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We present a strategy for phylogenetic marker development in non-model systems. Rather than using the
traditional approach of comparing distantly related taxa to develop conserved primers for unknown spe-
cies, we explore an alternative strategy that builds primers directly from a single, relatively well charac-
terized species and applies those primers to increasingly distantly related taxa. We develop and test our
protocol with turtles. Using a single BAC end-sequence library consisting of 3461 sequences totaling 2.43
million base pairs of data, we outline a procedure to flag repeat elements, followed by a BLAST approach
to categorize sequences into high, low, and no similarity compartments compared to GenBank sequences.
We developed and tested a panel of 96 primer pairs with a set of turtle tissues that forms a series of
increasingly distantly related taxa with respect to the BAC reference species. Finally, we sequenced 11
of these newly discovered markers across a diverse set of 18 turtle species that spans the 210 million
years of chelonian crown-group history and that includes representatives of most of the major clades
of extant turtles. Our results indicate that large numbers of new, phylogenetically informative markers
can be developed quickly and inexpensively from a single BAC, EST, or similar genomic resource, and that
those markers provide reliable phylogenetic information across both shallow and deep levels of phyloge-
netic history. Our results also highlight the importance of screening for and managing repetitive elements
found in randomly sequenced DNA fragments. We presume that our strategy should work well across any
similarly divergent clade, suggesting that many-marker datasets can be developed quickly and efficiently
for phylogenetic analysis.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

The field of systematics has seen rapid progress in applying
molecular tools to the study of phylogeny and phylogeography.
This progress has been spurred, in part, by the introduction of
new or modified tools that have overcome difficulties faced
broadly by the community. Examples include the introduction of
universal-primers (Kocher et al., 1989), the introduction of faster
and cheaper automated sequencing (Sanger et al., 1977; Smith
et al., 1986) and the introduction of exon-primed intron-crossing
primers (Palumbi and Baker, 1994). While these developments
have eliminated or lessened many of the issues traditionally faced
by systematists, significant roadblocks to further progress remain.
Prominent among these are the limited availability of genetic
markers for non-model systems, and the importance of using
multiple unlinked markers to test single-marker results. Given
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the paramount goal of assembling the tree of life, much systematic
work in the coming years will necessarily focus on little-studied
organisms for which few molecular tools are available. Emerging
genome-level tools are becoming more widely available, and they
may help to solve this problem, although their use in systematics
has so far been limited. If these tools are broadly useful across
the clades in which they were developed, then they potentially
constitute a vast resource for systematic research. However, the
utility of these resources for phylogenetics is a largely unexamined
question.

Until very recently, genome-level resources were restricted to
only a few model organisms, which severely limited their general
utility throughout the systematics community. In recent years, this
limitation has begun to change. According to the National Center
for Biotechnology Information, 27 vertebrate genomes are now
complete or in the draft assembly stage. These resources, coupled
with the more numerous BAC, EST, and other smaller-scale re-
sources associated with these projects constitute an enormous
amount of information that has yet to be widely employed outside
the field of comparative genomics. For example, the 2002
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NSF-funded ‘‘First 100 BACs” initiative resulted in the completion
of 62 bacterial artificial chromosome libraries for non-model taxa,
some of which were subsequently end-sequenced (Couzin, 2002).
These end-sequence libraries contain a wealth of data by current
systematic biology standards, often amounting to several million
base pairs of sequence information. The same is true for cDNA,
EST, YAC, and other resources. As of late 2007, GenBank contained
21.2 million sequences from 705 organisms in its Genome Survey
Sequence (GSS) database (which contains reads originating from
BAC, YAC, Cosmid, and other genomic libraries; dbGSS release
110207) and 46.5 million sequences from 1422 organisms in its Ex-
pressed Sequence Tag (EST) database (which contains reads origi-
nating from mRNA; dbEST release 102607). These resources have
obvious potential to benefit systematic research, yet they are rarely
employed for these ends. The resource utilized in this study (a tur-
tle end-sequenced BAC library) has seen use in comparative
genomics (Shedlock, 2006; Shedlock et al., 2007), but very little
use in phylogenetics per se.

Throughout the history of molecular phylogenetics, single locus
datasets, and mitochondrial DNA in particular, have proven
extraordinarily successful at elucidating phylogenetic patterns at
many levels. However, as the nature of multilocus phylogenetic
analysis, and of phylogenies themselves, becomes better appreci-
ated, phylogenetic analysis with any single locus—whether mtDNA
or nuclear DNA—has been questioned (Brito and Edwards, 2008).
To be sure, mtDNA is able to resolve its gene tree better than most
nuclear genes can resolve their own gene trees. But single loci,
even mtDNA, are subject to issues of non-concordance between
gene and species trees due to introgression or lineage sorting (Funk
and Omland, 2003), natural selection (Ballard and Kreitman, 1995),
and arbitrary divergence masquerading as real population struc-
ture (Irwin, 2002).

In response to these issues, there is a growing trend in molecu-
lar systematics toward multiple-nuclear-marker datasets for phy-
logeny reconstruction. In some cases these datasets are collected
in order to explicitly test earlier mtDNA-based estimates of phy-
logeny (Ballard et al., 2002; Bardeleben et al., 2005). In other cases,
workers have attempted to make use of information contained in
the variation among gene trees in order to estimate a species tree
(Edwards et al., 2007; Maddison and Knowles, 2006). Because nu-
clear markers are often characterized by lower rates of substitution
than mtDNA (Brown et al., 1979), more nuclear data are generally
required to resolve a phylogeny with strong support than with
mitochondrial data; as a consequence, these many-marker studies
are often limited by a paucity of nuclear primers. This is particu-
larly true when the taxon of interest is poorly known or very rare
(and therefore of high conservation value) and tissue availability is
limited, making it difficult to test and optimize new markers. Be-
cause of this, methods for rapid and inexpensive development of
nuclear markers have become increasingly important.

New nuclear-sequence markers are generally developed using
some version of the universal-primer approach. This strategy was
pioneered nearly two decades ago, and exploits existing sequences
from divergent taxa that are aligned and used to develop conserved
primers that should amplify across taxa (Kocher et al., 1989). The
universal-primer approach has been widely used, and it is clearly
effective for developing new markers. However, it suffers from
the limitation of requiring homologous sequence data for several
organisms. If many-markers are required, then large amounts of
homologous sequence data are required, which may simply not ex-
ist. Some workers have employed a scaled-up universal-primer ap-
proach by using comparative genomic data to develop markers in
clades that have large amounts of homologous sequence data
available (Backstrom et al., 2008; Li et al., 2007; Lyons et al.,
1997; Townsend et al., 2008). However, in less-studied clades,
genomic resources often exist for only a single-species. Here, the
universal-primer strategy may be impossible to use for many
potentially informative genomic regions.

