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Abstract

Recent advances in high-throughput sequencing library preparation and subgenomic enrichment methods have

opened new avenues for population genetics and phylogenetics of nonmodel organisms. To multiplex large numbers

of indexed samples while sequencing predominantly orthologous, targeted regions of the genome, we propose modi-

fications to an existing, in-solution capture that utilizes PCR products as target probes to enrich library pools for the

genomic subset of interest. The sequence capture using PCR-generated probes (SCPP) protocol requires no special-

ized equipment, is highly flexible and significantly reduces experimental costs for projects where a modest scale of

genetic data is optimal (25–100 genomic loci). Our alterations enable application of this method across a wider phylo-

genetic range of taxa and result in higher capture efficiencies and coverage at each locus. Efficient and consistent cap-

ture over multiple SCPP experiments and at various phylogenetic distances is demonstrated, extending the utility of

this method to both phylogeographic and phylogenomic studies.
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Introduction

With the continually decreasing cost of data collection

using high-throughput sequencing (HTS) techniques,

there has been a movement to exploit this technology in

the fields of phylogeography and phylogenetics. To

address most questions in these fields, the data needed

are orthologous loci from multiple individuals, typically

from nonmodel organisms with deep and shallow time-

scales of divergence. Traditionally, this is performed by

separately Sanger sequencing each individual for every

locus of interest. A constraint typically seen with Sanger

sequencing is that often some individuals repeatedly fail

to PCR-amplify at particular loci, resulting in frustrat-

ingly patchy data matrices. Due to several novel and

modified methods using HTS, researchers are now capa-

ble of sequencing significant numbers of orthologous loci

for many individuals at far lower costs and in a fraction

of the time compared to Sanger sequencing.

Obtaining homologous loci from the DNA of a larger-

genome organism often requires reduction to a targeted

genomic subset of interest. Some of the more common

methods to reduce the genome include reduced repre-

sentation libraries (S�anchez et al. 2009; Van Bers et al.

2010), restriction-site-associated DNA (RAD) sequencing

(Hohenlohe et al. 2010; Peterson et al. 2012), amplicon

sequencing (Chan et al. 2010; O’Neill et al. 2013) and

transcriptome sequencing (Parchman et al. 2010; Smith

et al. 2011). The advantages and disadvantages of these

approaches and the bioinformatics associated with each

were reviewed by Good (2011), McCormack et al. (2013b)

and Lemmon and Lemmon (2013).

Another increasingly popular approach is capture by

hybridization, a method in which specifically targeted

markers from individuals belonging to multiple
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populations or species are sequenced (reviewed in

Mamanova et al. 2010). There are currently two

approaches for target enrichment by hybridization:

array-based captures which use commercially generated

probes immobilized on a chip (Bi et al. 2012; Hancock-

Hanser et al. 2013) and in-solution capture which can be

implemented with either commercial or laboratory-gen-

erated probes (Mason et al. 2011; Faircloth et al. 2012;

Lemmon et al. 2012; Li et al. 2013). Regardless of the

method, hybrid capture requires a priori knowledge

about the genomic sequence of the targets of interest for

probe design. Genome reduction is achieved by hybrid-

izing genomic DNA libraries to short nucleic acid

probes, discarding fragments that did not hybridize and

sequencing the fragments that were successfully cap-

tured. By consistently retaining homologous sequence-

based loci across individuals, these capture methods are

proving to be an effective means of generating massive

multilocus data sets.

In this study, we demonstrate modifications to an

existing in-solution capture protocol devised for mitoge-

nome sequencing by Maricic et al. (2010). This method is

part of a small suite of methods that use PCR-generated

probes, rather than commercially generated probes, to

target the orthologous regions during hybridization

(Noonan et al. 2006; Horn 2012). Hereafter, we will refer

to this method as ‘sequence capture using PCR-gener-

ated probes’ (SCPP – pronounced ‘skip’). Here, we

expand this method to include a large number of nuclear

loci in addition to the mtDNA, and we demonstrate its

effectiveness for nonmodel organisms. With the available

primer resources from the literature (Backstr€om et al.

