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AssTrRACT. — Molecular methods are a powerful complement to traditional field practices in
illuminating the evolution and ecology of turtles. We illustrate how standard approaches such as
DNA sequencing and microsatellites have, and will continue, to shed light on numerous aspects of
turtle biology. We also forecast the impact of selected technologies such as amplified fragment length
polymorphisms (AFLPs), small interspersed nuclear elements (SINES), single nucleotide polymor-
phisms (SNPs), bacterial artificial chromosome libraries (BACs), and gene expression techniques.
These tools continue to help clarify the demography, population genetics, phylogeography, and
phylogenetics of turtles, and hold great potential to elucidate developmental and life history questions
in this group. This additional insight, allowed by molecular methods, may ultimately aid in the
preservation of turtles by honing conservation and management efforts.

Key Worbs. — turtles, small interspersed nuclear elements (SINES), single nucleotide polymorphisms
(SNPs), bacterial artificial chromosome libraries (BACs), gene expression, microsatellites, mito-
chondrial DNA, amplified length polymorphisms (AFLPS)

Molecular genetic techniques have allowed invaluableon numerous aspects of turtle biology (see Fig. 1), and we
insight while complementing traditional field and morpho-also forecast the impact of a selected few new techniques
logical studies fundamental to ecological and evolutionarguch asbacterial artificial chromosome libraries and
questions. Especially welcomed by the turtle community arenicroarrays.
non-invasive methods that have been a great tool in elucidat-

ing demographics (Pearse et al., 2001), mating systems MOLECULAR MARKERS
(Pearse etal., 2002), golalylogeneticandphylogeographic
(see glossary for highlighted words) relationships (Spinks et Mitochondrial Genes and Genomes

al., 2004; Spinks and Shaffer, 2005; Krenz et al., 2005;
Parham et al., 2006b) in these long-lived, wide-ranging, and  Mitochondria are small organelles found in the cyto-
often highly endangered taxa. In addition to the well-estalplasm of eukaryotic cells that possess their ganomes
lished and widely used genetic methods, emerging techhat encode products crucial to cellular adenosine triphos-
niques will allow studies of genome-wide variation and genghate (ATP) production. The typical vertebrate mitochon-
expression, thereby accessing some important questionsdnial (mt) genome is a circular, haploid genome (ca. 16,500
turtle biology. Implementing such technologies has théase pairs) that contains §&nes(Boore, 1999). Because
potential to revolutionize our ability to address ecologicathe mt genome is usually transmitted maternally, and gener-
and evolutionary questions in turtles, including adaptationally lacks recombination, it is inherited as a sinlgleus
longevity, and sex determining mechanisms, and this inforfAvise, 2004). These features, along with a relatively high
mation will ultimately be useful in conservation efforts.  mutation rate, make sequences fronmttBNA locus ideal
This review is intended to highlight the capabilities andfor many kinds of evolutionary studies (Fig. 1).
limitations of traditional and emerging molecular tech- Bowen et al. (1989) and Lamb et al. (1989) were the
niques while emphasizing their utility in studies of conser{irst workers to apply mtDNA data to chelonian ques-
vation, evolution, and ecology of turtles. We show howtions, using variation in mtDNA to assess
standard approaches such as DNA sequencing amhylogeographic structure i€helonia mydasand
microsatellite analysis have, and will continue, to shed lightGopherus agassizirespectively. The first complete mt
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Figure 1.Diagram representing the continuum of genetic variation exhibited in biological systems, from the smallest amount of molecular
differences (light) distinguishing conspecific individuals to the greatest amount of genetic divergence (dark) seen b&igeestpajly

distant taxa. Particular fields of inquiry within ecology and evolutionary biology typically deal with only a subset affieistgif genetic

variation and therefore only certain markers will be appropriate for such fields. The text elaborates on technical aalGkpgsti of

each tool’s utility within this context. Technological advances may enable each class of molecular markers to span beyoddribe b
illustrated here, which show where markers are well-suited (dark) or of limited utility (light).

genome sequenced from a turtRe{(omedusa subrufa been the most widely used molecular markers to recon-
was used to assess the phylogenetic position of turtlegruct population histories and assess phylogeographic
relative to other amniotes (Zardoya and Meyer, 1998)structure in turtle species (Fig. 2; e.g., Starkey et al.,
while the first study to use mt genome data exclusively i2003; Spinks and Shaffer, 2005).
turtles examined the phylogenetic relationships of a  Species Identification and Forensics.Because mul-
small group of Old World tortoises includinigestude tiple copies of the mitochondrion exist in each cell, mtDNA
IndotestudpandMalacochersugParham et al., 2006b). analysis can be particularly useful in identifying the taxo-
nomic or geographic origin of otherwise unidentifiable or
Applications of mtDNA poor quality samples (e.g., cooked meat, egg shells, cara-
pace, blood smears, feces). For example, Hsieh et al. (2006)
Demography and Population Genetics.Mitochon-  sequenced sections of cytochroméo identify Kachuga
drial DNA has been widely used to study processes thaecta from poorly stored shells, helping the Council of
determine the geographic distribution of genetic diversityAgriculture in Taiwan positively document violations of
within and among populations. Early comparisons of popu€ITES regulations. In another case, Roman and Bowen
lation genetic structure in MtDNA and nuclear markerq2000) used mtDNA to assess whether turtle mesduth-
performed inChelonia mydasvere landmark studies in eastern U.S. markets was harvested from legitimate sources
demonstrating how sex-biased gene flow in turtles could bge.g., unprotected species). This study showed that even alliga-
inferred from such data (Karl et al., 1992, FitzZSimmons etor meat was being sold as turtle and led the authors to coin the
al., 1997a,b). Beyond elucidating the current spatial distriname “mock turtle syndrome” (Roman and Bowen, 2000).
bution of genetic variation, mtDNA has been used in other  Mitochondrial DNA can be used in conjunction with
vertebrate systems to examine change in genetic diversitther datasets, including either morphological or nuclear
and population structure through time. Because of its higmolecular markers, to identify hybrid individuals. This
copy number, mtDNA remains the most probable source adpproach has recently shown that numerous specimens
genetic population signature from ancient specimens.  purported to represent rare and endangered turtle species
Phylogeography. —Since mtDNA is haploid, ma- were actually hybrid individuals from the pet trade (Parham
ternally inherited, and possesses a rapid mutation rate,ét al., 2001).
should track recent population splitting events with higher ~ Phylogeny. —As mentioned above, mtDNA is particu-
fidelity than a single nuclear marker under many biologidarly amenable to genealogical reconstruction and several
cally plausible scenarios (Moore, 1995; Hickerson andeatures of mt genomes suggest that entire mt genomes are
Cunningham, 2005). Thus, mtDNA gene regions havespecially well suited for chelonian phylogenetics. First, be-
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are difficult to study in the nuclear genome may be tractable
in the mt genome (Boore, 1999). A number of obvious
questions include whether certain gene rearrangements or
duplications occur more commonly than others, whether
rates of rearrangements or duplications correlate with rates
of sequence evolution, and whether novel mitochondrial
features correspond to particular physiological or life his-
tory attributes (Boore, 1999). For instance, through sequenc-
ing the mt genome dPlatysternona partial mt genome
duplication was inferred (Parham et al., 2006a). Further, the
hypothesized loss of supernumerary genes excluded the
duplicated control region, a characteristic that is relatively
unique in metazoans and sBtatysternorapart from most
other extant species of turtles (Parham et al., 2006a).
Marker Development. -Somparing levels of variation
across entire mt genomes for a few focal taxa allows re-
searchers to identify the most appropriate mtDNA markers
for their research. Additionally, obtaining mt genome data
for the major turtle clades would facilitate the quick devel-

. ) . opment of other mtDNA markers in related taxa.

Figure 2. Phylogeography dEmys(or Actinemy$marmoratain llecti d | | .
western North America (Spinks and Shaffer, 2005). Employing ~ Data Collection and Analyses. —Fotal DNA is
both mtDNA and nuDNA markers and integrating phylogeneticgenerally isolated by one of a number of conventional
and population genetic analyses irarmoratahighlights the pNA extraction methods (Maniatis et al., 1982), often
value of phylogeographies in assessing the evolutionary an . | K d ivelv in the field
biogeographic history of turtle taxa. The phylogeographic ap!T0M tissue samples taken nondestructively in the field.
proach is also useful in revealing spatial patterns of genetit¢argeted mtDNA gene regions can then be amplified via

diversity and setting management priorities. Relationships bepcRr iki .1 in Wi r mer
tween the four major mtDNA lineages their geographic distribu- CR (Saiki et al., 1988) using a wide arraymfmers

tion follow Spinks and Shaffer (2005). Photo by James ParhanNOWn to work in turtles (Engstrom et al., 2007). Long
PCR can be employed to amplify large portions of the mt

cause the order and content of genes is highly conserved within o 510
mitochondria (Boore, 1999), with introns and spacer DNA, ,
these genomes are easy to align and provide thousands
homologous characters for phylogenetic analyses (Fig. 3)
Such large datasets are often necessary to resolve uncertain
incorrect relationships recovered from smaller DNA fragment
data (Cummings et al., 1995; Zardoya and Meyer, 1996). Fo
example, small mtDNA and nuclear (nu) DNA fragments 7,
initially suggested that turtles are nested within the Diapsida._
rather than sister to all other reptiles (Hedges, 1994; Platz an-
Conlon, 1997). However, the placement of turtles within the. | |§
Diapsida varied and support for any particular hypothesis wa=
weak. Subsequently, complete mt genome data firmly place: =
turtles sister to archosaurs (Zardoya and Meyer, 1998 °
Kumazawa and Nishida, 1999), an arrangement later corrobc
rated by multiple nuclear loci (Hedges and Poling, 1999).
Second, the mt genome is composed of loci with vastly
different rates of evolution, from hypervariable third positions
in cytochromeb, to nearly immutable stems in 168NA. ~
Thus, mitogenomic datasets should provide resolution at vari

ous phylogenetic levels. Third, mt genome features and gene ‘e 3. Diagram of the complete mitochondrial aenome of
u . D1 | |
rearrangements have been shown to be valuable phyloqené‘;@studo grae%(lGenBank NC 807692; Parham et gl., 2006a).

characters. Because gene rearrangements are typically rar@e mt genome of. grqecais reprgsentative of turtles and
and generally considered irreversible, such characters afeost other vertebrates in overall size, gene content, and gene

. . order. This circular, haploid genome is less than 20 kb with a
assumed to be virtuallyomoplasyfree (Boore et al., 1995; single control region (brown), two rRNA genes (yellow),

Boore, 1999). thirteen protein coding genes (green) and 22 tRNA genes (red).
Genome Evolution. -Somplete mt genome sequences The mtgenome is drawn to scale; arrows indicate the direction

. : f transcription of loci (5’ to 3’). The utility of specific loci and
may provide a better understanding of how genomes evolv§, . primePs od 1o (capture) thoce Maens aa reported by

