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Abstract

There is growing interest in the use of single nucleotide polymorphisms for evolutionary
and population genetics. We tested the efficacy of one of the available single nucleotide
polymorphism techniques, single-base extension, in distinguishing four cryptic species of
Microtus. Sequence data were available for these species at nuclear and mitochondrial loci
and their identity could be independently confirmed using karyotypes. We found that the
development and optimization of single nucleotide polymorphisms required extensive
effort, and that the method accurately identified the correct nucleotide at single nucleotide
polymorphism sites ≈≈≈≈ 90% of the time at the conserved nuclear locus. Correct identification
rates were much lower at the highly variable mitochondrial locus.
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Introduction

Single-nucleotide polymorphisms (SNPs) have enormous
potential for studies of evolutionary and population
genetics, including, for example, the characterization of
recombination rates, population origins, and gene flow.
Recent analyses of the human genome estimate that it
contains between 1.42 and 2.3 million SNPs scattered
across 3 billion base pairs suggesting that the overall
frequency of SNPs is 0.0005–0.0008 (The International SNP,
Working Group 2001; Lee 2002). This suggests that large
numbers of SNPs are available for use as neutral or nearly
neutral genotyping markers. Nonhuman genomes are
poorly characterized, but preliminary surveys suggest that
SNP frequencies may be an order of magnitude higher
in mice and passerine birds (Lindblad-Toh et al. 2000;
Primmer et al. 2002). This observed 10-fold difference
between humans and nonhumans most likely reflects the
genomic regions that were surveyed in mice and birds, that
is, regions known to show genetic variation by other

means. Whatever their absolute numbers, it is apparent
that more than a million SNPs occur in vertebrate genomes
and that they are potentially powerful markers for evo-
lutionary and population geneticists.

Spurred by the increase in high-throughput genotyping
techniques and the drive to map complex diseases, many
laboratories are in pursuit of reliable, relatively simple
approaches to analysing SNPs. However, only a few
investigators have exploited SNPs in studies of nonmodel
organisms (e.g. Bensch et al. 2002; Primmer et al. 2002).
One major reason for the paucity of SNP studies is the lack
of candidate sequence data available for most species.
In addition, the accuracy of novel SNP assay techniques
must be confirmed by independent methods, and this is
often difficult to achieve in studies of wild populations.

There are four primary approaches to SNP genotyping:
allele-specific hybridization, allele-specific nucleotide
incorporation, allele-specific oligonucleotide ligation, and
allele-specific invasive cleavage (Kwok 2001). Of these
four, the allele-specific nucleotide incorporation approach
is: (i) conceptually simple and uses equipment common to
many genetics laboratories, (ii) relatively economical, and
(iii) potentially robust in the laboratory. Thus, it is an
approach likely to bring SNP genotyping to evolutionary
and population genetics.
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Here we present one of the first studies to use SNP dia-
gnostic methods in an ecological context, the identification
of morphologically cryptic species. Cryptic species are
usually defined as morphologically indistinct lineages
separated by species-level genetic differences. Their
evolution is poorly understood (Schneider & Moritz 1999;
Martin & Bermingham 2000), but they are occasionally
identified during broad geographical surveys of genetic
variation within a purported species (e.g. Ryan & Bloomer
1999; Martin & Bermingham 2000; Witt & Hebert 2000;
Kreiser 2001). Our SNP assays were developed and tested
in four Eurasian vole species, Microtus agrestis, M. arvalis,
M. oeconomus and M. rossiaemeridionalis, whose ranges
overlap and which exhibit morphological crypsis to vary-
ing degrees (Wilson & Reeder 1993; Baker et al. 1996a). Of
these four species, M. arvalis and M. rossiaemeridionalis are
morphologically indistinguishable. Adult M. agrestis and
M. oeconomus can be distinguished from each of the other
species, but juveniles are easily confused with one another
or with M. arvalis/M. rossiaemeridionalis. To date, there is no
evidence of hybridization among these four Microtus
species. Despite their similar morphologies, each species
has a distinct karyotype (Baker et al. 1996a; Baker
unpublished data) and is readily identified by nuclear
(DeWoody 1999) or mitochondrial DNA (mtDNA)
sequences (DeWoody et al. 1999). Our confidence that
these species are genetically distinct, combined with the
available diagnostic sequence data, made this group an
ideal test of SNP assays. Potentially, SNPs could provide a
viable alternative to existing molecular methods of species
diagnosis (e.g. Nekrutenko et al. 2000; Meksem et al. 2001;
Greig et al. 2002).

