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Abstract

Single nucleotide polymorphisms (SNPs) are a class of genetic markers that are well suited
to a broad range of research and management applications. Although advances in genotyping
chemistries and analysis methods continue to increase the potential advantages of using
SNPs to address molecular ecological questions, the scarcity of available DNA sequence
data for most species has limited marker development. As the number and diversity of spe-
cies being targeted for large-scale sequencing has increased, so has the potential for using
sequence from sister taxa for marker development in species of interest. We evaluated the
use of 

 

Oncorhynchus mykiss

 

 and 

 

Salmo salar

 

 sequence data to identify SNPs in three other
species (

 

Oncorhynchus tshawytscha

 

, 

 

Oncorhynchus nerka

 

 and 

 

Oncorhynchus keta

 

). Primers
designed based on 

 

O

 

. 

 

mykiss

 

 and 

 

S

 

. 

 

salar

 

 alignments were more successful than primers
designed based on 

 

Oncorhynchus

 

-only alignments for sequencing target species, presumably
due to the much larger number of potential targets available from the former alignments
and possibly greater sequence conservation in those targets. In sequencing ∼∼∼∼

 

89 kb we
observed a frequency of 4.30 ××××

 

 10

  

−−−−

 

3

 

 SNPs per base pair. Approximately half (53/101) of the
subsequently designed validation assays resulted in high-throughput SNP genotyping
markers. We speculate that this relatively low conversion rate may reflect the duplicated
nature of the salmon genome. Our results suggest that a large number of SNPs could be
developed for Pacific salmon using sequence data from other species. While the costs of
DNA sequencing are still significant, these must be compared to the costs of using other
marker classes for a given application.
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Introduction

 

Pacific salmon of the genus 

 

Oncorhynchus

 

 spawn in lakes
and rivers that drain into the North Pacific Basin from large
geographic regions of both the Asian and North American
continents. Most 

 

Oncorhynchus

 

 species have anadromous
life history forms wherein individuals emerge in rivers and
lakes and subsequently cover hundreds or thousands of
kilometres in migrations through portions of the Pacific
Ocean and Bering Sea and back to freshwater to spawn in
their natal river. The great geographic distances that they
migrate, the diverse environmental conditions that they

experience during their migrations, the well-documented
cases of parallel life history evolution (e.g. Taylor 

 

et al

 

. 1996),
and the ‘keystone’ role that these species play in transporting
marine-derived nutrients to terrestrial environments (e.g.
Reimchen 

 

et al

 

. 2003) are all factors that have made salmon
of interest to ecologists and evolutionary biologists. The
considerable cultural and economic importance of these
species to human communities throughout the North
Pacific have further motivated numerous studies of the
biology of Pacific salmon (reviewed by Groot & Margolis
1991; Quinn 2005).

The family Salmonidae is thought to have descended
from a tetraploid ancestor between 25 and 100 million
years ago (Ma) (Allendorf & Thorgaard 1984). Approxi-
mately 50% of protein loci examined in salmonid species
continue to exhibit duplicate gene expression, possibly due
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to selective advantages for these species (Bailey 

 

et al

 

. 1978;
Allendorf & Thorgaard 1984). The genera 

 

Salmo (

 

including
Atlantic salmon) and 

 

Oncorhynchus

 

 (including Pacific salmon)
are thought to have diverged from one another approxi-
mately 18–20 Ma (McKay 

 

et al

 

. 1996; McPhail 1997). A broad
comparison of expressed sequence tags (EST) between

 

Salmo salar

 

 (Atlantic salmon) and 

 

Oncorhynchus mykiss

 

 (rain-
bow trout) revealed approximately 6% sequence divergence
between the two (Rise 

 

et al

 

. 2004).
Present management strategies for Pacific salmon spe-

cies by nations throughout the North Pacific are based to
varying degrees on genetic mixed-stock analysis (MSA)
techniques (Utter & Ryman 1993) and may require collec-
tion of thousands of genotypes per year in each nation.
Further, international treaties and conventions such as
the Pacific Salmon Treaty between the United States and
Canada (www.psc.org) and the North Pacific Anadromous
Fish Commission, between those two nations and Russia,
South Korea and Japan (www.npafc.org), require geno-
typing of thousands of additional individuals per year
for management and research. The marker classes most
commonly used to meet these requirements have been
allozymes and microsatellites. Allozymes have provided
valuable insights over several decades (e.g. Seeb 

 

et al

 

. 2004),
but their use has subsided due to the relatively flexible
sample formats, high throughput rates and improved
resolution available via DNA markers. Microsatellite loci
have over a decade of use in salmonids (Bentzen 

 

et al

 

. 1991),
are readily available for all Pacific salmon species and have
proven very powerful in population structure and mixture
studies (Nelson 

 

et al

 

. 1998, 2003b). Further, laboratory pro-
tocols for high-throughput microsatellite analyses were
available long before comparably efficient analysis proto-
cols were available for other classes of DNA markers (e.g.
Olsen 

 

et al

 

. 1996). A limitation of microsatellite data with
regards to multijurisdictional research and international
treaties has been the fact that microsatellite data generated
in one laboratory are not readily combined with or com-
pared to data collected in another. This is because, based
on the most common methods of microsatellite analyses,
raw data are somewhat dependant on specific aspects of
hardware and chemistry installed in a given laboratory
(Wattier 

