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a b s t r a c t

This is a time of unprecedented transition in DNA sequencing technologies. Next-generation sequencing
(NGS) clearly holds promise for fast and cost-effective generation of multilocus sequence data for phylo-
geography and phylogenetics. However, the focus on non-model organisms, in addition to uncertainty
about which sample preparation methods and analyses are appropriate for different research questions
and evolutionary timescales, have contributed to a lag in the application of NGS to these fields. Here, we
outline some of the major obstacles specific to the application of NGS to phylogeography and phylogenet-
ics, including the focus on non-model organisms, the necessity of obtaining orthologous loci in a cost-
effective manner, and the predominate use of gene trees in these fields. We describe the most promising
methods of sample preparation that address these challenges. Methods that reduce the genome by
restriction digest and manual size selection are most appropriate for studies at the intraspecific level,
whereas methods that target specific genomic regions (i.e., target enrichment or sequence capture) have
wider applicability from the population level to deep-level phylogenomics. Additionally, we give an over-
view of how to analyze NGS data to arrive at data sets applicable to the standard toolkit of phylogeogra-
phy and phylogenetics, including initial data processing to alignment and genotype calling (both SNPs
and loci involving many SNPs). Even though whole-genome sequencing is likely to become affordable
rather soon, because phylogeography and phylogenetics rely on analysis of hundreds of individuals in
many cases, methods that reduce the genome to a subset of loci should remain more cost-effective for
some time to come.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

1.1. Multilocus studies and the promise of next-generation sequencing

Using multiple loci to infer population and species histories has
become the baseline in phylogeography and phylogenetics.
Although these two fields came to the multilocus approach for dif-
ferent historical reasons (see Brito and Edwards, 2008), multilocus
studies in both fields benefited from decreasing costs of DNA
sequencing in the last three decades. More recently, statistical phy-
logeography (Knowles, 2009) and the emerging species-tree para-
digm of phylogenetics (Edwards, 2009) provided convincing
theoretical arguments for incorporating information from multiple
loci into estimates of population and species history to account for
random variation in patterns of gene inheritance (i.e., coalescent
stochasticity). The practical outcome of these developments is that
most practitioners of phylogeography and phylogenetics have
spent a significant portion of their time in the last decade develop-
ing and screening molecular markers suitable to their study system
and appropriate to their evolutionary timescale of interest.

Even with the increasing availability of molecular markers for
non-model organisms (Edwards, 2008; Thomson et al., 2010), the
process of data generation for a multilocus study is laborious. In
the fast-moving field of molecular biology, it seems ever more
unjustifiable to embark on the lengthy process of screening loci
for variability (assuming primers already exist), amplifying and
sequencing DNA for each sample at each locus, and phasing nucle-
ar data via computation or cloning. Researchers of phylogeography
and phylogenetics have understandably looked toward next-
generation sequencing (NGS) with great interest as a potential
means to condense the many steps of multilocus data generation
for non-model organisms into a more time-efficient and cost-effec-
tive process (Ekblom and Galindo, 2010; Lerner and Fleischer,
2010).

Despite this obvious potential, NGS has been slow to take root
in phylogeography and phylogenetics compared to other fields like
metagenomics and disease genetics (Mardis, 2008). We suggest
that this lag has been caused by four specific aspects of phylogeo-
graphic and phylogenetic research: the predominant focus on non-
model organisms, the need for sequencing large numbers of sam-
ples per species, the lack of consensus regarding library prepara-
tion protocols for particular research questions, and the
transitional state of the technology (whole-genome data are still
neither cost-effective, nor even desirable for phylogeography and
phylogenetics, but are paradoxically easier to collect). Conse-
quently there are as yet relatively few published papers where
NGS has been used to generate the kind of phylogeographic or phy-
logenetic data sets that appear in Molecular Phylogenetics and
Evolution.

The purpose of this review is to address the specific challenges
of applying NGS to phylogeography and phylogenetics of non-
model organisms and to highlight emerging methods of sample
preparation and data analysis that MPE’s readers may find useful.

We will not focus on uses of NGS for ecological genomics or adap-
tive divergence because these topics have been reviewed in detail
elsewhere (Stapley et al., 2010; Rice et al., 2011). Rather, we focus
on uses of NGS to reconstruct evolutionary and demographic his-
tory from the level of populations to species. We briefly touch on
the steady convergence of phylogeography with ecological genom-
ics in the section on future directions.

1.2. Specific challenges to applying NGS to phylogeography and
phylogenetics

There are two substantial challenges to empirical researchers
wishing to collect sequence data using NGS: sample preparation
and bioinformatics. Here and in Section 2, we address the former,
while we devote Section 3 to the latter.

1.2.1. The need for homologous DNA regions from many individuals
Phylogeography and phylogenetics require homologous geno-

mic regions from multiple individuals to infer gene genealogies
and phylogenetic trees. Using traditional Sanger DNA sequencing
methods, the process of generating overlapping genomic regions
is highly targeted and straightforward, involving primer design fol-
lowed by PCR for each individual at each locus. With NGS, DNA is
not necessarily enriched for a single locus via PCR-based amplifica-
tion, although this is one possible application, but for many loci
through a variety of methods involving reduction of the size of
the genome (Table 1; Fig. 1). Unlike with Sanger sequencing, with
many NGS methods, there is less control over exactly what regions
of the genome are sequenced. The trade-off is that the number of
targets (and the number of reads associated with each target) is in-
creased by orders of magnitude. Genomic DNA (gDNA) must be
prepared in advance to contain orthologous regions among indi-
viduals, preferably without requiring hundreds to thousands of
PCRs. The need to reduce the genome to overlapping subsets might
become unnecessary as it becomes cost-effective to sequence
whole genomes for hundreds of individuals and once the theory
and analysis of full-genome data is better developed (see Sec-
tion 4); however, for the time being the issue of how to reduce
the genomes of many individuals to orthologous fragments re-
mains a significant obstacle to incorporating NGS methods into
phylogeography and phylogenetics. In Section 2 and Table 1, we
discuss different wet lab methods for genomic reduction, including
those that select expressed genes, random fragments from
throughout the genome, and other targeted regions.

