al., 2008).  

There has been a desire to increase the throughput of DNA sequencing ever 

since advent of chain termination or fragmentation approaches coupled with 

electrophoretic size separation (Sanger, 1981; Sanger and Coulson, 1978; Sanger 

et al., 1992). To date, the demand for sequencing throughput has mirrored that for 

computing power, with increases in sequencing capacity being quickly absorbed 

by ever-larger experiments. Several novel approaches were explored to replace 

Sanger as the dominant provider of sequencing technologies, including mass 

spectrometry resolution (Tang et al., 1994), direct imaging of DNA sequence by 

atomic force microscopy (Allison et al., 1996), several large efforts to apply 

microfluidics to sequencing (Paegel et al., 2003), a number of different approaches 

for sequencing by synthesis (Seo et al., 2005) and sequencing by hybridization 

(Gresham et al., 2008). However, three more improvements allowed sequencing to 

meet the challenges of the first human genome project: the use of fluorescent tags 

instead of radioactive labels to detect the terminated ladders; the use of capillary 

electrophoresis in place of slab gels; and the development of paired-end 

sequencing protocols incorporating hierarchical template sizes to provide 

sequence context and orientation beyond the constraints of the actual sequence 

read-length (Rothberg and Leamon, 2008; Shendure and Ji, 2008).  

So far NGS sequencing platforms have been used to solve problems in many 

biological fields including human genetics, metagenomics, ecology, evolution and 
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paleobiology. Roche’s 454 sequencing was the first technology other than Sanger's 

to sequence and assemble bacterial genomes de novo (Margulies et al., 2006) and 

the first non-Sanger technology to sequence an individual human (Wheeler et al., 

2008). Many other studies have relied on the sequencing power of NGS technology 

to make scientific breakthroughs in areas as diverse as uncovering the potential 

cause of the disappearance of the honeybee (Cox-Foster et al., 2007), revealing the 

complexity of rearrangements between individual human genomes (Korbel et al., 

2007), providing new approaches to understand infectious diseases (Palacios et al., 

2008) and sequencing the whole mitochondrial genome of a Neanderthal (Green et 

al., 2008).  

The concept of sequencing by synthesis, although unsuccessful during the 

early stages of development, provided the basis for miniaturization and scaling. 

Two general approaches had been proposed. On the one hand there were cyclic 

reversible termination technologies, based on sequencing by sequential addition of 

a labeled base, followed by fluorescent detection and cleavage of that fluorescent 

base (Metzker, 2005). On the other were technologies that sequenced by detecting 

pyrophosphate release with an enzymatic cascade ending in luciferase and 

detection of the emitted light (Ansorge, 2009). The latter approach was chosen for 

most NGS platforms because direct incorporation of natural nucleotides seemed 

more efficient than repeated cycles of incorporation, detection and cleavage. For 

example, 454 Roche sequencing was based on miniaturizing a pyrosequencing 

reaction and moving both the template preparation step and the pyrosequencing 

chemistry to the solid phase (Margulies et al., 2006).  

Pyrosequencing has been available to the scientific community since the mid-

1990s as a genotyping tool (Ronaghi et al., 1996), but was not considered powerful 

enough for standard sequencing needs because of the short read-lengths it 



 

 17 

generated, relegating it to the role of single-nucleotide polymorphism (SNP)-based 

genotyping (Fakhrai-Rad et al., 2002). However, because pyrosequencing is based 

on the detection of light produced whenever a nucleotide is incorporated, it does 

not require a physical separation process like electrophoresis to resolve the next 

base in the DNA strand. This means that unlike electrophoresis, where the physical 

length required for achieving precise resolution of distinct fragments limits 

miniaturization, pyrosequencing could be reduced to any reaction volume that 

generates detectable levels of light, also enabling sequencing to be performed in 

parallel (Meyer et al., 2008). Short-read pyrosequencing reactions had the 

potential to operate in parallel at high densities, and so provided that the 

sequencing template and required enzymes could be immobilized on solid 

supports instead of occurring free in solution, the reactions could be miniaturized, 

parallelized and placed on a single suitable substrate (Meyer et al., 2008; Meyer et 

al., 2007). Additionally, the physical separation obtained by the discrete wells of a 

microtiter plate could be replaced by tightly packed reactions on a single solid 

support, where the reaction rates of strand polymerization and light generation 

can be carefully balanced against the diffusion of both reagents and products, 

allowing for a higher sequencing throughput per run (Ansorge, 2009; Metzker, 

2010). 

 

1.7. Summary  

The aim of this thesis was to utilise massively parallel sequencing platforms 

to address both the paucity of divergent mitogenomic datasets and assess the 

utility of complete mitochondrial DNA sequences in resolving topological 

incongruence. Advances in sequencing technology has allowed ever increasing 

numbers of genes to be sequenced but true phylogenomic analysis, involving many 
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taxa, remain constrained for most taxonomic groups by the limited number of 

suitable nuclear markers currently analysed. This provides an opportunity to test 

the ability of smaller intracellular genomes, such as mitochondria, in 

reconstructing well-supported phylogenetic hypotheses within an understudied 

group such as the Araneae. 

The overarching objectives of the thesis were;  

1. Assess high throughput techniques by which taxonomically divergent complete 

mitochondrial genome datasets could be amplified;  

2. Investigate the role of massively parallel sequencing platforms and associated 

bioinformatic processes in processing and building mitogenomic datasets.  

3. Evaluate methods of phylogenetic analysis in order to best exploit the 

phylogenetically informative characters inherent in mitochondrial genomes. 

 

1.8. Thesis organisation 

Chapter 1 provides a general overview and background to the recent 

advances in sequencing technology and the emerging field of comparative 

mitogenomics whilst detailing the aims and objectives of the study. 

In Chapter 2 I assess the utility of long-range PCR amplification of 

taxonomically divergent complete mitochondrial genome datasets using 454 GS 

FLX sequencing to validate the amplification of mitochondrial DNA. 

Chapter 3 describes the use of both long-range PCR and rolling circle 

amplification (RCA) in an effort to sequence the complete mitochondrial genomes 

of spiders. I also describe mitochondrial genome assembly and annotation 

following Illumina MiSeq sequencing. 

Chapter 4 describes a comparative analysis of all available complete 

mitochondrial genomes, from Chapter 3 and previous studies, within the Araneae, 
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focusing on the examination of potential phylogenetic markers and describing 

novel characteristics. 

In Chapter 5 the utility of complete mitochondrial genomes is explored in 

relation to the creation of robust fossil calibrated phylogenetic hypotheses. The 

relationships and evolutionary history the Araneae is discussed.  

Chapter 6 provides a general discussion with an overview of the results from 

this study and provides information and further direction for future work. 
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2. Can long-range PCR be used to amplify genetically divergent 
mitochondrial genomes for comparative phylogenetics? A case 
study within spiders (Arthropoda: Araneae). 
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2.1. Abstract 

The development of second generation sequencing technology has resulted in the 

rapid production of large volumes of sequence data for relatively little cost, thereby 

substantially increasing in the quantity of data available for phylogenetic studies. 

Despite these technological advances, assembling longer sequences, such as that of 

entire mitochondrial genomes, has not been straightforward. Existing studies have been 

limited to using only incomplete or nominally intra-specific datasets resulting in a 

bottleneck between mitogenome amplification and downstream high-throughput 

sequencing. Here I assess the effectiveness of a wide range of targeted long-range PCR 

strategies, encapsulating single and dual fragment primer design approaches to provide 

full mitogenomic coverage within the Araneae (Spiders).  Despite extensive rounds of 

optimisation, full mitochondrial genome PCR amplifications were stochastic in most 

taxa, although 454 Roche sequencing confirmed the successful amplification of 10 

mitochondrial genomes out of the 33 trialled species. The low success rates of 

amplification using Long-Range PCR highlights the difficulties in consistently obtaining 

genomic amplifications using currently available DNA polymerases optimised for large 

genomic amplifications and suggests there may be opportunities for the use of 

alternative amplification methods. 

 

2.2. Introduction 

Mitochondrial DNA markers are the cornerstones of contemporary molecular 

systematics and contribute greatly to our understanding of organellar evolution (Boore, 

1999; Moritz et al., 1987). However, robust phylogenetic reconstruction is often 

impeded by low sequence volume and number of comparative loci. Prior to the turn of 
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the century, single gene partitions were commonly used to infer phylogenetic histories, 

but poor nodal support and discordance between phylogenies derived from separate 

markers clearly revealed that additional data are needed for robust phylogenetic 

reconstruction (Delsuc et al., 2005).  

As more sequence data becomes available for elucidating the tree of life, large-

scale sequencing efforts and interrogation of expressed sequence tag (EST) libraries or 

sequenced transcriptomes (Murchison et al., 2010; Okazaki et al., 2002) have begun to 

yield large numbers of nuclear markers that can be used for phylogenetic reconstruction 

(Dellaporta et al., 2006). However, true phylogenomic analyses are still not practical for 

the de novo construction of phylogenetic hypotheses for taxa without sequenced 

transcriptomes (Dordel et al., 2010; Struck et al., 2011). A compromise between 

traditional phylogenetic methods and phylogenomics lies in the phylogenetic analysis of 

whole mitochondrial genomes (Morin et al., 2010; Timmermans et al., 2010; Zhang and 

Chen, 2011). However, the routine amplification of complete mitochondrial genomes 

from divergent taxa remains a significant hurdle to the widespread adoption of 

mitogenomic approaches.  

The number of informative phylogenetic characters within the mitochondrial 

genome has been appreciated for some time (Boore, 1999) but most studies have 

limited themselves to only exploring parts of this information to resolve relationships at 

multiple levels (Rokas and Holland, 2000). The increase in whole mitochondrial genome 

datasets has provided new characters potentially allowing more robust phylogenies to 

be constructed. These markers, known as rare genomic changes (RGCs) have become 

increasingly popular for resolving complex phylogenetic relationships where traditional 

methods have produced ambiguous, unresolved results (Rokas and Holland, 2000). 
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RGCs, defined as large-scale mutational changes occur much less frequently than base 

substitutions and have long been used in phylogenetics as supporting data embedded in 

DNA sequences. Examples of RGCs include changes in organelle gene order, gene 

duplications and genetic code variants (Boore and Brown, 1998; Dermauw et al., 2010; 

Masta et al., 2010; Venkatesh et al., 1999).  

Whilst the potential benefits of analysing whole mitochondrial genomes (including 

both coding regions and structural characters) in furthering our understanding of the 

mechanisms behind the evolution of organellar DNA are clear, all of the data produced 

to date have been of comparatively low volume. The lack of empirical data means that it 

is still not possible to accurately assess the utility of full mitogenomic sequences as a 

tool for resolving complex phylogenies within the Araneae (Willerslev, 2009). Advances 

in sequencing technology (e.g 454 Roche GSFLX series and Solexa/Illumina) are likely to 

resolve the sequencing throughput issue (Glenn, 2011). However, there are still clear 

limitations associated with the large-scale PCR amplification of divergent, interspecific, 

whole mitochondrial genomes. In spite of the recent revolution in sequencing 

technologies, current mitogenomic studies have been characterised by either analysing 

data from large, but incomplete mitochondrial genome fragments (Timmermans et al., 

2010), low numbers of species (Prosdocimi et al., 2012) or by focusing on nominally 

intra-specific datasets (Morin et al., 2010). In order to investigate the resolution 

potential, and associated problems with the amplification of large, interspecific 

mitogenomic data sets I focus here on spiders (Arthropoda: Araneae). 

The Araneae are among the oldest and most diverse groups of terrestrial 

organisms (Penney et al., 2012a; Penney and Selden, 2011), with a current diversity of 

more than 43,240 described species, placed in 111 families (Platnick, 2012). Spiders are 



 

 25 

an unequivocally ecologically important guild, being the dominant predators of insects 

in natural and managed ecosystems (Sunderland et al., 1986). However, they have been 

relatively understudied from a higher-level molecular systematic perspective, and very 

little is known about inter-family relationships (Benjamin et al., 2008). More recent 

attempts to resolve the phylogeny of the Araneae, have revealed significant topological 

incongruence between morphological and multiple loci phylogenies (Blackledge et al., 

2009). This makes the Araneae an ideal order to test the application of using 

mitochondrial phylogenomics to resolve complex relationships and better understand 

the evolutionary mechanisms underlying speciation and diversification. Furthermore, 

recent studies have shown repeated tRNA gene translocations (Masta and Boore, 2004, 

2008) in combination with an extensive fossil record can be utilised in resolving high-

level relationships, via calibrated gene trees in the Araneae (Ayoub et al., 2007; Bodner 

and Maddison, 2012; Dimitrov et al., 2012a; Dimitrov et al., 2012b). Here, I investigate 

the utility of direct long-range PCR amplification of whole mitochondrial spider 

genomes, using a large range of currently available long-range Taq polymerases. Thus, 

circumventing the need for large starting biomass associated with the direct pelleting of 

mitochondria. Whilst mitochondrial genomes can be readily amplified in large numbers 

of small fragments, this is both costly and labour intensive. To this end, I adopted both 

single and dual fragment amplification approaches across the phylogenetic breadth of 

the order to assess the feasibility of both conserved and directed approaches for 

expedient whole mitochondrial DNA amplification. Thus, circumventing the need for 

large starting biomass associated with the direct pelleting of mitochondria. 
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2.3. Materials & methods 

2.3.1. Sample collection and DNA extraction 

Spiders were obtained from across the United Kingdom and Gambia by the authors 

and members of the British Arachnological Society (BAS) and either ethanol preserved 

(70% -100%, stored at 4°C) or freshly frozen (stored at -80°C) directly from living 

individuals (Table 2.1.). Samples of Selenops annulatus, Deinopis sp. and Cithaeron 

praedonius had been stored in 70% ethanol and were incorporated in order to maximise 

taxonomic coverage across the order. No specific permits were required for the 

described field studies and no specific permissions were required for these locations or 

activities. No locations were privately owned or protected and the field studies did not 

involve protected or endangered species. All four legs were removed from the left side 

of the thorax prior to DNA extraction. The rest of the body was stored in 100% ethanol 

for vouchering and subsequent identification purposes. Whole genomic DNA was 

extracted from a single femur of each species using the Qiagen DNeasy Blood & Tissue 

Kits (Qiagen).  

 



 

 27 

Table 2.1. Taxonomic information, storage conditions and GenBank accession numbers 

for specimens. Sample storage indicates the methods in which the specimens were 

preserved on collection; either freshly frozen at -80°C (frozen) or stored in 70-100% 

ethanol at 4°C (ethanol). 

 
Family Genus Specific 

epithet 
Sample ID Locality CoxI 16s Sample 

storage 
Agelenidae Malthonica silvestris 464_SC_AB Kent, UK JQ412460    Frozen 

Amaurobiidae Amaurobius similis 483_SC_AB Lancashire, 
UK 

 JQ406635 Frozen 

Anyphaenidae Anyphaena accentuata 522_SC_AB Kent, UK JQ412439 JQ406633 Frozen 

Araneidae Agalenatea redii 507_SC_AB Kent, UK  JQ406637 Frozen 

Araneidae Araneus diadematus 571_SC_AB Dorset, UK JQ412440 JQ406621 Frozen 

Cithaeronidae Cithaeron praedonius 455_SC_AB Kotu, Gambia JQ412441  Ethanol 

Clubionidae Clubiona terrestris 518_SC_AB Kent, UK JQ412442  Frozen 

Corinnidae Messapus martini 453_SC_AB Kerr Serign, 
Gambia 

 JQ406616 Ethanol 

Corinnidae Phrurolithus festivus 503_SC_AB Kent, UK  JQ406632 Ethanol 

Ctenidae Anahita sp. 460_SC_AB Kotu, Gambia  JQ406614 Ethanol 

Cybaeidae Argyroneta aquatica 581_SC_AB Dorset, UK  JQ406617 Frozen 

Deinopidae Deinopis sp. 451_SC_AB Gunjur, 
Gambia 

JQ412443  Ethanol 

Dictynidae Dictyna latens 499_SC_AB Kent, UK JQ412444 JQ406629 Ethanol 

Dysderidae Dysdera erythrina 479_SC_AB Kent, UK JQ412445 JQ406627 Ethanol 

Eresidae Stegodyphus sp. 454_SC_AB Bijilo, 
Gambia 

JQ412459  Ethanol 

Gnaphosidae Zelotes apricorum 462_SC_AB Kent, UK JQ412463  Frozen 

Idiopidae Gorgyrella sp. 448_SC_AB UK Pet Trade JQ412447  Frozen 

Linyphiidae Unknown Unknown 559_SC_AB Gwynedd, 
UK 

JQ412448 JQ406636 Frozen 

Lycosidae Pardosa nigriceps 477_SC_AB Kent, UK JQ412452 JQ406631 Ethanol 

Philodromidae Philodromus dispar 517_SC_AB Kent, UK JQ412453 JQ406634 Frozen 

Pisauridae Pisaura mirabilis 502_SC_AB Kent, UK JQ412454 JQ406630 Ethanol 

Pholcidae Pholcus phalangioides 484_SC_AB Lancashire, 
UK 

 JQ406625 Frozen 

Salticidae Salticus  scenicus 423_SC_AB Gwynedd, 
UK 

JQ412456 JQ406628 Ethanol 

Segestriidae Segestria senoculata 583_SC_AB Gwynedd, 
UK 

JQ412457 JQ406615 Ethanol 

Selenopidae Selenops annulatus 449_SC_AB Kotu, Gambia JQ412458  Ethanol 

Sparassidae Micrommata virescens 461_SC_AB Kent, UK JQ412451 JQ406618 Frozen 

Tetragnathidae Meta menardi 481_SC_AB Gwynedd, 
UK 

JQ412449 JQ406620 Frozen 

Theraphosidae Eupalaestrus campestratus 446_SC_AB UK Pet Trade JQ412446 JQ406626 Frozen 

Theraphosidae Grammostola rosea 445_SC_AB UK Pet Trade  JQ406624 Frozen 

Theraphosidae Psalmopoeus cambridgei 447_SC_AB UK Pet Trade JQ412455 JW406623 Frozen 

Theridiosomatidae Theridiosoma gemmosum 489_SC_AB Glamorgan, 
UK 

JQ412461  Frozen 

Thomisidae Xysticus audax 521_SC_AB Kent, UK JQ412462 JQ406622 Frozen 

Uloboridae Miagrammopes sp. 452_SC_AB Bijilo, 
Gambia 

JQ412450 JQ406619 Ethanol 
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2.3.2. Primer anchoring strategy 

 In order to identify an efficient approach for the amplification of whole 

mitochondrial genomes I adopted two long-range PCR strategies, in order to amplify the 

complete mitogenome in one or two large fragments (Barnes, 1994). DNA from two 

anchoring regions, a c. 650 b.p. region of the Cytochrome Oxidase I (COI) and a 450 b.p. 

region spanning the large ribosomal subunit (16s rRNA), were amplified for 33 taxa. 

Both amplifications were performed in 25μl reactions using the primer combinations of 

CHELF1 (5′- TACTCTACTAATCATAAAGACATTGG) and CHELR2 (5′-

GGATGGCCAAAAAATCAAAATAAATG) (COI) (Barrett and Hebert, 2005) and primers LR-

N-13398 (5′- CGCCTGTTTAACAAAAACAT) and LR-J-12887 (5′- 

CCGGTCTGAACTCAGATCACGT) (16S) (Blackledge et al., 2009). PCR reactions comprised 

1x PCR buffer, 1.5mM MgCl2, 0.4 μM of each primer, 0.625 units ThermoPrime Taq DNA 

polymerase (Thermo Scientific) and 1μl template DNA and thermocycling was 

performed using a DNA engine (Tetrad 2) Peltier Thermal Cycler (BIORAD). Cycling 

conditions were 60 seconds at 94oC, 5 cycles of 60 seconds at 94oC, 90 seconds at 45oC 

and 90 seconds at 72oC followed by 35 cycles of 60 seconds at 94oC, 90 seconds at 50oC 

and 90 seconds at 72oC (Barrett and Hebert, 2005). Amplification success was checked 

using a 1% agarose gel stained with Ethidium Bromide (EtBr). Successful amplifications 

were cleaned with 1U shrimp alkaline phosphatase (Promega) to dephosphorylate 

residual deoxynucleotides and 0.5 U Exonuclease I (Promega) to degrade excess primers 

(Werle et al., 1994) and subsequently sequenced bidirectionally (Macrogen Inc, Seoul, 

Korea) using the same primers as for amplification. 

 



 

 29 

2.3.3. Long-range primer design and PCR 

Following the sanger sequencing of the CO1 and 16s anchoring regions, 

chromatographs were checked and sequences were manually edited where necessary, 

using CodonCode Aligner (v. 2.0.6, Codon Code Corporation), prior to alignment using 

Clustal W (Larkin, 2007). The initial aim of this process was to amplify regions of 

sufficient length, on opposite sides of the mitochondrial genome, from which ‘universal’ 

primers could be designed (Gai et al., 2008; Hwang et al., 2001; Masta and Boore, 2004). 