2008; Kimball et al. 2009; Portik et al. 2012), the impres-

sive accumulation of phylogenetically diverse genomes

(Ellegren et al. 2012; Scally et al. 2012; Amemiya et al.

2013), and the ability to use high-throughput sequencing

of genomes or transcriptomes to mine for markers

(Parchman et al. 2010; Bi et al. 2012; Lemmon & Lemmon

2012), obtaining PCR primers for informative loci has

become significantly easier. Additionally, this method

holds special value for those laboratories transitioning

from Sanger sequencing approaches that already have

large numbers of well-optimized primer pairs and corre-

sponding data for their study system.

The types of questions the SCPP method allows us to

address are those that require multiple kilobase-scale

sequence data from dozens to hundreds of individuals

and dozens of loci. It will particularly benefit studies for

which full-length loci with linked polymorphisms are

more informative than isolated SNPs and a moderate

number of loci are required for better resolution (Carling

& Brumfield 2007; Edwards 2008; Brito & Edwards 2009).

We propose the SCPP method as an alternative,

cost-effective way to sequence a modest but sufficient

number of loci for nonmodel organisms.

This experiment focuses on the utility of this method

to capture orthologous nuclear markers from individuals

across a wide range of phylogenetic divergences and

assess systems with different levels of a priori informa-

tion. To do this, we chose to test the capture efficiency of

SCPP across three systems: Enyalius, complex of lizards

found in the Atlantic Rainforest of Brazil; Draco, South-

East Asian gliding lizards; and species from various dee-

ply diverged families across the songbirds (Passerifor-

mes).

Methods

Samples

Enyalius. To test the efficiency of SCPP at a relatively

shallow phylogenetic depth (average ND4 p-distance

~9.0%), we carried out two projects: a small pilot study

to identify loci with consistent coverage and capture suc-

cess and a larger applied study. The smaller study con-

sisted of 10 individuals, from the following species:

Enyalius pictus, E. catenatus, E. erythroceneus, E. bibroni

and E. perditus. For the larger project, we prepared

libraries from 60 individuals from the species above and

one additional species (E. bilineatus).

Draco. The Draco project aimed to capture species across

a greater phylogenetic depth (average ND2 p-distance

~16.33%). We selected six Draco samples from the species

Draco boschmai (2), D. maximus (1), D. sumatranus (1),

D. timorensis (1) and D. volans (1).

Passeriformes. The passerine project’s aim was to test

the efficiency of the SCPP method across deep phylo-

genetic distances (average ND2 p-distance ~22.04%).

We chose one sample from each of 13 selected families

from the order Passeriformes within the three major

clades. From the suboscines, we chose Smithornis capen-

sis (Eurylaimidae). From the oscines, we chose repre-

sentatives from the two major clades. The samples

from the ‘core Corvoidea’ clade included Cyanocitta

stelleri (Corvidae) and Vireo cassinii (Vireonidae). The

samples from the ‘Passerida’ clade included Turdus

migratorius (Turdidae), Regulus calendula (Regulidae),

Apalis flavigularis (Cisticolidae), Eremophila alpestris

(Alaudidae), Chamaea fasciata (Sylviidae), Sitta carolinen-

sis (Sittidae), Carduelis psaltria (Fringilidae), Nectarinia

olivacea (Nectarinidae), Tachycineta bicolor (Hirundini-

dae) and Bombycilla cedrorum (Bombycillidae). Finally,

we chose one out-group from the order Psittaciformes:

Amazona amazonica (Psittacidae) Table 1.
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Probe selection

