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Abstract

Next-generation sequencing (NGS) is emerging as an efficient and cost-effective tool in population genomic analyses

of nonmodel organisms, allowing simultaneous resequencing of many regions of multi-genomic DNA from multi-

plexed samples. Here, we detail our synthesis of protocols for targeted resequencing of mitochondrial and nuclear

loci by generating indexed genomic libraries for multiplexing up to 100 individuals in a single sequencing pool, and

then enriching the pooled library using custom DNA capture arrays. Our use of DNA sequence from one species to

capture and enrich the sequencing libraries of another species (i.e. cross-species DNA capture) indicates that efficient

enrichment occurs when sequences are up to about 12% divergent, allowing us to take advantage of genomic infor-

mation in one species to sequence orthologous regions in related species. In addition to a complete mitochondrial

genome on each array, we have included between 43 and 118 nuclear loci for low-coverage sequencing of between

18 kb and 87 kb of DNA sequence per individual for single nucleotide polymorphisms discovery from 50 to 100

individuals in a single sequencing lane. Using this method, we have generated a total of over 500 whole mitochon-

drial genomes from seven cetacean species and green sea turtles. The greater variation detected in mitogenomes

relative to short mtDNA sequences is helping to resolve genetic structure ranging from geographic to species-level

differences. These NGS and analysis techniques have allowed for simultaneous population genomic studies of

mtDNA and nDNA with greater genomic coverage and phylogeographic resolution than has previously been

possible in marine mammals and turtles.
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Introduction

High-throughput ‘next-generation’ sequencing tech-

niques are enhancing the way we address phylogenetic

and population genetic questions, but applications in

nonmodel organisms have been limited by the need for

better methods of repeatedly sequencing the same set of

loci in tens to hundreds of individuals. Early applica-

tions have been based on PCR amplification of loci prior

to pooling and sequencing (Gilbert et al. 2008; Chan

et al. 2010; Morin et al. 2010; Vilstrup et al. 2011).

A recent development for broad genome coverage of

short anonymous nuclear fragments is restriction-site

associated DNA (RAD) sequencing (Baird et al. 2008;

Elshire et al. 2011). These two applications represent

the relatively low-throughput and high-throughput

approaches to applying Next-generation sequencing

(NGS) methods to larger numbers of samples and loci

than has been previously practical with Sanger sequenc-

ing. For many applications in population genetics and

phylogenetics, however, an intermediate approach is

needed, where dozens to hundreds of targeted nuclear

loci and/or complete mitochondrial genomes are gener-

ated from dozens to hundreds of samples. We present

here a relatively low-cost multiplexed DNA capture and

NGS sequencing approach for simultaneous mitoge-

nome and targeted nuclear locus sequencing applica-

tions in nonmodel organisms with limited or no

genomic information.
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The use of complete mitogenomes in phylogenetics

has repeatedly been shown to substantially increase reso-

lution and provide better topologies and divergence time

estimates than shorter mitochondrial DNA (mtDNA)

sequences such as the control region (Mueller 2006; Chan

et al. 2010; Duchene et al. 2011; Knaus et al. 2011). Recent

publications include the application of mitogenomics to

determine deep (e.g. Jackson et al. 2009; Singh et al. 2009;

Inoue et al. 2010; Lavoue et al. 2011; Pacheco et al. 2011;

Yamanoue et al. 2011) as well as more recent radiations

(Chan et al. 2010; Morin et al. 2010; Vilstrup et al. 2011;

Wielstra & Arntzen 2011), and the use of larger numbers

(tens to hundreds) of mitogenomes to understand inter-

and intra-specific diversity and evolutionary patterns (e.

g. Chan et al. 2010; Foote et al. 2010; Morin et al. 2010;

Yamanoue et al. 2011). Not only are these techniques

being used for contemporary DNA but also ancient

DNA studies are increasingly employing mitogenomics

for better resolution of phylogeny and phylogeography

(e.g. Gilbert et al. 2008; Enk et al. 2011; Horn et al. 2011).

The major limitation to using complete mitogenomic

data for phylogeographic and phylogenetic studies has

been the cost and effort required to generate the data. To

date, the majority of these studies have used traditional,

labour intensive PCR and Sanger sequencing methods (e.

g. Knaus et al. 2011; Lavoue et al. 2011; Pacheco et al.

2011; Wielstra & Arntzen 2011; Yamanoue et al. 2011; Yu

et al. 2011; Shamblin et al. 2012).

To avoid the need for individual PCR amplifications

of many loci per sample, capture hybridization methods

have been developed to enrich genomic DNA samples

for preselected genes or DNA fragments (Bashiardes

et al. 2005; Noonan et al. 2006; Hodges et al. 2009; Mama-

nova et al. 2010). These methods have typically been

applied to enrich genomic samples from single individu-

als, but recent developments have led to enriching

pooled DNA libraries for greater cost-effectiveness (Fair-

cloth et al. 2012; Lemmon et al. 2012; Peterson et al. 2012).

When gene sequences from target organisms or related

species are known, DNA capture arrays can be commer-

cially synthesized for genomic DNA library enrichment

(e.g. SureSelect; Agilent Technologies Inc.), custom-made

from PCR products or synthesized RNA probes attached

to magnetic beads (Gnirke et al. 2009; Maricic et al. 2010).

We have combined methods for highly multiplexed

genomic library preparation (Meyer & Kircher 2010) with

methods for capture array enrichment (Hodges et al.