However, no conserved regions were found that would facilitate the design of long-

range primers that could be used to amplify homologous loci from multiple families. 

Long-range primers were subsequently designed for individual taxa in order to amplify 

the entire mitochondrial genome in one or two large fragments that overlapped with the 

conserved COI and/or 16s ribosomal subunit using the Primer 3 software (Rozen and 

Skaletsky, 2000). Default values were used with the exception of length (22-30bp), 

primer Tm (57.0 – 70.0 oC) and GC content (40-60%), which followed consensus 

recommendations from the Taq manufacturers (Table 2.2.). For the single fragment 

protocol, primers were designed, within the COI sequences, with the light strand primer 

situated downstream of the heavy strand primer, thus taking advantage of the circular 

nature of the genome. For the dual fragment protocols two sets of primers were 

designed for each taxon, to bridge the gaps between the COI and 16S regions (Figure 

2.1.).  

The PCRs were performed initially in 50μl volumes using multiple polymerases 

recommended for long range PCR amplification, including: Clontech Advantage 2, 

Clontech Advantage Titanium, Clontech Advantage HD (Takara Biotech), NEB LongAmp 

(NEB), GeneAmp XL (Applied Biosystems) & Expand Long Range PCR (Roche), using the 
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protocols and cycling conditions recommended by the manufacturers. All DNA 

polymerases were initially tested on five phylogenetically disparate samples prior to 

using the most successful ones on the remaining samples. Successfully amplified PCR 

products were electrophoresed and subsequently purified using Qiagen QiaQuick Gel 

extraction kits (Qiagen) or Origene Rapid PCR Purification System (Origene), dependent 

on fragment size. Following long-range PCR amplification, primers were assigned to 

groups based on amplification success (good, stochastic or no amplification) and 

subsequently tested for significant differences in primer length, GC content and Tm using 

a Mann-Whitney U test in the statistics package SPSS (Corp., Released 2011). 



 

  

Table 2.2. Taxon information and long-range primer sequences for specimens. All Primer sequences are shown in 5’ – 3’ orientation. 

Genus Specific 
Epithet 

Single Fragment (COI) Dual Fragment (COI – 16s) Dual Fragment 16s – COI) 
Forward Reverse Forward Reverse Forward Reverse 

Malthonica silvestris CTG CTG GTG GTG GTG 
ATC CAA TTT TA 

CCA ACT ATA GCA GAT 
CAT GCC CCA AA 

    

Amaurobius similis   CAC CAA CAA GCC CAG 
CAA ATA TGG 

AAG GCC CCA ACA AAG 
TCG GAA TAT CT 

GAT ATT CCG ACT TTG 
TTG GGG CCT TT 

ATG GTG GCG GAG ATC 
CAG TGT TAT TT 

Anyphaena accentuata TCC AGT TCC TAC TAT 
AGC AGC TCA 

TCC TGC TGG AGG TGG 
AGA TCC TAT TT 

GGA GGA TAT ACT GTT 
CAT CCA GCT CCT 

AGC CGC AAT TTT TGT 
GCA AAG G 

CAA CAT CGA GGT CGC 
AAT CTT T 

TCC TGC TGG AGG TGG 
AGA TCC TAT TT 

Araneus diadematus ACT TTC TTT ACC CGT 
TTT GGC AGG TG 

TCT CCA ATA AAT CTC 
CCA GGC TGA CC 

    

Cithaeron praedonius CCA ATA ATC TTC CAG 
GCT GAC CCA AT 

TGG GGG TGG GGA TCC 
TAT TTT ATT TC 

    

Clubiona terrestris TCT TTG ATC CTG CTG 
GAG GAG GAG AT 

TCA GCT GCC CCT AAT 
ATC ATT GGA AC 

TCT TTG ATC CTG CTG 
GAG GAG GAG AT 

TGG CTT ACA CCG GTC 
TGA ACT CAA AT 

CGG TGT AAG CCA GGT 
CGG TTT CT 

TCA GCT GCC CCT AAT 
ATC ATT GGA AC 

Deinopis sp. ATC TCC CAG GCT GAC 
CTA ATT CCG TA 

GCC TGT TTT AGC TGG 
GGC GAT TAC TA 

    

Dictyna latens TGT TCC TAC TAT AGC 
CGA TCA AGC TCC A 

TCT CTT CCT GTT TTA 
GCA GGG GCT AT 

TGT TCC TAC TAT AGC 
CGA TCA AGC TCC A 

AGC CGC AAT TTA CTG 
TGC TAA GGT AG 

CTA CCT TAG CAC AGT 
AAA TTG CGG CT 

TTT TTG ATC CTG CTG 
GAG GAG GTG AT 

Dysdera erythrina   GCC AAT TAC CAA AGC 
CCC CAA TTA TC 

ATA AAG TTC TGC GGC 
TGT TTG TGT GC 

AAG CTG GGG CGG CCT 
AAA TAA AAA 

CTG CTG GTG GAG GGG 
ATC CTA TCT TA 

Zelotes apricorum GCA TTT AGC GGG TGC 
TTC GTC TAT TA 

TCC TAC TAT AGC AGC 
CCA TGA ACC AA 

    

Gorgyrella sp. TCA TCC CCT AAA AGT 
CTC CCA ACC TG 

GGG GGA TCC GGT TTT 
GTT TCA A 

    

Unknown 
Linyphiidae 

sp.   CCC CAA CAT TAA AGG 
CAC TAG CCA AT 

TGC GTC TTA GAG TAA 
TTT TAA TTC AAC ATC 
GAG 

CGC AAC TGT ATT AGA 
AGT AAG TCT GTT CGA 
C 

GGG GGC TCC TGA TAT 
AGC TTT TCC TC 

Pardosa nigriceps CAT AGC TGA CCA AAC 
TCC AAA C 

AGG GAT GAC TAT GGA 
AAA GGT TCC TC 

TCC CTA TCA TAG CTG 
ACC AAA CTC CA 

GCT ACC TTA GCA CAA 
AAG CGG CCA TT 

AGA TTG CGA CCT CGA 
TGT TGA T 

GCC GGG GGA GGA GAT 
CCT ATT TTA TT 

Philodromus dispar TCC AAC TAT AGC TGC 
TCA TGC ACC AA 

CTG CAG GGG GAG GAG 
ATC CTA TTT TA 

CTG CAG GGG GAG GAG 
ATC CTA TTT TA 

TGA TCA AGT TAC CAT 
AGG GAT AAC AGC GTA 

TGC TAC CTT AGC ACA 
TAA GCG GCT ATT TA 

TAT TGC GGT TCC AAC 
TAT AGC TGC TC 

Phrurolithus festivus TGG CGG AGA TCC TGT 
GTT ATT TCA AC 

CTC CCA TGA GGG CTG 
GCA TTA TC 

TGG CGG AGA TCC TGT 
GTT ATT TCA AC 

TTC AAT AGG GTC TTG 
TCG TCT ACC TTT 

ATC AAG CTA CCA TAG 
GGA TAA CAG CA 

TGA CGT GCA TTA ACT 
GAG TAC GAA TGA 

Pisaura mirabilis   AAA CTG TTC AAC CAG 
CAC CAA CTC CT 

TGC TAC CTT AGC ACA 
AAT GCG GCT AT 

AGA TTG CGA CCT CGA 
TGT TGA T 

ATC CAG CTG GTG GAG 
GTG ATC CTA TT 

Salticus  scenicus   TAT ACC GTT CAA CCT 
GCC CCT ACT CC 

TGG CAG ACA ATT GCA 
TTA GAA TTA GA 

TCT AAT TCT AAT GCA 
ATT GTC TGC CA 

TTT TTG ATC CTG CTG 
GAG GAG GAG AT 

Meta menardi   GGA GTA GGG AAG GCG 
GTA ACA ATC AA 

GGG GAG ATT ATG GGT 
ACG AAA GAG TT 

TTT CGT ACC CAT AAT 
CTC CCC TAC TG 

TTG ATT GTT ACC GCC 
TTC CCT ACT CC 

Eupalaestrus campestratus GTT CCA ACC ATC GAA 
GAC CAA ATC C 

ATA GAG CGG GTA CCG 
TTG TTT GTG TG 

CGG TGT TGG CTG GGG 
CAA TTA CTA T 

ATT AAG CTA CCG CAG 
GGA TAA CAG CA 

GTC GTC CCT CTT AGC 
AAA TGA AAG TC 

CCC AAC AAA CTT CCA 
ACC TGA CCT AA 

Psalmopoeus cambridgei   TGC AGG AGG AGG AGA 
CCC TGT TTT AT 

AAT CAA GCT ACC GCA 
GGG ATA ACA GC 

GGT CTT GTC GTC CCT 
CTT GCT ATG AA 

ATC CCA GAC CAC ACC 
CCA AAT AGA AA 

Theridiosoma gemmosum ACC AGT ATT AGC AGG 
AGC AAT CAC 

CCC AGG TTG CCC TAA 
TTC TCT ACG AA 

    

Xysticus audax   TCC CAA CTA TAG CAG 
ATC AAG CAC CA 

GAC GAC AAG ACC CTA 
TAG AAC TTT ACT TCA 

TGA TTA TGC TAC CTT 
AGC ACG ATT GC 

TCT TTA CAT TTA GCG 
GGT GCT TCT TC 
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Figure 2.1. Araneae mitochondrial genome displaying anchoring regions. Example 

spider mitochondrial genome highlighting the genes from which the two fragment long-

range PCR strategy was designed (green arrows – direction indicates gene sequence 5’ – 

3’). Solid red bars show the two long-range PCR products and approximate length. 
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2.3.4. Amplicon shearing, library construction and 454 Roche sequencing 

Amplicons from eleven purified samples (Table 2.3.) were fragmented using a 

Covaris DNA shearer (Covaris) at 10% duty cycle, intensity: 4 with 200 cycles per burst 

for 65 seconds. Following quantification using a Qubit 2.0 fluorometer (Invitrogen) MID 

barcoded adapted sequencing libraries were constructed using the NEBNext DNA 

sample prep master mix set in accordance with manufacturer’s instructions (New 

England Biolabs), pooled in equimolar concentrations and sequenced at low putative 

coverage on 1/16th of a 454 Roche GSFLX Titanium platform (Centre for Genome 

Research, University of Liverpool). Please note that the sequencing step here was 

intended as a quality control measure and not intended to sequence to a depth required 

for full mitochondrial genome assembly (Figure 2.2.). The 454 Roche sequences were 

assembled using GS De Novo Assembler software (Roche). Following trials with Roche’s 

GS De Novo software, MIRA and CLC Genomics Workbench, no substantial differences in 

number of contigs or length were present using any of the approaches. Therefore, in 

accordance with the proven functionality of the 454 Roche software, all sequences were 

assembled using the GS De Novo program. Following assembly, the resulting contigs 

were compared to existing Araneae mitochondrial DNA sequences within GenBank via 

BLAST (Altschul et al., 1990) in order to investigate sequence homology (GenBank 

accession numbers: AY309258, AY309259, AY452691, NC_005942, NC_010777, 

NC010780). 
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Figure 2.2. Quality scores from the total number of reads obtained from 454 

sequencing. 

 

2.4. Results 

2.4.1. Anchoring regions  

Of the 33 species used, 27 and 24 taxa were successfully amplified for the COI and 

the 16S regions respectively, yielding anchoring points for a total of 26 families (Table 

2.1.) (GenBank accession numbers: COI - JQ412439 - JQ412463 and 16s - JQ406614-

JQ406637).  
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2.4.2. Mitochondrial genome PCR amplifications 

Initially, five specimens, covering a broad taxon range, were used to test the 

performance of the Taq polymerases for single fragment mitochondrial genome 

amplification (Table 2.3.). Following repetition of the Taq testing when opting for a dual 

fragment approach, it was found that NEB LongAmp was equally as effective as Clontech 

Advantage 2 Taq polymerase. Subsequently, complete mitochondrial genomes were 

successfully amplified in c. 7-9 kb or c. 15kb fragments using Clontech Advantage 2 

(single fragment) or NEB LongAmp (dual fragment) Taq polymerases. The probability of 

obtaining successful amplifications of complete mitochondrial genomes utilising either 

the 1 or 2 fragment amplification protocol was not demonstrably different (based upon 

presence/absence of bands), suggesting that the limiting factor in the amplification of 

the genomes was not necessarily the size of the target fragment. In some two-fragment 

amplifications (Samples Pardosa nigriceps, Dysdera erythrina, Pisaura mirabilis, 

Phrurolithus festivus & Anyphaena accentuata) the COI to 16s region amplified 

consistently more often than the reverse, highlighting potential inhibition to 

amplification within the target sequence. However, of the initial 33 samples trialled, 

from which a subset of 22 (based on sequence availability and prior PCR amplification 

success) were used for long-range PCR, only 11 mitochondrial genomes could be 

amplified robustly and with a guaranteed level of reproducibility (Meta menardi, 

Xysticus audax, Psalmopoeus cambridgei, a Gorgyrella sp., Eupalaestrus campestratus, a 

Linyphiidae sp., Zelotes apricorum, Malthonica silvestris, Araneus diadematus, Pisaura 

mirabilis & Dysdera erythrina). The NEB LongAmp polymerase (NEB) amplified genomes 

in two fragments with greater reproducibility whilst Clontech Advantage 2 (Takara 

Biotech) amplified single fragment genomes with greater consistency.  Statistical 
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analysis of the primer properties (length, GC content and Tm) yielded no significant 

differences between any combination of primers that amplified repeatedly, 

intermittently, or those that consistently failed to amplify mitochondrial genome 

fragments. 

 

Table 2.3. Enzymatic information for successful long-range amplifications. Clontech 

Advantage Titanium and Roche GeneAmplification XL are not shown but failed to 

amplify any samples. * Indicates good amplification from a dual fragment PCR approach. 

The term Good -indicates robust and consistent amplification.  The term Stochastic 

indicates a non-consistently reproducible amplification.  

 
 

Sample 
reference 

 
Clontech 

 
NEB LongAmp 

 
Expand Long Range 

Advantage 
2 

Advantage 
LA 

448_SC_AB Stochastic No amplification No amplification Good 

462_SC_AB Good No amplification Weak No amplification 

464_SC_AB Good No amplification No amplification No amplification 

446_SC_AB No amplification    * No amplification No amplification    * No amplification 

451_SC_AB Stochastic Stochastic No amplification Stochastic 

 
 
2.4.3. 454 Roche sequencing 

The sequencing of the 11 amplicon libraries provided a total of 27,892 tagged 

reads with an average length of approximately 278 bases (Table 2.4.).  Reads from 

sample 464_SC_AB (Malthonica silvestris) were unable to be recovered by the MID 

identifying software. De novo read assembly was unable to construct complete 

mitochondrial genomes but provided an average of an estimated 65% sequence 

assembly (assuming a ca. 15kb mitogenome target; contigs and sequences available on 

DRYAD entry doi:10.5061/dryad.8dd3n). 
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In light of the likelihood of tRNA gene rearrangements and because only 6 

mitochondrial genomes were available on Genbank at the time of analysis, a highly 

dissimilar BLAST search was performed on the nucleotide collection database. Of the 10 

samples, all contigs created through short-read assembly had maximum identification 

values ranging from 78-100% Max ID for spider mitochondrial DNA, either through an 

unrestricted nucleotide blast search or with searches focused on Araneae accessions. 

Nucleotide sequences for all reads were deposited in the GenBank short-read archive 

(SRA051390.1). 

Table 2.4. Sequencing information following 454 GS FLX run and subsequent GS De Novo 

Assembler contig assembly. Number of reads per sample represents only those from 

which the indicator MID sequence was recovered. Number of contigs represents only 

those formed with a length greater than 100 bases. Average contig length refers only to 

contigs over 100 bases in length. Longest contig length shows the largest single contig 

assembled. 

 
Species  Name Sample 

Reference 
Number 

of 
Reads 

Number 
of 

Contigs 

Average 
Contig 
Length 

Roche 
MID 

Identifier 

Longest 
Contig 
Length 

Araneus 
diadematus 

571_SC_AB 1,313 20 340 1 1,058 

Psalmopoeus 
cambridgei 

447_SC_AB 1,689 17 944 2 4,483 

Eupalaestrus 
campestratus 

446_SC_AB 380 5 849 3 1,916 

Gorgyrella sp. 448_SC_SB 6,203 49 665 4 2,849 

Xysticus audax 521_SC_AB 4,887 35 423 5 2,257 

Pisaura mirabilis 502_SC_AB 1,192 14 505 6 872 

Dysdera erythrina 479_SC_AB 1,554 16 733 7 1,523 

Linyphiidae sp. 559_SC_AB 503 12 540 8 1,310 

Zelotes apricorum 462_SC_AB 9,081 26 619 9 6,434 

Meta menardi 481_SC_AB 1,090 18 532 11 1,452 
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2.5. Discussion 

I was able to amplify most of the target genes (COI and 16s) across our taxon 

range, but was unable to identify or develop degenerate primers for any other potential 

anchoring region within the spider mitochondrial genome following sliding window 

analyses of all regions most commonly used in spider phylogenetics. Sliding window 

analysis was performed on all 13 protein coding genes and both ribosomal RNAs 

(rRNAs) of the six previously published spider mitochondrial genomes using the 

Drosophila Polymorphism database, SNP Graphics (http://dpdb.uab.es/ 

dpdb/diversity.asp) (Figure 2.3.). This most likely highlights the high level of 

mitochondrial genetic diversity that can be found within the spiders along with the 

absence of universal primers available for no more than a handful of protein coding 

genes, resulting in few reference sequences available for comparison for large portions 

of the mitogenome (Hosseini et al., 2007). 

 
 
 



 

    

 



 

    

 



 

    

 



 

    

 
Figure 2.3. Sliding window plots of nucleotide diversity (pi) across all 13 mitochondrial protein coding genes and both ribosomal 
RNA genes of six Araneae taxa. The generepresented is indicated in bold. The analyses were performed on Clustal alignments of Habronattus 
oregonensis , Nephila clavata, Ornithoctuns huwena, Heptathela hangzhouensis, Calisoga longitarsus and Hypochilus thorelli gene sequences 
using a window size of 99 and step size of 10. Approximate positions of priming sites for anchoring regions are indicated by black bars along 
side primer name.     



 

  43  

Predictably, the 454 Roche low coverage sequencing step resulted in a wide 

variation of read coverage per amplicon pool, most likely due to differences in MID 

primer tag design and read recovery. Nevertheless, even highly covered 

mitochondrial genomes did not result in a full assembly, suggesting further 

optimisation may be required in either the shearing or bioinformatic steps of 

mitogenome assembly (Alkan et al., 2011). The BLAST search of the assembled 

contigs showed that spider mitochondrial genomes had indeed been amplified and 

that I had not inadvertently amplified nuclear DNA or DNA from a contaminating 

source such as the Wolbachia bacterium (Goodacre et al., 2006). The need to use 

searches focused on Araneae accessions, in order to get positive matches, most 

likely highlights the genetic divergence between the trialled taxa and the complete 

mitogenomic data currently available for 6 out of the 112 described families of 

spiders. 

Nevertheless, even following an extensive campaign of PCR strategies and 

optimization, using a variety of long range Taqs, I could not consistently amplify 

approximately two thirds of the species, a substantial proportion of our sample 

taxa. There is no reason to attribute PCR failure to degraded DNA resulting from 

sample storage conditions, since all specimens were preserved directly from living 

organisms using tried and tested preservation media. Moreover, of the three 

samples stored in 70% EtOH, although sample Selenops annulatus did not amplify, 

samples Deinopis sp. and Cithaeron praedonius could be amplified, albeit 

inconsistently, suggesting that 70% EtOH preservation over ca. three years may be 

sufficient to preserve mitogenome integrity for PCR amplification. However, I 

could not rule out the possibility that sub-optimal storage conditions can adversely 

affect the availability of suitable templates for long-range PCR.  It is also unlikely 

that the primers affected long-range PCR success rate, since comparative analysis 
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between the primer sets revealed no discernable statistical differences in physical 

or chemical properties (i.e. GC content, length, Tm). The arachnid mitochondrial 

genome, as for most animal mitochondrial genomes, is a small extra-chromosomal 

genome comprising 37 genes including 22 coding for transfer RNAs (tRNAs), 13 

coding for proteins and 2 coding for ribosomal RNAs (rRNAs) (Boore, 1999). As 

well as the 37 coding genes, mitochondrial genomes also contain a small, 

approximately 1-2 kb, non-coding control region, named due to its perceived role 

in controlling the transcription and replication of the mtDNA molecule (Mardulyn 

et al., 2003). However, the protein coding gene arrangement of spiders is highly 

conserved and shared amongst many other chelicerates and so is not likely to 

cause differences in amplification success. Previously published Araneae 

mitochondrial genomes are considered to be very A/T rich (64-76%), reflecting 

the low G/C content of the mitochondrial genomes of other arthropod orders 

(Beard et al., 1993). In spite of the low G/C content of the DNA no definitive reason 

is forthcoming for the failure to obtain more consistent long PCR amplifications 

from our target mitochondrial genomes. Whilst the larger region (COI-16s) of the 

dual fragment approach amplified successfully more often than the shorter 16s-

COI counterpart, the G/C content of both fragments is comparable (approximate 

difference of 2.6% averaged across all currently published Araneae mitochondrial 

genomes) with no significant differences between the highest and lowest values of 

the comprising genes within each fragment. However the lesser-amplified small 

fragment (16s-COI) does contain the control region, also known as the A+T rich 

region due to its low G/C content, which has been known to inhibit DNA 

polymerases in insects and platyhelminths (Hu et al., 2007). However, enzyme 

inhibition is more likely to be caused by tandem repeats (Zhang, 1997) present in 
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and around the control region as comparative analysis of previously published 

arachnid mitochondrial genomes show other genes to have lower G/C content. 

