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Abstract

Single nucleotide polymorphisms (SNPs) have rarely been exploited in nonhuman and
nonmodel organism genetic studies. This is due partly to difficulties in finding SNPs in
species where little DNA sequence data exist, as well as to a lack of robust and inexpensive
genotyping methods. We have explored one SNP discovery method for molecular ecology,
evolution, and conservation studies to evaluate the method and its limitations for population
genetics in mammals. We made use of ‘CATS’ (or ‘EPIC’) primers to screen for novel SNPs
in mammals. Most of these primer sets were designed from primates and/or rodents, for
amplifying intron regions from conserved genes. We have screened 202 loci in 16 repres-
entatives of the major mammalian clades. Polymerase chain reaction (PCR) success correlated
with phylogenetic distance from the human and mouse sequences used to design most primers;
for example, specific PCR products from primates and the mouse amplified the most con-
sistently and the marsupial and armadillo amplifications were least successful. Approxi-
mately 24% (opossum) to 65% (chimpanzee) of primers produced usable PCR product(s) in the
mammals tested. Products produced generally high but variable levels of readable sequence
and similarity to the expected genes. In a preliminary screen of chimpanzee DNA, 12 SNPs
were identified from six (of 11) sequenced regions, yielding a SNP on average every 400 base
pairs (bp). Given the progress in genome sequencing, and the large numbers of CATS-like
primers published to date, this approach may yield sufficient SNPs per species for popu-
lation and conservation genetic studies in nonmodel mammals and other organisms.
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Introduction

 

Technologies and genetic markers for molecular ecology
and evolutionary and conservation biology in the last decade
have included DNA fingerprinting, mitochondrial DNA
sequencing or restriction fragment length polymorphism
(RFLP) analysis, nuclear gene sequencing and genotyping
of various types of nuclear loci, such as microsatellites and
amplified fragment length polymorphisms (AFLPs). Although
each of these approaches is adequate and appropriate for

certain types of questions, all suffer from some technical
(cost, efficiency, accuracy, transferability, repeatability, etc.)
and analytical (accuracy of analytical models, variability
in mutation rates and patterns, difference in modes of
inheritance) issues (e.g. Rosenbaum & Deinard 1998;
Schlötterer & Pemberton 1998; Luikart & England 1999).
In particular, the two most widely used marker types,
mitochondrial DNA and microsatellites, suffer from technical
and analytical issues that limit their application. Analytical
issues include the limitations of a single locus and its
inheritance patterns (mtDNA, Hare 2001; Harpending 

 

et al

 

.
1998), high and variable mutation rates that are difficult to
model for appropriate analysis (microsatellites, Excoffier &
Yang 1999; Balloux & Lugon-Moulin 2002), limitations due
to sample size (Rao 2001) and technical issues such as
nuclear inserts of mitochondrial DNA (Numts, Bensasson

 

et al

 

. 2001) and microsatellite stutter bands, null alleles and
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allelic dropout (Navidi 

 

et al

 

. 1992; Callen 

 

et al

 

. 1993;
Taberlet 

 

et al

 

. 1996; Gagneux 

 

et al

 

. 1997; Morin 

 

et al

 

. 2001).
An ideal genetic marker for population and evolutionary

studies would possess at least three properties. First, the
markers should be abundant and distributed widely across
the genome to avoid biases associated with single locus
analysis (or use of few loci). Second, well-understood and
well-characterized models of evolution should apply to
facilitate analysis and interpretation. Finally, technical
applications must allow data acquisition from many loci
scored in large population samples, and the data must be
comparable across laboratories using different genotype
scoring methods or technologies (Sunnucks 2000).