The marker sets selected for each project were an inde-

pendent but diverse array of loci, both in terms of loca-

tion in the genome (autosomal, sex-linked, and

mitochondrial loci) and function (exons, introns, anony-

mous loci). Amplicon sizes ranged from 300 to 1500 base

pairs. The secondary Enyalius project included a total of

19 gene regions: 17 autosomal loci and two mitochon-

drial genes. The Draco project targeted 51 gene regions:

four known autosomal loci, 44 anonymous nuclear loci

and three mitochondrial genes. The passerine project tar-

geted a total of 81 gene regions: 71 autosomal loci, 6

Z-linked loci and 4 mitochondrial genes. The total length

of the targeted loci was approximately 7.5 kilobases for

Enyalius, 36 kilobases for Draco and 52 kilobases for

passerines.

For the pilot Enyalius project, we prepared 22 gene

regions as bait and tested for utility in the larger project.

Eighteen of these were anonymous loci, discovered from

a previous 454 sequencing run on E. catenatus (Gardner

et al. 2011). Additional nuclear (KIAA1549 and EXPH5)

and mitochondrial (ND4 and 16S) markers were

amplified using published primers (Ar�evalo et al. 1994;

Palumbi 1996; Portik et al. 2012). The resulting data from

this pilot study determined which loci were to be used

for the larger secondary study: 15 of the 18 anonymous

loci tested were retained for the larger study along with

the nuclear and mitochondrial markers. We regarded

markers that displayed unusually high coverage and

variation as potential multicopy markers and were

omitted during the larger study. Similar to the Enyalius

project, most of the loci used for the Draco project were

anonymous loci from two separate reduced representa-

tion Illumina sequencing runs targeting different sets of

Draco species. However, these loci were not tested in

advance for multicopy loci. The loci used in the passer-

ine project were all from published primers (Backstr€om

et al. 2008; Kimball et al. 2009; Wang et al. 2012). Detailed

information on each locus can be found in Tables S1 and

S2 (Supporting information).

For the Enyalius and Draco projects, we generated

probes from species within the same genus as the sam-

ples to be captured. For Enyalius, three species (E. pictus,

E. catenatus and E. erythroceneus) were PCR-amplified,

and the resulting amplicons were used as capture

Table 1 Raw and filtered read numbers for all samples. The columns to the right display the percentage of reads passing filter that

mapped to the targets. The counts for any species with more than one sample were averaged between all samples

Species Sample

Raw

reads

Filtered

reads (%)

% Mapped

(nuclear)

% Mapped

(mitochondrial)

% Mapped

(total)

Average

coverage

(nu)

Average

coverage

(mt)

Smithornis capensis MLW-B10 296107 104351 (35.24) 20.88 16.23 37.11 43.06 1088.37

Cyanocitta stelleri MVZ183639 358373 123605 (34.49) 32.95 20.14 53.09 81.47 1685.11

Vireo cassinii MVZ170215 348951 121999 (34.96) 26.76 22.31 49.07 64.55 1773.07

Turdus migratorius MVZ179251 258778 96778 (37.39) 34.44 32.18 66.62 68.20 1702.92

Regulus calendula MVZ183153 524594 174693 (33.33) 33.04 31.91 64.95 108.95 3053.52

Apalis flavigularis RCKB 1304 141060 62135 (44.04) 76.34 0.19 76.53 101.73 10.37

Eremophila alpestris MVZ171841 233246 94670 (40.59) 42.86 19.12 61.98 86.06 1157.10

Chamaea fasciata MVZ178263 995129 249726 (25.09) 14.74 40.96 55.71 74.04 4807.95

Sitta carolinensis MVZ177836 374620 138750 (37.03) 43.74 23.97 67.71 118.07 1758.68

Carduelis psaltria MVZ176672 245849 97702 (39.74) 46.79 26.79 73.58 90.29 1453.26

Nectarinia olivacea MLW-B6 1112429 281667 (25.31) 18.26 35.69 53.95 104.96 3019.32

Tachycineta bicolor MVZ182221 1028628 245910 (23.90) 16.03 56.35 72.38 76.73 5340.55