2009) that enable efficient and low-cost per sample

sequencing of complete mitochondrial genomes and low

coverage of up to 118 nuclear loci for up to 100 samples

for SNP discovery in a single NGS sequencing lane. To

date, we have obtained sequences from the fin whale

(Balaenoptera physalus), sperm whale (Physeter macrocepha-

lus), three species of beaked whales (Ziphius cavirostris,

Mesoplodon densirostris, M. europaeus), pantropical spotted

dolphin (Stenella attenuata), spinner dolphin (Stenella

longirostris) and the green sea turtle (Chelonia mydas). We

present a summary of results from over 500 mitoge-

nomes, and discuss optimal sample characteristics, meth-

ods and capture array design for obtaining consistent

depth of coverage of mitogenome and nDNA loci.

Finally, we investigate the use of cross-species capture to

expand the number and variety of sequences that can be

enriched from genomic DNA of species for which we

have little or no genomic information.

Methods

Sample selection and DNA extraction

With few exceptions, genomic DNA (gDNA) extractions

were conducted using silica-based filter purification

(Qiaxtractor� DX reagents; Qiagen) following manufac-

turers’ instructions, performed on a JANUS� automated

work station (Perkin–Elmer). During the initial digestion

of the sample, additional proteinase K and overnight

digestion at 37 °C was sometimes added to assist with

breakdown of cetacean and turtle skin samples. Samples

extracted using other methods such as sodium chloride

protein precipitation (Miller et al. 1988) or phenol/chlo-

roform procedures (Sambrook et al. 1989) were put

through a secondary silica-based purification (Qiaquick;

Qiagen) to remove enzymatic inhibitors (e.g. melanin;

Yoshii et al. 1993) that are common to cetacean and sea

turtle skin sample DNA extracts.

Capture array design

We designed five different capture arrays (Table 1).

MtDNA genomes used in each array design were

obtained from GenBank� (NCBI/NIH; accession num-

bers NC_001321, NC_002503, NC_000886, NC_005273,

EU_557096). Nuclear loci sequences for the cetacean

arrays differed for each species, and were obtained by

sequencing conserved mammalian loci (Aitken et al.

2004) from the fin whale, sperm whale (Morin et al.

2007a; Mesnick et al. 2011), spotted and spinner dolphin,

and three species of beaked whale samples. For the spot-

ted dolphin, spinner dolphin and beaked whale nuclear

loci, we also used the BLASTN tools with default config-

uration for ‘near exact matches’ in the Ensembl genome

annotation project (Flicek et al. 2011) to extract orthologs

of 75 sequences that included these sections from the bot-

tlenose dolphin (Tursiops truncatus) draft genome (assem-

bly turTru1, Jul 2008; database version 69.1). Orthologs

were identified based on high sequence similarity and

identification of the gene in the Ensemble genome brow-

ser display. This allowed us to expand our original
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sequences to approximately 1000 bp, typically including

portions of at least one exon and one intron (Supplemen-

tal Table S1). The green turtle nuclear loci were obtained

from sequences generated from sequencing known mi-

crosatellite flanking regions and amplified fragment

length polymorphism (AFLP) fragments (Roden et al.

2009 and unpublished data) (Supplementary Table S2).

The actual array design characteristics for each library

followed closely with the design outlined in Hodges

et al. (2009) with a few minor modifications. All arrays

were SureSelect DNA capture arrays with 244 K 60 bp

probes on a 1 inch by 3 inch glass slide (Agilent Technol-

ogies Inc.). The capture arrays varied in the numbers of

individual nuclear loci, numbers of copies of each

mtDNA and nDNA probe sequence, and distance

between each probe within the mtDNA genome

(Table 1). Arrays were designed using the Agilent

EARRAY software (https://earray.chem.agilent.com/ear

ray/; design data files available in the Dryad data reposi-

tory, doi:10.5061/dryad.cv35b).

Library preparation and array capture

The DNA library preparation and array capture proto-

cols were used as described in Meyer & Kircher (2010)

and Hodges et al. (2009), respectively, with minor modi-

fications (see supplementary material for complete pro-

tocol). Although Meyer & Kircher (2010) state that very

low amounts of DNA (as low as 100 pg) can be used in

the library preparation with positive results down-

stream, we used a target amount of 100 ng per sample to

ensure good coverage of both the entire mitogenome and

a set of nuclear loci. We used the Quant-iT e PicoGreen�

dsDNA Assay Kit (Invitrogen) in conjunction with a

fluorospectrometer to ensure accurate measurement of

double stranded DNA in extracts from various methods

that could produce potentially spurious spectrophotome-

ter readings caused by RNA or chemical and tissue

contaminants.

The first part of the library preparation (Meyer &

Kircher 2010) involved shearing the DNA into fragments

that are 200–500 bp long with a mean of 250 bp. In con-

trast to Meyer & Kircher (2010), 80 uL (rather than

50 lL) of total volume was used in the shearing

(sonication) procedure, using a Bioruptor UCD-200

(Diagenode). Twenty microlitres of the sheared DNA

was electrophoresed in a 2% agarose gel to confirm the

presence of fragments of the desired size range. If the

fragments were longer than approximately 400–500 bp,

one to two more sonication cycles were performed.

Blunt-ends were repaired with 20 lL of DNA (instead of

50 lL) and 20 lL of reagent mix, with volumes adjusted

to maintain reagent and enzyme concentrations. Adaptor

fill-in incubation was extended to 60 min. instead of

30 min. Purifications via Solid Phase Reversible Immobi-

lization (SPRI) were performed as described in Meyer &

Kircher (2010); however, a Vortemp� (Labnet) at 55 °C
for 10–15 min (no shaking) was used to dry the tubes

after the second ethanol wash step.

