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Abstract

The Cyclophyllidea is the most diverse order of tapeworms, encompassing species that infect all classes of terrestrial
tetrapods including humans and domesticated animals. Available phylogenetic reconstructions based either on mor-
phology or molecular data lack the resolution to allow scientists to either propose a solid taxonomy or infer evolu-
tionary associations. Molecular markers available for the Cyclophyllidea mostly include ribosomal DNA and
mitochondrial loci. In this study, we identified 3641 single-copy nuclear coding loci by comparing the genomes of
Hymenolepis microstoma, Echinococcus granulosus and Taenia solium. We designed RNA baits based on the
sequence of H. microstoma, and applied target enrichment and Illumina sequencing to test the utility of those baits
to recover loci useful for phylogenetic analyses. We captured DNA from five species of tapeworms representing two
families of cyclophyllideans. We obtained an average of 3284 (90%) of the targets from the test samples and then
used captured sequences (2 181 361 bp in total; fragment size ranging from 301 to 6969 bp) to reconstruct a phy-
logeny for the five test species plus the three species for which genomic data are available. The results were consis-
tent with the current consensus regarding cyclophyllidean relationships. To assess the potential for our method to
yield informative genetic variation at intraspecific scales, we extracted 14 074 single nucleotide polymorphisms
(SNPs) from alignments of four Arostrilepis macrocirrosa and two A. cooki and successfully inferred their relation-
ships. The results showed that our target gene tools yield data sets that provide robust inferences at a range of taxo-
nomic scales in the Cyclophyllidea.
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Introduction

The Order Cyclophyllidea encompasses more than 3100
species of tapeworms, which are classified into 15 fami-
lies, including the economically important Anoplo-
cephalidae, Hymenolepididae and Taeniidae (Schmidt
1986; Khalil et al. 1994; Georgiev 2003). Some of the spe-
cies contained in the latter family, such as Taenia solium
(pork tapeworm), T.saginata (beef tapeworm) and
Echinococcus spp. are etiological agents of debilitating
zoonotic infectious diseases that affect people across the
globe (White 2000; Gottstein et al. 2015). Significantly,
T. solium is identified as the most important food-borne
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parasite of humans throughout the world (Robertson
et al. 2013). Furthermore, some species of Hymenolepis are
known to infect humans (Bogitsh et al. 2013; Muehlen-
bachs ef al. 2015), whereas members of Anoplocephali-
dae include important parasites of domestic ungulate
stock (Dorchies 1999). The cyclophyllideans are found in
numerous vertebrate species, primarily among birds and
mammals but also in amphibians and reptiles, and the
rate of new species discovery remains high (Makarikov
et al. 2011, 2013), indicating that our current understand-
ing of their diversity is incomplete (Georgiev 2003).
Phylogenetic inference among the Cyclophyllidea
remains challenging despite advances over the past
15 years exploring comparative morphology and total
evidence from integrated morphological and molecular
data (e.g. Hoberg et al. 1999, 2001). Molecular data are
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now widely used in studying phylogenetic relationships
among cyclophyllideans (e.g. von Nickisch-Rosenegk
et al. 1999; Littlewood et al. 2008; Nakao et al. 2013;
Haukisalmi et al. 2014), as well as species identification
(Ramnath et al. 2014; Terefe et al. 2014), new species
description (Greiman & Tkach 2012; Greiman et al. 2013;
Makarikov et al. 2013) and historical biogeography
(Wickstrom et al. 2003; Galbreath et al. 2013; Yanagida
et al. 2014). Most molecular markers used in the cyclo-
phyllideans include ribosomal DNA (rDNA) (Hauk-
isalmi et al. 2010; Greiman ef al. 2013; Makarikov et al.
2013; Ramnath et al. 2014) and mitochondrial genes (von
Nickisch-Rosenegk et al. 1999; Wickstrom et al. 2003;
Haukisalmi ef al. 2014). These common markers are
widely used in molecular systematics at deep taxonomic
scales within the Cestoda (Mariaux 1998; Olson ef al.
2001; Hardman & Hardman 2006; Littlewood et al. 2008;
Waeschenbach et al. 2012), but they have important limi-
tations. For example, ribosomal DNA may evolve too
slowly to resolve recently diverged lineages (Littlewood
et al. 2008). To increase phylogenetic resolution at fine
taxonomic scales some investigators have sequenced
long stretches of mitochondrial DNA (mtDNA,
Waeschenbach et al. 2012). Indeed, the whole mitochon-
drial genome has been interrogated to find the best strat-
egy of character sampling for inferring phylogenetic
relationships in cestodes (Hardman & Hardman 2006;
Littlewood et al. 2008). However, because mtDNA is
nonrecombining, all mtDNA loci are linked and provide
only a single perspective on evolutionary history that
may not represent the true species history due to
stochastic error associated with genealogical processes
(Brito & Edwards 2009). Thus, the limited number of
independent loci available to cestode systematists has
precluded resolution of both deep and shallow nodes in
phylogenies (Philippe et al. 1994; Mossel & Steel 2005).
Lack of independent loci also limits accurate estimation
of phylogeographic and demographic parameters (Lee &
Edwards 2008).