Bombycilla cedrorum MVZ180052 401764 135123 (33.63) 29.75 39.15 68.90 82.61 3384.43

Amazona amazonica MVZ181954 176092 63980 (36.33) 22.34 42.14 64.48 30.86 1451.74

Draco boschmai JAM11647 557261 121991 (21.89) 6.38 11.57 17.96 43.74 1191.35

Draco boschmai JAM11744 499933 110205 (22.04) 3.95 5.26 9.21 22.54 717.22

Draco timorensis JAM12801 625569 134059 (21.42) 4.00 16.63 20.63 24.28 1274.33

Draco volans JAM2079 445707 109778 (24.63) 11.18 4.29 15.47 57.53 454.12

Draco sumatranus JAM4038 568687 143592 (24.63) 6.16 25.19 31.34 42.95 2345.20

Draco maximus RMBR1002 224936 56193 (24.98) 6.87 3.56 10.42 20.49 170.75

Enyalius bibroni MTR22506 2806296 693358 (24.71) 1.75 54.84 56.59 100.54 4597.79

Enyalius bilineatus JC771 3286056 763048 (23.22) 0.81 66.31 67.12 74.15 5445.32

Enyalius catenatus Various (29) 2200180 625491 (28.42) 1.90 53.62 55.52 132.73 4560.71

Enyalius erythroceneus Various (4) 2671357 649791 (24.32) 1.74 58.84 60.58 134.59 4893.03

Enyalius perditus Various (4) 1650479 474408 (28.74) 1.67 37.62 39.29 87.07 3864.86

Enyalius pictus Various (21) 2399936 570314 (23.76) 1.42 59.85 61.27 84.15 4282.82

© 2014 John Wiley & Sons Ltd
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probes. For Draco, the loci were amplified from the same

species as the samples prepared for libraries. As the pas-

serine project spanned the entire order Passeriformes,

the probes were generated from five species within the

Pycnonotidae (Andropadus virens, A. fusciceps, A. tephro-

laemus, A. milajensis and Phyllastrephus alfredi), a family

deeply nested within the passerine tree. Multiple species

were chosen to increase the likelihood of successful

amplification. Attempts were made to amplify each spe-

cies at each locus, and PCR products were pooled for all

species for which PCR amplification was successful.

DNA extraction and library preparation

Genomic DNA (gDNA) was extracted from liver or mus-

cle tissue for library preparation. Two methods of extrac-

tions were performed: for the Passeriformes and Draco

projects, the Qiagen DNeasy tissue extraction protocol

was used, whereas for the Enyalius project, a high-salt

precipitation protocol was employed (Miller et al. 1988).

For all projects, the concentrations of the extractions

were measured using a Qubit fluorometer, and a total of

120 lL of 10 lg/lL gDNA was sheared using a Biorup-

tor sonicator (Diagenode) prior to library preparation.

The samples were fragmented to < 500 bp by being sub-

jected to 3–5 rounds of sonication, each of which

included two periods of 3.5-min sonication on high with

a 0.5-min rest period between each sonication period.

The Illumina TruSeq kit was used for library preparation

for the pilot Enyalius, Draco and passerine projects and,

to reduce costs, the secondary Enyalius project used the

in-house protocol described by Meyer & Kircher (2010).

Modifications

Amplicon bait generation. The first modification made to

the Maricic et al. (2010) protocol (Fig. 1) was in the man-

ner that we generated the amplicon bait. Similar to Noo-

nan et al. (2006), the amplicon bait was generated for

multiple nuclear and mitochondrial loci using standard

PCR conditions and without subsequent sonication.

After amplification, 30–50 lL of PCR product was

pooled from different individuals and run on an agarose

gel, and the corresponding band was excised and puri-

fied together using a Qiagen QIAquick PCR Purification

kit. Finally, all bait loci for a given project were pooled

together in equimolar concentrations based on quantifi-

cation with the Qubit fluorometer (Life Technologies) to

a total of 1.3 lg. Two aliquots of bait were prepared to

allow for sequential enrichment hybridizations (see

below).