Prior to starting the indexing PCR, quantification of

the adaptor-ligated fragments was performed to esti-

mate the approximate quantity of the target DNA in

the library preparation solution. An indexing PCR was

performed on the positive control to create standards

for the qPCR step as described in 21.ii of the Meyer &

Kircher (2010) protocol. Ten-fold serial dilutions of the

quantified product were made using AE buffer (Qia-

gen). Quantitative PCR was performed as described in

Meyer & Kircher (2010). The quantitative PCR results

were used to determine, based on DNA quantity, how

many PCR cycles should be used in the indexing PCR

(see below).

Table 1 Array design characteristics. Array design data in Dryad data repository (doi:10.5061/dryad.cv35b)

Species

Sequencing

technology‡ No. of arrays§
mtDNA

replicates¶
nDNA

replicates¶
mtDNA probe

interval (bp)††

Fin whale GAII 3 5 45 3

Sperm whale GAII 2 5 29 3

Green Sea turtle GAII 1 1 12.5** 7

Spotted and Spinner dolphin* HiSeq2000 2 1 13 15

Beaked whale† HiSeq2000 1 1 13 15

*One of the arrays included only spinner dolphins.

†Three species of beaked whales were pooled in one library.

‡Type of Illumina sequencing technology used.

§The physical number of capture arrays that were used.

¶Number of copies of the mitogenome or nuclear loci probe sets that were put on the array.

**Average of the replications times the number of loci in each subset and divided by the total number of loci.. Three subsets of the loci

were replicated 16 times (70 loci), 10 times (17 loci) and 6 times (31 loci) on the array respectively.

††The number of base pairs between the beginning of each probe tiled across the mitogenome.
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The final steps prior to pooling involved indexing

each of the samples by PCR amplification using

indexed primers, purification, quantifying the indexed

product and pooling them into a single tube for library

capture on the array. Each sample was indexed with a

different reverse primer in the indexing PCR, using

10 lL of the adaptor-ligated library. For most of the

libraries, with the exception of the fin whales and one

sperm whale library, we used more PCR cycles than

recommended by Meyer & Kircher (2010): if the tem-

plate contained � 10 ng/lL, 25 cycles were used in the

PCR; if the concentration was <10 ng/lL, 30 cycles

were used. Products were electrophoresed on a 2% aga-

rose gel; if any of the lanes containing sample appeared

blank, then a subsequent indexing PCR was completed

for that sample using 30 cycles (products were com-

bined if the second PCR appeared to still be weak or

blank in the gel). While more cycles than recommended

were used in four library preparations, we suggest

starting with 15 cycles and increasing the number of

cycles if no band is visible on the agarose gel to avoid

possible overcycling, leading to biased replication of

fragments at this PCR step (see discussion). After the

final SPRI purification, we quantified the amplified

products with a Nanodrop� (Thermoscientific) as rec-

ommended by Hodges et al. (2009) and then pooled the

DNA in equimolar quantities for a total combined

quantity of 20 lg of DNA (target = 20 lg of DNA total,

minimum amount acquired = 15 lg) in a final volume

of 138 lL. If the pooled volume exceeded 138 lL, the
pooled library was concentrated in a Savant SpeedVac�

(Thermoscientific).

The capture array hybridization method described by

Hodges et al. (2009) involves mixing the pooled product

with a buffer solution and oligo-blockers (including a

blocker of repetitive elements, Human Cot-1 DNA), then

washing this entire mixture over the surface of the array

at 65 °C for 65 h in a rotating chamber. We use a combi-

nation of oligos from both protocols in the hybridization

mixture to accommodate the Meyer & Kircher (2010)

index primers (Table 2). We also advise rotating the

chamber at 20 r.p.m rather than 12 r.p.m for maximum

coverage of the array slide, following the recommenda-

tions of the array manufacturer (Agilent Technologies,

Inc.). After hybridization, the array was washed and the

enriched library eluted as described by Hodges et al.

(2009) and according to manufacturer’s instructions

(Agilent Technologies, Inc.) (Fig. 1).

Following concentration of the enriched library in a

Savant SpeedVac� as described in Hodges et al. (2009),

the DNA was amplified in five replicate reactions. The

master mix recipe for this amplification, thermocycler

conditions and number of cycles followed Hodges et al.

(2009). The five products were pooled and 10 lL of the

product was electrophoresed on a 2% agarose gel to

confirm amplification. The remaining product was puri-

fied using a Qiaquick cleaning kit as detailed in Hodges

et al. (2009), and eluted in a final volume of 60 lL.
Twenty microlitres of the product was gel purified using

a 2% low-melt agarose and the Zymocleane Gel DNA

recovery kit (Zymo Research Corporation) to isolate frag-

ments in the range of approximately 250–300 bp prior to

single-end sequencing (each library in a single lane) on

an Illumina Genome Analyzer II (read length 80–100 bp)

with a cBot single read cluster generation kit or a

HiSeq2000 Analyzer (read length 100 bp) with the TruS-

eqSR cluster kit (Illumina, Inc,) (Table 1). All libraries

were sequenced by The DNA Array Core Facility (The

Scripps Research Institute, La Jolla, CA).

Assembly of mitogenomes and nuclear sequences

Additional filtering of read quality was generally not

performed prior to mitogenome assembly as the high

coverage resulted in high-quality consensus sequences.

For low-coverage nuclear loci, filtering to remove short

reads (e.g. <20 bp) and reads that did not have at least

95% of nucleotides that have quality scores >15 provided

a slight reduction in the number of putative single nucle-

otide polymorphisms (SNPs) that showed up in only a

single individual and were likely to be false positives.

Results differed by species and library, so filtering and

assembly were done iteratively with different parameters

until sequence quality stabilized.

