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Abstract

We report the characterization of 18 new single nucleotide polymorphism (SNP) markers
for an endangered species, the sperm whale (

 

Physeter macrocephalus

 

), developed using a
targeted gene approach. SNP markers were derived from autosomal regions of the genome
using primers originally characterized for genome mapping in other mammals. These SNP
markers are the first to be designed for genotyping sperm whale populations and will
provide a necessary addition to the genetic tools employed for understanding population
structure on a global scale and for developing a conservation management strategy for this
endangered species.
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The sperm whale has been the target of two large-scale
waves of commercial whaling, the most recent of which
ended in the 1980s. Given their worldwide pelagic distribution,
long submergence times, nomadic lifestyle, and uncertain
catch records, current and historical abundances are
unknown and difficult to assess (Whitehead 2002). They
remain listed as endangered under the US Endangered
Species Act and are currently protected from commercial
hunting under International Whaling Commission treaties.
Despite this, there is no clear picture of the worldwide
stock structure (Default 

 

et al

 

. 1999). Genetic studies to date
reveal low genetic differentiation among ocean basins and
little evidence of subdivision within ocean basins, with the
exception of some isolated basins such as the Mediterranean
and Gulf of Mexico (Dillon 1996; Lyrholm & Gyllensten
1998; Bond 1999; Lyrholm 

 

et al

 

. 1999). More extensive
studies using existing microsatellite markers (Lyrholm

 

et al

 

. 1999) may provide more power to detect population
structure. However, microsatellites are fraught with

known technical difficulties, and complicated evolutionary
mechanisms may limit the information obtained (Navidi

 

et al

 

. 1992; Callen 

 

et al

 

. 1993; Balloux & Lugon-Moulin 2002).
To complement existing mtDNA and microsatellite markers
for this species, we have used a targeted gene approach
(Aitken 

 

et al

 

. 2004) to detect single nucleotide polymorphisms
(SNPs) in a panel of sperm whale samples. We have identified
a suite of SNP markers, and developed genotyping assays for
18 independent loci using two genotyping technologies.

Two hundred and two comparative anchor tagged
sequence (CATS; Lyons 

 

et al

 

. 1997) primer pairs were used
to screen genomic DNA from an individual sperm whale
for amplification, following the methods of Aitken 

 

et al

 

.
(2004), but with the exception that only a single magne-
sium chloride concentration (1.5 m

 

m

 

) was tested. Primers
yielding a single polymerase chain reaction (PCR) product
were selected for amplification from six individual DNA
samples and a pool containing DNA from 20 individuals
representing a broad geographical distribution. Although
our intent was to use the pooled sample to identify rarer
SNPs, or SNPs common in some populations but not
others, most SNPs were ascertained using the six individual
samples, and the pooled samples served only to confirm
the presence of some SNPs.
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Sixty of 84 products amplified reliably across the sample
set. We obtained high-quality sequence data from 44 of
these loci (Table 1), and screened these for SNPs using the
alignment and sequence quality analysis software 

 

polyphred

 

in the software package 

 

consed

 

 (Nickerson 

 

et al

 

. 1997;
Gordon 

 

et al

 

. 1998). SNPs were considered high quality
(likely to be real and not sequencing artefacts) if they were
seen in both directions, or in only one direction if in a
region of good quality sequence and the complementary
sequence for that region was not available.

We identified 39 SNPs in 23 of the 44 loci encompassing
a total length of 21 063 bp of high quality DNA sequence.
This equates to an average of one SNP every 540 bp,
though SNPs were not evenly distributed and tended to be
clustered in some loci (Table 1). To avoid linked loci, we
selected one SNP from each locus and designed assays
(Table 2) for allele-specific amplification using either
Luminex X-map or Amplifluor technologies (or both in
some cases; see Table 2), following the manufacturer’s
design protocols. SNPs were selected based on a variety of
practical factors, such as whether sufficient nonvariable
flanking sequence was available for primer design, and
whether high quality primers could be designed for
genotyping. In a few cases where multiple suitable SNPs
existed in a fragment, an assay was designed for an
arbitrarily chosen SNP, or a SNP with more balanced
frequencies of the two alleles in the sequenced samples.

The Luminex system requires pre-amplification of each
locus using flanking PCR primers, followed by allele-
specific primer extension (ASPE) with two allele-specific
primers and incorporation of biotin-labelled nucleotides,
with subsequent binding of ASPE products to streptavidin
phycoerythrin for fluorescent detection (Taylor 

 

et al

 

. 2001).
Allele-specific primers each have a unique oligonucleotide
tag on the 5’ end that binds to complementary tags on col-
oured microspheres for flo-cytometric separation of beads
in a multiplex assay, and simultaneous measurement of
allele-specific fluorescence. We followed standard Luminex
protocols for amplification and ASPE. Five assays were
optimized for Luminex genotyping, with all but PND
being PCR amplified in a single multiplex reaction, and
PND being amplified separately and then combined with
the multiplex PCR products prior to ASPE.

