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Abstract.—Despite considerable effort from the systematics community, delimiting species boundaries in recent radiations
remains a daunting challenge. We argue that genealogical approaches, although sometimes useful, may not solve this important problem, because recently derived species often have not had sufficient time to achieve monophyly. Instead, we suggest
that population genetic approaches that rely on large sets of informative markers like single nucleotide polymorphisms
(SNPs) provide an alternative framework for delimiting very recently derived species. We address two major challenges
in applying such markers to species delimitation: discovering markers in nonmodel systems and using them to delimit
recently derived species. Using turtles as a test case, we explore the utility of a single, relatively low-coverage genomic
resource as an aid in gene and marker discovery. We exploit an end-sequenced bacterial artificial chromosome (BAC) library
from an individual painted turtle (Chrysemys picta) and outline a novel protocol that efficiently identifies primer pairs that
amplify homologous sequences across the tree of living turtles. Preliminary data using this library to discover SNPs in
Emydura macquarii, a species that diverged from C. picta ∼210 million years ago, indicate that sequences identified from the
Chrysemys BAC library provide useful SNPs even in this very distantly related taxon. Several recent methods in wide use
in the population genetics literature allow one to discover potential species, or test existing species hypotheses, with SNP
data and may be particularly informative for very recently derived species. As BAC and other genomic resources become
increasingly available for scattered taxa across the tree of life, we are optimistic that these resources will provide abundant, inexpensive markers that will help delimit boundaries in problematic, recent species radiations. [BAC end sequence;
Chrysemys; comparative genomics; Emydura; recent speciation; species delimitation; turtle.]

Species criteria, definitions, and delimitations occupy
one of the most contentious and least resolvable debates
in systematics. It seems fair to say that many systematists
agree that species are real, important, and sometimes extremely difficult to identify (de Queiroz, 1998; Hey et al.,
2003). There is also a growing sense that the virtually limitless empirical data available from emerging genomic
databases may help solve the problem of delimiting difficult, recently derived species (Shaw and Danley, 2003;
Liti et al., 2006). Presumably, it must be the case that more
data are better than less, and that information from multiple, independent genetic loci should help in delimiting
species, even if those species are very recently formed
and therefore have few or no unique features. However,
it is also true that more data do not always help to resolve difficult problems in historical biology. Identifying
species trees among rapidly speciating taxa is a case in
point; situations exist where the most probable gene tree
does not match the actual species tree, and adding additional data does not help (Degnan and Rosenberg, 2006;
Kubatko and Degnan, 2007).
One point that seems incontrovertible is that it is
getting easier to acquire genomic-level data for an
ever-widening set of taxa. The NCBI Entrez Genome
Project Web page currently lists 236 eukaryote genomes
and some 1100 prokaryotic genomes that are completed or in progress and many more partial genomic
resources, including end-sequenced bacterial artificial
chromosome (BAC) libraries and expressed sequence tag
(EST) databases. These resources are produced for single species (often for single individuals), but they generally include hundreds of thousands to millions of base
pairs of sequence data for that individual. For these taxa,
and presumably many of their relatives, the availability
of such genomic tools implies that the information contained in very large quantities of DNA sequence data can

now be brought to bear on species delimitation problems.
Although these tools may not solve every problem in
species identification and delimitation, they should represent a major step forward over the previous generation
of genetic analyses. In addition, these multigene data sets
should allow systematists to test species lineages that
have been proposed based on single gene analyses, including mitochondrial DNA (Avise and Walker, 1999).
In this paper, we focus on two important issues in the
use of genomic data in recent species delimitation. First,
can genomic-level tools, which will always be available
for only a small fraction of the total diversity of life, be applied to related species that lack such tools? More specifically, how can we find hundreds of markers quickly
and efficiently in nonmodel systems? Second, how can
we use those markers to delimit species in a rigorous,
satisfying way? For this second question, we consider
several population genetically oriented approaches that
may be used in conjunction with more phylogenetically
oriented strategies to identify and delimit recently derived species.
In pursuing these questions, we do not discuss the
vast literature on species concepts except to say that
we fundamentally agree with Mayden (1997) and
de Queiroz (1998, 2005) that species are segments of
evolutionary lineages. Under this view, which goes back
at least to Simpson (1951), species delimitation boils
down to the identification of “metapopulation lineages”
(de Queiroz, 2005), with the most difficult problems
often represented by the youngest species pairs (Fig. 1).
As species persist over time, the attributes that they
take on, and therefore the ease with which lineages
can be discovered and delimited, changes (de Queiroz,
1998). In practice, older species have often had time to
accumulate a range of features, including reproductive
isolation, fixed apomorphies, and gene-tree monophyly,
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genetics rather than those that require monophyly for
species identification. In doing so, we fully recognize that
tree-based methods (Baum and Shaw, 1995; Wiens and
Penkrot, 2002) may also identify recently derived species;
our hope is that both approaches can be brought to bear
on difficult but often critically important recent species
radiations.
S PECIES B OUNDARIES IN R ECENT R ADIATIONS
One of the more disturbing realizations to emerge
from the speciation literature is that many of the most
widely cited and widely studied examples of recent
species radiations lack clear evidence on actual species
boundaries. Consider the following textbook examples
of recent species radiations:
Darwin’s Finches