Assembly of mitogenomes and nuclear sequences

was performed using one of the three methods. Individ-

ual assemblies to a reference sequence were conducted

in CLC GENOMICS WORKBENCH v4.1 (CLCbio) or in GENE-

IOUS PRO (v. 5.5.3) (Biomatters Ltd.). For batches of sam-

ples we used custom scripts (Dryad data repository

doi:10.5061/dryad.cv35b) in the R COMPUTING ENVIRON-

MENT (R Development Core Team 2006) to iteratively run

publicly available analysis packages for quality filtering

(FASTX toolkit; http://hannonlab.cshl.edu/fastx_tool

kit/), assembly (BWA; Li & Durbin 2009), multiple align-

ment (MAFFT; Katoh et al. 2005) and SNP detection (GATK;

DePristo et al. 2011; Nielsen et al. 2011).

Table 2 Blocking oligos used in the hybridization mixture

Primer name

Stock

concentration (lM)

Source

citation

BO 1 200 Hodges et al. 2009

BO 3 200 Hodges et al. 2009

B03.P7.part1.F 200 Meyer & Kircher 2010

B04.P7.part1.R 200 Meyer & Kircher 2010

B05.P7.part2.F 200 Meyer & Kircher 2010

B06.P7.part2.R 200 Meyer & Kircher 2010
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To evaluate the efficiency of cross-species capture

and assembly (the leatherback turtle reads were gener-

ated by hybridization to an array design based on

green turtle sequence), the leatherback turtle reads

were first assembled to a reference leatherback turtle

mitogenome sequence (Duchene et al. 2012) to deter-

mine the capture efficiency when green turtle baits

were used on the capture array. Assembly parameters

in CLC Genomics Workbench were: Similarity = 0.8,

Length fraction = 0.8, Insertion cost = 3, Deletion

cost = 3, Mismatch cost = 3. To test for the effects of

assembly to a divergent reference sequence, the previ-

ously assembled reads were then also assembled to

the green turtle mitogenome reference sequence

(Accession number AB012104) in GENEIOUS PRO using

custom settings: Allow gaps: Max per read = 10, word

length = 24; ignore words repeated more than one

times; Max mismatches per read = 25%; Max gap

size = 3, Max ambiguity = 4. Evaluation of the diver-

gence between genomes relative to the depth of cover-

age in the assembly was done by setting parameters

for highlighting low-coverage regions to show regions

with depth of coverage <10. All of these regions

include gaps in coverage, plus flanking regions where

depth of coverage is low so that the consensus sequence

is more likely to contain errors. Raw sequence read

FASTQ files for marine turtle sequences (Duchene et al.

2012) are available on request for readers interested in

evaluating distribution and assembly characteristics of the

raw reads (supplementary Table S3).

Calculations of percent reads on target were based on

the total number of mapped reads for all samples within

a species, divided by the total number of reads for all

samples. The expected number of reads from an

Fig. 1 Schematic of the library prepara-

tion and capture array hybridization

method
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unenriched library was calculated as the size of the

target sequence (16 500 for mtDNA, variable for nuclear

loci; Table 5), multiplied by the expected number of

copies per cell (one for nuclear, 300 for mtDNA; Morin

et al. 2007b), and divided by the genome size. Since we

do not yet know the genome size for a cetacean or mar-

ine turtle, we used the size of the human genome, 3.3 bil-

lion, as the estimated size. The enrichment factor was

calculated as the total number of mapped reads divided

by the expected number of reads from an unenriched

library.

Results

A total of 550 individuals across eight species were

sequenced and analysed using these NGS techniques,

including 153 fin whales, 100 sperm whales, 52 beaked

whales, 116 spinner dolphins, 45 spotted dolphins and

84 green turtles (plus 2–4 individuals of each of the six

other sea turtle species). An average of 21 lg of indexed

DNA (pooled samples) was used for capture enrichment

hybridization (N = 3 arrays) for the fin whale, 16.3 lg
for the sperm whale (N = 2), 22 lg for the beaked whale

(N = 1), 28 lg for the spinner dolphin (N = 2), 11.4 lg
for the spotted dolphin (N = 1) and 43 lg were used for

the sea turtles (N = 1). For a summary of the mtDNA

and nDNA statistics based on species, see Tables 3, 4

and 5.

The percentage of all sequence reads that contained

index sequences ranged from 91% to 97% per library,

with an average of 94% (HiSeq2000 data, N = 4 libraries).

Capture array enrichment for mitochondrial and nuclear

loci varied substantially between array designs and sam-

ple sets. The portion of sequence reads that mapped to

the targeted reference sequences (mtDNA and nDNA)

ranged from approximately 3% to 55%, of which 0.2% to

1.7% was for nuclear loci, and all remaining mapped

reads were for mitochondrial DNA (percent reads on tar-

get, Tables 4 and 5). However, the proportion of unique

mapped reads to total mapped reads (identical reads

included) ranged from 0.7% to 39%, indicating wide vari-

ation in the level of clonality among reads due to PCR

amplification. We calculated the number of reads that

would be expected to map to our mtDNA and nuclear

references if there were no enrichment from the capture

array hybridization, and found that mtDNA was

enriched on average by 125-fold (range 12–367), and

nuclear DNA was enriched on average 565-fold (range

362–920). The lower enrichment factor for mtDNA is

expected given that mtDNA is already typically repre-

sented by about 300 copies per cell in preserved cetacean

biopsy samples (Morin et al. 2007b) and could represent

a much higher portion of the cellular DNA from

degraded samples.