In this study, we used turtles as an exemplar clade to examine
strategies for developing many-marker datasets from a single
genomic resource. A single end-sequenced BAC library constructed
from a western painted turtle (Chrysemys picta bellii) is currently
the most extensive genomic resource available for turtles, along
with fully sequenced mitochondrial genomes for several turtle spe-
cies (Kumazawa and Nishida, 1999; Mindell et al., 1999; Parham
et al., 2006; Zardoya and Meyer, 1998). Thus far, the universal-pri-
mer approach has produced primers for only 11 nuclear-sequence
markers for turtles, while more than 200 primers spanning the en-
tire mtDNA genome have been described (Engstrom et al., 2007). In
a previous study, we outlined a strategy for using this end-se-
quenced BAC resource to discover markers that could be used in
species-delimitation studies across turtles (Shaffer and Thomson,
2007). Here, we more fully develop this strategy, sequence a subset
of the resulting markers across a phylogenetically broad set of liv-
ing turtles, and examine the phylogenetic performance of these
BAC-derived sequences for both deep and shallow problems in tur-
tle phylogeny. By intentionally developing sets of markers for char-
acterized genes (based on BLAST hits to GenBank) and for
apparently anonymous regions of the genome, we also examine
the phylogenetic breadth over which these two marker classes pro-
duce useful phylogenetic information in our turtle test panel.

Turtles are a reasonable case study because they are subject to
increasing phylogenetic interest and currently lack the genetic re-
sources necessary to make substantial systematic progress on the
more difficult parts of their radiation (Shaffer et al., 2007). How-
ever, the family-level phylogeny of turtles is becoming reasonably
well understood (Krenz et al., 2005; Near et al., 2005; Shaffer et al.,
1997), allowing us to ensure that our sampling spans the breadth
of living turtle diversity. We designed 96 nuclear primer pairs
using the BAC library, and used PCR to screen them across a phylo-
genetically representative panel of 18 turtle species, including at
least one representative from most of the families of turtles in
the world. We also sequenced exemplar species to examine the
phylogenetic utility of the resulting sequences. Our results demon-
strate that genomic resources like a single end-sequenced BAC li-
brary are valuable sources of phylogenetically informative
markers across the turtle tree of life, and suggest that a similar
strategy should work for many other taxa.
2. Materials and methods

2.1. Bac library

The BAC library employed in this study was constructed from
an individual C. p. bellii from Grant County, Washington, USA
(MVZ #238119) and was produced as part of the NSF-funded
‘‘First 100 BAC” initiative (Couzin, 2002). Subsequent end
sequencing of the library produced 3461 reads averaging �700
base pairs each, for a total of 2.43 mb of sequence data. Each
end-sequence was assigned a unique identifier and placed into
one large FASTA file containing all 3461 sequences (Genbank
numbers 84109150–84112610, Shedlock et al., 2007).

2.2. Identification of known repeat sequences

Because a large proportion of the turtle genome (and most
genomes) is composed of interspersed repetitive elements and
low-complexity repeats (microsatellites) that are unsuitable for se-
quence-based analysis, we first attempted to identify these known
repetitive elements in the turtle BAC end-sequence library. CR1-
like long interspersed nuclear elements (LINEs) are inappropriate
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for phylogenetic analysis but exist in very high copy numbers in
the turtle genome (Shedlock, 2006; Shedlock et al., 2007), and so
we initially sought to remove these elements by comparing all
end-sequences to a chicken repeat database using RepeatMasker
(Smit et al., 1996–2004). We also removed microsatellites and
other regions of low-complexity DNA in this repeat-removal step.
Regions identified as repetitive were masked with ‘N’s and subse-
quently removed with a Perl script. After this, we attempted to flag
remaining repetitive elements by comparing all end-sequences to
both a vertebrate repeat database and a database of transpos-
able-element encoded proteins using RepeatMasker. For all com-
parisons, we used RepeatMasker’s default settings and processing
time set to ‘slow’ to maximize the number of repetitive elements
identified.

2.3. Primer design and testing

Primer design follows the strategy outlined in Shaffer and
Thomson (2007). From the total pool of reads remaining after
CR1 and low-complexity DNA removal, we chose candidates for
primer design by selecting a read at random, comparing it to exist-
ing GenBank sequences using tBLASTX and binning that read into
one of three categories based on similarity to existing GenBank se-
quences: high similarity, defined as e-value < 10�5 over at least a
350 bp region; low similarity, defined as e-value > 10�5 over at
least 350 bp; and no similarity, where no BLAST hits were returned.
We also kept track of all cases in which the BLAST results suggested
that a read might be repetitive based on close similarity to a repet-
itive element (or a gene that signified one, e.g. reverse transcrip-
tase). We continued choosing reads in this way until we had
assembled a panel of 96 candidates for primer design consisting
of 48 high similarity, 24 low similarity, and 24 no similarity reads,
each of which had been screened for repetitive regions using three
methods (vertebrate repeat database, transposable-element pro-
tein database, and BLAST results).

For each selected read, we designed a single primer pair using
the program Primer3 (Rozen and Skaletsky, 2000) setting the opti-
mal annealing temperature to 60 �C and the optimal primer size to
20 bp, and favoring the largest possible primed region with the
requirement that the entire primed region (including both prim-
ers) had to lie within the region of similarity identified by our
BLAST screening.

Each primer set was tested in a single 25 ll PCR reaction with-
out optimization for each of 18 phylogenetically diverse turtles
including the individual C. picta from which the BAC library was
constructed. PCRs were performed with an initial denaturation
step of 6 min at 95 �C, followed by 40 cycles of a 30 s denaturation
at 95 �C, a 60 s annealing at 60 �C, and a 2 min elongation at 72 �C,
followed by a final 10 min at 72 �C. Each of the 1728 PCR experi-
ments was visualized on 1% agarose gels that were stained with
ethidium bromide and photographed. Each reaction was scored
as amplifying a single band of the expected size, amplifying multi-
ple bands or a ‘smear’, or amplifying nothing.

2.4. Taxa

We chose a set of 18 individual turtles representing 16 species
that provide broad phylogenetic coverage across the living crown-
group of chelonians. About half of these are representatives of the
set of 23 species that we examined previously (Fujita et al., 2004;
Near et al., 2005; Shaffer et al., 1997). Based on our current state of
phylogenetic knowledge, this sampling provides representation of
Cryptodira and Pleurodira (the two major clades that define the
root node of living turtles), as well as most of the major lineages
(families and/or superfamilies) of both clades. We also sampled
additional taxa from the family Emydidae more intensively to
examine the fall-off in primer performance as one moves out phy-
logenetically from the original BAC resource within a family. With-
in the subfamily Deirochelyinae, we sampled another individual of
the BAC subspecies, C. p. bellii, another Chrysemys subspecies/spe-
cies (C. p. dorsalis), and three additional species drawn from the di-
verse genera Graptemys and Pseudemys. We also sampled two
species from the subfamily Emydinae, the putative sister group
to Deirochelyinae (Shaffer et al., 1997) representing a divergence
time of over 30 million years (Hutchison, 1996).

