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Abstract
Next-generation sequencing technologies now allow researchers of non-model systems to perform genome-based
studies without the requirement of a (often unavailable) closely related genomic reference. We evaluated the role of
restriction endonuclease (RE) selection in double-digest restriction-site-associated DNA sequencing (ddRADseq) by
generating reduced representation genome-wide data using four different RE combinations. Our expectation was
that RE selections targeting longer, more complex restriction sites would recover fewer loci than RE with shorter, less
complex sites. We sequenced a diverse sample of non-model arachnids, including five congeneric pairs of harvestmen (Opiliones) and four pairs of spiders (Araneae). Sample pairs consisted of either conspecifics or closely related
congeneric taxa, and in total 26 sample pair analyses were tested. Sequence demultiplexing, read clustering and variant calling were performed in the pyRAD program. The 6-base pair cutter EcoRI combined with methylated site-specific 4-base pair cutter MspI produced, on average, the greatest numbers of intra-individual loci and shared loci per
sample pair. As expected, the number of shared loci recovered for a sample pair covaried with the degree of genetic
divergence, estimated with cytochrome oxidase I sequences, although this relationship was non-linear. Our comparative results will prove useful in guiding protocol selection for ddRADseq experiments on many arachnid taxa where
reference genomes, even from closely related species, are unavailable.
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Introduction
New high-throughput molecular sequencing methods
continue to revolutionize biological avenues to which they
are applied, including diverse fields such as medicine,
conservation and ecology (Davey et al. 2011; Niedringhaus
et al. 2011; Georgiou et al. 2014; Hoffman et al. 2014; Barley
et al. 2015; Gallego et al. 2015; Hess et al. 2015; Rius et al.
2015). Until recently, many of these applications relied
upon reference genomes, which are currently available for
a limited number of model organisms, although new genome sequences for microbes, plants and animals are accumulating rapidly (Pruitt et al. 2007; Dohm et al. 2014;
Nossa et al. 2014; Worley 2014; Wu et al. 2014; Varghese
et al. 2015). This deficit directed many workers in the
fields of evolutionary biology and ecology to seek alternative strategies for acquiring variant data (typically represented in single nucleotide polymorphisms, or SNPs)
representative of the whole genome, as the time and cost
Correspondence: Mercedes Burns, Fax: 619-594-5676;
E-mail: mercedes.burns@gmail.com

required to generate a fully sequenced genome remains
relatively expensive (Everett et al. 2011).
The adaptation of restriction endonucleases (REs) to
the acquisition of genomic sequence data has allowed for
unprecedented access to genome-wide variation for
researchers working with non-model organisms (e.g.
Hoffman et al. 2014; Barley et al. 2015). One such method
is restriction-site-associated DNA sequencing (RADseq),
which utilizes enzymes with varied sequence specificities to generate a tractable representation of the genome
(Baird et al. 2008; Andrews et al. 2016). Peterson et al.
(2012) first introduced the double-digest version of this
method, utilizing two REs with different site specificities
to digest the genome, allowing for the selection of fragments with known 50 and 30 ends to be produced. Digestion with enzymes rather than random shearing, coupled
with precise size selection, reduces overall genome coverage, but ensures fragment libraries with high repeatability and site-specific coverage (Peterson et al. 2012).
Double-digest RADseq (ddRADseq) has been
adopted rapidly by workers to address evolutionary and
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ecological questions at the landscape, population and
systematic levels (Jones et al. 2013; Leache et al. 2014,
2015a; Zhou et al. 2014; Blair et al. 2015; Jezkova et al.
2015; Mason & Taylor 2015; Meik et al. 2015; Recknagel
et al. 2015; Rittmeyer & Austin 2015; Schield et al. 2015a).
While this sequencing methodology does not require the
development of probes, primers or sequence scaffolds
from a reference genome, the lack of a closely related reference limits the inference that can be made regarding
the success of ddRADseq projects. Without a closely
related reference to, for example, estimate the efficacy of
digestion in silico (Lepais & Weir 2014), the expected performance of a particular set of enzymes cannot be determined a priori (Davey et al. 2011). In such cases, it is
advisable to perform a pilot study to assess the ability of
enzyme combinations to maximize sequence output (and
thus, hopefully, genome coverage) and the discovery of
genetic variants.
Arachnida is one of many branches in the tree of life
that continues to benefit from the advent of highthroughput sequencing technologies (Brewer et al. 2014;
Ellegren 2014). Transcriptomics and pyrosequencing
approaches have been adapted to the study of venoms
and silks (Clarke et al. 2014, 2015; Haney et al. 2014;
Sanggaard et al. 2014), phylogenomics (Hedin et al.
2012a; Sharma et al. 2014; Fernandez & Giribet 2015; Garrison et al. 2015), population biology (Mattila et al. 2012;
Planas et al. 2014) and parasite–vector interactions (Schwarz et al. 2013). In spite of these unique applications
and diverse systems, few complete chelicerate genomes
are available (Grbic et al. 2011; Cao et al. 2013; Ellegren
2014). For example, only two complete spider genomes
have been sequenced, displaying incongruences in genome size and content as to suggest significant variability
in the rest of the order (Sanggaard et al. 2014). Genomes
for other species-rich orders, such as Opiliones (harvestmen), remain unavailable. To date, next-generation
sequencing approaches have been leveraged for few
population genomics or phylogeographic studies in
arachnids (e.g. Hamilton et al. 2016), and more of these
efforts are anticipated in the near future. As the cost of
genomic sequencing continues to drop, we expect the
number of sequenced genomes to increase. Until adequate genomic resources are available for all arachnid
orders, adaptable and cost-effective reduced representation sequencing approaches scalable to the sample sizes
necessary for successful population-level studies are
required. RADseq and related strategies potentially fill
this need for arachnologists and researchers of other
non-model organisms.
For this study, we leveraged the flexibility of the
ddRADseq preparation protocol to contrast the quality
and volume of short-read data produced with four
different RE combinations. Nine sample pairs of
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arachnids, covering two orders, nine genera and a range
of conspecific and congeneric divergences were selected
for sequencing and comparison. This sampling structure
was intended to elucidate RE combinations likely to be
broadly useful in different arachnid lineages, as well as
varying levels of evolutionary divergence. Individual
and shared read statistics were taken from each experimental condition, including overall loci recovered and
an estimate of sequencing efficiency – the proportion of
loci recovered to the number of raw sequenced reads.
Although we did not expect one RE combination to fit all
situations, we predicted that RE combinations targeting
longer restriction sites would produce fewer loci within
sample pairs, as these sites would be more likely to
undergo mutation (Andrews et al. 2016), and predicted
that sites with fewer repetitive bases would be more
likely to be conserved between more distantly related
taxa.
Overall, RE combination did not have a pronounced
effect on the conversion ratio of raw reads to loci within
sequenced individuals. However, within sample pairs,
RE selection had a strong effect on the number of loci
shared, particularly for sample pairs with greater
expected genomic divergence. Specifically, RE combinations including the enzymes EcoRI and MluCI produced
data matrices with the most shared loci and SNPs
between sample pairs. We explore possible explanations
for this pattern and offer suggestions for future work in
arachnids and other non-model taxa.