1.2.2. Cost-effective multiplexing and library preparation
The second challenge is that using NGS for phylogeography and

phylogenetics is only cost-effective if many individuals can be
combined (multiplexed) in the same sequencing run and the costs
subdivided among many samples (Glenn, 2011). Multiplexing in-
volves the application of short identifying DNA sequences (called
‘‘indexes’’, ‘‘barcodes’’, or the term we will use here – ‘‘tags’’) that
are incorporated into the DNA fragments either by PCR (Binladen
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et al., 2007) or ligation (Meyer et al., 2008). These tags identify an
individual prior to pooling with other tagged samples (Craig et al.,
2008). Sequences are later sorted with bioinformatics. The most
desirable tag sequences are those that are as short as possible
while still being multiple base pairs away from other tags in the

pool so that reads with sequencing errors in the tag sequence
can still be allocated to the proper sample (Hamady et al., 2008).
Simple methods for hierarchical tagging (Neiman et al., 2011) ex-
pand the possible number of pooled samples from hundreds to
thousands.

Fig. 1. Basic methods of sample preparation for NGS. (a) amplicon sequencing in which PCR products are tagged and pooled for NGS, resulting in a largely complete data
matrix; (b) restriction-digest based methods, where genome reduction occurs by manual size selection. Note that mutations in the restriction site (as in individual 2) will
result in a null allele; (3) target enrichment, in which probes ‘‘catch’’ gDNA, which is then pooled for NGS. The hybridization of probe to gDNA is robust to some variation, but
mismatch or missing loci (show in individual 2) can result in missing data.
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NGS also requires platform-specific, often proprietary adaptor
sequences to be incorporated into DNA fragments (this step is
called library preparation and often occurs in conjunction with tag-
ging). These adaptor sequences provide priming sites or hybridiza-
tion targets for sequencing, depending on the NGS platform (e.g.,
linkers A and B for Roche 454 pyrosequencing or adaptors P1 and
P2 for Illumina sequencing-by-synthesis). Incorporating both tags
and adaptors to template DNA can be expensive if proprietary kits
are used (e.g., Nextera™ kits list price at $2200 for 20 samples). A
recent review calculated that library preparation was 10 times
more expensive per sample than the sequencing itself (Glenn,
2011). In Section 2, we mention options for more cost-effective li-
brary preparation if they are available.

1.2.3. The long reign of the gene tree in phylogeography and
phylogenetics

Another issue is the historical importance of utilizing gene trees
in phylogeography and phylogenetics (Brito and Edwards, 2008),
and the preeminence of coalescent-based analytical methods that
either require, or are currently best utilized, in concert with gene
trees (Kuhner, 2009; Liu et al., 2009a; Pinho and Hey, 2010). At
present, gene trees are most robustly inferred from loci with high
information content, for example, a non-recombining locus con-
taining a series of linked SNPs. Individual SNPs, on the other hand,
have low information content on a per-locus basis and have been
used predominately with classification methods such as Structure
(Pritchard et al., 2000) and principal components analysis (e.g.,
Novembre et al., 2008), although more versatile analyses are
emerging (see below). While distance-based genealogies and phy-
logenies can be built from unlinked SNPs (e.g., Emerson et al.,
2010), this ignores models of molecular substitution and probabi-
listic tree-searching algorithms that have led to more robust phy-
logenetic inference in the last several decades.

The practical problem is that most existing NGS technologies
(e.g., Illumina) produce short reads and therefore are best suited
for generating SNPs, not whole loci featuring many linked SNPs.
This has limited the application of NGS data with respect to the
standard analytical tool kit of phylogenetics and phylogeography.
Certainly, this problem will resolve itself as NGS platforms con-
verge on longer reads, and with the advent of third generation
sequencing platforms (e.g., PacBio, Ion Torrent, Starlight). It is also
possible that new analytical techniques will reduce our depen-
dence on genes trees (Bryant et al., 2012; Naduvilezhath et al.,
2011; Sirén et al., 2011). Until then, methods that can generate
data amenable to gene-tree analysis will be preferred in phyloge-
ography and phylogenetics. We point out which methods work
well with gene trees versus those that generate unlinked SNPs.

1.3. Primary data collection or marker development?

A major consideration from the perspective of time investment
is whether NGS data are amenable for use as primary data (e.g.,
Emerson et al., 2010) rather than being used to develop markers
for later sequencing/genotyping (e.g., Williams et al., 2010). Down-
stream genotyping could still utilize high-throughput technologies,
such as a SNP chip (Wang et al., 1998; Lipshutz et al., 1999; Buetow
et al., 2001; Decker et al., 2009), or it could follow the more con-
ventional route of primer design followed by individual PCR. The
problem is that, unlike with Sanger sequencing, which is highly
targeted to individual amplicons, NGS occurs on a pooled sample
of amplicons. Although the researchers can make some decisions
that influence which fragments of the initial pool are sequenced
with sufficient coverage (e.g., the number of samples/individuals),
pooled NGS sequencing is also subject to many stochastic factors,
such as PCR bias and unequal sample pooling, which can result
in patchy data matrices with large amounts of missing data. Meth-

ods that allow more even distribution of sequencing, such as PCR-
less library preparation (Kozarewa et al., 2009), will ameliorate this
problem to some degree, but stochasticity in coverage will likely
still play a larger role in NGS methods than in Sanger sequencing.
In Section 3, we discuss some factors relating to the use of NGS re-
sults as primary data, such as coverage and analytical methods that
permit missing data.