We sought to develop both nuclear and cytoplasmic
SNP markers that could be used to differentiate among
these morphologically similar species. We used previously
published sequence data from each species to develop
diagnostic SNP tests, and we confirmed our assays by inde-
pendent means (i.e. DNA sequencing and karyotyping).

Materials and methods

Sampling

Thirty-eight voles were sampled near Chernobyl, Ukraine
(see Baker et al. 1996a; RJ Baker unpublished data). Each
individual vole in our study was karyotyped using
established methods (Baker et al. 1996a; RJ Baker
unpublished data). Tissue or DNA from these karyotyped
individuals was sent to Purdue University for the SNP
assays. Twenty-seven of the individuals were blind-coded,
and 11 samples (controls) were labelled to species according
to the karyotype data. Genomic DNA was extracted from
tissue samples using standard techniques (Sambrook &
Russell 2001).

Locus and SNP selection

DNA sequence variation at mitochondrial and nuclear loci
has been studied in these species as part of a larger project
to understand and characterize the effects of ionizing
radiation exposure on wildlife (Baker et al. 1996b; DeWoody
1999) and studies investigating the systematics and
molecular evolution of these species (e.g. DeWoody et al.
1999; Conroy & Cook 2000). We used the mitochondrial
cytochrome b and nuclear p53 sequences from those
studies, and from others obtained via GenBank (Accession
nos: AF01418–47, AF119271, AF159402–3, AF163902,
U54472–95; Conroy & Cook 1999; Martin et al. 2000) to
develop SNP assays.

A schematic diagram of the single-base extension (SBE)
method for SNP detection is shown in Fig. 1 (Syvanen 1999).
Briefly, a primer is designed such that its 3′ nucleotide is
one nucleotide 5′ of a target SNP. During the SBE reaction,
only fluorescent-labelled dideoxynucleotides are available
to extend the 3′-end of a primer in a primer–template
molecule. Thus, primer extension proceeds for only a
single nucleotide before polymerization is halted, and the
resulting fragment is fluorescent-labelled for detection
on an automated DNA sequencer. In order to multiplex
the SBE reaction, primers must have common annealing
requirements and differ in length by at least 3–4 bp to
avoid overlapping peaks on the chromatogram. To achieve
this size disparity, different-length strings of nonannealing
bases are added to the 5′-end of the primers; we found
the simplest approach of adding poly(A)s was effective
(Lindblad-Toh et al. 2000; JJ Agresti, pers. commun.). The
SBE occurs in a reaction mixture with purified polymerase
chain reaction (PCR) product containing the target SNP
region (i.e. the SBE template).

We aligned all available sequences for each species using
sequencher (GeneCodes) and located interspecific poly-
morphisms. We selected among all ‘interspecies candidate
SNPs’ (Primmer et al. 2002) by identifying only SNPs that
did not co-occur with intraspecific polymorphisms, and

Fig. 1 The single base extension approach. The SBE primer
anneals adjacent to the target SNP. Labelled ddNTPs in the
reaction mix extend a single base, thus terminating the reaction
and labelling the product, which is the size of the primer (in this
example, 27 bp) plus one nucleotide.
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those that were flanked by stretches of inter- and intra-
specific monomorphic sequence of sufficient length for
a primer. Most within-species SNPs are assumed to be
biallelic (e.g. Kruglyak 1997; Wang et al. 1998; Glaubitz
et al. 2003); consequently, closely related species rarely
have more than two alleles at interspecific SNP loci (a
pattern that was evident when comparing the four Microtus
species here).

In order to diagnose an unknown DNA sample to
species, SNP genotypes were assessed at multiple sites.
SBE combinations were selected to minimize the number
of template and SBE amplifications for a full diagnosis. SBE
templates were amplified using primers for mammalian
cytochrome b (Irwin et al. 1991) and p53 (DeWoody 1999)
that produced the smallest product containing the target
SNPs.

SNP detection

We amplified two portions of the cytochrome b gene using
primers L14724 and H15149 to amplify the first 557 bp
(cytb2), and L15775 and H15915 to amplify the last 153 bp
(cytb1) (Irwin et al. 1991). For cytb1, genomic DNA was
mixed with 0.2 mm dNTP, 1.5 mm MgCl2, 2.0 U Taq
DNA polymerase (Promega), 0.35 µm each primer and
1× Promega buffer. For cytb2, primer concentrations
were increased to 0.5 µm and the MgCl2 concentration
was increased to 2.0 mm. Both cytochrome b loci were
amplified individually in a total reaction volume of 25 µL
with the following thermal profile: 94 °C for 5 min, 35
cycles of 94 °C for 30 s, 40 °C for 1 min, 72 °C for 1 min,
then 72 °C for 5 min.