Mean depth of coverage of mitogenomes was gener-

ally high, ranging from 22 to 195 reads per nucleotide

Table 3 Summary statistics for libraries and raw sequence data

Raw data

Species

PCR product

amt (ng)*

Number of

unique samples

across all arrays

Number

of runs†
Total number

of reads (millions)

Mean/Median of total

number of reads per

individual

Min/Max of total number

of reads per individual

Fin whale 378.3 153‡ 166 74.80 450 000 6 041

273 855 4 630 000

Sperm whale 324.5 100‡ 103 70.75 686 852 3 704

539 042 2 630 762

Green turtle 500 84§ 84 26.8 318 634 6 995

304 271 938 778

Spinner dolphin 244.5 116‡ 116 112.8 972 670 289 447

855 815 2 756 921

Spotted dolphin 253 45‡ 45 58.00 1 300 000 383 286

1 140 000 2 750 000

Beaked whales 376.9 52‡ 53 89.1 1 680 947 556 289

1 552 152 4 000 000

*Amount of total PCR product that was pooled on average per individual.

†In both the fin and sperm whale arrays some samples were duplicated for replication purposes. One sample in the beaked whale array

had two sets of data.

‡Total number of samples from all hybridization arrays of that species, sequenced separately in one to three different lanes on an Illu-

mina GA-II or HiSeq2000. 50–86 samples were pooled on each capture array.

§Eighty four green turtle samples plus 16 samples of other turtle species (total = 100 samples). Only green turtle data are considered in

the text and this table.
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position across arrays, and resulted in full coverage of

the complete mitogenome sequence in all but a few indi-

viduals from most libraries (except for spotted dolphins

and cross-species capture; see below) (Table 4). We

found that samples with mean depth of coverage greater

than 20 have an average of 13 zero-coverage nucleotides

in the mitogenome assemblies, resulting in the majority

of samples having complete or nearly complete mitoge-

nome sequences (Table 4). Even samples with average

depth of coverage between 10 and 20 typically had fewer

than 25 zero-coverage nucleotides, and average depth of

coverage as low as seven resulted in fewer than 100

zero-coverage bases in several samples (data not shown).

We attributed low coverage of some samples to a combi-

nation of DNA degradation, over estimates of the DNA

concentration prior to library preparation, and use

of <100 ng of DNA for library preparation when suffi-

cient DNA was not available.

Mean nuclear locus depth of coverage was consis-

tently low, ranging from 1 to 5.8 reads per nucleotide

position (Table 5). This low level of coverage was not

uniformly distributed within and among loci (Supple-

mentary Table S6), so that there were some loci or parts

of the targeted sequences that had consistently higher

depth of coverage while others had low or no coverage

across all individuals.

We used the GATK software (McKenna et al. 2010;

Nielsen et al. 2011) to identify SNPs based on multi-sam-

ple analysis followed by genotype validation in individ-

ual samples. SNP validation varied slightly by species,

but in general we considered variable sites identified by

GATK in nuclear loci to be potential SNPs if there were

heterozygotes and/or homozygotes of the alternate

allele, depth of coverage was at least 5–7 reads per indi-

vidual for called genotypes, and the minor allele fre-

quency was � 0.05 in the sample set. Individual SNPs

were validated based on genotypes across all samples

with adequate coverage. We excluded apparent SNPs as

possible paralogs if they were heterozygous in most or

all samples or were found on reads with several addi-

tional variants relative to the reference sequence. A total

of 88 318 bp (86 loci) were screened for SNP discovery in

spinner dolphins (S. longirostris), and 59 667 bp (75 loci)

of nuclear sequence were screened to discover SNPs for

two species of beaked whales (Table 5). We identified

132 putative SNPs from the spinner dolphin sample set,

representing approximately one SNP per 670 bp of

sequence, 117 potential SNPs for Cuvier’s beaked whale

(Z. cavirostris) and 188 for Blainsville’s beaked whale (M.

densirostris), representing approximately one SNP per

approximately 300–500 bp of sequence.

We compared the results for 13 loci that were previ-

ously sequenced from the Cuvier’s beaked whale (Z. cav-

irostris) using Sanger sequencing of PCR products from

20 individuals (high-quality sequence from 8 to 18 indi-

viduals per locus) with the same subset of 13 loci

obtained from our capture enrichment and NGS results

from 22 individuals (high-quality sequence from 15 to 21

individuals). Using the conservative criteria described

above to exclude low depth of coverage or rare SNPs, we

identified 18 putative SNPs common to both data sets.

Fourteen additional SNPs were from Sanger data only,

and 34 from NGS only. When individual NGS sequences

were inspected for SNPs found by Sanger sequencing,

additional SNPs were confirmed that were not initially

identified, typically because they were only found in one

individual and had low depth of coverage.

Of 71 Z. cavirostris SNPs selected for SNP assay

design for Amplifuor genotyping (Morin & McCarthy

2007), 59 assays were successfully designed and 53 were

optimized for genotyping in the lab, which resulted in

resolution of variable genotypes for 50 of the SNPs.

Thus, 72% of our selected SNPs from the NGS analysis

resulted in SNP assays that could be genotyped, and

96% of the genotyped SNPs were polymorphic (unpub-

lished data).

A portion of our samples had low quality DNA (e.g.

beach-stranded cetaceans). Although results were vari-

able for these samples, they tended to favour mtDNA,

resulting in an overabundance of fragments mapped to

the mtDNA genome relative to the nDNA target frag-

ments. In a single pool of fin whale samples that were

hybridized to a capture array prior to sequencing, four of

the nine samples that were from beach-stranded whales

had the highest mean depth of coverage of the mitoge-

nome across all samples in the pool, and the nine

stranded animal samples averaged about five times the

mean depth of coverage of 40 skin biopsy samples from

live animals (mean depth of coverage = 3856 and 775

respectively) in the entire pool.

