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SNP DISCOVERY: CHAIN TERMINATION SEQUENCING

Discovery and characterization of single-nucleotide
polymorphisms in steelhead/rainbow trout, Oncorhynchus
mykiss
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Abstract

Single-nucleotide polymorphisms (SNPs) have several advantages over other genetic markers, including lower mutation
and genotyping error rates, ease of inter-laboratory standardization, and the prospect of high-throughput, low-cost geno-
typing. Nevertheless, their development and use has only recently moved beyond model organisms to groups such as sal-
monid fishes. Oncorhynchus mykiss is a salmonid native to the North Pacific rim that has now been introduced throughout
the world for fisheries and aquaculture. The anadromous form of the species is known as steelhead. Native steelhead popu-
lations on the west coast of the United States have declined and many now have protected status. The nonanadromous, or
resident, form of the species is termed rainbow, redband or golden trout. Additional life history and morphological varia-
tion, and interactions between the forms, make the species challenging to study, monitor and evaluate. Here, we describe
the discovery, characterization and assay development for 139 SNP loci in steelhead/rainbow trout. We used EST
sequences from existing genomic databases to design primers for 480 genes. Sanger-sequencing products from these genes
provided 130 KB of consensus sequence in which variation was surveyed for 22 individuals from steelhead, rainbow and
redband trout groups. The resulting TagMan assays were surveyed in five steelhead populations and three rainbow trout
stocks, where they had a mean minor allele frequency of 0.15-0.26 and observed heterozygosity of 0.18-0.35. Mean Fgr was
0.204. The development of SNPs for O. mykiss will help to provide highly informative genetic tools for individual and
stock identification, pedigree reconstruction, phylogeography and ecological investigation.
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Introduction locations and are normally bi-allelic (Vignal et al. 2002).
SNPs have several advantages over other markers,
including that they are the most abundant polymor-
phisms in eukaryotic genomes, with an approximate den-
sity of 107 SNPs per base pair (Wang et al. 1998; Smith
et al. 2005), they are found in both coding and noncoding
regions (Brumfield et al. 2003), and they have a lower
mutation rate (Brumfield et al. 2003), which is an impor-
tant source of error in many applications. The use of SNP
markers with humans and other model organisms is
extensive and has focused on genetic mapping, disease
diagnosis, toxicology and pharmacogenomics (Wang
et al. 1998; McCarthy & Hilfiker 2000; Sachidanandam
et al. 2001). Conversely, in nonmodel organisms, such as

The development of highly informative molecular mark-
ers is an important first step in the investigation of popu-
lation, ecological, evolutionary and conservation genetic
questions. Several types of molecular markers have been
widely used since the development of the polymerase
chain reaction (PCR), including randomly amplified
polymorphic DNA, amplified fragment length polymor-
phisms, mitochondrial DNA sequences and variable
number of tandem repeat markers, such as microsatel-
lites and minisatellites. More recently, single nucleotide
polymorphisms (SNPs) have begun to see use in popula-
tion genetics, although primarily for model organisms.

SNPs are nucleotide variants found at particular genomic
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salmonid fishes, the use of SNP markers is quite recent
and has focused more on population identification and
ecological genetic questions (Narum et al. 2008).
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Oncorhynchus mykiss is a salmonid species native to
the North Pacific rim. Its current native distribution
extends from the Kamchatka Peninsula in north-eastern
Asia to northern Mexico in North America. However, it
has been introduced throughout the world for recrea-
tional fisheries and aquaculture, and there are now natu-
ralized populations of the species in the southern
hemisphere (e.g. Pascual et al. 2001) and in Europe
(Fausch 2007). Two widespread and phylogenetically dis-
tinct lineages of O. mykiss have been identified in North
America, and they correspond approximately to inland
and coastal groups separated by the Cascades mountain
range (Burgner et al. 1992; Busby et al. 1996), although
the full phylogenetic picture is more complicated
(McCusker et al. 2000). In addition, many ecotypes and
life history strategies are present in the species. Gener-
ally, the anadromous form of the species is termed steel-
head and the nonanadromous freshwater form rainbow,
golden or redband trout. Steelhead spend from 1 to
7 years in fresh water and then migrate to the ocean
where they spend from 1 to 3 years before returning to
fresh water to spawn. However, life history strategy in
O. mykiss is governed by a complex mix of environmental
and heritable factors, such that a single interbreeding
population can contain individuals expressing nearly
every possible combination of years in fresh and salt
water (Shapovalov & Taft 1954). There are also several ec-
otypes of steelhead that can coexist as distinct temporal
‘runs’ or ‘races’ that are defined by the season (spring,
summer, fall or winter) of peak river entry and associated
reproductive maturity (Busby et al. 1996).