2.5. Sequencing

A subset of markers was sequenced to investigate variation at
each locus as well as to verify homology among similar-sized frag-
ments. For each of the three primer classes (high, low, and no sim-
ilarity) we chose two markers that amplified single products in the
largest number of taxa and two markers that amplified single prod-
ucts (as much as possible) throughout emydids, but ceased to do so
in more distant relatives of C. picta. We included two markers that
were flagged as repetitive in this set to allow comparisons with
putatively non-repetitive markers. We attempted to sequence each
of these 12 total markers in both directions for each individual in
the test panel. For primer pairs that did not work on individual taxa
in the original PCR experiments, we performed further optimiza-
tion of PCR conditions and used gel extractions when appropriate.
Whenever this further optimization succeeded in producing a sin-
gle clean band, we attempted to sequence it, regardless of the re-
sult of the earlier PCR experiments. Any reactions that failed
were repeated at least once to verify that the failure was not the
result of a lab error. Base-calling was performed using phred, and
sequences were aligned to the expected end-sequence from the
BAC library using ClustalX and aligned to each other using phrap
and ClustalX. All alignments were checked by eye, adjusted where
necessary, and any ambiguous positions were excluded from fur-
ther analysis.

We calculated uncorrected pairwise genetic distance between
C. picta and Terrapene carolina for each non-repetitive marker that
we sequenced and compared this to the same calculation for five
other markers that have been previously employed for turtle sys-
tematics (HNFL, REELIN, RAG-1, R35, and TGFB; Fujita et al.,
2004; Krenz et al., 2005; Spinks and Shaffer, 2007) to provide a rel-
ative measure of variation in the BAC-derived markers.

2.6. Phylogenetic analysis

Each marker was analyzed separately in both maximum-likeli-
hood (ML) and Bayesian frameworks. Maximum-likelihood trees
were obtained by selecting the best-fitting model of molecular
evolution from a set of 56 models with ModelTest3.6 using the
Akaike information criterion (AIC) (Posada and Crandall, 1998).
Parameters used for the selected model were fixed at the values
found using ModelTest3.6. Searches were implemented with TBR
branch swapping and 100 random-addition sequence replicates
in PAUP�4.0b10. Support was assessed using 100 bootstrap
replicates with the same settings, except that the number of
random-addition sequence replicates was reduced to 10 to save
computation time. Bayesian analysis was performed using MrBa-
yes3.1 with 2 simultaneous searches, each with three heated chains
and one cold chain run for 107 generations and sampled every 103

generations, discarding the first 106 generations as burn-in (Ron-
quist and Huelsenbeck, 2003). The model implemented was the
best-fitting model selected from a set of 24 models of molecular
evolution with MrModelTest2.2 (Nylander, 2004). We judged that
the chain had reached stationarity at the end of 107 generations
by checking that the average standard deviation of split frequen-
cies for the two runs approached zero. We also verified that the
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potential scale reduction factor (PSRF) approached one for each
parameter that we were estimating and that the likelihoods had
reached a stationary value.

We combined our multimarker dataset using two different
strategies. First, likelihood and Bayesian analyses were repeated
for a single concatenated dataset containing all genes, where miss-
ing data due to individual-marker failure in specific taxa was coded
with question marks and treated as missing data. ModelTest3.6 was
again employed to choose a new best-fitting model and to estimate
parameters for the ML analysis. We then partitioned the dataset by
marker and performed a mixed-model Bayesian analysis using the
same search strategy and implementing the models and parame-
ters from MrModelTest2.2 for each individual gene.

Second, we analyzed our data using the new BEST—Bayesian
Estimation of Species Trees—algorithm (Liu and Pearl, 2007). This
method been shown to perform well in computer simulations (Ed-
wards et al., 2007) and in the few empirical datasets to which it has
been applied (Belfiore et al., 2008; Brumfield et al., in press). We
applied the same gene-specific substitution models as in the
Bayesian analysis, used default settings on all the priors, and ran
a single chain (10 million generations) for the gene tree search,
and a single chain (20,000 generations) for the species tree search.
In both parts of the program we assumed priors specifying equiv-
alent mutation rates for each gene; genes not sequenced for partic-
ular taxa were designated with question marks.
3. Results

3.1. Identification of known repeat sequences

Our initial repeat-removal step removed 86,080 bp identified as
CR1-like elements, 9250 bp identified as simple repeats, and
9930 bp identified as regions of low-complexity DNA, leaving
2.31 mb of sequence data in 2788 reads for subsequent analysis.
Our repeat flagging step found 464 reads containing repetitive ele-
ments, which were composed mostly of short interspersed nuclear
elements (SINEs), leaving 2324 putatively non-repetitive reads.
3.2. Primer design and testing

Primer design produced 96 primer pairs that primed regions
ranging from 320 to 896 base pairs long, with an average length
of 639 bp. The markers are numbered from TB01 (Turtle BAC 01)
to TB96 and are listed in Table 1. We included roughly equal
numbers of markers derived from sequences that had been
flagged as repetitive and those that had not (47 were flagged as
repetitive by at least one method, 49 were not flagged by any
method). The three methods we used agreed in many cases that
markers were repetitive, though in other cases markers were
flagged by only one or two of the methods. These markers are
tagged in Table 1, along with which method(s) flagged them as
repetitive.

The results of our PCR screening step are presented in Fig. 1.
Seventy three primer sets (76%) amplified a single band for the
BAC C. p. bellii specimen, while the phylogenetically most-distant
clade from the BAC resource, the pleurodires, amplified single
bands in 10–34 markers (10–35%), depending on the particular
species. Overall, the high similarity markers amplified single bands
across a broader phylogenetic span than the low and no similarity
marker groups, respectively. On average, the high similarity mark-
ers amplified single bands in 10.6 out of 18 turtles, the low similar-
ity in 7.7 of the 18, and the no similarity in 8.2 of the 18. Repetitive
and non-repetitive markers amplified single products in similar
numbers of species (10.9 and 10.2 average for repetitive and
non-repetitive high similarity markers respectively; 8.7 and 7.3
for low similarity, and 8.6 and 8.1 for no similarity).