2. Review of wet lab methods for sample preparation

There are several existing reviews of different NGS sequencing
platforms and chemistries (Shendure and Ji, 2008; Glenn, 2011),
so we discuss platform-specific details sparingly. The major differ-
ence for the purpose of this review is between platforms that pro-
duce fewer longer reads (�400–800 bp, 454 Titanium) versus those
that produce orders of magnitude more short reads (�70–200 bp,
Illumina HiSeq).

2.1. Multiplex PCR and amplicon sequencing

Perhaps the most straightforward application of NGS to phylo-
geography and phylogenetics is amplicon sequencing, or NGS
sequencing of PCR products that have already been generated by
Sanger sequencing (Fig. 1a). When multiple loci for an individual
are tagged and pooled with tagged loci of other individuals, this
method is called parallel tagged sequencing (Meyer et al., 2008).
Benefits over typical Sanger sequencing include faster sequencing
time and one-step phasing of nuclear DNA (because NGS results
are single-stranded). Parallel tagged sequencing, however, does
not remove the process of PCR for each individual at each locus,
which can be the most onerous part of a multilocus phylogeo-
graphic study. An alternative to multiple PCRs is multiplex PCR
methods with multiple primer pairs, but this approach has several
limitations (described in Mamanova et al., 2009) including biased
representation of some products as well as chimeric DNA se-
quences. Some promising alternatives have emerged, such as
microdroplet PCR (Tewhey et al., 2009b), where millions of PCR
reactions occur in picoliter-sized droplets before being pooled to-
gether, and the 96.96 Dynamic Array™ by Fluidigm (Seeb et al.,
2009; Smith et al., 2011), which allows 96 primer combinations
to be used on 96 samples (9216 total PCR reactions) using a
plate-based nanofluid technology. These methods circumvent
some of these challenges of multiplex PCR by ensuring that each
primer combination is amplified separately (albeit in parallel),
but thus far they have been little applied to phylogeography, so
their ease-of-use and cost-effectiveness, though promising, is diffi-
cult to gauge.

Parallel tagged sequencing may be the most cost-effective
method for small to medium-sized projects with few loci that am-
plify well across individuals (e.g., Griffin et al., 2011). For this rea-
son, it has been used effectively in phylogenetic studies involving
whole mitochondrial sequencing (Chan et al., 2010; Morin et al.,
2010; Gunnarsdóttir et al., 2011) and whole chloroplast sequenc-
ing (Parks et al., 2009). It is also useful for uncovering rare se-
quences and has therefore been effectively employed in
environmental sampling and metagenomics where a single locus
is amplified from a sample containing DNA from many organisms
(Fierer et al., 2008) as well as for characterizing the major histo-
compatibility complex where there are many alleles, some extre-
mely rare (Babik et al., 2009; Kloch et al., 2010). Here, it is more
cost-effective to build multiplexing tags (Faircloth and Glenn,
2012) and NGS platform-specific adaptor sequences into the
amplification primers (Binladen et al., 2007) in order to circumvent
costly kit-based library preparation.
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2.2. Restriction digest-based methods

Several methods of genome reduction involve digestion of tem-
plate DNA with restriction enzymes and manual excision of some
fragment size range from an agarose gel to produce a reduced rep-
resentation library (RRL) (Fig. 1b). RRLs pre-date the existence of
NGS (Altshuler et al., 2000; Nicod and Largiadèr, 2003), and library
preparation protocols were then adapted to NGS platforms (Van
Tassell et al., 2008). No genomic resources are required in advance,
so restriction digest-based methods are in many ways ideal for
non-model organisms without a close relative with a sequenced
genome.

There are several potential drawbacks of restriction digest-
based methods. Selecting a fragment size range by manual excision
is subject to some human error, potentially leading to fewer orthol-
ogous fragments across individuals. There are automated machines
for size selection (PippinPrep™ from Sage Science and the Lap-
Chip� XT from Caliper LifeSciences), but they are somewhat expen-
sive (currently $15,000–$20,000 for equipment). However,
methods that add barcodes and adaptors prior to the cutting step
allow gel cutting of one pooled sample.

Another issue that has not been well addressed is null alleles,
where mutations in the restriction site result in the loss of a frag-
ment in some individuals. Null alleles are easy to detect when
mutations in restriction sites are fixed among populations. How-
ever, study populations that contain individuals heterozygous for
null alleles present a more insidious problem, as it becomes more
difficult to distinguish homozygotes from individuals with null al-
leles. Failure to detect null alleles in highly heterozygous popula-
tions could bias diversity statistics and phylogeographic inference.

Another potential drawback is that restriction-digest based
methods are not suitable for deep-level phylogenetic studies, as
mutations in the restriction sites quickly reduce the number of
homologous fragments with increasing phylogenetic distance
(McCormack et al., 2012; Althoff et al., 2007). Finally, most restric-
tion-digest based methods are geared toward SNP generation
(using short reads on the Illumina platform), which may not be
ideal for researchers focusing on gene trees. However, most proto-
cols could be adapted to platforms that produce longer reads (e.g.,
454). We are also optimistic that this problem will likely be allevi-
ated as all NGS platforms converge on longer reads.