COT-1 blocker. Human Cot-1 DNA (Invitrogen) was

added as an additional component of the capture

reaction in step 22 of the Maricic et al. (2010) protocol.

Cot-1 DNA is an enriched collection of 50-300 bp highly

repetitive genomic elements used to block nonspecific

hybridization in sequence captures (Hodges et al. 2007;

Bi et al. 2012). A total of 5.2 lL of 1 mg/mL human Cot-

1 DNA was added to the hybridization reaction, and the

volume of the pooled libraries was reduced to 12.8 lL to

keep a consistent total volume of 52 lL. Although the

volume of the pooled libraries was reduced, the total

mass of the libraries was kept consistent as 2 lg.

Hybridization parameters. Most of the modifications to the

Maricic et al. (2010) protocol were implemented during

the hybridization steps to increase capture efficiency of

targeted material and to minimize the retention of

PCR

Shearing

Biotinylated adapter
        ligation

Denaturation

Bait immobilization

Capture on beads

Elution

Sequencing

Gel excision

Pool amplicons

       COT-1 Blocker
Touchdown Capture

Generate 2 sets 
        of bait

Redo capture with
      fresh beads

Maricic et al. (2010)

Fig. 1 Protocol modifications. The laboratory pipeline to the left

depicts the protocol as presented by Maricic et al. (2010). The

modifications implemented on this study are depicted to the

right of this pipeline.
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nontarget material. Independently, Li et al. (2013)

applied identical modifications using commercial RNA

bait. The first modification was a touch-down hybridiza-

tion as used in Mason et al. (2011) coupled with a longer

overall hybridization time. The hybridization started at

65 °C and was decreased by 2.5 °C every 24 h over 72 h

and ended at 60 °C. This was performed to gradually

decrease stringency and increase the likelihood of cap-

turing fragments with higher sequence divergence from

the amplicon bait. The second modification involved

repeating the capture using the eluate obtained from the

first hybridization. As assessed by quantitative PCR

(qPCR), early trials found that using freshly generated

bait for the second capture retained more of the targeted

loci compared with reusing the bait and beads from the

first capture. Using freshly generated beads is similar to

what was done by Horn (2012). A summary of these

modifications is depicted in Fig. 1, and a detailed pro-

tocol of the methods can be found in Appendix S2

(Supporting information).

Enrichment evaluation and sequencing

Quantitative PCR was used to evaluate the enriched

library pool prior to sequencing. For each project, inter-

nal primers were designed from both targeted markers

and nontargeted markers to be used as positive and neg-

ative controls of capture, respectively. Primers were

designed to amplify 100- to 150-bp fragments within the

total length of the locus. Three nuclear loci and one mito-

chondrial gene were selected for positive controls; one

nuclear locus and one mitochondrial gene were used for

negative controls. Both original and target-enriched

libraries were used as template for amplification to

detect shifts in amplification plots due to enrichment.

After evaluation, the samples were sequenced using the

Illumina platform. The passerine project was sequenced

in 90% of one MiSeq lane (150-bp paired-end reads), the

Draco project was 65% of one MiSeq lane (150-bp paired-

end reads), and the Enyalius project was sequenced using

one HiSeq lane (100-bp paired-end reads).

Bioinformatics

Raw reads were rigorously filtered prior to assembly and

analysis. First, low-quality reads, PCR duplicate reads

and optical duplicate reads were removed. Second, a rig-

orous adapter trimming process was implemented using

Trimmomatic (v.0.20), Cutadapt (v.1.2.1) and Bowtie2

(Martin 2011; Langmead & Salzberg 2012; Lohse et al.