This life history complexity makes monitoring and
evaluation of the species, and its multitude of managed
populations and stocks, difficult. Such assessment has
become increasingly important, because salmonid popu-
lations on the west coast of the United States have
declined dramatically during the past few decades and
many steelhead populations are now protected under the
United States Endangered Species Act (ESA; NOAA
2006). The most important causes for this decline include
habitat loss, habitat degradation, recreational harvest and
hatchery operations. In addition, genetically depauperate
hatchery rainbow trout have been stocked in great num-
bers in basins containing native steelhead. Introgression
by these trout has been reported and may pose a substan-
tial threat to at least some steelhead populations (Garza
& Pearse 2008; Clemento et al. 2009).

One of the most important methods for monitoring
the effects of such threats on fish populations, and for
providing other types of biological inference about them,
is the use of molecular population genetic analysis. Mi-
crosatellite loci have seen widespread use with O. mykiss
and have proven powerful in studying population struc-
ture and interactions among different groups (Beacham

et al. 2000; Narum et al. 2004; Aguilar & Garza 2006; Pear-
se et al. 2007; Clemento et al. 2009). Fortunately, due pri-
marily to the importance of O. mykiss in aquaculture,
many additional genomic resources have been developed
for the species, including expressed sequence tag (EST)
databases and linkage maps (Rexroad et al. 2008).

These resources are allowing more detailed analyses
of ecological and conservation genetic questions than
previously possible (e.g. Martinez ef al. in press). They
also allow the identification and development of SNP
markers for salmonid species that can be surveyed on a
large scale (Smith efal. 2005, Castafio-Sanchez et al.
2009). Such markers will allow large-scale monitoring
and will further elucidate some of the pressing questions
regarding O. mykiss ecology and life history evolution,
through both traditional population genetic analyses and
large-scale parentage inference (Anderson & Garza 2006),
particularly with the advent of high-throughput genotyp-
ing methods.

In this study, we describe the discovery, characteriza-
tion and development of assays for a large number (139)
of SNP loci for steelhead/rainbow trout. We exploited
EST databases to design nearly 500 primer sets for func-
tional genome regions. PCR products resulting from
these genes, which include both exonic and intronic
regions, were then sequenced in an ascertainment panel
of 22 fish designed to simultaneously represent some of
the phylogenetic diversity of the species and to provide
polymorphic markers for focal populations in California.
Such ‘balanced’ ascertainment is intended to reduce the
bias against polymorphism in other populations and lin-
eages of a species when only particular groups are used
in marker discovery (Clark et al. 2005). These SNP mark-
ers represent a valuable resource for studying ecological
interactions, phylogeography and conservation status, as
well as for pedigree reconstruction, individual and
genetic stock identification and, eventually, for linkage

mapping.
Methods

Ascertainment panel

Individuals from multiple populations and lineages of
O. mykiss were chosen for the ascertainment panel. A
total of 22 fish from five distinct steelhead populations or
rainbow trout strains were included: 10 anadromous
adult steelhead from Scott Creek, four anadromous adult
steelhead from the Middle Fork Eel River summer run,
two redband trout (O. mykiss newberrii) from the Upper
Klamath River basin and six hatchery rainbow trout
raised at Fillmore Hatchery on the Santa Clara River near
Los Angeles, CA. Three of these trout were from either
the Virginia or Wyoming strains, and three were from
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the Mt. Whitney Strain (Busack & Gall 1980). In addition,
two coastal cutthroat trout (O. clarki clarki) from Little
River, Humbolt County, CA were included in the ascer-
tainment panel, to detect and avoid designing assays for
polymorphisms that might be because of past hybridiza-
tion between steelhead and cutthroat trout (Young et al.
2001).