Methods
Sample preparation
We selected nine total sample pairs (Table 1), including
geographically distant conspecific populations of two
harvestman suborders (Eupnoi: Leiobunum manubriatum;
Laniatores: Speleonychia sengeri, Theromaster brunneus)
and two primary spider suborders (Araneomorphae:
Habronattus tarsalis, Hypochilus pococki; Mygalomorphae:
Antrodiaetus riversi, Calisoga longitarsis), as well as congeneric samples from two harvestman suborders (Dyspnoi: Acuclavella quattuor and A. shoshone; Laniatores:
Sclerobunus nondimorphicus and S. idahoensis). Sample
pairs were selected to define best practices for ddRADseq protocols for a wide variety of downstream applications (landscape genetics, population genetics,
phylogeography, species delimitation). See Table S1
(Supporting information) for detailed locality and voucher information. Samples were preserved in 100% ethanol and stored at 80°C until extraction commenced.
Genomic DNA was extracted from coxal muscle and leg
tissue, or whole bodies (Sclerobunus spp., Speleonychia,
Theromaster) using the DNeasy Blood and Tissue Kit

OP1609

MMB89

MMB30

OP3784

OP1650

MY4416

MY4085

AR47

AR17

H595

H508

HA1070

HA1055

OP1623

OP1618

OP1856

OP1851

OP3784

OP1650

Voucher
name

Sclerobunus
idahoensis
Sclerobunus
nondimorphicus
Leiobunum
manubriatum
Leiobunum
manubriatum

Sclerobunus
idahoensis
Sclerobunus
nondimorphicus
Leiobunum
manubriatum
Leiobunum
manubriatum
Theromaster
brunneus
Theromaster
brunneus
Habronattus
tarsalis
Habronattus
tarsalis
Hypochilus
pococki
Hypochilus
pococki
Antrodiaetus
riversi
Antrodiaetus
riversi
Calisoga
longitarsis
Calisoga
longitarsis

Species

1 099 288

4 065 335

3 484 266

2 250 608

EcoRI-MspI
3 396 401

458 939

849 405

365 167

264 039

241 796

311 119

87 834

83 787

373 358

1 034 745

209 786

136 208

259 524

0.839855

0.856329

0.879017

0.872738

0.872541

0.865505

0.876198

0.845978

0.591379

0.582491

0.612615

0.59556

0.829395

30954

37333

15312

11878

22519

12557

6397

8693

16263

21365

11077

7430

46956

0.004084

0.006443

0.006398

0.005155

0.002465

0.004095

0.005642

0.005203

0.003422

0.003092

0.00547

0.008938

0.007434

0.001522

0.001

0.000324

0.000308

0.000157

0.000162

0.001305

0.002118

0.000258

0.000237

0.000411

0.001313

0.00143

0.001014

Error rate

955 127

3 533 528

2 987 301

1 970 910

0.86886

0.869185

0.857369

0.875723

115 011

136 184

136 153

138 873

0.006258

0.008384

0.008594

0.005967

0.001956

0.001108

0.001217

0.001259

Protocol adjustment: 100 Units EcoRI, 100 Units MspI
2 988 344 0.879856 143 986
0.008113
0.001436