2012). Third, overlapping paired-end reads were merged

into single long reads using FLASH and COPEread

(Mago�c & Salzberg 2011; Liu et al. 2012). Lastly, the reads

were filtered for contamination. The cleaned reads for

each library were assembled de novo using ABySS

(v.1.3.4) (Simpson et al. 2009). Contigs from all assem-

blies were combined for a second round of assembly.

Identical contigs were clustered together using CD-HIT-

EST (v.4.5.4) and BLAT (v.34) to make the file smaller for

assembly (Kent 2002; Li & Godzik 2006). Finally, the

clusters were assembled using CAP3 to generate longer

contigs (Huang & Madan 1999).

The final step was to identify which of the final assem-

bled contigs corresponded to the targeted loci to serve as a

reference for mapping. A representative sequence was

collected from Sanger sequencing or from NCBI GenBank

for each locus, and the final assembled contigs were

matched using BLAST or a longer method shown in

Fig. 2. Each library was aligned to its corresponding refer-

ences using Novoalign (http://www.novocraft.com). We

called haplotypes using GATK’s (http://www.broadin-

stitute.org/gatk/) read-backed phasing algorithm. A

combination of Perl and Python scripts were imple-

mented to run these programs, and the pipeline is avail-

able in http://github/MVZSEQ/SCPP. The Perl scripts

are modifications from the pipeline from Singhal (2013).

A more detailed description of the bioinformatics can

be found in Appendix S1 (Supporting information).

Results

Raw and filtered data

The raw and filtered read information is summarized in

Table 1. The passerine project produced a total of

6 495 620 reads. The Draco project resulted in 3 474 538

reads. The Enyalius project resulted in 137 583 599 reads.

After filtering, 34.36% (Passerine), 23.37% (Draco) and

27.62% (Enyalius) of the raw reads were recovered. The

majority of the filtered data were of duplicate reads,

encompassing approximately 75% of all reads. Contami-

nant and low complexity reads were negligible for all

samples.

Capture performance

Capture performance of the SCPP method was measured

in three ways: (i) capture specificity, (ii) capture sensitiv-

ity and (iii) capture uniformity. Capture specificity mea-

sures the percentage of postfiltered reads that map to

targets. Detailed information on the capture specificity of

each taxon is described in Table 1. Average capture spec-

ificity varied between projects: Passeriformes – 61.86%,

Draco – 17.51% and Enyalius – 57.00% (Fig. 3).

Here, capture sensitivity is defined as the percentage

of targeted loci that are covered by at least one read.

Coverage for each locus and each individual is depicted

in the Tables S3–S5 (Supporting information). The

© 2014 John Wiley & Sons Ltd
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average coverage for each locus is an underestimate of

the coverage spanning the targets as the average includes

the flanking regions. Averaged coverages for nuclear

and mitochondrial loci can be found in Table 1. On aver-

age, mitochondrial coverage is 35 times higher than

nuclear coverage. Considering that mitochondrial targets

only comprise 2.4–5.9% of the total target length, the

excess coverage of the mitochondrial loci can be attrib-

uted to the much higher copy number of the mitochon-

drial genome compared with the nuclear genome per

cell. The only sample in which this is not observed is

Apalis flavigularis from the passerine project. There is no

clear reason as to why this sample is an outlier.

We recovered 99% of the data matrix for the

passerines and 100% for Enyalius. Where coverage

dropped below 20X, this typically represented low

efficiency across all individuals for a particular locus,

or across a particular individual for most loci (Tables

S3 and S4, Supporting information); in both cases,

these loci/individuals can be repeated or dropped to

yield a complete data matrix. The more heteroge-

neous results for Draco (85%; Table S5, Supporting

information) reflect the overall lower specificity, as

discussed later.