Genetic analysis

Tissue samples were digested with proteinase K, fol-
lowed by DNA extraction with a semi-automated mem-
brane-based system (DNeasy 96 Tissue Kit, QIAGEN
Inc.) on a QIAGEN BioRobot 3000. All of these samples
had been previously genotyped with microsatellites, so
that DNA quality was known to be high. Purified DNA
was diluted 1:20 in ddH,0 for PCR.

A total of 480 O. mykiss ESTs were selected using a
random number generator from the rainbow trout ‘Gene
Index’ online database hosted at the Dana-Farber Cancer
Institute and Harvard School of Public Health (http://
compbio.dfci.harvard.edu/tgi/; accessed on December 8,
2006). Primers were designed using the program primer3
v. 0.4.0 (Rozen & Skaletsky 2000) for each of these loci.
PCR amplifications were conducted using the following
parameters: 0.041 U AmpliTag DNA polymerase
(Applied Biosystems Inc.), 1.5 uL. PCR buffer (Applied
Biosystems Inc.), 0.9 mm MgCl,, 0.5 mm dNTPs, 5 pmol
of each primer and 4 pL of DNA template. Thermal
cycling conditions employed a ‘touchdown” protocol and
were as follows: an initial denaturation of 3 min at 94 °C,
then 2 min at 63 °C and 1 min at 72 °C, followed by
[94 °C for 30s, 60 °C for 30s, 72 °C for 1 min] x 12
(=1 °C/cycle), [94 °C for 30s, 48 °C for 30's, 72 °C for
1 min] x 11, [94 °C for 30 s, 48 °C for 30 s, 72 °C for
1 min (+10 s/cycle)] X 9 and finally 5 min at 72 °C. PCR
products were surveyed by gel electrophoresis in 2% aga-
rose. PCR products that exhibited a single robust band
were purified using an Exo-SAP protocol (USB Inc): 5 pL
of PCR product, 0.15 mL of Exonuclease I (20 U/mL),
1 pL of shrimp alkaline phosphatase (1 U/mL), 0.5 pL of
10x buffer and 3.36 uL. of deionized water were incu-
bated at 37 °C for 60 min and then 80 °C for 20 min with
a cool down to 4 °C. Clean products were then Sanger
sequenced on both the forward and reverse strands using
the BigDye Terminator v3.1 Cycle Sequencing kit
(Applied Biosystems Inc.). Sequencing reaction products
were purified using 6% Sephadex columns and visual-
ized by capillary electrophoresis on a 3730 DNA Ana-
lyzer (Applied Biosystems Inc.).

All sequences from each locus were aligned and
assembled into contigs using Sequencher 4.9 (Gene
Codes Corporation). Where the alignments indicated a
polymorphism, the chromatograms were visually exam-
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ined for verification. To consider a polymorphism for
development as a SNP assay, we used the criterion that
all three genotypes (the homozygotes for both alleles
and the heterozygote) for that site must have been
observed at least once in the ascertainment panel. No
distinction was made with respect to the population or
strain in which the genotypes were found. This ascer-
tainment criterion was employed to reduce the identifi-
cation of sequencing artefacts as SNPs and to select the
nucleotide sites that had the highest probability of
being sufficiently polymorphic for downstream applica-
tions. A BLAST search was also performed on each
consensus sequence to determine whether the EST cor-
responded to an identified gene and to ensure that
each SNP marker would represent a novel assay in an
independent gene. We chose one potential SNP for
each EST analysed to reduce the probability of markers
in linkage disequilibrium. The site with the highest
minor allele frequency in the ascertainment sample that
also met the assay design criteria (e.g. more than 25 bp
from the end of the sequence, no adjacent polymor-
phism) was chosen for assay design.

SNP assay development and validation

Consensus sequences, with the selected nucleotide sites
indicated, were submitted for the design of 5 nuclease
allelic discrimination, or TagMan, assays (Applied Bio-
systems Inc.). When it was not possible to design an
assay for a selected site and another nucleotide in the
consensus sequence met both the ascertainment and
design criteria, a second attempt was made to design an
assay for that locus.