2.2.1. RAD sequencing
Restriction-site Associated DNA (RAD) sequencing is the NGS

method that has made the most impact on phylogeography and
phylogenetics to date. As with other similar methods described be-
low, DNA is digested with restriction enzymes and the resulting
fragmented are size-selected from an agarose gel and sequenced
via NGS. What sets RAD sequencing apart from other methods is
that it combines tight control over the fragments resulting from
the digest with ultra-deep sequencing across many individuals
(Baird et al., 2008). For this reason, it is likely one of the most
reproducible of the many restriction digest-based methods. Result-
ing NGS reads are mined across individuals for SNPs that occur
immediately adjacent to common digest sites. This method has
proven effective at generating data for marker development (Miller
et al., 2007), genome scans (Hohenlohe et al., 2010), and building
distance-based phylogenies for recent demographic events (Emer-
son et al., 2010). So far as we can tell, RAD sequencing has been
carried out exclusively on the Illumina platform, which has limited
resulting data to SNPs. However, paired-end Illumina sequencing
should permit assembly of contigs up to 500 bp (Etter et al., 2011).

2.2.2. Other restriction digest-based methods
There are several alternatives to RAD sequencing that take

advantage of restriction-digest based genome reduction (many

are reviewed in Davey et al., 2011). The basic idea of these methods
is akin to sequencing Amplified Fragment Length Polymorphism
(AFLP) fragments (Vos et al., 1995), except instead of variation in
the restriction site, the variation of interest lies between common
restriction sites. Variations on this method have been used to gen-
erate thousands of SNPs for various organisms of agricultural
importance (Van Orsouw et al., 2007; Van Tassell et al., 2008;
Wiedmann et al., 2008; Amaral et al., 2009; Kerstens et al., 2009;
Ramos et al., 2009; Sánchez et al., 2009; Hyten et al., 2010a,b),
most involving many fewer individuals that would normally be as-
sayed in a typical phylogenetic or phylogeographic study. Recent
uses have involved wild populations (Bers et al., 2010) with appli-
cation to phylogeography (Gompert et al., 2010; Williams et al.,
2010).

In one example particularly relevant to phylogenetics, Decker
et al. (2009) used a digest method to generate >40,000 SNPs and
resolved the recent phylogenetic history of extinct and extant
ruminants. In this case, Van Tassell et al. (2008) discovered the
SNPs using a restriction-digest based method and then Decker
et al. (2009) later genotyped a subset of the SNPs en masse for 61
species using a SNP chip (BeadChip, Illumina). Though producing
a well-resolved tree based on a massive amount of data, this study
also underscores the analytical limitations of SNP data, as the phy-
logenetic analysis was restricted to a parsimony method that re-
quired categorical coding of the data matrix (e.g., homozygotes
coded as ‘‘0’’ or ‘‘1’’ and heterozygotes coded as polymorphic). In
fact, most restriction-digest studies have targeted SNPs with short
reads from the Illumina platform. However, two recent studies
have used this method in conjunction with 454 sequencing to gen-
erate longer loci for use in coalescent-based phylogeographic anal-
ysis, in addition to SNP-based assignment tests (McCormack et al.,
2012; Zellmer et al., 2012). Paired-end sequencing should also al-
low for the generation of whole loci for building gene trees with
the Illumina platform. With large numbers of individuals, one eco-
nomical approach is to add NGS adaptors and individual tags in a
PCR step by incorporating them into the primer sequence (McCor-
mack et al., 2012; Williams et al., 2010). Streamlined methods for
adding adaptors and barcodes, while avoiding the use of proprie-
tary kits, is a much needed area of methodological advancement.

2.3. Target enrichment

Target enrichment (also called ‘‘sequence capture’’ or ‘‘targeted
resequencing’’) involves the selective capture of genomic regions
prior to NGS (Mamanova et al., 2009). In target enrichment
(Fig. 1c), fragmented gDNA is mixed with DNA or RNA probes,
which hybridize to gDNA fragments either on an array (Albert
et al., 2007; Hodges et al., 2007; Okou et al., 2007) or in solution
(Gnirke et al., 2009; Maricic et al., 2010). Non-targeted DNA is then
washed away, and targeted DNA is eluted and sequenced simulta-
neously via NGS.

Compared to restriction-digest methods, in which random frag-
ments are sequenced, target-enrichment is a non-random method
of genome reduction. Consequently, it requires some prior genomic
resources to design probes, although they can potentially be from
distantly related species (see below). One benefit to focusing on
specific targets is that fragment size selection is easier and can
make use of random genomic shearing (e.g., mechanical, acoustic,
or enzymatic) as opposed to the laborious manual size selection
step of restriction-based methods. With target enrichment, indi-
vidual samples can be tagged and multiplexed either post-enrich-
ment or prior to enrichment (Kenny et al., 2011). The latter
technique is especially promising from the perspective of cost
per sample given that the probes themselves can be quite
expensive.
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While the target enrichment technique is well described
(Mamanova et al., 2009), most applications have been directed at
human disease genes and exomes (Albert et al., 2007; Hodges
et al., 2007; Ng et al., 2009; Tewhey et al., 2009a). Applications
to phylogeography and phylogenetics will largely turn on the
description of appropriate probe sets that are conserved enough
that they bind genomic DNA across individuals (for phylogeogra-
phy) and species (for phylogenetics) and yet show enough varia-
tion to be informative at the time depth of interest. We discuss
different options for probe design below. Another promising, re-
lated technique is primer extension capture (PEC), which uses rel-
atively short primer sequences as probes for sequence capture.
Briggs et al. (2009) used PEC to capture and sequence the entire
mtDNA genomes of five Neanderthals, allowing for their phyloge-
netic analysis with modern humans.