One promising new type of marker, single nucleotide
polymorphisms (SNPs), has many of the characteristics of
an ideal marker (Vignal 

 

et al

 

. 2002; Brumfield 

 

et al

 

. 2003;
Morin 

 

et al

 

. 2004). A SNP is a change in the nucleotide com-
position of a DNA sequence at a single site, and these
changes are found typically every 300–1000 base pairs (bp)
in most genomes (Brouillette 

 

et al

 

. 2000; Sachidanandam

 

et al

 

. 2001; Shubitowski 

 

et al

 

. 2001). Recently, the rate and
patterns of mutation in several genomes have been charac-
terized extensively (Nachman & Crowell 2000; Ebersberger

 

et al

 

. 2002; Silva & Kondrashov 2002); the single nucleotide
mutation rates seem to be relatively low (

 

∼

 

10

 

−

 

8

 

), similar
across sites and in agreement with an infinite sites model.

Although SNPs are common they are typically biallelic,
so individual locus information content is low. In popula-
tion analyses, this must be compensated for by the use of
many more SNPs (relative to microsatellites) to obtain
statistical power. For parentage analysis and individual
identification, the number of SNP loci needed to match
the power of 10–15 microsatellites has been estimated at
about 30–50, depending on the frequencies of the alleles
(Chakraborty 

 

et al

 

. 1999; Krawczak 1999; Fries & Durstewitz
2001; Glaubitz 

 

et al

 

. 2003). It is likely that this number also
will be adequate for population analysis, although larger
numbers of SNPs will become feasible and probably desir-
able (Edwards & Beerli 2000; Pluzhnikov & Donnelly 1996;
Luikart & England 1999; Kuhner 

 

et al

 

. 2000; Nielsen 2000;
Wakeley 

 

et al

 

. 2001).
Despite some obvious advantages of SNPs and their

increasing use in human and model organism studies, they
have not been employed frequently to date in studies of
nonmodel organisms. This is primarily because of technical
limitations to finding SNPs in relatively unknown genomes,
and producing genotypes efficiently and cost-effectively.

In the last few years, these technological hurdles have
been largely overcome. SNP discovery in the absence of
databases of comparative sequences for an organism of
interest can still take place by sequencing random DNA
fragments (Karl & Avise 1993; McLenachan 

 

et al

 

. 2000;
Bensch 

 

et al

 

. 2002; Primmer 

 

et al

 

. 2002; Nicod & Largiader
2003) or by using a targeted gene approach, with primers

designed from conserved regions of aligned genes of at
least two species (e.g. mouse and human) to amplify a less
conserved region (e.g. an intron or 3

 

′

 

 UTR). This latter type
of primers has been termed ‘comparative anchor tagged
sequences’ (‘CATS’, Lyons 

 

et al

 

. 1997) or ‘exon priming intron
crossing’ (‘EPIC’, Palumbi & Baker 1994). The advantages
of this approach include wide, current availability of primers
(Palumbi & Baker 1994; Venta 

 

et al

 

. 1996; Friesen 

 

et al

 

. 1997;
Lyons 

 

et al

 

. 1997; Strand 

 

et al

 

. 1997; Bagley & Gall 1998;
Friesen 

 

et al

 

. 1999; Brouillette 

 

et al

 

. 2000; Shubitowski 

 

et al

 

.
2001; Primmer 

 

et al

 

. 2002), knowledge of the gene ortho-
log in which the SNPs are found, which could be useful
for detecting selection on ecologically important genes
(Crandall 

 

et al

 

. 2000; Reed & Frankham 2001; McKay &
Latta 2002; van Tienderen 

 

et al

 

. 2002) and potentially broad
application over a group of species with less per-sequence
initial effort to find SNP loci than might be required using
a random sequence approach (for review, see Morin 

 

et al

 

.
2004). The use of intron sequences as a source of variation
has been exploited extensively to date. Levels of variation
appear adequate for use in both phylogenetic (e.g. DeBry &
Seshadri 2001) and population genetic (e.g. Lessa 1992;
Bierne 

 

et al

 

. 2000) studies. Some limitations of this approach
include the potential for amplifying paralogous genes
from gene families or repetitive loci, which can result in
incorrect inference of genotypes, and biased inference of
historical events as a result of the effects of selection acting
on the associated genes. Because of the relatively large
number of SNP loci used for population history inference,
this is unlikely to bias the overall analysis significantly, and
has the advantage of allowing identification of genes
involved in diversifying selection (Purugganan & Gibson
2003; van Tienderen 

 

et al

 

. 2002). It is also worth noting that
markers obtained randomly from the genome are not
necessarily free from the effects of selection, but their
anonymity precludes a priori inference of selection based
on knowledge of linked gene functions.