 

et al

 

. 1998; Haberl & Tautz 1999) and on the environ-
ment in the laboratory in which data are collected (Davison
& Chiba 2003). While standardization of defined micro-
satellite alleles and loci among defined laboratories is clearly
technically possible, the costs of such efforts increase with
the number of alleles per locus and the number laboratories
involved. The result for Pacific salmon has been the devel-
opment of laboratory-specific genetic baselines that are
often redundant in that each laboratory must genotype
samples from every population. Among state and federal
laboratories in the United States and Canada, there are at
least six overlapping baselines each for 

 

Oncorhynchus keta

 

(chum salmon) and 

 

Oncorhynchus nerka

 

 (sockeye salmon),
several of which contain overlapping data that researchers
cannot presently combine or compare.

The term ‘single nucleotide polymorphism’ (SNP) has
been used in recent years to describe small DNA sequence
variants. While the term SNP suggests that only single-base
substitutions should be included, various definitions have
included indels, small (2–5) base pair substitutions and tan-
dem repeat variation (e.g. dbSNP; www.ncbi.nlm.nih.gov/
projects/SNP/). The ubiquity of SNPs throughout genomes
examined to date has rendered them appealing as markers
for a broad range of applications including fine-scale
mapping and association and population genetic studies.
Because SNPs are generally bi-allelic, laboratory analyses
and scoring of raw data are highly amenable to automation.
Population studies of both model and nonmodel organ-
isms have utilized SNP data for over two decades (several
examples in Avise 2004). Due to the expense and difficulty
of sequencing loci in many individuals, most early studies
were done using restriction fragment length polymorph-
ism (RFLP) analyses. The minimal amount of laboratory
equipment required to conduct RFLP analyses means that
genotyping can be performed nearly anywhere, and this
technique continues to serve several SNP genotyping projects
today (e.g. Nelson 

 

et al

 

. 2003a; Ryynänen & Primmer 2004;
Gharrett 

 

et al

 

. 2005). The development of several high-
throughput genotyping technologies in recent years
(summary in Kwok 2003) has broadened the range of
research questions to which SNPs may be applied. These
technologies have recently been used in a range of non-
model organisms including cows (Werner 

 

et al

 

. 2004), cyano-
bacteria (Batley & Hayes 2003), trees (Osman 

 

et al

 

. 2003),
wolves (Seddon 

 

et al

 

. 2005), scallops (Elfstrom 

 

et al

 

. 2005),
and salmon (Sato 

 

et al

 

. 2004; Smith 

 

et al

 

. 2005). While SNP
genotyping assays can be used to generate data rapidly
and inexpensively, the costs of SNP discovery and of
genotyping assay development must be considered in
evaluating the potential utility of SNPs for any given appli-
cation (Schlötterer 2004).

In species for which little DNA sequence data are avail-
able, SNP discovery strategies have included sequencing
random genomic library clones (Primmer 

 

et al

 

. 2002; Werner

 

et al

 

. 2004), sequencing polymerase chain reaction (PCR)
products generated via degenerate oligonucleotide-primed
PCR (DOP-PCR, e.g. Osman 

 

et al

 

. 2003) or amplified frag-
ment length polymorphism (AFLP) bands (e.g. Meksem

 

et al

 

. 2001; Brugmans 

 

et al

 

. 2003; Nicod & Largiader 2003),
and developing PCR and sequencing primers based on DNA
sequence from sister taxa (e.g. Lyons 

 

et al

 

. 1997; Primmer

 

et al

 

. 2002; Aitken 

 

et al

 

. 2004). The last approach is particu-
larly appealing for SNP discovery in species for which little
DNA sequence data are available but for which sequence
data are available for closely related taxa. The number and
diversity of species being targeted for large-scale sequencing
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has increased rapidly in recent years (lists of genome and
EST sequencing projects available from EMBL and NCBI),
and fish in particular are increasingly represented (Cossins
& Crawford 2005). Although sequence data are scarce for
most species of Pacific salmon, a wealth of EST data have
recently been provided by studies of 

 

O

 

. 

 

mykiss

 

 (Rexroad

 

et al

 

. 2003) and 

 

S

 

. 

 

salar

 

 (Rise 

 

et al

 

. 2004). We describe the
use of a comparative approach to SNP discovery in

 

Oncorhynchus tshawytscha

 

 (chinook salmon), 

 

O

 

. 

 

nerka

 

 and

 

O

 

. 

 

keta

 

 and the validation of 53 of these SNPs through the
use of high-throughput genotyping assays.

 

Methods and materials

 

SNP discovery

 

Two approaches were used to identify sequences that
were conserved among species. The first approach utilized
sequences from the genus 

 

Oncorhynchus

 

 as follows: All
available sequences for the three species of interest were
obtained from GenBank (786 sequences in 

 

Oncorhynchus
nerka

 

, 216 sequences in 

 

Oncorhynchus keta

 

 and 1573 sequences
in 

 

Oncorhynchus tshawytscha

 

). These sequences were com-
pared with published 

 

Oncorhynchus mykiss

 

 sequences using

 

megablast

 

 (Altschul 

 

et al

 

. 1990; Zhang 

 

et al

 

. 2000). Sequences
from the three species of interest and the matching rain-
bow trout sequences were assembled using 

 

seqman ii

 

(DNASTAR). Contiguous sequence reads (contigs) four

or more accessions deep were identified as candidates for
subsequent PCR primer design.