A final benefit of target enrichment is that probes can be tiled
such that short reads from many tiled sections can later be assem-
bled into larger contigs, obviating the problem of SNPs versus gene
trees. This design maximizes the advantages of depth of coverage
on a platform like Illumina, while minimizing the drawback of
short read length. However, it should be noted that phasing loci
generated from tiled probes can be problematic because the indi-
vidual reads cannot be assigned to their respective chromosomal
copies of origin within individuals. Thus, tiling might pose more
of a problem for population-level studies, where coalescence
among closely-related gene copies can bear strongly on the analy-
sis, than it will for deep-level phylogenetics, where the coalescence
times among species dwarf those between individual allele copies.

Once contigs are assembled from tiled reads, the thousands of
independent loci that can be draw from target enrichment are ideal
for use in species-tree analysis, an emerging systematic paradigm
(Edwards, 2009) that has been little applied to phylogenomics.
Here, the major problem is likely computational, as many spe-
cies-tree programs rely on simultaneous optimization of individual
gene trees and the species tree (e.g., BEST, Edwards et al., 2007;
�BEAST, Heled and Drummond, 2010). Methods that use summary
statistics to arrive at a fast, analytical solutions to the species tree
(Liu et al., 2009b) offer one potential workaround to this problem,
and are currently the only solution for phylogenomic data sets fea-
turing hundreds to thousands of loci. Alternatively, algorithmic
methods such as STEM (Kubatko et al., 2009) take gene trees as in-
put, thus allowing gene trees from individual loci to be estimated
in parallel prior to species tree estimation. However, there is a
pressing need for further methodological development so that ana-
lytical robustness need not be sacrificed for time efficiency.

2.3.1. Probe sets designed from ultraconserved elements for
phylogenomics

Much like universal priming sites for mitochondrial DNA (Ko-
cher et al., 1989), conserved probes allow for maximal applicability
across taxonomically diverse organisms. A conserved probe works
much like a pair of primers located in conserved coding regions,
except that variability would be sought in the regions flanking
the probe instead of in between primers. What are the options
for probe sets that are conserved enough to work across species
and higher taxonomic groups for phylogenomics?

One promising development toward universal target enrich-
ment for deep-level phylogenomics is the discovery of ultracon-
served elements (UCEs) in mammals (Bejerano et al., 2004). The
exact definition of a UCE differs among studies. Defined loosely,
UCEs are genomic regions that show remarkable (in some cases
100%) conservation over a ‘‘long’’ stretch of DNA (generally 50–
200 bps) among widely divergent organisms. The structure and
function of UCEs is an active area of research. UCEs also possess
properties that make them highly desirable as anchors for genetic
markers. First, they are found in high numbers throughout the gen-

ome. Second, they appear to have little overlap with known para-
logous genes (Derti et al., 2006), whose occurrence is difficult to
detect and can confound phylogenetic inference (Philippe et al.,
2011). Third, because variability increases moving toward the
flanks, UCEs and flanking DNA might harbor phylogenetic signal
useful for phylogenetic reconstruction at multiple evolutionary
timescales (Faircloth et al., 2012).

A recent study showed that probes designed from UCEs con-
served across amniotes (e.g., mammals, reptiles, and birds) have
sufficient information content to resolve the primate tree of life
and enrich over 800 loci in 9 bird species to resolve the phylogeny
of three basal bird lineages (Faircloth et al., 2012). Another study of
>2000 UCEs shared among the chicken, zebra finch, and Anolis liz-
ard genomes found that nearly 1000 UCEs could also be located in
the 27 mammals with sequenced genomes, elucidating their evolu-
tionary history with as many as 917 loci (McCormack et al., 2012).
Another study used UCE probes to capture a complete data matrix
of over 1000 loci for six reptiles (Crawford et al., 2012). Combined
with data obtained from existing genomes of birds and mammals,
the resulting phylogeny revealed the evolutionary affinities of tur-
tles with archosaurs (bird and crocodilians) with perfect support.
The description of UCEs in diverse animal groups from tetrapods
(Stephen et al., 2008) and reptiles (Janes et al., 2011) to inverte-
brates and yeast (Siepel et al., 2005) suggest that conserved probe
sets for target enrichment may be applicable across a broad swath
of the tree of life.

2.3.2. Probe sets designed from closely related genomes and
transcriptome libraries

Given the amount of genomic resources now available, and the
number of genome sequencing efforts currently being undertaken,
it is also becoming feasible to design probe sets more targeted to
individual species or groups using the genome of a closely related
species. Due to their general conservation, yet high information
content found at degenerate third codon positions, exons are a par-
ticularly appealing target for sequence capture. As there is cur-
rently more transcriptome data available than whole-genome
data, probe sets could also be designed from transcriptome li-
braries, either undertaken especially from the species of interest
or mined from existing transcriptomes of closely-related species.
The potential drawback is that transcriptome libraries are highly
variable depending on tissue type and many other variables. One
attempt to align transcriptomes of 10 taxonomically divergent bird
species did not find a large number of overlapping loci (Kuenster
et al., 2010).

