2014. The Journal of Arachnology 42:1-15

REVIEW

New sequencing technologies, the development of genomics tools, and their applications in
evolutionary arachnology

Michael S. Brewer'?, Darke D. Cotoras’®, Peter J. P. Croucher'? and Rosemary G. Gillespie’ 'Department of

pet

Environmental Science, Policy, and Management, University of California, Berkeley, California 94720 USA. E-mail:
michaelsbrewer@gmail.com; *Essig Museum of Entomology, University of California, Berkeley, California 94720 USA,;
*Department of Integrative Biology, University of California, Berkeley, California 94720 USA

Abstract. Molecular genetic tools have been a boon to arachnologists for decades and used to study many unigue aspects
of arachnid biology including genomics, phylogenetics, population genetics, and biogeography. These tools have evolved
over time and now provide myriad methods for exploring evolutionary questions. Early tools, while still useful under the
proper circumstances, are giving way to a new generation of DNA. sequencing technologies. These new platforms yield
impressive amounts of data at a fraction of the cost of traditional techniques. Herein, we discuss the history and future of
molecular evolutionary arachnology in terms of available genetic/genomic tools and their potential applications, strengths,
weaknesses, and relative costs. Next-generation sequencing (NGS) platforms are varied in their methods and potential uses,
making high-throughput sequencing studies focusing on a wide array of questions tractable. To date, relatively few studies
have employed NGS technologies using arachnids, but many could benefit from using them. Because no model species exist
within the class Arachnida, we have a limited understanding of arachnid genomics. With the ever-advancing nature of
sequencing technologies and bioinformatics, arachnologists can relatively easily implement NGS studies to bridge the gaps
in our understanding and open avenues for deeper and more powerful experiments. To this end, we discuss examples of
applications of NGS technologies focusing on arachnid taxa. Despite the allure of acquiring massive quantities of sequence
data, we should recognize the limitations of existing NGS technologies and not forsake pre-NGS methods when these
technologies could adequately address our questions.
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1. INTRODUCTION

Since Linnaeus and before, scientists have sought to put
order into the diversity of life, the thirst for information
increasing with the recognition of the role of evolutionary
processes in shaping that diversity. The advent of molecular
techniques in the 1980s introduced a huge diversity of novel
markers for assessment of phylogenetic affinities. Moreover,
with the growth of the human genome project. the potential
use of vast numbers of genes across the genome was soon
recognized (Jones 1991). Analytical tools were developed that
could use the almost limitless data to address questions
ranging from historical and recent demographic and migrato-
ry patterns to identifying signatures of recent natural selection
(Nielsen 2010; Rasmussen et al. 2011; Lohmueller 2011). Here,
we examine where the field of arachnology stands within the
genomic revolution.

In recent years, advances in sequencing technology have led
to great increases in genomic resources for many non-model
species. The arthropod class Arachnida, encompassing over
100,000 nominal species classified into 12-13 traditional
orders (Krantz and Walter 2009; Blick and Harvey 2011),
comprises a diverse array of taxa that serve key functions in
terrestrial ecosystems as important predators and decompos-
ers. Mueh of their diversity is unique to particular arachnid
taxa, including complex silk production (spiders and mites),
venom composition (spiders, scorpions, and pseudoscorpions)
and detoxification of plant compounds (Grbic¢ et al. 2011). and
has long been of particular interest to researchers. As an
example, spiders have been used to study behavior (reviewed
by Herberstein and Hebets 2013), development (e.g., Ka-
nayama et al. 2010; Wolff and Hilbrant 2011; Mittmann and
Wolff 2012), sexual selection (e.g., Kuntner et al. 2009; Su et
al. 2011), genetics (reviewed by Goodacre 2013), evolutionary
ecology (reviewed by Moya-Larano et al. 2013) and biogeog-
raphy (reviewed by Gillespie 2013), among other fields.
However, relationships within and among arachnid taxa are,
in many cases, not presently resolved (Giribet and Edgecombe
2013), and a paucity of genomic resources has hindered efforts
in various fields of arachnology. Molecular teehniques have
been successfully employed to investigate a number of these
issues, but some problems require data at a scale heretofore
unavailable to arachnologists.