Our results provide evidence for the successful amplification of several whole 

mitochondrial genomes, in one or two long fragments overlapping the COI and/or 

16s regions, using a variety of commercially available DNA polymerases optimised 

for large genomic amplifications. However, I have also highlighted the difficulty in 

obtaining amplifications with a guaranteed level of reproducibility, using multiple 

currently available polymerases and thus highlighted potential limitations to the 

feasibility of mitogenomic studies featuring large numbers of independently 

amplified taxa using single, or dual fragment approaches. Recent studies utilising 

mitogenomics to resolve phylogenetic incongruence have avoided this issue by 

focusing on the production of data sets comprising of either incomplete genome 

sequences (Timmermans et al., 2010) or that are nominally intra-specific (Morin et 

al., 2010). Whilst these data still provide a large number of informative 

phylogenetic characters, the lack of the whole mitochondrial genome precludes the 

acquisition of maximum phylogenetic resolution, including RGCs, from the mtDNA 

genome (Ernsting et al., 2009; Quinn and Wilson, 1993; Wenink et al., 1994). 

However, the importance of recovering complete mitogenomic sequences in order 

to more accurately reconstruct phylogenetic relationships has long been 

understood and so remains an important avenue of exploration in contemporary 

phylogenetics (Cummings et al., 1995). Although I present data on a single order 

(Araneae – Spiders) I believe that the results highlight the limitations to the 

feasibility of generating diverse, interspecific complete mitochondrial genome data 

sets from limited long range PCR amplifications, in terms of both cost and 

efficiency. Whilst many studies have successfully used a multitude of PCR 

amplifications in order to generate mitochondrial genomes (Ernsting et al., 2009; 
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Jiang et al., 2009; Sorenson et al., 1999), this is both labour and time intensive. This 

highlights the potential need to utilise alternative, non-PCR based methods that are 

able to amplify complete mitochondrial genomes both quickly and cost effectively. 

Direct recovery of organellar genomes and mitochondrial gene partitions from 

whole shotgun genome sequencing and EST libraries is possible (Groenenberg et 

al., 2012; Kane et al., 2012), but expedient mechanisms to isolate only the mtDNA 

locus are needed to optimise organellar coverage for large numbers of taxa. While 

methods such as Rolling Circle Amplification (RCA) (Tang and Hyman, 2005) have 

been trialled successfully on a limited number of species, further investigations 

across a range of taxa will be desirable to investigate their full potential to create 

divergent, multi-taxon datasets for comparative mitogenomics. Such methods hold 

advantages over PCR-based strategies due to the non-specific nature of the 

amplification process. By using random hexamers, as opposed to synthesising 

bespoke taxon-specific oligonucleotides, it is possible to avoid the amplification 

failure shown by this study whilst allowing for the creation of large, diverse 

mitochondrial genome datasets from low amounts of starting material. 
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3. Rolling circle amplification & paired-end sequencing of 
complete Araneae (true spider) mitochondrial genomes 
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3.1. Abstract 

Despite the potential that the advent of Next-Generation sequencing allows 

for the expanding field of mitogenomics, limitations in the PCR-based amplification 

of whole mitochondrial genomes has slowed the accumulation of information and 

limited its resolution potential by restricting analysis to the use of incomplete or 

nominally intra-specific datasets. Whole-genome amplification methods such as 

Rolling Circle Amplification (RCA), that utilise multiple displacement 

amplifications, have provided an insight into the potential for the rapid acquisition 

of taxonomically diverse datasets that have been previously unobtainable through 

other amplification strategies.  Our results show that following an alkaline-lysis 

DNA extraction spider mitochondrial genomes have been successfully amplified in 

large enough concentrations to allow for the preparation and subsequent Illumina 

MiSeq sequencing and assembly of complete mitochondrial genomes, 

independently verified by PCR amplification. Nevertheless, the de novo recovery of 

full mitochondrial genomes was not possible and is hindered by low coverage and 

the lack of closely related spider reference sequences. This method provides the 

basis from which a viable option for the rapid and inexpensive construction of 

large divergent mitochondrial data sets can be designed.  
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3.2. Introduction 

Phylogenetic reconstructions utilising mitochondrial DNA have traditionally 

relied on the use of several key, universally amplifiable loci (COI, 16S, CYTB) 

(Simon et al., 1994; Zardoya and Meyer, 1996). However, in order to better resolve 

the tree of life, more informative characters must be used to redress conflicting 

topologies and form more robust phylogenetic hypotheses (Jabbar et al., 2013; 

Rokas and Carroll, 2005; Spinks et al., 2009; Wortley et al., 2005). The rapid 

progression of DNA sequencing technologies has opened up the possibility of 

acquiring complete mitochondrial genomic data sets (Morin et al., 2010; 

Prosdocimi et al., 2012; Zhang et al., 2013). The acquisition of complete 

mitogenomes avoids the constraints of analysing only highly conserved protein 

coding sequences, whilst allowing for more robust phylogenetic analyses (Delsuc 

et al., 2005; Philippe et al., 2009; Pick et al., 2011; Struck et al., 2011) through the 

incorporation of multiple loci and rare genomic changes (RCA) (Rokas and 

Holland, 2000). 

Recent studies utilising long-range PCR methods (Cheng et al., 1994; Cooper 

et al., 2001; Hu et al., 2007) in order to amplify complete mitochondrial genomes in 

multiple overlapping fragments, have been limited to either analysing data from 

large, but incomplete mitochondrial genome fragments (Timmermans et al., 2010), 

low numbers of species (Bi et al., 2012; Prosdocimi et al., 2012) or by focusing on 

nominally intra-specific datasets (Morin et al., 2010). Whilst the ability of 

mitochondrial DNA alone in resolving complex phylogenetic relationships is a 

highly debated topic (Aguileta et al., 2008; Mueller, 2006; Zardoya and Meyer, 

1996), in order to fully investigate the potential of complete mitogenomic DNA 

sequences the bottleneck associated with their amplification must be removed. 
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One way in which this has been achieved is through the direct shotgun 

sequencing of both mitochondria (Gilbert et al., 2007; Ogihara et al., 2005) and 

chloroplasts (Dempewolf et al., 2010). However, this proves difficult for taxa 

where starting biomass is a limiting factor, and not cost effective for the recovery 

of mitochondrial genomes from genomic DNA preparations. More recently, Whole 

Genome Amplification (WGA) methods, i.e. alternatives to long-range PCR,  have 

been used to amplify both mitochondrial and nuclear DNA (Martino et al., 2012; 

Rodrigue et al., 2009; Stokes et al., 2011).  

Rolling Circle Amplification (RCA) is one such method of WGA that offers the 

potential to overcome the limitations of long-range PCR amplification (Figure 3.1).  

 

 

Figure 3.1. Rolling Circle Amplification (RCA). Random hexamers are used in 

place of taxon specific oligonucleotides to anneal to the template DNA in the 

presence of the strand displacing enzyme Phi 29, preferentially amplifying circular 

molecules. 
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Whilst originally designed for the rapid amplification of plasmid and phage 

DNA for the creation of high-throughput sequencing libraries (Dean et al., 2001; 

Fire and Xu, 1995; Lizardi et al., 1998), RCA has been successfully trialled for 

complete mitochondrial genome amplifications (Tang and Hyman, 2005). Whilst 

taking advantage of both the high copy number and circular nature of the 

mitochondrial genome, RCA uses a strand displacing polymerase, phi29, in the 

presence of random hexamers in order to amplify the complete mitochondrial 

genome from relatively low concentration starting material (Fire and Xu, 1995). 

Primarily limited to nematodes for the amplification of mitochondrial DNA 

(Hyman et al., 2011; Tang and Hyman, 2005; Tang and Hyman, 2007), RCA has 

already been widely used in environmental meta-genomic studies looking at viral 

and bacterial DNA (Bexfield and Kellam, 2011; Kim and Bae, 2011) and biosecurity 

(Goransson et al., 2012). The inherent difficulties associated with using RCA to 

amplify mitochondrial sequences, as opposed to bacterial genomes, has been 

nuclear and extra cellular contamination, thus highlighting the need to purify 

samples of extraneous DNA (Simison et al., 2006). Once these constraints can be 

removed, RCA would allow for the rapid construction of mitogenomic libraries for 

second-generation sequencing platforms, facilitating the subsequent analysis of 

broad taxonomic data sets to test the utility of mitochondrial genomes in resolving 

complex phylogenies (Pacheco et al., 2011; Zhang et al., 2013). 

Here I explored the utility of Rolling Circle Amplification in order to create 

divergent mitogenomic data sets using the Araneae (Spiders) as a test order. 

Whilst PCR-based methodologies have been found to be hindered, in terms of both 

labour and financial limitations, whole genome amplification (WGA) methods offer 

viable alternatives to the generation of intra-specific mitogenomic data sets in 

order to create robust phylogenetic hypotheses. To this end, I provide evidence of 
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the successful rolling circle amplification of complete mitochondrial genomes, 

from low starting biomass, corroborated by long-range PCR amplifications, whilst 

highlighting the difficulties that must be overcome in order to make the 

construction of divergent WGA datasets a reality. 

 

3.3. Materials & Methods 

3.3.1 Sample Collection and DNA extraction 

Spiders were obtained from across the United Kingdom by the authors and 

members of the British Arachnological Society (BAS) and either ethanol preserved 

(100%, stored at 4°C) or freshly frozen (stored at -80°C) directly from living 

individuals (Table 3.1.).  

 

Table 3.1. Taxonomic information, storage conditions and GenBank accession 

numbers for specimens. Sample storage indicates the methods in which the 

specimens were preserved on collection; either freshly frozen at -80°C (frozen) or 

stored in 70-100% ethanol at 4°C (ethanol). 

 

Family Genus Specific 

epithet 

Sample ID Locality CoxI 16s Sample 

storage 

Agelenidae Malthonica silvestris 464_SC_AB Kent, UK JQ412460    Frozen 

Araneidae Araneus diadematus 571_SC_AB Dorset, UK JQ412440 JQ406621 Frozen 

Dysderidae Dysdera erythrina 479_SC_AB Kent, UK JQ412445 JQ406627 Ethanol 

Gnaphosidae Zelotes apricorum 462_SC_AB Kent, UK JQ412463  Frozen 

Idiopidae Gorgyrella sp. 448_SC_AB UK Pet Trade JQ412447  Frozen 

Linyphiidae Unknown Unknown 559_SC_AB Gwynedd, 

UK 

JQ412448 JQ406636 Frozen 

Pisauridae Pisaura mirabilis 502_SC_AB Kent, UK JQ412454 JQ406630 Ethanol 

Tetragnathidae Meta menardi 481_SC_AB Gwynedd, 

UK 

JQ412449 JQ406620 Frozen 

Theraphosidae Psalmopoeus cambridgei 447_SC_AB UK Pet Trade JQ412455 JW406623 Frozen 

Thomisidae Xysticus audax 521_SC_AB Kent, UK JQ412462 JQ406622 Frozen 
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All four legs were removed from the left side of the thorax prior to DNA 

extraction. The rest of the body was stored in 100% ethanol for vouchering and 

subsequent identification purposes. Companion PCR amplifications were used to 

validate the sequences obtained from the RCA amplifications, whole genomic DNA 

was extracted from a single femur of each of four species using (Meta menardi, 

Pisaura mirabilis, Psalmopoeus cambridgei & Zelotes apricorum) the Qiagen DNeasy 

Blood & Tissue Kits (Qiagen).  For samples undergoing rolling circle amplification 

(Araneus diadematus, Dysdera erythrina, Gorgyrella sp., Linyphiidae sp., Malthonica 

silvestrus, Meta menardi, Pisaura mirabilis, Psalmopoeus cambridgei, Xysticus audax 

& Zelotes apricorum) the above extraction was preceded by an alkaline lysis step 

(Raimond et al., 1999). Tissues were dissected in 40μl (1 volume) of extraction 

buffer (0.1 M NaOH 10 mM Tris, 1 mM EDTA). A total of 80μl extraction buffer was 

added (2 volumes) on ice for 5 minutes followed by 60μl 3 M potassium acetate 

(1.5 volumes) on ice for 10 minutes. This allowed for the enrichment of 

mitochondrial DNA in order to provide a suitable template for the RCA (Rolling 

Circle Amplification) reaction by reducing the amount of nuclear DNA in the 

extraction (Raimond et al., 1999; Tang and Hyman, 2005). 

 

3.3.2. Long-range primer design and PCR 

Long-range primers, for individual taxa, had been previously designed in this 

study in order to amplify the entire mitochondrial genome in one or two large 

fragments that overlapped with the conserved COI and/or 16S ribosomal subunit 

using the Primer 3 software (Rozen and Skaletsky, 2000) (See Chapter 2, Table 

2.2.) 

The companion PCR reactions were performed in 50μl volumes using either 

Clontech Advantage 2 or NEB LongAmp (NEB) long-range polymerases, using the 
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protocols and cycling conditions recommended by the manufacturers. Successfully 

amplified PCR products were electrophoresed and subsequently purified using 

Qiagen QiaQuick Gel extraction kits (Qiagen) or Origene Rapid PCR Purification 

System (Origene), dependent on fragment size. Purified samples were 

subsequently quantified using a Qubit 2.0 fluorometer (Invitrogen). 

 

3.3.3. Rolling circle amplification 

The rolling Circle amplification reactions were conducted using the Illustra 

Templiphi amplification kit (GE Healthcare) according to the manufacturer’s 

instructions and incubated at 30°C for 18 hours. Reactions were performed in 

twice the recommended volumes due to the low concentrations of the starting 

material (less than 5ng/μl). Amplification success was checked using a 1% agarose 

gel stained with Ethidium Bromide (EtBr).  

 

3.3.4. Restriction enzyme digest & purification 

Successful RCA amplifications were subjected to restriction enzyme digests, 

carried out with the EcoR1 (Promega) restriction enzyme using recommended 

procedures in 30μl reactions for 4 hours. Following digestion, samples were 

electrophoresed and subsequently purified using Qiagen QiaexII suspension gel 

extraction kits (Qiagen, Germany). Purified samples were quantified using a Qubit 

2.0 fluorometer (Invitrogen). 

 

3.3.5. Amplicon shearing, library construction and Illumina sequencing 

Amplicons from thirteen purified samples (Table 3.2.) were fragmented 

using a Covaris DNA shearer (Covaris) at 10% duty cycle, intensity: 4 with 200 

cycles per burst for 65 seconds, followed by a second round at 10% duty cycle, 
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intensity: 5 with 200 cycles per burst for 30 seconds. Following quantification 

using a Qubit 2.0 fluorometer (Invitrogen), index adapted sequencing libraries 

were constructed using the TruSeq DNA sample prep master mix set in accordance 

with manufacturer’s instructions (Illumina), pooled in equimolar concentrations 

and sequenced on an Illumina MiSeq flow cell (Centre for Genome Research, 

University of Liverpool). 

Illumina paired reads were separated according to their indexes at source, 

following the completion of the MisSeq run. Contigs were assembled using CLC 

Genomics Workbench version 4.7.0 (CLC Bio). Following trials of low coverage 

assemblies with CLC Genomics Workbench and MIRA, no substantial differences in 

number of contigs or length were present using any of the approaches. Therefore, 

in order to take advantage of the inbuilt sequence manipulation and visualisation 

functionalities, paired-reads were assembled using the CLC Genomics Workbench 

program. The resulting contigs were compared to existing Araneae mitochondrial 

DNA sequences within GenBank via a restricted nucleotide BLAST search (Altschul 

et al., 1990) in order to investigate sequence homology with existing Araneae 

mitochondrial DNA sequences (GenBank accession numbers: AY309258, 

AY309259, AY452691, NC_005942, NC_010777, NC010780). 
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Table 3.2. Taxonomic information and amplification strategy for specimens. A tick 

in the long-range PCR or RCA columns indicates whether or not a sample was 

amplified using that method. The sequenced column denotes which successful 

amplifications were processed for Illumina sequencing. * The RCA amplified 

sample from Zelotes apricorum failed to pass pre-sequencing quality checks and so 

was excluded from the Illumina Miseq run. 

 

Family Taxon name Sample ID Long-range 

PCR 

RCA Sequenced 

Agelenidae Malthonica 

silvestris 

464_SC_AB            RCA 

Araneidae Araneus 

diadematus 

571_SC_AB            RCA 

Dysderidae Dysdera 

erythrina 

479_SC_AB            RCA 

Gnaphosidae Zelotes 

apricorum 

462_SC_AB     PCR* 

Idiopidae Gorgyrella 

sp. 

448_SC_AB            RCA 

Linyphiidae Linyphiidae sp. 

 

559_SC_AB            RCA 

Pisauridae Pisaura 

mirabilis 

502_SC_AB     Both 

Tetragnathidae Meta 

menardi 

481_SC_AB     Both 

Theraphosidae Psalmopoeus 

cambridgei 

447_SC_AB     Both 

Thomisidae Xysticus 

audax 

521_SC_AB            RCA 
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3.4. Results 

3.4.1. Mitochondrial genome PCR amplifications 

All four of the mitochondrial genomes were successfully PCR-amplified in 

one or two fragment approaches (Figure 3.2.). 

 

 

 

Figure 3.2. Successful long-range PCR amplification of dual fragment 

approach.  Agarose gel containing duplicates of two dual fragment long PCR 

amplified products. Taxon name and family is shown (top of image) as well as 

amplified fragment orientation (below bands) (See chapter 1 Figure 2.1.). 

Approximate size of 5kb (highest rung = 10kb) is indicated by white bar in lane 9 

(1kb DNA ladder). 

 

3.4.2 Rolling circle amplification & restriction enzyme digest 

All ten rolling circle amplifications were successful and yielded large 

amounts of product for restriction enzyme digest. The restriction enzymes EcoRI 

and XbaI had been chosen following in depth tests of the six previously published 
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Araneae mitochondrial genomes using the RestrictionMapper software 

(http://www.restrictionmapper.org/) (Table 3.3.).  

 

Table 3.3. Taxonomic information, Genbank accession numbers and restiction site 

information for six previously published spider mitochondrial genomes. 

Restriction Sites shows the number of restriction sites present in the circular DNA 

molecule for each given restriction enzyme. 

 

Taxon 

Name 

Family Genbank 

Accession 

Restriction Sites 

EcoRI XbaI SacI HindIII XhoI 

Heptathela 

hangzhouensis 

Liphistiidae AY309258 4 5 2 3 0 

Hypochilus 

thorelli 

Hypochilidae NC010777 2 10 1 4 0 

Nephila 

clavata 

Nephilidae AY452691 4 3 2 6 0 

Calisoga 

longitarsus 

Nemesiidae NC010780 2 3 1 9 1 

Habronattus 

oregonensis 

Salticidae NC_005942 9 8 0 1 1 

Haplopelma 

schmidti 

Theraphosidae AY309259 3 9 5 0 1 

 

Following 4 hour restriction enzyme digests, no discernable bands were 

present below 10,000 bp in length, using either restriction enzyme, that would 

indicate the presence of successfully amplified mitochondrial genomes (Figure 

3.3.) (Tang and Hyman, 2005). However, in both instances, a band was present 

above the range of a 1kb ladder (Promega) that was approximate in length to the 

product of a single fragment long-PCR amplification (Figure 3.4.). 



 

  59  

 

 

Figure 3.3. Visualisation of a Rolling Circle Amplification following 

restriction enzyme digest. (A) Twelve RCA amplification products (lanes 1-12), 

following 4 hour restriction enzyme digest with XbaI (lanes 1-6) and EcoRI (lanes 

7-12) with 1kb DNA ladder (lane 13). The only visible product of the restriction 

enzyme digest is a prominent band in lane 4. (B) Four RCA amplification products 

from the nematode Thaumamermis cosgrovei (lanes 2-5) (from Tang & Hyman, 

2005), following BgIII restriction enzyme digest, and 1kb DNA ladder (lane 1). 
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Figure 3.4. Restriction enzyme digested RCA product and long-range PCR 

amplification from a single taxon. Size comparison of rolling circle 

amplifications following 4 hour EcoRI digest (lanes 1 & 2) and single fragment 

long-range PCR product (lane 3) in the trap door spider genus Gorgyrella. Lane 5 

contains 1kb DNA ladder. 