Recent development in target gene enrichment and
next-generation sequencing technology made capturing
and sequencing thousands of loci tractable for phyloge-
netic studies in nonmodel organisms (Faircloth et al.
2012; Lemmon et al. 2012; McCormack et al. 2012; Li et al.
2013). The target genes could be ultraconserved elements
(UCE) or conserved coding sequences across a wide
range of species, and target genes could be enriched
using baits designed on a distantly related species; there-
fore, genome sequence from the species of interest is not
necessary for designing the baits. Those approaches have
been successfully adopted in studying a variety of non-
model vertebrate organisms, including mammals, birds,
snakes, turtles and sharks (Crawford et al. 2012; Faircloth
et al. 2012; Lemmon et al. 2012; McCormack et al. 2012; Li

et al. 2013). In addition, baits can be designed from sin-
gle-copy nuclear coding sequences. For example, baits
designed on exons from the elephant shark (Callorhinchus
milii) were used to enrich target sequences from species
of 13 different orders of chondrichthyans (Li ef al. 2013).
Or multiple versions of each probe spanning the known
diversity were applied to capture 1552 exon targets of
the Ophiuroidea (Hugall ef al. 2016). Although target
gene enrichment and the next-generation sequencing
approach could be used to produce a wealth of useful
data more efficiently than employing the traditional PCR
and Sanger sequencing method, no attempts have been
made to try these protocols on cestodes.

In this study, we identified 3641 single-copy nuclear
coding loci comparing the genomes of Hymenolepis
microstoma, Echinococcus granulosus and T. solium (Tsai
et al. 2013). We designed RNA baits based on the
sequence of H. microstoma, and tested the utility of those
markers for phylogenetic inference with five species of
cyclophyllidean cestodes representing the genera Schi-
zorchis (Anoplocephalidae) and Arostrilepis (Hymenolepi-
didae). We also extracted 14 074 single nucleotide
polymorphism sites (SNPs) from alignments of six indi-
vidual worms, four A. macrocirrosa and two A. cooki, and
inferred their relationships. Our goals were to develop a
set of genetic markers and to optimize data analysis
pipelines that can be used to enrich and sequence thou-
sands of single-copy nuclear loci for studying phyloge-
netic and phylogeographic questions in the cestodes.