Because mt genomes are so small, aspects of evolution theigstrom et al. (2007). Photo by James Parham.
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genome, or rolling circle amplification (RCA; Dean et can mislead phylogenetic inference (Engstrom et al., 2004;
al., 2001; Hawkins et al., 2002) can be used to generatrandley et al., 2005). Conversely, gene duplications and
entire mt genomes. These amplified products are thermearrangements that should be useful for deep level ques-
used in sequencing reactions that label the four DNAions in mt genome data (Boore, 1999) may be rare or
nucleotides (Sanger etal., 1977) and run on an automatedtapomorphic. Parham et al. (2006b) examined both se-
machine that reads the labeled nucleotides. guence variation and mitogenomic features among major
Obtaining sequences from mtDNA gene regions ihelonian clades and found that gene rearrangements and
relatively inexpensive and efficient compared to the cost anduplications were restricted to a single taxon, and thus were
time involved in collecting equivalent data from other classephylogenetically uninformative.
of markers with similar properties and applications. Further-  Finally, nuclear sequences of mitochondrial origin
more, primers that readily amplify many mtDNA regions in (numts) are relatively common among metazoan taxa (Zhang
turtles are common (Engstrom et al., 2007), and rapidnd Hewitt, 1996; Bensasson et al., 2001) and can seriously
screening of variation in small mtDNA regions for largemislead any genetic analysis if these nuclear copies of
numbers ofindividuals is now possible (Avise, 2004; DeSallentDNA are mistaken for authentic mtDNA (Zhang and
and Amato, 2004). Hewitt, 1996). Nucleapseudogenesf mtDNA have been
However, collecting entire mt genome data is non+eported in turtles (Stuart and Parham, 2004; Spinks and
trivial, and the most efficient way to gather these data maghaffer, 2007), and may be relatively common.
be in collaboration with genome centers that have perfected Future Applications. —We suggest several directions
the rapid and efficient acquisition of whole mt genomedor the future use of mtDNA gene regions and mt genomes
(e.g., Joint Genome Institute, Lawrence Berkeley Nationah chelonian biology. Most likely, these directions will
Laboratory). include a combination of both mitochondrial and nuclear
Limitations. —Because the haploid mt genome does notlata to address a range of conservation and evolutionary
recombine, and is uniparentally inherited, all the genes in thguestions. For example, maternally inherited mtDNA and
mt genome effectively represent a single, linked locus. Thugaternally inherited nuDNA markers (Y or W linked loci in
analyses based on multiple mt genes or entire mt genomtsxa with genotypic sex determination) could be used in
only represent single-locus estimatederhography, popu-  combination to estimate sex-specific gene flow or other
lation history, or phylogeny. Likewise, inferences madedemographic parameters and assess population genetic struc-
from mtDNA to delimit species or reconstruct population orture. Already mtDNA and single copy huDNA sequences
species histories should be made judiciously. Mitochondridhave been used in concert to tackle phylogenetic and
DNA phylogenies represent the branching history of mitophylogeographic questions (Krenz et al., 2005; Spinks and
chondria ¢ene treg and may not track organismal history Shaffer, 2005; Parham et al., 2006a). Mitogenomic data, in
(species tregflawlessly (reviewed in Avise, 2004), and thus particular, might be combined with nuclear sequences to
should be corroborated by other evidence (Morando et albuild a robust chelonian phylogeny that could provide the
2004; Avila et al., 2006). backbondor any comparative turtle study. Rapidly evolving
Phylogeographic studies of single species or closelyntDNA sequences can also be used in combination with
related taxa focus on how evolutionary processes operate Mendelian markers, such as microsatellites and single nucle-
natural populations (Avise, 2000), but the abundance aftide polymorphisms3NPs Morin et al., 2004) for studies of
these studies in the literature belie the difficulties inherent imetapopulation structure and conservation genetics (Pearse et
reconstructing complex demographic histories. The posal., 2006a). Because mitochondria play an essential role in
sible influences of past migration, divergence in isolation ocellular metabolism, investigations of the molecular evolution
with gene flow, and population bottlenecks or expansionf the mt genome may convey metabolic and respiratory
are difficult to disentangle (Knowles, 2004). Furthermoreadaptations in turtles (e.g., Doiron et al., 2002). Lastly, we
introgression, incomplete lineage sorting, and natural sele@nticipate the expanded use of mtDNA, and molecular markers
tion may confound phylogeographic studies (Funk andn general, to address broader ecological and evolutionary
Omland, 2003). As a consequence, mtDNA phylogeographiguestions in turtles (Stephens and Wiens, 2003, 2004), and the
analyses have become increasingly sophisticated to accomxtension of these findings into conservation biology.
modate these limitations (Ballard and Whitlock, 2004;
Templeton, 2004; Hickerson and Cunningham, 2005). Nuclear Markers:
For deeper phylogenetic questions the rapid rate of Sequences, Microsatellites, and AFLPs
mtDNA evolution may lead to homoplasy between deep
clades, possibly misleading even mitogenomic estimates of In contrast to the mitochondrial genome, the nuclear
phylogeny (Curole and Kocher, 1999). However, somgenome contains a huge number of coding and non-coding
mtDNA and mt genome data collected in turtles (e.g.regions (introns and intergenic spacers) that are subject to
Feldman and Parham, 2002; Parham et al., 2006b) do ndifferent mutation mechanisms and rates (Li, 1997). Thus
appear to have suffered frosaturated data, and newer- the nuclear genome offers a virtually unlimited set of poten-
mixed model methods of analysis (Yang, 1996) may accontial markers that are informative across the entire range of
modate and correct for at least some mutational history thahylogenetic divergence and can be applied to a wider array
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of questions relative to mtDNA data, including studies ofprimers are often borrowed from published sequences de-
adaptive radiation, life histories, hybridization, species developed for other vertebrate groups, and must then be
limitation, and phylogenetic inference (including estimatesoptimized. For example, the nuclear ggheeraldehydes-

of divergence times [Near et al., 2005]; Fig. 1 summary3 phosphate dehydrogeng$ADPH) used by Spinks and
Avise 2004; but see Zhang and Hewitt, 2003, for a descrigshaffer (2005) was amplified with primers originally devel-
tion of all technologies as well as an in-depth implementaeped for birds (Friesen et al., 1997).

tion guide). Furthermore, duplicated regions can cause problems
for phylogenetic and other analyses if one is unknowingly

Nuclear Gene Regions comparingparalogs and notorthologs (Li, 1997). There-
Applications of Nuclear Gene Data fore, for every nuclear marker developed, a Southern hybrid-

ization should be performed to confirm single-copy status as

Phylogeography. —Karl et al. (1992) first used Fujita et al. (2004) did when introducing the nuclear intron
nuclear markergéstriction digestsof anonymous loci) R35 as a phylogenetic tool in turtles. Lastly, heterozygosity
to estimate global population structure of the marinds more prevalent in nuclear regions and generally requires
turtle Chelonia mydasbut few subsequent nuclear-se- cloning to resolve.
guence based phylogeographic studies have been pub- Limitations. —While nuclear sequences offer many
lished on freshwater turtles (FitzSimmons et al., thisadvantages, there are multiple processes operating with
volume). Phylogeographic studies of Galapagos tortoisegreater frequency than in mtDNA and these may confound
Geochelong¢Caccone et al., 2004) and the western pondboth data collection and various types of analyses. Addi-
turtle Emys [= Actinemys] marmoratgdSpinks and tional efforts may be needed to evaluate possible influences
Shaffer, 2005) have met with limited success because aff recombinationcodonbias, duplicated genes, rate varia-
extremely low variation of nuclear relative to mitochon-tion across characters or taxa, compositional bias, and het-
drial gene regions. This may be a general limitation otrozygosity Kaddison, 1997; Posada and Crandall, 2002;
most nuclear gene regions accessible by convention#&larris, 2003), and to resolve gene tree — species tree discor-
technologies (Zhang and Hewitt, 2003), but newer methedance (Edwards and Beerli, 2000; Hudson and Turelli, 2003).
ods of screening for large numbers of anonymous nuclear Future Directions. —Data analyses are improving as
loci will likely offer multiple unlinked high resolution increasingly refined methods become available for mixed-
markers for future phylogeographic studies (see Jenningaodel analyses (Yang, 1996) of multi-gene data sets for
and Edwards, 2005, for a recent example in birds).  phylogenetic inference (Pagel and Meade, 2004), delimiting

Species Delimitation. -Allozymes have been used for species (Sites and Marshall, 2003), and phylogeographic
species delimitation inturtles (e.g., Georges etal., 2002), banhalyses (Templeton, 2004). In addition, steps to improve
the use of nuclear DNA sequence for this purpose is not @dse alignment process of multigene data sets over a large
prevalent in vertebrates as is the use of mitochondrial markiumber of taxa have been taken. At shallower levels of
ers. Nuclear ribosomal DNA (e.g., internal transcribed spacetivergence, network methods will become more sophisticated
[ITS] DNA) has been used for studies of species classificaCassens et al., 2003, 2005), as will demographic modeling
tions in algae and nematodes (LaJeunesse, 2001; Chiltaamder more biologically plausible scenarios (Hickerson and
2004), and primers are available for ITS in turtles althougl€Cunningham, 2005; Jennings and Edwards, 2005).
it is not known if this marker would provide an appropriate  Lastly, many conservative vertebrate nuclear gene prim-
amount of variability for species delimitation in Testudinesers will become applicable for turtle studies, as a result of the
(Engstrom et al., 2007). National Science Foundation’s “Assembling the Tree of

Phylogeny. —Combining nuclear gene regions can Life” (ATOL) initiative (Crandall and Buhay, 2004). Of the
resolve the Testudines phylogenetic history, which has long2 projects supported by the ATOL project, five focus
terminal branches that may result in ambiguous placemeuixclusively on vertebrates (including birds, archosaurs,
of some taxa (Bergsten, 2005). In fact, multiple nucleaamphibians, squamate reptiles, and cypriniform fishes; see:
genes have been informative about the placement of turtléstp://ucjeps.berkeley.edu/bryolab/ATOL/?page=projects),
within Amniota (Hedges and Poling, 1999; lwabe et al.and other eukaryote projects are also likely to discover at
2005), single loci have been useful for resolving relationteast some highly conserved regions that can be employed in
ships within Testudines (Fujita et al., 2004), and a combinaurtle studies.
tion of nuclear and mtDNA indicated the separation between
Platysternidae and Chelydridae (Krenz et al., 2005) Microsatellites

Data Collection and Analyses. While data are col-
lected using the same protocols as those used for mtDNA  Microsatellite markers, or simple-sequence repeat (SSR)
gene regions (conventional extraction from field preservetbci, are hyper-variable, iterated 1-6 bp motifs that have been
tissue samples; conventional PCR followed by automatedetected in virtually all organismal genomes (Ellegren,
sequencing of product, albeitoning of the product is 2000; Li et al., 2002). SSR markers constitute a subset of
sometimes needed before sequencing), the efficiency abdominant Mendelian loci that are usually assumed to be
collecting sequence data is usually more difficult becausselectivelyneutral and randomly distributed acrossi-
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chromatic genomes, although these assumptions are not Limitations. —Although they are widely utilized,
always met (Li et al., 2002Alleles originate by a number microsatellites have well-characterized limitations as well.
of non-conventional mutation mechanisms, which alter thé&rom a theoretical perspective, Estoup et al. (2002) re-
number of repeat units in the alleles segregating at a givesiewed the relationship between SSR mutation models and
locus, and are easily distinguishable based on the length bbmoplasy of alleles and showed that basic assumptions
a PCR product amplified with primers flanking the SSRabout mutational mechanisms are often not met in real data
region. The ease of screening polymorphisms, along witkets. In addition, although SSR loci are generally assumed to
the typically high variability (up to 50 alleles per locus in abe neutral, evidence implicates their influence in clearly
population; DeWoody and Avise, 2000), has made SSRs thn-neutral processes such as genetic disorders (Li et al.,
markers of choice for a wide array of analyses (Avise, 2002002), and Vasemagi et al. (2005) found nine microsatellites

see Bennett, 2000, for in-depth technical review). linked to Expressed Sequence Tags (ESThat deviated
significantly from neutral expectation. There is also selec-
Applications of Microsatellites tion against repeat motifs that would prodéreene shifts