385 442

727 370

320 988

230 437

210 977

269 275

76 960

70 882

220 796

602 730

128 518

81 120

215 248

Protocol adjustment: 10 Units SbfI, 100 Units MspI
130 194 0.833 706
8427
0.006288

Estimated
heterozygosity

SbfI-MspI
156 163

% Passed

# Loci within
sample

# Reads
passed

# Raw
reads

Table 1 Analysis results for all sample pairs by RE combination

7581

13 713

11 959

6281

11 846

1154

2572

555

322

234

424

495

434

290

550

169

286

699

521

# Polymorphisms

0.004084

0.004283

0.004049

0.002772

0.004025

0.0024405

0.004416

0.00437

0.002939

0.002217

0.003734

0.004101

0.003751

0.001703

0.001644

0.002931

0.004905

0.003132

0.003447

Frequency of
polymorphisms

756

6522

7347

3028

800

579

540

361

127

464

Loci
shared

1987

12 617

12 702

4163

954

926

905

736

225

709

Total # of
loci with
variable
sites

651

5073

5656

2106

499

418

408

309

95

327

Sampled
unlinked
SNPs
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OP1732

OP1683

MMB89

MMB30

MY4416

MY4085

AR47

AR17

H595

H508

HA1070

HA1055

OP2335

OP2270

OP1732

OP1683

OP1613

Voucher
name

Leiobunum
manubriatum
Leiobunum
manubriatum
Speleonychia
sengeri

Theromaster
brunneus
Theromaster
brunneus
Speleonychia
sengeri
Speleonychia
sengeri
Acuclavella
quattuor
Acuclavella
shoshone
Habronattus
tarsalis
Habronattus
tarsalis
Hypochilus
pococki
Hypochilus
pococki
Antrodiaetus
riversi
Antrodiaetus
riversi
Calisoga
longitarsis
Calisoga
longitarsis

Species

Table 1 (Continued)

4 484 443

3 375 049

1 201 799

4 023 252

3 068 684

1 090 338

0.897158

0.909227

0.907255

119 347

96 154

48 767

0.001925

0.001523

0.008127

0.009393

0.012859

0.006613

0.004877

0.003686

0.006228

0.016503

0.014443

0.004806

0.006487

0.001485

0.001984

0.003968

Protocol adjustment: 10 Units SphI, 100 Units MspI
829 440 0.907862
39 929
0.009772

296 907

301 835

90 938

92 168

99 621

141 908

249 976

276 014

77 055

123 175

227 289

240 337

109 932

Estimated
heterozygosity

SphI-MspI
913 619

0.870789

0.869475

0.901189

0.895306

0.853629

0.812078

0.905576

0.907942

0.925895

0.923857

0.900339

0.900227

0.851606

% Passed

# Loci within
sample

1 330 367

1 240 406

709 303

720 081

643 190

818 385

702 884

880 218

2 278 677

2 682 337

3 909 384

4 212 322

831 567

# Reads
passed

1 527 772

1 426 615

787 075

804 285

753 477

1 007 766

776 173

969 465

2 461 053

2 903 412

4 342 125

4 679 179

976 469

# Raw
reads

6.28E05

7.66E05

0.00106

0.001521

0.002901

0.00322

0.001045

0.001084

0.000673

0.000929

0.006149

0.00568

0.000128

0.00019

0.000468

0.000461

0.002174

Error rate

1792

1296

3340

3743

8486

11 632

8735

6468

5298

10 328

3741

5608

3147

4317

2957

2719

2885

# Polymorphisms

0.000718

0.000591

0.00397

0.004741

0.00483

0.007553

0.005072

0.003577

0.002935

0.005162

0.010171

0.009117

0.003297

0.00417

0.000676

0.000624

0.001795

Frequency of
polymorphisms

22 744

1824

5082

11 611

9307

1429

3849

45 699

Loci
shared

2379

3378

7686

14 747

16 520

2116

7060

2379

Total # of
loci with
variable
sites

861

1419

3625

7842

7140

898

3028

1859

Sampled
unlinked
SNPs
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Leiobunum
manubriatum
Leiobunum
manubriatum
Speleonychia
sengeri
Speleonychia
sengeri
Acuclavella
quattuor
Acuclavella
shoshone
Habronattus
tarsalis
Habronattus
tarsalis
Hypochilus
pococki
Hypochilus
pococki
Antrodiaetus
riversi
Antrodiaetus
riversi
Calisoga
longitarsis
Calisoga
longitarsis

Speleonychia
sengeri
Acuclavella
quattuor
Acuclavella
shoshone

Species

2 705 808

3 750 501

820 754

921 796

1 583 573

1 747 976

634 429

1 072 483

957 723

651 926

3 035 408

1 785 830

1 220 839

2 265 543

3 232 616

725 526

816 143

1 392 569

1 493 248

548 908

949 431

857 676

564 703

2 640 106

1 587 291

1 154 847

0.837289

0.861916

0.883975

0.885384

0.879384

0.854273

0.8652

0.885264

0.895537

0.866207

0.86977

0.888825

0.945945

604 993

724 583

182 171

176 584

243 969

268 240

234 725

381 251

162 811

110 326

227 609

273 225

262 401

0.00788

0.01024

0.008312

0.006673

0.005726

0.008107

0.013358

0.013859

0.005272

0.006056

0.002155

0.002315

0.014984

0.003047

0.003145

0.001769

0.001611

0.001076

0.001358

0.004928

0.004532

0.000523

0.000296

0.0008

0.000455

0.002759

14 615

28 422

4594

3630

6464

11 552

2859

4201

2465

1994

2939

2881

8233

6821

1743

Protocol adjustment: 10 Units SphI, 100 Units MluCI
1 043 523 0.949885 252 397
0.019415
0.004075