3.3. Sequencing

From our panel of 12 markers selected for sequencing, 11
yielded useable sequence (Table 2; GenBank Accession Nos.
EU907492–EU907599). One marker (TB64) failed to yield any use-
able sequence even though it produced strong, single PCR bands.
The remaining 11 markers yielded useable sequence in most of
the taxa for which they produced single bands at the PCR stage.
TB29 produced clean sequence in the greatest number of taxa
(16 out of 17 expected, 94%), while TB17 did so in the fewest (11
out of 16 expected, 69%). In addition, we attempted to sequence
several markers that had yielded multiple bands at the PCR stage
by using gel extraction to isolate the appropriate sized band. In
several cases this yielded good sequence (gray cells marked ‘yes’
in Table 2). We also attempted further optimization of PCR condi-
tions for reactions that we could not successfully gel extract or did
not produce bands in the initial PCR experiments, and we were
mostly unsuccessful in getting additional markers to amplify
(empty gray cells in Table 2).

TB17 was flagged as a repetitive marker by two repeat-detec-
tion methods (Table 1). However, we sequenced it because it also
amplified a single band in a large number of taxa. The sequences
for TB17 contained seven positions that we scored as heterozygous
within many or most taxa sequenced, based on even-sized, double
peaks at a position. We interpret these as sites that vary among the
different gene copies that were being sequenced. No other markers
that we sequenced showed this pattern. Based on these results, we
excluded TB17 from all other analyses. TB95 was also flagged as
repetitive, although only by the vertebrate repeat database.
Sequencing this marker yielded normal-appearing sequence data
that were easily alignable and produced a phylogenetic signal that
was congruent with our understanding of turtle phylogeny.

Uncorrected genetic divergence between C. p. bellii and T. caro-
lina provide a rough indication of the amount of sequence diver-
gence that accumulates over 30–40 million years of divergent
evolutionary history (Hutchison, 1996), and values measured for
each marker are presented in Table 3. Pairwise divergence ranged
from 1% in TB29 to 2.9% in TB59 with a mean of 1.9% (standard
deviation 0.7%). The mean value for five other commonly used nu-
clear markers in turtles was 1.2% (standard deviation 0.5%). High
similarity markers were characterized by a lower pairwise diver-
gence than the low or no similarity markers (Table 3).
3.4. Phylogenetic analyses

Maximum-likelihood and Bayesian analysis recovered similar
topologies for all individual-marker analyses. Some trees differed
in the resolution of nodes, but the two methods never strongly
supported conflicting topologies. Overall, individual-marker analy-
ses were less well resolved than the tree based on the concatenated
data (compare Figs. 2 and 3 with Fig. 4). No genes supported highly
unexpected groupings based on well supported clades from the lit-
erature, with the exception of TB81, which recovered a sister
grouping of Chelus fimbriatus with Podocnemis expansa, rendering
the Chelidae non-monophyletic (Figs. 2 and 4). At the shallowest
phylogenetic levels, we sampled two genera for multiple individu-
als (three individual C. picta and two Pseudemys, one each of two
species). In many cases, individual genes supported the monophyly
of these genera (particularly Chrysemys), sometimes with strong
support, and in no case did they support non-monophyly of either
genus (Figs. 2 and 3). Of the two genes that resolved a relationship
between the three Chrysemys in our dataset, neither resolved a



Table 1
Ninety-six primer pairs designed from the C. p. bellii BAC library

Primer Set BAC End-sequence ID Similarity class F-primer sequence (50–30) R-primer sequence (50–30) Fragment size Repeat type