The second approach involved aligning 

 

O

 

. 

 

mykiss

 

sequences with 

 

Salmo salar

 

 sequences. All sequences in
GenBank for both species were compared using 

 

blastn

 

(Altschul 

 

et al

 

. 1990, 1997) with an e-value cut-off of 

 

≤

 

 10

 

−

 

5

 

.
The results of this comparison were then filtered for unique
accessions from each species (to reduce redundancy based
on multiple hits on single accessions) and for matches greater
than 500 nucleotides long (to facilitate amplification and
sequencing of the corresponding loci). Finally, in order to
reduce the number of matches that represented duplica-
tions of one another (i.e. regions that were represented
by multiple reads in both species), we used 

 

seqman ii

 

 to
assemble the sequences in our filtered alignment.

Target regions of 

 

∼

 

500 bp conserved between multiple
sequences from each of the above assemblies were chosen
for amplification and sequencing in 

 

O

 

. 

 

tshawytscha

 

, 

 

O

 

. 

 

keta

 

and 

 

O

 

. 

 

nerka

 

. Fifty-seven targets were chosen from the

 

Oncorhynchus

 

-only assembly, and 59 targets were chosen
from the 

 

O

 

. 

 

mykiss

 

 

 

×

 

 

 

S

 

. 

 

salar

 

 assembly (Table 1). All primers
designed based on the 

 

O

 

. 

 

mykiss

 

 

 

×

 

 

 

S

 

. 

 

salar

 

 alignment were
based on contigs that were two or more accessions deep in
each species.

Ten individuals of each species were sampled from five
spawning sites (Fig. 1), yielding a total of 50 individuals of
each species. DNA was extracted from fin tissue from each
individual using a DNeasy Tissue Kit (QIAGEN).

Fig. 1 Map showing collections sites for
Oncorhynchus tshawytscha (t), Oncorhynchus
(k), and Oncorhynchus nerka (n). Ten indi-
viduals were sampled from each site.

Table 1 Amplification and sequencing success rates observed in three Oncorhynchus species with PCR primers that were designed using
two different strategies: The first row lists results for primers that were designed using DNA sequence from the three target species plus
Oncorhynchus mykiss homologues. The second row lists results for primers that were designed using DNA sequence from O. mykiss and
Oncorhynchus salar
 

 

Origin of sequence for 
primer design

No. of primer 
pairs tested

No. of PCR 
products

No. of PCR products sequenced: 

in at least 
one species

in all 
three species

Target species + O. mykiss 57 43 29 (51%) 18 (32%)
O. mykiss + S. salar 59 59 51 (86%) 36 (61%)
Totals: 116 102 80 54
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Nested PCR primers were designed for the 116 target
loci using 

 

primer

 

3 (Rozen & Skaletsky 2000; Table S1, Sup-
plementary material). Initial PCR conditions were identical
for all primer pairs: approximately 10 ng genomic DNA
were amplified in 5-

 

µ

 

L reactions consisting of 1.2 pmol
each external primer, 1

 

×

 

 Ampli

 

Taq

 

 Gold PCR Mastermix
(Applied Biosystems; AB) (15 m

 

m

 

 Tris-HCl, pH 8.05, 50 m

 

m

 

KCl, 200 

 

µ

 

m

 

 each dNTP, 2.5 mm MgCl2, 0.05 U/µL DNA
polymerase and proprietary stabilizers) and 0.08% glycerol.
The thermal cycling profile included an initial denaturation
of 94 °C for 4 min; 40 cycles of 94 °C for 20 s, 55 °C for 25 s
and 72 °C for 1 min; and a final extension of 72 °C for 7 min.
One microlitre of product from the initial reaction was
amplified using the internal primers under reaction con-
ditions identical to those used for external primers. PCR
products were purified using Sephadex G-50 in spin-
columns as described by Sambrook & Russell (2001),
sequenced in both directions using the BigDye 3.1 Cycle
Sequencing Kit (AB), and analysed on an ABI 3730 capillary
DNA sequencer (AB).

phred (Ewing & Green 1998; Ewing et al. 1998), phrap
(www.phrap.org), and consed (Gordon et al. 1998) were
used to call bases, assemble sequences into contigs, and
view assemblies, respectively. Contigs having either < 100
high-quality bases (phred quality value ≥ 20) or con-
taining less than 10 reads were discarded. polyphred
(Nickerson et al. 1997) was run on the remaining contigs
using stringent conditions (the flags: –score 90 and –quality
50 were used to prevent low-quality sequence from being
considered, and the –source option was used to compare
forward and reverse sequences of each PCR product) in order
to identify high-quality discrepancies between sequence
reads. The contigs were then revisited using consed, and
each SNP call made by the software was either confirmed
or rejected based on visual inspection of the chromatograms.
Substitutions and indels involving one or two nucleotides
were labelled as SNPs, but larger indels and tandem repeat
variation were not. Consensus sequences for all contigs
were trimmed where the ends fell below phred quality
values of 20, except where visual inspection of the traces
revealed additional high-quality sequence data. Trimmed
sequences were compared to GenBank nonredundant nucle-
otide and amino acid sequence databases using blastn and
blastx, respectively. In order to minimize reporting false
matches, we followed the convention of Rexroad et al.
(2003) and Rise et al. (2004) and only reported hits with e-
values ≤ 10−5. blastx hits were reported for sequences that
did not have a blastn hit with an e-value < 10−5. Sequences
without significant matches to either database were desig-
nated ‘u’, for unknown, followed by a number.