Whichever sequence generation method is employed,
SNP detection requires multiple sample sequences to be
generated from each locus. Heterozygote sequencing has
been demonstrated to be an effective method for detecting
SNPs (Brouillette 

 

et al

 

. 2000; Shubitowski 

 

et al

 

. 2001), espe-
cially with the use of specialized software (e.g. 

 

polyphred

 

,
Nickerson 

 

et al

 

. 1997) to assist in SNP detection, either
directly from all amplified samples, or on a subset of sam-
ples subsequent to high throughput (but potentially less
accurate) methods of mutation screening (Oleykowski

 

et al

 

. 1998; Wolford 

 

et al

 

. 2000; Brumfield 

 

et al

 

. 2003).
This study was undertaken to determine the feasibility

of using the targeted gene approach to find SNPs in any
mammal species. We have used 202 previously published
CATS loci to screen 16 species from the major mammalian
lineages. Subsets of amplified loci were chosen for each
species for DNA sequencing, and sequences were scored
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for quality and sequence similarity to the gene from which
the primers were designed. Sequences were generated
from multiple individuals of one species, the chimpanzee,
as well as from a set of pooled samples from that species.
Sequences were analysed in both directions to assess the
relative ability to detect SNPs from one- vs. two-directional
sequencing. A subset of high-confidence SNPs was chosen
for assay design, and the assays were validated by geno-
typing the previously sequenced and additional individuals.

There are a number of established methods, varying in
efficiency and cost, for SNP genotyping. Some methods
appropriate for molecular ecology studies are compared
in Morin 

 

et al

 

. (2004); see Syvänen (2001) for a thorough
review of SNP genotyping methods.

 

Materials and methods

 

Sixteen mammalian species were selected to represent
most major mammalian clades (Murphy 

 

et al

 

. 2001): sheep
(

 

Ovis aries

 

), cow (

 

Bos taurus

 

), pig (

 

Sus scrofa

 

), dhole (

 

Cuon
alpinus

 

), mole (

 

Asioscalops altaica

 

), mouse (

 

Mus musculus

 

),
hamster (

 

Mesocricetus grise

 

), rabbit (O

 

rycytolagus cuni

 

),
chimpanzee (

 

Pan troglodytes verus

 

), cat (

 

Felis catus

 

), baboon
(

 

Papio hamadryas

 

), bat (

 

Plecotus auritus

 

) marmoset (

 

Saguinus
oedipus

 

), armadillo (

 

Chaetophractus villosus

 

), elephant (

 

Loxo-
donta africana

 

) and opossum (

 

Didelphis virginiana

 

). A single
sample of each species was used for CATS locus screening.
Samples sources are given in Smith 

 

et al

 

. (2002).
The 202 CATS primers used in this study were selected

from previously published research (see supplementary
material), and designed typically from alignments of two
mammalian species (most often human and mouse) to
amplify from exons across an intervening intron.

Initial polymerase chain reaction (PCR) conditions were
the same for all primers. Reactions were carried out in the
presence of 1 

 

×

 

 Roche PCR buffer [10 m

 

m

 

 Tris-HCl; 50 m

 

m

 

KCl (pH 8.3, 20 

 

°

 

C)], 200 

 

µ

 

m

 

 each dNTP, 0.2 

 

µ

 

m

 

 of each
primer, 0.5 U Roche 

 

Taq

 

 polymerase, in a final volume of
15 

 

µ

 

L. Both 1.5 and 2.5 m

 

m

 

 MgCl

 

2

 

 concentrations were used
for all loci. The temperature profile was an initial denatura-
tion at 94 

 

°

 

C for 2 min, followed by 94 

 

°

 

C for 60 s, 64 

 

°

 

C to
48 

 

°

 