Materials and methods

Samples and DNA extraction

Nine individuals from five species of cyclophyllideans
were sampled, including two species of Schizorchis and
three species of Arostrilepis. Schizorchis is a genus of
anoplocephalid tapeworms that appears to be exclu-
sively associated with pikas (genus Ochotona), small
lagomorphs that occur in North America and Asia
(Rausch & Smirnova 1984). The diversity of Schizorchis
remains incompletely understood (Tinnin ef al. 2008;
Galbreath & Hoberg 2012). In contrast, the genus Aros-
trilepis is a group of hymenolepidid tapeworms that is
distributed widely across the Holarctic in association
with numerous rodent genera, including voles (Myodes,
Microtus, Arvicola), lemmings (Lemmus, Synaptomys),
mice (Peromyscus) and pocket gophers (Thomomys). This
cestode genus was once thought to include only a sin-
gle species, Hymenolepis horrida (now A. horrida)
(Rausch 1952), but now is understood to represent a
complex of at least twelve independent nominal species
(Makarikov et al. 2011, 2013). The complex is further
represented by several additional genetic lineages that
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are currently recognized but not described (Hoberg
et al. 2012; K.E. Galbreath, A.A. Makarikov & E.P.
Hoberg, unpubl. data). To date, however, phylogenetic
resolution of these two species complexes has been lim-
ited due to a lack of informative molecular markers
(Galbreath & Hoberg 2012; Galbreath efal. 2013;
Makarikov et al. 2013). Thus, these species groups rep-
resent excellent systems on which to test our new
method of identifying and sequencing numerous
nuclear loci. Because we are also interested in applying
our methods at shallow phylogeographic scales in ces-
todes, we also sampled two individuals of A. cooki
within continental North America and four individuals
of A. macrocirrosa collected from both sides of the Ber-
ing Strait to evaluate intraspecific genetic variation
(Table 1; Fig. 1).

Specimens for this study were obtained from the Ber-
ingian Coevolution Project, an international collaboration
that is sampling and archiving mammals and their para-
sites from across the Holarctic region (Cook et al. 2005;
Hoberg et al. 2012). All cestode samples were preserved
in the field in 70% ethanol and archived at —20 °C. Geno-
mic DNA was extracted from tissue samples consisting
of 5-10 proglottids using a Qiagen DNeasy Blood and
Tissue kit (Qiagen, Shanghai, China). The concentration
of the DNA extraction was measured using NanoDrop
3300 Fluorospectrometer (Thermo Fisher Scientific, Wal-
tham, MA, USA).

Target gene markers, baits design and synthesis

Single-copy conserved coding sequences were selected
as our gene targets by comparing the genome sequences
of E. granulosus, T. solium and H. microstoma (Tsai et al.
2013) using a bioinformatics tool, EvolMarkers (Li et al.
2012). Hymenolepis microstoma was used as the query and
E. granulosus and T. solium were used as the subjects in
the comparison. The default settings of EvolMarkers
were used except that the minimum length of each target
locus was set to 301 bp. The selected target sequences
were single-copy and could be found in all three gen-
omes. The fasta files of the target sequences of the three
species can be found in Appendix S1 (Supporting
information).

Baits of 120 bp were designed on the target
sequences of H. microstoma with 3x tiling (i.e. 80 bp
overlapping between adjacent baits). Simple repeats or
low complexity regions, which might compromise cap-
ture efficacy, were masked through RepeatMasker.org.
There were 39 009 full repeat-masked baits. The
design and synthesis of biotinylated RNA baits was
completed at MYcroarray [Ann Arbor, MI, USA, cata-
logue number: 140916-Tapeworm, (39 009 probes,
120mer)].
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Library preparation, target enrichment and Illumina
sequencing

Total amount of DNA used for library preparation ran-
ged from 300 to 1400 ng for each sample (Table 1). The
DNA was sheared to ~250 bp using a Covaris M220
Focused-ultrasonicator™ (Covaris, Inc., MA, USA).
Blunt-end repair, adapter ligation, fill-in and prehy-
bridization PCR followed the protocol of Li et al. (2013).

The hybridization steps followed MYbaits-manual-v3
(MYcroarray; Ann Arbor) with some modifications. In
the hybridization mix, instead of adding 5.5 uL. of RNA
baits, 1 uL. of the baits and 4.5 pL. nuclease-free water
was added in our experiment to reduce costs. We have
previously shown this modification to be equally effec-
tive to the original recipe. Similarly Hugall et al. (2016)
also diluted their baits in gene-capture study. Each sam-
ple was enriched twice to increase the percentage of on-
target reads. That is, the product from the first enrich-
ment experiment was used as the library for a second
enrichment as suggested by Li et al. (2013). After the sec-
ond enrichment, each sample was amplified with
indexed primers so that all samples could be pooled
together for sequencing and then the sequenced reads
could be distinguished by their index. The concentration
of products following final enrichment was measured
using a NanoDrop 3300 Fluorospectrometer.