The script tagRepeats.perl distributed with the phrap
package was used to screen the contigs for sequences that
had been identified as repetitive in GenBank salmonid
accessions. Assemblies that revealed fixed heterozygotes

(i.e. for which all or nearly all individuals examined showed
two overlapping peaks) at multiple nucleotide positions
were labelled ‘duplicated’.

Genotyping assay development

A subset of the intraspecific SNPs observed in the sequence
data were targeted for development of genotyping assays
based on the 5′-nuclease reaction (Holland et al. 1991). We
targeted 1–3 SNPs in each contig that (i) did not fall in
suspected repetitive or duplicated regions, and (ii) did not
fall on sequences not amenable to the 5′-nuclease reaction
(i.e. SNPs near the ends of contigs and those in microsatel-
lites). We used Assays-by-Design (AB) to design primers
and allele-specific probes for 33 SNPs in O. tshawytscha,
37 SNPs in O. keta and 31 SNPs in O. nerka (Table 2). The
assays were performed in 384-well reaction plates, with
two wells in each plate as negative controls (no template).
The templates for each reaction were the 50 individuals
of each species that had been sequenced. Reactions were
conducted in a 5-µL volume consisting of 0.15 µL template
DNA in 1× TaqMan PCR cocktail (AB) 900 nm each PCR
primer, and 200 nm each probe (Table S2, Supplementary
material). Thermal cycling was performed on an ABI7900
real-time sequence detection system as follows: an initial
denaturation of 10 min at 95 °C was followed by 50 cycles
of 92 °C for 15 s and at annealing temperature (Table S2)
for 1 min. All cycling was conducted at a ramp speed of
1 °C per second. sequence detection software 2.1 (AB)
was used to plot the fluorescence being emitted by the two
allele-specific probes against each other as a scatter plot.

We predicted whether the SNP targeted by each assay
was in a coding region and whether or not it was synonymous
by comparing the sequences to homologous peptides (≤ 10−5

blastx matches) where possible using csnper (Kim et al.
2003). Where no homologs could be found, these predictions
were made by searching sequences for known composi-
tional features using genscan (Burge & Karlin 1997).

Results

SNP discovery

Alignment of the Oncorhynchus sequences revealed 155
contigs that were four or more reads deep. Alignment of
the Oncorhynchus mykiss × Salmo salar sequences revealed
151 586 matches spread across 39 981 unique accessions in
both species. Of those, 12 988 were matches which spanned
≥ 500 nucleotides in length. Multiple alignment of the 12 988
sequences collapsed them into 6897 contigs containing reads
from both species.

Between the alignment strategies described here, we
were able to sequence approximately 69% (80/116) of the
regions targeted (Table 1). Primers designed based on
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Table 2 Eighty-eight contigs spread across 57 loci in three species of Pacific salmon. Locus IDs are based on the best GenBank blast match.
The number of SNPs observed in each contig is listed along with the number of successful (+) and failed (–) genotyping assays designed.
The species (Sp.) in which each match was observed is listed along with the corresponding e-value
 

Locus ID*

Oncorhynchus tshawytscha Oncorhynchus keta Oncorhynchus nerka 

bp† SNP‡ e-value§ Sp.¶ bp† SNP‡ e-value§ Sp.¶ bp† SNP‡ e-value§ Sp.¶

Vtgd 7101 0 Omy 1891 e-89 Omy
5252 6– 0 Omy 4622 2– 0 Omy 5122 2 0 Omy

IL-8Rd 3401 e-174 Omy 3461 e-178 Omy
8222 2 e-148 Omy 3552 1 e-178 Omy 2762 1 e-178 Omy

insd 9081 19– 0 Oke 5661 0 Oke
5162 5+ 0 Oke 5262 13– 0 Oke 5192 13+ 0 Oke

RH2 opsind 4211 3 e-156 Oki 5301 e-176 Oke
4762 e-129 One 4912 e-132 One 4912 e-132 One

POMC 474 2– 0 Oke 474 3– 0 Oke 473 0 Oke
IGF-I.1 316 1+ e-180 Ots 372 2 0 Ots 370 0 Ots
hsc71 359 e-165 Omy 342 2+ e-174 Omy 339 1– e-176 Omy
u6 454 2– + 463