We amplified a 479-bp region of the p53 gene with
p53C and p53H (DeWoody 1999), within which several
combinations of three SNP loci would potentially differen-
tiate species. The template amplification included 1.5 mm
MgCl2, 0.2 mm dNTP, 2.0 U Taq DNA polymerase
(Promega), 1× Promega buffer, 0.25 µm each primer and
genomic DNA in a total reaction volume of 25 µL. Thermal
conditions were 94 °C for 5 min, 35 cycles of 94 °C for 30 s,
55 °C for 30 s, 72 °C for 1 min, then 72 °C for 2 min. All PCR
amplifications were conducted in MJ Research thermal
cyclers.

PCR products (i.e. SBE templates) were purified with
QIAquick PCR Purification Kits (Qiagen). SBE template
DNA was gel quantified and diluted. Although the SBE
reaction does not require a kit (Lindblad-Toh et al. 2000),
we used the ABI PRISM® SNaPshot™ kit (Applied Biosys-
tems). We followed the manufacturer’s recommendations
for relative concentrations, including 0.2 µm primer,
2.5 µL SNaPshot Multiplex Ready Reaction Mix and
0.02–0.05 pmol SBE template in a final volume of 5 µL. The
thermal profile consisted of 25 rapid-ramping cycles of
96 °C for 10 s, 58 °C for 5 s and 60 °C for 30 s. Post-extension

products were dephosphorylated and then mixed 1:2 with
formamide loading dye before loading 0.75 µL in 4.75%
polyacrylamide gels (Long Ranger™, BMA) and running
for 45′ on an ABI 377.

We used 11 control DNA samples from known species
to optimize amplification and running conditions to
minimize nonspecific amplification and noise in the electro-
pherogram. Once reaction conditions were optimized,
we genotyped the unknown samples at both the nuclear
and mitochondrial genes. These data were then tabulated
and each individual was identified to species based
only on the SNP data. The species identifications based
on the SNP data were then compared with those from
the karyotypes in order to evaluate the efficacy of the
SNP assays.

Post-hoc sequence confirmation

We sequenced the SBE template of some individuals that
were either unscorable at either locus or were incorrectly
assigned to a species different from that assigned by their
karyotype. Sequencing was carried out in both directions
(p53C and p53H, H15149 and L14724, H15915 and L15775).
For difficult p53 samples, we reamplified the template
using p53C plus p53D primers (DeWoody 1999) in order to
sequence from the p53D direction. Sequencing products
were precipitated using a standard sodium acetate/
ethanol protocol, resuspended in water, and visualized via
an ABI 3700.

Results

The average pairwise difference among these four
species at the mitochondrial cytochrome b gene is ≈ 11%
(Microtus agrestis n = 2, M. arvalis n = 16, M. oeconomus
n = 1, M. rossiaemeridionalis n = 9). Within the 1143 bp of
this gene, there were few invariant locations of sufficient
length for SBE primer design. Nevertheless, our first
combination of two SBE primers (cytb1 target base 1089:
5′-GCCTACTTCGCTATCATCGT-3′; cytb2 target base 204:
5′-AAAGCATTCTCATCAGTAGCCCA-3′) worked well
in singleplex reactions. Multiple adjustments in template
concentration, primer concentrations and annealing
conditions failed to result in successful multiplex reactions
(Fig. 2a).

In contrast, the average pairwise difference among
species is only 2% for the relevant portion of the p53
gene (788 bp; DeWoody 1999) (M. agrestis n = 1, M. arvalis
n = 17, M. oeconomus n = 3, M. rossiaemeridionalis n = 10).
We designed and tested multiple primers before the SBE
reaction identified the correct nucleotide in the controls.
However, once we designed robust primers (p53-1 target
base 348: 5′-AGGAAGGTTGCTGCAAGGT-3′; p53-2 target
base 436: 5′-AAAAACCTGAGGTTTACTTGAACA-3′;
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p53-3 target base 171: 5′-AAAAAAAAAAGCCAAAC
CTAAGATCAAC-3′), little optimization was necessary for
multiplex reactions (Fig. 2b).