0.000197

# Polymorphisms

Sph1-MluC1
1 098 578

0.004462

0.005706

Error rate

1549

84 668

93 077

Estimated
heterozygosity

0.000192

0.921401

0.908145

% Passed

# Loci within
sample

1 612 604

1 543 153

# Reads
passed

1 750 166

1 699 236

# Raw
reads

0.004769

0.006541

0.005156

0.003693

0.003498

0.005619

0.007884

0.007233

0.002739

0.003941

0.001034

0.000986

0.006939

0.007319

0.002752

0.003791

Frequency of
polymorphisms

13 765

5790

8555

1761

2641

21 829

2981

1551

Loci
shared

22 081

6986

15 686

2905

3296

1251

5241

2317

Total # of
loci with
variable
sites

10 121

3731

6652

1240

1615

861

2258

1078

Sampled
unlinked
SNPs

All statistics from PyRAD analyses, including raw read and loci counts, estimated heterozygosity (HO), number and frequency of polymorphisms (Fpoly), number of shared loci and unlinked
SNPs sampled. Two sample pairs were represented by four individuals spanning similar localities/divergences (L. manubriatum, T. brunneus) as limited by DNA extract availability.

MY4416

MY4085

AR47

AR17

H595

H508

HA1070

HA1055

OP2335

OP2270

OP1732

OP1683

MMB89

MMB30

OP2335

OP2270

Voucher
name

Table 1 (Continued)
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(Qiagen). Prior to genome digestion, we quantified
sample DNA using a Qubit 2.0 fluorometer (Thermo
Fisher Scientific) to assure a concentration of at least
12.5 ng/lL.
Four combinations of REs, including SbfI (restriction
site: 50 -CCTGCAGG-30 ), EcoRI (50 -GAATTC-30 ), MspI
(50 -CCGG-30 ), SphI (50 -GCATGC-30 ) and MluCI (50 -AATT-30 )
were used, avoiding combinations with redundant site
specificities and producing a range of RE site length and
complexity, from most (SbfI–MspI) to least (EcoRI–MspI)
complex, with combinations SphI–MspI and SphI–MluCI
approximately intermediate (Fig. 1). Each sample pair
was sequenced with at least two sets of REs (see Figs 1
and 2 for enzyme pairings). Library preparation and
sequencing took place in October 2014 (effort 1, testing
SbfI–MspI), January 2015 (effort 2, testing SbfI–MspI,
EcoRI–MspI, SphI–MluCI and SphI–MspI), and May 2015
(effort 3, testing SbfI–MspI, EcoRI–MspI and SphI–MluCI).
To prepare sequence libraries, we followed a customized
ddRADseq protocol adapted from Peterson et al. (2012).
Genomic DNA (500 ng) from each specimen was
digested with 10-100 units each of two restriction
endonucleases in CutSmart buffer (New England BioLabs) for a reaction volume of 50 lL, incubated at 37 °C
for 4 h. We assessed the completeness of digestion by
running subsamples of each enzyme combination
alongside aliquots of undigested template DNA on a 1%
agarose gel stained with ethidium bromide. Enzymes,
buffer and fragments ≤100 base pairs were subsequently
removed using 1.5 times the reaction volume of Agencourt AMPure XP (Beckman Coulter) magnetic beads,
following manufacturer’s protocols. At this stage, we
estimated the average concentration of digests for each
enzyme protocol and diluted samples to within one
standard deviation of the mean.

Eight custom adaptors prepared for each enzyme
combination and with barcode sequences designed for
each row of a 96-well plate were ligated to genomic fragments using 100 units of T4 Ligase. Samples were incubated at room temperature (23 °C) for 40 min, heat
killed at 65 °C for 10 min and cooled by 2 °C per 90 s for
22 cycles. Samples were pooled by column and purified
prior to fragment size-selection. We used a Pippin Prep
(Sage Sciences) automated size-selection instrument to
isolate fragments in a size range of 415–515 bp for
sequencing effort 1, and a wider frame of 400–600 bp
during sequencing efforts 2 and 3. Pooled fragments
were amplified (98 °C for 30 s, 12 cycles of 98 °C for 10 s
to 72 °C for 20 s, and a final elongation of 10 min at
72 °C) using the Phusion PCR kit (New England BioLabs) and standard Illumina primers. After purification,
sample molarity was determined using an Agilent Bioanalyzer 2100 (Agilent Technologies) and an equimolar
pooled sample was prepared. Resulting libraries were
sequenced with an Illumina HiSeq 2500 under the 100bp single-end protocol at the University of California,
Riverside, IIGB Genomics Core facility.