433
OMLYRNA 310 e-117 Omy
Sycn 658 e-25x Mmu 515 9– e-24x Rno 475 9– e-24x Rno
LHB 286 4– e-144 Ots 350 4 e-173 Oki 371 4– e-178 Oki
E2 432 1+ e-135 Omy 409 1 e-109 Omy 411 1+ e-129 Omy
GnRHd 4021 5– 0 Omy 4191 6– 0 One

4392 4+ 0 Ots 4202 4– 0 One 4492 9– 0 One
CaR 879 0 Ssa 487 0 Ssa 474 0 Ssa
LWSop 771 4+ e-161 Ogo 778 e-161 One
SWS1op 539 1+ e-165 Oke
RH1opd 409 0 Ots 440 3– + 0 Ogo 461 5– 0 Ogo
u12 444 548 10 – 456 9+

381
u4d 381 3+ 381 1–
CYP1d 439 7 0 Omy 390 8 0 Omy 399 9 0 Omy
Ikarosd 550 1+ 0 Omy 644 3– 0 Omy 444 3– 0 Omy
Moesin 5201 e-15 Gga 2701 e-15 Gga

3022 2982 1+ 3092

u200d 876 5– 840 4+ 853
ZNF330 451 1+ 437 7 e-5 Hsa

422 1
TniUPP 435 1– e-5x 322 e-6x Tni
serpin 442 e-15x 429 3+ e-14x Tni 412 1+ e-14x Tni.
AsnRSd 7361 2 e-15 Omy

5072 1+ e-6 Rno 6512 3– e-17 Gga
u201 1991 1921

2232 2222 2– 2242

arf 3801 3+ 3821 1 3611

4801 3 8751 2+ e-6 Mmu 4281 e-6 Mmu
1442 3272 3202 2
3183 3183 3 3193 1+

u22 294 2 247 283 1–
C4d 8232 e-61 Omy

8015 2 e-65 Omy 7715 e-61 Omy 7405 e-61 Omy
5406 1– e-52 Omy 5206 e-55 Omy 5366 3– e-54 Omy

HGFA 3681 1452 1142

5072 2+ e-18 Ssa 5042 4 e-15 Ssa 5102 e-15 Ssa
4734 e-137 Omy 5514 4+ e-138 Omy 5094 1++ e-135 Omy

RFC2 672 1– + e-15 Hsa 684 4+ e-14 Hsa 679 3+ e-14 Has
Tsha1 580 e-73 Omy 343 2+ e-13 Omy 426 e-13 Omy
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u26d 274 1– 330 5–
GPDH 5462 5+ e-53 Gmo

4013 1+ 4073 3+ 4283 3+
IL-1b 360 3– e-83 Omy
ctss-prov 328 e-26 Fhe 314 e-133 Omy 383 6 e-52 Dre

319 e-44 Dre 334 e-53 Omy
DEADd 207 e-35 Dre 169 e-6 Pma 240 e-23 Omy

496 e-20 Pma
235 e-21 Pma

CKmito1d 498 e-38 Cac 506 e-36 Cac 501 e-35 Cac
copa 336 e-5 Dre 350 1+ e-5 Dre 339 e-5 Dre
eif4ebp2 192 e-12 Dre 205 1+ e-12 Tni 216 e-12 Tni
u30 364
u202 3821 3791 3741

3492 2+ 3412 1+ 3482

F10d 647 1 626 1– e-12x Tru
u211d 2431 2391 2591

2652 1+ 2932 3– 2582

MGC75633 279 e-13 Xtr 286 e-13 Xtr 268 e-13 Xtr
u216 2251 3 2201 1

3602 4 3592 2+ 3582 1+
3503 1 3533 5 3593

Zp3b 2351 e-7x Ola 2361 1 e-7x Ola 2331 1+ e-7x Ola
5202 3+ e-6x Dre 5082 6+ e-6x Dre 5182 2 e-6x Dre

il-1racp 347 2+ e-46 Ssa 343 8+ e-46 Ssa 345 e-48 Ssa
u217 458 1– 446 4 – + 447
RIKEN 615 2 e-16x Rno 623 e-16x Rno
BAMBI 310 e-35 Oar 308 1+ e-32 Oar 312 e-35 Oai
DRB1 438 4– e-10x Hsa 426 2 e-10x Hsa 433 e-9x Hsa
u212 1731 1681 1681

2062 1+ 2032 1+ 2032

u218 213 215 213
SClkF2R2d 2321 1+ e-110 Oke 2331 e-122 Oke 2291 1– e-116 Oke

2732 e-140 Oke
2693 e-132 Oke 2683 2+ e-137 Oke 2473 e-137 Oke

*d, duplicated locus.
†superscript numbers following contig lengths indicate the primer set for that locus that was used to amplify that region (Table S1, 
Supplementary material).
‡+/– indicate number of SNPs validated/not validated by 5′-nuclease reaction.
§x, blastx result.
¶Cac, Chaenocephalus aceratus; Dre, Danio rerio; Fhe, Fundulus heteroclitus; Gga, Gallus gallus; Gmo, Gadus morhua; Hsa, Homo sapiens; 
Mmu, Mus musculus; Oar, Ovis aries; Ogo, Oncorhynchus gorbuscha; Oke, Oncorhynchus keta; Oki, Oncorhynchus kisutch; Ola, Oryzias latipes; 
Omy, Oncorhynchus mykiss; One, Oncorhynchus nerka; Ots, Oncorhynchus tschawytscha; Pma, Pagrus major; Rno, Rattus norvegicus; Ssa, Salmo 
salar; Tni, Tetraodon nigroviridis; Tru, Takifugu rubripes; Xtr, Xenopus tropicalis.