 

3.4.3. Illumina MiSeq Sequencing 

The sequencing of the 12 amplicon libraries provided a total of 11,974,246 

high quality tagged paired-end reads with an average length of approximately 145 

bases (Figure 3.5.).  The RCA amplified sample 462_SC_AB (Zelotes apricorum) did 

not pass the necessary quality control steps and so was removed from the run. The 

entire mitochondrial genome sequence of each of the four specimens trialled for 

long-range PCR was amplified in one (Zelotes apricorum) or two (Meta menardi, 



 

  61  

Pisaura mirabilis, Psalmopoeus cambridgei) overlapping fragments, resulting in 

mitochondrial genomes of 14,222, 14,399, 14,013 and 13,767 base pairs in length 

respectively (Table 3.4.). De novo read assembly was able to reconstruct complete 

mitochondrial genomes for each of the four PCR amplified samples, with over 1000 

times average coverage (using default settings), but was unable to assemble 

mitochondrial genome fragments from the rolling circle amplified samples (Table 

3.5.), in spite of repeated optimisation steps involving the rigorous testing of 

stringency settings. However, a large number of non-spider contigs up to 5,386 bp 

in length were recovered from the data and identified by comparison to sequences 

contained within the Genbank database via BLAST (Table 3.6.). Due to the 

substantial number of assembled sequences generated from de novo assembly 

(Table 3.5.) it was not possible to elucidate the identity of all contigs. Nevertheless, 

three of the rolling circle amplified sequences were successfully assembled using 

their PCR amplified counterpart as a reference sequence with less than 1% 

sequence divergence in the resulting assembly. In order to assess the feasibility of 

using non-identical reference sequences from which to assemble spider 

mitochondrial genomes, the unassembled reads from each RCA amplification 

product were mapped to the closest related complete Araneae mitochondrial 

genome based on current topologies. Default parameters were used in CLC 

Genomics Workbench with the exception of percentage identity, which was 

reduced from 80% to 70% based on previous analysis of nucleotide diversity (See 

Chapter 2 Figure 2.3) (Table 3.7.). 

The identities of all putative Araneae mitochondrial genomes were 

confirmed through an unrestricted BLAST search. Following assembly it was 

evident that there was an uneven coverage across the newly assembled 

mitochondrial genomes. In order to assess if the observed bias generated through 
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the sequencing run was attributable to compositional extremes within the 

amplicons, as previous studies have noted (Aird et al., 2011), sliding window 

analysis plots were generated to display G/C content across each of the four 

complete mitochondrial genome sequences (Figure 3.6.). 

 

Table 3.4. Taxonomic information with sequencing data and assembly results for 

complete mitochondrial genomes. Number of reads indicates how many paired-

end reads were recovered for each indexed taxon. Genome length and contig 

coverage show the final length of the fully assembled mitochondrial genome and 

average total coverage respectively. The bracketed figure for contig coverage 

shows the highest average coverage of a recovered contig. 

 

Family  Genus Specific 

epithet 

Sample 

ID 

No. of 

reads 

Genome 

length 

Contig 

coverage 

Gnaphosidae Zelotes apricorum 462_SC_AB 850,404 14,222 7,875 

(8,375) 

Pisauridae Pisaura mirabilis 502_SC_AB 761,576 14,013 6,412 

(25,181) 

Tetragnathidae Meta menardi 481_SC_AB 967,416 14,399 9,657 

(9,657) 

Therasphosidae Psalmopoeus  cambridgei 447_SC_AB 1,276,916 13,767 11,434 

(32,787) 

 

 

 
 
 
 
 
 
 
 
 
 



 

  63  

 
 
Table 3.5. Sequencing information following Illumina Miseq run and subsequent 

CLC Genomics Workbench contig assembly. Number of reads per sample 

represents those from which the indexing sequence was recovered. Number of 

contigs represents all contigs created through de novo assembly. Longest contig 

length shows the largest single contig assembled. 

 
Taxon Name Sample 

Reference 
Amplification 

strategy 
Number 
of Reads 

Number 
of 

Contigs 

Illumina 
Index  

Longest 
Contig 
Length 

Psalmopoeus 
cambridgei 

447_SC_AB PCR 1,276,916 43 1 10,037 

Zelotes 
apricorum 

462_SC_AB PCR 850,404 136 2 13,023 

Pisaura 
mirabilis 

502_SC_AB RCA 1,093,640 5,194 3 5,386 

Pisaura 
mirabilis 

502_SC_SB PCR 761,576 43 4 10,161 

Gorgyrella 
sp. 

448_SC_AB RCA 944,612 4,889 5 5,386 

Xysticus  
audax 

521_SC_AB RCA 1,369,646 224 7 1,653 

Linyphiidae 
sp. 

559_SC_AB RCA 857,504, 4,923 8 5,386 

Malthonica 
silvestris 

464_SC_AB RCA 687,244 4,588 9 5,386 

Psalmopoeus 
cambridgei 

464_SC_AB RCA 746,818 1,349 10 5,386 

Meta  
menardi 

481_SC_AB PCR 967,416 45 11 14,399 

Meta  
menardi 

481_SC_AB RCA 871,414 1,780 12 5,386 

Araneus 
diadematus 

571_SC_AB RCA 1,547,056 1,036 13 5,386 
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Figure 3.5. Frequency plot of phred quality scores from the total number of 

reads obtained from Illumina MiSeq sequencing. 
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Table 3.6. BLAST results of the five largest unique, non-Araneae contigs created 

through de novo assembly of Illumina sequenced rolling circle amplifications. 

Contig length represents the length in bases. BLAST match shows the top hit 

(highest score) of an unrestricted BLAST search with Max ID (% match to query 

sequence), Coverage (% overlap), E-value (number of matches expected by 

chance) and the Genbank accession number. Sample denotes which amplifications 

the contig was found in following de novo assembly.* Contaminating sequence was 

also found in PCR amplified samples. 

 

Contig 

length 

Sample BLAST 

match 

Max ID Coverage E-value Genbank 

accession 

5,386 All* Bacteriophage 

S13 

99 100 0.0 M14428.1 

3,424 464_SC_AB Human DNA 99 94 0.0 AY308744.1 

3,272 571_SC_AB Cloning vector 100 53 0.0 JQ354897.1 

1,653 521_SC_AB Wolbachia 79 42 4e-54 HE660029.1 

1,650 521_SC_AB Priopioni 

bacteria 

99 97 0.0 CP003084.1 
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Table 3.7. Assembly results from mapping unassembled paired-reads from the 

sequencing of RCA amplifications to the most closely related complete Araneae 

mitochondrial genome. Number of reads denotes the total number of reads left 

following de novo assembly. Match length shows the total length of the reference 

genome. Contig length represents the total length in nucleotides of the mapped 

reads.  

 

Taxon 

name 

Sample 

ID 

Number 

of reads 

Closest 

match 

Match 

length 

Contig 

length 

Gorgyrella 
sp. 

448_SC_AB 808,556 Calisoga 

longitarsis 

14,070 3,713 

Xysticus  
audax 

521_SC_AB 1,365,742 habronattus 

oregonensis 

14,381 6,567 

Linyphiidae 
sp. 

559_SC_AB 787,898 Nephila clavata 14,436 4,904 

Malthonica 
silvestris 

464_SC_AB 622,254 Nephila clavata 14,436 4,897 

Araneus 
diadematus 

571_SC_AB 1,539,770 Nephila clavata 14,436 7,588 
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Figure 3.6. Sliding window plots of G/C content (percent %) across the 

complete mitochondrial genome of four Araneae taxa. The taxon name is 

indicated in the top right corner of each plot. The analyses were performed using 

the entire genome sequence with a window size of 30 and step size of 30 

(http://www.bitgene/cgi/gene_analysis.cgi) 

 

3.4.4 Mitochondrial genome annotation 

The complete mitochondrial genomes of Meta menardi, Pisaura mirabilis, 

Psalmopoeus cambridgei & Zelotes apricorum were initially annotated using the 

online pipeline MITOS (http://mitos.bioinf.uni-leipzig.de). After subsequent 

reorientation (to best ensure gene order homology of linear sequences), gene 

boundaries were amended via BLAST alignment with previously published 

Araneae mitochondrial genomes (GenBank accession numbers: AY309258, 

AY309259, AY452691, NC_005942, NC_010777, NC010780). All 37 expected genes 

were found to be present in each of the new Araneae mitochondrial genomes 

(Boore, 1999; Masta and Boore, 2004), but a novel position of the tRNA Ser2 gene 

was observed in the mitochondrial gene order of Meta menardi (Figure 3.7.), as 

well as a major truncation of the 5’ end of the region coding for NADH 

dehydrogenase 1. 



 

  69  

 

Figure 3.7. Gene order changes in sequenced Araneae mitochondrial 

genomes. Comparison of complete mitochondrial gene orders of all sequenced 

spider mitochondrial genomes to date, as well as the most basal member of the 

chelicerates (Limulus polyphemus – American Horseshoe crab). Black arrows 
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represent gene translocations between taxa with the graduated arrow 

representing a gene order change found only in Meta menardi (Tetragnathidae). 

Numbers in brackets represent taxonomic order of family according to the World 

spider catalogue (Platnick, 2013). Taxa marked with * have been sequenced as part 

of this study 

 

3.5. Discussion 

The Illumina MiSeq sequencing step resulted in high coverage of complete 

mitochondrial genomes assembling in one or two fragments. The high levels of 

coverage suggest that a large number of individual genomes can be sequenced on a 

single MiSeq run. Although all rolling circle reactions performed were successful 

(presence of band over 10kb in length could be visualised) it is impossible to tell, 

prior to sequencing, exactly how much of the RCA product is mitochondrial in 

origin (Simison et al., 2006).  In published RCA studies, the use of restriction 

enzymes are used to isolate the mitochondrial DNA, potentially from nuclear or 

extracellular nucleic acids. In the trialled spiders however, the enzyme restrictions 

failed to produce any visible fragments smaller than the complete mitochondrial 

genome. Further restriction mapping analysis of the four mitochondrial genomes 

sequenced for this study has shown that the site for EcoR1 is seemingly pervasive 

throughout Araneae mitochondrial genomes. As the initial tests suggested, EcoRI 

restriction sites were found in each of the newly sequenced mitochondrial 

genomes. With the exception of Pisaura mirabilis, which contained only one, three 

restriction sites were found in each mitochondrial genome. The reason for the 

failure of the restriction enzyme digest to produce visible bands in the presence of 

mitochondrial DNA is unclear, however, background contamination and low total 

concentrations of fragmented mitochondrial DNA within the rolling circle 



 

  71  

amplification product are most likely contributing factors. It has previously been 

suggested that background contamination, responsible for the visualised smear 

through gel electrophoresis, only contains a minimal amount of chromosomal DNA 

(Tang and Hyman, 2005).  Evidence from this study corroborates such findings as 

the majority of the assembled contigs were of bacterial and viral origin (Table 

3.5.). The reference assembled RCA amplified sampled (Table 3.7.) were identified 

as being spider mitochondrial DNA following comparison to the NCBI database via 

a BLAST search. Whilst this is unsurprising considering the fragments were 

matched to spider mitochondrial DNA through the assembly process, high 

percentage identities (>88%) to taxa that were not the reference sequence 

supports the notion that the sequences are not artificial. However, they are highly 

fragmented and of little utility for further analysis without independent 

corroboration that they are not chimeras. 

Following de novo assembly, of PCR amplified mitochondrial genomes, large 

differences in average total coverage were observed between contigs (Table 3.4.), 

despite equimolar pooling prior to sequencing and the generation of high quality 

data from the MiSeq run (Figure 3.5.). Whilst the high coverage achieved for each 

mitochondrial genome should negate the incorporation of sequencing error (Dohm 

et al., 2008), Illumina sequencing platforms are susceptible to under-

representation of regions of extreme base composition (A/T or G/C rich 

amplicons) throughout a run, due in part to the standardised reaction conditions 

necessary for massively high-throughput sequencing (Aird et al., 2011). Although 

no substantial variation was found that would explain the occurrence of c. 2000 bp 

contigs exhibiting high coverage  (Figure 3.6.). 

 The four assembled mitochondrial genomes were 14,222, 14,399, 14,013 

and 13,767 base pairs in length (Zelotes apricorum, Meta menardi, Pisaura mirabilis 
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and Psalmopoeus cambridgei respectively) . Whilst these figures are in alignment 

with the length of previously published Araneae mitochondrial genomes (13,874 – 

14,456 bp), the 13,767 bp Psalmopoeus cambridgei genome is the shortest spider 

mitochondrial sequence currently known (de Meo et al., 2012).  This represents a 

difference of over 100 bases in length when compared to the mitochondrial 

genome of Ornithoctonus huwena, a member of the same family (Theraphosidae). 

Whilst this difference is smaller than those found within single families of other 

chelicerates such as the Acari (mites and ticks) (Gissi et al., 2008), it still highlights 

the extreme diversity of spider mitochondrial genomes. 

Despite the successful reconstruction of the PCR amplified mitochondrial 

genomes, mitogenomic sequences could not be recovered de novo from the 

sequenced RCA products.  However, complete mitochondrial genomes were 

successfully assembled, for three taxa (Meta menardi, Pisaura mirabilis & 

Psalmopoeus cambridgei), using their PCR amplified counterpart as a reference 

mapping template, thus highlighting the current limitations of assembly 

algorithms in the de novo reconstruction of short-read data (Alkan et al., 2011). 

One confounding factor known to affect the assembly of RCA amplified 

material is the formation of chimeric sequences, not only through the Illumina 

sequencing process (Kircher et al., 2011) but as an artefact of multiple 

displacement  amplification reactions (Lasken and Stockwell, 2007). Low total 

coverage of the mitochondrial genome coupled with the formation and presence of 

chimeric sequences creates conflicting reconstructions that would be filtered out 

of the assembly, thus highlighting the need for improved mitochondrial isolation 

techniques to allow for an enriched template (Lang and Burger, 2007). 

Whilst the MITOS annotation tool was able to approximately locate most of 

the protein coding genes for each of the four fully assembled mitochondrial 
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genomes, less than half of the 22 tRNAs had been found using the MITFI algorithm 

for the creation of structure annotated covariance models (Juehling et al., 2012a). 

However, this was in part caused by the inability of the software to allow the 

incorporation of highly truncated and overlapping tRNA sequences that have been 

reported in some Metazoan mitochondrial genomes (Masta, 2000; Yamazaki, 

1997). Other popular tRNA predicting algorithms including; ARWEN (Laslett and 

Canback, 2007), tRNAscan-SE (Lowe and Eddy, 1997) and DOGMA (Wyman et al., 

2004) were also used in order to locate tRNA secondary structures within the 

complete mitochondrial genome sequences. However, despite repeated attempts 

at optimisation via the manipulation of cove scores, as has proved successful with 

truncated nematode tRNAs, none of these methods were as successful as the MITFI 

algorithm. Until these limitations are addressed, the bioinformatic processes 

essential to understanding the output of ever improving Next-Generation 

Sequencing Platforms, could create a bottleneck in the production of large 

divergent mitogenomic datasets (Shendure and Ji, 2008).  

My results provide evidence of the successful amplification and sequencing of 

several complete mitochondrial genomes by both long-range PCR, in one and two 

fragment approaches, and rolling circle amplification. I have highlighted the 

potential ability of multiple displacement amplification reactions, such as RCA, in 

creating divergent mitochondrial genome datasets with low concentrations of 

starting material from somatic tissues; the first time this has been achieved for 

Metazoans outside of the phylum Nematoda (Simison et al., 2006). Whilst RCA 

offers an inexpensive and expedient solution to the problems associated with 

utilising Long-range PCR for mitogenomics, it is clear that significant obstacles still 

remain in the recovery of low coverage sequences without adequate references 

from which reads can be mapped (Alkan et al., 2011). 
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4. Araneae mitochondrial genomes; A comparative analysis 
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4.1. Abstract 

Animal mitochondrial genomes are small, circular DNA molecules with 

length ranging from ca. 10,000 bp to over 20,000 bp usually encoding 37 genes 

(13 protein-coding, 22 transfer RNA, and 2 ribosomal RNA genes). The number 

of complete mitochondrial genomes from a range of taxa is steadily rising 

following the widespread introduction of Next-Generation Sequencing 

technologies. The increasing availability of complete mitochondrial genome data 

invites comparative study and provides a large amount of nucleotide data that is 

useful for both deep and shallow phylogenetic studies. In addition to sequence 

data mitochondrial genomes possess a number of evolutionarily interesting 

features such as length variation, non-canonical transfer RNA secondary 

structures, atypical start codons, base compositional bias and transfer RNA gene 

rearrangement. Studies have shown these features appear to be lineage specific, 

but this insight can only be obtained from comparative analysis at various 

taxonomic levels. The Araneae are an exceptionally diverse order with over 

43,000 described species. However, very little is known of their evolutionary 

history. Here I present a comparative analysis of the complete mitochondrial 

genomes of ten spiders (featuring four sequenced as part of this study) in order 

to assess their utility in providing characters for phylogenetic analysis and 

elucidating relationships within the Araneae.  
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4.2. Introduction 

Mitochondria are semiautonomous organelles, dependent on the cell to 

replicate, with the universally recognised function of producing cellular 

adenosine triphosphate (ATP) by the process of oxidative phosphorylation 

(Handa, 2003). This role is well conserved throughout eukaryotic cells; animal, 

fungi and plant, however, substantial structural variation exists between taxa 

and some organisms have lost their mitochondrial genome entirely in favour of a 

non-respiring, mostly anaerobic lifestyle (Williams and Keeling, 2003). 

Mitochondrial genomes vary significantly in size ranging from approximately 

10kb in Ctenophores (Pett et al., 2011) to over 2000 kb in length in some seed 

bearing plants (Alverson et al., 2010). Whilst remaining functionally constrained, 

genes have been both gained and lost throughout evolutionary history, with the 

number of protein coding genes varying from 3 to 67, while tRNA gene content 

ranges from 0 to 27 (Adams and Palmer, 2003).  Mitochondrial genes can be 

classified into three distinct groups; protein coding genes, transfer RNAs (tRNAs) 

and ribosomal RNAs (rRNAs) (Wolstenholme, 1992). Although the protein 

coding and tRNA gene content varies substantially across lineages, both the large 

and small ribosomal subunits are universally present in all sequenced 

mitochondrial genomes, varying only in size and complexity, with some studies 

revealing a fragmented gene sequence that is post-transcriptionally assembled in 

certain taxa (Milbury et al., 2010). It is the differences in apparent structure and 

order that make mitochondrial genes evolutionary interesting features and 

potential tools for delineating evolutionary relationships (Cameron, 2007; 

Cooper, 2001; Cerasale, 2012). 
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The Arthropoda are one of the most species rich Metazoan phyla (Black and 

Roehrdanz, 1998) and to date, over 500 complete mitochondrial genome 

sequences have been published from Arthropods (de Meo et al., 2012), 

representing most of the major extant sub-phyla and orders. Whilst 

mitochondrial gene order has been found to be mostly well conserved across 

arthropods as a whole, some orders exhibit repeated, widespread 

rearrangements of tRNA genes (Boore, 1995). 

Including the four sequences generated from this study, there are now 10 

available complete mitochondrial genomes from the Araneae, representing a 

total of 9 separate families under current taxonomic placements (Platnick, 

2012). Prior to this study, the only analysis of the features encoded in the 

mitochondrial genomes of spiders has taken place at the level of tRNA secondary 

structure (Masta, 2000a; Masta and Boore, 2004, 2008). It is well documented 

that some metazoan lineages, including the Araneae, lack the typical tRNA 

cloverleaf shape associated with the function of the molecule (Yamazaki, 1997; 

Lavrov, 2000; Wolstenholme, 1987; Montiel, 2006; Keddie, 1998).  However, 

these 22 genes only comprise a small amount of the approximately 14,000 base 

pairs that comprise the complete spider mitochondrial genome. 

Here I take a comparative approach to the analysis of the structures and 

rare genomic changes that are present in the currently available data. The direct 

comparison of mitogenomic data from multiple families provides unique insights 

into the evolution of the mitochondrial genome. All ten of the available spider 

mitochondrial genomes are used to emphasize unique features and shared 

characteristics and to highlight particular parts of the mitochondrial DNA that 
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has caused problems for downstream bioinformatic processes such as 

annotation.  

 

4.3. Mitogenome organisation and gene content 

The mitochondrial genomes of spiders range in size from 13,787 bp in 

length (this study) to 14,436 (Nephila clavata, Lee et al. unpublished)  (Table 

4.1.). All ten genomes are circular and code for 13 protein-coding genes, 22 

tRNAs, 2 rRNAs and a large non-coding region that are found in all arachnid 

mitochondrial genomes (Figures 4.1.-4.4.).  Despite pronounced variation in 

overall size of the mitochondrial genomes there is very little difference between 

the lengths of individual protein coding genes and the total length of all protein 

coding sequences. This intra-familial conservation in comparative gene size, 

suggests that although Araneae protein coding genes are substantially smaller 

than those found in more basal members of the Chelicerata, gene size is well 

conserved throughout spider lineages. 