FIGURE 1. A schematic diagram of the divergence of species
through time. We focus our attention on the early part of the process,
since that is when species delimitation is most difficult. Figure modified
from de Queiroz (1998).

that allow for straightforward lineage (= species)
delimitation. However, very young taxa that are early
in the process of speciation often lack these features,
making them particularly challenging for systematists
(Fig. 1). We therefore focus our attention on the value of
genomic data for delimiting young species early in the
process of diversification.
Sites and Marshall (2003, 2004) provide recent summaries of advances in the actual criteria for delimiting species boundaries. These authors place species
delimitation methods into two broad categories: treebased and non–tree-based. Tree-based methods tend
to require demonstrable monophyly, whereas non–treebased methods more often focus on the discovery of differentiation associated with the earliest stages of lineage
diversification. Both are clearly valuable in species delimitation research, particularly when sufficient time has
elapsed for monophyly to evolve (Hudson and Coyne,
2002). Maddison and Knowles recently examined the
related problem of phylogeny reconstruction among
known species that have not had time to sort to monophyly, and point out that some limited phylogenetic information still resides in these incompletely sorted gene
trees (Maddison and Knowles, 2006). Presumably, the
same is true for species delimitation, and methods developed to extract this “fuzzy” information using tree-based
approaches are being developed. Here, we concentrate
our discussion on approaches derived from population

Petren et al. (2005) present the most complete summary to date of species boundaries in several groups
of Darwin’s finches, including data on 1428 birds
from 74 populations for 16 microsatellite loci for the
cactus finches (Geospiza scandens and conirostris), the
sharp-beaked ground finch (G. difficilis), and the warbler
finches (Certhidea olivacea and fusca). Although these
and other species in the group have been extensively
analyzed with mitochondrial and nuclear markers
(Freeland and Boag, 1999), species boundaries remain
fuzzy and ill-defined for many taxa, making these
animals “the poster child for foggy species boundaries”
(Petren, personal communication, 2006). The most
probable explanations for this lack of resolution include
hybridization (Grant et al., 2005) and recency of speciation coupled with rapid morphological divergence
(Petren et al., 2005). In resolving species boundaries,
these authors conclude that additional individual
sampling will not help, but additional nuclear genetic
data may help clarify these difficult species boundaries.
Cichlid Fishes
Cichlid fishes constitute one of the most famous and
widely publicized cases of adaptive speciation and extreme rates of lineage diversification on earth. Yet, cichlid
species boundaries have proven remarkably difficult to
verify with molecular tools. Recent analyses of mitochondrial and nuclear DNA sequences (Seehausen, 2004) and
SINES (Takahashi et al., 2001) as well as older mtDNA
analyses (Moran and Kornfield, 1993) indicate that morphologically and ecologically defensible species are often not monophyletic and are frequently characterized
by extremely recent divergence. Although hybridization
may be further clouding the historical reconstruction of
species boundaries (Seehausen, 2004), it remains the case
that molecular analyses have yet to clarify species boundaries in these rapidly diversifying fishes.
Galápagos Tortoises
As an icon for speciation, adaptation, and conservation, the Galápagos tortoises are among the most
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intensively studied species on earth. With 1611 sequences
currently lodged in GenBank (release 161.0, release date
15 August, 2007) for the species Geochelone nigra and its 14
subspecies, one might think that the debate over species
delimitation would finally be resolved for this endangered tortoise complex. Although currently considered a
single species (Pritchard, 1996), recent work utilizing mitochondrial DNA and microsatellites for hundreds of tortoises from across the archipelago (Caccone et al., 2002)
and from more restricted sets of localities (Beheregaray
et al., 2003; Ciofi et al., 2006) indicated that additional
evolutionary lineages may exist. Even after this enormous effort by a talented team of investigators, species
boundaries among Galápagos tortoise populations remain controversial and unsettled (Russello et al., 2005).
Tiger Salamanders
Taking an example from our own work, the tiger
salamander complex stands out as a recent radiation
(estimates range from 3.5 to 5 million years old) with
important conservation (Shaffer et al., 2004) and phylogeographic (Shaffer and McKnight, 1996) implications.
The ∼15-species complex is of interest as a focus of
conservation (IUCN, 2006), speciation biology, and because it contains the axolotl (Ambystoma mexicanum,
see http://salamander.uky.edu/), an important model
system in vertebrate developmental biology (Shaffer,
1993). A concerted effort with allozymes (Shaffer, 1984a),
morphometrics (Shaffer, 1984b; Irschick and Shaffer,
1997), and mitochondrial DNA sequences (Shaffer and
McKnight, 1996) has revealed a complex pattern of extremely rapid speciation events characterized by short
internodes and poorly resolved species boundaries. Our
most recent analysis of eight nuclear loci derived from an
extensive expressed sequence tag (EST) library (Weisrock
et al., 2006) demonstrated that whereas some taxa exhibit
monophyly for a majority of genes, others fail to do so,
leaving species boundaries still very much up in the air.
These and many other examples demonstrate a simple
point. Frequently, the molecular data and analytical approaches that have been used to delimit species boundaries in recently radiating lineages have highlighted
the difficulty in recovering what appear to be good
species, rather than providing unambiguous guidelines
for species delimitation. Although this empirical result
may stem from several sources, ranging from incorrectly
identified species to hybridization to an inappropriate
choice of molecular markers, we feel that two issues may
plague many studies in the recent literature. First, the
reliance on phylogenetic tree–oriented approaches and
species concepts (Cracraft, 1989; Shaw, 2001) often requires gene-tree monophyly and complete lineage sorting to recognize species (Baum and Donoghue, 1995).
However, recent theoretical work has demonstrated that
reciprocal monophyly for a pair of species under the
neutral coalescent takes from 4 to 7 Ne generations for
50% of nuclear genes sampled (where Ne is the historically effective population size of each descendant taxon)
to 9 to 12 Ne generations for 95% of sampled genes