Here we first briefly review how more “traditional”
molecular tools have been applied to arachnid biology and
then go on to discuss emerging next-generation sequencing
(“NGS”) applications and their potential impact within the
field. Instead of deeply discussing each area of arachnology
and thoroughly reviewing the literature, we provide a brief
background with select citations and proceed to describe some
ways in which the rapidly multiplying set of NGS tools may be
used.

2. “TRADITIONAL™ MARKERS OF NUCLEAR
GENETIC VARIATION

Prior to genomic tools, multiple techniques were used for
examining variation in nuclear DNA and hence to assess
geographic and population structure, the most widely used
being randomly amplified polymorphic DNA (RAPDs),
restriction fragment-length polymorphisms (RFLPs), and
satellite and microsatellite DNA.
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2.1. Allozyme electrophoresis.—Allozyme electrophoresis
has proven very useful for the analysis of geographic structure
of arachnids. Some early studies focused specifically on
population structure (Porter & Jakob 1990; Steiner et al.
1992; Smith & Engel 1994; Hudson & Adams 1996; Smith &
Hagen 1996; Boulton et al. 1998), but allozymes have also
been used to examine questions of relatedness among colonies
of social spiders (Jochannesen et al. 1998; Johannesen &
Lubin 1999, 2001; Johannesen & Veith 2001; Evans &
Goodisman 2002; Yip et al. 2012), paternity (Schafer & Uhl
2002), species boundaries and speciation (Piel & Nutt 2000;
Ramirez & Chi 2004), dispersal (Pedersen & Loeschcke 2001;
Schafer et al. 2001), the effects of forest fragmentation,
whether natural (Vandergast et al. 2004) or manmade
(Ramirez & Haakonsen 1999; Gurdebeke et al. 2000), and
to estimate selection on color polymorphisms (Tso et al.
2002; Oxford 2005; Oxford & Gunnarsson 2006; Croucher et
al. 2012) as well as patterns of diversification within rapidly
diversifying lineages (Pons & Gillespie 2004; Baert et al.
2008; De Busschere et al. 2010).

The primary limitations of allozyme electrophoresis are: a)
Organisms must generally be alive or deep-frozen before use;
b) when bands co-migrate, they are assumed to be homolo-
gous; c¢) only a very small subset of the genetic variation at a
given locus is revealed; and d) it is not possible to distinguish
ancestry and descent among different alleles. The technique is
inexpensive, fast, and can give insight into multiple loci and so
is useful for addressing questions of geographic structure.

2.2. Satellite & microsatellite DNA.—Tandem repeats
include three subclasses: satellites, minisatellites and micro-
satellites. Satellites range in size from 100 kb to over 1 Mb
with repeat units of ca. 100-200 bp; most are located at the
eentromere. Minisatellites range from 1 kb to 20 kb in size
with shorter repeats (9-80 bp), while microsatellites (also
known as short tandem repeats, STR), are repeats of
sequences less than about five base pairs in length (an
arbitrary cutoff). Among spiders, satellite DNA has proven
very useful in assessing relationships among species within a
radiation of spiders in Hawaii; this was because the tandem-
arranged units show a high intraspecific sequence identity due
to concerted evolution (Pons & Gillespie 2003, 2004). As a
result, the length of the branches and corresponding support
were much greater for satellite DNA than for mtDNA
sequence data.