All final enriched and indexed products were pooled
in equimolar concentrations, and the concentration of the
pooled sample was measured using a NanoDrop 3300
Fluorospectrometer. The pooled sample was then
sequenced on an Illumina HiSeq 2500 sequencer (Illu-
mina, Inc, San Diego, CA, USA), with the nine samples
multiplexed with 91 samples representing other projects.
In total, the 100 samples took only one lane of the HiSeq
flow cell. The steps involved in designing baits and con-
ducting bench work are shown in Fig. 2 Phase 1.

Reads assembly

The raw reads were parsed to separate files for each spe-
cies according to the index on the adapter. Adapter
sequences and low quality sites (Q < 20) were trimmed
from the reads using Cutadapt-1.1 (Martin 2011) con-
tained within the wrapper tool ‘trim_galore_v0’ (http://
www.bioinformatics.babraham.ac.uk/projects/trim
galore/). Then, the reads were parsed to corresponding
locus and PCR duplicates were filtered using a custom
Perl script (rmrep.pl and bandp.pl, Appendix S2). Next,
the filtered reads were assembled into contigs by Trinity
v20140717 (Grabherr et al. 2011) using the default param-
eter settings, and Geneious v7.1.5 (Kearse et al. 2012) was
used to merge the overlapped contigs into longer ones.
In the next step, all contigs from each gene of every
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1@ Schizorchis caballeroi
2@ Schizorchis ochotonae
30 Arostrilepis beringiensis
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Fig. 1 Sampling localities of the nine
specimens of the two genera, Schizorchis
and Arostrilepis. Different coloured circles
depict various species.

Fig. 2 The workflow represents three
main phases in the target gene enrich-
ment process: hybridization-based enrich-
ment and sequencing, data assembling,
and phylogenetic and phylogeographic
analysis.
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species were compared with the bait sequence using the
Smith-Waterman algorithm (Smith & Waterman 1981) to
identify the assembled contig that is most similar to the
bait sequence. To verify the orthology of the retrieved
sequence, the putative target sequence was aligned to
the genome of H. microstoma using BLAST (Altschul et al.
1990). If the best hit from the BLAST results was not in
the target region of H. microstoma, that particular
sequence was considered to be paralogous and discarded
without further analysis. Custom Perl scripts were used
to automate the Smith-Waterman comparison and the
BLAST search (getbest.pl and reblast.pl, Appendix S2). The
pipeline of data assembly is illustrated in Fig. 2 Phase 2.

Sequence statistics, phylogenetic inference and
phylogeographic analysis

For phylogenetic analysis, only coding regions of the
captured sequences were used because the flanking non-
coding regions of many loci were hard to align and the
site homology was difficult to determine (Fig. 2 Phase
3a). The retrieved sequences of each locus were aligned
using Clustal Omega v1.1.1 (Sievers et al. 2011) with
default parameter settings. Sequence statistics of each
locus were calculated on the alignments. The length of
the alignment, proportion of GC content, and average
uncorrected pairwise distance (p-dist) were calculated
using custom Perl scripts (gcpl and pdistance.pl,
Appendix S2). The consistency index (CI) and retention
index (RI) were calculated using PAUP* 4.0b10 (Swofford
2003). Phylogenetic trees were reconstructed using the
maximum likelihood method implemented in ExaML v3
(Kozlov et al. 2015) under the GTRGAMMA model with
1000 bootstrap replicates to assess nodal support.

For phylogeographic analysis, both the coding and
noncoding regions of the captured sequences were exam-
ined. Average lengths of noncoding regions were calcu-
lated by subtracting the length of contigs without
flanking region from the length of contigs with flanking
region, which was counted using a custom Perl script
(Ien.pl, Appendix S2). We applied different strategies for
calling SNPs. To investigate variation between A. macro-
cirrosa and A. cooki, we made consensus sequences only
from the coding region of each marker. This allowed us
to avoid alignment problems associated with highly
divergent noncoding regions. In intraspecific compar-
isons, we examined genetic variation based on both the
coding and noncoding regions of all individual samples
(consensus.pl, Appendix S2).