Data analysis
Barcode demultiplexing, quality control, within-sample
clustering and between-pair variant calling were carried
out using pyRAD v. 3.0.5 (Eaton 2014). We analysed pairs
separately for each RE combination. Only reads with
unambiguous barcodes and phred scores ≥20 were
retained, and loci with more than one undetermined
base were additionally discarded. We set a within-sample and between-sample read clustering threshold at
95% similarity to reduce clustering of paralogs and reads
with undetermined sites (Andrews et al. 2016). To avoid

Longer, more complex RE sites
SbfI–MspI
SphI–MspI *
SphI–MluCI *
EcoRI–MspI
Shorter, less complex RE sites

Number of loci

800 000

600 000

400 000

200 000

0
0

1000 000 2000 000 3000 000 4000 000 5000 000

Raw reads

Antrodiaetus riversi
Calisoga longitarsis
Habronattus tarsalis
Hypochilus pococki
Acuclavella spp.
Leiobunum manubriatum
Sclerobunus spp.
Speleonychia sengeri
Theromaster brunneus

Fig. 1 Regression plot for conversion of raw reads to loci in ddRADseq protocols using four RE combinations. Least-squares regression
of loci recovered as a function of raw reads sequenced for all samples. RE combinations, identified by colour, are ordered by relative
length and complexity of restriction sites (note that REs SphI–MspI and SphI–MluCI have approximately equivalent site length and complexity). Bold lines indicate line of best fit; asterisk (*) following enzyme protocol indicates a significantly non-zero slope. Species are
identified by symbol shape.
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50 000

Antrodiaetus riversi
Calisoga longitarsis
Habronattus tarsalis
Hypochilus pococki
Acuclavella spp.
Leiobunum manubriatum
Sclerobunus spp.
Speleonychia sengeri

Number of shared loci

40 000

30 000

20 000

Fig. 2 Comparison of shared loci recovered given RE selection. The number of
shared loci for each sample pair is given
based on recovery under each of four RE
combinations. Spider sample pairs are
colour-coded in blue shades; harvestman
sample pairs are coloured in red shades.
Letters indicate significantly different
mean results from ANOVA analysis with
multiple comparisons and Bonferroni
post hoc correction. [Colour figure can be
viewed at wileyonlinelibrary.com]

Theromaster brunneus
10 000
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I

0

Longer, more complex RE sites

over-inflation of estimated heterozygosity, we required a
minimum of 10 reads for each cluster during consensus
base-calling. Up to three shared polymorphic sites per
called locus were allowed. The preceding settings constitute conservative standards for variant calling (Eaton
2014; Harvey et al. 2015) which were designed to recover
strongly supported loci within individuals while allowing for divergence within a sample pair. Each analysis
was run on the same computer (Early 2015 MacBook
Pro, 2.7 GHz Intel Core i5 with 8 GB RAM) to determine
computational duration in real time. For each RE combination, we compiled the number of high-quality reads
and loci, estimated heterozygosity, error rate and the
number and frequency of polymorphic sites for each
sequenced sample, as well as the number of shared loci,
variable sites and unlinked SNP counts for each sample
pair. To avoid biasing protocol efficacy towards maximum read count, we additionally calculated the ratio of
recovered loci to average number of raw reads per sample pair.
We estimated evolutionary divergence between sample pairs using COI mitochondrial sequence data from
either the exact individuals sequenced in this study or
conspecific specimens from the same collecting localities.
In most cases, these data had been previously published
– Sclerobunus spp. (Derkarabetian et al. 2011), Speleonychia
(SDSU_OP1683 - Derkarabetian et al. 2010; Hedin &
Thomas 2010), Antrodiaetus (Hedin et al. 2013), Calisoga
(Leavitt et al. 2015) and Hypochilus (Keith & Hedin 2012).
COI sequence data were compiled and imported into
Geneious Pro v. 8.1.7 (http://www.geneious.com,
Kearse et al. 2012), where they were aligned using MUSCLE (Edgar 2004) and uncorrected p-distances were calculated for each sample pair. For the Sclerobunus

nondimorphicus and S. idahoensis pair, the mean p-distance
was calculated from pairwise alignments of three divergent samples of each species collected from across the
known range (Derkarabetian et al. 2011). For the Acuclavella spp. pair, the mean p-distance was estimated
from pairwise alignments of a specimen of the A. quattuor locality to another Acuclavella sequence that spans
the same root node as the pair analysed here (Richart &
Hedin 2013).

Results
Quality filtering
For the 22 individuals sequenced in three separate efforts
across 2–4 RE profiles, an average of 1 402 832
(SD  1 279 033) reads were obtained after demultiplexing (Table 1). Average read count differed across the
four protocols, with the SbfI–MspI combination yielding
the lowest number of raw reads per individual (Fig. 1;
mean 345 134 reads). The SphI–MspI combination produced the greatest amount of sequence data, with an
average of 2 237 385 reads across three sample pairs
(Acuclavella spp., Leiobunum and Speleonychia). Enzyme
selection, by contrast, had minimal influence on read
pass rate; on average, 86% of raw reads passed our quality filter (SD  8.48%) and pass rates arranged by RE
combination all fell within one standard deviation of the
mean. There was an effect of sequencing effort for the
SbfI–MspI
combination
(Mann–Whitney
U = 3;
P < 0.001); the average pass rate for sequences generated
by this enzyme pair was only 60% for the first sequencing effort in October 2014, but rose to 83% for sequences
generated in January 2015 and 86% in May 2015.
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Analysis of RE combinations