Microsatellites are repeated short sequences of DNA that
occur throughout the genomes of many organisms, including
spiders. Because repeat units are readily added to or lost from
microsatellite DNA, the sequence length of these regions
evolves rapidly. Microsatellites offer a valuable pool of genetic
variation that has proven very useful for looking at paternity
and relatedness among spiders, including social species (Ji
et al. 2004; Bilde et al. 2009; Duncan et al. 2010), as well as
understanding geographic structure between closely related
populations (Rutten et al. 2001; Reed et al. 2007, 2011;
Krehenwinkel & Tautz 2013; Parmakelis et al. 2013).
However, compared to many other fields, the development
and application of microsatellites in spider ecology and
evolution has been limited. A potential cause for the paucity
of microsatellite studies in arachnids is the apparent difficulty
in finding reliable loci. However, the low % GC (percentage of
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guanine and cytosine residues in DNA sequences) in some
lineages, as discussed below, could potentially play a role.

2.3. Random amplified polymorphic DNA (RAPD).—In the
RAPD procedure, a single nucleotide primer (8-10 base pairs
long) is used to amplify random sections of nuclear DNA,
with differences in band sizes being used to provide
information on relationships. The method has been used in
spiders (e.g., A’Hara et al. 1998; Gurdebeke et al. 2003).
However, although the approach provides a lot of variability,
RAPDs suffer from poor repeatability, lack of codominance,
and the possibility of non-heritable or non-homologous
bands.

2.4. Restriction fragment length polymorphisms (RFLP).—
For generating RFLPs, regions of nuclear DNA isolated
through PCR or other means can be digested with restriction
enzymes that cut samples of homologous DNA at specific
four- or six-base sequences, differences arising from the
locations of restriction enzyme sites. This technique could,
compared to other technologies of the time, exploit an
enormous amount of genetic variation. However, although
used in mites (e.g., Osakabi & Sakagami 1994), it was never an
important technique in other arachnid groups.

2.5. Amplified fragment length polymorphisms (AFLP).—
AFLPs use restriction enzymes to digest genomic DNA, with
the fragments then amplified and separated, providing
markers across many loci that are highly variable and are
also reproducible. Like RAPDs, however, they are also both
anonymous and dominant and may produce non-homologous
bands. They have been used in studies of geographic structure
among spider populations (Jung et al. 2006; Lambeets et al.
2610; Croucher et al. 2011a, b), where they provided fine
resolution of population differentiation and subdivision. They
have also been used in assessments of inbreeding and sociality
(Bilde et al. 2005).

3. SEQUENCING METHODS

3.1. Sanger sequencing of mitochondrial DNA.—Mitochon-
drial DNA, notably the cytochrome oxidase 1 (CO1), NADH
dehydrogenase 1 (ND1) and 168 rRNA genes (Agnarsson et
al. 2013) proved particularly useful in the earliest studies of
biogeography and species differentiation in spiders (Gillespie
et al. 1994; Hedin 1997a, b; Johannesen et al. 2002). The
reason for this is simply because of the abundance of
mitochondrial DNA relative to nuclear DNA, making it
much easier to amplify. However, problems with mtDNA that
affect recently evolving lineages include the lack of recombi-
nation, as a result of which it behaves as a single locus, making
it of limited value for analytical approaches requiring multiple
loci. This makes its use in species delimitation particularly
problematic (Hamilton et al. 2014). Moreover, the haploid
nature of mitochondrial DNA means that the marker is more
sensitive to small population sizes than is nuclear DNA, and
the maternal inheritance means that biases in movement
between sexes cannot be recovered. For this reason, recent
studies that have used mtDNA sequences have generally
included various nuclear markers {¢.g., Vandergast et al. 2004;
Starrett & Hedin 2007; Croucher et al. 2011a & b, 2012; Satler
et al. 2013). Mitochondrial DNA has been applied to
questions at deeper phylogenetic levels where the microevolu-
tionary problems mentioned above are less severe. However,

the rapid evolution of the marker means that it tends to
become saturated rather quickly (Brewer et al. 2013).