The trimmed fastq sequences were mapped to the ref-
erence using BWA ©0.7.5a (Li & Durbin 2009) with
default parameter settings. Base quality score recalibra-
tion, local realignment, SNP and INDEL discovery and
genotyping across all samples simultaneously using

standard hard filtering parameters were carried using
GATK-3.2.2 (McKenna et al. 2010). GATK Best Practices
recommendations were followed (DePristo et al. 2011;
Van der Auwera et al. 2013). A custom Perl script
(vcf2nex.pl, Appendix S2) was used to convert the SNP
vcf file to Nexus and genotype data file formats (Fig. 2
Phase 3b). For analyses assuming linkage equilibrium
among loci, one of the best SNP sites (highest SNP call-
ing score, fewer missing data) was chosen for each target
region for the analyses.

A maximum parsimony tree was reconstructed for
the four A. macrocirrosa and two A. cooki using the SNP
data with 1000 bootstraps using PAUP* 4.0b10. We also
inferred relationships among Arostrilepis samples using
the SNAPP (Bryant et al. 2012) template implemented in
BEAST 2.1.3 (Bouckaert et al. 2014). SNAPP was run for
1 000 000 iterations with sampling every 100th iteration.
The first half of the trees was discarded as burn-in.

In order to test if the SNP data could help to identify
the number of genetically distinct groups, we analysed
the A. macrocirrosa data using Structure 2.3.4 (Pritchard
et al. 2000). We ran three iterations for 100 000 genera-
tions (using a 100 000 burnin) for each value of K (num-
ber of population clusters) ranging from 2 to 4. To
identify the number of population clusters that captures
the major structure in the data we used Structure Har-
vester (Earl & vonHoldt 2012) to calculate the peak value
for delta K (Evanno et al. 2005). The steps for phylogeo-
graphic analysis are summarized in Fig. 2 Phase 3b.

Results

Sequencing results

The raw reads obtained from the Illumina sequencer ran-
ged from 8 163 560 bp to 45 891 212 bp for different
samples (Table 1). Trimming the low quality reads and
adapters resulted in <1% of the reads being removed.
PCR duplicates accounted for more than half of the
reads. All samples had sequences captured in at least
80% of target loci. The average number of loci captured
was 3284 (90%). The percentage of unique on-target
reads was 6.5% on average, with the lowest value of
0.89% in A. cooki, and the highest value of 31.2% in
A. macrocirrosa. The average sequence depth counting
only unique on-target reads was 22x, with the highest
depth (59x) in A. macrocirrosa and the lowest depth (5x)
found in S. ochotonae (Table 1).

Of the assembled contigs of all samples, 232 failed the
homology check and were discarded as possible par-
alogs. Of the 3641 total target loci, 3639 were captured in
at least one sample. Two loci (Taenia_solium.
TsM1_s164.100374.101060 and Taenia_solium.
TsM1_s1721.11728.10646) had no captured data probably

© 2016 John Wiley & Sons Ltd



due to the low efficacy of the corresponding baits,
whereas 1693 loci were captured for all the individuals.
Alignment of sequences from the five captured species
to the three reference genomes revealed that the length
of the sequenced targets varied from 301 to 6969 bp, and
the average length was 599 bp (Fig. 3, Appendix S3). The
average GC content ranged from 42% to 51%. The aver-
age p-dist among the eight species ranged from 0.10 to
0.38 substitutions per site, with an overall average of
0.23. The average consistency index was 0.90 (0.76-1),
and the average retention index was 0.88 (0.66-1). The
length of noncoding region flanking the targets was cen-
tred on 500 bp, with a range between 1 and 1082 bp
(Fig. 3, Appendix S3).
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Phylogenetic analysis

The maximum likelihood phylogeny based on the 3639
loci (Fig. 4) has all nodes well-resolved with bootstrap
support of 100. The five test species were grouped with
congeners and split into two clades. The Arostrilepis
species were grouped with H. microstoma. The Schi-
zorchis species were placed as sister to the Taeniidae
(Fig. 4).

Phylogeographic analysis

We extracted 14 074 SNPs from the bam file mapped
four A. macrocirrosa and two A. cooki. One of the best
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——— Hymenolepis microstoma

Arostrilepis beringiensis

Arostrilepis macrocirrosa

4 Arostrilepis cooki

\——Taenia solium

Hymenolepididae

|— A. macrocirrosa (Kolyma River, Siberia)

Fig. 4 ML tree reconstructed from the
3639 loci for eight species in Cyclophyl-
lidea using ExaML. All nodes gain a 100
bootstrap support.