We examined cross-species capture for the most

divergent species of marine turtles, the green turtle (used

as the capture array bait) and leatherback turtle (Dutton

et al. 1996). For example, the leatherback sample with the

highest number of reads (216 893), had 52 963 reads that

assembled to the leatherback reference mitogenome,

resulting in full coverage of all parts of the mitogenome

except for the control region. All leatherback turtle reads

assembling to the reference were then aligned to the

green turtle mitogenome reference. This resulted in 26

regions with gaps and flanking regions of <10 reads,

excluding the repeat region in the control region. Mean

similarity between the aligned leatherback and green tur-

tle reference mitogenomes was 83.8% (SD = 6.7) in the

gaps/low-coverage regions, but 89.4% for the remaining

mitogenome regions with � 10 reads. The similarity in

gap regions ranged from 65.6% to 92.0%, and 75.0% of

the gaps occur at similarity <88.0%. The G/C content
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was slightly lower in the gaps/low-coverage regions rel-

ative to the higher depth of coverage regions (39.0% vs.

39.4%). Assembly and phylogenetic analysis of the

mitogenomes from other marine turtle species is

described elsewhere (Duchene et al. 2012).

Discussion

We have demonstrated that the capture array and next-

generation sequencing techniques adopted here were

successful in generating whole mitochondrial genomes

and numerous nuclear sequences from large numbers of

samples across seven cetacean species and green turtles.

Over 500 mitogenomes have been generated and with

few exceptions, 100% of the mitochondrial reference

sequence was covered for each of the sequenced individ-

uals. While the capture array enrichment varied substan-

tially among arrays, up to 55% of the sequence reads

mapped to reference sequences, resulting in mean depth

of coverage of 22–148 reads for mitogenomes. We also

demonstrated library enrichment for targeted regions

from divergent sequences of nontarget species. As

described in Duchene et al. (2012), using the green turtle

as capture array bait, we were able to sequence complete

mitogenomes (except the control region) for all the other

sea turtle species, resulting in reference mitochondrial

genomes for several species that were previously

unavailable. Finally, we were able to generate sequences

for a larger number of nuclear loci than with traditional

sequencing, for the purpose of SNP discovery. With

further refinement (see below), there is the potential to

use these methods for direct genotyping of SNPs from

the NGS data.

DNA samples of low quality can be used to generate

mitogenomes using this method, whereas methods based

on long range PCR are not successful with these types of

samples. While we believe it is possible to use historical

or ancient samples, these samples tend to be of low DNA

concentration. Therefore, larger gaps may be present in

the coverage of either the mitochondrial genome or the

target nuclear fragments. As mentioned in the methods

section, it is possible to increase the number of indexing

PCR cycles for samples that have low DNA quantity, but

that may primarily increase coverage depth of the com-

mon fragments and not fill in gaps. In fact, we found that

using 25 cycles as the low number of cycles in the index-

ing PCR may have led to the increased clonality (pres-

ence of identical sequences, presumably replicated from

the same starting molecule) of common fragments for

many samples, not just the samples of low quality (data

not shown). We recommend starting with a lower

number of cycles in the indexing PCR as indicated by

Meyer & Kircher (2010) and Mamanova et al. (2010). A

qPCR assay to estimate the genome copy number can

also be used to optimize the number of cycles (see Meyer

& Kircher 2010), but we found that it was more efficient

to use the same number of cycles on all samples, then

follow up with more cycles only for those showing poor

amplification. In addition, use of different PCR enzyme

and buffer systems than used here may improve the rep-

resentation of target DNA fragments in sequencing

libraries, and are recommended to reduce biases in frag-

ment size and GC-content (Dabney & Meyer 2012). Addi-

tional measures, such as using T-A ligation (instead of

blunt-end ligation) and double indexing, can be used to

improve ligation efficiency and sequencing accuracy,

which is particularly important for ancient DNA and

other poor quality samples (Mamanova et al. 2010;

Kircher et al. 2012). In previous studies, using blunt-end

instead of T-A ligation has been found to cause chimeras

(self-ligation of both target DNA and adapters) to appear

during the library preparation. Although in practice we

see little evidence of this happening in our libraries, it is

likely that some chimeras form and could be sequenced

if the DNA is over-sonicated, resulting in fragments

shorter than the NGS read length (Lodes 2012).

As we have continued to develop and enhance our

protocols for creating next-generation sequencing data,

three notable improvements have emerged based on our

results. First, although the manufacturers of the capture

arrays (Agilent Technologies Inc.) and Hodges et al.

(2009) recommend using a total of 20 lg of DNA product

when hybridizing to the array, we have used additional

DNA product to expand the number of samples and loci

sequenced. For the green turtle array, we used more than

double the amount of recommended index PCR product

and increased sample size from 50 to 100. For this library

(relative to fin and sperm whales with N = 50 samples

per array, also sequenced on the Illumina GAII platform),

the mean depth of coverage for mtDNA decreased (pos-

sibly due to multiple factors; see below), but remained

above 50, and nuclear locus coverage was not noticeably

different (Tables 4 and 5). Second, both the fin whale and

sperm whale arrays were designed with five copies of

the mitochondrial genome probes attached to them,

while the beaked whale, spinner dolphin, spotted dol-

phin and turtle arrays had only one copy. The mtDNA

mean depth of coverage declined when we reduced the

number of copies on the array to 1, but averaged over 50

for all arrays that had 1 copy of the mtDNA probe set

(except spotted dolphins; see below). Finally, the mtDNA

probes were spaced every 3, 7 or 15 bp apart depending

on the species (Table 1). Spacing the mtDNA probes up

to 15 bp apart (4X coverage of the mitogenome sequence)

did not reduce mtDNA depth of coverage (e.g. the green

turtle array had a probe interval of 7 bp, and a lower

mean depth of coverage than the beaked whale array

with a probe interval of 15 bp; Table 4).
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We saw an increase in the proportion of reads

mapped to nuclear loci from the fin whale and sperm

whale libraries (0.2% and 0.4% respectively) to the later

libraries (� 1%). This improvement in the proportion of

mapped nDNA reads is possibly due to two factors: 1)

all the arrays subsequent to the fin whale and sperm

whale arrays had fewer copies of the mtDNA sequence

probes on them, and a larger mtDNA probe interval,

resulting in less competition between mtDNA and

nDNA for capture and sequencing capacity. Second, the

arrays described above were sequenced using more

advanced technology (from GAII to HiSeq 2000), which

produced longer reads on average and an increased

number of reads per array (Table 1).