2.4. Transcriptome sequencing

Sequencing the transcriptome itself (RNA-seq) can be viewed as
another method of genomic reduction where the remaining subset
of gDNA is not random, as with restriction-digest, but contains the
set of expressed genes (Marioni et al., 2008; Morin et al., 2008;
Wang et al., 2009). While transcriptome sequencing is more preva-
lent in studies of adaptation and ecological genomics, a recent
study by Hittinger et al. (2010) showed that transcriptome se-
quences could be used to recover the known phylogeny of a group
of mosquitoes, demonstrating their potential utility to phylogeog-
raphy and phylogenetics. Nabholz et al. (2011) sequenced the brain
transcriptomes of nine bird species and used the resulting data to
build a phylogeny. Transcriptomes have also been mined for SNPs
in a variety of species (Chepelev et al., 2009; Cánovas et al., 2010;
Barbazuk and Schnable, 2011; Geraldes et al., 2011).
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3. Data analysis and bioinformatics

3.1. The difference between Sanger and NGS data and the importance
of coverage

The most obvious difference between Sanger sequence data and
NGS data is what is initially most daunting about NGS data: quan-
tity. Simply storing unprocessed NGS data requires significant
computer memory and often hardware upgrades or remote (i.e.,
online or ‘‘cloud’’) storage. Whereas a reasonably large Sanger
dataset may contain 500 sequences, typical 454 and Illumina runs
generate 1,000,000–2,000,000,000 sequences, and these numbers
are increasing rapidly as the sequencing platforms are refined. Data
set sizes now are measured in terabytes and file transfer is often
conducted through normal postal mail due to the uploading/down-
loading time and cost of sending files through the internet or cloud.
However, logistical difficulties aside, these numbers are in some
ways deceptively large, because another major difference between
NGS data and Sanger sequence data is the quality of the reads.

Chromatograms are an intuitive way to assess the quality of a
given Sanger sequence because the colored peaks are a reflection
of the strength of each nucleotide’s signal. Frequently, with Sanger
data, a human being has evaluated all or most of the bases called
by the sequencer. This is not possible with even a small NGS data-
set. NGS quality scores are an integral part of the sequence data it-
self, and come either as a series of integers or letters corresponding
to every base called by the NGS platform. These are very different
paradigms: with Sanger data you get, in essence, a more or less
true snapshot of a pool of amplicons at every position. With NGS
data, you get a slightly imperfect representation of some of the
amplicons from a sample, along with their associated quality
scores. This is why coverage (i.e., the number of reads that support
a specific base call) is critically important with NGS data. Coverage
affords confidence that every DNA fragment in a pool will be se-
quenced – and enough times to determine heterozygous positions.
Coverage also ensures that NGS sequencing error can be detected
and distinguished from heterozygosity.

3.2. Determining orthologous vs. paralogous loci

Although paralogous genes have long presented problems for
researchers using Sanger sequence data, the detection of paralogs

in Sanger data is relatively straightforward when using targeted
primer pairs. A signal of more than two alleles (or more than one
allele when mtDNA is studied) in the chromatogram is a clear sign
that more than one gene copy has been sequenced. In addition,
methods for detecting paralogs, such as SSCP (Sunnucks et al.,
2000), are available for confirmation.

In contrast, NGS occurs on a single strand, so paralogy cannot be
detected until after data are aligned. Evidence for paralogy from
NGS alignments includes any biological signal that too many al-
leles have been grouped into a single, putatively homologous locus
(e.g., three alleles for a diploid). These signals include (but are not
limited to) more than two bases at a particular position (especially
with greater than 1X coverage) or elevated values for observed het-
erozygosity at a given position in an alignment. Additionally, when
viewing alignments of one’s data, it is often obvious that too much
variation exists for a single locus (Fig. 2); for this reason, it is a good
idea to become familiar with some raw data, even if there is too
much to check them all manually. One complication is that low
coverage and uneven read distribution generated by stochasticity
in PCR and sequencing can mask this evidence. To avoid paralogous
loci, some researchers have eliminated the alignments (or contigs)
with the highest coverage (Emerson et al., 2010) because copy
number variants are often correlated with high coverage loci in
NGS data (Alkan et al., 2009). Designating a maximum coverage
cutoff is less than ideal, however, because one may end up throw-
ing out good data. A method that incorporates error rate and eval-
uates all reads in an alignment to assign a measure of confidence in
the number of supported alleles would be highly desirable and
awaits development.

3.3. From raw NGS output to formats appropriate for phylogeography
and phylogenetics

3.3.1. Filtering unprocessed NGS data and quality control
The first step in processing raw NGS data is eliminating low

quality reads (quality control or QC), where ‘‘low quality’’ is gener-
ally determined by the user within some broad guidelines. When
these values are reported, one frequently sees a minimum default
value of Q > 20 (e.g., Oliver et al., 2010; Medinger et al., 2011),
where Q is the quality assigned to a base. This translates to a
0.01 probability of a base call being inaccurate, or 99% accuracy.
Many programs will QC raw NGS output (see Table 2). QC can also

Fig. 2. The combined effect of PCR bias, PCR error, and sequencing error on calling alleles for paralogous loci. (a) Duplications (dotted lines) produce paralogs. (b) Paralogs
accumulate different mutations to result in an underlying genetic signal for the eight paralogous loci. (c) Stochastic PCR bias during the amplification step of NGS library
preparation results in some of the loci being amplified more than others, and one locus not being amplified at all. (d) PCR error during the amplification step results in another
layer of stochastic noise. (e) Error during NGS adds an additional layer of noise. (f) The two alleles that would be called from the reads in (e) if they were processed in an allele-
calling program like PRGmatic (Hird et al., 2011). Scanning the alignment by eye or by applying heterozygosity tests indicates that the alignment actually contains multiple
paralogous loci.