3.2. Sanger sequencing of nuclear DNA.—Because of the
issues of amplification, the most reliable, and hence useful,
nuclear genes have tended to be those that occur in multiple
copies such as Histone 3, and the ribosomal 18S and 288
genes, and these have been of particular impact in the realm of
phylogenetic reconstruction (reviewed by Agnarsson et al.
2013 and Giribet and Edgecombe 2613). At the population-
species level, attention has focused on nuclear introns—
noncoding sequences within nuclear genes, as these are not
subject to the same selective constraints as exons and tend to
evolve faster (Garb & Gillespie 2009; Hedin et al 2010). ITS
(internal transcribed spacer) regions within the ribosomal
RNA genes can frequently provide sufficient variability at
shaliow levels (Hormiga et al. 2003), though paralogy can
often make the identification of homologous DNA difficult
or impossible. Indeed, the problem of generating multilocus
(nuclear) data has remained. Thus, researchers have looked
increasingly toward modern, high-throughput (or ‘“‘next-
generation”) sequencing technologies as a potential means
to generate large amounts of multilocus data by increas-
ing the amount of data per monetary cost by orders of
magnitude.

3.3. Sanger sequencing versus NGS methods.—In the past,
DNA sequence data were primarily collected using dideoxy-
ribonucleotide (ddNTP) termination methods (i.e., Sanger
sequencing). This approach provides long, high-quality
sequences but suffers from a number of limitations (Table 1},
including the ability to sequence only a single locus per
reaction. In addition, reactions typically require taxon (or
even population) specific oligonucleotide ““primers”—short
fragments of DNA (ca. 20-25 bp) of known sequence for
polymerase chain reaction amplification and the sequencing
reaction. Lastly, the cost of collecting data is much higher than
in NGS approaches. Sanger sequencing methods are quite
scalable in that one can easily obtain data for a single locus to
hundreds of loci with a concomitant change in cost, but one
cannot sequence massive amounts of genomic data from
numerous specimens in a cost effective (in terms of time and
MOoNey) manner.

In contrast to Sanger sequencing, NGS techniques provide
vastly larger quantities of data much faster and for far less
money. NGS approaches achieve this in two ways. The first
involves ligating or attaching adaptors (synthesized DNA
strands of known sequence) to the ends of fragments of target
DNA. These adaptors allow identical sets of PCR or
sequencing primers to be used for all the DNA fragments (a
form of “shotgun” sequencing). From an operational point of
view, the major differences between the wvarious NGS
approaches are in the size of the DNA fragment (the “insert”)
and the number of base pairs of sequence data that can be
recovered from the end of the fragment. The second way that
NGS approaches dramatically reduce costs is by miniaturiza-
tion and parallelization—millions of sequencing reactions take
place in small reaction chambers or flow cells (Shendure & Ji
2008). Consequently, high-throughput methods can sequence
numerous DNA fragments concurrently and in a single
reaction/run with full-length sequences typically being assem-
bled after the fact.
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Table 1.—Summary of the strengths, weaknesses, starting material and applications of select molecular data sources. Pre- and post-next-
generation sequencing molecular data sources discussed here are listed. Several positives and negatives are given for each technique, along with
differences in starting material required. Additionally, several historical and potential applications in arachnology are provided for each method.

Method Raw sequence output Cost per Mb Positives Negatives Potential in arachnids
Traditional Sanger 1.9-84 Kb $2,400 Long, high quality Very high cost per Mb  Traditional phylogenetics,
sequencing reads; scalability population genetics and
studies of few genes
454 pyrosequencing 0.7 Gb $10 Long reads Problems with Genomes, transcriptome and
homopolymers; high microbiome studies
cost per Mb (for
next-gen technology)
Ilumina (Solexa) 600 Gb $0.05-30.15 High output; relatively Short reads Genome, transcriptome,
sequencing (HiSeq 20600) low cost; widely used massively barcoded
and supported amplicon and microbiomes
studies
SOLID sequencing 120 Gb $0.13 Highly accurate Short reads; not as Genome, transcriptome,
widely supported epigenetic and resequencing
studies
Ion Torrent 20 Mb-1 Gb $1 Scalability Short reads Transcriptome and barcoded
sequencing amplicon studies
MiSeq sequencing 1.5-2 Gb $0.56 Longer reads and Output too low for Transcriptome, barcoded
smaller scale than some applications amplicon and microbiome
older Illumina studies
technologies
Single molecule real 400 Mb $0.75-81.50 Very long reads High error rate; best Genome and transcriptome