The gene order of the most basal of the Araneae, Heptathela hangzhoensis 

(sub-order Mesothelae) is identical to that of the Horseshoe crab (Limulus 

polyphemus) (Staton et al., 1997) as well as whip spiders (Solifugae) (Fahrein, 

2009) and soft-bodied ticks of the order Acari (Shao et al., 2004) and so is 

considered to be the ancestral state of chelicerates (Masta et al., 2008).  The 

currently sequenced mitochondrial genomes of spiders show that there have 

been at least nine mitochondrial gene translocations since the divergence of the 

Mesothelae and Opisthothelae over 300 million years ago (see Chapter 3; Figure 

3.7.). 

 



 

    

Table 4.1. Taxon information and length of protein coding genes (bases) in all ten complete mitochondrial genomes. PRC shows the total 

number of bases in each mitochondrial genome that code for proteins. Total genome represents the entire length of the fully sequenced 

mitochondrial genome. Grey shaded taxa were sequenced as part of this study. 

Taxon name Gene length 
CO1 CO2 CO3 Cytb ATP6 ATP8 ND1 ND2 ND3 ND4 ND4L ND5 ND6 Total 

PRC 

Total 

genome 

Heptathela 
hangzhouensis 

1,533 667 774 1,122 661 150 915 963 330 1,300 282 1,656 432 10,785 14,215 

Ornithoctonus 
huwena 

1,536 669 784 1,135 669 153 912 921 322 1,278 277 1,639 429 10,724 13,874 

Psalmopoeus 
cambridgei 

1,536 664 783 1,135 669 150 918 931 325 1,291 259 1,645 418 10,724 13,767 

Calisoga 
longitarsis 

1,536 666 784 1,135 666 150 915 934 336 1,288 259 1,642 427 10,738 14,070 

Hypochilus 
thorelli 

1,537 654 786 1,131 666 153 918 960 345 1,287 259 1,633 424 10,753 13,991 

Meta  
menardi 

1,533 669 786 1,134 669 156 885 960 340 1,270 271 1,641 438 10,752 14,399 

Nephila 
clavata 

1,536 663 784 1,131 663 159 906 948 333 1,275 270 1,635 426 10,729 14,436 

Pisaura 
mirabilis 

1,533 669 780 1,104 660 159 912 964 358 1,283 268 1,639 425 10,754 14,013 

Zelotes 
apricorum 

1,512 663 791 1,105 660 172 924 966 331 1,279 271 1,639 427 10,740 14,222 

Habronattus 
oregonensis 

1,542 666 786 1,105 660 153 921 960 350 1,288 268 1,636 429 10,764 14,381 
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Figure 4.1. Araneae mitochondrial genomes displaying annotations. Spider 

mitochondrial genome of Psalmopoeus cambridgei displaying all gene 

annotations. Solid arrows represent protein coding genes, tRNAs and rRNAs 

appear as line arrows. In all instances the direction of the arrow indicates gene 

sequence 5’ – 3’ orientation. 
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Figure 4.2. Araneae mitochondrial genomes displaying annotations. Spider 

mitochondrial genome of Meta menardi displaying all gene annotations. Solid 

arrows represent protein coding genes, tRNAs and rRNAs appear as line arrows. 

In all instances the direction of the arrow indicates gene sequence 5’ – 3’ 

orientation. 
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Figure 4.3. Araneae mitochondrial genomes displaying annotations. Spider 

mitochondrial genome of Pisaura mirabilis displaying all gene annotations. Solid 

arrows represent protein coding genes, tRNAs and rRNAs appear as line arrows. 

In all instances the direction of the arrow indicates gene sequence 5’ – 3’ 

orientation. 
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Figure 4.4. Araneae mitochondrial genomes displaying annotations. Spider 

mitochondrial genomes of Zelotes apricorum displaying all gene annotations. 

Solid arrows represent protein coding genes, tRNAs and rRNAs appear as line 

arrows. In all instances the direction of the arrow indicates gene sequence 5’ – 3’ 

orientation. 



 

  85  

Changes in gene order have been confined strictly to transfer RNAs (tRNA) 

genes and none have involved changes from one strand of mitochondrial DNA 

(light or heavy) to the other (strand transposition). Unlike the larger 

mitochondrial genomes found in some metazoans and higher plants (Alverson et 

al., 2011; Alverson et al., 2010) there are only very small non-coding regions 

within the spider mitochondrial genomes (Table 4.2.). The number of non-coding 

regions present in the spider mitochondrial genomes varies from 3 to 11 

(including the putative control region) and account for most of the variation in 

size between genomes. Most of these spacers consist of 2 to 10 nucleotides 

between adjacent genes, however, each spider mitochondrial genome has one 

non-coding region substantially larger than the inter-genic spacers, at a position 

in the genome where the A-T rich control region occurs in the Horseshoe crab, 

Limulus polyphemus.  The large non-coding sections are not substantially more A-

T rich, in comparison to the rest of the mitochondrial genome, as they have been 

found to be in the Insecta (Zhang, 1995, Zhang, 1997). However, due to it’s 

relative positioning within the mitochondrial genome the large non-coding 

region is thought to be analogous to the putative insect ‘Control Region’ despite 

the apparent size reduction exhibited in spiders (Masta and Boore, 2004). 
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Table 4.2. Occurrence and size of inter-genic sequences (non-coding regions) in 

sequenced Araneae mitochondrial genomes. Non-coding regions shows the 

number of instances of non-coding regions within each mitochondrial genome. 

The length of the largest spacer is shown as its length in bases along with A-T 

content (%). 

 

Taxon name Family Non-coding 

regions 

Largest Non-

coding region 

A-T Content 

Heptathela hanzhouensis Liphistiidae 11 340 80.6 

Ornithoctonus huwena Theraphosidae 3 396 68.2 

Psalmopoeus cambridgei Theraphosidae 3 371 66.6 

Calisoga longitarsis Nemesiidae 8 478 66.3 

Hypochilus thorelli Hypochilidae 4 503 77.3 

Meta menardi Tetragnathidae 11 629 80.4 

Nephila clavata Nephilidae 8 670 81.2 

Pisaura mirabilis Pisauridae 8 385 82.7 

Zelotes apricorum Gnaphosidae 6 584 75.8 

Habronattus oregonensis Salticidae 9 716 77.1 

 

 

4.4. Gene content 

In order to compare the changes in nucleotide content across Araneae 

mitochondrial genomes the relative G-C and A-T compositions were calculated, 

along with G-C and A-T skew (differences in ratios between the light and heavy 

strands) (Table 4.3.). Arthropod mitochondrial genomes are known to be 

particularly A-T rich (Beckenbach, 2011; Hu et al., 2010; Stewart and 

Beckenbach, 2005; Wilson et al., 2000), although this is not consistently found to 

be the case within the mitogenomes of the Araneae. The sequenced 

mygalamorph genomes (Ornithoctonus huwena, Psalmopoeus cambridgei, 
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Calisoga longitarsis) have G-C contents above 30%, however, the more basal 

representative of the Mesothelae (Heptathela hangzhouensis) is substantially 

more AT rich, as are the more recently diverged spiders (<74%). This therefore 

suggests that a lower mitochondrial G-C content is an ancestral trait and that a 

reduction in genome size is linked with the loss of A and T nucleotides from the 

non-coding regions. The only exception to this would appear to be Meta menardi, 

which has the largest recorded spider mitochondrial genome (14,399 bp) yet 

exhibits a relatively high G-C content of 30%. The G-C content exhibited across 

spider mitochondrial genomes varied more within genes than it did between the 

genes of each taxa. The asymmetric usage of the four base pairs between the 

major coding  (heavy) and minor coding strand (light), termed G-C skew, was 

found to be similar in almost all spider mitochondrial genomes. The G-C skew 

was positive (approx 0.25), showing guanine to be preferentially located on the 

heavy strand and the A-T skew was found to be negative (approx -0.1) indicating 

more adenine in the light strand, with Heptathela hangzhouensis exhibiting a 

heavy strand bias towards cytosine. 

Metazoan mitochondrial genomes typically possess an overall Cytosine and 

Adenine (C-A) nucleotide bias on their heavy strand (Saccone et al., 1999). This 

C-A bias is believed to result from the asymmetrical way mitochondrial genomes 

replicate, during which the two strands of DNA are single-stranded for differing 

periods of time, leaving one strand more prone to mutations. This is known to 

create a mutational bias in the occurrence of deaminations of cytosine and 

adenine (Faith and Pollock, 2003; Reyes et al., 1998). Arthropods, however, 

exhibit a reverse nucleotide bias to most metazoans resulting from an inversion 

of the origin of replication (Hassanin, 2006). 



 

    

Table 4.3. Taxon information and G-C content of protein coding genes (percentage) in all ten complete mitochondrial genomes. PRC 

shows the G-C content in each mitochondrial genome for the entire protein-coding region. Total DNA represents the G-C content of the 

fully sequenced mitochondrial genome. Skew represents strand bias of nucleotides expressed as (G-C)/(G+T) or (A-T)/(A+T). 

Taxon 
name 

G-C content GC 

skew 
AT 

Skew CO1 CO2 CO3 Cytb ATP6 ATP8 ND1 ND2 ND3 ND4 ND4

L 

ND5 ND6 Total 

PRC 

Total 

DNA 

Heptathela 
hangzhouensis 

32.5 32.1 32.3 31.3 26.6 25.5 26.0 25.4 22.4 27.2 25.9 28.5 21.3 28.5 27.8 -0.23 -0.02 

Ornithoctonus 
huwena 

33.6 31.5 35.5 30.8 28.8 37.3 29.5 27.8 30.1 28.8 28.9 29.1 24.9 30.4 30.2 0.34 -0.08 

Psalmopoeus 
cambridgei 

39.1 39.0 36.4 35.7 35.7 31.3 36.8 36.0 36.6 36.0 34.0 37.8 35.2 36.8 35.9 0.36 -0.09 

Calisoga 
longitarsis 

40.0 39.8 39.0 35.8 34.8 26.0 33.7 36.6 33.3 35.3 38.2 37.2 35.8  36.7 36.0 0.36 -0.14 

Hypochilus 
thorelli 

36.3 33.5 33.7 31.4 29.9 22.9 30.3 29.5 29.3 28.7 32.0 29.9 22.9 31.0 29.7 0.27 -0.14 

Meta  
menardi 

36.4 36.0 38.4 36.2 32.1 33.3 34.2 31.8 28.2 31.6 28.8 32.5 34.3 33.9 32.0 0.22 0.00 

Nephila  
clavata 

30.3 27.2 29.0 26.4 27.1 14.5 24.0 22.2 21.0 22.0 19.6 23.4 23.7 25.1 24.0 0.24 -0.05 

Pisaura 
mirabilis 

27.3 23.5 25.0 22.6 21.4 13.2 18.3 16.7 14.8 18.3 17.5 19.0 16.2 20.7 20.0 0.17 -0.08 

Zelotes 
apricorum 

30.0 29.7 28.2 28.1 24.1 20.4 26.0 22.8 23.3 24.9 21.8 24.3 22.5 26.0 25.3 0.30 -0.14 

Habronattus 
oregonensis 

30.0 29.0 27.7 27.2 26.4 21.6 24.9 26.1 19.3 24.2 19.8 26.0 21.7 26.1 25.6 0.30 -0.11 
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The codon usage exhibited across spider mitochondrial genomes has been 

reported before (Masta and Boore, 2004) with an ATN (where N represents 

A,T,G or C) initiation codon favoured the most, with a TTG start codon proposed 

for some genes which would avoid coding sequence overlap.  However, as has 

been in found in Coleoptera, without an explicit RNA expression study it is 

impossible to determine exactly where each protein-coding gene starts (Sheffield 

et al., 2008). The most frequent termination codons used by spider 

mitochondrial genomes were TAG and TAA, which was again characteristic of 

arthropod mitochondrial genomes. Several genes, nad4, nad4L, nad5 and Cytb, 

did not contain these stop codons for all taxa and it has been previously inferred 

that these genes code for truncated stop codons (T), polyadenylated after 

transcription to form TAA stop codons (Masta and Boore, 2004; Ojala et al., 

1981).  

 

4.5. Transfer RNA secondary structure 

Mitochondrial transfer RNA (tRNA) gene sequences have been the focus of 

many recent studies due to translocation throughout the mitochondrial genome 

and the atypical secondary structure that is found in some metazoan lineages 

(Juehling et al., 2012a; Juehling et al., 2012b; Meer et al., 2010; Segovia et al., 

2011). Both these features are found in the mitochondrial tRNAs of spiders and 4 

types of secondary structure have been inferred from arachnid mitochondrial 

genomes (Masta and Boore, 2008). The typical configuration of metazoan tRNAs 

are to form a cloverleaf shape, however, tRNAs have also been found which lack 

a T-arm, lack a D-arm, and those that lack sequence that are able to encode a 

paired acceptor stem and a T-arm (Figure 4.5.).  
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Figure 4.5. Examples of the 4 types of inferred tRNA secondary structures 

found in arachnids. (A) Cloverleaf structure, as found in tRNAAsn in the 

amblypygid Phrynus. (B) Structure lacking a D-arm, as found in tRNASer(AGN) in 

the amblypygid Phrynus. (C) Structure lacking a T-arm, as found in tRNAAsn in 

the scorpion Buthus. (D) Structure lacking both a T-arm and a well-paired 

aminoacyl acceptor stem, as found in tRNAAsn in the spider Calisoga. The 

sequence in grey in (D)  (AAAGAAGGATAAAGT) encodes the downstream gene. 

The 4 described secondary structures of mitochondrial tRNAs were found 

in all of the ten spider mitochondrial genomes and no new structures were 

discovered (Table 4.4.). Similarly all secondary structures were noted on both 

strands (heavy and light), thus, it does not appear that the strand on which a 

tRNA is encoded influences whether it maintains a T arm and 3′ acceptor stem 

sequence. 



 

    

Table 4.4. Inferred secondary structure of mitochondrially enconded tRNAs in the Araneae. Numbers 1-3 represent the configuration of 

secondary structure; 1 – cloverleaf, 2 – structure lacking D-arm and 3 – structure lacking T-arm. 

Taxon name Transfer RNA genes 
A C D E F G H I K L1 L2 M N P Q R S1 S2 T V W Y 

Heptathela 
hangzhouensis 

3 3 3 1 3 3 3 1 1 1 1 1 1 1 1 1 2 3 1 1 3 1 

Ornithoctonus 
huwena 

3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 2 2 1 3 3 3 

Psalmopoeus 
cambridgei 

3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 2 2 1 3 3 3 

Calisoga 
longitarsis 

2 3 3 1 3 3 3 3 3 3 3 3 3 1 1 3 2 2 1 3 3 3 

Hypochilus 
thorelli 

3 3 3 3 3 3 3 3 3 3 3 3 3 1 1 3 2 1 1 3 3 3 

Meta  
menardi 

1 3 3 1 3 3 3 3 3 3 3 3 3 3 1 3 2 2 1 1 3 1 

Nephila  
clavata 

1 3 3 1 3 3 1 1 3 3 3 3 3 3 1 3 2 2 1 1 3 1 

Pisaura 
mirabilis 

1 3 3 1 3 3 1 1 3 3 3 3 3 3 1 3 2 2 1 1 3 1 

Zelotes 
apricorum 

1 3 3 1 3 3 1 1 3 3 1 3 3 3 1 3 2 2 1 1 3 1 

Habronattus 
oregonensis 

1 3 3 1 3 3 1 1 3 3 1 3 1 3 1 3 2 1 1 1 3 1 
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The number and identity of mitochondrially encoded tRNAs that have 

become truncated varies substantially throughout the Araneae. However, the 

variation of losses of one or more structural features can be mapped onto a 

phylogeny to show that the occurrence of a reduction in tRNA secondary structure 

is not seen to be reversible, although some reductions may have occurred 

independently through evolutionary time in different taxa, and that the trait can 

define synapomorphic clades (Figure 4.6.). This highlights the potential utility of 

transfer RNA secondary structures in phylogenetic reconstruction. From these 

data it can be inferred that the common ancestor of extant spiders most likely lost 

sequences to encode canonical secondary structures for multiple different 

mitochondrial tRNAs (Cys, Phe, Asp, Gly, Trp,) and that mygalamorph families 

(Calisoga longitarsis, Ornithoctonus huwena and Psalmopoeus cambridgei) have 

undergone further structural changes since the Mygalamorphae and 

Araneomorphae diverged (See Chapter 1 Figure 1.1.). 
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Figure 4.6. tRNA secondary structure changes mapped on to Araneae 

phylogeny.  Preliminary neighbour-joining tree constructed from concatenated 

complete spider mitochondrial gene sequences (Heptathela hangzhouensis, 

Calisoga longitarsis, Ornithoctonus huwena, Psalmopoeus cambridgei, Hypochilus 

thorelli, Meta menardi, Nephila clavata, Pisaura mirabilis, Habronattus oregonensis 

and Zelotes apricorum) with two whip spiders (Ambypygi; Phrynus sp. and Damon 

diadema) as outgroups (Bootstrap values not shown). Circles over nodes represent 

change in secondary structure of tRNA through the loss of the T arm and letters 

show the identity of the gene. 
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4.6. Ribosomal RNAs 

Ribosomal RNA sequences lengths were found to be similar throughout the 

spider mitochondrial genomes (Table 4.5.) Whilst G-C content varied substantially 

between taxa, the differences between the two subunits were very small within 

taxa (approximately 1-8% difference between the rrnL genes and 1-5% between 

the rrnS genes when compared to the total genome. Substantially less variation in 

G-C content was exhibited between rRNA encoding genes than between the 

protein coding genes analysed. Both the large and small ribosomal subunits are 

approximately 100bp shorter than that of the most basal chelicerate (Limulus 

polyphemus) (Lavrov et al., 2000a) but similar in size to the figures provided for 

mites (Black and Roehrdanz, 1998). Such a reduction in size of more recently 

diverged chelicerates would suggest an evolutionary mechanism that selected 

towards minimising the length of mitochondrial genes. 
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Table 4.5. Taxonomic information, length and G-C content of ribosomal RNA genes 

in all ten complete mitochondrial genomes. Length is shown as number of 

nucleotides in the coding sequence and G-C represents the residue total of Guanine 

and Cytosine as a percentage. 

 

Taxon name Family Large ribosomal subunit Small ribosomal subunit 

Length G-C Length G-C 

Heptathela 
hangzhouensis 

Liphistiidae 1119 24.4 698 27.8 

Ornithoctonus 
huwena 

Theraphosidae 1048 30.2 666 28.8 

Psalmopoeus 
cambridgei 

Theraphosidae 1021 30.8 662 32.9 

Calisoga 
longitarsis 

Nemesiidae 1062 32.7 691 34.0 

Hypochilus 
thorelli 

Hypochilidae 1041 24.6 688 24.9 

Meta  
menardi 

Tetragnathidae 1070 29.5 700 28.4 

Nephila  
clavata 

Nephilidae 1046 20.9 695 21.5 

Pisaura 
mirabilis 

Pisauridae 1043 16.8 688 16.3 

Zelotes 
apricorum 

Gnaphosidae 1020 20.9 690 21.0 

Habronattus 
oregonensis 

Salticidae 1018 21.3 691 22.6 

 

 

4.7. Synthesis and overview 

The mitochondrial genomes found within the Araneae represent some of the 

smallest reported from any chelicerate, with only mites (Acari; Acaraiformes) of 

the sub-order Prostigmata being shorter in length (Van Leeuwen et al., 2008; Yuan 

et al., 2010). The mitochondrial genomes of chelicerates are generally smaller than 

those recorded in other arthropods (Jeyaprakash and Hoy, 2007; Lavrov et al., 

2004; Lewis et al., 1995; Masta and Boore, 2004) achieved by a reduction in size 

via the truncation of gene coding sequences. Spider mitochondrial genomes in 
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particular have achieved a compacted state via reduction in gene size and notably, 

the ribosomal RNA (rRNA) and transfer RNA (tRNA) genes. The tRNA genes seen in 

spider mitochondrial genomes are acutely reduced at their 3′ ends so that many no 

longer encode a T arm (Figure 4.5.) and it is plausible that most do not encode a 3′ 

acceptor stem (Masta and Boore, 2008). Thus, the tRNA genes found in spiders are 

even smaller than the truncated nematode mitochondrial tRNA genes, once 

described as the most minimal tRNA structure (Ohtsuki et al., 2002). The 

possibility that tRNAs overlap with adjacent genes seems unlikely and has already 

been refuted in the mitochondrial genome of Habronattus oregonensis (family 

Salticidae) (Masta and Boore, 2004). The most important evidence to strengthen 

this argument comes from the inability to find the necessary stable base pairs from 

which to form the 5′ acceptor stem in the surrounding sequences. The coding 

regions surrounding tRNA genes have been found to exhibit very little, or no 

potential, to form any of the required base pairs in those tRNAs that lack the stem. 