TB01 LQCX369TJ High CCGGGCTGACATATACGAAA GACTGCTGTTGGGTTGTTGA 719 0
TB02 LQCX508TV High GCAGCCAATTAAGGGGGTAT CCGGCTTATTGAGGGCTTC 602 0
TB03 LQCX308TJ High CGGTCCTTCCTGCATTAAAA CGCACAGATGAGCTATTGGA 738 1,2,3
TB04 LQCX784TV High TGGGTTCTCCCATGCTTAAT ATGCCTGGACTGTGGAAAAA 609 0
TB05 LQCX112TV High CTTGTGCACTTGGAGGCTCT GCCTGCTACGCCATCAAT 403 1,3
TB06 LQCXC82TJ High TCACAAACCAGTGCAAGTCA TTTGTCAGTAATGTGCAAGAATTG 621 0
TB07 LQCX341TV High GGGGATTTTTCCGAGACTTC TAGGTTTGCAAGGTCGCTCT 766 0
TB08 LQCX159TV High CAGTCCCCTGGGAACATCT ACAGCCACCGTGAGGTCTAC 605 0
TB09 LQCXJ75TJ High ACACAGATGGGCTGAGTCCT GTGATGCTCCCTTTGACGTT 405 0
TB10 LQCXB44TV High CCAAAGACTGCAGCAACATT CGGAGTGGTAGGTGGTGAGA 411 0
TB11 LQCXJ87TV High AGACCAAAGGGAGGACCCTA GCGGGCAGTGATACTCCTTA 535 1,2,3
TB12 LQCX129TJ High TAAATGCCTTGTCGGCTTCT GGAGGACAAAAGGAGGGTTA 518 1,3
TB13 LQCX675TV High CCCAGGTACAGGCTGAATGT ACACACCCCATTTCCCACT 607 1,2,3
TB14 LQCX061TV High GGAAACACCCACAGACTGGT CTGCACTTGCTCAGCCTGTA 753 2,3
TB15 LQCXF05TV High ACGAAGGCTGACCTTTCCTT CCATGTTAATTCTCTTAAGCCCTTT 606 1,2,3
TB16 LQCX048TJ High CCTCGACCAGGAGTGTCAGT GAACAGCAGACAGAGAGCACA 604 1,3
TB17 LQCXE85TJ High GGCGATAGATGGAACCCATA AATCGCCAGCGACCTTTTA 417 2,3
TB18 LQCX377TV High CTACTGTGGAGGCTGCTGTG GCCATGGCATTAATGGGTAG 432 2,3
TB19 LQCXI17TJ High GATTCTGGGCATGTGAAACA CATGAGCCATGGCATTAGC 701 2,3
TB20 LQCX723TV High TCTGGGCCCGAGAAACAA CCTTGCTGCAGCCGTTTA 601 2,3
TB21 LQCX420TV High GAGCTGAGGAAGCGTTGTTC GTCCCATAACCTCAGCCGTA 750 1,2,3
TB22 LQCX371TV High CCTCCGAAGAACATGTTGAA CGGGCTACTACGACCTCTTG 355 0
TB23 LQCXD83TV High GAGCTGAGGAAGCGTTGTTC CATCCACAGCCTCAGAAACA 717 1,2,3
TB24 LQCX062TV High TTGCAATGCCAGACAGCTAC GGGAAGTAAGTCCCTTGCTG 406 2,3
TB25 LQCX510TV High GGGCAATCTCTGGGACCT ATGCATTCTGGTGAACTGGA 401 1,3
TB26 LQCXC15TJ High TGTTACTGGGGCTGGTTCAT AAAAGTACCCCTTGCGGTTT 504 3
TB27 LQCXF13TJ High TGTTACTGGGGCTGGTTCAT AAAAGTACCCCTTGCGGTTT 504 3
TB28 LQCXE10TV High CCCAGTTTCTCCAATAGCTCA CCATGTTAATTCTCTTAAGCCCTTT 516 1,2,3
TB29 LQCX027TV High GGTACCAAGCATACCCATTTG GGTTCAATAAGAATGGGGAAGA 609 0
TB30 LQCX169TV High GGAAAAATGAGTGCCCTGAA GGGGGTAAGGTGAGGGTTAT 409 1,3
TB31 LQCXI12TV High GTGAACATCATGGTGGCACT ATGATGACCTGCACGTTTCC 404 3
TB32 LQCXB23TV High GAAAAGATGAGTGTGTTGTCCA CTCATTACTGTCTGCAGTCATCC 602 1,2,3
TB33 LQCX538TV High GCGTTGTTTTAAGTCAGCCATA CCTGACAAAGCACAGGAACA 509 1,2,3
TB34 LQCX406TV High ATAGCAGTGCCGCTGACTTG CCCCGACCAGGGTATTCTAT 406 1,2,3
TB35 LQCX876TJ High AAGTCTGAGAGGGGCACAGA CTCAACGATTGCATTGGCTA 405 3
TB36 LQCX810TV High GGCTTCAGGCATTAAGCAAC GGGCTGGCCAGATTCACTAT 504 1,3
TB37 LQCX127TV High CCCAAAAGAGAGCTGTGGAG GTTTTGGTCTTCCCATCTAGG 601 3
TB38 LQCXE49TV High ATCCTGACCACATCGGTAGC GGCGAGAAGATTTCAGCCTA 513 3
TB39 LQCXI88TV High CCTGGATGCATCAGTTCTAGC TGGGAATTGAGTCCATGTTG 501 1,3
TB40 LQCXC94TJ High CAGGCGTACCAGCACCTC AGGCGAGATCACCCCTGT 529 1,3
TB41 LQCXH41TJ High CAGCATGGACTGATCGTGAA AGATTCTGTGTCCGGGGTAA 506 0
TB42 LQCXI71TJ High CAGCATGGACTGATCGTGAA ATTCTGTGTCCGGGGTAATG 504 0
TB43 LQCXD03TJ High CAGCATGGACTGATCGTGAA AGATTCTGTGTCCGGGGTAA 506 0
TB44 LQCX121TV High TGGATGCCCCATCATCTC GGAGGACCCGACCCTAAGTA 508 1,3
TB45 LQCX554TV High TGCCACCGACTTGAAGGTAT CCATCATCTCAGGCATTGGT 324 1,3
TB46 LQCXF20TJ High TTTAAGGTGACACTGGAAGACC TGAACCACTGGCTACTTGCTT 401 3
TB47 LQCXC69TJ High CTGTCCGCGACTGTGATAAA CTGGTGGCAATTACCTCTGC 320 3
TB48 LQCX048TV High GCCATCAACCTCAGCCTAAA TACATAGCAGAGGGGCATTG 719 3
TB49 LQCXC69TV Low CCCACACATCTCCCTTAAGAA TTCCAAGGTCACGTCTTTAAAAT 701 0
TB50 LQCXF25TV Low CTACAGCTCCGTGACAGCAA TGTTCCCTGTCTGCACTCTG 745 0
TB51 LQCXD80TV Low CACAGCTTACTGCAGCACAGAG ACTATTGAAAAATTGTCAGTGGCTTG 851 1
TB52 LQCX653TV Low GCCAATCTATATAAGATGCTTGATG GGGGGACAAAATAAGGTACTTAAA 859 1
TB53 LQCX652TJ Low TGGGTCTCTGTGCTTGTATCA CTCAGACAGCCCAAAAGGAG 714 0
TB54 LQCXH43TV Low CAAGCTGTTGTCTATGGAGTACTTTC CCTGCTATTGAATGACATATACTGC 714 0
TB55 LQCX305TJ Low AAGGGGGTTGAATGAATGTTT CCCGCAAAACAAAAACAAAA 888 0
TB56 LQCXD50TV Low TCACAGGCAGGAGTCTGATG GGATGAAAATTGGGATTTCG 854 0
TB57 LQCXE56TJ Low TTAAGCGAAACGCCTCAACT GGTTTCCTGGGGCTGTAAGA 859 0
TB58 LQCXG74TV Low TGTGATCTCTTCCAAAGTTGATG ACACCTCCCCACCATAATGA 503 0
TB59 LQCXA20TV Low AATGAGATGGGGGAACTGC AGTCCGGTCAAAGCCCTAAT 896 0
TB60 LQCX660TV Low GTGCTCAAAGGTGCAGAACA CCTTCGCTTTGATCACGTCT 770 2
TB61 LQCX813TJ Low TTTCTTGTGACCCCAAAAGC TAGTTGCCCCTCCTATGTGC 718 0
TB62 LQCXJ20TJ Low AACTTGCTGACTGACGTAAGAAAA GGAGTTATCTTGTTTGAAGTTAAAGG 703 1
TB63 LQCX675TJ Low GGCAGTTTTGACCATTTTGG AAGTAGCAGCTTCAGAATGTGG 707 2
TB64 LQCX725TJ Low TGCACAAATCTCTTATGGACACA AGCTCCCATTTATGGACACC 601 0
TB65 LQCX474TJ Low TGCACCCAAGTCTGACATTT CCAGACATTTTGCACACTCTG 620 0
TB66 LQCXB85TV Low GAGGGAGAGTCAGTGGTTCCT TGCTGCCTTTTTGAGACCTT 719 2
TB67 LQCXB42TV Low GCTGGAGTGGGTCCTGTAAT AGCTCAATCAGAGCTAGTGTGG 860 0
TB68 LQCX333TV Low GGAATCCCATTTTGAGTGTGA TGAATAGAGACTGGGAATGCTG 875 0
TB69 LQCXC64TJ Low GCCAAGACTATGGGGTTTTG CCTCCAAAAACACCAATCAC 723 2
TB70 LQCXF06TV Low ATTTTGGGTCATCCAGGACA AGGCGTATCTGCCTCTCTCA 881 0
TB71 LQCX238TV Low GAATGCAACTCTGGGCTTTC GGTCTGGTTTGCATTCTGGT 707 0
TB72 LQCXB18TV Low GCTGACTCTTCCCCAACAAA AGGACAGGAGCCAACTCTGA 867 0
TB73 LQCX606TJ No TCCAGCAAGATTTAAGGTTTCA TGCAAAATCTACTCCAGCTTAGG 704 0
TB74 LQCX437TJ No GAAGTCTGCAGGAAAAGAATTGA GCCTCCACACTGAAATGGTT 708 0
TB75 LQCXI73TJ No AAATGTTGCGTTGACAATTCAG GTGGCTGGCTTTTTGTAGGT 608 0
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Table 1 (continued)