— Echinococcus granulosus

Taeniidae

Schizorchis caballeroi .
4|_ Anoplocephalidae
Schizorchis ochotonae

Fig. 5 Interrelationships of four A. macro-
cirrosa from Alaska and Siberian recon-
structed on 14 074 SNPs using SNAPP.
Two A. cooki were used for outgroup.

I—I A. macrocirrosa (Seward Peninsula, Alaska)

A. macrocirrosa (Wrangell-St. Elias National

Park, Alaska)

0.08
A. macrocirrosa (Tunguska River, Siberia)
A. cooki (Jubilee Lake, Oregon)
A. cooki (Meziadin Junction, British Columbia)
0.03

SNP sites was chosen for each of the 3639 loci. From the
SNAPP analysis using A. cooki as the outgroup, we
found the two A. macrocirrosa individuals sampled from
Alaska were sister and closely related to an individual
sampled from eastern Siberia. The sampled individual of
A. macrocirrosa from central Siberia was derived from a
deeper split in the phylogeny (Fig. 5). The maximum
parsimony analysis showed the same relationships
among the A. macrocirrosa individuals (Fig. S1).

We found 17 175 SNPs from the bam file mapping
only the four A. macrocirrosa to target reference contain-
ing both coding regions and the flanking noncoding
region. There were 5508 SNPs in the coding region (4
SNPs per kb) and 11 667 SNPs in the noncoding region
(5 SNPs per kb). We chose one best SNP site that had the
least number of missing data and the best calling score
from each target locus. We obtained 2359 SNPs and used
them in the Structure analysis to infer the number and
distribution of genetic groups in A. macrocirrosa. The
evaluation of delta K revealed that three population clus-
ters provided the best estimate of population structure.
These three clusters included 1) the two individuals col-
lected from Alaska, 2) the specimen from eastern Siberia
(Kolyma River), and 3) the specimen from central Siberia
(Tunguska River). Under K =2, the sample collected
from eastern Siberia was grouped with the Alaskan
samples.

Discussion

Target gene enrichment

We collected sequence data from 3639 of the 3641 total
target loci. A common set of 1693 loci was captured in all
of the samples. Only two loci failed the enrichment in
every sample, which could be due to secondary structure
in the target regions preventing hybridization between
the baits and the targets, or malfunction in the synthesis
of RNA baits for the target regions. We sampled species
representing only two of the 15 families of the Cyclo-
phyllidea: Anoplocephalidae (Schizorchis) and
Hymenolepididae (Arostrilepis). Our taxon sampling was
based on the research interests of the authors and clearly
does not fully represent the diversity of the whole order.
Thus, the usefulness of the baits employed here for other
clades within the Cyclophyllidea remains to be tested
empirically. However, our success in using baits
designed on H. microstoma (Hymenolepididae) to
sequence loci from samples representing a different fam-
ily (Anoplocephalidae) indicates that the method shows
promise for bridging large taxonomic gaps between
available genomic data and focal taxa. Predictably, the
number of loci captured in both Schizorchis species was
low relative to the Arostrilepis species, suggesting that
phylogenetic distance between the bait sequences and

© 2016 John Wiley & Sons Ltd



the target sequences does influence the efficacy of target
enrichment (Hedtke et al. 2013; Li et al. 2013; Hugall et al.
2016). Nevertheless, both Schizorchis species have more
than 80% target loci captured (Table 1), so our target loci
and enrichment protocols are demonstrated to be
broadly useful among cyclophyllidean cestodes. In the
future, we shall test these target loci in other cestode
clades. With advancements in cestode genomics (Olson
et al. 2012), we expect that there will be more cestode
genomes or transcriptomes from different orders avail-
able for designing baits, which should increase the gene
capture efficacy in different clades.

The number of captured loci is not correlated with
either the number of trimmed reads or the number of fil-
tered unique reads (Fig. S2). Therefore, merely increasing
the number of reads would not improve the capture
results in our experiment. Further decreasing the
hybridization and washing temperature might help in
obtaining more target sequences, especially for the tar-
gets that are divergent from the baits. We found a high
number of PCR duplicates in all samples, resulting from
the amplification steps for library preparation and
hybridization. The PCR duplicates cannot provide new
information and are detrimental in SNP calling, so we
suggest reducing the number of cycles used for amplify-
ing the library and for the indexing PCR in the future.