C for 30 s, decreasing at 1 

 

°

 

C per cycle in a touchdown-
style profile, 72 

 

°

 

C for 30 s, then 20 additional cycles with
the annealing temperature fixed at 48 

 

°

 

C, followed by a
final extension of 72 

 

°

 

C for 4 min. PCR products were visu-
alized on a 1.5%:1% (w/v) NuSeive (TekNova):Agarose
(Serva) gel stained with ethidium bromide. Loci were
classified (0–3) according to whether they produced (0) no
product; (1) a single band; (2) two bands; or (3) three or
more bands. Loci producing a single band or a double band
that could be optimized potentially to one band were con-
sidered ‘usable’ for direct sequencing.

For each species, at least 10 loci with product scores of
one were randomly chosen and re-amplified for sequencing.

Our goal was to obtain approximately 10 high-quality
sequences, so for most species we continued to amplify
loci until we obtained products suitable for sequencing
approximately 10. Re-amplifications followed the above
conditions and used the MgCl

 

2

 

 concentration deemed
optimal from the initial PCRs. PCRs were carried out in
triplicate and products pooled prior to purification for
sequencing. This was employed to minimize the chance of
complete reaction failure and also to exclude nonspecific
amplification occurring in a single reaction. Amplicons were
purified using the High Pure PCR Purification Kit (Roche,
Mannheim).

Sequencing was carried out using the ABI big-dye ter-
minator cycle sequencing kit 2.0, and electrophoresed on
an ABI 3700 automated sequencer (Applied Biosystems).
Sequences were visualized using Bioedit (V. 5.0.6; Hall 1999).
In order to assess homology with the target gene, sequences
were compared to public database sequences using 

 

blast

 

(Altschul 

 

et al

 

. 1990) (http://www.ncbi.nlm.nih.gov/

 

blast

 

/).
For SNP discovery in one species (chimpanzee, 

 

Pan trog-
lodytes

 

), samples were obtained from 19 captive individuals
from the Primate Foundation of Arizona and DNA from all
19 individuals was pooled at equimolar concentrations.
PCR amplification of the same 11 loci sequenced initially
for the chimpanzee was performed on the pooled DNA
and also on DNA from six unrelated individuals (which
also contributed to the pooled sample). These were carried
out in triplicate under the same reaction conditions as above.
For SNP detection, sequences were aligned and analysed
using 

 

phrap

 

 and 

 

phred

 

, and visualized using 

 

consed

 

(Gordon 

 

et al

 

. 1998). Forward and reverse sequences were
analysed separately so that independent identification of
potential SNPs in both directions could be assessed. Poten-
tial SNPs were identified as either nucleotide differences
between aligned individuals at the same site or the occur-
rence of double peaks at a site in at least one individual or
in the pool sample. Heterozygous SNPs were confirmed by
identification of the polymorphic site in both sequence
directions, or by conservative analysis of the sequence
in only one direction if the other direction was not avail-
able. If the latter, we required that the available sequence
displayed the SNP clearly and convincingly in order to
minimize the chance of false SNP identification from a
sequencing artifact.

The ABI PRISM® SNaPshot™ Multiplex System (Applied
Biosystems) was used to genotype each SNP. PCRs and
product purification were carried out according to the kit
instructions, using new primers flanking the potential SNP
and producing a fragment of approximately 100 bp. A
third primer was designed abutting the 5

 

′

 

 end of the SNP.
Using the kit, a primer extension reaction was carried out
extending this third primer by the one (variable) nucle-
otide of the SNP using fluorophore-labelled ddNTPs (fam,
tet, rox, tamra). The fragments were electrophoresed on an
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Applied BioSystems 310 Sequencer, producing one or two
peaks varying in fluorescence depending on the incor-
porated fluorescent colour of the ddNTP at the SNP site.