(Hudson and Coyne, 2002). Although historical and current population sizes are seldom known, it seems likely
that reciprocal monophyly for most genes will require
tens of thousands of generations (and millions may be
more common), implying a long waiting time for monophyly to evolve even in completely isolated lineages.
A recent review suggested that this long waiting time
may be causing a lack of species monophyly even for the
rapidly evolving metazoan mitochondrial DNA (Funk
and Omland, 2003), and it will be a much more severe
problem for nuclear genes because of their lower levels of variation coupled with their larger effective population size (Hudson and Coyne, 2002). Second, most
studies have relied on one or a few genes or, in studies that use mitochondrial DNA only, a single linkage
block. Given the extremely idiosyncratic nature of gene
tree histories (Rosenberg and Nordborg, 2002; Maddison and Knowles, 2006), particularly when populations
are structured (Wakeley, 2000; Irwin, 2002), accurate pictures of recent speciation histories will only be possible
when integrating over the historical information available from multiple, independent gene histories (Jennings
and Edwards, 2005).
Recent advances in population-genetically oriented
methodologies combined with the increasingly wide
availability of genomic resources including expressed sequence tag (EST), end-sequenced bacterial artificial chromosome (BAC) libraries, and low-to-moderate coverage
genome sequences now afford the opportunity to collect
large amounts of nucleotide variation data that can be effectively aimed at species delimitation problems across
a broad spectrum of species. Obviously, some groups
have better developed genomic resources than others,
and lineages with few resources may require considerable marker development. However, our own empirical
work in developing PCR primers, DNA sequences, and
single nucleotide polymorphisms (SNPs) suggests that
relatively modest genomic resources may provide a rich
source of data, even for taxa that are distantly related to
a model species.
Why SNPs?
Single nucleotide polymorphisms are a promising
marker-type for species delimitation. SNPs have low
rates of substitution (10−8 to 10−9 ) and therefore extremely low levels of homoplasy relative to microsatellites (which have mutation rates on the order of 10−4 ) at
similar levels of divergence (Brumfield et al., 2003). In
addition, the mutation rate of microsatellite loci varies
across alleles within loci and across loci to a much
higher degree than is likely to be observed in SNP loci
(Macaubas et al., 1997), which can make it difficult to
fit models of molecular evolution to microsatellite data.
One limitation of SNPs compared to microsatellites is
that they are generally biallelic and therefore contain less
information per locus than most microsatellites (Morin
et al., 2004). However, this limitation is somewhat offset
by the relative ease of scoring many loci for SNPs relative
to microsatellites.
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SNPs are similar to amplified fragment length polymorphisms (AFLPs) and related marker-types in that
they are usually biallelic. However, SNPs are codominant
markers whereas AFLPs are dominant (homozygous
and heterozygous individuals cannot be distinguished),
rendering SNPs more informative per locus, on average, than dominant markers. Most biallelic marker
types, aside from SNPs, are anonymous, which makes
homoplasy difficult to assess, as loci and alleles are
often difficult to distinguish. Some estimates of levels of homoplasy have been made in AFLP data sets.
These estimates range from 5% in potatoes (Solanum)
(vanderVoort et al., 1997) to 100% among species from
different subtribes of Carduinae thistles (O’Hanlon and
Peakall, 2000), with a range of estimates falling between
these extremes (O’Hanlon and Peakall, 2000; Mechanda
et al., 2004). Finally, reproducibility has been a concern with certain anonymous marker types, particularly
randomly amplified polymorphic DNA (RAPD) and,
to a lesser extent, AFLPs (Jones et al., 1997). Our feeling is that the relative ease and certainty with which
SNPs can be developed, genotyped, and analyzed, coupled with their low cost and low levels of homoplasy,
make them an ideal marker choice for species boundary
research.
D EVELOPING M ARKERS IN NONMODEL S YSTEMS
The traditional strategy for DNA marker discovery in
nonmodel systems has been to use the power of comparative analysis to predict primer sequences in taxa for
which there are no available sequence data. This “universal primer” approach (Kocher et al., 1989; Lyons et al.,
1997) has been widely applied across the tree of life. In
theory, the approach is straightforward—if two or more
taxa share a homologous DNA sequence for a 20– to
30–base pair fragment, then the most parsimonious prediction is that their most recent common ancestor, and
all descendants of that MRCA, will also share that sequence. When a pair of such conserved sequences is identified, they then comprise a candidate pair of primers
that should amplify a homologous DNA fragment for
all descendants of that MRCA, and potentially for additional related taxa. This universal primer strategy has
been a powerful one for primer discovery for organellar genes, particularly for mitochondrial DNA in metazoans (Simon et al., 1994), chloroplast genes (Taberlet
et al., 1991; Demesure et al., 1995), and, to a lesser extent,
mitochondrial genes in plants (Demesure et al., 1995;
Dumolin-Lapegue et al., 1997).
The universal primer strategy has also been used
for nuclear genes, particularly in efforts to locate putative exon-primed, intron-crossing (EPIC) primers. Introduced more than a decade ago (Palumbi and Baker, 1994),
and developed for a variety of organisms (Hassan et al.,
2002; Creer et al., 2005), the universal EPIC approach
has been heralded by some as a strategy that may yield
usable sequence across both narrow and broad phylogenetic distances (Aitken et al., 2004), although others
have felt that such nuclear primers are likely to be taxo-
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nomically restricted and “may not be applicable even in
closely related species” (Zhang and Hewitt, 2003).
Here, we explore a somewhat different approach to
primer design for gene and marker discovery. One of the