Locus ID*

Oncorhynchus tshawytscha Oncorhynchus keta Oncorhynchus nerka 

bp† SNP‡ e-value§ Sp.¶ bp† SNP‡ e-value§ Sp.¶ bp† SNP‡ e-value§ Sp.¶

Table 1 Continued

O. mykiss × S. salar alignments had a significantly (χ2 = 10.10,
d.f. = 1, P = 0.001) higher success rate (61% of primer pairs
produced sequence in all three species) than those designed
based only on Oncorhynchus sequences (32% of primer
pairs produced sequence in all three species).

The 80 PCR products that were sequenced yielded
68–78 contigs per species that were spread across 57 target
regions (Table 2). Average sequence length was 410 bp

resulting in a total of approximately 89 kb. Contig depth at
the points SNPs were identified had an average value of
63 sequence reads; the read depth for each individual
SNP is documented in the corresponding dbSNP record.
Nearly 35% of the contigs examined had no (e < 10−5) matches
to named nucleotide or protein sequences. Over half (54%)
of the contigs examined contained SNPs. The overall fre-
quency was 4.30 × 10−3 SNPs per base pair (Fig. 2), which
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translates to approximately one SNP every 239 bp. The rate
was higher in Oncorhynchus keta (1/175 bp) than in either
of the other species (1/242 bp in Oncorhynchus nerka and 1/
301 bp in Oncorhynchus tshawytscha; Table 3). Reverse strand
sequence was available to corroborate both alleles at over
half of all documented SNPs (57% in O. tshawytscha, 76%
in O. keta, and 69% in O. nerka). The observed transition/
transversion ratio (ti/tv) was similar for O. keta and O. nerka
(0.95 and 0.98, respectively) and was somewhat higher in
O. tshawytscha (1.49; Table 3). Sequences were deposited
in GenBank (Accession nos DQ025536–DQ025751), and all
observed SNPs were documented in dbSNP (ss48398580–
ss48398969).

Overlapping sequence in all three species was obtained
for 52 of the contigs examined here. Alignments of the
consensus sequences from each revealed 4.0% sequence diver-
gence between O. tshawytscha and O. keta, 3.7% between
O. tshawytscha and O. nerka, and 2.2% between O. keta and
O. nerka. anova indicated that percentage sequence identity
was not equal among all pairs of species (P = 0.032), and
subsequent t-tests confirmed that sequence identity was
higher between O. keta and O. nerka than it was between
O. tshawytscha and O. keta (t = 3.77, d.f. = 51, P < 0.000), or
O. tshawytscha and O. nerka (t = 3.29, P = 0.002).

Three of the loci examined (POMC, IL-1b, and DEAD)
contained stretches of sequence that phrap flagged as
bearing similarity to HpaI repetitive elements.

Several of the contigs exhibited features that suggested
the sequences might represent duplicated regions or para-

logs. One of the initial features examined was heterozygosity
among sequence reads. Some of the sequences contained
nucleotide positions that were heterozygous in every indi-
vidual. Nine loci (Vtg, IL-8R, ins, RH2op, GnRH, RH1op,
CYP1, Ikaros and DEAD) exhibited such heterozygous
‘excess’ at multiple SNPs in a contig and were thus labelled
‘duplicated’. Another criterion we used to label a sequence
as ‘duplicated’ was fixed or near-fixed heterozygosity
based on validation assays. Thirteen loci (RH1op, Vtg, ins,
CYP1, CKmito1, GnRH, u26, u211, IL-8R, LWSop, SClkF2R2,
u4 and AsnRS) exhibited fixed heterozygosity, and another
two loci (C4 and F10) exhibited nearly fixed heterozygos-
ity. In total, 18/57 (∼32%) of the regions examined in this
study met one or more of our criteria for being labelled
‘duplicated’.

Genotyping assay development

Approximately half (53/101) of the 5′-nuclease assays
were successful in discriminating alleles at the intraspecific
SNPs that they were designed to target, and thus in validating
the respective polymorphisms (Table S2). The most common
reason for assays being classified as failures (41/48 failed
assays) was a single fluorescence pattern for all individuals
(a single genotype indicated for all samples). Other reasons
for assays being classified as failures included the lack of
detectable PCR product (4 assays) and the presence of
product that departed from our expectations based on
the DNA sequence data (e.g. more than three genotypes
indicated; 3 assays). The 5′-nuclease reactions that were
successful in discriminating alleles included 31 that targeted
transitions, 21 that targeted transversions, and one that
targeted an indel.

Five of the SNPs were predicted to be synonymous, two
were predicted to be nonsynonymous, and the remainder
fell outside predicted exons. The frequency of the minor
allele (q) at the validated SNPs ranged from 1% to 49%,
with an average of 17% (Table S2).

Discussion

SNP discovery

The use of conserved primers for characterizing SNPs
across multiple target species presents a potential economy

Fig. 2 Frequencies of SNPs observed in three species of Pacific
salmon.