in coding regions (e.g., di- and tetra-nucleotide repeats;
Paternity Analysis and RelatednessMierosatellites  Metzgar et al., 2000). The nonrandom distribution of SSR
are frequently used to estimate individual fithess and somleci in the genome further suggests that assumptions of
components of breeding structure, in the context of single veieutral evolution are not always accurate.
multiple paternity, and the related phenomenon of sperm Operationally, using primers from related species can
storage (both relevantissues in freshwater turtles; see Peaegtect results by leading to alleles that are shorter, and less
and Avise, 2001; Pearse et al., 2002, 2006b; for examplesjariable due to differential amplification (i.escertain-
Demography, Population Genetics, and Phylo-mentbias; Hutter etal., 1998; Amos etal., 2003), or that do not
geography.—Microsatellites have been utilized to estimateamplify at all (so-called “null” alleles; Zenger et al., 2003). The
population genetic and phylogeographic structure, especialistrength of these effects is directly proportional to the genetic
with regard to the identification of genetic ‘breaks’ — distance from the species for which the loci were originally
Evolutionarily Significant Unit (ESU) or Management  isolated (Shepherd et al., 2002; Wright et al., 2004).
Unit(MU) boundaries—anissue of crucialimportanceinthe  Future Directions. —Recent studies showed that
design of conservation strategies for endangered speciekectromorph (fragment length) data alone tended to under-
(reviews in Fraser and Bernatchez, 2001; Frankham, et akstimate population divergence (Balloux et al., 2000; Fisher
2002; Moritz, 2002; DeSalle and Amato, 2004; see Pearseet al., 2000). By sequencing microsatellite alleles one can
al., 20064, for a turtle example). Similarly, microsatellitesinfer mutational processes directly, by checking for consis-
have been recently used to: (1) evaluate the genetiencyinrepeat motifforeach population sampled (see Engstrom
consequences of recent population bottlenecks (Waldick et al., 2007). Electromorph data accompanied by sequence
al., 2002; Kuo and Janzen, 2004), (2) estimate populaticinformation can paint a more accurate picture of population
sizes and between-deme migration rates (Nichols andifferentiation (Colson and Goldstein, 1999).
Freeman, 2004), (3) estimate natal dispersal (Berry et al., In addition, a variety of approaches have been devel-
2004), (4) detect hybridization (see Burns et al., 2003, for aoped that are appropriate for the evaluation of population
example in turtles), and (5) provide identification in wildlife genetic structure in non-equilibrium conditions, which are
forensics (Avise, 2004). the most likely demographic scenarios for declining species
In a recent study, Fritz et al. (2005) used microsatellit¢see reviews by Pearse and Crandall, 2004; Manel et al.,
repeat motifs as primers to amplify ISSRs (inter-simple se2005). Further, recent empirical studies have shown the
guence repeats). By using the repeat motif as a primer, theadvantages of using multiple complementary analytical
authors were able to amplify a suite of bands particular tmethods, including equilibrium and non-equilibrium meth-
differentTestudespecies. This DNA “fingerprinting” method, ods, to detect different signals in genetic datasets (e.g.,
in conjunction with mitochondrial DNA, was then used toLemaire etal., 2005; Pearse etal., 2006a). Lastly, combining
reject the uniquenesséstudo weissinge(frritz et al. 2005).  Mendelian markers and mtDNA sequences can result in
Data Collection and Analyses. Microsatellite loci are  powerful inferences about demographic and meta-popula-
typically isolated via enrichment probes, which requires lesion structure and histories (FitzSimmons et al., 1997b;
time than previous methods of clone screening (see Fischer aRdarse et al., 2006a).
Bachmann, 1998). Once markers are developed, DNA is
typically amplified using fluorescently labeled primers, fol- Amplified Fragment Length
lowing basic PCR protocols (Sites et al., 1999; Valenzuela, Polymorphism (AFLP)
2000). Amplification reactions are analyzed by electrophore-
sis, and alleles are scored based on the length of fragments The amplified fragment length polymorphis&HRLP)
(electromorphs). High-throughput genotyping can be achievedmethod (Vos et al., 1995) is a relatively new technique for
by using different fluorescent dyes to label loci with non-generating genome-wide estimates of genetic variation. The
overlapping allele sizes in a single automated run or in a singleFLP method combines two older molecular techniques
PCR reaction (both terms are referred to as “multiplexing”).(RFLP and RAPD) to quickly and inexpensively produce
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numerous, variably sized DNA fragments. Profiles of theselant geographic boundaries exhibited by distinct popula-
anonymous DNA fragments represent multilogeno- tions, similar and separate evolutionary histories, or any
typesthat can be used to answer questions at a wide rangeather number of empirical situations (reviewed in Sites and
biological scales. For example, these DNA profiles can b&larshall, 2003, 2004).
used to create distance matrices for phylogenetic reconstruc- Adaptive Variation — The AFLP method may be
tion (Koopman, 2005), estimate population structure (e.gyseful in helping ecologists and evolutionary biologists
Mock et al., 2002) or as DNA fingerprints to assess parenexplore the relationship between genotype and phenotype in
age (Mueller and Wolfenbarger, 1999). chelonian systems. Specifically, researchers may find sets of
The AFLP method has seen little use in animal system&FLP loci that are correlated with particular phenotypes of
(Bensch and Akesson, 2005) and has not been applied in aimferest. Furthermore, researchers can identify loci that are
chelonian studies, but shows great promise. In the absencewfder selection by comparing the observed distribution of
awell-characterized genome, the AFLP method can providgenetic variation at AFLP loci with expectations based on
a useful assessment of genome-wide variation in turtlesieutral processes (Wilding et al., 2001; Campbell and
While there are some limitations inherent to AFLP data, th&ernatchez, 2004).
low cost and ease of use indicate that AFLPs could become Data Collection and Analyses. Fellowing standard
valuable markers in a wide range of turtle ecological anddNA extraction/isolation (Maniatis et al., 1982), genomic

evolutionary studies. DNA is cut with two restriction enzymes (Vos et al., 1995)
creating hundreds of thousands of DNA fragments. To
Applications of AFLPs reduce the number of DNA fragments to a more manageable

amount, two rounds of PCR (Saiki et al., 1988) are used to

Demography and Population Genetics.Repulation  selectively amplify a small portion of the DNA fragments
genetic studies of animal populations currently emphasizeriginally cut by the restriction enzymes (Vos et al., 1995).
the use of microsatellite or mtDNA sequence data to provid€his final pool of amplified DNA fragments can be
estimates of population structure, gene flow, historical bottlefluorescently labeled and read on any standard fragment
necks and other population parameters. While rapid rates ahalysis machine (e.g. ABI 3100).
evolution in both microsatellites and mtDNA provide inves- Raw AFLP data consist of a number of DNA fragments
tigators with a workable pool of genetic variation to analyzeof varying lengths. Each fragment is assumed to represent a
in most systems, these markers offer a limited view ofinique locus in the genome. Individuals that possess a
overall genetic variation in the genome. Furthermorespecific fragment have one allele (1), while those that lack
microsatellite development can be a time consuming anthe same fragment have the alternative allele (0). Thus, with
expensive endeavor that generally yields less than 20 usaltA&LP data, heterozygotes cannot be distinguished from
loci (Zane et al., 2002). AFLPs, on the other hand, cahomozygotesand each locus is assumed to be diallelic in
quickly and inexpensively provide a more complete view othis dominant marker system.
genome-wide variation for estimates of population level  Once all the presence/absence data have been collected,
processes (Bensch and Akesson, 2005). Although AFLBny number of analyses can be conducted, though some
data cannot be scored for more than two alleles at any locassumptions regarding Hardy-Weinberg equilibrium may
(1/0), or used to detelseterozygotesas they are dominant, be required to calculate heterozygosity for certain popula-
rather than co-dominant markers, the shear number of polyion genetic measures (Bensch and Akesson, 2005).
morphic AFLP loci can be as powerful as a several variable Limitations. —T he chief limitation of AFLP data is that
microsatellite loci in providing highly resolved genotypesthey are notodominant. Furthermore, each AFLP locus
(Gerber et al., 2000). Thus, AFLP data may be a usefudontains relatively little information (presence or absence of
molecular tool for tackling demographic questions. an allele). Thus codominant markers, especially those with

Phylogenetics, Phylogeography, and Species Delimitahigh allelic diversity such as microsatellites, actually con-
tion. —AFLP data can be used to reconstruct the branchintgin far greater resolving power per locus than AFLPs. To
history of populations and taxa. Phylogeographic surveysompensate for this deficiency in information content per
using AFLPs, in particular, could quickly identify cryptic locus, an AFLP data set must contain many more loci than
lineages that may represent important management units wrost other marker systems (Bensch and Akesson, 2005).
cryptic species and could identify regions of hybridization =~ Because AFLPs are dominant markers, Hardy-Weinberg
and backcrossing (Miller, 2000). AFLP data can be useéquilibrium must be assumed in order to estimate population
directly in the character-based method of maximum parsigenetic parameters. Thus AFLPs cannot be used to indepen-
mony, or compressed into distance matrices to be analyzently test for violations of Hardy-Weinberg equilibrium in
with clustering methods for phylogeographic and phylogepopulation genetic surveys (Bensch and Akesson, 2005).
netic analysis (Koopman, 2005). However, adequate resolu- Another potential problem of AFLP data is the anony-
tion of many phylogenetic questions may require hundredsious nature of loci. Each DNA fragment is assumed to
or even thousands of AFLP loci (Albertson et al., 1999). represent a unique locus. Yet, size homoplasy has occurred