Amplifluor technology is simpler, but doesn’t allow
multiplexing. Briefly, genomic DNA or pre-amplified PCR
product is amplified using two allele-specific primers
containing 5

 

′

 

-Amplifluor-complimentary oligonucleotide
tags and a common reverse primer, plus two universal
Amplifluor primers, which contain a hairpin loop and a
fluorescent reporter and quencher (Myakishev 

 

et al

 

. 2001;
Giancola 

 

et al

 

. 2006). After initial allele-specific amplification
using the tagged primers and common reverse primer, the
Amplifluor primers can bind to the template and produce
PCR products that incorporate and linearize the Amplifluor

sequences, causing an increase in fluorescence. Fluorescence
can be detected in real time using a quantitative PCR
instrument, or after completion of the PCR using a fluor-
ometer. We used standard amplification protocols for all
assays, varying only the annealing temperatures in the first
or second PCR cycle set, the magnesium chloride concentration
of the Amplifluor 10X buffer (Chemicon International),
and the primer concentrations (Table 1). Pre-amplification
was carried out for several assays that generally performed
poorly with genomic DNA (see Table 1), or for samples
that performed poorly for all assays. When pre-amplified
product was used as the template for the Amplifluor reaction,
only the second set of PCR cycles was used for allele-
specific amplification and detection.

We genotyped DNA samples of sperm whales from
the eastern Pacific Ocean, ranging from regions near the
continental margins of South, Central, and North America
westward to Hawaii. We also included five or six previ-
ously sequenced samples as controls in most genotyping
batches. Of 21 assays tested (five with Luminex, 16 with
Amplifluor), 18 were optimized and successfully produced
genotypes. Of the three remaining, two (TS1 and IFN1)
produced predominantly heterozygote-like signals, which
were probably due to co-amplification of duplicated genes
in the genome that differed at the SNP site. The third
(NPPA) appeared homozygous, and re-analysis of the
DNA sequences indicated that the ‘SNP’ was probably a
sequencing artefact.

Frequencies of the minor allele ranged from zero to
50% in the eastern Pacific (> 0% including the worldwide
control samples) (Table 1). No loci were found to exhibit
significant linkage disequilibrium. As would be expected
when relatively few samples are used to ascertain SNPs,
the majority of our SNP loci had a relatively high frequency
of the minor allele. This ascertainment bias will need to be
kept in mind when using these SNPs for some types of
population analysis (e.g. analyses of demographic patterns;
Morin 

 

et al

 

. 2004).
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Table 1

 

List of 44 CATS loci sequenced, the number of SNPs identified, and GenBank Accession numbers for consensus sequences.
N, number of samples genotyped. Two PCR cycle sets are used for Amplifluor genotyping (see Amplifluor kit protocols). All 20x primer
mixes for Amplifluor genotyping contained 0.5 

 

µ

 

m

 

 of each allele-specific (AS) primer and 7.5 

 

µ

 

m

 

 of the common reverse (R) primer unless
stated otherwise. 

 

T

 

a

 

, annealing temperature

Locus
Sequence 
length

No. of 
SNPs 
found N

Minor allele 
frequency

Amplifluor 
buffer
[MgCl

 

2

 

] m

 

m

 

Cycle 1 set 

 

T

 

a

 

 (in 

 

°

 

C)
Cycle 2 set 

 

T

 

a

 

 (in 

 

°

 

C)
20x primer mix, 
comments

GenBank 
Accession
no.

ACTC 466 1 89 0.6% 1.5 61 55 EF087933
ADH2 285 EF087934
ADRB2 454 EF087935
ADRBK1 311 1 134 0.8% EF087936
AMBP 428 EF087937
C5 595 EF087938
CAT 670 2 142 24.7% 1.5 55 55 1 

 

µ

 

m

 

 G-allele AS 0.5 

 

µ

 

m

 

 
A-allele AS, 7.5 

 

µ

 

m

 

 R
EF087939

CHRNA1 372 2 144 22.6% 1.8 55 55 EF087940
CHY 674 EF087941
CK 541 1 144 43.1% 1.8 55 55 0.5 

 

µ

 

m

 

 T-allele AS, 2 

 

µ

 

m

 

 
G-allele AS, 7.5 

 

µ

 

m

 

 R
EF087942

CKMM 595 EF087943
COL3A1 198 EF087944
COL9A1 292 EF087945
CSF2 881 3 155 4.84%‡ 1.8 55 58 EF087946
DRD2 1193 4 109 47.3% 2.5 55 55 EF087947
ELN 239 1 146 40.1% 1.5 55 55 EF087948
EPO 428 3 150 20.7% 2.5 55 55 EF087949
F9 339 1 141 39.7% 1.5 55 55 EF087950
FES 465 EF087951
G6PD 518 EF087952
GAPD 141 EF087953
GLB1 233 EF087954
GLUT2 344 EF087955
GRP 677 1 118 3.4% 2.5 55 55 PCR mix inclu des 0.5 