Table 3 Numbers of transitions, transversions, and indels observed in three species of Pacific salmon
 

 

bp Transition Transversion Ratio Indel SNP freq (× 10−3)

Oncorhynchus tshawytscha 34 337 67 45 1.49 2 3.32
Oncorhynchus keta 27 139 73 77 0.95 5 5.71
Oncorhynchus nerka 27 571 55 56 0.98 3 4.13
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for SNP development in nonmodel species (e.g. Aitken
et al. 2004). Primers designed based on alignments of Oncor-
hynchus mykiss and Salmo salar were more successful in
producing sequence data in the target species than were
primers designed based on only Oncorhynchus sequences.
We expect that, should these primers be applied to other
Oncorhynchus species (e.g. O. kisuteh, O. gorbuscha, O. mykiss,
and O. masu), then this pattern would persist and that
more than half of the primers presented here would provide
high-quality sequence data in those species. The use of
these primers in nonsalmonid fishes may also be produc-
tive; however, we would advise alignment of the primers
with sequence data from additional species (e.g. Danio
rerio) prior to testing this hypothesis.

Allendorf & Thorgaard (1984) observed that approx-
imately 50% of enzyme-encoding loci were retained as
functional duplicates within the salmon genome. The per-
sistence of duplicate loci in the salmonid lineage, despite
millions of years of evolution since the tetraploidization
event, is thought to be related to selective advantages
resulting from subfunctionalization of specific genes (review
in Prince & Pickett 2002). These selective advantages would
be influenced by environmental factors suggesting that
any given set of paralogs may have diverged in one species
but not in another. In addition to the loci that we labelled
as potentially duplicated due to excessive heterozygosity,
some of the loci presented here are similar to regions
known to be retained as duplicates (e.g. opsin genes; Dann
et al. 2004). Further, some portion of the primers with
which we were not able to obtain clean sequence data
may have failed by virtue of the fact that they amplified
multiple loci. Because the sequences presented here
were not matched to specific chromosomal locations and
because the reads are relatively short, our ability to dis-
tinguish between paralogs and regions exhibiting similar-
ity for other reasons is limited. Our observation that 32%
of the contigs we examined met one or more of our criteria
for being labelled duplicated, considered in light of the
probability of additional duplicated loci based on the
above factors, seems reasonably close to the prediction
of 50% that one might expect based on allozyme data.
Genetic mapping of the loci presented here would clearly
improve our understanding of duplication in the salmonid
genome.

The frequencies with which SNPs were observed in
the species examined here (from 1/175 bp in O. keta to 1/
301 bp in O. tshawytscha) seem high compared to the fre-
quency of SNPs reported in S. salar (1/586 bp; Hayes et al.
2004), but were well within the range of SNP frequencies
observed in other species (summarized by Brumfield et al.
2003). The difference between the rates observed here and
those reported for S. salar may reflect the fact that the fish
examined here represent diverse wild populations rather
than inbred aquaculture strains, and it may reflect the rel-

atively large ascertainment sample used here (average
contig depth of 63 reads relative to, for example, the species
summarized by Brumfield et al. 2003).

The ti/tv ratio that we observed in O. tshawytscha (1.49)
and the rate reported previously for S. salar (1.37; Hayes
et al. 2004) are both higher than that reported for the near-
est model organism, D. rerio (1.20; Stickney et al. 2002). The
ti/tv ratios that we observed in O. keta and O. nerka (0.95
and 0.98, respectively), conversely, are lower than that
reported for D. rerio. The difference that we observed
between the species examined here may simply be an
artefact of the specific loci that were examined. It should
be noted, however, that if we disregarded the three loci
with the most transversions from both O. keta and O.
nerka, the ti/tv ratios in these species (1.05 in O. keta and
1.16 in O. nerka) remained lower than that reported for
D. rerio. Given the small phylogenetic distance between
O. nerka and O. keta relative to that between either of
these species and O. tshawytscha (Utter & Allendorf 1994;
Phillips et al. 2004), the similar ti/tv ratios observed in
the former two species is interesting. Examination of
O. gorbuscha (related to O. nerka and O. keta) and O. kisutch
(related to O. tshawytscha) could aid in the interpretation of
this result, as could examination of additional loci in the
present species.

Genotyping assay development

The proportion of 5′-nuclease assays that were success-
ful in discriminating alleles at the SNPs that they were
designed to target (∼50%) was lower than that reported
for humans (80–92%; Morin et al. 1999; T. Dodge, Applied
Biosystems, personal communication). Most of the assays
designated as ‘failures’ in the present work exhibited a
single fluorescence pattern for all individuals suggesting
that either: (i) the putative SNP being targeted was a
technical artefact rather than a real polymorphism, (ii) the
region being targeted by primers and probes exists across
multiple loci, or (iii) the probes used were not sufficiently
sensitive to bind or not bind based on a single-base dif-
ference. The raw data from the 5′-nuclease assays did not
facilitate distinction between these possibilities. The third
possibility should account for ∼10% of all assays failing
based on the results of Morin et al. (1999). The first possib-
ility probably accounts for some of our failures, but it is
expected to be minimal based on the stringent conditions
that we used to call SNPs. The second possibility seems
likely to be more of an issue in salmon than in species
that have not undergone recent genome duplication
events. Although predicting assay success rates based on
the 50% duplication estimate of Allendorf & Thorgaard
(1984) is subject to errors based on a large number of
factors, our results are surprisingly consistent with their
estimate.
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Assays in which more than three genotype clusters
were detected may represent other duplication situations
in which the SNP and its flanking region are being retained
as duplicate loci. The multiple clusters observed in such
assays may reflect cases in which the sequencing primers
were specific to target a single locus, but the assay primers
or probes are not.