time (SMRT)

combined with studies

other technologies

3.4. NGS versatility in sequencing targets.—The “shotgun”
nature of NGS, using ligated universal adaptors, gives these
approaches tremendous versatility in terms of what can be
sequenced. This versatility facilitates genomic data collection
for organisms about which little or no prior genetic
information is known. Sequenced DNA targets can therefore
theoretically consist of any source of DNA from total genomic
DNA for genome sequencing (see Section 5) to cDNA {derived
from total RINA by reverse transcription of expressed mRNA)
{(Mortazavi et al. 2008) from whole organisms or specific
tissues that may have experienced different “treatments”
(*“transcriptomics” and “differential expression’). RNAseq
libraries used for transcriptome sequencing target only the
transcribed portion of the genome and are therefore a type of
“reduced representation library” (RRL) (Van Tassell et al.
2008), and we discuss this approach along with other RRL
approaches such as Exon Capture (Bi et al. 2012) and RADseg
{Miller et al. 2007) below. RRL approaches target specific loci
and produces fewer unique reads per individual than whole
genome libraries and on certain NGS platforms, especially
Illumina (see below), may produce highly redundant amounts
of data per individual. This has resuited in methodologies that
multiplex numerous individuals using small, unique oligonu-
cleotide indices (i.e., tags or barcodes). These are typically
incorporated into the adaptors and allow the sequences from
each individual to be post-hoc sorted computationally.
Barcoding therefore permits NGS approaches to act as high-
throughput variant detection and genotyping platforms (e.g.,
Dahl et al. 2007; Meyer et al. 2008). Barcoding also comes into
its own when the DNA targets originate from amplicons
generated by traditional PCR approaches. Amplicons might
be derived from long-range PCR of mitochondrial genomes,
for example, or from standard molecular markers such as

bacterial 168, fungal i8S, or metazoan COIL Such massive
barcoding approaches with amplicon sequencing are per-
mitting community-wide metagenomic/microbiome analyses
(Amaral-Zettler et al. 2009; Gloor et al. 2010; Caporaso et al.
2012) and large-scale phylogenetic studies (see below).

4 NEXT-GENERATION TECHNOLOGY PLATFORMS

Modern, high-throughput {or “next-generation’’) sequenc-
ing technologies have made many questions more tractable by
increasing the amount of data per monetary cost by orders of
magnitude. Although a number of NGS sequencing tech-
niques have a steep learning curve (in terms of both wet-
laboratory work and bioinformatics), much can be out-
sourced, and myriad computational resources (many of which
may be used free of charge) are readily available. Some of
these techniques are widely used, while others are still more
limited in their availability. All such methods have inherent
strengths and weaknesses that can be leveraged to address a
wide range of questions. As more molecular data are collected
for arachnid taxa, these groups may begin to approach
“model” organism status in terms of a foundational under-
standing of genetics. This will allow more in-depth studies,
using complex and powerful genetic and genomic techniques,
to understand the basis of arachnid-specific traits.

4.1. Second-generation NGS technologies.—The basic logic
behind several NGS technologies has been reviewed in recent
works {Liu et al. 2012; McCormack et al. 2013; Quail et al.
2012). Therefore, we do not delve into specifics of the
approaches, instead choosing to highlight strengths and
weaknesses of the platforms. Many of the points below are
summarized in Tables 1 and 2.

The first mainstream high-throughput technology was the
Roche 454 system. This method relies on pyrosequencing



BREWER ET AL.—GENOMICS IN EVOLUTIONARY ARACHNOLOGY

Table 2.—Comparison of DNA sequencing technologies with an emphasis on uses in arachnology. Several aspects of common sequencing
technology are compared. The raw sequence output is highly variable between platform and shows the potential scalability provided by using
different sequencing platforms. The cost per one million base pairs of data between methods also differs substantially and must be considered
when attempting a study requiring sequencing. To help with choosing between platforms, we provide select positives and negatives for each.
Finally, some potential high-level applications in arachnology are given.