Finally, capture uniformity assesses the evenness of

coverage throughout the length of a target. Capture

uniformity averaged among all nuclear loci, and all

samples within a project is depicted in Fig. 4. For the

passerine project, the in-target region was located to

assess the amount of flanking region captured. On

average, approximately 20% of each side of the contig

was flanking regions of the target. Average nuclear

Filtered reads Target sequence

Assembled contigs

CD-HIT-EST

CAP3

Final assemblies

Bowtie2

Aligned reads

Locus 1

Locus 2

Locus 3

Locus 4

Locus 1

Locus 2

Locus 3

Locus 4

BLAST

Final reference
Locus 1

Locus 2

Locus 3

Locus 4

ABySS

Blat

Fig. 2 Generating references. Reference

sequence was generated using this pipe-

line for the passerine project where a ref-

erence sequence from a congeneric taxon

was not available. The dashed bars indi-

cate the path of a set of reads that corre-

spond to a particular locus.
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coverage within the target locus was 91X compared

with the average nuclear coverage of the entire contig

of 77X. For the passerine project, average coverage of

the targets without the flanking region can be found

in the supplementary material (Table S6, Supporting

information). Coverage within the target was largely

uniform, although a drop-off on the flanking regions

was observed.
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Divergence and coverage

The passerine project captured samples with a minimum

of 19.94% (Hirundinidae) and a maximum of 27.14% (Eu-

rylaimidae) mitochondrial divergence (ND2 p-distances)

from the taxa used to generate the capture probes.

Within the Passerida clade, species more closely related

to bait species did not necessarily hybridize better than

species at a greater phylogenetic distance (Fig. 5). Actual

assessment is difficult as the differences observed here

may reflect pipetting and assessment errors in making

library pools in addition to true capture sensitivity varia-

tion. However, outside of Passerida, there is a clear pat-

tern in which the amount of coverage decreases with the

growing evolutionary distance. A plot comparing

sequence divergence with coverage can be found in the

Fig. S1 (Supporting information). In the data matrix that

uses a 20X average coverage cut-off, 95.5% of the matrix

is full for the oscine clade, 93.7% of the matrix is com-

plete when the suboscine clade is included, and 90.5% of

the matrix is complete when the out-group is included.

Discussion

This study demonstrates that the SCPP method can suc-

cessfully and efficiently capture nuclear loci in addition

to mitochondrial targets and at moderate phylogenetic

distance. Our capture efficiency for either raw or filtered

reads was higher than the 16% efficiency observed by

Maricic et al. (2010), in some cases (Enyalius, passerines),

significantly more so. In all projects, there is a high level

of PCR duplicates; this is likely due to the moderate

genomic target size. Moderate target sizes such as these

may not require the large number of reads we allotted to

them for the trial runs, leading to an oversequencing of

reads. Future projects can take advantage of this space

by pooling more individuals to sequence.

The advantages of this method over Sanger sequenc-

ing extend beyond the low cost of sequencing by greatly

reducing the labour required for optimization, PCR

amplification and sequencing of individual loci com-

pared with Sanger sequencing. With the SCPP method,

there is a high likelihood of obtaining sequence data

from all the individuals and all of the loci in just a few

experiments. As the PCR-generated bait probe is much

longer than the standard length PCR primer, the sensitiv-

ity for capture is less affected by mutations or indels than

a typical PCR. This is particularly important in projects

that include species with deeper divergences, where

mutations in primer binding sites are more likely.

Although the method has generally worked well, the

Draco project seems to have performed at a lower quality

in comparison with the other experiments. The low cap-

ture specificity of the Draco project can likely be attrib-

uted to the use of previously uncharacterized

anonymous loci. Reducing mapping stringencies result

in a two- to threefold increase in mapped reads. This can

be due to multicopy loci in the array of targets leading to

nonspecific binding. Additionally, primers that have not

been tested could have amplified and captured a differ-

ent locus than the desired target. Researchers should be

cautious when identifying orthologs for analysis. Cur-

rent methods cannot guarantee the targeting of ortholo-

gous loci, and further tests to screen out paralogous

sequences will be crucial for robust downstream analy-

ses and inference.