AFLP data could also be used in conjunction with othemmong smaller DNA fragments (Vekemans et al., 2002) and
markers to delimit species when such datasets show concaoeuld seriously confound analyses of genetic diversity
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(Vekemans et al., 2002) and phylogenetic reconstructionomes of most eukaryotes (reviewed by Weiner et al., 1986;
(Koopman, 2005). Shedlock and Okada, 2000; Shedlock et al., 2004).
Feasibility. —The quick set-up time involved in col- LINEs (long interspersed nuclear elements) are
lecting AFLP data (often less than a week) and low cost dfansposonsthat contain some of the basic machinery of a
processing samples make AFLP the most inexpensive amdtrovirus, including agene for reverse transcriptase (RTase),
efficient method of assessing genome-wide variation. Thbut do not have the ability to cross-infect cells or individuals.
AFLP technigue can be used without any prior knowledge of INE length is variable, but most typically spans a 1-7 kb
a turtle’s genome to provide genotypes for a large numbdKidwell, 2002). LINEs maintain their integrity within the
samples at a sizeable number of loci. Furthermore, thgenome, functioning as self-replicating elements that prolif-
genetic profiles are highly reproducible across differenerate randomly by a copy-and-paste process involving an
laboratories. The protocols and equipment required to coRNA intermediary. Those that lose that function progres-
lect AFLP data should be found in any reasonably equippesively lose their identity through mutation, but are replaced
molecular genetic laboratory. Moreover, the laboratory proelsewhere within the genome by the continued proliferation
cedures have been further streamlined and standardized bffunctional elements within the same family. Thus families
a number of commercially manufactured Kkits. of functional LINEs reside within the genome, their relation-
Regardless of the cost and ease of data collection, AFL$hip to each other determined by sequéreeology. Such
data are not a panacea. Depending on the question and faenilies may be longstanding, spanning much or all of the
system, other markers that do not suffer from the same majuertebrate radiation, for example. Relatively few LINEs are
limitations of AFLP data may be more appropriate (e.g.functional at any one time and the frequency of their propa-
microsatellites, DNA sequences). gation is governed by the intranuclear and intragenomic
Future Directions. —Future applications in which environment (Weiner, 2002).
AFLP are likely to be used include further refinement of our ~ SINEs (short interspersed nuclear elements) are also
understanding of the genome and its expression into theansposable but are much shorter elements (70-500 bp),
phenotype. For example, applications include gene mappirigck a gene for RTase, and rely on a functional correspond-
such asiQTL studies (though crosses are required) and ining LINE to provide the RTase to support their proliferation
the discovery of SNPs for chelonian studies (every informafKajikawa and Okada, 2002). SINEs too form families that
tive AFLP potentially contains an informative SNP). An- are maintained by the balanced processes of gain through
other very interesting application of AFLPs is in the study ofreplication of functional elements (requiring a functional
gene expressiomstead of using whole genomic DNA as the RTase recognition site) and loss through random mutation.
original template for the procedu®)NA generated from SINEs have attracted particular attention because of their
expressed mRNA can be used. Using AFLP on cDNA allowsnanageable size and because they usually are represented by
researchers to generate global gene expression profiles thdt0*copies per SINE type per vertebrate genome (Kazazian
may be associated with a particular phenotype, developmentahd Moran, 1998; Shedlock et al., 2004).
stage, or tissue type of interest (Bachem et al., 1996, 1998).
The AFLP method has not yet been used by turtle Applications of SINEs and LINEs
biologists, yet the technique can easily be applied to any to Chelonian Biology
number of ecological and evolutionary questions. AFLP
data should be used judiciously in providing complementary  Demography and Population Genetics. Where a
datasets for the estimation of demographic and populatioBINE family is still actively proliferating, their utility ex-
genetic parameters (better addressed with microsatellitéends beyond phylogenetics into population biology (Batzer
and SNPs), and in the reconstruction of phylogeographietal., 1996). For example, insertion or lack of insertion of the
and phylogenetic histories (better addressed with mtDNAAIu element for 100 loci provided sufficient polymorphism
and nuDNA sequence data), but may be ideal in delimitingo estimate diversity among and within human populations
species (Fig. 1). Further, sex specific AFLPs can be usdgivatkins et al., 2003). Sampling of many SINE loci, which
indicate theheterogametic sex in species with cryptic sexare dispersed across the genome, enabled inferences regard-
chromosomes (Griffiths and Orr, 1999). Regardless, the lowng the genetic distance to ancestral states and population
cost and ease of use suggest that the AFLP method shows gimatidivision with very little sampling error. Infact, resampling
potential as a powerful molecular tool for turtle biologists. methods regard 50 loci to be sufficient for future studies
(Watkins et al., 2003).

MARKERS ON THE HORIZON Species Delimitation and Phylogenetics Gther ap-
plications where an unambiguous marker is of value may be
Short and Long Interspersed Nuclear Elements found in species identification for forensics where the SINEs
(SINEs and LINES) are fixed at the level of species. In addition, SINEs have been

successful at identifying the close relationship between
An exciting and relatively new set of molecular markershumans and chimps and discovering previously undetected
areSINEs and LINEs-repetitive elements with no obvious radiations in cichlid species of the east African rift lakes
function that are dispersed randomly throughout the ge&Shedlock et al., 2004).
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For turtle biologists, SINEs are significantbecausetheir ~ Once found, a SINE or LINE inserted at a specific
first application to reptiles is a study of the phylogenetidocation is a nuclear marker that is essentially free of ho-
relationships among geoemydid turtles (Fig. 4; Sastaddli, = moplasy, which can occur only through introgression of a
2004). SINEs and LINEs yield phylogenetic information atSINE element following interspecific hybridization or
three levels. The first is at the sequence level, providinghrough gene-tree/species-tree disparity (Hillis, 1990;
information on the phylogeny of the element, and thus th&liyamoto, 1999). Phylogenetic characters with these at-
species (or clade) that carries it, in the same way as for atiybutes potentially offer a treasure trove for systematic
nuclear marker. The second is at the level of the presencelmiplogy (Shedlock and Okada, 2000).
absence of representatives of SINE or LINE families inthe  Data Collection and Analyses. Fhe human genome
entire genome, from which we can infer their origin in acontains nearly 1.5 million SINEs (Shedlock et al., 2004). This
common ancestor to the exclusion of other taxa of intereshtbundance in genomes makes isolating and characterizing new
The third level involves their use as positional markersSINEs relatively easy given the large playing field. Main
where an individual SINE element at a particular locus caapproaches for SINE isolation include screening a genomic
be identified by developing primers for its unique flankinglibrary with a probe which is designed for a particular SINE
region and scored as present or absent. family of interest or sequencing of large chunks of the genome

It is as positional markers that SINEs and LINEs comend using this information to predict the presence of SINEs
into their own as phylogenetic markers. They have a suite of

remarkable properties straight out of the notebook of th By fTTTEEEEE !

pioneer of phylogenetic systematics, William Hennig (1966) B30 ""“"‘:K“""‘ga :

(@) They are discrete and recognizable DNA elements thi . A A I Gallagur .
proliferate through the nuclear genome by a copy-anc aKst1 A X g
paste mechanism, rather than the cut-and-paste mect '“““"‘—B‘" | Malayemys 't"é
nisms of DNA transposons, so the history of their prolif- ‘ ! Siebenrockiella 3;
eration can be uncovered using traditional approaches BMm105 acios |
phylogenetic reconstruction using sequence data. Th ﬂ‘ ——® [ Chinemys :
said, it is the presence or absence of the SINE or LINE i o) B P
a specific location that is the novel character, and th vk Mauremys Y
sequence data internal to the marker is secondary to th Bnamss Cydlemys S

(b) They insert into the genome essentially at randon =4
(though there is a slight bias in favor of AT rich regions) Heosemys ol®
so the probability of homoplasy arising through a sec. ¢ Sacalia 8
ond insertion at the same site is remote. This assertiq %
has been supported by an intensive study ofAlke Bem Melanochelys 3
SINE of primates (Roy-Engel, 2002). In any case, suc
an insertion does not overwrite the first and so if g Notochelys
duplicate insertion were to occur it would most likely be Cuora
easily detected when the element and flanking regio
are sequenced, unless substantial deterioration has d Rhinoclemmys
curred (e.g., Ragt al, 2005). Kininys Testudinidae

(c) SINE or LINE insertion at a particular locus is consid-
ered irreversible, because flanking regions are creatg Trachemys
upon insertion and provide a signature of the insertiol . Emydidae

mys

even in the unlikely event that the element “jumps” out

of the previous spot. . . Figure 4. Phylogenetic relationships revealed from among the 16
(d) Abslence ofa SINE or LINE is accompanied bY g rqbusépecies of Testudinoidea by the application of the SINE approach
positive control, so that there are three possibilities after Sasaki et al., 2004). Arrowheads denote the insertion of
amplification product contains a SINE or LINE, ampli- tortoise pollll class SINEs. SINE insertions into loci BCr01 and
fication product does not contain the SINE or LINE, nOBCr06 reveal a close relationships between Bataguridae (=
amplification because of mutation at the primer site. AnGeoemydidae) and Testudinidae to the exclusion of the Emydidae.

absence of a SINE or LINE is an absence, provided the@NE insertions atloci BKs36 and BKs52 indicate Kexthuga (=
is successful amplification. Pangshura) smithii, Callagur (= Batagur) borneoensand

(e) The marker has clear homology across taxa and tH\éaIayemys subtrijugorm a monophyletic group (clade A) within
theBatagurcomplex. Aninsertion at BKs11 locus suggests mono-

polarities of the character states are unamtyguou; (I'e'hyly of Siebenrockiellavith the above three species (clade B). A
the abser_]c.:e of th? SINE or LINE a”q flanklng.reglon%ose relationship betwe&@hinemys reevediiecently changed to
at a specific location in the genome is unambiguouslyauremys reevesiiFeldman and Parham, 2004: Spinks et al.,
the ancestral state, and presence is unambiguously theo4)andMauremys mutica kans suggested by SINE insertions
derived state). at loci BCr61 and BMm105 (clade C).
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computationally (Shedlock et al., 2004). Recent approachegenome (Zhao et al., 2003). SNPs are generated by point
also design a primer identical to the conserved polymerase Ithutations in the genome when one nucleotide is replaced by
promoter and use PCR or genomic screening to isolate the namother (i.e., substitution). This definition is often broad-
SINE (Shedlock et al., 2004; Borodulina and Kramerovened to include single-bagedels where an extra base is
2005). Additional information on the characterization of newinserted or deleted during the replication of DNA. In prin-
SINEs and the use of SINEs in systematics is briefly summaiple, SNPs can have as many as four alternative allelic states
rized by Shedlock et al. (2004). (i.e., adenine, guanidine, cytosine, or thiamine), but because
Limitations. —Limitations on the utility of SINES of the rarity of the mutations (i.e., 1€010° mutations per
derive from the limited life of a particular retroelement as argeneration per site), tri or tetra-allelic states are virtually
identifiable and recoverable sequence in the genome, or tihen-existent within related taxa. As a result, SNPs are often
limited life of the flanking sequence that enables homologyeferred to as bi-allelic markers (Vignal et al., 2002).
of the positional element to be established. Once inserted, SNPs are informative genetic markers for population,
the actual SINE and its flanking regions deteriorate oveconservation, and evolutionary genetic studies when the
time through mutation to the point that they are not detecteast abundant allele reaches a frequency of 1% or greater in
able. This aspect diminishes the utility of the techniqueahe population; a threshold that eliminates sites that are
beyond 50-150 million years (Shedlock and Okada, 2000;ariable because of infrequent sequencing errors (Kwok and
Shedlock et al., 2004). Gu, 1999; Wakeley et al., 2001; De La Vega et al., 2002).
A second limitation is that unlike sequence data, on&hese traits of ubiquitous variation and high utility have
cannot expect SINEs to provide information across all node®cently been harnessed and applied to studies of evolution-
of a phylogeny. This was evident in the turtle study Fsge  ary genetics, population genetics, hybridization, and wild-
4; Sasakiet al., 2004) where despite considerable effort)ife forensics, and show great promise in chelonian studies
solid information was obtained on only four nodes in thgBensch et al., 2002; Stickney et al., 2002; Belfiore et al.,
cryptodire phylogeny. This situation willimprove as options2003; Aitken et al., 2004; Seddon et al., 2005).
for screening SINEs improve, such as when genomic infor-
mation on target taxa increases, leading to greater numbers Applications of SNPs
of loci. There may also be novel approaches on the horizon
for targeting specific phylogenetic hypotheses at the time of  Paternity and Relatedness. Fhe typically bi-allelic
screening for informative SINEs (e.g., screening after secharacter of SNPs creates a requirement for many more loci
lected subtractive hybridization). to be genotyped for parentage and relatedness studies com-
A third limitation is that these positional markers, pared to multi-allelic markers. It is estimated that 60 maxi-
informative as they may be for resolving tree topologymally informative SNPs would be required to provide the
cannot be used for determining branch lengths or datingame level of paternity exclusion and estimates of related-
divergences. For this we must rely upon comparisons of theess as 14 microsatellite loci with an average allelic diversity
actual DNA sequences of the SINEs or LINEs or comparief 9.5 (Krawczak, 1999). This number jumps to 100 when
sons of sequence data from the flanking regions (Del PozZNPs are only 20-30% heterozygous, a level closer to actual
and Guardiola, 1990; Shedlock and Okada, 2000). diversity (Krawczak, 1999; Glaubitz et al., 2003) However,
Future Directions. —Overall, the future of SINEs for once the SNP assays are developed, they could potentially
resolving important questions in turtle phylogeny looksproduce better quality data and be more cost effective and
bright. Their abundance in the genome provides the oppoefficient than microsatellites.
tunity to address the second limitation by identifying avery = Demography, Population Genetics, and Phylo-
great number of SINE markers, so that resolution willgeography. —Similar to paternity studies, a larger number
ultimately be obtained across most or all of the importanbf SNP versus microsatellite loci are required for estimates
nodes in the turtle phylogeny, within the 50 million yearof genetic diversity, gene flow, effective population size,
window. This development will be greatly assisted by im-and other population parameters (Morin et al., 2004). The
proved knowledge of the turtle genome, either through thextra effort required in isolating loci is offset by the better
development of selected BAC libraries (see below) andesolution obtained from SNPs with fewer assumptions
ultimately, one hopes, a turtle genome project. In the meamompared to microsatellites (Brumfield et al., 2003).
time, novel approaches to focusing attention on particulaEstimates of population parameters sudhasre likely to
problematic nodes may be possible by combining subtradse more accurate with SNPs than with microsatellites and