While there is not enough evidence to completely rule out the possibility that the 

truncated mitochondrial tRNAs could be non-functional, and that the 

mitochondrion instead utilizes nuclear coded tRNAs imported from the cytoplasm, 

this does not seem a plausible explanation. Although the mitochondrial 

importation of nuclear derived tRNAs has been described in some taxa (Schneider, 

2011), it is not common for all 22 tRNA sequences to remain present in the 

mitochondrial genome. Many taxa that have evolved to rely on tRNAs imported in 

to the mitochondria have seen complete loss of tRNA coding sequences within the 

mitochondrial genome (Gray et al., 1998). 

A plausible explanation for the widespread loss of the tRNA acceptor stem 

coding sequences found in spider mitochondrial genomes is the existence of a 

post-transcriptional RNA editing mechanism (Hiesel et al., 1989; Maier et al., 1996; 
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Schuster et al., 1993). Whilst other metazoan mitochondrial genomes, such as 

those in nematodes are also characterised by the loss of the T arm in some tRNAs, 

they still retain well-paired acceptor stem sequences (Watanabe et al., 1994; 

Wolstenholme et al., 1987). Both gastropods and centipedes have been found to 

exhibit acceptor stem coding sequence loss, to varying degrees, within their 

mitochondrial genomes and centipedes have been found to possess a novel 

mechanism for post-transcriptional editing (Lavrov et al., 2000b). This would 

suggest that such mechanisms have arisen independently. However, confirmation 

of the existence of an editing mechanism in spiders will require the sequencing and 

analysis of the processed tRNA transcripts.  

The relationships amongst the Araneae are poorly resolved and very little 

work has been conducted at the family level and above (Blackledge et al., 2009; 

Coddington et al., 2004; Coddington and Levi, 1991). The comparative analysis of 

complete mitochondrial genomes, spanning more taxa than previous studies, has 

uncovered potential new markers from which to resolve contentious relationships, 

previously assessed using behavioural and morphological traits (Arnedo et al., 

2009; Miller et al., 2010; Platnick et al., 2012). Analyses of the mitochondrial 

genomes of spiders have shown trends both in changes of gene order and 

alterations to the secondary structure of tRNAs. More taxa would be required to 

delineate relationships between the Araneae from gene order changes and 

structural characteristics alone. Although, the suggestions from other studies 

(Masta and Boore, 2004; Rokas and Holland, 2000) that such rare genomic 

changes, having occurred, are unlikely to return to the ancestral state, makes them 

intriguing characters for resolving higher level topological incongruence. The 

information provided from this study would suggest that the family Hypochilidae 

(Hypochilus thorelli) is more closely related to the mygalamorph spiders (Calisoga 
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longitarsis, Ornithoctonus huwena and Psalmopoeus cambridgei), as opposed to 

being the sister taxon of the Araneomorphae (Meta menardi, Nephila clavata, 

Pisaura mirabilis, Habronattus oregonensis and Zelotes apricorum), as previously 

believed (Coddington et al., 2004). Thus, providing further support for the 

molecular phylogenetic analyses, which whilst only preliminary here, will be 

discussed in more detail in Chapter 5. 

The reduction in size of tRNA genes, ribosomal genes, and at least half of the 

protein-coding genes in the mitochondrial genome of the Araneae suggests there 

has been an overall trend toward minimization of mitochondrial genome size in 

spiders. The Araneae possesses some of the smallest known tRNA genes, and the 

reduction in size and number of non-coding regions within the two Tarantula 

mitochondrial genomes (Ornithoctonus huwena & Psalmopoeus cambridgei) also 

lends support to minimising overall mitochondrial genome size. Deleterious 

mutations have been found to be accumulating at a faster rate in metazoan 

mitochondrial tRNAs than in nuclear encoded tRNAs (Lynch, 1996). Whilst this is a 

contributing factor to the truncation of tRNA sequences and structures this could 

lead to issues with fitness if the proposed RNA editing mechanisms cannot co-

evolve as rapidly and maintain function.  

This study represents the first comprehensive comparative analysis across a 

broad range of complete spider mitochondrial genomes. I find that Araneae 

mitochondria deviate substantially from the proposed ancestral chelicerate 

arrangement, following the divergence of the Mesothelae and Opisthothelae, with 

no apparent gene deletions or duplications. There are several shared features that 

many spider families have in common, such as short intergenic spacers, truncated 

‘AT rich’ control regions and atypical secondary structure of several tRNAs. I have 
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also demonstrated the importance of comparative analysis in understanding the 

evolution of the mitochondrial genome using the Araneae as a model order. 
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5. Mitogenomic phylogenetics and evolution in a fossil rich 
arthropod group: A case study within the Araneae (Spiders). 
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5.1. Abstract 

The Araneae are one of the most diverse arthropod orders with fossils dating 

back over 300 million years. However phylogenetic relationships amongst families 

are primarily based on morphological distinctions and have long remained 

unclear. Recent molecular studies have presented alternate hypotheses and 

identified the misplacement of taxa within currently recognised families. Here I 

present a strongly supported phylogeny for spiders based on the complete 

mitochondrial genome sequences of ten extant spiders and two whip spiders 

(Amblypygi). The concatenated mitogenomic datasets provide a well-resolved 

topology for the Araneae, with the Mesothelae at the basal position within the 

order with the Mygalamorphae and Araneomorphae forming sister clades. This 

study shows strong support for the family Hypochilidae (Paleocribellate) to be 

considered more closely related to the mygalamorph spiders than the 

Araneomorph spiders, as previously thought. Molecular dating of the mtDNA 

divergence times suggests a rapid radiation of spiders between the end of the 

Jurassic and the start of the Cretaceous periods. This coincides with major 

radiations described in other taxa such as birds, frogs and the spread of flowering 

plants. 
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5.2. Introduction 

The Araneae (spiders) are an exceptionally diverse order, with over 43,000 

currently described species placed in 112 families (Platnick, 2012). However, very 

little is known about the origins of their diversification (Arnedo and Gillespie, 

2006; Blackledge et al., 2009; Dimitrov et al., 2008), and inter-family relationships 

remain poorly resolved (Ayoub et al., 2007; Davila, 2003). Despite rapid advances 

associated with sequencing technologies (Shendure and Ji, 2008) and the 

phylogenetic analysis of large datasets (Dutilh et al., 2007; Lerner and Fleischer, 

2010), higher-level systematics of spiders is still predominantly focused on the use 

of morphological and behavioural data (Coddington et al., 2012; Coddington and 

Levi, 1991; Griswold et al., 2005; Lopardo and Hormiga, 2008; Platnick et al., 

2012). Whilst recent systematic studies below the genus level have incorporated 

more molecular characters (Bond et al., 2012a; Bond et al., 2012b; Murphy et al., 

2006; Rix et al., 2010), spiders (and most arachnids) are still poorly characterised 

at the genomic level (Ayoub et al., 2007). The sequencing of complete spider 

mitochondrial genomes (Masta and Boore, 2004, 2008; Qiu et al., 2005) has shown 

a lack of conservation in mitochondrial gene order and in doing so have provided 

new characters for resolving high-level phylogenetic incongruence (Dong et al., 

2012; Masta et al., 2010).  Relatively few studies have utilised the nuclear genome 

of spiders resulting in only a small number of conserved nuclear markers currently 

available for systematics (Ayoub et al., 2007). Advances in sequencing technologies 

have allowed for the generation of expressed sequence tag (EST) libraries, 

however, few additional phylogenetic markers have been gained (Ayoub et al., 

2007; Mattila et al., 2012).  

The advent of Next-Generation Sequencing (NGS) platforms have allowed 

increasing numbers of characters to be incorporated into systematics without 
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limiting the number of taxa analysed (Straub et al., 2012). Despite increases in the 

numbers of available sequenced transcriptomes (Chiari et al., 2012; Hedin et al., 

2012; McKain et al., 2012), the realisation of large, divergent phylogenomic 

analyses currently remains constrained by labour and cost despite recent 

developments in sequencing methodologies (Baird et al., 2008; Kakioka et al., 

2013). Mitogenomics provides a potential alternative, where information from the 

complete mitochondrial genome can be used to create a robust phylogenetic 

framework (Shamblin et al., 2012). The metazoan mitochondrial genome typically 

comprises of 37 genes including 22 coding for transfer RNAs (tRNAs), 13 coding 

for proteins and 2 coding for ribosomal RNAs (rRNAs) (Boore, 1999). It is the 

smallest extant genome (Cameron, 2007), with typical sizes in spiders ranging 

from 13, 787 – 14,399 bp, and so is tractable to sequencing in its entirety whilst 

being an order of magnitude larger than most of the single genes used in current 

arachnid systematics (Arnedo et al., 2009; Bodner and Maddison, 2012). In spite of 

difficulties associated with the PCR-based amplification of divergent complete 

mitochondrial genomic datasets (Briscoe et al. 2013), recent studies have 

showcased their utility in resolving complex phylogenetic relationships (Bjork et 

al., 2011; Cameron et al., 2012; Morin et al., 2010). Whilst nuclear markers are 

often preferred over mitochondrial loci due to the effects of incomplete lineage 

sorting and hybridization of mitogenomes (Tang et al., 2012), mitochondrial 

partitions have been important in resolving evolutionary relationships in many 

evolutionary relationships that are prone to low branch support (Duchene et al., 

2011). Mitogenomic phylogenies therefore have the potential to resolve hitherto 

poorly supported polytomies, whilst additionally providing strongly supported 

date estimates (Duchene et al., 2012; Wang and Yang, 2011); important attributes 

for any molecular phylogenetic locus. 
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Dating divergences and major radiations has played an increasingly 

important role in evolutionary biology, providing more accurate timing whilst 

offering insights in to many evolutionary phenomena (Ronquist et al., 2012). The 

precision of dating divergence times estimated from sequence data is dependent 

on accurate fossil records in order to correctly calibrate phylogenetic trees 

(Beilstein et al., 2010) and complete mitochondrial genomes of fossil rich taxa have 

been utilised to resolve discordant phylogenetic hypotheses (Duchene et al., 2012; 

Fulton and Strobeck, 2010). 

The Araneae (spiders) present an ideal opportunity in which to explore the 

potential of utilising complete mitochondrial genomes in dating major divergences 

within the order using both sequence data and rare genomic changes.  Spiders 

have the best documented fossil record of all arachnids (Dunlop and Penney, 

2012) (Figure 5.1.) but due to the fragility of the morphological characters from 

which spiders can be identified, their occurrence in the fossil record is mostly 

limited to sites with exceptional preservation of fossil deposits (Konservat-

Lagerstatten) such as amber, the highly polymerised form of tree resin (Saupe and 

Selden, 2011). However, spider fossils in sedimentary deposits date back as early 

as the Carboniferous (c. 358 mya) but the majority of fossilised samples recorded 

have come from Baltic and Dominican amber ranging from the Cretaceous (c. 145 

mya) to the Neogene (c. 23 mya) periods (Penney et al., 2012a). These records 

cover approximately 1150 described species (Penney et al., 2012a) and provide 

potential calibration points from which to date molecular phylogenies.  
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Figure 5.1. Evolutionary tree of spiders calibrated with described Fossils. 

Cladistic phylogeny superimposed onto geological time scale from Penney et al. 

2003. 

 

This study investigates the potential of utilising the information encoded 

within complete mitochondrial genomes of extant spiders using the available 

extensive fossil record in order to calibrate the phylogeny and provide an insight 
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into the timing of the major radiations that have led to the present day diversity. 

Taking advantage of the growing availability of complete mitochondrial genome 

sequences within the order, Bayesian analysis is used for its computational 

efficiency and ability to incorporate complex models (Huelsenbeck et al., 2001; 

Lakner et al., 2008; Nylander et al., 2004; Posada and Buckley, 2004), in 

showcasing the potential of mitogenomic studies in delineating inter-familial 

relationships in an understudied order.  

 

5.3. Materials & methods 

5.3.1. Taxon sampling & alignments 

The complete mitochondrial genomes of ten spiders representing nine 

different families (Figure 5.2.) were used for this study along with the 

mitochondrial genomes of two whip spiders (Amblypygi; Phrynus sp. and Damon 

diadema) (Table 5.1.), previously determined to be the most closely related 

arachnid ally of the Araneae (Wheeler and Hayashi, 1998). In order to assess the 

effect of gene inclusion/exclusion, in light of repeated transfer RNA (tRNA) gene 

rearrangements, two approaches were used. Complete mitochondrial genome 

sequences were taken from this study or downloaded from GenBank and datasets 

were created by aligning either the concatenated sequences of all genes (protein 

coding, tRNA and rRNA) or concatenated sequences of protein coding genes, using 

Clustal Omega (Sievers et al., 2011). Default settings were used for each of the 

Clustal alignments. The decision to concatenate data into single partitions was 

taken following the generation of bootstrapped (1000 replicates) Neighbour-

joining trees from alignments of single genes using Geneious. As found in other 

studies (Gadagkar et al., 2005; Nery et al., 2012; Phillips et al., 2004; Rokas et al., 

2003; Zhou et al., 2012; Zhou et al., 2011), the use of highly divergent taxa with 
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single gene partitions creates poorly supported topologies with little concordance 

between genes (O'Huigin et al., 2002; Talavera and Vila, 2011). Thus, concatenated 

sequences were deemed a more appropriate choice for the mitochondrial genome 

datasets. 

 

 

 

Figure 5.2. Cladistic hypotheses for all Araneomorph spider families using 

behavioural and morphological characters. From Coddington, J. A. (2004). 



 

  109  

Families used in this study are highlighted; Nephilidae (Nephila clavata) is not 

placed within the phylogeny. 

 

Table 5.1. Taxonomic information and GenBank accession numbers for specimens. 

Length represents the total nucleotide sequence length in base pairs of the 

complete mitochondrial genome. 

Order Family Genus Specific 
epithet 

Length Genbank 
accession 

Reference 

Araneae Gnaphosidae Zelotes apricorum 14,222    This study 

Araneae Hypochilidae Hypochilus thorelli 13,991 NC_010777 Masta & Boore 
2008 

Araneae Liphistiidae Heptathela hangzhouensis 14,215 AY309258 Qiu et al. 2005 

Araneae Nemisiidae Calisoga longitarsis 14,070 NC010780 Masta & Boore 
2008 

Araneae Nephilidae Nephila clavata 14,436 AY452691 Lee et al 
unpublished 

Araneae Pisauridae Pisaura mirabilis 14,013  This study 

Araneae Salticidae Habronattus oregonensis 14,381 NC_005942 Masta & Boore 
2003 

Araneae Tetragnathidae Meta menardi 14,399  This study 

Araneae Theraphosidae Ornithoctonus huwena 13,874 AY309259 Qiu et al. 2005 

Araneae Theraphosidae Psalmopoeus cambridgei 13,767  This study 

Amblypygi Phrynichidae Damon diadema 14,786 FJ204233 
 

Fahrein et al. 
2009 

Amblypygi Phrynidae Phrynus sp. 14,764 EU520641 
 

Masta & Boore 
2008 

 

5.3.2. Phylogenetic analyses 

The substitution model for each of the aligned datasets was selected using 

the FindModel web software (available at http://www.hiv.lanl.gov).  The program 

Weighbour (Bruno et al., 2000) was used to generate a weighted neighbour-joining 

tree based on Jukes-Cantor distances and Akaike's Information Criterion scores 

were calculated using MODELTEST (Posada and Crandall, 1998). The Generalised 

time-reversible model (GTR) plus Gamma was found to be the most appropriate 

model and was used in all subsequent analyses. 

All mitochondrial genome phylogenies for both of the datasets were 

reconstructed using the Bayesian phylogenetic software BEAST v1.7.5 (Drummond 

et al., 2012) and run for 40,000,000 MCMC generations, logging every 4000 steps 
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with the first 4,000,000 generations discarded as burn in and convergence was 

assessed graphically  (Drummond et al., 2002). 

 

5.3.3. Estimation of divergence times 

Dating of the major radiations and divergences within the Araneae was 

performed using a relaxed molecular clock approach (Lemey et al., 2010) and two 

fossil calibration points. The minimum age used for the emergence of the spiders 

was set as 300 million years based on the age of the oldest recorded spider fossil 

from the late Cretaceous (Selden, 1996). As a second calibration point the genus 

Nephila (family Nephilidae) has fossils dating back to the middle Jurassic and a 

calibration point was set with an estimated age of 135 million years (Selden et al., 

2011). Finally fossil information was available for the family Theraphosidae, which 

according to the fossil record, is one of the most recently diverged spider families 

with the oldest fossil estimated to be 16.5 million years (Dunlop et al., 2007). 

However, previous phylogenetic assessment indicates the lineage could be much 

older and so this fossil reference was not used for calibration. 

Nodal ages were estimated using Bayesian approaches implemented in 

BEAST, again using the GTR + Gamma substitution model.  Aside from the 

calibration points (normal distribution, standard deviation = 1 and lognormal 

relaxed clock model with default rate of 0.1) default priors were used for analysis 

with the exception of; Yule speciation on a previously attained tree and ucld.mean  

(initial = 0.01, gamma prior of 1, 0.03). Forty million Markov chain Monte Carlo 

(MCMC) steps were sampled every 4,000 generations. Convergence was assessed 

by comparing multiple runs in Tracer v1.5 after discarding the first 4 million states 

as burn-in. All effective sample size (ESS) values exceeded accepted values (>200), 
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showing the run length was sufficient. All analyses were performed on the CIPRES 

web portal using XSEDE and run across 8 processors (Miller et al. 2010). 

 
5.4. Results 
 
5.4.1. Phylogenetic analysis 

Ten mitochondrial genomes were aligned using the two whip spider 

(Amblypygi) mitochondrial genomes for each of the concatenated sequences and 

single gene datasets. Phylogenetic trees were reconstructed using Bayesian 

inference with the BEAST program (Drummond et al., 2012).  A similar topology 

was recovered for each of the datasets varying only in the relationships between 

Nephila clavata and Meta menardi (Figure 5.3.). The results confirm most of the 

current familial placements and suspected relationships, which have been 

previously assessed with morphological and behavioural data, with strong 

statistical support (Coddington et al., 2004; Coddington and Levi, 1991). However, 

both topologies place the Paleocribellate Hypochilidae (Hypochilus thorelli) as a 

sister taxa to the Mygalamorphae rather than the Araneomorphae as previously 

described (2005; Catley, 1994; Forster et al., 1987; Song et al., 1999). The results 

suggest the Mesothelae is likely to be the most basal of the Araneae and provides 

strong statistical support for all nodes.  
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Figure 5.3. Bayesian phylogenetic trees recovered from concatenated 

datasets. All lineages evolved according to a relaxed clock and the GTR+Γ4 

substitution model. Numbers above the nodes indicate the posterior probabilities 

for both of the alignments; A) Concatenated sequence of all protein coding genes 

and B) Concatenated sequence of all thirty-seven protein coding and RNA genes. 
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5.4.2. Estimation of divergence times 

Two fossil calibration points were used to estimate the mtDNA divergence 

dates within the Araneae (see Materials and Methods) (Figure 5.4.). The posterior 

mean of the divergence time between members of the Araneomorphae was 

estimated at approximately 155 million years ago, which is concordant with 

previous estimates based on the available fossil record (Penney, 2010). The initial 

divergence within the Arachnida that separated the Araneae and Amblypygi was 

estimated to have occurred between 398 and 431 million years ago. The next 

divergence following the split of the Mesothelae and Opisthothelae 300 mya, which 

separated the mygalamorph and araneomorph spiders is dated at 198 to 208 mya.  

Whilst most dates provided by the calibrated tree seem plausible, fossils from both 

lineages have been recorded from a slightly earlier time (approx 230 mya) (Dunlop 

and Penney, 2012). The calibrated phylogeny also suggests a major radiation 

between 160-129 million years ago, which is similar to diversification recorded in 

other taxa. Finally the suggested age of the family Theraphosidae (Ornithoctonus 

huwena and Psalmopoeus cambridgei) is dated as being 87-94 million years. Whilst 

this is far earlier than the fossil record would suggest (16.5 mya) it is concordant 

with current phylogenetic hypotheses (Penney et al., 2003). 



 

  114  

 

D C P T J K Pg N 
 

Figure 5.4. Bayesian phylogenetic tree displayed as a chronogram from the 

BEAST analysis of the unpartitioned mitochondrial genome alignment. All 

lineages evolved according to the GTR+Γ4 substitution model. Posterior 

probabilities not shown but all nodes were supported in at least 99% of topologies. 

Node bars illustrate the width of the 95% highest posterior density (age range). 