Single-nucleotide polymorphism assays were vali-
dated by genotyping a total of 186 fish from the following
eight steelhead populations or rainbow trout strains:
Scott Creek (n =46), Klamath River-Kelsey Creek
(n = 23), Eel River-Middle Fork summer run (n = 24),
Sacramento River-Battle Creek (n = 23), Columbia River-
Willamette River (n = 23), Kamloops Strain-Hot Creek
Hatchery (n =15), Mount Whitney Strain-Fillmore
Hatchery (n =16) and Eagle Lake Strain-American
River Hatchery (1 = 16). SNP genotyping was carried out
in 96.96 Dynamic Genotyping Arrays on an EP1 Geno-
typing System (Fluidigm Corporation), which uses
nanofluidic circuitry to simultaneously interrogate up to
96 loci in 96 individuals.

Statistical analysis

Deviations from Hardy-Weinberg and gametic phase
(linkage) equilibrium were evaluated with GENEPOP 4.0
(Rousset 2008). Observed and expected heterozygosity
(Nei 1978), the fixation index Fgr (Weir & Cockerham
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1984) and allele frequencies were estimated using GE-
NETIX 4.05 (Belkhir et al. 1996-2004).

Results

Of the 480 primer pairs designed from O. mykiss ESTs,
264 produced a single-sized PCR product in most or all
fish in the ascertainment panel. Of these 264 ESTs, 236
yielded sequence at one or more individuals. All PCR
products were subjected to sequencing, even if a band
was not visible for every individual on an agarose gel. A
mean of 18 (range 1-22) individuals produced sequence
for each locus, and most of these resulted in broadly or
completely overlapping forward and reverse sequences.
Because EST sequences are derived from mRNA and
therefore lack intronic regions, many of the PCR products
were larger than the predicted size and several of them
did not have overlapping forward and reverse strand
sequences. None of the ESTs were identified as coming
from the same gene in a BLAST search (Appendix S1),
nor did they match any published SNP assays for
O. mykiss.

More than 2.3 MB of genomic sequence was produced
and aligned (Table 1), or 4.6 MB when both strands were
considered separately, and a composite consensus
sequence of 130 KB (mean 551 bp/locus) was used for
discovery and the determination of density. To account
for the lack of sequence for all individuals in all
sequences and the consequent decrease in probability of
finding variability, we calculated a consensus length
weighted by the number of individuals for which
sequence was obtained. The weighted consensus
sequence was 120 KB (mean 513 bp/locus). In other
words, 92.3% (120 KB/130 KB) of the entire consensus
sequence from these 236 loci was obtained for all 22 indi-

Table 1 Summary of EST sequencing effort

viduals in the ascertainment panel. The density of all
nucleotide sites with apparent substitutions was 0.0111,
or one every 111 bp. When weighted by the number of
fish for which sequenced was obtained, the density of
substitutions was 0.0122 or one every 122 bp.

A total of 175 sequences were submitted for assay
design. In addition, one sequence (GHPROM1) with a
SNP identified in a previous effort (Aguilar & Garza
2008) was submitted for design. Of those, 167 yielded
designs suitable for assay manufacture. From these 167,
we then eliminated 28 because of problems with geno-
type calling or because the assay was not interrogating
a single Mendelian locus (all apparent homozygotes or
heterozygotes).

This elimination process left 139 SNP assays for fur-
ther validation and characterization. A list of these
assays, with primer/probe information and with the vari-
able base indicated, is found in Table 2. To evaluate the
utility of these loci in different parts of the species” geo-
graphic range and for both natural populations and
hatchery/aquaculture rainbow trout, we genotyped all
139 loci in eight steelhead populations or rainbow trout
strains (Table 3). Several loci were not in Hardy-Wein-
berg equilibrium for some populations or strains, but
only four loci deviated from equilibrium in more than
one group and no locus deviated in more than three pop-
ulations or strains. Very little linkage disequilibrium
between markers was found. Three markers (Omy_
114448-87, Omy_121006-131 and Omy_127236-583) were
in complete disequilibrium, in spite of the fact that they
were designed from unique ESTs, but aside from those
three, only eight pairs of markers (out of a total of 9005
pairs), were in significant linkage disequilibrium
(P < 0.001; 53 more pairs if P < 0.01), which is similar to
the number expected by chance alone.