tive hybridization with screening. AFLP because (i) their mutational mechanisms are relatively
well characterized, (ii) they may be less subject to homoplasy,
Single Nucleotide Polymorphisms (SNPs) (i) they potentially have a reduced interlocus sampling

variance as a consequence of the large number of loci
Single nucleotide polymorphisms (SNPs) are rapidlyavailable for analysis, and (iv) they have less within-
becoming valuable genetic markers because they are tpepulation variation which guards against artificially low
most common source of variation among individuals — &, estimates (Kalinowski, 2002; Nicholson et al., 2002;
SNP occurs on average every 300-500 bases in the humBrumfield et al., 2003).
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Species Delimitation. 4 the identification of cryptic A diverse array of methods is available for genotyping
species and hybridization, the application of SNPs has be@NPs (reviewed extensively by Kwok, 2001). Well estab-
extremely successful using a relatively small numbers dished methods such as PCR-RFLP and PCR-SSCP can be
markers. For example, Belfioetal. (2003) developed three used to cost effectively genotype SNPs using standard
SNPs that were 90% effective in discriminating among foutaboratory equipment (Doi et al., 2004). High throughput
species of Eurasian vol#licrotus), a success rate higher can be achieved using newer methods such as primer exten-
than at the nuclea53 locus (DeWoody, 1999). Further, a sion (Lietal., 1999), hybridization (Howell etal., 1999), and
study of willow warblers used a single SNP to distinguishinvasive cleavage assays (Lyamichev et al., 2000). For rapid
two subspecies that could not be differentiated using mitagenotyping, these techniques can be modified to be used in
chondrial or microsatellite markers (Bensch et al., 2002)microarray platforms (Dalma-Weiszhausz and Murphy,
SNPs, owing to their codominance, are also effective in th2002; Heller, 2002; Jenkins and Gibson, 2002). In addition,
detection of hybridization and introgression (see Saetre @t rapid form of sequencing by DNA synthesis,
al., 2001, for a more extensive description). pyrosequencing, which produces light upon the incorpora-

Wildlife Forensics. —SNPs will have immense utility in  tion of the correct nucleotide, can be advantageous over
wildlife forensics, especially when poaching evidence consistsybridization applications (Ronaghi, 2001).
of samples that may yield degraded DNA, such as a fragment Limitations. —Discovery of SNPs without ascertain-
of carapace or meat from a market (Sarkar and Kashyap, 2008)ent bias has been a major limitation to their use. Biases can
SNPs can be genotyped from degraded DNA more efficientlpe reduced by the selection of a large panel of individuals for
than any other nuclear marker due to the small size of the DNgcreening and inclusion of loci that display lower levels of
fragment being amplified, and diagnostic SNPs can be foundariability (Nielsen, 2000; Schlétterer and Harr, 2002).
at all taxonomic levels. For example, a SNP assay has be8tatistical analyses to correct for biases in SNP data are also
developed in the Chinook salmon which can identify theavailable, such as maximum likelihood models (Kuhner et
country of origin of the fish and thereby aid in the regulation ofl. 2000; Nielsen, 2000).
the trade (see Smitt al., 2005). Future Directions. —SNPs are emerging as markers

Evolutionary Genetics. -SNPs are useful in the detec- with the potential for wide ranging applications in chelonian
tion of adaptive variation and in drawing inferences orbiology. For some applications, only a few SNP loci are
population demographic history. Signatures of natural serequired, such as for species diagnostics and identifying the
lection in populations have been detected with comprehemeographic origins of individuals; applications which will
sive SNP maps (Akey et al., 2002; Nielsen, 2005). Thde particularly useful in wildlife forensics to monitor trade
abundance of SNPs in the genome and thetiential for  of turtle populations worldwide. Furthermore, an exciting
rapid genotyping makes them ideal markers to map Quantapplication of SNPs will be to study adaptive evolution in
tative Trait Loci (QTL). QTL studies seek to identify the loci turtles to gain insights on how phenotypic traits are inherited
responsible for phenotypic traits, and can thereby shed liglaind how they might respond to changes in environmental
on how continuous traits are inherited in populations and theonditions. However, ascertainment bias remains a major
influence of evolutionary processes on these traits (Slate Burdle that must be overcome before SNPs can be reliably

al., 2002; Weinig and Schmitt, 2004, Slate, 2005). used in population and evolutionary studies.
Data Collection and Analyses. SNP discovery (as-

certainment) is successful through BACs and other previ- GENOMICS AND GENE EXPRESSION

ously sequenced information (Marth et al., 2001; Saetre et

al., 2001; Bensch et al., 2002; Primmer et al., 2002; Belfiore Comparative Genomics: BACs

et al., 2003; Brugmans et al., 2003; Nicod and Largiader,

2003). Alternative strategies include the reduced represen- The comparative genomics of vertebrates is still in
tation shotgun approach (RRS) in which DNA from manyits infancy, with only a single avian genome sequenced
individuals are mixed together and subjected to restrictiothus far and no non-avian reptile genomes. Still, the time
enzyme digestion. The resultant fragments are incorporates ripe for forays into the comparative genomics of
into plasmids. This plasmid library is then sequenced, antiirtles. In particular, the recent availability of a Bacterial
overlapping sequences are screened for SNP polymorphisiastificial Chromosome (BAC) library from a painted
(Altshuleret al., 2000). More recent approaches identify theurtle (Chrysemys picfapaves the way for a scaling-up
SNPs causing a polymorphism in the allelic states of anf genomic inquiries in turtles and for amassing large-
AFLP marker (i.e., present and absent states) and convextale information on the structure and organization of
these into SNP markers (Nicod and Largiader, 2003; similaurtle genomes. BAC libraries are a means by which very
to the approach in Fitzpatrick and Shaffer, 2004 ). SNPs mdgng pieces of DNA (100,000 — 200,000 base pairs) can
be discovered in restriction enzyme recognition sites, thbe isolated (cloned), sequestered from the remainder of
primer annealing sites or within an AFLP fragment itselfthe genome, and studied in detail. Although the sequenc-
(Bensch et al., 2002; Brugmans et al., 2003). These tecing of a turtle genome may still be several years away,
nigues appear to be promising for the discovery of larg8AC libraries will provide a useful resource in the
numbers of SNP loci in non-model organisms. interim for studying turtle genomics.
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Applications of BACs to Chelonian Biology primed using sequence in the B&€ctor. Such a survey has
been conducted f@hrysemys pictdeading to several new
Phylogenetics, Marker Development, and Genome Evansights into turtle genome evolution and phylogeny
lution. —Why is cloning long pieces of DNA of interest to (Shedlock et al., unpubl. data). An important spin-off for
the evolution, comparative genomics, molecular evolutionsuch BAC-end sequencing surveys (or end-sequence sur-
‘evo-devoand systematics of turtles and other vertebrates?eys of any type of clone) are the release of large numbers
First, the sheer size of pieces of DNA that can be isolatedf loci for use in phylogeography and molecular systematics
and eventually sequenced (Harris and Murphy, 2001), mealfidare, 2001; Matthee et al., 2001; Jennings and Edwards,
that a vast number of molecular characters are immediateB005). With any given clone-end read, one can immediately
available for study. Unlike short pieces of DNA amplified by design primers for PCR for studying within- or between-
PCR, BAC library inserts provide contiguous stretches ofpecies variation (see nuclear gene region section), although
DNA, thereby permitting a more seamless integration othe phylogenetic resolution of any given sequence must be
molecular systematics and genome evolution (Pollock et aldetermined empirically. The loci typically recovered in a
2000; Edwards et al., 2005). The large amounts of contigielone-end sequencing survey are noncoding and often ‘anony-
ous sequence data (contigs) that can be characterized franous’ in so far as they do not match any known loci to a
BAC libraries in a phylogenetic context will yield new significant degree when data bases such as Genbank are
insights into phylogenetic analysis of genomic data. Fomterrogated by a BLAST or other similarity search. Such
example, Thomas et al. (2003) used contigs of the regidoci are of maximal interest to multilocus phylogeography
containing the cystic fibrosis gene constructed from BAChecause they will tend to be more variable than currently
clones to sequence up to 1.8 Megabases (Mb) of DNA froravailable markers.
several mammals and a chicken. Such sequence datayielded Gene Function and Expression.Arother key feature
abundant retroelements (such as SINEs and LINES), whiatf BAC clones is that they contain not only coding regions
in turn serve as cladistic characters in a phylogenetic analgf genes but all of the noncoding, regulatory regions that
sis (Shedlock and Okada, 2000). The alignment of thesaffect gene expression. Such regions are frequently found
sequences also revealed humerous non-coding regions tlmmediately upstream of genes but can often be tens of
were highly conserved between species, providing a detailddlobases away from the coding regions themselves. Thus
view of regions that could be important for regulation andBAC clones can often capture in a single clone all of the
genome stability. Another recent example of large-scaleegulatory elements and coding regions of a particular gene
discovery of phylogenetically important information comesor gene family. This makes possible a variety of experiments
from comparative genomic studies of the coelacanth anith developmental biology, such as expression of turtle gene
bichir, a primitive ray-finned fish and basal tetrapod, respectamilies in developing embryos of model species to examine
tively (Chiu et al., 2004; Noonan et al., 2004). BAC librariesdevelopmental consequences of gene misexpression (Heintz,
have proved indispensable for identifying and characteriz2000; Takahashi et al., 2000; Carvajal et al., 2001; Giraldo
ing multigene families that are important for developmentand Montoliu, 2001).
For instance, one can examine conserved and nonconserved Chromosome Mapping. +adividual BAC clones are
regions in these genes in comparison to sequenced orgdarge enough to be visualized after fluorescent labeling and
isms to elucidate possible noncoding, conserved functiohybridization to metaphase chromosomes, as ir-t5él
regions. Also, data mining and sequence analysis from BA@chnique (fluorescent in-situ hybridization). By contrast,
libraries can identify expansions or contractions of genéndividual PCR products and many cDNA clones are too
families (Miyake and Amemiya, 2004). In addition, BAC shortto use in FISH and often do not provide areliably strong
libraries ultimately pave the way for whole-genome sesignal of hybridization to a target sequence on the chromo-
guencing as they can effectively serve as waypoints in theome. Thus BAC clones provide a critical tool for locating
landscape of the genome. genes and gene families on turtle chromosomes. Such stud-
BAC libraries are an efficient means for understandinges will provide an important window into turtle chromo-
broad-scale patterns within genomes without actually sesome evolution. Thus far the resolution provided by hybrid-
guencing entire genomes, or even targeted regions. Featuieation of whole chickethromosomes to turtlkaryo-
such as the frequency of various families of repetitiveypes has revealed that entire chromosomes found in
elements and retroelements, as well as base compositiortattles may have remained intact in birds, as in the
andisochorestructure, can be mined from BAC libraries in example provided by hybridization of a chicken Z chro-
several ways. First, one can conduct hybridizations of spenosome to the entirety of a turtle chromosome 5 and no
cific genes or repetitive elements to filters on which theother chromosomes (Graves and Shetty, 2001). How-
entire BAC library is spotted. In this way, one can obtain arever, even such evidence leaves room for small-scale
estimate of the frequency of the particular element in thgenomidranslocationsthat might not be detected using
genome of the interrogated species. Second, one can surwekiole-chromosome hybridizations, particularly of single-
the basic structure of a vertebrate genome by conductingcapy regions that may not provide an amplified fluores-
BAC-end sequencing survey, which consists of amassingence signal. BAC clones are ideal for such purposes.
thousands of sequence reads from the ends of BAC clond®reliminary investigations of chromosome assignments
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of several turtle genes are underway, particulgeges and shell development, in a genetic and genomic context.
in the sex determining pathway and sex-linked genes (NFhus, we review technologies that allow researchers to