The greatest limitation of combined mtDNA and

nuclear capture on a single array appears to be the rela-

tively low depth of coverage of the nuclear loci. This

depth of coverage limits the use of nuclear sequence data

to SNP discovery (the identification of variable nucleo-

tide sites in the sample set) in most cases, rather than

genotyping of all individuals directly from the sequence

data (e.g. Elshire et al. 2011). On some future capture

arrays, we will experiment with separating the mito-

chondrial genome from the nuclear loci when greater

nDNA depth of coverage is required. With these arrays,

each one will have either mtDNA reference sequence

capture baits or nuclear locus capture baits only.

Sequencing could be done either in two separate lanes to

maximize the number of nuclear reads, or after hybrid-

ization and elution, pooling unequal portions of the

enriched mtDNA and nuclear libraries to be sequenced

on one lane to reduce cost, although the ratio would

need to be empirically tested. Either approach should

have the advantage of providing both high depth of

coverage for mitogenomes and nDNA loci for the major-

ity of samples (cf. Mamanova et al. 2010), and could

allow significant expansion of the number of nuclear loci

sequenced per individual.

Our goals for individual species projects have varied,

resulting in different array designs aimed at generating

primarily mitochondrial sequences, or a combination of

mitogenomes and nuclear sequences for SNP discovery.

We have also attempted to adjust the portions of reads

that map to mtDNA vs. nDNA so that we can get closer

to the optimal depth of coverage for both from a single

capture array. As shown in Table 5, we were able to

increase the number and average length of nuclear loci,

and also increase the number of pooled samples, without

losing coverage density of nuclear loci. Our ability to

assemble complete mitogenomes from most samples was

also not impaired by the increase in pooled individuals

(the spinner and spotted dolphin and green turtle

arrays). With the exception of spotted dolphins, mean

depth of coverage of mitogenomes remained above 50

reads/nucleotide site as we increased the mitogenome

probe interval from 3 bp to 15 bp, and the number of

copies of the mitogenome probe sets were reduced from

five to one. Presumably, these changes would have

resulted in concomitant increases in the mean depth of

coverage of the nuclear loci if we had held the nuclear

locus number and mean length constant, but we chose to

use the potential extra read capacity to increase the num-

ber of loci, mean length and number of samples pooled

on the array. Despite the above increases, we still saw

the mean depth of coverage increase from 2.1 to 3.3 for

fin and sperm whale arrays, where the total nuclear

sequence length was 18 kbp and 26 kbp, respectively, to

5.8 for beaked whales and spinner dolphins, where the

total nuclear sequence length was approximately 60 kbp

and 87 kbp respectively. The spotted dolphin and turtle

arrays, however, each had lower nuclear depth of cover-

age. We believe that the spotted dolphin array suffered

from poor capture overall, most likely due to some prob-

lem in the library preparation or hybridization, and the

turtle array had many very short nuclear sequences,

some of which included tandem repeats, which caused

highly variable and overall low depth of coverage across

the nuclear loci. In the time since we conducted our

initial experiments, the number of reads per sequencing

lane has increased almost six-fold, so even without addi-

tional changes to our array designs, we anticipate signifi-

cantly better depth of coverage for both nuclear and

mitochondrial loci from a single capture array.

Any capture or genomic reduction (e.g. RAD-TAG;

Baird et al. 2008) method has the potential to also generate

sequences of paralogous loci or nuclear pseudogenes of

mitochondrial loci (NuMts; Bensasson et al. 2001; Lopez

et al. 1994). We have completed phylogenetic analysis of

marine turtle and beaked whale data sets, including

investigation of divergent reads in mitochondrial and

nuclear locus assemblies (Duchene et al. 2012; Morin et al.

2012b), and have also completed SNP discovery for three

species (see below). It is clear that when assembly strin-

gency is low, there can bemultiple divergent sequences in

some regions of the mitogenome assembly, presumably

representing NuMts that were captured with the true

mitochondrial sequences. As the mitochondrial DNA is

typically in 100 to 1000-fold excess relative to nuclear cop-

ies in the genome (Morin et al. 2007b) and differential

amplification of NuMt and true mitochondrial fragments

is not expected in NGS libraries due to similar base com-

position (Mamanova et al. 2010), we would expect that

NuMts would be a small fraction of reads and might only

cause problems in assembly when stringency is low and/

or depth of coverage is low. To date, we have not found

evidence of divergent reads at high frequencies in mitoge-

nome assemblies, resulting in consistent and repeatable

consensus sequences even when presumptive NuMt
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sequence reads have been observed in the assemblies.

Especially in areas of low coverage, however, it is impor-

tant to visually inspect assemblies to confirm that diver-

gent NuMts are not present at high enough frequency to

alter the consensus sequence.

We have only performed analysis of nuclear loci for

SNP discovery (detecting the location of an individual

SNP) from three species to date, primarily because soft-

ware to do SNP discovery for large numbers of

sequences and samples is not readily available, and the

process remains labour intensive from this type of data

(see, e.g. Nielsen et al. 2011; Nekrutenko & Taylor 2012).