 

Results

 

Amplifications

 

CATS primer pairs varied greatly in their ability to amplify
products from multiple species. More than 50% of the
primer pairs amplified putative homologues in at least half
of the species screened. Six primer pairs produced ‘usable’
products in all mammals (defined as products receiving
a score of 1 or 2 by the above scheme) and six pairs failed
to produce amplification products in any species. Over all
primer pairs, the median number of species yielding ‘usable’
amplifications per locus was eight. The distribution of
amplification success (Fig. 1) can be seen to approximate
normal with the bulk of the primers effective on an
intermediate number of species.

Amplification success varied greatly across the species
tested. In any one species, an average of 52% of the primer
pairs can be expected to produce ‘usable’ product. Primers
were most successful in the primates (65% in the chimpanzee
and marmoset) and the mouse (62%) and success decreased
with increasing phylogenetic distance from these species
(25% in the opossum) (Fig. 2A).

To determine the ‘best’ 96 loci (convenient for easy
handling in the lab), we ranked the loci by number of species
each primer pair successfully amplified, where the number
of species with score = 1 

 

≥

 

 5; score = 1 + 2 

 

≥

 

 6; score = 3 

 

≤

 

 5
(see supplemental material). Repeating the analysis using
only these ‘best’ 96 loci resulted in a marked increase in the
success rate of primers for each species (Fig. 2B); the average
success of primers was 71% [range 30% (opossum)

 

−

 

89%
(baboon)], with success decreasing with phylogenetic

distance from human and mouse and consistent success
with approximately half the species followed by a rapid
drop-off.

 

Sequencing

 

All opossum amplicons were faint and deemed unse-
quencable because of the presence of secondary (or more)
product(s) that would result in poor sequence. Therefore,
subsequent analysis involves only the remaining 15 species.

From the randomly selected subset of primers that pro-
duced one band, an average of 17.3 (range 11–23) loci was
required to produce adequate product for sequencing 8–13
loci per species. The more distantly related species required
amplification of a larger number of loci to obtain roughly
10 bands (amplification products) that were adequate to
proceed with sequencing. The average success was 61%
with a range of 35% (bat) to 100% (chimpanzee) (Fig. 3). We
did not sequence products, or obtained poor or no sequence,
when the products were faint or missing from the agarose
gels.

Fig. 1 Distribution of the total number of species amplified for
each locus, summarized by number of loci amplifying any given
number of species (0–16).

Fig. 2 Number of loci successfully amplified for each species,
using (A) the complete set of 202 primer pairs and (B) the subset
of the 96 ‘best’ loci (those that produced PCR products from the
most species). ‘Usable’ loci are defined as those yielding one or
two PCR products that could potentially be used directly
for sequencing, or optimized to yield products that could be
sequenced.
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The confirmation of target gene amplification was high,
ranging from 67% (cow) to 100% (chimp, baboon, marmo-
set, pig) (mean = 88%) of sequenced products determined
to be the target gene based on the closest 

 

blast

 

 match
(Fig. 3). This is likely to be an underestimation of actual
matches, because there were a number of sequences that
aligned with unlabelled GenBank submissions.

 

SNP detection

 

A larger number of individual sequences is required for
SNP identification, as most SNPs occur at less than 50%
frequency (although > 50% of SNPs have minor allele
frequencies of at least 0.2; Marth 

 

et al

 

. 2001). In order to
evaluate this approach to SNP detection we limited our study
to a single species, the chimpanzee, for which a large number
of samples were available to us.

Twenty-six potential SNPs were identified from the
sequence alignments of six of the 11 loci (no SNPs were
detected in five of the loci). Potential SNPs could be clas-
sified into one of three categories: (i) The SNP was visible
in both directions: eight (only two of which were inde-
pendently identified in both directions; the remaining were
identified in one direction, and confirmed upon close
inspection of the opposite direction sequence); (ii) the SNP
appeared in only one direction, in high quality sequence,
and the reverse sequence was not available (e.g. when the
forward and reverse sequences from long fragments did
not overlap): four; and (iii) the SNP was visible in only one
direction but either (a) the reverse direction contradicted it,
(b) the reverse direction did not produce scorable or clean
sequence or (c) the reverse direction was not available and
sequence quality was not high: 14. In summary, 12 SNPs

across six loci fell into categories 1 or 2, and 14 other possi-
ble SNPS were not verified by further sequencing or locus
optimization. Of the 12 SNPs identified positively, seven
were transitions and five were transversions.