limitations of the universal primer approach is that it requires having at least two taxa that span the target species
and that have both been sequenced for a homologous region of the genome. In many groups, such comparative
data simply do not exist across enough of the genome to
allow for the development of many independent markers. As an alternative approach, we explore a strategy of
developing primers directly from a single species, rather
than identifying conserved primer sequences across divergent taxa. We then ask how those primers perform
in increasingly divergent taxa sampled from a known
tree. This very direct approach has not been systematically explored, at least to our knowledge, for any clade.
We explore this strategy for two reasons. First, it is a
simple, straightforward approach to primer discovery
that can be accomplished with a single genomic resource
for a single species. Second, the possibility exists that
primers and the sequences that they span that were discovered based on a universal primer approach may be
biased toward relatively conserved sequences simply because locus selection proceeds by picking parts of the
genome (primers) that contain conserved sequences. If
primers that have long been conserved tend to span genomic regions that are also relatively conservative, this
could mean that universally primed sequences are on average somewhat less variable than might be otherwise
expected. Because highly variable sites and sequences
should be the most useful for delimiting very recent speciation events, we reasoned that primers derived from a
single species might avoid such a low-variation bias if it
exists.
An Example with Turtles
Turtles are a reasonable case study for marker development with limited genomic information. As a clade, the
crown group of living turtles is low-diversity (about 320
living species), deeply divergent (living members span
a phylogenetic split of approximately 210 million years
(Near et al., 2005)), and has limited genomic resources
available. A recent literature review (Engstrom et al., in
press) identified 202 mitochondrial primers that span the
turtle mitochondrial genome and an additional 181 microsatellite primers but primers for only 11 nuclear loci.
In addition, for problems at the within/between species
boundary, many of these 11 nuclear loci have been found
to be largely uninformative (Caccone et al., 2004; Spinks
and Shaffer, 2005).
Currently, a single genome-level resource exists for
turtles. Initially constructed as part of the “100 BAC” NSF
initiative
(http://www.nsf.gov/bio/pubs/awards/
bachome.htm), this end-sequenced BAC library consists
of 3461 end sequences, each approximately 500 to
800 base pairs in length, for a single, field-collected,
western painted turtle (Chysemys picta) from the
State of Washington. In total, the end-sequenced resource yielded 2,432,811 base pairs of usable sequence
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information for this individual turtle. Such a resource
base may be paltry by the standards of many model
organisms, but it represents a tremendous amount
of genomic information for phylogenetic analysis (2.5
megabases of data for one individual). Because the major
features of turtle phylogeny are becoming reasonably
well known (Krenz et al., 2005; Near et al., 2005; Parham
et al., 2006), we were able to choose representative taxa
that span recent-to-ancient divergence times with respect
to C. picta and ask how well primers derived from Chrysemys sequence alone work as one moves increasingly
large phylogenetic distances from this single species.
We break the problem of going from this BAC resource
to a panel of usable markers into the following steps: (1)
primer discovery, (2) SNP discovery, and (3) genotyping. Finally, we demonstrate the utility of our strategy
by developing a small data set for SNP discovery with
an application in a distantly related turtle species.
Primer discovery.—Using the Chrysemys BAC endsequences, we sought to develop a set of 96 potential primer pairs that would provide orthologous
DNA sequence information for species delimitation
studies across turtles. Each of the 3416 end-sequences
was screened for repeat sequences (e.g., known short
interspersedelements [SINEs], long interspersed elements [LINEs], and simple repeats) with RepeatMasker
(Smit et al., 2004), using Gallus gallus as the query species
(RepBase update 10.04) and sensitivity/processing time
set to “slow” in order to maximize the number of
repeats identified. Regions of sequence that were identified as repetitive were masked with Ns and were subsequently removed using a Perl script (available from
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R.C.T). The aim of this screening step was to isolate sequences that were single copy and thus would allow us
to prime orthologous regions of the genome. The remaining end-sequences were selected at random and
compared to existing GenBank sequences using BLASTX
(http://www.ncbi.nlm.nih.gov/BLAST/). From this
group, we chose 48 sequences that showed high similarity (defined as e-value <10−5 ) over at least ∼350 bp with
existing GenBank sequences, 24 that showed low similarity (e-value >10−5 ), and 24 that showed no similarity (no
BLASTX matches), resulting in 96 sequences for primer
design. We designed a single primer pair for each of
these end-sequences using the program Primer3, setting
the optimal primer size to 20 bp and optimal annealing
temp to 60◦ C (Rosen and Skaletsky, 2000). In addition, the
“product size ranges” setting was set to favor the largest
possible primed region, with the constraint that the entire
primed region (including both primer sequences) had to
fall within the region of similarity revealed in the BLAST
search. All primer sets were designed under the same
conditions so that subsequent PCRs could be run as highthroughput batches. Thus, although we used comparative BLASTX results to organize end-sequence products
into high, low, and no similarity categories, all actual
primers were perfect matches to the C. picta BAC turtle.
We screened all 96 primer pairs in 25-µL PCR reactions using standard PCR conditions, AmpliTaq DNA
polymerase, and an annealing temperature of 60◦ C
across a panel of five species that provide phylogenetic
coverage across the turtle tree of life (Fig. 2). These five
taxa included the original painted turtle (C. picta) from
which the BAC library was constructed (serving as a