The observation that only 39% of the O. nerka assays
succeeded while 54% and 64% of O. keta and O. tshawytscha
assays succeeded is of interest. The total number of SNPs
observed in O. nerka was identical to that observed in
O. tshawytscha so differences in the number of assays that
worked could not be attributed to differences in the number
of SNPs between species. The maintenance of duplicate
loci via subfunctionalization relies to a large extent on drift
and thus on effective population size. Species with small
effective population sizes are subject to higher rates of
genetic drift and are thus more likely to retain duplicate
loci due to subfunctionalization (Prince & Pickett 2002).
The relatively stringent freshwater requirements of the
O. nerka life history limit gene flow in this species relative
to other salmonids (Quinn 2005). While it is tempting to
speculate that relatively few assays worked in O. nerka
because that species retains a higher proportion of identity
between paralogs, making it less likely that a set of PCR
primers and probes will anneal to a single locus, mapping
data and preferably a larger number of loci will be needed
to test this hypothesis.

Two factors that should be considered when using SNPs
(or any molecular markers) in population studies are ascer-
tainment bias and the possibility of natural selection acting
on allele frequencies of the markers. Ascertainment bias
results in the selection of loci that have intermediate allele
frequencies in the ascertainment sample, and loci that
show increased variation in populations represented in the
ascertainment collections relative to those not represented.
Large and broadly sampled ascertainment collections
afford one possibility for minimizing ascertainment bias.
Statistical corrections have further been proposed, allowing
researchers to correct for ascertainment bias when estimating
several parameters including allele frequencies (Nielsen
et al. 2004), migration (Wakeley et al. 2001), linkage dis-
equilibrium (Nielsen & Signorovitch 2003), and population
growth (Polanski & Kimmel 2003). In the case of selec-
tion, each locus will need to be considered individually.
Although our in silico analyses suggested that only a few of
the SNP genotyping assays presented here code for non-
synonymous substitutions, the fact that most of the PCR
primers were developed based on ESTs and that a few had
significant matches to genes thought to be under selective
influence (e.g. eif4ebp2; Richter & Sonenberg 2005) would
caution against the assumption of neutrality of these markers.
Examining population data collected using the present
assays for outlier loci (Beaumont & Nichols 1996; also see

review by Luikart et al. 2003) may allow inferences to be
made regarding the impacts of natural selection on allele
frequencies at these loci in those populations. Natural
selection may limit the utility of these markers for estimat-
ing population genetic parameters such as migration and
effective population size, but could also render them very
useful in the context of association and quantitative trait
studies as well as in mixture analyses.

Conclusion

Our results suggest that the use of Oncorhynchus mykiss
and Salmo salar sequence for SNP development in Pacific
salmon is a straightforward although costly endeavour.
Starting with 116 loci targeted in this study enabled us to
sequence 68–78 contigs per species, from which we were
able to design 12–21 genotyping assays per species. The
number of SNPs required for population studies will vary
considerably based on the specific objectives of the study,
distinctiveness of the taxonomic units of interest, information
content of the specific markers available, and the desired
probability level (Seddon et al. 2005). While nine SNPs were
sufficient for addressing international treaty objectives for
Oncorhynchus tshawytscha in the Yukon River (Smith et al.
2005), the factors above will likely necessitate larger
numbers of loci for analyses of salmon collected on the
high seas and for projects in other species. Assuming we
can generalize the number of SNP loci needed for a project
to approximately that observed in cows (80; Werner et al.
2004), and assuming that the efficiency with which SNPs
are converted to genotyping assays does not improve
beyond that observed here, then approximately 500 loci
would need to be sequenced in a species in order to
discover an adequate SNP panel. The number of sequences
presently in GenBank for several species, including O. mykiss
and S. salar, are clearly sufficient for this purpose. While the
costs of the required DNA sequencing are significant, for
Pacific salmon these must be compared to the costs of
redundant genotyping presently being done using non-
standardized markers and to the costs of using genotyping
technologies that are, relative to what is available,
increasingly labour intensive.
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Table S1 Primers used to amplify loci in Oncorhynchus tshawyt-
scha, Oncorhynchus keta, and Oncorhynchus nerka.

Table S2 Primers and probes used for 53 5’-nuclease reactions in
Pacific salmon. Each probe was designed with either VIC or 6FAM
on its 5’-end and a nonfluorescent quencher and minor groove
binder on its 3’-end. Annealing temperatures (in °C) are given for
each assay. The frequency of the minor allele (q) among 50 indi-
viduals in the ascertainment sample is given for each SNP.
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