Total Mean [Range] per locus
EST loci sequenced 236
Base pairs sequenced 2 322 269
Length of consensus sequence (base pairs) 130 025 550.95 [109-1417]
Weighted consensus (base pairs) 119 969 512.69
Number of observed substitutions 1366 5.84 [0-21]
Number of SNPs (all three genotypes observed) 506 2.16 [0-10]
Loci with no variable sites 10
Insertions/deletions (indels) 182
Transitions (A-G or C-T) 676
Transversions (A-C or G-C or A-T or G-T) 681
Possible duplicated genes 14
Sites with 3 nucleotides observed 9
Total number of substitutions + indels 1548
Density of substitutions in consensus sequences 0.0111
Density of substitutions in weighted consensus sequences 0.0122
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SNP DISCOVERY: CHAIN TERMINATION SEQUENCING 43

$OI'0 000 000 0000 610 810 ¥600 000 000 0000 €10 CL'0 S900 ¥00 ¥00 2200 410 910 €800 000 000 0000 9€0 &0 ¥HT0 SYI-h/8601 AWO
9870 €90 8¥0 ST90 S€0 IS0 €950 000 000 0001 ¥00 $00 8460 ZI0 910 €160 8€0 IS0 650 ZI'0 910 €160 SF0 6F0 SOF0 19%-€69601 AWO
0FT0 000 000 0000 8€0 IS0 8€¥0 000 000 0000 000 000 0000 %00 ¥00 1200 ¥00 %00 1I200 000 000 0000 870 ZEO 8€TO Sh-159601 AWO
THI0 610 810 9060 0S0O IS0 €950 090 TS0 0050 0S0 IS0 ZZF0 €0 6€0 6£40 8€0 0¥0 1470 0F0 V0 0S€0 60 SF0 80 €0F-SCS601 AWQ
0IL0 8€0 I€0 88I0 950 IS0 6970 €€0 Z£0 €£¢0 000 000 0000 TS0 6£0 1920 0€0 IF0 €820 000 000 0000 920 TE0 9610 IPE-06£601 AWO
€870 ST0 1€0 €180 ¥H0 160 1€50 €10 €10 £900 600 910 Z800 €0 IS0 8440 ST0 TTO STL'0 9T0 6V0 G6€0 ¥T0 ¢C0 TIL0 TTT-€h260l AWwO
6IT°0 €50 9%°0 €£€0 I€0 4T0 9SI'0 020 610 0010 $00 $00 ¢C00 TTO 920 TSI'O 000 000 0000 920 €20 O0EI'0 000 000 0000 S8-07880T AWQ
1910 ST0 6£0 0S40 ¥70 050 90F0 €0 620 €80 80 0S50 /850 040 180 8ZF0 TH0O 870 SLE0 ZF0 6V0 S6€0 920 TE0 8610 LIE-SEL801 AwQ
G970 8€0 650 0SL0 €90 TS0 0050 ZFO LEO €€T0 8F0 ZE0 6€T0 TS0 9¥0 SPE0 ¥S0 IS0 680 €20 IC0 FII'0 200 200 TLI00 €61-£00S0T AWQ
1860 ST0 €C0 SZ80 610 £T0 ¥H80 ZF0 S0 0050 0€0 6F0 00FV0 €70 6F0 16€0 00 %00 1200 660 050 8950 T00 SI'0 1800 HE£-908£01 AwQO
7660 8C0 FFO €IE0 S€0 6€0 0STO0 ZFO TS0 0050 0T0 SI'0 0060 S9°0 IS0 S2S0 ¢C0 0T0 6010 ¥C0 1T0 6I10 €10 910 6800 ¥85-984/01 AWQ
670 €€0 €70 00€0 950 050 90F0 Z00 610 0060 ZI0 910 €160 6£0 IF0 ZIZ0 IT0 610 ¥0I'0 ¢C0 0C0 6010 SI'0 IT0 OTL'0 ¥IE-98440T AWQ
P10 900 900 1€00 I€0 £4TO 9S1'0 0T0 600 /910 TS0 IS0 TS0 920 €20 0€L'0 0S0 80 S4€0 SO0 SO0 €200 €60 I€0 6810 LEI-£09/01 AWQ
6V1'0 ¥P0 TH0 18T0 000 000 0000 420 OF0 £9T0 600 600 SHOO 8¥0 ZEO 6€£C0 000 000 0000 2CO 0CO 6010 000 000 0000 OLI-9€€£01 AWQ