Primer Set BAC End-sequence ID Similarity class F-primer sequence (50–30) R-primer sequence (50–30) Fragment size Repeat type

TB76 LQCX562TJ No CCAGGAGTGCTGAATTATGCT ATGGTAGGAGACGCACTGCT 713 0
TB77 LQCXI61TJ No ACAGGGAAGCATGGGATACA CGTCTTAGGAACTAATACACCATTCC 501 0
TB78 LQCX930TV No TGTGACATGACCTCGAAATAGC TGGTGATTTCAGCCAAGATG 739 0
TB79 LQCXE44TV No CTGAGAGCCTCCCGACAG CAGATGCATTTTAAGGTTCGTG 875 3
TB80 LQCXD90TJ No ACTACATGGGGCCCCTAATC ACTGGTGAAGCTCAGCACAA 891 0
TB81 LQCXA17TJ No AGGCTCTCTTCTGCCATTCA GAGCCAAAATTTTTCCTTTGC 745 0
TB82 LQCXF48TV No GTTTGGGGTTTGCCCTATCT ACCAAAACACAATGGGCTTC 718 0
TB83 LQCX190TV No TTTGCACCATGCATATAGGG ACGTGTATTTCATGCCACCA 859 2
TB84 LQCX178TV No TGTAGTTTATGTCCTGGATCTATGGT TCCTCTGCATTAACCAGTGC 852 0
TB85 LQCX520TV No TATGCCGGAGTTCACAGATG CGTCTCTCCACAGGCTTTGT 710 0
TB86 LQCX971TV No TGGCAATGGGCTAATAGCTT CACCAACAAACAGAGCTTGG 709 0
TB87 LQCXC32TV No TACAACGACCCTGTGGGTTT CCTGCTGCCAAGCTCTTACA 779 2
TB88 LQCXA09TV No CCCAAAGCATGAATGGAGAA ACGGCTACCCCCGATACTTA 619 0
TB89 LQCX524TV No CATCTGCCTCACATCCTTGA GGATGAAACCGTCTCAGGAA 789 0
TB90 LQCXD82TV No ACTGCAGGGAATTGAGCTGT CCTGGGATGGTATCAAGCTG 858 0
TB91 LQCX974TV No CAGCCCTTACTTGAAATCTGG TCTACCCATGTGGGCTTTTC 508 0
TB92 LQCX430TV No GCACCTTGAAGTCTTCCCTTT TCAGGTGTAGGCAACCTATGG 757 0
TB93 LQCX610TV No GGTTGCACAGACACAAATGC GGGGAGGGCTCTGATTTACT 710 2
TB94 LQCX652TV No GGTACGTATACACACACACACACC TTCCAGACTCCTGACCCAAG 612 0
TB95 LQCX243TJ No GATTGATTCGGGGAAGTCCT GCTTGATGCAAGAACAACCA 727 2
TB96 LQCX774TV No CCTCAGCTTTCAACCACCTC CAACCCTTGAAGGAGGAAATC 735 0

Fragment sizes are in base pairs and include the length of both primers. Repeat types: 0, no detection; 1, BLAST detection; 2, vertebrate repeat database detection; 3,
transposable-element database detection. TB stands for ‘Turtle BAC’.

High Similarity Low Similarity No Similarity

C. p. b. - BAC
C. p. belli

C. p. dorsalis

Amplification - one band Amplification - multi bands No Amplification

P. concinna
P. floridana

G. geographica
T. carolina

E. marmorata
G. agassizii

S. carinatus
C. serpentina

A. spinifera
C. frenatum

E. macquarii
C. fimbriatus

P. subrufa
P. expansa

C. zhoui

Fig. 1. Results of 1728 PCR reactions testing the utility of each marker on a panel of 18 turtles. Green denotes a single band of the expected size, blue denotes multiple bands
or a ‘smear’, and red indicates no amplification. Markers are numbered from left to right from TB01-TB96 and broken down into ‘high similarity’, ‘low similarity’, and ‘no
similarity’ classes.

R.C. Thomson et al. / Molecular Phylogenetics and Evolution 49 (2008) 514–525 519
monophyletic C. p. bellii, but they supported alternate groupings of
the three turtles. TB59 supported the BAC turtle + C. p. dorsalis, and
TB86 supported our second C. p. bellii + C. p. dorsalis, with low boot-
strap proportions but high Bayesian posterior probabilities (BPP) in
both cases.

Bayesian and ML analyses of the concatenated dataset recov-
ered similar topologies (SH test p > 0.05) and so we report a sin-
gle tree (from the ML analysis) with support values from both
analyses (Fig. 4). This tree also agrees with the current under-
standing of the turtle family-level tree in most respects (Krenz
et al., 2005; Shaffer et al., 1997), even though there is no overlap
in gene coverage between the current and previous analyses. The
only disagreement is our recovery of a non-monophyletic Cheli-
dae. This result is due to TB81. This was the only marker that
we sequenced that amplified single bands in the PCR stage in
two members of the Chelidae, and so our data on this point are
limited to this single-marker.

Our concatenated tree was reasonably well resolved, with nine
of 17 nodes receiving bootstrap proportions higher than 90 and
BPPs of 100 (Fig. 4), and three others receiving strong support
from either ML bootstraps or BPP but not both. The five relatively
poorly supported parts of the tree included the relationships
among the major cryptodiran clades (Testudinoidea, Chelydridae,
Kinosternidae, and Trionychidae), as well as the monophyly of the



Table 2
Sequencing results for 12 markers sequenced across the test panel

Grayed cells indicate markers that were not expected to amplify single bands based on PCR experiments. Successful sequencing is indicated by ‘yes’, unsuccessful as ‘no’.
Grayed cells marked ‘yes’ refer to successful sequencing after additional PCR optimization and/or gel extractions.
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Geoemydidae + Testudinidae. All of these have been identified as
problematic parts of the turtle family-level tree previously (Krenz
et al., 2005; Near et al., 2005; Shaffer et al., 1997), and may reflect
actual phylogenetic uncertainty and short branch lengths in this
region of the tree, as well as our limited data (sometimes a single
gene) for these nodes.