One of the advantages of the SCPP method is how

well it worked with whole clades of organisms. This
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makes the method easily applicable to many phyloge-

netic projects, expanding the application beyond that of

Maricic et al. (2010) which applied the method to human

populations. The only drop in coverage was seen when

including the out-group in the passerine project, which

is likely caused by hybridization inefficiency due to

mutations. The out-group to the passerines was still cap-

tured with sufficient average coverage to allow for geno-

typing, but four loci were not captured and coverage is

patchy in others. The plot comparing sequence diver-

gence between the probes and target DNA shows a

reduction in coverage at >10% sequence divergence to

the probes (Fig. S1, Supporting information). However,

the data still demonstrate the ability of the SCPP method

to efficiently capture nuclear data for target taxa that

have moderate divergence from the bait species.

Although this method has many benefits, certain

modifications can potentially improve capture efficiency.

First, as longer PCR probes tend to lead to higher aver-

age coverage (Fig. S2, Supporting information), shearing

could improve capture consistency between different loci

by having a narrow probe size range. Another possible

modification pertains to the proportion of mitochondrial

to nuclear PCR-generated bait. Disproportionately more

reads from mitochondrial loci were obtained due to the

high ratio of mitochondrial to nuclear genomes in our

DNA extractions. As mitochondrial genome bycatch was

negligible (Fig. S3, Supporting information), performing

separate captures for nuclear and mitochondrial targets

may be the best way to compensate for the variations

in genome copy number. To maximize efficiency, we

encourage the use of taxon specific Cot-1 DNA and

the use of a small pilot project to screen against multi-

copy loci. We are also optimistic that SCPP can also be

used to capture historical or damaged DNA. Further

experimentation and modification of the method is

highly encouraged.

In comparison with alternative target-enrichment

probe sets, the SCPP method provides a way to enrich for

a moderate target size (25–100 loci) of interest. For the

many projects in which this moderate target size range is

sufficient to answer the research questions, users are able

to pool more individuals per capture and per sequencing

lane and still be able to get sufficient coverage for calling

haplotypes (Knowles 2010; Rannala & Yang 2013; Lanier

et al. 2014). Research questions that would require larger

genomic regions would likely benefit from available

probe sets such as the ultraconserved elements or

anchored-tagged sequencing approaches (Faircloth et al.

2012; Lemmon et al. 2012; McCormack et al. 2013a). Alter-

natively, one can design probe sets from existing or newly

generated genomic data (Bi et al. 2012; Hedtke et al. 2013;

Li et al. 2013). The trade-off with these larger target

sizes is that they would require more space per lane to get

sufficient coverage, which could reduce the number of

samples multiplexed per lane. Careful evaluation of the

research question will determine the size and type of

region a researcher would need to target.

In comparison with commercial target-enrichment

methods, SCPP provides a lower per capture cost and

greater per capture flexibility. Cost comparison between

probe generation of the in-house SCPP method with

commercial methods and a detailed cost analysis of

SCPP can be seen in the Tables S7–S9 (Supporting infor-

mation). Although the target set for commercial kits are

flexible during the design phase, each capture in a partic-

ular kit is limited to the targets selected prior to synthe-

sis. While this will not be a problem for researchers

interested in capturing the same set of targets for all pro-

jects, SCPP allows each capture to be adjusted to any

combination of loci based on the researcher’s discretion

and need for that particular experiment.

We believe that the SCPP method will prove particu-

larly useful for many researchers working in the realms

of phylogenetics and phylogeography because it allows

for efficient generation of data sets that are sufficiently

large to address research questions. Additionally, SCPP

promises utility for previously problematic samples and

markers, leaving far fewer holes in the data set than San-

ger sequencing methods as well as being able to combine

past Sanger data sets to SCPP data sets. By maximizing

efficiency, minimizing cost and allowing customizable

genomic targets of each discrete capture, this subgenom-

ic enrichment method is another useful tool for bringing

phylogenetic and population genetic studies of nonmod-

el organisms into the era of high-throughput genomic

sequencing.
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