Peaks at the p53 loci were consistently cleaner and more
intense than those at the cytochrome b loci. Ten of the

eleven (91%) controls were correctly typed every time using
the p53 loci. Nine of the eleven (82%) controls were correctly
typed every time using the combination of cytochrome b
loci. Of the 27 unknown samples, we correctly assigned 20
(74%) to species using the p53 loci, and 4 (19%) to species
using the cytochrome b loci. However, only 23 of the 27
(85%) unknowns were unambiguously scorable using the
p53 loci. Of these, 20 of the 23 (87%) of the species calls with
p53 were correct. Few of the cytochrome b SBE amplifica-
tions were entirely clean and unequivocal. We nevertheless
scored 21 of the 27 unknowns, after scoring rules were
established based on the electropherogram profiles of the
controls. However, only 4 of these 21 (19%) were correct.

Sequence data were obtained for six of the p53-miscalled
unknown samples and the one control that was ambigu-
ously scorable. The ambiguous control sample was a
heterozygote for a 9 bp indel, which explains why the SBE
calls were unreliable.

In the miscalled unknown individuals, the sequences at
all three p53 SBE priming sites matched the SBE primers
exactly except in one instance. In that case, one mismatch-
ing base was observed 7 bp 5′ of the 3′-end of the p53-1
priming site in an individual known karyotypically to
be M. oeconomus. However, in the same individual, the
nucleotide at the target SNP corresponding to the mismatch-
containing SBE priming site was that expected for
M. rossiaemeridionalis, not M. oeconomus. Thus, the SBE
reaction did accurately identify the nucleotides at all three
SNPs for this M. oeconomus individual, but the presence
of a previously unobserved interspecific polymorphism at
this one site resulted in species misidentification. Two
of the other five misclassified unknowns also showed
polymorphisms at the same SNP site. As the SBE reactions
correctly identified the nucleotides at those sites, it was the
presence of unknown polymorphisms at the SNP sites that
accounts for these misclassifications. The rest (three) of the
six unknowns sequenced showed no mismatches at the p53
SBE priming sites or unexpected nucleotides at the target
SNP sites and thus are considered true miscalls.

At the cytochrome b regions that included the cytb1 and
cytb2 SBE sites, sequence data were generated for 11 of the
miscalled unknowns and 1 of the miscalled controls. Of
these 12 sequences, 9 contained one or two mismatches at
the priming sites, representing previously unknown poly-
morphisms at those sites. One of these sequences also
revealed a new polymorphism at the actual SNP site. The
remaining three sequences matched the SBE priming sites
exactly, though one also revealed a new polymorphism at
the SNP site.

Discussion

In principle, SNPs should be useful in studies of many
biological phenomena, including recombination rates,

 

 

   

 

 

 

Fig. 2 (a) Flow diagram of the two-steps of SBE reactions
performed at the cytochrome b loci to diagnose unknown DNA
samples to species. (b) Flow diagram of the multiplex SBE
reactions performed at three p53 loci to diagnose unknown DNA
samples to species. In this case, we labelled: A = green, C = yellow,
G = blue and T = red.
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introgression and species identification. In practice, we
had a final success rate for SNP genotyping with the SBE
method of 89% after accounting for the heterozygote and
the three cases of unknown polymorphisms at the p53
locus. However, the success rate at the mitochondrial locus
was less than that expected by chance alone.

Our SBE amplifications failed in two unknown samples
at all of the p53 loci, even after multiple tries, although it
succeeded at the cytochrome b loci for those same indi-
viduals. In the other 31 ambiguous cases (which include
every SBE amplification event, i.e. single or multiplexed,
p53 or cytochrome b), scoring difficulties were generally
attributed to multiple bands on the gel at or near the
expected size range. These extra peaks most likely resulted
from nonspecific binding of the SBE primers at other
locations on the SBE template. Other possibilities include
the single base extension of residual PCR primers in the
SBE template mixture from incomplete PCR purification or
single base extensions of template molecules. However,
the size of either of these products is often predictable (i.e.
primer or template size plus one nucleotide) and thus they
can at times be excluded from scoring. Another source of
error is single or multiple base extensions with residual,
unlabelled dNTPs from the original PCRs that were not
completely removed during PCR purification. The SBE is
terminated and visualized by the addition of labelled
ddNTPs, thus incomplete removal of dNTPs used in PCR
should result in a series of peaks (one nucleotide apart) that
are similar in appearance to a short sequencing reaction.

As with PCR primer design, nonspecific SBE primer
binding could not always be predicted by evaluating
sequence homology a priori. Therefore, SBE primer
optimization must proceed empirically. We present a list
of troubleshooting suggestions in Table 1.