The analysis using BEST produced a result similar to the con-
catenated analysis, although the posterior probabilities of most
nodes were very low. Because the program requires a single se-
quence as an outgroup, we analyzed only the Cryptodira as an in-
group and use the loci from P. expansa as outgroups. In contrast
to the concatenated dataset, the consensus of the posterior distri-
bution of 90,020 species trees generated by BEST returned high
posterior probabilities only for the monophyly of Emydidae
Table 3
Uncorrected pairwise divergence values between C. p. bellii and T. carolina for TB
markers compared to other markers used for turtles (see text for citations)

Uncorrected distance

TB markers
TB02 (H) 0.018
TB07 (H) 0.012
TB29 (H) 0.010
TB49 (L) 0.028
TB53 (L) 0.017
TB59 (L) 0.029
TB81 (N) 0.026
TB82 (N) 0.022
TB86 (N) 0.014
Average 0.019
High similarity avg. 0.013
Low similarity avg. 0.025
No similarity avg. 0.018

Other nuclear markers
HNFL (L) 0.018
R35 (L) 0.017
RAG-1 (H) 0.008
REELIN (H) 0.007
TGFB (L) 0.011
Average 0.012

Mitochondrial marker

Cytochrome—B (H) 0.133

(H), high similarity markers; (L), low similarity markers; and (N), no similarity
markers.
(PP = 1.00) and Trionychidae (PP = 0.88); all other values were at
or below 0.50.
4. Discussion

4.1. Marker development in non-model organisms

As might be expected, the number of primers that amplified sin-
gle bands and produced useable sequence decreased as phyloge-
netic distance from the BAC turtle increased, and as degree of
similarity to other taxa as revealed in BLAST results decreased.
How this result applies to other clades is an open question. The
crown-group of turtles is relatively old (�210 mya, Gaffney,
1990) and the fall-off in performance that we found (i.e. compare
the density of green cells in the upper left of Fig. 1 to the density
of red cells in the lower right) may be less of a concern if our ap-
proach is applied to younger clades, and more of an issue for older
clades. For example, within the family Emydidae (the first eight
taxa in Fig. 1, with an estimated most recent common ancestor
at 34 million years ago, Hutchison, 1996) the fall-off in perfor-
mance between high, low, and no similarity taxa is relatively slight
(80% of high similarity markers yielded a single band, compared to
69% and 75% for low/no similarity markers).

To visualize this fall-off, we plotted the proportion of markers
that yielded a single band as a function of BLAST similarity class
and estimated divergence time from the BAC turtle (Fig. 5). All
three similarity classes show a qualitatively similar intercept
and fall-off in marker performance across the diversity of living
turtles, although the somewhat lower slope of the high similarity
marker class suggests that they may be the markers of choice for
distantly related taxa. Most studies that have examined this fall-
off in amplifiability across taxa have focused on microsatellite
markers and have found that the number of primer pairs showing
amplification declines to around 50% of the total over the first
few 10s of millions of years of divergence between the taxon
for which the markers were developed and the taxon in which
they were tested (shown in fishes by Carreras-Carbonell et al.
(2007); and in birds and mammals by Primmer et al. (1996)).
Here, we find a much slower fall-off in the number of primers
that amplify. For these markers, a decline to 50% of primers
amplifying took between 70 and 130 million years (depending
on similarity class). This difference could be due to a faster rate
of substitution of microsatellite flanking regions in the genome
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Fig. 2. Individual gene trees for each sequenced marker that produced useable sequence across the most turtles. Numbers on the nodes refer to ML bootstraps and posterior
probabilities, respectively.
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or due to a slower overall rate of substitution in turtles (Avise
et al., 1992). The one comparable study of which we are aware
in turtles seems to argue for the latter explanation. FitzSimmons
et al. (1995) found that all six sea-turtle microsatellite primer
pairs that they examined successfully amplified in Trachemys
scripta, a species that last shared a common ancestor with sea-
turtles approximately �95 million years ago (Near et al., 2005),
which agrees closely with our findings.

No marker amplified single bands across all taxa, though
many-markers did for each taxon, implying that the panel con-
tains phylogenetically useful markers for any clade of interest.
To develop primers for the deepest nodes of the turtle tree, the
taxonomic span over which primers amplify could almost cer-
tainly be increased through additional optimization, either by
redesigning primers, further altering PCR conditions or cloning.
However, for turtles and many other taxa, much of the remaining
phylogenetic progress to be made will occur below the family-le-
vel, and our BAC library approach should provide a useful marker
set for these studies. Our ongoing unpublished work at the with-
in-family and within-genus levels confirms that TB markers that
yield reliable sequence for one representative of a clade tend to
be useful across that clade, and we are currently employing these
markers within several turtle lineages. In addition, these markers
appear to be a rich resource for the discovery of within-species



0.01

Chrysemys picta bellii - BAC

Chrysemys picta dorsalis

Chrysemys picta bellii

Pseudemys concinna

Pseudemys floridana

Graptemys geographica

Terrapene carolina

Cuora zhoui

Gopherus agassizii

100/100 

92/100 

Emys marmorata

Chelydra serpentina

Chrysemys picta bellii - BAC

Chrysemys picta dorsalis

Chrysemys picta bellii

Pseudemys concinna

Pseudemys floridana

Graptemys geographica

Terrapene carolina

Gopherus agassizii

Chrysemys picta bellii - BAC

Chrysemys picta dorsalis

Chrysemys picta bellii

Graptemys geographica

Pseudemys concinna

Terrapene carolina

Emys marmorata

Chrysemys picta bellii - BAC

Chrysemys picta dorsalis

Chrysemys picta bellii

Graptemys geographica

Pseudemys floridana

Pseudemys concinna

Emys marmorata

Terrapene carolina

Cuora zhoui

Chrysemys picta bellii - BAC

Pseudemys concinna

Pseudemys floridana

Chrysemys picta dorsalis

Chrysemys picta bellii

Graptemys geographica

Terrapene carolina

Chrysemys picta bellii - BAC

Chrysemys picta bellii

Chrysemys picta dorsalis

Pseudemys concinna

Pseudemys floridana

Emys marmorata

Terrapene carolina

Gopherus agassizii

99/100 

74/91 

80/100 

94/100 

86/100 

100/100 

57/100 

87/100 

80/99

99/100 

100/100 

96/100 

100/100 
83/99 

62/99 

0.01

0.01 0.01

0.010.01

TB02 TB07

TB49 TB59

TB86 TB95
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single nucleotide polymorphisms, given that the BAC-identified
sequences yield a SNP about every 250 base pairs across loci
and species (Shaffer and Thomson, 2007).