Data source

Positives

Negatives

Starting material

Applications in arachnids

Pre nexi-gen sequencing
Allozyme electrophoresis

Variable nucleotide
tandem repeats
(VNTR; sateilites)

Random amplified
polymorphic DNA
(RAPD)

Restriction fragment
length polymorphisms
(RFLP)

Amplified fragment
length polymorphisms
(AFLP)

Termination {Sanger)
sequencing

Post next-gen sequencing

Genome sequencing

Transcriptome sequencing

RAD Tags

Target Capture

Anchored enrichment

Ease of use; widely used
in arachnology

More certain homology;
widely used outside
of spiders (many
analytical tools)

Easier to implement than
satellite techniques

Ease of use

Widely used

Sequence data; homology
easier to infer; highly
scalable compared to
other non-NGS§
techniques

Full sequence data,
creates foundation for
many future studies

Easy to sequence and
serves a wide range
of projects

Powerful for genetic
mapping, population
genetics and
phylogeography

Targets portions of the
genome for wide
array of projects

Orthology certainty and

phylogenetics at various

taxonomic levels

Requires fresh or frozen
material; uncertain
homology

Difficult to design; may
not work between even
closely related taxa

Lack of repeatability;
codominance;
uncertain homology

Fragments of same
size may not be
homologous; not widely
used in arachnology

Anonymous and
dominant; uneertain
homology

Much more expensive
than NGS at a per
base level; taxon/
population specific
primers needed

Costly, difficult, and
unnecessary for
many projects

Costly and biased
towards coding
regions of genome

Requires large amount
of high-quality DNA

Requires additional
genomic information

Not developed in
all groups

Fresh or frozen
specimens

gDNA

gDNA

gDNA

gDNA

gDNA

High quality, high
quantity gDNA

High quality RNA
from fresh or
frozen specimens

High quality, high
quantity gDNA

gDNA from fresh
or preserved
specimens (quality
depends on
application)

gDNA from fresh
or preserved
specimens (quality
depends on
application)

Population genetics and
biogeography

Paternity, population
genetics and biogeography

Population genetics and
biogeography

Population genetics and
biogeography

Assessments of inbreeding;
population genetics and
biogeography

Assessments of inbreeding,
population genetics,
biogeography,
phylogenetics and
single gene studies

Genome studies, genetic
mapping and developing
model organisms

Studying coding sequencing,
differential expression,
identifying isoforms, evolution
of gene families, functional
genes, and deep phylogenomics

Phylogeography, population
genetics, species-level
phylogeny and genomic
mapping

Studies of specific regions of
the genome, functional
genes, population genetics,
species-level phylogeny
and phylogeography

Phylogenetics of various
taxonomic depths

chemistry to obtain millions of unique reads. Roche’s 454
approach provides relatively long reads (~700 bp) at a much
lower cost (~$10/Mb) than traditional sequencing methods
(~$2,400/Mb). The 454 sequencing technology, although
expensive per base of data in comparison to other NGS
methods and yielding fewer unique sequence reads, is still
widely used in genome and transcriptome sequencing and
metagenomics because of the relatively long length of
individual reads. However, other techniques (namely Iilumina
technologies, see below) can now serve many of the same

functions as 454 sequencing at a much lower cost while
providing many more unique sequence reads.

The second NGS platform to become widely used was
Applied Biosystems sequencing by oligo ligation detection
(SOLIiD). This method uses the ligation of short probes to the
template DNA. Each probe’s extension relies on two-base
matches, yielding highly accurate results at a lower cost-point
(~$0.13/Mb) and in higher quantities than 454 sequencing (see
below). A minor downside to the SOLID sequencing platform
is that the output is in a format unlike other technologies and

