€110 STO0 €C0 STI'0 690 150 1€50 €60 Z£0 €€T0 €F0 9%0 8F€0 TS0 050 G950 THO ¥E€0 80TO 410 9L'0 /800 0V0 OF0 £9T0 69-68¢40L AwQ
9090 €10 CI'0 8€60 950 4¥0 ¥PE0 000 000 000T 000 000 000 0SO 920 SF80 850 IS0 8SF0 ¥00 ¥00 8460 €10 0T0 6010 ZIT-HL0L01 AWQ
PIE0 STO €20 STI0 0S50 8V0 SLE0 £T0 ¥TO 4980 €40 6F0 60F0 THO 870 SZ£0 ZI0 910 €800 €10 0T0 6010 000 600 ¥H00 P0L1€0L0T AwO
IS00 8€'0 160 8€¥0 8€0 160 €950 V0 L£0 £940 190 IS0 84F0 TE€0 6V0 9860 SL0 1§60 TPSO TS0 IS0 TS0 S¥O ¥v0 SIE0 L0LLF/901 AWwQ
6410 990 0S50 ¥650 ¥H0 S€0 6IT0 £00 £00 €900 000 000 0000 €70 9F0 8FE0 620 I€0 8SI'0 F00 ¥00 <TTO0 9€0 SE0 <TI0 85099901 AWQ
1620 900 900 6960 ¥#0 050 90F0 €10 ¥T0 £980 000 000 0001 6£0 80 0480 €50 8C0 €€80 TS0 9¥0 TG90 150 8F0 S6€0 SHH-£1£901 AwQ
$91°0 000 000 0000 STO €20 STI'0 £00 £00 €£0°0 000 000 0000 920 €0 OSI'0 ZI'0 910 €800 920 9¥'0 8P€0 000 000 0000 TEE-TLIOL AWQ
6800 610 SI'0 600 610 810 %600 0T0 610 0010 000 000 0000 €0 ¥€0 80C0 000 000 0000 ¥00 $00 TTOO <00 CO0 LLO0 LOL-L68SOL AwQ
8FE0 8€0 I€0 €180 S€0 6€0 0STO0 €60 620 /910 600 600 SS60 SE0 6V0 1660 Ch0 80 0SC0 ¢C0 920 8¥S0 8€0 TH0 000 S9¢-F1LS0I AWQ
0€C0 050 870 SZ€0 0S0 ¢SO0 0050 000 000 000T 000 000 000T 840 6F0 6090 850 050 €850 $¥0 050 1450 €€0 LF0 6560 ¥4-40PSOT AWQ
0920 000 000 0000 000 000 0000 000 000 0000 000 000 0000 920 620 ¥ZL0 9¥0 LF0 ¥SE0 SO0 SO0 €200 6V'0 0S50 ¥hF0 €9¢-10¥S0L AwO
69€0 610 £F0 9590 000 000 0000 000 000 0000 €10 TI'0 S900 000 000 0000 000 000 0000 000 000 0000 ¥F0 SHO €£€0 LPE-98€501 AWQ
6510 8€0 8V0 SLE0 0S50 6£0 0S40 LF0 €/0 0040 190 6F0 16€0 SS0 870 SZ£0 920 €0 #0800 2€0 6F0 %190 620 ¥£0 1I1T0 90%-G8€S0L AwO
GEr'0 000 000 0000 000 000 0000 000 000 0000 000 000 0000 €10 CL'O S90°0 €€0 €0 80TO 000 000 0000 8E0 LE0 8ETO €1L-GETSOL AWO
GP00 1€0 £C0 9SI'0 €10 €10 £900 €10 $TO €£10 00 F00 TCO0 STO <C0 S0 8€0 960 6CC0 I¥F0 €€0 S0TO 70 TH0 68T0 £9€-SIISOL AwQ
£9T0 €U0 TL'0 €900 690 IS0 6970 b0 1S0 4950 410 9%0 TS90 6£0 Z£0 6£T0 9¥0 6V0 96€0 IF0 €70 G040 L00 SL'0 8£0°0 8¥P-G0ISOL AWO
GZI'0 000 000 0000 000 000 0000 Z00 £00 €£00 SE€0 6€0 19C0 TT0 920 <TSI'O IT0 610 ¥OI'0 SSO 6V'0 60F0 050 ¥H0 SIE0 TII-SZ0S0T AWO
€410 000 000 0000 ZTO %T0 €€10 £00 £00 9200 000 000 0000 €0 S€0 £LITO €€0 THO T6C0 050 160 €250 920 920 TSL0 PLI-695H0L AwO
LST'0 8€0 8P0 ST90 0S0 8F0 G290 0V0 IS0 €€50 6€0 I¥0 LIZO0 L§0 SO ¥/90 620 1€0 €180 €70 6£0 6£40 €60 0V0 TLTO ¥29-615H01 AWQO
6610 1€0 £T0 9SI'0 860 6£0 0ST0 IT0 0£0 6410 000 000 0000 THO IS0 THSO 620 9€0 620 ¥00 $00 TTO0 0S0 0S0 ¥9F0  €5-€14£0T AwO
sy oyg oy baxy og oy bory oy oy bory oy oy bexy oy oy bery o oy bary oy oy baxy ol oy  baxg swreN Aessy