FIGURE 2. A phylogeny of 14 families (23 species) representing the major clades of living turtles. The phylogenetic placement of the BAC
turtle, Chrysemys picta (Emydidae), and the families to which it is compared in Figure 3 are shown. Figure modified from Near et al. (2005).
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FIGURE 3. Results of 480 PCR reactions for high, low, and no similarity sequences to a phylogenetic range of turtle taxa. Primers were all
derived from the BAC turtle, and all amplifications were tried only once at 60◦ C. Amplifications that yielded a single band of the predicted size
are shown in white, amplifications that yielded multiple bands are shown in black, and failed amplifications yielding no visible bands are shown
in gray.

positive control, and hereafter referred to as the BAC
turtle), a southern painted turtle (variously considered
a subspecies of Chrysemys picta, C. p. dorsalis, or a
full species, C. dorsalis), a western pond turtle (Emys
[previously Clemmys, now referred to Actinemys by some
authors] marmorata), a snapping turtle (Chelydra serpentina), and an Australian side-necked turtle (Emydura
macquarii) (Turtle Taxonomy Working Group, in press).
Based on a reasonably well-understood phylogeny of
the major clades of turtles (Krenz et al., 2005; Parham et
al., 2006), these taxa span phylogenetic nodes at roughly
2-, 50-, 100-, and 200-million-year intervals with respect
to the BAC turtle (Fig. 2). Chrysemys picta and C. dorsalis
have been variously considered conspecific subspecies
or distinct species and are estimated to have diverged
approximately 2 to 3.5 million years ago (Starkey et al.,
2003); other divergence dates are derived from Near
et al. (2005).
Each PCR reaction was run once, visualized on 1%
agarose gels, and scored as amplifying a single product
of the predicted size, multiple products one of which
was the predicted size, or no products (Fig. 3). Although
limited to a single specimen per species and a single PCR with no optimization, the results suggest that
primers chosen from a single BAC individual routinely
amplify the predicted product across turtles (Table 1).
For 48 “high-similarity” sequences, there was a gradual fall-off from roughly 80% of the primers producing a single amplicon within Chrysemys to 50% in Emy-

dura. Most of the remaining high similarity primers produced multiple bands, rather than no bands, suggesting
that many more sequences could be recovered with additional optimization. For the 24 “low-similarity” sequences, the falloff from Chrysemys dorsalis (96%) to E.
macquarii (21%) for primers that yielded single bands
was considerably steeper, with what appears to be a
qualitative shift in efficiency between the Emys marmorata (a confamilial emydid with Chrysemys) and Chelydra serpentina (family Chelydridae). The “no-similarity”
primers yielded a slightly smaller set of successful amplifications from Chrysemys (79%) to Emydura (17%). In
addition, the fraction of PCR experiments that yielded
no amplification increased dramatically for the nosimilarity primers as a function of phylogenetic divergence (Fig. 3, Table 1).
In summary, these experiments suggest that primers
developed from a single-species genomic resource like a
BAC, EST, or whole genomic library can be a rich source
of comparative data across large phylogenetic distances.
Perhaps not surprisingly, this appears to be a particularly
strong result for sequences with high sequence similarity to outgroup taxa. However, even sequences with no
BLAST hits to Genbank, which presumably represent either noncoding or unique turtle sequences, produced a
single amplicon in 50% or more of primer pairs out to the
snapping turtle, suggesting that this is also a reasonably
efficient strategy for marker discovery in less conserved
genomic regions.