Average number of shared loci

A total of 26 sample pair analyses using four different
enzyme combinations (SbfI–MspI: N = 7, EcoRI–MspI:
N = 9, SphI–MspI: N = 3, SphI–MluCI: N = 7) were completed in pyRAD. From sample quality filtering to output
of SNP data, analysis time ranged from just over six minutes for Leiobunum under the SbfI–MspI protocol (SbfI–
MspI protocol mean = 0:18:52) to over five hours for Calisoga
with
SphI–MluCI
(SphI–MluCI
protocol
mean = 2:22:32) (Fig. S1, Supporting information). The
average computational time across all analyses was
1:21:15. The SbfI–MspI combination also yielded the
smallest number of loci (mean = 18 369), shared loci
(mean = 843) and unlinked SNPs (mean = 595) between
sample pairs as compared to the other RE combinations
(Figs 1and 2; Table 1). EcoRI–MspI produced the greatest
number of shared loci (mean = 8646) and SNPs
(mean = 3975) (Tables 1 and S1, Supporting information).
We examined whether RE pairs that target shorter/
lower complexity restriction sites (EcoRI–MspI and SphI–
MluCI), and theoretically produce larger numbers of raw
reads, also tend to have the most loci (thus providing the
most useful downstream data). Numbers of loci recovered were plotted against reads sequenced for each individual under all RE conditions to examine the effect of
RE combination on locus identification (Fig. 1). Of the
four RE combinations surveyed, two had significantly
positive, non-zero slopes (Fig. 1; SphI–MspI: R2= 0.75,
m = 0.0189, P < 0.05; SphI–MluCI: R2= 0.59, m = 0.137,
P < 0.01), indicating an increase in the number of loci
recovered per individual sequenced as raw read count
increased. Slopes from enzyme combinations SbfI–MspI
and EcoRI–MspI were not significantly different than
zero, demonstrating that loci count was largely invariant
with raw read count. In comparison with mean loci number between RE combination using ANOVA with multiple comparisons and a Bonferroni post hoc test
correction, we found a significant effect of RE (F3,48=
18.55, P < 0.0001) with SphI–MluCI showing significantly

40 000

Mitochondrial COI divergence
We estimated COI divergence for seven sample pairs,
including Leiobunum, Speleonychia, Acuclavella spp., Calisoga, Antrodiaetus, Hypochilus and Sclerobunus spp. COI
sequence divergence ranged from nearly invariant (0.1%,
Speleonychia) to high intraspecific variability (15.2%,
Hypochilus). COI sequences for one Speleonychia (acquired
using methods from Derkarabetian et al. 2010) and two
Leiobunum (acquired using methods from Hedin et al.
2012b) have been newly submitted to GenBank (voucher
# SDSU_OP1732, accession # KX550439; voucher # MMB30: accession # KX570871, voucher # MMB-89: accession
# KX570872).
Visualization of mean shared loci count by COI
sequence divergence indicates a roughly non-linear
decay relationship (Fig. 3; AICc = 346.2 as compared to
AICc = 366.7 for linear model through origin; Speiss &
Neumeyer 2010) where a precipitous drop in shared loci
was seen as COI sequences differentiate. This effect is
largely due to Speleonychia, which averages more than
double the amount of shared loci of all other sample
pairs analysed (Fig. 2; mean = 30 090), although the
Hypochilus specimens sequenced had the second highest
mean (11 044) despite having highly divergent COI
sequences. The remaining pairs examined had between
3000 and 7500 loci in common.

Discussion
Restriction endonuclease selection matters
Analysis of statistics from RE selection experiments indicates pronounced differences in both the number of loci

Antrodiaetus riversi
Calisoga longitarsis
Hypochilus pococki
Acuclavella spp.
Leiobunum manubriatum
Sclerobunus spp.
Speleonychia sengeri

30 000

20 000

10 000

0
0.00

greater locus recovery over all the RE combinations
tested (Fig. 2, Table S2, Supporting information). At the
level of sample pairs, two taxa, Habronattus and Calisoga,
displayed greater numbers of loci per reads sequenced
than other samples for RE combinations SphI–MluCI and
EcoRI–MspI (Fig. 1).