It is clear that the p53 assays produced more repeatable
and accurate SBE results than the cytochrome b assays. We
considered further optimization or redesigning of the SBE
primers at the cytochrome b locus, but there were few
candidate diagnostic SNPs (i.e. species-specific SNPs in
otherwise monomorphic regions) in the gene. The incidence
of mitochondrial heteroplasmy in these voles is generally
low (Baker et al. 1999), but we considered the possibility
that it is still sufficiently high to produce variable PCR
products. However, the sequencing results for a subset of
the unscorable and miscalled individuals at the p53 and
the cytochrome b loci helped to explain the discrepancy
between the loci. After accounting for unknown poly-
morphisms, the accuracy rate of the SBE reactions in the
conserved p53 gene (2% interspecies sequence divergence)
was quite high (89%). It is not possible to calculate an accur-
acy rate at the cytochrome b locus even after completing
the sequencing, because most of the SBE reaction products
were unscorable. However, the post-hoc sequencing re-
sults indicate that in a highly polymorphic region such as T
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the cytochrome b gene (11% interspecies sequence diver-
gence), hidden polymorphisms are likely to undermine
SBE scoring by: (i) altering the nucleotides at the actual
target SNPs, (ii) altering priming conditions at the SBE sites
such that the primers cannot anneal reliably, and (iii)
creating alternative primer annealing sites elsewhere on
the SBE template. Others have successfully accommodated
priming site polymorphisms using degenerate SBE
primers (G-P Saetre, pers. commun.). Of course, such
polymorphisms must be identified via DNA sequencing
prior to SNP genotyping.

At any locus, many sequences are required in order to
detect most of the extant polymorphisms at the target
SBE sites. In our case, we selected candidate interspecies
diagnostic SNPs and designed the SBE primers based on
between 1 and 17 sequences per species, and this was (in
hindsight) inadequate. Specifically at the p53 locus, the
three cases of previously unobserved polymorphism at
the SNP sites were in species for which we had few (1–3)
sequences from which to design our assays. In the case of
cytochrome b (and in other variable genes), it may not be
practical to identify all possible intra- and interspecific
sequence variation a priori.

The design of our SNP genotyping assays likely con-
tributed to their mixed success. For example, although
we followed the purification and clean-up instructions
suggested by the ABI PRISM® SNaPshot™ kit, detailed
inquiry and experience leads us to speculate that more
rigorous procedures should be followed (Table 1). Assay
success also was predicated on the number and variability
of the sequences in GenBank. For instance, had more
sequences been available for review at cytochrome b, then
we would have identified a greater proportion of the
polymorphic sites. The a priori knowledge of those poly-
morphisms would have allowed the design of more robust
assays.

We set out to determine whether SNP diagnostic
techniques are practical for use with nonmodel species.
Primmer et al. (2002) examined three methods for obtain-
ing adequate sequence data: (i) designing PCR primers
based on comparative sequence data to amplify and then
sequence regions in the target species, (ii) sequencing
target species’ microsatellite alleles to find SNPs in
flanking sequences, and (iii) sequencing random clones
from libraries created from target species DNA. They
showed that these are all viable approaches to developing
SNP analysis techniques for wild species. In this experi-
ment, we tested the efficacy of the SBE method for geno-
typing SNPs that were identified by comparative DNA
sequencing.

We discovered that the SBE method requires extensive
time and labour to optimize, and even then may not be
100% accurate. Our stated accuracy rate of ≈ 90% at the
conserved nuclear locus refers to the actual accuracy of the

assays, which were known only after post-hoc sequencing
was completed. In practice, we accurately identified an
unknown’s correct species 74% of the time with p53 and
19% of the time using cytochrome b. We have shown that
many individuals must be sequenced before designing SNP
surveys in order to detect as much underlying polymorph-
ism as possible a priori. In addition, the use of positive
controls of known sequence during the optimization phase
is absolutely critical to be able to assess the accuracy of the
SNP diagnosis. Based on the results of this study, several
informative candidate SNPs may be required to develop a
diagnostic SNP toolkit that is robust. Large-scale studies
may benefit from the time and effort invested in SNP geno-
typing optimization, as SNP genotyping has the potential
to be quicker and easier than other genotyping methods. It
also has potential in applications such as characterizing the
sequence variation in microsatellite flanking regions (e.g.
Makova et al. 2000; Blankenship et al. 2002). With currently
available methods and technology, SBE assays of SNPs
are akin to the development of novel microsatellite
markers: they require a priori sequence data and extensive
optimization. Unfortunately for some applications, 100
independently segregating SNPs are no more informative
than 16–20 polymorphic microsatellite loci (Glaubitz et al.
2003; see also Wang et al. 1998). However, SNPs are more
amenable to large-scale automation (e.g. DNA chips) and
thus, many laboratories are currently pursuing methods to
apply SNPs to genotyping applications for nonmodel
organisms.
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