J.E. McCormack et al. / Molecular Phylogenetics and Evolution 66 (2013) 526–538 533



include discarding sequences shorter than some value, which is
appropriate when there is a good idea for the target size, as with
the restriction digest-based methods described above. One may
also choose to discard sequence length outliers, as these are often
associated with sequencing error (Oliver et al., 2010) or any reads
containing an unidentified base (‘‘N’’).

The second step of filtering is to sort the data by tag and remove
primer and barcode sequence (if necessary) from the flanks of the
reads. This is often performed by custom Perl or Python scripts, but
there are some free online services such as the Ribosomal Database
Project’s Pyrosequencing Pipeline (Cole et al., 2009), the Galaxy
website, or Mothur (Table 2). If one has selected a set of error-cor-
recting tags (see above), one must make the choice whether to re-
tain primer sequence and/or tags that contain errors (and how
many errors are permitted). Although it may be tempting to relax
quality standards to increase the number of reads retained, low-
quality data will usually require more coverage, for instance for
high-confidence heterozygote calls.

3.3.2. Alignments
Calling genotypes (SNPs or haplotypes) requires alignments, i.e.

sets of homologous reads. Whereas processing and filtering NGS
data is, at its most basic, a matter of text manipulation and editing,
alignments require computational resources and efficient algo-
rithms. There are two types of alignment methods, those that use
a reference and those that do not (de novo). A reference does not
necessarily imply a reference genome, such as that from a model

organism, but rather some information on the output reads, includ-
ing, for example, the probe sequences used for target enrichment.

A good, de novo assembler (e.g., Velvet, see Table 2) is the gold
standard for analysis, but requires considerable computation time
and resources. On the other hand, using a reference allows very
quick alignment since alignment of high-quality reads can be re-
stricted to the reference (instead of requiring pairwise comparison
to each other). There are many NGS analytical tools that align a set
of reads to a reference (see Table 2). If no reference is available, for
example in most of the restriction-digest based methods, there are
clustering programs (like CAP3), which, like de novo assemblers,
collect reads into groups within a given percent similarity (in addi-
tion to other parameters) and generate alignments from these clus-
ters. Several pipelines offer streamlined solutions for taking raw
data (without a reference genome) to called genotypes (Table 2).
Two examples of open-source software are PRGmatic (Hird et al.,
2011), which builds high-confidence clusters into a provisional-
reference genome, to which all reads are then aligned; and Stacks
(Catchen et al., 2011), in which ‘‘stacks’’ of reads corresponding to
loci are created, permitting genotype calling. Many commercially
available multi-functional programs will do pre-processing and
alignments (Table 2).

3.3.3. Genotype calling
The final step in taking raw NGS data to a format that is useable

for phylogeography and phylogenetics is genotype calling, or call-
ing two (diploid) alleles from all the reads for a given SNP or locus

Table 2
Programs for quality control, assembling, and analyzing NGS data for phylogeography and phylogenetics.

Program QC Alignment Allele
Calling

SNP
Calling

Visualization Open
Source?

Computer Platforms Other Functions References

CLOTU X C Y Internet Automated
BLAST

Kumar et al. (2011)

Galaxy X R X Y Internet Goecks et al. (2010)
DNAstar SeqMan

Ngen
X R,D X X X N Windows, MacOSX, Linux http://www.dnastar.com

CLC Genomics
Workbench

X R,D X X N MacOSX, Linux, Windows http://www.clcbio.com/

Geneious X R,D X X N WindowsVista, MacOSX http://www.geneious.com/
GATK X X X X Y MacOSX, Linux DePristo et al. (2011)
RDP

Pyrosequencing
Pipeline

X Y Internet Microbial DNA
Analyses

Cole et al. (2009)

Mothur X Y Windows, MacOSX, Linux http://www.mothur.org/
STACKS C X X Y Unix Genetic

mapping
Catchen et al. (2011)

CAP3 C Y Windows,MacOSX, Linux,
Solaris, Internet

Huang and Madan (1999)

PRGmatic C,D X X Y MacOSX Hird et al. (2011)
ABySS D Y Any Simpson et al. (2009)
SAMtools R X X Y Unix Li et al. (2009)
BWA R Y Any (C++ source) Li and Durbin (2009)
Bowtie R Y Windows, MacOSX, Linux Langmead et al. (2010)
Exonerate R Y Unix Slater and Birney (2005)
Novocraft R Y MacOSX, Linux Hercus, C. 2009. http://

www.novocraft.com
Stampy R Y MacOSX, Linux Lunter and Goodson, 2011
SOAP R,D X Y Any (C++ source) Li et al. (2008)
MIRA R,D X Y MacOSX, Linux Automatic error

removal
Chevreux et al. (1999)

Velvet R*,D Y MacOSX, Linux, cygwin Zerbino and Birney (2008)
Bambino X X Y Windows, MacOSX, Linux Edmonson et al. (2011)
VarScan X Y Any (JAVA source) Koboldt et al. (2009)
Casava X N Linux Illumina propietary
Tablet X Y Windows,MacOSX, Linux,

Solaris
Milne et al. (2010)

QC = quality control.
R = reference.
D = de novo.
C = cluster generation.
* Velvet can use reference reads but it treats them as ‘‘just another’’ read, not a reference.
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(for a thorough review, see Nielsen et al., 2011). In its most
straightforward application, genotype calling can be conducted
based on threshold values. For instance, a base position would be
declared a valid SNP if polymorphism were detected in a certain
threshold percentage of total reads for an individual (say 20%). In
some cases, thresholds can lead to bias toward rare alleles (Johnson
and Slatkin, 2008). Thus, more statistically savvy genotype calling
algorithms are based on probability theory, which permit incorpo-
ration of sequencing error (Johnson and Slatkin, 2006; Hellmann
et al., 2008; Lynch, 2009; Hohenlohe et al., 2010; Andolfatto
et al., 2011; Gompert and Buerkle, 2011).