Numbers indicate the mean estimates of divergence times. Grey bar shows period 

of divergence. Black triangles denote calibration points. 
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5.5. Discussion 
 

This study represents the most comprehensive sampling of complete 

mitochondrial genomes within the Araneae, covering 11 extant families and all 

three of the major spider lineages; Mesothelae, Mygalamorphae and 

Araneomorphae. Whilst there are large numbers of mitochondrial genomes 

available for other Arthropods, few studies (Timmermans, 2010; Cameron, 2007; 

Sheffield, 2009; Fenn, 2008) have focused on their potential to confidently resolve 

phylogenetic discordance.  This analysis has allowed the phylogenetic topology of 

spiders to be resolved with high support values, the first time this has been 

achieved solely based on molecular characters. Differing from previously reported 

phylogenies (Coddington et al., 2004; Coddington and Levi, 1991), all phylogenetic 

reconstructions have shown the Paleocribellate spider family Hypochilidae 

(Hypochilus thorelli) to have diverged from the common ancestor of the 

Mygalamorphae spiders and not the Araneomorphae. Hypochilidae is the only 

family within the Paleocribellate grouping and shares morphological 

characteristics of both Opisthothelae lineages. Similar to mygalamorph spiders the 

family Hypochilidae is characterised by having only two pairs of book lungs, as 

opposed to the four found in all other Araneomorph taxa (Jocque and Dippenaar-

Schoeman, 2006). However, as with all other Araneomorph spiders, members of 

the family Hypochilidae possess intersecting chelicerae and like some families 

have formed a cribellum, a silk spinning organ that is a functional homologue of 

the anterior median spinnerets of spiders belonging to the Mesothelae and 

Mygalamorphae (Opell, 2002) (Figure 5.5.). 
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Figure 5.5. Electron micrograph image of a spider cribellum. The small tubes 

on the cribellar gland release strands of silk of varying diameters. 

 

Although the presence of a cribellum was initially used to differentiate 

between cribellate (crebellum) and ecribellate (no cribellum) Araneomorph 

families, changes to taxonomic classifications have placed spiders with both 

morphologies in to the same family (Lehtinen 1967).  Thus, leading to the 

conclusion that the ancestor of all Araneomorphae was cribellate and this feature 

has been lost secondarily in some taxa (Coddington and Levi, 1991). Whilst many 

ecribellate Araneomorph spiders feature a colulus (reduced cribellum) some taxa 

appear to have evolved independently without cribellate precursors (Foelix, 

1996), making it more plausible that the ancestors of all Opisthothelae spiders 

were cribellate and this feature has been lost in present mygalamorphs. Whilst 

there are no fossils that can provide evidence for or against this, the inclusion of 

the Hypochilidae as a sister taxon to the Mygalamorphae is further supported in 

the secondary structure of tRNAs (See Chapter 4 Table 4.4.). Hypochilus thorelli not 

only shares the same mitochondrial gene order of other mygalamorph spiders but 

also exhibits greater similarities in the losses of tRNA T arms.  
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The phylogenetic reconstruction also highlights the reasons for earlier 

difficulties in obtaining strong support for individual gene trees, as most of the 

internal branches in the concatenated sequence phylogenetic trees are very short. 

Short internal branch lengths have been known to create conflicting topologies in 

both nuclear (O'HUigin et al., 2002) and mitochondrial DNA (Rogaev et al., 2006; 

Rohland et al., 2007). 

Using complete mitochondrial genome sequences from nine families of 

spiders I found evidence for a rapid radiation that occurred approximately 160-

129 million years ago at the boundary of the Jurassic and Cretaceous periods in 

line with the suggested hypotheses based on morphological, behavioural 

characters calibrated with fossil data (Penney et al., 2003). As flowering plants 

(Angiosperms) were also undergoing rapid diversification (Bremer et al., 2004) at 

this time I suggest that a change in floral landscapes may have spurred 

diversification within the Araneae by providing new ecological niches from which 

to diversify web structures (Dunlop et al., 2007). The diversification of flowering 

plants was also linked to the radiation of insects (Grimaldi, 1999), particularly 

those involved in pollination. An increase in prey in association with habitat and 

niche expansion may explain the high levels of speciation seen within spider 

families that have abandoned prey capture webs altogether, such as the mega-

diverse Salticidae. My results clearly demonstrate the power of mitogenomic 

analyses for resolving complicated phylogenetic relationships with strong 

statistical support using fossils of extant lineages from which to calibrate 

divergence estimates.  
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6. General discussion 
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6.1. Overview 

Advances in sequencing technology and in particular the development of 

second generation sequencing platforms have resulted in the rapid dissemination 

of large volumes of sequence data for relatively little cost (Ansorge, 2009; Metzker, 

2005; Meyer et al., 2007; Rothberg and Leamon, 2008). This has substantially 

increased the quantity of data available for comparative evolutionary analysis and 

allowed for ever increasing numbers of taxa and characters to be incorporated into 

resolving the branches of the tree of life (Lerner and Fleischer, 2010; Metzker, 

2010). The relatively small size of mitochondrial genomes makes them tractable to 

sequencing in their entirety and they have the potential to be utilised for the 

design and optimisation of phylogenomic analyses (Dordel et al., 2010; Dutilh et 

al., 2007; Hedin et al., 2012; McKain et al., 2012; Philippe et al., 2009).  

Despite these technological advances, the amplification and subsequent 

recovery of longer sequences, such as that of complete mitochondrial genomes, has 

not been straightforward. In some taxa a bottleneck exists between mitogenome 

amplification and downstream high-throughput sequencing and is restricting the 

creation of divergent datasets from which we can resolve higher-level topological 

incongruence (Kocot et al., 2011; Philippe et al., 2009; Wiens et al., 2010).  

The aim of this study was to examine these issues using the Araneae as a 

model order to explore the phylogenetic utility of divergent mitogenomic data sets. 

Spiders, in spite of their status as a well-described and speciose order, have been 

relatively understudied from a molecular perspective, especially in comparison 

with other orders of similar magnitude. In this thesis I have assessed multiple 

amplification techniques and processes from which to create divergent complete 

mitochondrial genome data sets. This has been achieved through the robust 

trialling and subsequent analysis of data from both PCR and WGA methodologies 
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across a range of disparate taxa. Through this endeavour I have highlighted both 

the successes and hindrances associated with each field and provided an insight in 

to the phylogenetic potential of the complete mitochondrial genome. 

 

6.2. Spider mitochondrial genomes 

This study represents the first comparative analysis of divergent 

mitochondrial genomes within the Araneae and has highlighted the high levels of 

variability therein. The comparative mitogenomic analysis of spider mitochondrial 

genomes sheds light on the architecture and evolution of the organelle across the 

order Araneae. Whilst rare genomic changes have long been thought to allow 

mitochondrial genomes to be phylogenetically informative at higher-levels (Rokas, 

2000; Boore, 1995), recent studies have found that both nucleotide diversity and 

mitogenomic traits ca be informative at subfamily level (Li et al., 2012). Whilst the 

inclusion of a broader range of taxa representing more taxonomic levels will be 

critical to fully understanding the mitogenomic evolution of spiders it is 

encouraging to have been able to identify potential markers for delineating 

relationships within the structure and content of mitochondrial genomes.  

 

6.3. Advances in fossil morphological identification 

Whilst this study serves to highlight the potential of complete mitochondrial 

genomes in resolving topological incongruence with high statistical support, many 

studies have shown the utility of morphological characters in combination with 

molecular data (Carden, 2012; Hills, 2012).  Recent advances in imaging 

technology (CT scanning) have allowed the 3D reconstruction of fossils from both 

rock and amber. This technique has been important in the identification of fossil 

spiders through the visualisation of morphological features that traditional 
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microscopy could not view and has been key in the correct identification to the 

species level (Dunlop et al., 2012; Penney et al., 2012b) . Whilst allowing for the 

correct identification of fossil samples to ensure correct familial placements, based 

on current understandings enhanced fossil visualisation also provides new and 

more accurate calibration points from which to date molecular phylogenies. In this 

study I have shown how fossil calibrations across large geological timescales can 

be incorporated with molecular data from extant species in order to accurately 

date the divergence and major adaptive radiations within an order whilst 

highlighting potential gaps in the fossil record. As more and more fossils are 

recovered the ability to accurately use this information in determining infra-order 

relationships will be invaluable for correctly hypothesising evolutionary 

relationships between disparate taxa. 

 

6.4. Bioinformatic issues 

Next-generation sequencing technologies have allowed the generation of 

ever increasing numbers of molecular characters and enabled us to perform large-

scale analyses in ways never before realised (Ansorge, 2009). While novel tools 

have been developed specifically for such massively parallel high-throughput 

sequencers, the increasing complexity of samples has presented difficult 

challenges and exposed a number of analytical bottlenecks in light of problems 

inherent with assembly or read-based analysis (Alkan et al., 2011).  

Based on the already apparent issues with down stream bioinformatics 

associated with NGS technologies it is expected that sequencing will soon cease to 

be the limiting factor in genomic studies. This study highlighted the difficulties in 

recovering mitochondrial DNA from low sequence coverage and in the presence of 
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contaminant sequences. Without improved algorithms and advances in 

bioinformatics it could soon become the main bottleneck for genomic projects.  

 

6.5. Advances in sequencing approaches 

This study has provided support for the potential of mitochondrial genomes 

to be utilised in creating robust phylogenetic frameworks. However, even if the 

hindrance associated the genomic amplification of divergent taxa is overcome, 

there still remains significant difficulties associated with assembly and annotation 

(Salzberg et al., 2012; Vezzi et al., 2012). Some new approaches have sought to 

minimise these issues by working in reverse (Johnson et al., 2013). Targeted 

Restricted Assembly Method (TRAM), known protein sequences from genes of 

interest in closely related taxa are used to identify reads from a shotgun NGS 

sequencing run. Reads can then be pooled and assembled into contigs before being 

aligned to reference cDNA in order to remove non-coding regions. EST, or 

expressed sequence tags have also been used with good success to analyse large 

parts of the transcriptome and in doing so provide large amounts of microsatellite 

data that can be used for population genetic studies (Mercati et al., 2013; Mohanty 

et al., 2013). However this is limited by the need for exceptional specimen 

preservation in order to assure the availability of mRNA and can be unsuitable or 

more difficult for some taxa. RAD tag sequencing has recently been used to exploit 

the massively high throughput capabilities of Illumina sequencing platforms 

(Scaglione et al., 2012). Restriction enzymes are used to digest sites within the 

nuclear genome and sequncing adapters and indexes are simultaneously annealed 

to the resulting fragments. Once sequenced this is used to identify single 

nucleotide polymorphisms (SNPs) for use in population genetics. With each new 

study and technique it is evident that advances in sequencing technologies have 
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opened up more avenues from which genetic data can be retrieved to allow greater 

and more robust comparative analyses. 

 

6.6. Third generation sequencing 

In spite of NGS, or second generation sequencing technologies, still being 

relatively in their infancy, the next-generation of DNA sequencing technologies is 

already being developed (Rusk, 2009; Schadt et al., 2011). Unlike NGS platforms 

that rely on sequencing by synthesis (SBS) methods where DNA is PCR amplified in 

clusters before being bound to a solid surface for imaging, third generation 

sequencing involves the interrogation of only a single molecule of DNA (Eid et al., 

2009; Luan et al., 2010).  Ultimately this technology centres on the ability to 

sequence a single molecule of DNA at a time without the need to pause between 

reads and thus greatly reducing the time the associated with sequencing, allowing 

even higher-throughput than the systems used currently (Meyer et al., 2007). 

Several methods have been developed by which to achieve this goal, but currently 

they are either still restricted to PCR based sequencing such as Ion Torrent’s semi 

conductor sequencer (Merriman et al., 2012; Rothberg et al., 2011) or have not yet 

become truly feasible at a commercial scale. Once third-generation sequencing 

methods become established they will have the potential to eliminate all bias 

associated with the amplification of divergent datasets and the only step needed 

for sequencing preparation will revolve around the isolation of the required 

genome be it nuclear or organellar in origin. 
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6.7. Summary of thesis 

The aim of this thesis, as set out in the introduction, was to harness the potential of next-

generation sequencing platforms to address both the lack of molecular data available for 

the Araneae, and to address the issues associated with the construction of divergent 

mitogenomic datasets. Whilst the goal of creating large datasets from which I could 

attempt to resolve the conflicting relationships within the Araneae (Blackledge et al., 

2009) was not realised, the mitochondrial genome data generated by this study was 

instrumental in allowing a true comparative analysis of mitochondrial features that has 

helped elucidate the evolutionary history of spiders. Moreover, the comparative analysis 

of complete mitochondrial genome sequences has been able to assess the variation of 

mitochondrial traits, such as tRNA secondary structure, across all currently recognized 

major lineages of spiders. Whilst the phylogenetic analysis of mitogenomic sequences 

used within the study were able to robustly reassess current taxonomic classification 

within the Araneae, the incorporation of rare genomic changes and other gene features 

will be critical in providing support for phylogenetic hypotheses, particularly where few 

taxa have been sampled. 

In relation to the initial aims of the thesis, I feel that this study has provided a framework 

from which future analyses can be designed and offered potential new insights in to the 

utilisation of non-PCR based amplification strategies for the construction of divergent 

mitogenomic datasets. 
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Abstract

The development of second generation sequencing technology has resulted in the rapid production of large volumes of
sequence data for relatively little cost, thereby substantially increasing the quantity of data available for phylogenetic
studies. Despite these technological advances, assembling longer sequences, such as that of entire mitochondrial genomes,
has not been straightforward. Existing studies have been limited to using only incomplete or nominally intra-specific
datasets resulting in a bottleneck between mitogenome amplification and downstream high-throughput sequencing. Here
we assess the effectiveness of a wide range of targeted long-range PCR strategies, encapsulating single and dual fragment
primer design approaches to provide full mitogenomic coverage within the Araneae (Spiders). Despite extensive rounds of
optimisation, full mitochondrial genome PCR amplifications were stochastic in most taxa, although 454 Roche sequencing
confirmed the successful amplification of 10 mitochondrial genomes out of the 33 trialled species. The low success rates of
amplification using long-Range PCR highlights the difficulties in consistently obtaining genomic amplifications using
currently available DNA polymerases optimised for large genomic amplifications and suggests that there may be
opportunities for the use of alternative amplification methods.
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Introduction

Mitochondrial DNA markers are the cornerstones of contem-

porary molecular systematics and contribute greatly to our

understanding of organellar evolution [1,2]. However, robust

phylogenetic reconstruction is often impeded by low sequence

volume and number of comparative loci. Prior to the turn of the

century, single gene partitions were commonly used to infer

phylogenetic histories, but poor nodal support and discordance

between phylogenies derived from separate markers clearly

revealed that additional data are needed for robust phylogenetic

reconstruction [3].

As more sequence data becomes available for elucidating the

tree of life, large-scale sequencing efforts and interrogation of

expressed sequence tag (EST) libraries or sequenced transcrip-

tomes [4,5] have begun to yield large numbers of nuclear markers

that can be used for phylogenetic reconstruction [6]. However,

true phylogenomic analyses are still not practical for the de novo

construction of phylogenetic hypotheses for taxa without se-

quenced transcriptomes [7,8]. A compromise between traditional

phylogenetic methods and phylogenomics lies in the phylogenetic

analysis of whole mitochondrial genomes [9–11]. However, the

routine amplification of complete mitochondrial genomes from

divergent taxa remains a significant hurdle to the widespread

adoption of mitogenomic approaches.

The number of informative phylogenetic characters within the

mitochondrial genome has been appreciated for some time [1] but

most studies have limited themselves to only exploring parts of this

information to resolve relationships at multiple levels [12]. The

increase in whole mitochondrial genome datasets has provided

new characters potentially allowing more robust phylogenies to be

constructed. These markers, known as rare genomic changes

(RGCs) have become increasingly popular for resolving complex

phylogenetic relationships where traditional methods have pro-

duced ambiguous, unresolved results [12]. RGCs, defined as large-

scale mutational changes occur much less frequently than base

substitutions and have long been used in phylogenetics as

supporting data embedded in DNA sequences. Examples of

RGCs include changes in organelle gene order, gene duplications

and genetic code variants [13–16].
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Whilst the potential benefits of analysing whole mitochondrial

genomes (including both coding regions and structural characters)

in furthering our understanding of the mechanisms behind the

evolution of organellar DNA are clear, all of the data produced to

date have been of comparatively low volume. The lack of

empirical data means that we still cannot accurately assess the

utility of full mitogenomic sequences as a tool for resolving

complex phylogenies in many taxa [17]. Advances in sequencing

technology (e.g 454 Roche GSFLX series and Solexa/Illumina)

are likely to resolve the sequencing throughput issue [18].

However, there are still clear limitations associated with the

large-scale PCR amplification of divergent, interspecific, whole

mitochondrial genomes. In spite of the recent revolution in

sequencing technologies, current mitogenomic studies have been

characterised by either analysing data from large, but incomplete

mitochondrial genome fragments [10], low numbers of species

[19] or by focusing on nominally intra-specific datasets [9]. In

order to investigate the resolution potential, and associated

problems with the amplification of large, interspecific mitoge-

nomic data sets we focus here on spiders (Arthropoda: Araneae).

The Araneae are among the oldest and most diverse group of

terrestrial organisms [20,21], with a current diversity of more than

43,240 described species, placed in 111 families [22]. Spiders are

an unequivocally ecologically important guild, being the dominant

predators of insects in natural and managed ecosystems [23].

However, they have been relatively understudied from a higher-

level molecular systematic perspective, and very little is known

about inter-family relationships [24]. More recent attempts to

resolve the phylogeny of the Araneae, have revealed significant

topological incongruence between morphological and multiple loci

phylogenies [25]. This makes the Araneae an ideal order to test

the application of using mitochondrial phylogenomics to resolve

complex relationships and better understand the evolutionary

mechanisms underlying speciation and diversification. Further-

more, recent studies have shown repeated tRNA gene transloca-

tions [26,27] in combination with an extensive fossil record can be

utilised in resolving high-level relationships, via calibrated gene

trees in the Araneae [28–31]. Here, we investigate the utility of

direct long-range PCR amplification of whole mitochondrial

spider genomes, using a large range of currently available long-

range Taq polymerases. The PCR approach was chosen as it

circumvents the need for (often unavailable) large starting biomass

associated with the direct pelleting of mitochondria. Whilst

mitochondrial genomes can be readily amplified in large numbers

of small fragments, this is both costly and labour intensive. To this

end, we adopted both single and dual fragment amplification

approaches across the phylogenetic breadth of the order to assess

the feasibility of both conserved and directed approaches for

expedient whole mitochondrial DNA amplification.

Materials and Methods

Sample Collection and DNA Extraction
Spiders were obtained from across the United Kingdom and

Gambia by the authors and members of the British Arachnological

Society (BAS) and either ethanol preserved (70%–100%, stored at

4uC) or freshly frozen (stored at 280uC) directly from living

individuals (Table 1). Samples of Selenops annulatus, Deinopis sp. and

Cithaeron praedonius had been stored in 70% ethanol and were

incorporated in order to maximise taxonomic coverage across the

order. No specific permits were required for the described field

studies and no specific permissions were required for these

locations or activities. No locations were privately owned or

protected and the field studies did not involve protected or

endangered species. All four legs were removed from the left side

of the thorax prior to DNA extraction. The rest of the body was

stored in 100% ethanol for vouchering and subsequent identifi-

cation purposes. Whole genomic DNA was extracted from a single

femur of each species using the Qiagen DNeasy Blood & Tissue

Kits (Qiagen).

Primer Anchoring Strategy
In order to identify an efficient approach for the amplification of

whole mitochondrial genomes we adopted two long-range PCR

strategies to amplify the complete mitogenome in one or two large

fragments [32]. DNA from two anchoring regions, a ca. 650 b.p.

region of the Cytochrome Oxidase I (COI) and a 450 b.p. region

spanning the large ribosomal subunit (16 s rRNA), were amplified

for 33 taxa. Both amplifications were performed in 25 ml reactions

using the primer combinations of CHELF1 (59- TACTCTAC-

TAATCATAAAGACATTGG) and CHELR2 (59-GGATGGC-

CAAAAAATCAAAATAAATG) (COI) [33] and primers LR-N-

13398 (59- CGCCTGTTTAACAAAAACAT) and LR-J-12887

(59- CCGGTCTGAACTCAGATCACGT) (16 s) [25]. PCR

reactions comprised 16 PCR buffer, 1.5 mM MgCl2, 0.4 mM of

each primer, 0.625 units ThermoPrime Taq DNA polymerase

(Thermo Scientific) and 1 ml template DNA and thermocycling

was performed using a DNA engine (Tetrad 2) Peltier Thermal

Cycler (BIORAD). Cycling conditions were 60 seconds at 94uC, 5

cycles of 60 seconds at 94uC, 90 seconds at 45uC and 90 seconds at

72uC followed by 35 cycles of 60 seconds at 94uC, 90 seconds at

50uC and 90 seconds at 72uC [33]. Amplification success was

checked using a 1% agarose gel stained with Ethidium Bromide

(EtBr). Successful amplifications were cleaned with 1 U shrimp

alkaline phosphatase (Promega) to dephosphorylate residual

deoxynucleotides and 0.5 U Exonuclease I (Promega) to degrade

excess primers [34] and subsequently sequenced bidirectionally

(Macrogen Inc, Seoul, Korea) using the same primers as for

amplification.