Valenzuela, unpubl. data; D. Janes, unpubl. data). profile gene expression.
Future Directions. —Overall the prospects for robust
comparative genomics of turtles are very strong provided The Candidate Gene Approach

that the appropriate resources are made available to the
wider community. Ideally all such resources should be Thecandidate gene approach is one where a gene shown
available through distribution centers; tBlBrysemys picta to perform a particular function in model systems is exam-
BAC library and additional technical information can beined for a similar role in non-model organisms. For example,
accessed through the Joint Genome Institute (JGI) web sigeveral genes known to be involved in the sex determination
on available BAC libraries: http://evogen.jgi.doe.gov/pathway of mammals and birds were profiled in turtles and
second_levels/BACs/Our_libraries.html. may have important roles in temperature-dependent sex
Using a ‘community genomics’ approach and the apdetermination (Spotila et al., 1998; Kettlewell et al., 2000;
propriate genomic resources, large scale projects in animBlace etal., 2001; Loffler etal., 2003; Murdock and Wibbels,
molecular systematics can be tackled by coordinated effor003a,b; Place and Lance, 2004; Valenzuela et al., 2006;
of single-Pl laboratories as well as genome centers, even folalenzuela and Shikano, 2007). Candidate genes have also
problems that are not of high priority to genome centerg¢ead to a greater understanding of shell and body plan
(Edwards et al., 2005). In fact, efforts are underway talevelopment in turtles (Gilbert et al., 2001; Loredo et al.,
identify SNPs and sequences that amplify across turtles fro@001; Vincent et al., 2003; Ohya et al., 2005). Interestingly,
theC. pictaBAC library, an endeavor that will make many examination of Hox gene expression, major controllers of
more genetic markers available (Thomson, Edwards, anahterior-posterior body axis in developmentPilodiscus
Shaffer, unpubl. dateé§uch large-scale genomics approachesinensisshowed definite discrepancies in the way turtles, as
are a natural complement to typical molecular systematiospposed to mammals and birds, build their body (Ohya et al.,
endeavors utilizing PCR, and will forge an even tighter link2005). The candidate gene approach is arelatively inexpensive
between genome evolution and systematics. With judiciouaay to discover expression pattern and level differences among
use of the available BAC library, and continued attention tdineages and treatments and can be imagined to help unravel
production of important genomic resources for turtles, thehe several turtle queries like the ones outlined below.
turtle community could lead the way in these importantnew  Future Directions. —Convergent evolution in head

directions. shape of the bigheaded turtRatysternon megacephalym
and the alligator snapping turtiacrochelys temminckii,
Gene expression: cDNAs, ESTs, RT-PCR, could be explored using the same genes that partly control
Microarrays, Functional Assays, and RNAI beak dimensions in Darwin’s finches (Abzhanov et al.,

2004, 2006 [bone morphogenetic proteirand calmodulin])
Firmly linking an organism’s genotype to its phenotypeor molecular genetic effects of inhabiting polluted, frag-
is one of the mostimportant, yet, ambitious goals of molecumented landscapes could be assayed through examining
lar genetics. Technological advances are now allowing folevels oftypical stress response genes (Evron et al., 2006;
researchers to dissect at a molecular level fundament@risaru etal., 2006; Song etal., 1991 [i.e. acetylcholinesterase
guestions, such as how organisms react to different enviroand the glucocorticoid receptor]) in turtles living in degraded
ments and what contributes to morphological diversity amongersus relatively pristine habitats. Although the candidate gene
species. A useful starting point for such molecular studies igpproach is extremely valuable, the opportunity to profile
to profile gene expression. That is, outlining where the genexpression of thousands of genes in nonmodel organisms is
is expressed (i.e., what tissue or cell), when the gene ecoming rapidly accessible through complementary tech-
expressed (developmental stage, environment, season, etaifjues, some of which have actually been implemented in a
the degree to which a gene is expressed relative to othttle system (Kuraku et al., 2005; Storey, 2005).
genes or other treatments (treatment is used here to refer to
a developmental stage, tissue, and environmental condition, Complementary DNA (cDNA)
etc.), and finally, what happens when the gene is purpose- and Expressed Sequence Tags (ESTs)
fully over-expressed or physically turned off. Indeed, recent
advances in assessing gene expression have allowed biolo- Full-length cDNAs are DNA copies of messenger
gists to pinpoint the genetic basis of major evolutionaryfRNA (MRNA) transcripts created by a process called
transitions (e.g., limblessness in snakes, Cohn and TickiIReverse-Transcriptase PCRT-PCR; capable of re-
1999) and even adaptive traits contributing to species radiaerse transcription up to about 20kb; Fig. 5). As DNA is
tions (e.g., beak depth and length in Darwin’s finchesinherently more stable than RNA, cDNA provides a way
Abzhanov et al., 2004, 2006). to keep a “library” of the organism’s tissue/condition-
Turtles may serve as an excellent system in which tepecific transcriptome cloned inptasmid vectors (cir-
analyze a wide array of biological phenomena, such asular pieces of bacterial or phage DNA; detailed in
temperature-dependant sex determination, cold tolerancBgecker et al. [2003]). Expressed Sequence Tags (ESTSs)
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are generally created by one sequencing reaction fromfanctional mMRNA, they provide a gene expression profile
cDNA clone, range between 200-800 nucleotides longfrom the treatment from which the mRNA was extracted
and provide a snippet of data with which one can identiff{McCarter et al., 2000). Homologs and functional groups
genes that are being expressed in a certain treatmetcdn be identified by comparing novel EST data to data
(Holloway et al., 2002). This technique allows for thecreated by other sequencing efforts (Ton et al., 2000). Full
relatively cheap, fast generation of large amounts ofequences of informative cDNAs can then be retrieved by
transcript data which can be an invaluable resource fagequencing the entire clone. For example, cDNA library
studies of evolution and development. As of Augustscreens were used to identify anoxia responsive genes in
2007, over 45 million of these snippets from a variety ofTrachemys scripta elegaasd freeze responsive genes in
organisms and treatments were available through th€hrysemys picta margina{&torey, 2005).

national EST repositories (dbEST and Unigene data- ESTSs can also identify similar but unique transcripts of
bases from the National Center for Biotechnology Inforthe same gene (i.e., isoforms). When aligned with genomic

mation [NCBI]). DNA, ESTs canilluminate splice variants, exon boundaries,
and polymorphisms in untranslated regions (Wolfsberg and
Applications of cDNA and ESTs Landsman, 1997; Ulrich, 2000; Gemind et al., 2001).

Marker Development. —Phylogenetic and phylo-
Gene Discovery and ldentification. First developed geographic studies are enhanced by the use of multiple,
in 1991 for use in human gene discovery, ESTs are one of thalinked markers and existing EST projects as well as turtle
most useful tools for gene identification (Adams et al., 1991specific EST projects, can generate primers to accomplish
Wolfsberg and Landsman, 1997). Since ESTs represetitis (Brumfield et al., 2003). Because ESTs are copies of
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Figure 5. Messenger RNA (MRNA) is specific to the tissue and time it was taken from an organism. mRNA can be reverse transcribed
into complementary DNA (cDNA) for a variety of usB&ttom Left: cDNA can be cloned into a plasmid and sequenced to produce an
expressed sequence tag (EST). An EST is one sequence read from an end of the cloned cDNA. When many ESTs are sequenced one can
obtain a good estimate of which genes are expre$egdLeft: EST collections and cDNA clones can both be utilized to create a
microarray. Thousands of these DNA seqments, called “probes,” are printed on a specially treated glass slide. Eachaoige side
represents a probe. Shown here is the result of an experiment using two conditions, for instance, warm and cold temjegataxes du
determination. The lightest dots represent those probes that are over-expressed in the cold treatment relative to threevdrifheca
darkest dots represent those probes that are over-expressed in the warm treatment relative to the cold treatment. Dolsighinegi
represent genes that are relatively evenly expressed in both treafropriRéght: Quantitative PCR assays gene expression for a limited
number of genes. The relative starting concentrations of genes are measured by surveying the quantity of PCR produRt@@ach PC
leading to this method also being called real-time F&f&@om Right: EST sequencing can provide thousands of potential markers. One
way to identify variable markers is to develop primers in two exons of a cDNA and use the same primers to amplify the gle A Ene

will span an intron, an often variable nuclear region.