IPIV IPIV IPIV IPIV dPIV IPIV dPIV IPIV

91 =N 91 =N SI=N €C=N €=N ¥t=N €C=N 9% =N

Kxoypyery Arouojep]  AIOUdjep] 3oaID)  IDATY 9PSWE[[IAM PEEr®) (IOWInNS) MI0 oaxD) £asy 3921 300G

ISATY aIoW[[L]-ureng JOLI-UIeN)G  -IDATY RIqUIN[OD) O[NRg-I9ATY I[PPIAN-IOATY [9f  -IDATY jewery|
uedLIWY-Ureng  ASujrgpq JUnopn sdooyurey ojudwIRIdLg
e odey

ponupuoy € a[qeL,

Molecular Ecology Resources (2011) 11 (Suppl. 1), 3149

© 2011 Blackwell Publishing Ltd



44 A. ABADIA-CARDOSOET AL.

P00 8€0 680 0S40 FH0 IS0 6970 €50 950 £990 6£0 850 00 €70 050 SEV0 €€0 SP0 €660 €50 9%0 8PE0 0€0 090 99%0 00¥-0££411 AwO
880°0 €10 CL'0 €900 900 900 100 €€0 6T0 £Z910 600 600 €b00 410 9L'0 /800 ¥00 ¥0°0 1200 ¥00 ¥00 <200 CHO 8€0 9SC0 ¥LE-98¢LIL AwQ
1010 000 000 0000 €0 TL'0 €900 000 000 0000 €F0 6€0 1920 €0 TL'0 G900 8£0 9¢0 62¢0 L0 910 /4800 8F0 €0 Z0€0 967652411 AwQ
8IT'0 950 050 90F0 ¥70 THO 18C0 000 000 000T 0S0 9¥0 IFEO 9T0 050 G950 8¥0 050 €IF0 6£0 IS0 LSKO 480 870 86€0 6IP-chesll AwQ
650 TP0 SE0 6IT0 8€0 THO 8890 0T0 610 0010 ¥00 $00 <200 €0 6£0 1920 000 000 0000 €0 TL'O S900 000 000 0000 ¥9T-8€691L AwQ
€/T0 610 8I'0 9060 8€0 8¥0 SC90 0TO 610 0060 €0 6V0 6090 TS0 0S50 G950 STO TCO STL'0 €0 €€0 G640 TS0 6F0 €IF0 6he-€eL911 AwQ
GTF0 050 8V0 SZE0 0S50 ¥H0 8890 £00 Z00 €800 000 000 0000 6€0 ZEO 6€C0 000 000 0000 ¥00 ¥00 <200 000 000 0000 Z9¥-T9€9Ll AwQ
6100 000 000 0000 000 000 0000 000 000 0000 000 000 0000 000 000 0000 000 000 0000 000 000 0000 600 600 SHOO 6CCHOIILL AwQ
010 900 90°0 I€00 610 80 ¥600 €0 €L0 900 €10 TLO S900 £90 8F0 €0 ¥S0 0F0 1£T0 1F0 €60 S0TO 4E0 80 0860 TISL86SIL AWwQO
0SI'0 900 900 1€00 €90 IS0 8€P0 €50 9F0 €820 600 600 €F00 €10 L0 S900 €€0 820 Z9T0 600 600 €H00 €70 9¥0 TSEO €TT-9L6VIL AwO
800 €10 TL'O €900 000 000 0000 Z00 Z00 €€00 920 620 ¥LI'0 F00 $00 TT00 0000 000 0000 FL'O €10 89000 €£0 9€0 8TT0O 08h~48SHIL AwQO