 

Assay development and SNP validation

 

We developed SNaPshot assays for 19 SNP loci in order to
confirm the presence of SNPs and assess the genotyping
method. Five were developed from the set of 12 SNPs
identified here, selected to represent independent loci (one
SNP per locus) from which there was sufficient high-quality
sequence for primer design (loci: TF1, MPO, FES, PFKM,
IFNB1); a further four were designed from SNPs identified
from chimpanzee sequences identified previously from
CATS loci in our laboratory (FOS, IGH, CAT, MYH6) and
10 were designed from published sequence polymorphisms
in chimpanzees (ApoB140, ApoB476, PSUY397, PSUY, Y85,
sY19a, sY19b, SMCY, sY67, sY123, Deinard 1997; Stone 

 

et al

 

.
2002). All assays were optimized and tested on a subset
of chimpanzees, including several previously genotyped
(sequenced) individuals (Smith 

 

et al

 

. 2004). Two assays
failed to amplify consistently or produce interpretable
genotypes, and were dropped from further analysis (FES,
PFKM). The remaining 17 assays were genotyped on a
population of chimpanzees, and genotypes of the pre-
viously sequenced individuals were used to confirm the SNP
genotype-calling method when possible. One assay (IFNB1)
produced a spurious genotype product that precluded
genotyping, and one assay (MPO) appeared to be mono-
morphic; this was determined to be an assay artefact rather
than a sequencing artefact. Two loci (Y85, PSUY) failed for
some individuals, presumably because of poor PCR. These
are technical problems for assay development that can
probably be overcome by redesign of the PCR primers, use
of the opposite strand for the single-base extension primer
and/or further reaction optimization. In the end, 14 of 19
assays appeared to genotype true polymorphic SNPs and
provided a clean genotype for unknown and, when available,
known (previously sequenced) individuals (Smith 

 

et al

 

.
2004.). One locus (sY67) was monomorphic in our sample
set, but has been shown to be polymorphic previously in a
different sample set (Stone 

 

et al. 2002). GenBank Accession
nos for the sequences generated in this study are: AF245195,
AY528405, AY528406, AY528407, AF245196, AY528408,
AY528409, AF244809, AF440146, AF440120, AF440119,
AF440162, AF244810, AF440132 and AF440150.

Discussion

The approach we have described makes use of currently
available conserved primers that amplify mammalian genes.
Aside from the practical reasons of providing readily
available primers for SNP discovery in a variety of species,

Fig. 3 Sequencing success for attempted sequencing of randomly
selected PCR products for each species. Sequences were compared
to the public databases (GenBank) using a blast search to
determine if they matched closely the gene sequences originally
used to design the CATS primers.
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the use of CATS loci allows identification of SNPs in genes
of known function (and known genomic location in some
species), so that some genomic information is associated
with the loci even without prior genomic characterization
of the target species.

Because ascertainment bias of SNPs can significantly
affect the inference of historical demographic parameters
(Wakeley et al. 2001), SNP discovery requires that SNPs be
selected independent of frequency in a sample population
representative of the study population. Low information
content of some of these SNPs may require that additional
SNPs be included in the study to obtain sufficient statistical
power. Given that some ascertainment bias may still exist,
a consistent set of rules for ascertainment and detailed
records of the methods will facilitate analytical bias correc-
tion (Wakeley et al. 2001; Brumfield et al. 2003; Morin et al.
2004). In this study we have demonstrated that one may
expect to amplify approximately 52% of the CATS loci
employed here in mammalian species [range 24.26 (opos-
sum) to 65.35 (chimpanzee and marmoset)] by our ‘usable’
criteria, or 61% (range 30.69 (opossum) to 73.76 (mouse)] for
any amplification at all (i.e. scores of 1, 2 or 3). Sequencing
and SNP discovery can be expected to yield on average one
SNP per 400 bp if the variability is similar to chimpanzee or
other previously screened mammalian species (Brouillette
et al. 2000; Sachidanandam et al. 2001; Shubitowski et al.
2001). A subset of ‘best’ loci is expected to produce an aver-
age of 71% amplification success in placental mammals.
Information on primer sequences and sources and ampli-
fication scores in the 16 species is provided in supplementary
appendices.