McGaucH ET AL. — Applications of Modern Genetic Tools 61

mRNA and do not include intron sequences, conservesampling, as the extensive turtle collections in museums
primers can be anchored in ESTs that might amplify variablare often times much easier to access than fresh field
introns across disparate turtle groups (Fig. 5; similar to thepecimens.
strategy employed by Fujita et al. [2004] to discover the  Once the RNA is extracted and analyzed, researchers
nuclearintron R35). SNPs can also be revealed by comparimgust take into account that the transcription of a gene into
ESTs between closely related species. In fact, empirical dataBRNA does not necessarily mean the mRNA is translated
suggest that each EST will conta@ leastone SNP into a protein product. Several molecular mechanisms for
(Brumfield etal., 2003). Lastly, ESTs can serve as probes failencing and stability reduction of transcripts are known
BAC libraries and isolate a gene of interest even when usddetailed in RNAI section below), and so upregulation of a
from related species (McCarter et al., 2000). gene’s transcription is not sufficient to demonstrate that a
Evolutionary Genetics. —Fhe shear volume of ESTs gene is responsible for a certain phenotype. Functional
generated by gene discovery projects provides a resource fagsays are usually required to confirm thatincreased mRNA
surveys of genomic variation for evolutionary studies. Fotranscription is responsible, or partly responsible, for the
example, in a gene discovery project for chicken skeletgthenotype exhibited. Most commonly, functional assays
system development, over 6000 ESTs were generated (Jorigelude inoculating the organism with a recombinant viral
et al., 2004). vector to over-express the gene of interest (detailed in Smith
Jaramillo-Correa et al. (2001) used quantitative trait@and Sinclair, 2004) or employing RNAI to turn off a gene’s
and markers developed from polymorphic ESTs to assay f@xpression (see below).
signatures of population differentiation and compared these Further, cDNA library construction is subject to con-
measures to investigate adaptive evolutiop{R,, com-  tamination by bacteriophages, bias toward smaller, more
parison) in white spruceRicea glauca Likewise, 95 abundant mMRNAs, and is only truly relevant for the tissue,
microsatellite loci in noncoding regions of transcripts fromtime, and development stage from which it is made (detailed
Atlantic salmonSalmo salarwere identified in EST data- in Becker et al., 2003). These problems are compounded in
bases and tested for signatures of selection, despite the faature applications like EST generation. The use of kits or
that microsatellites are thought to evolve in a neutral fashiocontracting experienced companies can ameliorate contami-
(Vasemagi et al., 2005). These authors also showed thaation and biases while not contributing excessively to the
some microsatellites displayed non-neutral patterns of evaost of an experiment (Lucigen, AmpliconExpress, GATC
lution because they were tightly linked to genes undeBiotech [typical cost is approximately $6000 to supply a
selection. Following loci with non-neutral patterns of evolu-tissue sample and receive a complete library in return]).
tion may be especially useful in identifying genes affectedlso, although as many or as few ESTs can be generated
by selection in taxa such as turtles that lack extensive genefiom a cDNA library, typically several thousand sequence
resources or linkage maps. reads may be needed for the EST collection to have much
Limitations. —Unlike genomic DNA, which will be utility and justify the cost of a relatively pricey cDNA
relatively uniform in nearly every somatic cell in an construction. In such mass sequencing missions, ESTs are
organism’s body, specific mMRNAs will only be found in typically not checked for sequencing errors because minor
the specific tissues and during times when the gene imistakes usually do not prevent the matching of the EST to
being expressed. This can make the acquisition of spasequences of other organisms for identification (McCarter et
cific mRNAs difficult because RNA must be taken from al., 2000). This tolerance for inaccuracies may pose a problem
the proper tissue during the treatment or developmenta the ESTs are used for applications like SNP detection or
stage of interest, often requiring that specimens be sagp+otein sequence prediction. Lastly, sequencing of ESTs will
rificed in the process. Further, RNA molecules are inherresult in redundant data. Although over 6000 ESTs were
ently more unstable than DNA, and in this respectsequencedinthe chicken development study mentioned above,
special care must be taken when handling samples ionly 2329 were unique after clustering (Jorge et al., 2004).
order to avoid contamination by somewhat ubiquitous  Future Directions. —targe amounts of EST data may
RNA degraders called RNAses. Historically, tissuebe expected for future projects in chelonian gene discovery.
samples would be flash frozen in liquid nitrogen toSubsequently, thousands of potential phylogenetic markers
preserve the molecule’s integrity, but preservation prodwill be generated by these large EST projects. Bapteste et al.
ucts (e.g., RNAlater) have been developed and mag2002) illustrated the power of ESTs by identifying 123
provide better results if optimal harvest and storagerthologous genes which helped to resolve important, but
conditions are not met. In addition, some studies havpreviously unclear phylogenetic relationships in amoeboid
succeeded in extracting EST quality data from formalindineages.
fixed, paraffin-embedded tissue that may enable the use
of preserved specimens for gene identification, but not Real-Time PCR
guantification (Lewis et al., 2001). Difficulties of forma-
lin-fixed nucleic acid extraction have also been prohibi-  Real-Time PCR (RT-PCR) or Quantitative PCR (Q-
tive, however, a successful extraction protocol couldPCR) is capable of tracking the amount of amplified DNA
help researchers achieve a much deeper phylogeneticoduced at each cycle with the use of fluorescent dyes, thus
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allowing the quantification of the initial RNA template (Fig. same gene (Weaver, 2005). All of these can contribute to
5). The acronym RT-PCR is also commonly used for Refunctional differences in the mRNA'’s role. Therefore, when
verse Transcriptase PCR, where an RNA template is comeasuring the amount of mRNA with Q-PCR, primers
verted to cDNA. These are simple, sensitive techniques fahould be designed that only amplify the functional isoform
quantifying the relative number of gene transcripts in af interest. Otherwise, the number of transcripts being mea-
particular tissue sample and are especially good for use wiured may be artificially inflated because investigators are
small sample volumes and discerning between related tranctually measuring many related but functionally
scripts. The method is performed by measuring the PCRonsynonymous transcripts.
cycle at which the fluorescently labeled product can first be
detected above background fluorescence. If, for instance, Microarrays
more copies of a particular gene are present in condition A
than in condition B, then condition A’s product will be Since their introduction in 1991 (Fodor et al., 1991),
detected at an earlier cycle, and it may be concluded that theicroarrays have been employed successfully to explore
gene being investigated is being up-regulated or over-exelative gene expression in many systems in a high-through-
pressed in condition A. put way. As with Q-PCR and QRT-PCR, microarrays can
Gene Discovery and Comparative Gene Expression. —tell researchers what genes are being expressed, when they
Comparing transcript levels is necessary in gene expressiamne being expressed, where they are being expressed, and to
studies and is useful in understanding differences acros®me degree, how much they are being expressed.
treatments, individuals, species, etc. Differences in genklicroarrays, however, are not limited to small sets of genes
expression, along with knowledge of the suspected ger&f known sequence as in QRT-PCR. Furthermore,
function in other species, can help infer the gene’s role. Fanicroarrays can be adapted to scan tens of thousands of
example, Kettlewell et al. (2000) used Q-PCR to asseggenes, sometimes without knowing their sequence (anony-
expression levels @mrt-1in developing male and female mous cDNA microarrays). This high-throughput ability
embryos of a turtle with temperature-dependent sex detegives researchers enormous possibilities in understanding
mination (TSD),Trachemys scriptaand discovered that phenotypes and interactions between the genotype and the
Dmrt-1 shows higher levels of expression in males than irenvironment.
females. Becaudemrt-1also performs male specific func- Traditional microarrays attach ‘probes’ (Fig. 5; cDNAs,
tionsinarange of taxa, and even has functional and sequeraéeonucleotides made from ESTs, genomic sequence, or
homologs irDrosophilaandCaenorhabditis eleganthese  even BACs, also called ‘features’) to a pretreated glass slide.
authors suggested tHaimrt-1is important for sex determi- These probes then hybridize to ‘targets,” which are
nation inT. scripta Further, comparative gene expressionfluorescently labeled cDNAs made from the mRNA of the
profiling has also provided insight into the evolutionarytreatmentofinterest, in order to assay gene expression in that
divergence of the developmental network underlying sexreatment. Stoughton (2005) and Holloway et al. (2002)
determination in turtles, helping identify candidate gene®ffered comprehensive reviews of this technology, but mul-
(e.g.,Sf]) for the role of master TSD switch (Valenzuela ettitudes of variations on this theme are presentin the literature
al., 2006; Valenzuela and Shikano, 2007). The utility of(for alternative microarray techniques see Brenner et al.,
guantifying transcripts and making cDNAs for gene discov2000; Hegarty et al., 2005).
ery can be expanded to identify genetic signatures of local

and clinal adaptation, or to understand physiological pro- Applications of Microarrays
cesses, environmental response, ontogeny, and phyloge-
netic relationships (Gibson, 2002). Gene Discovery. —Bue to the large amount of

Limitations. —Because QRT-PCR is used to measuresequence information required to construct the probes
difference is transcript number, and because mRNA is sfor oligonucleotide microarrays, such arrays hold poten-
unstable, the QRT-PCR method is extremely sensitive tbal for substantial gene discovery. Hybridization of the
investigator error. For example, if one sample is fresher diargets to the probes helps identify genes expressed in a
bigger, then it might yield far more transcript copies tharparticular treatment as well. For example, microarrays
another (Wong and Medrano, 2005). To account for some dfelped to identify a suite of genes responsible for a shift
these issues, investigators should employ a normalizatian worker to foraging behavior by honey bee¥is
method. A conservative normalization method is to measunmellifera; Whitfield et al., 2003) and nearly 100 genes
multiple housekeeping genes (i.e., genes that are constitutivelyat are candidates in social status modifications of
‘on’ and relatively evenly expressed across tissues and indiichlids (Renn et al., 2004). Further, a variation on the
viduals along with each sample; Wong and Medrano, 2005)nicroarray, microbeads (detailed below), allowed re-

Further, many genes are modified by transcription andearchers to identify genes involved in shell formation
translation machinery differently. That is to say, the saméy targeting the carapacial ridge of the Chinese soft-
genomic DNA may make multiple mRNAs by using differ- shelled turtlePelodiscus sinensi&Kuraku et al., 2005).
ent translation or transcription start and stop sites and diffeAnother variation on the microarray technology, em-
entintron splice sites, resulting in different ‘isoforms’ of theploying microarrays made from model organisms in-
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stead of from the species of interest, was recently used tf interest for shell formation) and the thoracic region (a
discover genes associated with cold tolerance in turtlesegative control) were “cloned” separately onto microbeads
(Storey, 2005). to create two libraries (Brenner et al., 2000). The two
Evolutionary Genetics. Ropulation level applications libraries were then hybridized together, automatically sorted,
of microarrays can help uncover unique genetic variation c&nd ones that showed higher signals (i.e., higher expression)
variable responses to environmental pressures in populéor the carapacial ridge were sequenced and further identi-
tions that may be extremely difficult to discover via candi-fied. Microbeads do not requir@ priori knowledge of
date gene approach or other traditional DNA sequencingequences or chip layout design and therefore can circum-
methods. Because phenotypic diversity without large DNAsent the common prohibitive problems of cost, time, and
sequence divergence can still signify local adaptation, changbsiited tissue samples which may plague other turtle re-
in gene expression and regulation may be illustrative oearchers interested in the microarray technology.
overall disparity between species (Schlbtterer, 2002). There-
fore, gene expression can greatly contribute to unique evo- RNA Interference (RNAI)
lutionary trajectories of populations and species. Microarrays
can help uncover these local, possibly adaptive differences RNA interference (RNAI), a type of gene silencing, can
in gene expression, thus identifying unique populations thathed light on developmental and adaptive processes by “knock-
warrant conservation (Turgeon and Bernatchez, 2003). ingdown” or “knocking out” the expression of particular genes
Limitations. —Microarrays are powerful tools, and re- and allows observation of the effects that turning a specific
quire comparable levels of statistical and bioinformatic strengtgene down or off has on particular phenotypes (see Mello and
in analyzing the results (Stoughton, 2005). However, eve@ante, 2004, for more technical information). RNAI takes
with the help of a strong bioinformatics resource, extractingudvantage of an innate defense system used by the organism
biological meaning from such alarge and complex dataset is avhich degrades double stranded RNA in a sequence specific
arduous, on-going process (Butte, 2002). For quantificatiofashion (Guo and Kempheus, 1995; Fire et al., 1998; reviewed
between two treatments, typically multi-chip experiments arén Cogoni and Macino, 2000; Guru, 2000; Hammond et al.,
required and statisticians are needed to design experimer801). By introducing foreign dsRNA with sequence identical
with maximum power, as factors such as the day the chips weoe nearly identical to the gene of interest, the cell machinery
hybridized to the scanner used to view the fluorescence can adaturally converts theminto small RNA (SiRNA or microRNA
greatly to the variability of results. Interesting gene expressiofmiRNA]), which target mRNA similar in sequence for degra-
results are typically confirmed using QRT-PCR, becauseation and reduced gene expression. Thus, the silenced gene is
variation in microarray output data may be due to thes&ranscribed but rapid degradation of the transcripts prevents
experimental inconsistencies and not genuine gene expressitieir accumulation and associated function. Small RNA can
differences (Pinhasov et al., 2004). also down-regulate gene expression by transcriptional silenc-
In addition, microarrays are expensive in terms of timeng, or translational inhibition of mismatched targets (Morris
and money. A start to finish project (i.e., development of art al., 2004).
array from EST construction to confirmation of results) may
take a lab studying a non-model organism two to four years, Applications of RNAI
even when collaborating with high-throughput labs and
computational specialists (detailed Holloway et al., 2002;  Gene Function. -RNAi techniques are well suited for
Bowtell and Sambrook, 2003; Stoughton, 2005). developmental and physiological studies to determine gene
Future Directions. —A current alternative to using function, genetic pathway analysis, and to examine gene
turtle-specific microarrays is to hybridize turtle mRNA to redundancy. As such, this technique can be extended to
prefabricated microarrays from other model species such @svestigate fithess consequences associated with particular
chicken or human. Using nonspecific microarrays can progenes and gene functions, and thus to examine the genetic
vide an invaluable starting point in gene discovery. In factyariability underlying adaptive variation and adaptive po-
more than twelve genes involved in freeze tolerance anential in particular taxa. Its main strength derives from
anoxia inC. p. marginatawere identified by hybridizing being an experimental rather than a correlative approach to
turtle mRNA to human microarrays (Storey, 2005). Otheiidentifying genetic variation underlying target phenotypes
cheaper and quicker alternatives to typical microarraysith important fithess consequences. Although still incipi-
include anonymous cDNA microarrays, focused microarraysnt in its application to vertebratesvivo, this and related
and macroarrays. These arrays usually provide informatiotechniques hold promise as tools to experimentally study
of similar quality and may be viable alternatives for turtletarget gene regulation and loss-of-function screening (Cullen,
investigators (Becker et al., 2003; Wurmbach et al., 20032005). This derives from the fact that natural miRNA play a
Hegarty et al., 2005). key role in regulating vertebrate differentiation and develop-
Another alternative to using species-specific microarraysnent and thus, RNAI loss of function screening can shed
is the microbead library. Kuraku et al. (2005) used thidight on the connections and biological functions of bio-
technology for gene discovery in shell formationAn  chemical pathways (Silva et al., 2005, Wienholds and
sinesisHere, cDNAs from the carapacial ridge (the regionPlasterk, 2005). Important functions that have been targeted
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for study by this approach in vertebrates include DNAfor hosting the event. Jim Parham, Marjorie Matocq, Ryan
repair, apoptosis, cancer, and response to drugs among ma&Rgpp, and Lex Flagel provided valuable discussion. This
others (Silva et al., 2005; Dickins et al., 2005) that may havmaterial is based upon work supported by the NSF under
significant therapeutic applications. Similar experimentalgrant# DEB-0507916 for the Turtle Genetics workshop held
analysis is plausible for biological phenomena relevant tércom 7—-12 August 2005 at Harvard University. Additional
turtles, such as temperature tolerance, courtship and nestifigancial support for the workshop came from the Museum
behavior, sex determination, and aging, among others, a§ Comparative Zoology (Harvard University), Chelonian
this technique allows the experimental identification ofResearch Foundation, and Conservation International.
those genes that are necessary and sufficient for particular
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quantification. Biotechniques 39:1-11. otides linked with phophodiester bonds.