TABLE 1. The percentage of primers designed from a single-specimen BAC library that amplify across the turtle tree of life. Entries for time
are the estimated age of the most recent common ancestor of the species and the BAC turtle (Near et al., 2005). Table entries are the percentage
of primers, developed from the BAC turtle, that yielded single, multiple, or no amplicons across species. For definitions of high, low, and no
similarity, see text.
High similarity

C. picta (BAC)
C. dorsalis
E. marmorta
C. serpentina
E. macquarii

Low similarity

No similarity

Time (Ma)

Single

Multiple

No

Single

Multiple

No

Single

Multiple

No

0
2–3.5
34
94
210

75
83
69
56
52

8
10
21
27
44

17
6
10
17
4

79
96
62
29
21

4
0
21
42
29

17
4
17
29
50

75
79
67
50
17

0
0
8
21
4

25
21
25
29
79
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SNP discovery.—To convert primers that amplify at
the PCR level into SNP markers that may be useful for
species delimitation, we employed a discovery panel approach in which SNP loci are found by resequencing a
subset of the total number of individuals in the study,
followed by sequence alignment and “tagging” (identification) of polymorphic sites. The makeup of a discovery
panel will vary from study to study and depends on the
specific questions being asked. If a study seeks to test the
concordance of species taxa with real lineages (Hey and
Machado, 2003), then the discovery panel should include
individuals broadly representative of the current species
taxonomy (at least one member of every named species,
subspecies, or other hypothesis being tested). Alternatively, for studies that seek to delimit species without
respect to current taxonomy (or when no species level
taxonomy exists), we favor discovery panels composed
of natural sampling units (e.g., individuals from all allopatric parts of the range) that are also geographically
representative of the overall range of the populations of
interest. Although increasing the number of individuals
included in the discovery panel will increase the number
of polymorphic sites that are identified, the cost savings
provided by the SNP approach (relative to sequencing
all individuals) will be reduced. Also, because multiple SNPs derived from the same sequence are expected
to be tightly linked, generally one need only include
enough individuals on the discovery panel to discover
one SNP per sequence locus when methods call for unlinked marker data. The number of individuals required
to accomplish this will vary with the level of variation
present in the sequence data. When multiple SNPs are
identified in a single sequence, we favor choosing one at
random to reduce the bias that can result if, for example,
maximally differentiated SNPs are chosen instead.
Several software packages exist that can assist in the
tagging of polymorphic sites in sequence data. Given the
challenge of distinguishing true heterozygotes from ambiguous/poor quality reads, this step is actually more
challenging than one might expect. PolyPhred is one
package that integrates with the Phred/Phrap/Consed
genome assembly package and that can recognize the
heterozygous positions that are routinely encountered
when sequencing diploid loci (Gordon et al., 1998;
Stephens et al., 2006). This software can also rank heterozygous sites according to their “quality,” as measured
by the fit of putatively heterozygous sites to the ideal pattern for a SNP in that sequence data. By using these and
similar tools, researchers can quickly locate the highest
quality (and therefore, most likely) polymorphic positions in their sequence data, as well as judge whether
they have included enough individuals in their discovery panel to confidently call heterozygous positions.
Genotyping.—Genotyping strategies tend to center on
two issues: accuracy and cost. At one extreme, one can
simply sequence each individual and treat haplotypes, or
contained polymorphisms, as characters for species delimitation. Sequences tend to be accurate but expensive
(currently averaging several dollars per sequence at most
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facilities). At the other extreme are tiling microarrays
(Mockler and Ecker, 2005), where tens of thousands of
SNPs can be scored from an individual for pennies per
genotype, assuming that the genomic resources are available for the target species (unlikely for most species delimitation problems). In between are strategies ranging
from low-throughput, relatively high-cost approaches
like single-base extension of individual SNPs from PCR
products (Hsu et al., 2001) to the Illumina Beadstation that can provide >1000 simultaneous SNP genotypes/individual for a fraction of the cost. Our goal is not
to review these platforms but to simply point out that a
range of options, costs, and levels of automation exist that
should allow most research groups to accurately genotype large numbers of individuals for multiple SNPs at
a reasonable cost. Even the conversion of SNPs into restriction fragment length polymorphisms has its place
as a low-tech genotyping strategy (Fitzpatrick and Shaffer, 2004), although it is relatively inefficient compared
to most other approaches.
SNP discovery in a distantly related clade.—As a test
of our BAC-derived primer design strategy, we amplified, sequenced, and identified SNPs for four loci,
across two populations, for the distantly related pleurodire Emydura macquarii (family Chelidae). This species
complex occurs throughout eastern, central, and northern Australia and southern New Guinea and presents
a challenging case for species delimitation. Two recent
analyses of the Australian populations have recognized
a single species (Georges and Adams, 1996) or a set
of at least seven species and numerous additional subspecies (Cann, 1998). Because the primers in Figure 3
were designed from the BAC Chrysemys picta sequence
data, one might expect them to effectively identify polymorphic markers for this and closely related species.
Our interest here was to ask whether PCR primers derived from a single species yield informative markers for species delimitation even in distantly related
taxa.
Our sequencing panel included five individuals from
each of two adjacent river drainages in central Australia,
the Cooper and Murray-Darling. Emydura from these
two drainages are currently referred to the subspecies
E. macquarii emmotti and E. m. krefftii, respectively, although considerable uncertainty over species delimitation exists (Turtle Taxonomy Working Group, in press).
We attempted to sequence these 10 individuals for four
loci that had yielded single bands at the PCR level. Of
these four loci, three yielded useable sequence, each of
which contained a SNP every ∼250 bp (Table 2). Although clearly limited and very preliminary, these results demonstrate that our strategy appears to effectively
identify loci, even in distantly related taxa, that can provide useful variation for defining species boundaries. For
example, locus TB73 has a potentially fixed difference between Emydura from these two river systems at positions
112 and 481, and potential SNP frequency differences
and/or river-specific alleles exist at most other variable
positions.
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TABLE 2. SNP loci identified by resequencing five Emydura macquarii from each of two river systems. Locus refers to the primer pairs
used for sequencing and position refers to the base pair position of each
SNP locus within that sequencing read. Alternative bases (e.g., A/G)
refer to heterozygous individuals and question marks denote missing
data for one individual due to low sequence quality.
Locus
Position
HBS 101421
HBS 101243
HBS 101363
HBS 101238
HBS 101365
HBS 101483
HBS 101494
HBS 101489
HBS 101491
HBS 101495