Pooling individuals is another way of generating population-le-
vel allele frequency data (Cutler and Jensen, 2010). It saves money
by limiting the number of barcode adaptors or library preparations
needed and can be useful for marker discovery and describing
some divergence statistics such as FST (Gompert et al., 2010; Kofler
et al., 2011). However, it prevents simultaneous genotype calling at
the level of the individual as well as paralog detection on the basis
of observed heterozygosity. For the purposes of using NGS for phy-
logeography and phylogenetics, there seems to be much to gain by
adding tags to individuals instead of population pools.

3.4. Data analysis

Because most existing NGS studies in phylogeography and phy-
logenetics are based on SNPs (Emerson et al., 2010; Gompert et al.,
2010; Williams et al., 2010), most analytical approaches used to
date are those amenable to SNP data, such as PCA and Structure
(for phylogeography) and distance-based methods for inferring
phylogenies. PCA has the limitation that it requires complete data
matrices (or statistical imputation of missing data), and some
methods (especially the restriction-digest methods) are prone to
missing data. While a full treatment of NGS data analysis demands
its own review, our observation is that NGS data as it is currently
being produced is too computationally demanding for the popular
suite of probabilistic coalescence-based methods that form the
core of phylogenetic and phylogeographic analysis (e.g., BEAST,
IMa, species-tree analysis), although using subsets of the data is al-
ways an option. We note two trends: (1) longer NGS reads are
making analysis with gene trees more feasible and (2) SNP data
are increasingly useful for testing demographic hypotheses, for
example those involving gene flow (Durand et al., 2011). We ad-
dress future prospects for data analysis in the next section.

4. Future directions

This is a time of incredible transition in sequencing technology.
It is difficult to predict what the future holds, but it seems clear
that at some point the important technological advances for phy-
logeographers and phylogeneticists will plateau with the emer-
gence of affordable whole-genome sequencing. Although the
technology currently exists for reasonably inexpensive genome
sequencing on the Illumina Hi-Seq platform, the cost for the num-
ber of individuals typically employed in a phylogeographic or phy-
logenetic project is still beyond the reach of most labs. Perhaps
more important than the technology is the pace of change to ana-
lytical resources. Phylogeography and phylogenetics is built on a
firm foundation of resources for analyzing discrete loci. Mean-
while, whole genome analysis is still in its infancy (e.g., Sims
et al., 2009; Vishnoi et al., 2010). We argue that, practically speak-
ing, we are less limited by technology than we are by the ability of
research labs – i.e., humans – to adapt to new technologies and
effectively harness their information content. Thus we echo the
sentiments of Davey et al. (2011) that sequencing methods based
on reduced representations of the genome (however they are tar-

geted) will remain useful for many years to come, until a strong
foundation for analyzing whole genomes emerges. One beneficial
contribution of whole-genome analysis will be to incorporate
recombination into phylogenetic inference instead of ignoring it
or mitigating its effects, as is the current mode when analyzing dis-
crete loci.

An advance needed immediately is that current software for
analyzing phylogenetic and population genetic data needs to be
scaled-up to handle hundreds of loci in a reasonable timeframe.
For example, although some analytical solutions to defining a spe-
cies tree from many gene trees are nearly as accurate as probabilis-
tic methods and return an answer almost instantaneously (Liu
et al., 2009b), probabilistic methods are still more robust in most
cases and preferred for difficult questions. The trade-off is whether
we are willing to sacrifice some degree of accuracy or certitude in
order to have an answer at all, or at least on a timeline suited to
today’s fast-paced speed of publishing. Alternatively, more thor-
ough probabilistic methods will need to be streamlined and made
more efficient.

Finally, as phylogeography becomes more genomic, it is only
natural that it will increasingly merge with the now largely sepa-
rate field of ecological genomics (or adaptation genomics). After
all, both investigate the speciation process, but differ principally
in their focus on adaptive versus neutral processes and their con-
comitant use of different subsets of markers. Ecological genomics
has utilized candidate genes and, increasingly, the full subset of ex-
pressed genes interrogated with transcriptome sequencing. Phylo-
geography has traditionally used ‘‘neutrally evolving’’ markers;
however, there are few phylogeographers that would not also be
interested in the actual genes underlying speciation in their sys-
tem. This joint interest is already flourishing in research utilizing
genome scans to detect outlier loci potentially under selection
from a large pool of other loci experiencing background (i.e., neu-
tral) divergence. These studies have mostly employed AFLPs, thus
it is no surprise that similar analytical techniques geared toward
restriction-digest based NGS data (Section 2.2) are also now
appearing (Hohenlohe et al., 2010; Gompert and Buerkle, 2011).
We assume the integration of neutral and adaptive speciation pro-
cesses will only accelerate with continuing analytical and techno-
logical advances at the level of the genome.
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