WrieHT, T.F., P.M. dHs J.R. WALTERs, LERNER A.P., SVALLOW,  pNA fingerprinting — The use of multiple markers that provide
J.G.,anp Witkson, G.S. 2004. Microsatellite variation among unique DNA profiles for individual identification.

divergent populations of stalk-eyed flies, geystodiopsis  pominant marker — A gene whose alleles are dominant, i.e., the

Genetical Research 84:27-40. _ genotype of heterozygotes is indistinguishable from that of the
Wourwmeact, E., Yuen, T.,anp Seatron, S.C. 2003. Focused microarmay  gominant homozygotes thus impeding the estimation of the het-
analysis. Methods 31: 306—316. erozygote frequency.

YanG, Z. 1996. Maximum likelihood models for combined analyses OfDupIication — Doubling of a DNA sequence such as a dinucleotide
multiple sequence data. Journal of Molecular Evolution 42:587-596. repeat within a microsatellite, or as much as an entire gene
ZANE, L., BARGELLONI, L., AND PatanELLO, T. 2002. Strategies for chromosome, or genome. ' '

microsatellite isolation: a review. Molecular Ecology 11:1-16.  gjectromorph — An allele identified by its unique mobility through
ZarooYA, R. AND MEYER, A. 1996. Phylogenetic performance of  ge) electrophoresis, due to the specific molecular weight and

mitochondrial genes in resolving relationships among vertebrates. - tormation of the allele (e.g., DNA fragment, isozyme).

Molecular Biology Evolution 13:933-942. EST —Expressedequencd ags are a short cDNA sequence from

ZARDOYA, R.AND MEYER, A. 1998. Complete mitochondrial genome o end of an expressed gene used to fish a gene out of the
suggests diapsid affinities of turtles. Proceedings of the National -yromosomal DNA by matching base pairs.

Academy of Sciences 95:14226-14231. Euchromatin — The less condensed part of the chromatin, as com-
Zencer K.R., Boripeg, M.D.B., Popg, L.C.anp Coorer D.W. 2003. pared to heterochromatin; located away from the centromeres and

Characterization and cross-species utility of microsatellite mark- :ajomeres of chromosomes.

ers withi'n I_<angaroos, yvallabies and ratkangaroos (Macropodoideg‘vo_DeVO _Arelatively new field calle@volutionary developmen-

Marsupialia). Australian Journal of Zoology 51: 587-96. tal biology which takes a comparative look at the genetics behind
ZHaNG, D.X. anp HewrrT, G.M.1996. Nuclear integrations: chal- developing organisms across all taxonomic levels.

Ienges_ for mitochondrial DNA markers. Trends in Ecology andEvqutionarin Significant Unit (ESU) or Management Unit

Evolution 11: 247-251. _ (MU) — A group which has reciprocal monophyly in a mitochon-
Zran, D.X. ano Hewrtt, G.M. 2003. Nuclear DNA analyses in - qria marker and divergent allele frequencies at a nuclear marker:

genetic studies of populations: practice, problems, and prospects.hjs designation should be assessed by genealogical concordance

Molecular Ecology 12:563-584. within and across genes within the species. This term should
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ment unit is similar but does not typically require a large phylogeOrtholog — Homologous sequences where sequence divergence

netic distance and instead only requires that the alleles frequenciesfollow speciation.

be diverging. PCR - PolymeraseChain Reaction is the exponential increase of
FISH —Fluorescenin Situ Hybridization, a technique of hybridizing DNA fragmentsn vitro using an enzyme (polymerase) that copies

a fluorescently labeled DNA probe to whole chromosomes to the DNAin between primers annealedto the flanking regions of the

determine the physical location of that marker. desired sequence.
Frame shift— A mutation that causes the reading frame of the codonBaralog —Homologous sequenc#sat have arisen by a duplication
to change; most commonly indels of 1 or 2 bases. event (i.e., hemoglobin and myoglobin). Each of the two duplicates

F.;— A genetic measure of population subdivision that describes the are then on different evolutionary trajectories and are no longer
variation in allele frequencies among different populations; typi- comparable for phylogenetic analysis.
cally an F, value of 0.25 is taken as evidence of substantiaPhylogeny —The evolutionary relationships of groups of organisms,
population differentiation. typically arranged in a branching diagram.

Gene— A segment of DNA which performs a specific function such as?hylogeography— The study of the patterns and processes respon-
coding for a protein, specifying a functional RNA molecule, or sible for the geographic distribution of genealogical lineages,
regulating other functions as in the case of DNA replication, chromo- particularly closely related species.
some segregation, or maintenance of chromosome integrity. Plasmid— A double stranded piece of DNA that is separate from the

Gene tree- Contained within a species tree, it represents a branching chromosomal DNA; typically circular, ranging from 1-400 kb,
pattern of evolution as the gene is passed on to more than oneand varying from one copy to several hundreds of copiesin the cell.
progeny per generation. Processes such as horizontal transfer, d&&mer — An RNA or DNA fragment about 20 bp long that supplies
coalescence, and gene duplication or extinction can result in the initial free end needed for DNA replication.
discordance between gene trees and species trees. Pseudogene- A previously active gene which has accumulated a

Genome- The complete genetic information contained in an organism. series of inactivating mutations.

Genotype— The particular allelic combinations found at a specific QTL analysis—QuantitativeT raitL oci analysis, a statistical way to

locus or loci of an individual (i.e., AA, Aa, aa). estimate the potential location on the genome coding for a complex
Heterozygous— An individual with two different alleles for the same  or quantitative trait (i.e., height).
gene. Restriction sites— A DNA sequence that is recognized by restriction

Homology — Sharing of characters because of their common ancestry. enzymes which then cut the DNA molecule at or near that
Homoplasy— Characters that evolved more than once (e.g., as by sequence.
convergent evolution) and were not present in the most receRNA —A copy of DNA made into a polymer of ribonucleotides linked

common ancestor of the species sharing them. by phosphodiester bonds.
Homozygous— An individual carrying two identical alleles of a given RT-PCR —ReverseT ranscriptionPolymeraseChainReaction is a
gene. technique in which an RNA strand is reverse transcribed into its

Indel — An insertion or deletion of nucleotides in a DNA segment. DNA complement, followed by amplification of the resulting
Intron — A segment of noncoding DNA that separates coding parts DNA by PCR.Real-Time PCR— A PCR method capable of

(exons) within a gene. tracking the amount of amplified DNA produced at each cycle with
Isochore — A region of genomic DNA sequence in which G+C the use of fluorescent dyes, thus allowing the quantification of the
compositions are relatively uniform. initial template (also calleQuantitative PCR or RT-PCR [QPCR

Karyotype — The total set of all chromosomes of a cell of any living or QRT-PCR]).
organism, displayed in pairs, and arranged by size, such th&aturation — Multiple nucleotide substitutions at a site that erase
chromosomal aberrations and sex can be detected. phylogenetic signal because conserved nucleotides cannot be
Locus— A delimited section chromosome housing a particular gene distinguished from nucleotide sites that have independently mu-
or other marker. tated back to the same state (creating homoplasy).
Marker — A gene, mutation, or other sequence that serves as &INE and LINE — Retrotransposons with utility as phylogenetic
indicator of a known location in the genome. markers. SINEs (Short Interspersed Nuclear Elements) are
Mendelian — Markers that are inherited under Mendel's laws of nonautonomous, while LINEs (Long Interspersed Nuclear Ele-
equal, random segregation and independent assortment duringments) are autonomous (i.e., they can support their own transpo-
gamete production; examples include autosomal dominant, auto- sition).
somal recessive, and sex—linked recessive and dominant geneSNP— Single NucleotidePolymorphism, a single nucleotide differ-
Microarray — DNA sequences spotted on a microscope slide to ence between two or more individuals at a particular locus.
which a labeled DNA pool of interest is hybridized in search forSpecies tree- A phylogenetic tree representing the branching pattern

matching sequences. among species lineages.
Microsatellite — A DNA motif (2-6 bp long) repeated many times in Transcriptome — The total set of MRNA transcripts produced in an
tandem. individual at any given time.

mtDNA — DNA of the mitochondria, typically about 16.5 kilobases Translocation — Movement of a section of DNA from its current
(kb) for the entire genome. In animals, sequence evolution occurs location in a chromosome to a different chromosome.
more quickly than in most nuclear DNA. One exception includesTransposon— Sequences of DNA that can move around to different
nuclear microsatellites. positions within the genome of a single cell and, in the process, may

Neutral processes- Genetic processes which are not governed by cause mutations and change the amountof DNAinagenome. They
selection (i.e., most commonly random genetic drift and random are also called jumping genes or mobile genetic elements.
mutation). Vector— A small DNA construct used in cloning, capable of carrying

Numt — Transferred pieces of mtDNA to nuclear chromosomal a foreign DNA fragment of interest into a host cell (sudb.@sli
regions. bacteria) and facilitating its replication in that cell.