We have implemented a custom SNP discovery pipeline

that uses the GATK software for SNP discovery, followed

by generation of a database of SNP genotypes and read

counts per genotype based on a set of rules that take into

account the depth of coverage and minimum and maxi-

mum percent of alternate alleles for calling homozygotes

and heterozygotes. The putative SNPs were inspected to

identify those that appear to segregate in approximately

Hardy–Weinberg proportions and have little or no

evidence of paralogous loci (e.g. homozygotes consisted

of only one allele in the assembled reads). Results for

beaked whales indicate that with approximately 20 sam-

ples per species we are able to detect over 100 SNPs in

the 75 nuclear loci.

Both Sanger and NGS SNP discovery methods were

limited by high variability in the samples sequenced for

each locus or position in the locus. This problem is par-

tially overcome by sequencing larger numbers of sam-

ples, so that the methods meant to detect SNPs from

larger numbers of low-coverage samples can detect SNPs

from the combined data set (e.g. GATK, reviewed in Niel-

sen et al. 2011). The overall low coverage and variation

in coverage depth within and among loci means that we

will potentially miss detecting SNPs with both methods,

but the effect of that on our ability to detect a sufficient

number of SNPs will depend on the goals of the project.

If discovery of large numbers of SNPs (>100) is the

primary goal, then we suggest using methods recently

described for genome-wide nuclear locus enrichment

and sequencing (Faircloth et al. 2012; Lemmon et al.

2012), or genome-wide SNP discovery methods such as

RAD sequencing (Miller et al. 2007; Baird et al. 2008;

Rowe et al. 2011; Peterson et al. 2012). However, the

method described here is time and resource efficient for

the combined sequencing of mitogenomes and discovery

of a number of nuclear SNPs adequate for studies of

population structure and phylogeography (e.g. Morin

et al. 2009, 2012a; Finger et al. 2011; Kogura et al. 2011;

Mesnick et al. 2011) or for selection of informative SNPs

for mixed-stock analysis or species identification (e.g.

Smith & Seeb 2008; Bowden et al. 2012). Regardless of

the goal, the labour involved in SNP discovery is signifi-

cantly less using NGS methods than traditional PCR and

Sanger sequencing (both in the laboratory and in data

analysis) and has the potential to become significantly

more automated for NGS methods (e.g. Nielsen et al.

2011 and references therin).

In considering whether to use NGS technology to

sequence entire mitogenomes, a cost estimate analysis

between Sanger sequencing technology and NGS tech-

nology is warranted. To sequence the entire mitochon-

drial genome of a cetacean, � 25 partially overlapping

fragments at nearly 700 bp each would have to be PCR

amplified and sequenced (cetacean mitochondrial

genomes are typically about 16 400 bp long). For 50 sam-

ples sequenced using 25 primer pairs, we estimate that

the cost would be approximately $9900 (supplies only

for PCR, product cleaning and sequencing). Sequencing

the same number of samples using the NGS technology,

we have outlined here costs approximately $3400 ($960

for library preparation, $630 for capture array hybridiza-

tion, plus an estimated $1750 per lane for sequencing

on the Illumina platform). The initial cost of materials (e.

g. 100 index primers) and equipment for preparing NGS

libraries is significant, but can be spread over many sub-

sequent projects. It should be noted that the methods for

enriching large numbers of nuclear sequences for phylo-

genetic analysis or genome-wide SNP discovery, while

more efficient for generating large numbers of loci per

sample, require a more substantial initial investment in

the more costly in-solution enrichment libraries (e.g.

approximately $1700 to $15 000 for MYcroarray and

Agilent SureSelect kits, respectively; Faircloth et al. 2012;

Lemmon et al. 2012). These methods are likely to be more

cost-effective for larger numbers of samples or nuclear

loci within a project, or spread across projects when the

same capture sequences can be used (e.g. cross-species

capture), and have the added benefit of requiring less

specialized laboratory equipment than hybridization to

solid capture arrays.

If traditional Sanger sequencing was used to generate

mitogenomes as well as 80 nuclear loci for 50–100

samples, between 10 000 and 20 000 sequences would

need to be generated to match what is obtained in one

NGS lane. Furthermore, Sanger sequencing would

require running two 96-well plates every day for a year

to generate these data considering that it takes approxi-

mately 3–4 h to do a PCR or sequencing run. Although

next-generation sequencing entails considerable labora-

tory work, it takes less than a month to generate the

libraries and they can be sequenced in a matter of days.

With further advances in efficiency and automation, this

time and cost will undoubtedly decrease (e.g. Fisher et al.

2011; Rohland & Reich 2012).

The impact of these technologies on phylogenetics,

phylogeography and population genetics is already
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becoming apparent. Whole mitogenomes were previously

relegated to use in analysis of deep evolutionary relation-

ships, or where needed to resolve tree topologies that

could not be resolved with shorter sequences. With NGS

technologies, they are increasingly being applied to large

numbers of samples both above and below the species

level, resulting in highly supported phylogenies and more

precise and accurate estimates of divergence times, and

even allowing the identification of genes under selection.

Generating whole mitogenome sequences or large num-

bers of nuclear loci was previously limited by the need to

PCR amplify and sequence many shorter fragments

(<1000 bp). With capture arrays, cross-species capture

and highly multiplexed library enrichment and sequenc-

ing, we can efficiently and cost-effectively apply mitoge-

nomics to hundreds of samples of nonmodel species and

perform SNP discovery on dozens to over 100 loci, all

from a single capture array design and one or a few

Illumina sequencing lanes. Continued improvements in

sequencing technology will allow scaling up of the num-

ber and length of reads, resulting in higher depth of

coverage without any substantial changes in protocols or

resources. The potential for doing nuclear SNP genotyp-

ing directly from NGS data is already being realized for a

small number of model organisms, and with the methods

presented here, should be possible in the near future for

many more nonmodel organisms.
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