If the target number of independently segregating SNPs
is, for example, 50, then we would expect to be able to reach
this number by screening between 140 (for chimpanzee;
Fig. 4) and 755 loci (for bat) randomly from the whole set
(assuming a set with the same characteristics and enough
loci was available), or 109 (for chimpanzee) and 535 loci
(for bat) from a set of loci with the characteristics of our
‘best’ loci set. For an ‘average’ mammal, with an overall

ascertainment rate of 16.4%, we would expect to need to
screen 306 loci (Fig. 4). We have selected only 202 loci from
a more extensive and constantly growing sets of published
loci, but further identification of CATS-like primers is
clearly needed to increase the number of available loci.
Additionally, design of primers to conserved regions of
additional mammalian or other vertebrate species, and
also to other types of genome regions (such as 3′ UTRs),
might improve relative success rates for amplification and
subsequent SNP discovery. Focused development of loci
using the same principles from publicly available sequences
of organisms related more closely to the target organisms
might also increase the per locus success rate.

One of the hurdles to developing SNPs de novo for
nonmodel organisms has been the perception that SNP
discovery, assay development and genotyping would be
considerably more expensive than for microsatellites. Table 1

Fig. 4 Percentage of loci that produced usable PCR products and
high quality sequences identified as the target gene are shown for
chimpanzees and the average for the 15 placental mammals. The
percentage of SNPs per locus and independent SNPs per locus
sequenced (counting only one SNP in a locus) for chimpanzees
were used to infer the SNP ascertainment rates for other placental
animals, for which no data were available.

Table 1 Estimates of time and current materials costs for development of (A) SNP loci and (B) microsatellite loci for population studies.
SNP development is based on work performed in our laboratory, using the methods described in this study, assuming that about 150 CATS
locus primer sets will yield approximately 80 independent SNPs (e.g. from chimpanzees). The labour and materials cost estimates are based
on commercial development of an enriched genomic library (Genetic Identification Services; http://www.genetic-id-services.com), and
conservative estimates of subsequent screening of clones, sequencing, assay design and assay optimization in the researcher’s laboratory
 

 

(A) SNP detection, assay design, optimization (B) Microsatellite detection, assay design, optimization 

Process description Time (h) Material exp. Process description Time (h) Material exp.

Screen 150 nuclear loci 86 $7200 Sequence 50 clones 8 $10 300
SNP detection, assay design, 473 $8800 Assay design and 148 $2780

optimization (for 80 loci) optimization (30 loci)
Total (months) 559 (3.5) $16 000 Total (months) 156 (1) $13 080
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summarizes our estimated costs for these processes. There
are trade-offs, such as the probable need to develop new
SNPs for each species, whereas many microsatellites can
be transferred among closely related species (Morin et al.
1998). With the targeted locus approach described here,
however, the initial investment in primers can be spread
over many species, so the relative cost of developing markers
for several species, with equivalent statistical power (i.e.
50–80 SNPs vs. 10–15 microsatellites) may be substantially
lower. The development of high-throughput genotyping
methods with highly multiplexed PCR and/or genotyping
assays will also result in lower costs per multilocus geno-
type, with potential savings in both disposables and labour
(Chen et al. 2000; Syvänen 2001; Taylor et al. 2001).

In conclusion, we believe that there are many good
reasons to employ SNPs for evolutionary, population and
conservation studies (Vignal et al. 2002; Brumfield et al.
2003; Morin et al. 2004) and have demonstrated that, for
most mammals, the targeted locus approach might pro-
vide an efficient and cost-effective method of discovering
SNPs. For other species, this approach may become feasible
as more genomic information becomes available, or random
DNA fragment ascertainment approaches can be employed.
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