 

m

 

 GC-rich 
additive from Amplifluor kit 

EF087956

HOX7 149 EF087957
IFN1 355 5 — — 1 63 55 Assay failed to resolve 

genotypes (see text)
EF087959

IFNG 320 1 159 9.4% 1.5 55 58 EF087958
INT 512 3 146 50.0%‡ 2.5 55 55 EF087960
MGF† 588 (> 6) EF087961
MPO 615 EF087962
MYL4 458 EF087963
NF1 377 EF087964
NPPA 295 1 — — 1.8 61 55 Assay failed to resolve 

genotypes (see text)
EF087965

P4HB 290 EF087966
PIT1 756 EF087967
PKM 577 1 158 18.0% 1.5 55 58 EF087968
PND 373 1 142 47.9% 1.5 55 EF087969
RDS 505 1 141 15.3% 2.5 57 55 EF087970
RYR2 470 1 127 35.0% 1.8 58 0.5 

 

µ

 

m

 

 A-allele AS, 1 

 

µ

 

m

 

 
G-allele AS, 7.5 

 

µ

 

m

 

 R
EF087971

SPTBN1 568 2 148 21.6% 1.8 55 55 EF087972
SST 855 EF087973
TCRA 149 EF087974
TS 757 2 — — 1 55 55 Assay failed to resolve 

genotypes (see text)
EF087975

WT1* 755 1 EF087976

*SNP located between single and dinucleotide repeats, preventing assay design; †all SNPs in one individual; possible technical artefact; 
‡significant deviation from Hardy–Weinberg expectations.
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Table 2

 

SNP genotyping primers. The polymorphic nucleotide is shown underlined in each allele-specific primer. Note: (i) the
polymorphic nucleotide is not always at the most 3

 

′

 

 site, (ii) sometimes primers were designed for the complementary strand. Absence of
flanking primers for the Amplifluor assay means that pre-amplification was not used for this locus. Only RYR2 required pre-amplification
for all samples. Reverse primer used in pre-amplification is sometimes the same or similar to the reverse primer used in the Amplifluor
reaction

Locus
SNP 
location

SNP 
type Flanking primers Allele-specific primers Reverse primer

Amplifluor assays
ACTC 392

 

C

 

/

 

A

 

#

 

GAAAGTCTCAAACATGATCTGCAAT CTGGGCCCCTTCCTTTGATTAA

 

*

 

AAAGTCTCAAACATGATCTGCAAG

 

CAT 456

 

A

 

/

 

G TCCCTTCCAGTTCCTGTTTG

 

#

 

TTTGCCCAGGGAAAGACTCAA GTGAGTGCATTGGTTGAAACTTT
GGTGAGTGCATTGGTTGAAA

 

 *

 

TGCCCAGGGAAAGACTCAGT

 

 
CHRNA1 111

 

C

 

/

 

T AACGTAAGCTCTGTGGCTTGA

 

*

 

GTTTGGCTTGATGGGAAGGC GGCACATCTTACGTCAGTAGCT
GATGACTTGCTAAGATGGCCTA

 

 #

 

GGTTTGGCTTGATGGGAAGGT

 

CK 273

 

G

 

/

 

T

 

#

 

TTAAGAACGCGCCTTCCCG ACAGGTGGTGGCAGGATT

 

*

 

CTAAGAACGCGCCTTCCCT

 

CSF2 278

 

A

 

/

 

G CATCTCAAGAGGGTCCCAGT

 

#

 

GAGGACAGTGACCTCTGTTTTCT AGCACAGCCACATTCCCTT
CTTTGCTCACACAGCAGGTC

 

 *

 

AGGACAGTGACCTCTGTTTTCC

 

DRD2 679

 

C

 

/

 

T GAGCCTTTTACTAATTTGCACAC

 

*

 

TGGTAATTGTTTATGATGCCACACG TACACCCTTTGCCGGATTCTT
GGGTTAGGTCTCGTTCAGCA

 

 #

 

ATGGTAATTGTTTATGATGCCACACA

 

 

 

AGCGGCACCTGAGAAGAG

 

 
ELN40 209

 

G

 

/

 

T

 

#

 

GTCCTGACCCCCATCCG

 

*

 

CGTCCTGACCCCCATCCT

 

EPO 292

 

C

 

/

 

T

 

*

 

TGGAAGCTAGGTAAGGGGC GAAATGCACAAGCCTGGAGT

 

#

 

GGAAGCTAGGTAAGGGGT

 