Variation of the markers and phylogeny

The range of uncorrected pairwise distances calculated
for captured loci show that the markers we targeted are
potentially suitable for resolving phylogenetic relation-
ships at both shallow and deep taxonomic scales. The
average consistency index (0.9) and the average reten-
tion index (0.88) are relatively high, indicating these tar-
get loci have low homoplasy and are good molecular
markers for phylogenetic reconstructions of cestodes.
The ML tree (Fig. 4) based on these loci is consistent
with previous studies (von Nickisch-Rosenegk et al.
1999). We only showed an example of a maximum like-
lihood analysis based on concatenated data. If we had
multiple samples for each species, a species tree
approach, such as that implemented using MP-EST (Liu
et al. 2010) could be used. Species tree methods assume
linkage equilibrium among loci. The position of each
locus on the three genomes (Appendix S3) could be
used to determine the linkage among loci, or the linkage
equilibrium between adjacent loci could be tested
empirically.

Intraspecific variation and phylogeography

We targeted coding sequences, but we also collected
sequence data from the flanking regions as ‘by catch’.

© 2016 John Wiley & Sons Ltd
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We sheared the genomic DNA into ~250 bp for library
preparation, and we could obtain sequences from flank-
ing regions of around 500 bp total (including flanking
regions that are both upstream and downstream of the
target region). Thus, if more flanking region sequence
was preferred, one could break the genomic DNA into
longer pieces when making libraries, but inserts >1 kb
are not recommended for sequencing on Illumina instru-
ments. Our expectation was that the flanking sequences
should be more variable than the coding sequences
because they are noncoding and therefore presumably
less constrained by purifying selection. However, our
observation was that the noncoding flanking region only
had slightly more SNP sites (5 SNPs per kb) than the
coding region (4 SNPs per kb).

Both the intraspecific trees and the Structure analy-
sis indicated that the sample of A. macrocirrosa collected
from eastern Siberia is more closely related to samples
collected from Alaska than to samples collected from
central Siberia. Similar phylogeographic patterns also
have been reported in small mammals (Fedorov et al.
1999; Galbreath & Cook 2004) as well as other organ-
isms (e.g., peatmoss, Shaw et al. 2014). Admittedly,
with only one individual sample per site our sampling
was inadequate to rigorously address specific phylo-
geographic questions, but these data present an excel-
lent illustration of the potential utility for our data
processing and analysis pipeline in phylogeographic
investigations. Besides the analyses we demonstrated
that there are many other tools that could utilize the
power of thousands of SNPs for different goals, such
as Bayes factor delimitation (*with genomic data;
BFD*) for species delimitation (Leaché et al. 2014), or
Approximate Bayesian computation (ABC) for estimat-
ing demographic parameters (Li & Jakobsson 2012;
Excoffier et al. 2013).

Conclusion

As an alternative to using traditional mtDNA or rDNA
markers, we developed tools for sequencing thousands
of single-copy nuclear coding sequences in cyclophyl-
lideans by applying target enrichment and next genera-
tion sequencing. With multiplexed sequencing and
optimized cost-saving steps in bench work, the cost of
obtaining thousands of loci in hundreds of samples is
no longer prohibitive (approximately $160 per sam-
ple = $80 for baits + $30 for sequencing + $50 for
library prep and other costs). Data collected using this
method can be applied to a range of phylogenetic and
phylogeographic questions, and the potential of using
genome-scale data to investigate the history of cyclo-
phyllideans extends far beyond that which we have
demonstrated.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1 Maximum parsimony tree based on 14 074 SNPs.

Fig. S2 High number of O trimmed reads, or O filtered reads
did not lead to more captured target loci.

Appendix S1 Maximum parsimony tree based on 14,074 SNPs.
All nodes received 100 bootstrap supports.

Appendix S2 Custom Perl scripts used in data analyses.

Appendix S3 Sequence statistics of the 3,639 nuclear loci tested
in the cyclophyllid cestodes.
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