TB69
339

397

TB73
112

183

Cooper system
?
?
?
C/T
G
A
T
G
A
C/T
G
A
C/T
G
A
Murray-Darling system
A
C
A
A
A
C
A
A
G/A
C
A
G/A
G
C
A
G/A
G/A
C
A
A
A
G
G
G
G

TB81
481

393

415

C
C
C
C
C

C/A
C/A
A
C/A
C

G/A
G/A
G
G/A
G/A

G
G
G
G
G

C
C
C
C
C

A
A
A
A
A

S PECIES D ELIMITATION
Even if researchers agree on a species concept, there
invariably are multiple strategies for delimiting species
using the same data sets (Wiens and Penkrot, 2002; Sites
and Marshall, 2003, 2004), and these strategies may lead
different researchers to different conclusions (Marshall
et al., 2006). Our own position is that when species are
old and well-differentiated (the “easy” part of Fig. 1),
most methods and most data will lead most researchers
to the same species delimitation conclusions. When
species are young, delimitation is more difficult, both
conceptually and empirically. For this part of the empirical spectrum, Hey et al. (2003) summarized the situation
nicely. “In short, species entities are very difficult to
study, for they are evolutionarily and demographically
dynamic. They will often not be very distinct, and
the degree to which they are distinct can change over
time. . . ” (Hey et al., 2003: 599). How, then, can one
use SNPs or other genotypic data to delimit recently
derived, closely related species?
We follow de Queiroz (1998, 2005) in defining species
as separately evolving metapopulation lineages. That
is, a species is a demographically and genetically interconnected set of populations (metapopulation) that
has continuity through time (Simpson, 1951; Mayden,
1997). Although this definition does not provide an unambiguous cutoff for when speciation has occurred, it
emphasizes that the primary goal of species delimitation
research is lineage discovery and delimitation. Such lineage discovery is neither straightforward nor precise in
the earliest stages of speciation, and we must expect some
fuzziness and uncertainty in delimiting young species in
the early stages of differentiation (de Queiroz, 1998; Hey
et al., 2003). Under the neutral coalescent the expected
time to monophyly for even a single nuclear gene is often
long (Hudson and Coyne, 2002), suggesting that many
real species exist that have not yet achieved monophyly
for even a few genes.
The metapopulation lineage species definition naturally leads to operational species delimitation ap-
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proaches that recognize, across multiple loci, sets of populations that freely exchange genes in nature, and have
severely restricted or no gene exchange with other sets
of populations. Whether these conditions exist due to intrinsic features of organisms (behavioral or physiological
reproductive isolating mechanisms) or extrinsic features
of their distribution across the landscape (an island population separated from its mainland counterparts) is immaterial, since both produce distinct lineages. Rather, the
critical point is that evidential support exists for species,
and (in our opinion) that there is enough redundancy
in that evidence to ensure that metapopulation lineages,
rather than allele frequencies shaped by natural selection
gradients or idiosyncratic histories of individual loci, are
the best explanation of the data in hand. If two or more
loci indicate that lineages are distinct from each other,
those metapopulation lineages become candidates for
species recognition. A single locus, even if fixed for different states, provides a testable hypothesis regarding
species distinction but not, in our minds, unambiguous
evidence for species recognition. This reliance on multiple markers implies that species in their very earliest stages will probably not be recognized, but it is the
price one pays for the taxonomic stability that follows
from only recognizing comparatively well-differentiated
species.
Two fundamentally different strategies, aimed at very
different research agendas, exist within what we refer to as species delimitation research. The first is the
relatively exploratory phase where one asks whether
a set of samples comprise one or many species, with
no a priori hypothesis of what those species might
be. Examining all possible species among a set of individuals is complex combinatorial problem, and we
think that a satisfying and successful approach is implemented in STRUCTURE (Pritchard et al., 2000; Falush
et al., 2003). STRUCTURE seeks to cluster individuals
without regard to their population-of-origin based on
rough conformity to Hardy-Weinberg genetic expectations. The strategy employed by STRUCTURE is straightforward and matches reasonably well the properties
of metapopulation lineages. The primary assumptions
of the model are Hardy-Weinberg equilibrium within
populations (or metapopulations) and linkage equilibrium between loci, although the latter assumption has
been relaxed (Falush et al., 2003). The program then
seeks sets of individuals that are in approximate multilocus Hardy-Weinberg equilibrium, searching parameter space sequentially across an arbitrary number of
K taxa. A Markov chain Monte Carlo (MCMC) search
strategy simultaneously estimates allele frequencies and