F9 80

 

T

 

/

 

C CGAAAAAGAAGACAGGTTAATG

 

#

 

TCGATTTGATTCCTTCTCTATTGTAACATTC GGGAACCATACTTGCCTTTGGAA
CCATTCAGATGCAGAGCAAA

 

 *

 

CGATTTGATTCCTTCTCTATTGTAACATTT

 

GRP 190

 

T

 

/

 

C

 

#

 

TCCTTTCAAGGTTCGACCTGGTCT CCCCCCCCCACTTTCTTTTTT

 

*

 

CCTTTCAAGGTTCGACCTGGTT

 

IFN1 93

 

G

 

/

 

C GACAATCTCCCAGGCACAAG

 

*

 

GAAGTATTTCCTCACAGCCAGC CTGCTGAAGGAGGACTCCAT
AAGCCTGTCTGATGCAGGA

 

 #

 

TGAAGTATTTCCTCACAGCCAGG

 

IFNG 234

 

C

 

/

 

T CCTGTGACTATTTCACTTGACCC #GCCCCTGAGATAAAGCCTTGT ACTCACTAGGCAAGTCTATGTGATT
CCTAGTTGGCCCCTGAGATA *TTGGCCCCTGAGATAAAGCCTTA

INT 368 G/C TCAAAAATCCAGGTGGAGAGA *GCACAGAGGAAGGGAGGG CAAATCTCTGCGGGACAGTT
CAGGGCACTGTCAGAGTCAG #GCACAGAGGAAGGGAGGC

NPPA 253 T/C GACGAGCGTCCTATTCAAGC *CCATGCGTTAAATTTTAATCACCTGTTACC GTCCGTTGGTGCTGAAGTTTAT
GTCCGTTGGTGCTGAAGTTT #CCCATGCGTTAAATTTTAATCACCTGTTACT

PKM 237 C/T CTTCCTTAGCAGAGCGTCTCA #CTTTTTGACATGCTCTGTACAA AGACTTGGCCAGCCCTCTAT
AGACTTGGCCAGCCCTCTAT *CTTTTTGACATGCTCTGTACAG

PND 111 G/A GTAATAGCTGGACCTCCGCA *AGGAGGGCAGATCTATCGGA ACCCAGCCCAGAGAGAT
CCCAGAGAGATGGGGGTG #TTCAGGAGGGCAGATCTATCGA

RDS 456 G/T *CCATCGACATGCTGCAAATTGAG TTGTTGCCACAGCACTTGAA
#ACCATCGACATGCTGCAAATTGAT

RYR2 327 G/A GGTGGAAAGGATGAGCAGAA #AATTCCTGTTCGGAATGGAGAACAT GGTGGAAAGGATGAGCAGAAT
CACGTATCTCTAGGGAGCAGC *TTCCTGTTCGGAATGGAGAACAC

SPTBN1 279 C/G ATGGGTTATGTGTGGCAGTG *AGGTCCATTTCAGAATAGCAAGACAG GAGATGCAGTAGGGTAGCCTT
CCAAGCAGCACTCAAGTACG #TAGGTCCATTTCAGAATAGCAAGACAC

TS1 308 T/C GCGGGCTTTCTCTAGTTGC #AACTACTGAAGCCCGTGCG CTCATTGCTGTGGCTTCTCTTT
CCCGTGTGCCACAACTACT *CAACTACTGAAGCCCGTGCA

Luminex assays
ADRBK1 131 A/G CTTGAATCCTAGGTCGGCTG LUA57-CTGTTTCCGATCTTTAAAGCA

CACGAGGAAGGTGAGGGTC LUA8-CTGTTTCCGATCTTTAAAGCG
CSF2 278 T/C CATCTCAAGAGGGTCCCAGT LUA65-GAGGACAGTGACCTCTGTTTTCT

CTTTGCTCACACAGCAGGTC LUA64-GGACAGTGACCTCTGTTTTCC
IFNG 234 T/C CCTGTGACTATTTCACTTGACCC LUA12-CTCACTAGGCAAGTCTATGTGATTAT

CCTAGTTGGCCCCTGAGATA LUA20-CTCACTAGGCAAGTCTATGTGATTAC
PKM 237 A/G CTTCCTTAGCAGAGCGTCTCA LUA33-TCTTTTTGACATGCTCTGTACAA

AGACTTGGCCAGCCCTCTAT LUA44-TCTTTTTGACATGCTCTGTACAG
PND 111 G/A GTAATAGCTGGACCTCCGCA LUA6-AGGAGGGCAGATCTATCGG

CCCAGAGAGATGGGGGTG LUA28-CAGGAGGGCAGATCTATCGA
GAAGGTCGGAGTCAACGGATT 
GAAGGTGACCAAGTTCATGCT 

*JOE tail.
#FAM tail.
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