Long-Range Primer Design and PCR
Following the Sanger sequencing of the COI and 16 s

anchoring regions, chromatographs were checked and sequences

were manually edited where necessary, using CodonCode Aligner

(v. 2.0.6, Codon Code Corporation), prior to alignment using

Clustal W [35]. The initial aim of this process was to amplify

regions of sufficient length, on opposite sides of the mitochondrial

genome, from which ‘universal’ primers could be designed

[26,36,37]. However, no conserved regions were found that would

facilitate the design of long-range primers that could be used to

amplify homologous loci from multiple families. long-range

primers were subsequently designed for individual taxa in order

to amplify the entire mitochondrial genome in one or two large

fragments that overlapped with the conserved COI and/or 16 s

ribosomal subunit using the Primer 3 software [38]. Default values

were used with the exception of length (22–30 bp), primer Tm

(57.0–70.0uC) and GC content (40–60%) which followed consen-

sus recommendations from the Taq manufacturers (Primer

sequences available on DRYAD entry doi:10.5061/dryad.8dd3n).

For the single fragment protocol, primers were designed within the

COI sequences, with the light strand primer situated downstream

of the heavy strand primer, thus taking advantage of the circular

nature of the genome. For the dual fragment protocols, two sets of

primers were designed for each taxon, to bridge the gaps between

the COI and 16 s regions (Figure 1).

The PCRs were performed initially in 50 ml volumes using

multiple polymerases recommended for long-range PCR amplifi-

cation, including: Clontech Advantage 2, Clontech Advantage

Araneae Mitogenome Amplification Challenges
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Titanium, Clontech Advantage HD (Takara Biotech), NEB

LongAmp (NEB), GeneAmp XL (Applied Biosystems) & Expand

Long Range PCR (Roche), using the protocols and cycling

conditions recommended by the manufacturers. All DNA

polymerases were initially tested on five phylogenetically disparate

samples prior to using the most successful ones on the remaining

samples. Successfully amplified PCR products were electropho-

resed and subsequently purified using Qiagen QiaQuick Gel

extraction kits (Qiagen) or Origene Rapid PCR Purification

System (Origene), dependent on fragment size. Following long-

range PCR amplification, primers were assigned to groups based

on amplification success (good, stochastic or no amplification) and

subsequently tested for significant differences in primer length, GC

content and Tm using a Mann-Whitney U test in the statistics

package SPSS [39].

Amplicon Shearing, Library Construction and 454 Roche
Sequencing

Amplicons from eleven purified samples (Meta menardi, Xysticus

audax, Psalmopoeus cambridgei, a Gorgyrella sp., Eupalaestrus

campestratus, a Linyphiidae sp., Zelotes apricorum, Malthonica

silvestris, Araneus diadematus, Pisaura mirabilis & Dysdera erythrina) were

fragmented using a Covaris DNA shearer (Covaris) at 10% duty

cycle, intensity: 4 with 200 cycles per burst for 65 seconds.

Following quantification using a Qubit 2.0 fluorometer (Invitro-

gen), MID barcoded adapted sequencing libraries were construct-

ed using the NEBNext DNA sample prep master mix set in

accordance with manufacturer’s instructions (New England

Biolabs), pooled in equimolar concentrations and sequenced at

low putative coverage on 1/16th of a 454 Roche GSFLX Titanium

platform (Centre for Genomic Research, University of Liverpool).

Table 1. Taxonomic information, storage conditions and GenBank accession numbers for specimens.

Family Genus Specific epithet Sample ID Locality COI 16 s Sample storage

Agelenidae Malthonica silvestris 464_SC_AB Kent, UK JQ412460 Frozen

Amaurobiidae Amaurobius similis 483_SC_AB Lancashire, UK JQ406635 Frozen

Anyphaenidae Anyphaena accentuata 522_SC_AB Kent, UK JQ412439 JQ406633 Frozen

Araneidae Agalenatea redii 507_SC_AB Kent, UK JQ406637 Frozen

Araneidae Araneus diadematus 571_SC_AB Dorset, UK JQ412440 JQ406621 Frozen

Cithaeronidae Cithaeron praedonius 455_SC_AB Kotu, Gambia JQ412441 Ethanol

Clubionidae Clubiona terrestris 518_SC_AB Kent, UK JQ412442 Frozen

Corinnidae Messapus martini 453_SC_AB Kerr Serign, Gambia JQ406616 Ethanol

Corinnidae Phrurolithus festivus 503_SC_AB Kent, UK JQ406632 Ethanol

Ctenidae Anahita sp. 460_SC_AB Kotu, Gambia JQ406614 Ethanol

Cybaeidae Argyroneta aquatica 581_SC_AB Dorset, UK JQ406617 Frozen

Deinopidae Deinopis sp. 451_SC_AB Gunjur, Gambia JQ412443 Ethanol

Dictynidae Dictyna latens 499_SC_AB Kent, UK JQ412444 JQ406629 Ethanol

Dysderidae Dysdera erythrina 479_SC_AB Kent, UK JQ412445 JQ406627 Ethanol

Eresidae Stegodyphus sp. 454_SC_AB Bijilo, Gambia JQ412459 Ethanol

Gnaphosidae Zelotes apricorum 462_SC_AB Kent, UK JQ412463 Frozen

Idiopidae Gorgyrella sp. 448_SC_AB UK Pet Trade JQ412447 Frozen

Linyphiidae Unknown Unknown 559_SC_AB Gwynedd, UK JQ412448 JQ406636 Frozen

Lycosidae Pardosa nigriceps 477_SC_AB Kent, UK JQ412452 JQ406631 Ethanol

Philodromidae Philodromus dispar 517_SC_AB Kent, UK JQ412453 JQ406634 Frozen

Pisauridae Pisaura mirabilis 502_SC_AB Kent, UK JQ412454 JQ406630 Ethanol

Pholcidae Pholcus phalangioides 484_SC_AB Lancashire, UK JQ406625 Frozen

Salticidae Salticus scenicus 423_SC_AB Gwynedd, UK JQ412456 JQ406628 Ethanol

Segestriidae Segestria senoculata 583_SC_AB Gwynedd, UK JQ412457 JQ406615 Ethanol

Selenopidae Selenops annulatus 449_SC_AB Kotu, Gambia JQ412458 Ethanol

Sparassidae Micrommata virescens 461_SC_AB Kent, UK JQ412451 JQ406618 Frozen

Tetragnathidae Meta menardi 481_SC_AB Gwynedd, UK JQ412449 JQ406620 Frozen

Theraphosidae Eupalaestrus campestratus 446_SC_AB UK Pet Trade JQ412446 JQ406626 Frozen

Theraphosidae Grammostola rosea 445_SC_AB UK Pet Trade JQ406624 Frozen

Theraphosidae Psalmopoeus cambridgei 447_SC_AB UK Pet Trade JQ412455 JW406623 Frozen

Theridiosomatidae Theridiosoma gemmosum 489_SC_AB Glamorgan, UK JQ412461 Frozen

Thomisidae Xysticus audax 521_SC_AB Kent, UK JQ412462 JQ406622 Frozen

Uloboridae Miagrammopes sp. 452_SC_AB Bijilo, Gambia JQ412450 JQ406619 Ethanol

Sample storage indicates the methods in which the specimens were preserved on collection; either freshly frozen at 280uC (frozen) or stored in 70–100% ethanol at
4uC.
doi:10.1371/journal.pone.0062404.t001
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Please note that the sequencing step here was intended as a quality

control measure and not intended to sequence to a depth required

for full mitochondrial genome assembly (sequence quality data

available on DRYAD entry doi:10.5061/dryad.8dd3n). The 454

Roche sequences were assembled using GS De Novo Assembler

software (Roche). Following trials with Roche’s GS De Novo

software, MIRA (B. Chevreux) and CLC Genomics Workbench

(CLC bio, Aarhus, Denmark), no substantial differences in number

of contigs or length were present using any of the approaches.

Therefore, in accordance with the proven functionality of the 454

Roche software, all sequences were assembled using the GS De

Novo program. Following assembly, the resulting contigs where

compared to existing Araneae mitochondrial DNA sequences

within GenBank via BLAST [40] in order to investigate sequence

homology (Genbank accession numbers: AY309258, AY309259,

AY452691, NC_005942, NC_010777, NC010780).

Results

Anchoring Regions
Of the 33 species used, 27 and 24 taxa were successfully

amplified for the COI and the 16 s regions respectively, yielding

anchoring points for a total of 26 families (Table 1) (GenBank

accession numbers: COI - JQ412439 - JQ412463 and 16 s -

JQ406614–JQ406637).

Mitochondrial Genome PCR Amplifications
Initially, five specimens, covering a broad taxon range, were

used to test the performance of the Taq polymerases for single

fragment mitochondrial genome amplification (Table 2). Follow-

ing repetition of the Taq testing when opting for a dual fragment

approach, it was found that NEB LongAmp was equally as

effective as Clontech Advantage 2 Taq polymerase. Subsequently,

complete mitochondrial genomes were successfully amplified in c.

7–9 kb or c. 15 kb fragments using Clontech Advantage 2 (single

Figure 1. Araneae mitochondrial genome displaying anchoring regions. Spider mitochondrial genome highlighting the genes from which
the two fragment long-range PCR strategy was designed (green arrows – direction indicates gene sequence 59–39). Solid red bars show the two long-
range PCR products and approximate length.
doi:10.1371/journal.pone.0062404.g001
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fragment) or NEB LongAmp (dual fragment) Taq polymerases.

The probability of obtaining successful amplifications of complete

mitochondrial genomes utilising either the 1 or 2 fragment

amplification protocol was not demonstrably different (based upon

presence/absence of bands), suggesting that the limiting factor in

the amplification of the genomes was not necessarily the size of the

target fragment. In some two-fragment amplifications (Samples

Pardosa nigriceps, Dysdera erythrina, Pisaura mirabilis, Phrurolithus festivus

& Anyphaena accentuata) the COI to 16 s region amplified

consistently more often than the reverse, highlighting potential

inhibition to amplification within the target sequence. However, of

the initial 33 samples trialled, from which a subset of 22 (based on

sequence availability and prior PCR amplification success) were

used for long-range PCR, only 11 mitochondrial genomes could

be amplified robustly and with a guaranteed level of reproduc-

ibility (Meta menardi, Xysticus audax, Psalmopoeus cambridgei, a Gorgyrella

sp., Eupalaestrus campestratus, a Linyphiidae sp., Zelotes apricorum,

Malthonica silvestris, Araneus diadematus, Pisaura mirabilis & Dysdera

erythrina). The NEB LongAmp polymerase (NEB) amplified

genomes in two fragments with greater reproducibility whilst

Clontech Advantage 2 (Takara Biotech) amplified single fragment

genomes with greater consistency. Statistical analysis of the primer

properties (length, GC content and Tm) yielded no significant

differences between any combination of primers that amplified

repeatedly, intermittently, or those that consistently failed to

amplify mitochondrial genome fragments.

454 Roche Sequencing
The sequencing of the 11 amplicon libraries provided a total of

27,892 tagged reads with an average length of approximately 278

bases (Table 3). Reads from sample 464_SC_AB (Malthonica

silvestris) were unable to be recovered by the MID identifying

software. De novo read assembly was unable to construct complete

mitochondrial genomes but provided an average of an estimated

65% sequence assembly (assuming a ca. 15 kb mitogenome target;

contigs and sequences available on DRYAD entry doi:10.5061/

dryad.8dd3n).

In light of the likelihood of tRNA gene rearrangements and

because only 6 mitochondrial genomes were available on Genbank

at the time of analysis, a highly dissimilar BLAST search was

performed on the nucleotide collection database. Of the 10

samples, all contigs created through short-read assembly had

maximum identification values ranging from 78–100% Max ID

for spider mitochondrial DNA, either through an unrestricted

blast search or with searches focused on Araneae accessions.

Nucleotide sequences for all reads were deposited in the GenBank

short-read archive (SRA051390.1).

Discussion

We were able to amplify most of the target genes (COI and 16 s)

across our taxon range, but were unable to identify or develop

degenerate primers for any other potential anchoring region

within the spider mitochondrial genome following sliding window

analyses of all regions most commonly used in spider phyloge-

netics. Sliding window analysis was performed on all 13 protein

coding genes and both ribosomal RNAs (rRNAs) of the six

previously published spider mitochondrial genomes using the

Drosophila Polymorphism database, SNP Graphics (http://dpdb.

uab.es/dpdb/diversity.asp) (sliding window plots available on

DRYAD entry doi:10.5061/dryad.8dd3n). This most likely

highlights the high level of mitochondrial genetic diversity that

can be found within the spiders along with the absence of universal

primers available for no more than a handful of protein coding

genes, resulting in few reference sequences available for compar-

ison for large portions of the Araneae mitogenome [41].

Predictably, the 454 Roche low coverage sequencing step

resulted in a wide variation of read coverage per amplicon pool,

most likely due to differences in MID primer tag design and read

recovery. Nevertheless, even highly covered mitochondrial ge-

nomes did not result in a full assembly, suggesting further

optimisation may be required in either the shearing or bioinfor-

matic steps of mitogenome assembly [42]. The BLAST search of

the assembled contigs showed that spider mitochondrial genomes

had indeed been amplified and that we had not inadvertently

amplified nuclear DNA or DNA from a contaminating source

such as the Wolbachia bacterium [43]. The need to use searches

focused on Araneae accessions, in order to get positive matches,

most likely highlights the genetic divergence between the trialled

taxa and the complete mitogenomic data currently available for 6

out of the 112 described families of spiders.

Nevertheless, even following an extensive campaign of PCR

strategies and optimization, using a variety of long range Taqs, we

could not consistently amplify approximately two thirds of the

species, a substantial proportion of our sample taxa. We have no

reason to attribute PCR failure to degraded DNA resulting from

sample storage conditions, since all specimens were preserved

directly from living organisms using tried and tested preservation

media. Moreover, of the three samples stored in 70% EtOH,

although sample Selenops annulatus did not amplify, samples Deinopis

sp. and Cithaeron praedonius could be amplified, albeit inconsistently,

suggesting that 70% EtOH preservation over ca. three years may

be sufficient to preserve mitogenome integrity for PCR amplifi-

cation. However, we could not rule out the possibility that sub-

optimal storage conditions can adversely affect the availability of

Table 2. Enzymatic information for successful long-range amplifications.

Sample reference Clontech NEB LongAmp Expand Long Range

Advantage2 AdvantageLA

448_SC_AB Stochastic No amplification No amplification Good

462_SC_AB Good No amplification Weak No amplification

464_SC_AB Good No amplification No amplification No amplification

446_SC_AB No amplification* No amplification No amplification* No amplification

451_SC_AB Stochastic Stochastic No amplification Stochastic

Clontech Advantage Titanium and Roche GeneAmp XL are not shown but failed to amplify any samples.
*Indicates good amplification from a dual fragment PCR approach. The term Good indicates robust and consistent amplification. The term Stochastic indicates a non-
consistently reproducible amplification.
doi:10.1371/journal.pone.0062404.t002
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suitable templates for long-range PCR. It is also unlikely that the

primers affected long-range PCR success rate, since comparative

analysis between the primer sets revealed no discernable statistical

differences in physical or chemical properties (i.e. GC content,

length, Tm). The arachnid mitochondrial genome, as for most

animal mitochondrial genomes, is a small extra-chromosomal

genome comprising 37 genes including 22 coding for transfer

RNAs (tRNAs), 13 coding for proteins and 2 coding for ribosomal

RNAs (rRNAs) [1]. As well as the 37 coding genes, mitochondrial

genomes also contain a small, approximately 1–2 kb, non-coding

control region, named due to its perceived role in controlling the

transcription and replication of the mtDNA molecule [44].

However, the protein coding gene arrangement of spiders is

highly conserved and shared amongst many other Chelicerates

and so is not likely to cause differences in amplification success.

Previously published Araneae mitochondrial genomes are consid-

ered to be very A/T rich (64–76%), reflecting the low G/C

content of the mitochondrial genomes of other arthropod orders

[45]. In spite of the low G/C content of the DNA, no definitive

reason is forthcoming for the failure to obtain more consistent long

PCR amplifications from our target mitochondrial genomes.

Whilst the larger region (COI-16 s) of the dual fragment approach

amplified successfully more often than the shorter 16 s-COI

counterpart, the G/C content of both fragments is comparable

(approximate difference of 2.6% averaged across all currently

published Araneae mitochondrial genomes) with no significant

differences between the highest and lowest values of the

comprising genes within each fragment. However the lesser-

amplified small fragment (16 s-COI) does contain the control

region, also known as the A+T rich region due to its low G/C

content, which has been known to inhibit DNA polymerases in

insects and platyhelminths [46]. However, enzyme inhibition is

more likely to be caused by tandem repeats [47] present in and

around the control region as comparative analysis of previously

published arachnid mitochondrial genomes show other genes to

also have lower G/C content.

Our results provide evidence for the successful amplification of

several whole mitochondrial genomes, in one or two long

fragments overlapping the COI and/or 16 s regions, using a

variety of commercially available DNA polymerases optimised for

large genomic amplifications. However, we have also highlighted

the difficulty in obtaining amplifications with a guaranteed level of

reproducibility, using multiple currently available polymerases and

thus highlighted potential limitations to the feasibility of

mitogenomic studies featuring large numbers of independently

amplified taxa using single, or dual fragment approaches. Recent

studies utilising mitogenomics to resolve phylogenetic incongru-

ences have avoided this issue by focusing on the production of

datasets comprising either incomplete genome sequences [10] or

that are nominally intra-specific [9]. Whilst these data still provide

a large number of informative phylogenetic characters, the lack of

the whole mitochondrial genome precludes the acquisition of

maximum phylogenetic resolution, including RGCs, from the

mtDNA genome [48–50]. However, the importance of recovering

complete mitogenomic sequences in order to more accurately

reconstruct phylogenetic relationships has long been understood

and so remains an important avenue of exploration in contem-

porary phylogenetics [51]. Although we present data on a single

order (Araneae – Spiders) we believe that the results highlight the

limitations to the feasibility of generating diverse, interspecific

complete mitochondrial genome data sets from long-range PCR

amplifications, in terms of both cost and efficiency. Whilst many

studies have successfully used a multitude of PCR amplifications in

order to generate mitochondrial genomes [48,52,53], this is both

labour and time intensive. This highlights the potential need to

utilise alternative, non-PCR based methods that are able to

amplify complete mitochondrial genomes both quickly and cost

effectively. Direct recovery of organellar genomes and mitochon-

drial gene partitions from whole shotgun genome sequencing and

EST libraries is possible [54,55], but expedient mechanisms to

isolate only the mtDNA locus are needed to optimise organellar

coverage for large numbers of taxa. While methods such as Rolling

Circle Amplification (RCA) [56] have been trialled successfully on

a limited number of species, further investigations across a range of

taxa will be desirable to investigate their full potential to create

divergent, multi-taxon datasets for comparative mitogenomics.

Such methods hold advantages over PCR-based strategies due to

the non-specific nature of the amplification process. By using

random hexamers, as opposed to synthesising bespoke taxon-

specific oligonucleotides, it is possible to avoid the amplification

failure shown by this study whilst allowing for the creation of large,

diverse mitochondrial genome datasets from low amounts of

starting material.

Table 3. Sequencing information following 454 GS FLX run and subsequent GS De Novo Assembler contig assembly.

Species Name Sample Reference Number of Reads Number of Contigs
Average Contig
Length

Roche MID
Identifier

Longest Contig
Length

Araneus diadematus 571_SC_AB 1,313 20 340 1 1,058

Psalmopoeus cambridgei 447_SC_AB 1,689 17 944 2 4,483

Eupalaestrus campestratus 446_SC_AB 380 5 849 3 1,916

Gorgyrella sp. 448_SC_SB 6,203 49 665 4 2,849

Xysticus audax 521_SC_AB 4,887 35 423 5 2,257

Pisaura mirabilis 502_SC_AB 1,192 14 505 6 872

Dysdera erythrina 479_SC_AB 1,554 16 733 7 1,523

Linyphiidae sp. 559_SC_AB 503 12 540 8 1,310

Zelotes apricorum 462_SC_AB 9,081 26 619 9 6,434

Meta menardi 481_SC_AB 1,090 18 532 11 1,452

Number of reads per sample represents only those from which the indicator MID sequence was recovered. Number of contigs represents only those formed with a
length greater than 100 bases. Average contig length refers only to contigs over 100 bases in length. Longest contig length shows the largest single contig assembled.
doi:10.1371/journal.pone.0062404.t003
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Data Accessibility
DNA sequences: Genbank accessions JQ412439 - JQ412463,
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Primer sequences, Contigs & Sliding window analysis: DRYAD

entry doi:10.5061/dryad.8dd3n.
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