0.05

0.10

COI divergence
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Fig. 3 Mean shared loci recovered for
sample pairs as a function of COI divergence. For all sample pairs with available
COI sequence data, y-values indicate the
mean number of shared loci (+ standard
error) across all RE combinations with
which the sample pair was sequenced.
Spider sample pairs are colour-coded in
blue shades; harvestman sample pairs are
coloured in red shades. [Colour figure can
be viewed at wileyonlinelibrary.com]
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produced per reads sequenced and the number of loci
individuals shared with a congener or conspecific. On
average, the EcoRI–MspI combination produced the
greatest number of shared loci and unlinked SNPs per
sample pair (Table 1). The expectation that RE combinations with shorter, less complex restriction sites, such as
SphI–MluCI and EcoRI–MspI, would produce more raw
reads and account for more loci was met (Fig. 1) – these
RE combinations were also responsible for producing the
greatest numbers of shared loci between sample pair
investigated (Fig. 2). We did observe a significant effect
of enzyme selection on the conversion of raw reads to
within-individual loci in two enzyme pairs (Fig. 1), suggesting a lack of genome coverage saturation, as we
would expect the number of loci recovered to eventually
stabilize with increasing sequence coverage such that all
loci predicted are successfully identified (DaCosta &
Sorenson 2014). However, RE combinations with nonzero read-to-loci slopes include SphI–MspI, which was
only used for six specimens (Table 1; three pairs) and
thus may be under-sampled, and SphI–MluCI, which has
points with evidence of outlier behaviour (ESD method:
specimen MY4085, Z = 2.52, P < 0.05). Calisoga specimens displayed extremely large numbers of loci recovered per reads sequenced for SphI–MluCI (Fig. 1), such
that removal of these specimens also eliminates the significantly positive correlation between raw reads and loci
recovered. For the SphI–MluCI and EcoRI–MspI combinations, we observed that both Calisoga and Habronattus
specimens had larger numbers of loci given sequencing
effort (Fig. 1). The reasons for this are unclear but could
be attributed to these species having larger genomes than
the others we investigated (in support of this hypothesis,
estimates for Habronattus suggest the genome size is over
twice that of the spider average; see Gregory & Shorthouse 2003), greater error associated with locus discovery, or more AATT nucleotide motifs.
Increased locus recovery with the SphI–MluCI and
EcoRI–MspI combinations was consistent among all sample pairs investigated (Fig. 2), leading us to postulate
that the effect of enzyme combination on ddRADseq
results may be rooted in the evolutionary history of the
species we examined. Our results indicate that the
enzymes EcoRI and MluCI, which both recognize some
subset of a AATT nucleotide motif and leave a 4-base 50
overhang, had the greatest impact on sequencing statistics (Table 1; Fig. 1). The RE combinations EcoRI–MspI
and SphI–MluCI produced the highest conversion of raw
reads to loci for the majority of sample pairs that we
examined (Fig. 1). These results are unlikely to be due to
star activity (i.e. non-specific RE cleavage); although
EcoRI can exhibit non-site specific cutting, we utilized a
high-fidelity enzyme with buffer designed to inhibit this
action (New England BioLabs). The utility of enzymes

with AT-rich restriction sites may potentially owe their
effectiveness to biased nucleotide composition in Arachnida. Previous studies attempting to improve analytical
methods for arachnid phylogenetics have described
shifts in nucleotide composition and asymmetrical
exchanges in favour of amino acids with AT-biased
degeneracy, such as isoleucine. Such AT bias appears frequently in arthropods (Foster & Hickey 1999; Brewer
et al. 2014; Sanggaard et al. 2014) and is often heralded
by a decrease in genetic recombination and concomitant
lack of gene conversion, the process of which may be
GC-dependent (Stensrud et al. 2007). We are unaware of
studies implicating specific decreases in gene recombination for arachnids, although they are well defined in
some model arthropods (Kliman & Hey 1993; Comeron
et al. 2012).
We found variation in conversion of raw reads to loci
between protocols for samples that were sequenced with
multiple RE combinations (Figs 1 and 2; Table 1). As
genomic DNA from the same individuals was used in
each protocol comparison, we might expect conversion
to be similar across protocol unless there are differences
in restriction site mutation rate (Andrews et al. 2016).
One enzyme used frequently in ddRADseq studies and
in several of our RE combinations, MspI, is unable to
cleave sites with methylation at the 50 cytosine (Schield
et al. 2015b). Although cytosine methylation is known to
be limited in arthropods (Regev et al. 1998; Lyko & Maleszka 2011; Lechner et al. 2013), virtually no literature on
DNA methylation has included arachnid taxa. It is possible that, similar to mutation of the restriction site, site
methylation operates as an epigenetic contribution to
allelic dropout (Kerkel et al. 2008). However, the restriction site of MspI is both short and repetitive, perhaps
ameliorating any effect of methylation in the sheer number of genomic sites with which it should be able to interact.
The results of our investigation into the effects of RE
selection on read count and shared loci indicate an effect
of sequencing date. We saw a 30% increase in quality
control pass rate for fragment libraries prepared with
SbfI–MspI in January 2015 as compared to those from
October 2014. This improvement may be related to
changes we made to the fragment size-selection window,
which we widened by 100 base pairs in later sequencing
efforts (January and May 2015) to increase genomic coverage in the face of unpredictable enzyme cutting frequencies. The window increase allowed the inclusion of
larger fragments and may have improved uptake of fragments with properly annealed barcode sequences, culminating in higher pass rates for effort 2. It does not seem
that the improvements in sequencing effort 2 stem from
an overall increase in raw sequenced reads, which might
be due to quality or size differences in fragment libraries,
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because the average read count for samples sequenced
with SbfI–MspI during efforts 2 and 3 was actually lower
than for sequencing effort 1.