Our limited sequencing results suggest that the low and no sim-
ilarity marker sets may be more variable than the high similarity
set (Table 3). If this is the case, it could reflect the high similarity
markers sitting in more conserved regions of the genome than
the other two marker classes. However, even if this difference is
real, it appears to be a relatively small effect, and all markers were
phylogenetically informative (Figs. 2 and 3). The single exception
was marker TB17, a repetitive marker that we sequenced, which
provided no phylogenetic information (Fig. 2). Given that the high
similarity markers have at least some annotation information, it
may be desirable to favor these for phylogenetics even if they
evolve at a somewhat slower rate.
Our analysis of the identification and phylogenetic utility of
repetitive sequences produced mixed results. Our repeat screening
identified about a third of the sequences in our BAC end library as
potential repeats. However, these repetitive markers showed no
detectable difference in their patterns of PCR success compared
to non-repetitive markers. At the sequence level, one sequenced
repetitive marker (TB17) showed obvious differences from the
putative single copy marker sequences and was phylogenetically
uninformative. This was the only marker in our dataset to show
this pattern and we find it encouraging that none of the markers
that we expected to be single copy showed a similar pattern. How-
ever, the other sequenced repetitive marker did not show such a
pattern. If many other markers derived from flagged repetitive ele-
ments show the pattern of inflated ‘‘heterozygosity”, and if poten-
tial markers are not in short supply, then the most efficient
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strategy for determining phylogenetic markers is probably to ex-
clude all potential repetitive elements, and to develop and test
primers only for non-repetitive sequences.

4.2. Implications for turtle systematics

The results of our phylogenetic analyses are encouraging in that
they largely agree with the existing understanding of the family-le-
vel turtle tree, thus suggesting that these BAC-derived markers are
phylogenetically informative. These results are also encouraging in
that they appear to be informative even at low levels of divergence,
particularly based on the concatenated gene tree results (Fig. 4).
For example, within the Emydidae the widely recognized subfam-
ilies Emydinae and Deirochelyinae were recovered as reciprocally
monophyletic (Gaffney and Meylan, 1988). At a closer level, the sis-
ter group relationship of Graptemys and Pseudemys with respect to
Chrysemys has been suggested previously (Iverson et al., 2007; Ste-
phens and Wiens, 2003) and here received strong support from
some individual genes (Fig. 2) and in the concatenated analysis
(Fig. 4).

The BEST method returned much lower posterior probabilities
than the concatenation analysis, a result that has been observed
in empirical datasets before (Belfiore et al., 2008; Brumfield
et al., in press; Edwards et al., 2007). It remains to be seen whether
this difference in support between concatenated and unconcate-
nated datasets is a universal phenomenon, and if so, which
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approach gives the more accurate estimates of confidence. It also
may be that missing data more drastically affect phylogenetic anal-
ysis using the BEST method than using concatenation.

At the genus level, we find strong support for the monophyly of
Chrysemys, although these data do not clearly resolve the within-
genus relationships. Starkey et al. (2003) recommended elevation
of C. p. dorsalis to full species based on analysis of mitochondrial
DNA. While our results do not unambiguously support this eleva-
tion, they also do not challenge it. Most genes did not strongly con-
flict with the monophyly of C. p. bellii with respect to C. p. dorsalis,
and the two genes that resolved a relationship between the three
Chrysemys individuals (TB 59 and TB 86) did not agree on a single
grouping, suggesting that any divergence between these taxa is too
recent for strong phylogenetic signal to have evolved at many nu-
clear loci (Jennings and Edwards, 2005). The smaller population
size of the mitochondrion would lead one to expect that, under
the neutral coalescent, it would sort to monophyly faster than
the average nuclear gene (Hudson and Coyne, 2002) and so we
do not view these data as conflicting with C. p. dorsalis as a full spe-
cies. Rather, these results suggest that more data are required to
resolve this issue. It is possible that C. p. dorsalis is in its early
stages of speciation and is thus not easily recoverable as a mono-
phyletic group at the nuclear DNA level even though it is already
a distinct metapopulation lineage (sensu de Queiroz, 1998). If this
is the case, corroboration of the mtDNA results for this group may
require approaches that more explicitly incorporate allele fre-
quency variation (Pritchard et al., 2000; Reich et al., 2008) and rely
less on demonstrating gene tree monophyly (Knowles and Car-
stens, 2007; Shaffer and Thomson, 2007).
4.3. Further applications

Because genomic resources are becoming more common, the
general strategy outlined here should be applicable for marker
development in other taxa. While a large proportion of the se-
quences contained in the GenBank GSS and EST databases are de-
rived from a relative few model organisms, the taxonomic
coverage is broad enough to be useful across a wide-range of taxa.
Drawing a few examples from vertebrates, the database currently
contains EST and/or GSS sequences from all of the major lineages
of Amphibia except for caecilians, all the major lineages of Reptilia,
most of the major lineages of Mammalia and many of the major
lineages of the Actinopterygii.

We emphasize that although the Chrysemys BAC library greatly
facilitated the development of our markers it was not specifically
required for our study. A basic requirement for the generation of
multiple novel nuclear markers is any sort of clone library, includ-
ing small-insert plasmid libraries such as are routinely used for
characterizing microsatellites. Had we been interested in chromo-
somally linked markers, especially those separated by tens to hun-
dreds of kilobases, then the BAC library would have been essential.
But, in general we isolated single loci from each BAC clone, and in
principle our dataset could have been generated just as easily from
a small-insert plasmid library.

The approach we have employed here could also easily be
adapted to find other marker types, depending on the needs of a
particular study. We generally attempted to avoid sequencing
repetitive elements because we do not expect them to be useful
for sequence-based phylogenetic analysis. However the sequences
we flagged as repetitive consist of many potentially valuable mark-
ers such as microsatellites and interspersed nuclear elements. It
would be straightforward to filter out non-repetitive sequences
and design primers only for, say, microsatellites instead. SINE
and LINE loci could also be easily targeted by extracting retroele-
ment sequence from the databases and designing primers in flank-
ing regions for multilocus insertion analysis (Shedlock et al., 2004),
which has been employed successfully to resolve geomydid turtle
relationships (Sasaki et al., 2006). Our repeat-removal and filtering
steps identified �206,000 base pairs of such repetitive sequence,
potentially representing hundreds of useful markers.
5. Conclusion

The work reported here suggests that BAC end-sequences and
other low-coverage genomic resources constitute a rich source of
markers for phylogenetic and phylogeographic studies. The tech-
niques we employ require only basic bioinformatics and relatively
little effort to go from a single-species resource to a clade-wide
phylogenetic database. The development of 96 primer pairs and
phylogenetic screening of a dozen genes cost a few thousand dol-
lars, and the bulk of the marker development was accomplished in
about a month. It is our hope that these markers can be put to di-
rect use in turtle systematics and that these techniques can be em-
ployed in other clades to help alleviate the paucity of nuclear
markers available for many organisms.
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