population of origin for each potential K (Pritchard et
al., 2000; Falush et al., 2003), and the method can identify admixed (that is, mixed-origin) individuals between
otherwise differentiated populations (Falush et al., 2003).
Although originally developed for population identification, STRUCTURE has performed well in the identification of domestic strains of chickens, suggesting that
it may serve as a useful tool for the initial stages of lineage diversification (Rosenberg et al., 2001). Our sense is
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that STRUCTURE may be most useful in determining the
lower bound of potential species; if units are not identified by this approach, they lack the evidential support
to be even candidates for species recognition. Additional
programs that are relevant to identifying the early phases
of lineage diversification continue to be developed, and
should provide additional insights into the initial diversification of species (Corander et al., 2004; Guillot et al.,
2005).
Alternatively, a priori named species (species taxa)
may be tested with genotypic data (Wiens and Penkrot,
2002; Hey et al., 2003; Sites and Marshall, 2004). Here,
the delimitation problem is much more prescribed, since
one is asking whether two or more sets of individuals
should be considered separate species. When species are
very young, the hybrid zone barrier (HZB) approach
(Porter, 1990) is appealing in its simplicity—essentially
it calculates Wright’s Fst values between sets of species
taxa, converts them to Nm values, and argues from population genetic theory that when 0.0 < Nm < 0.5, two
populations are strong potential candidates for species
recognition. Like STRUCTURE, the HZB approach may
recognize taxa that are insufficiently differentiated for
many practitioners to feel that they warrant species
recognition, and the suggested cutoff for Nm is somewhat arbitrary. The extent to which STRUCTURE and
HZB tend to identify the same sets of potential species
has not been tested, although such a test would be very
interesting.
Among the most recently proposed methods, we feel
that the emerging parametric approaches that simultaneously estimate ancestral population size, migration rate
and divergence times are particularly appealing for testing species taxa. The isolation-with-migration (Nielsen
and Wakeley, 2001; Hey and Nielsen, 2004) model considers an important set of conditions for the earliest phases
of the species delimitation problem—populations that
have diverged but may still incur limited, ongoing gene
flow (or gene flow in the recent past). Based on MCMC
sampling of parameter space, IM works with multilocus data (sequences and microsatellites) from a pair of
species taxa and provides important insights into the
earliest stages of differentiation and speciation. This approach attempts to fit a six-parameter model of the population divergence process to the data and can provide
information about time since divergence, ongoing migration, and population size. Limitations of this parameterrich model include the requirement of a large amount of
data in order to obtain robust parameter estimates. Additionally, run times can be extremely long (on the order of
months) and the current software implementation of the
IM model does not include a model of molecular evolution for SNPs. Although it provides no prescribed cutoff
value for species recognition, Hey and Nielsen (2004)
provide an interesting example of how IM can be used
to gain deeper insights into the history of speciation in
Drosophila pseudoobscura and D. persimilis. We view this
approach as an important melding of population genetics and speciation biology that is central to the metapopulation lineage concept.
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CONCLUSIONS
Although the empirical study of species boundaries
is enjoying renewed interest in the systematics community (Wiens and Penkrot, 2002; Sites and Marshall, 2004),
significant challenges remain in the empirical delimitation of species boundaries in recent radiations of closely
related species (Hey et al., 2003). This stems from several sources, including the historical reliance on a few
genomic regions, the limited number of available markers for most taxa, and a paucity of appropriate methods
for the analysis of these data. The approach that we have
outlined appears to be an effective strategy for quickly
identifying many markers, at least for clades where some
genomic resources are available. Both tree-based and
non–tree-based methods of analysis can and should contribute to further empirical progress in delimitation of recent species, and we discuss several population genetic
techniques that can help identify species lineages that
have not had time to sort into monophyletic groups. As
genomic resources continue to become available for diverse taxa drawn from the tree of life, we look forward
to finally bringing the appropriate data to bear on “the
species problem” in recent species radiations that have
long fascinated, and frustrated, evolutionary biologists.
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