Influence of evolutionary divergence on RE selection
Using COI Sanger sequence data, we estimated the
genetic divergence between selected sample pairs and
explored the effect of increased divergence on ddRADseq analyses. Because allelic dropout is hypothesized to
increase as the genetic divergence of samples increases
(Gautier et al. 2013; Eaton 2014; Leache et al. 2015b), we
expected shared loci between sample pairs to decrease as
divergence increased. With the exception of Hypochilus,
our results are generally consistent with this hypothesis.
We found that our Hypochilus samples had highly divergent COI sequences, in spite of geographically adjacent
collection sites (Table S1, Supporting information), and
yet had many more shared loci than would be expected
given an exponential decay model (Fig. 3). Genomic
fragmentation of these samples with RE combinations
EcoRI–MspI and SphI–MluCI yielded similarly high numbers of SNPs and shared loci. These incongruent results
may be explained by the underlying population structure of the species: described by some workers as ‘living
fossils’, Hypochilus species are known to be extreme habitat specialists with limited dispersal (Hedin, 2001; Hedin
& Wood 2002; Keith & Hedin 2012). Large mtDNA distances have previously been described for other southern
Appalachian Hypochilus species, with reciprocal monophyly of populations within the closely related species,
Hypochilus thorelli, even at geographic distances of less
than 5 kilometres (Hedin & Wood 2002; Keith & Hedin
2012). However, analyses based on coalescent theory or
assuming a nested clade hierarchy led the authors of
these studies to suggest the presence of some restricted
but non-zero gene flow via male dispersal. Our findings
of higher than expected numbers of shared ddRADseq
loci alongside a background of distant mtDNA
sequences for H. pococki would be in line with this
hypothesis of population structure in H. thorelli.
Restriction endonuclease combination had a pronounced effect on the ratio of shared loci to read count
for sample pairs with greater estimated genomic divergence, likely in part due to the low vagility of the majority of species we investigated (Pinto-da-Rocha et al. 2007;
Keith & Hedin 2012; Hedin et al. 2013; Leavitt et al.
2015). Few studies have examined absolute divergence
time estimates for the arachnid species we sequenced,
but Derkarabetian et al. (2011) used reliable biogeographic evidence (Graham 1999; Brunsfeld et al. 2001) for
a speciation interval of 2–5 million years (not including
95% HPD) between Sclerobunus idahoensis and S. nondimorphicus. SbfI had the longest restriction site (and thus,
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predicted to have the rarest cutting frequency) of the REs
we used in digestions, and the combination of SbfI–MspI
appears to have yielded few but consistent genomic
regions for pairs of greater estimated genetic divergence,
such as Calisoga (Figs 1 and 2, Table 1). In prior studies
where ddRADseq was employed for the purpose of phylogenetic inference, researchers expressly chose enzymes
with very different restriction specificities and cutting
frequencies, such as MspI combined with SbfI or PstI
(Jones et al. 2013; Streicher et al. 2014; Leache et al. 2015b;
Meik et al. 2015). The speciation or introgression events
of interest in these phylogenetic studies were estimated
between 1 and 5 mya, but accurate interspecies relationships for clades as old as 60 mya have been presented
using SNPs from RADseq techniques (Rubin et al. 2012;
Cariou et al. 2013; Leache et al. 2015b).
Among the sample pairs we studied, only Speleonychia
had an estimated COI divergence less than 5% and thus
it is unclear whether its placement in Fig. 3 could be considered ‘outlying’. This cave-obligate species was represented by individuals from separate lava tubes in the
Indian Heaven lava flow system of southern Washington
(Briggs 1974), but the high number of shared loci and
near identical COI sequences of these individuals may
indicate gene flow mediated by previously undocumented interconnectivity of lava tubes. The similarity of
the individuals sampled suggests future studies of the
species using a ddRADseq approach may benefit from
the use of endonucleases with short restriction sites, as
the risks of allelic dropout decrease with closely related
targets, while read depth may remain comparatively
high (Gautier et al. 2013; Eaton 2014; Leache et al. 2015b).
Removing Speleonychia from consideration, shared loci
count remains fairly invariable at ~7000 loci for COI
divergences of 5% to 10%.
Our findings in this study come with some caveats.
Although major instrumentation did not change
throughout the three sequencing periods, only Leiobunum
was sequenced across all four RE protocols, so some care
must be taken when comparing the efficacy of protocols
to each other. Furthermore, no samples were sequenced
doubly, so it is unclear how reproducible our fragment
libraries might be within or between sequencing efforts
(Puritz et al. 2014). Such a study would be useful in
determining saturation points for different RE combinations (i.e. the point at which increasing read count no
longer increases locus recovery). Even so, this pilot
experiment provides an initial framework for the exploration of RE effects on ddRADseq results as recommended by Davey et al. (2011). It should also be
reiterated that the analysis parameters we employed for
variant calling were quite conservative and suited especially for population-level analyses where large numbers
of shared loci are expected and the consequences of
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inaccuracy may be more severe. With reasonable relaxation of consensus base-calls and polymorphism allowances, even samples of considerable divergence may
produce more robust data sets less prone to the oversplitting of loci (Harvey et al. 2015). Given the phylogenetic breadth covered by our sample, we expect these
results to be of utility to arachnologists and workers on
non-model systems with a variety of research goals
related to molecular ecology. Also our general approach
should be helpful in circumstances where digest simulations are unreliable and/or an adequate reference genome is lacking.
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