9TF0 €10 TI'0 8€60 €90 IS0 8€¥0 000 000 000L 000 000 000L ZS0 0S0 /850 9%0 ¥H0 €I€0 SSO PH0 7890 ST0O 0€0 S8I'0  /8-8PFFII AwQ
GIT0 000 CL'0 €900 1€0 £ZTO 9SI'0 ZTO ¥TO €EL0 600 600 €F00 ¢SO0 9¥0 8¥€0 STO ¢c0 SCL'0 00 920 <TSL0 V0 670 LIF0 8eh-SIerll AwQ
8910 ¥F0 LF0 FFEO PHFO 0S50 90V0 K0 SFO £9€0 ¥90 LF0 ¥9€0 SE€0 620 L0 €60 820 L91'0 050 IS0 0050 000 000 0000 6SL-06VEIL AwQ
/810 1€0 0S50 90¥'0 000 000 0000 £00 £00 €€0°0 000 000 0000 410 910 £80°0 000 000 0000 €0 TL'O S900 000 600 ¥H00 €91-cheell AwQ
0020 610 8L'0 ¥600 €10 TL'0 €900 £00 Z00 €900 0000 000 0000 €10 TLO S900 THO SO €660 TTO 920 <TSL'0 KO 0S0 9570 €48TIEll AwQ
6610 120 6£0 0SC0 0S50 IS0 €950 0T0 610 0010 000 000 0000 6£0 SHO 92€0 800 800 <THOO 000 000 0000 Z¥0 THO 00€0 SOT-60IELL AWwQ
9TI'0 I€0 SE0 1840 050 6£0 0S40 080 050 0090 980 IS0 €S0 TS0 6£0 6E40 880 050 8€F0 €70 SE0 LITO 960 10 0050 SH-9/8T1L AwQ
600 0T0 620 L910 8€0 6£0 0SC0 €10 €10 €860 600 600 4S60 6€0 050 €I¥0 620 STO 9¥I'0 8¥0 THO 98T0 £T0 0€0 810 T8-0T8CLL AwQ
90F'0 0S50 ¥F0 8890 690 IS0 6970 £T0 ¥TO 4980 SL'0 LI'0 6060 920 6£0 19C0 THO 8£0 0ST0 SHO ZF0 ¥9€0 200 OL'0 %S00 TOT-L0€TIL AwQ
1910 STO 1€0 €180 80 6€0 0STO 0F0 €€0 00T0 6€0 ¥F0O 90€0 TS0 €F0 9690 9%0 0F0 140 8F0 10 €¥S0 $90 SH0 IPE0 8T€-80CCIL AW
PTI0 050 6€0 0SC0 900 900 1I€00 £00 Z00 €800 000 000 0000 TTO 920 TS0 000 000 0000 600 600 €PO0 000 000 0000 TEH-189LLL AwQ
GZI'0 0S50 ¢S0 0050 STO IS0 S8EF0 Z¥0 €0 €€C0 ¥00 ¥00 200 80 IS0 €¥S0 0S50 050 €850 0€0 IFO €8C0 950 050 9SF0 10£-999LLL AwQ
TG0 1€0 IS0 69F0 1€0 THO 18T0 €40 850 €€90 0£0 IF0 LIL0 190 0S50 S€F0 050 THO T6C0 SS0 6V0 60F0 970 920 TS0 IS-€8ELLL AwQ
¥80°0 8€'0 8¥0 SZE0 000 000 0000 0TO 610 00L'0 9C0 €20 O0EL'0 ¢c0 920 TSL0 $00 %00 1200 600 600 €00 <0 0T0 6010 9CSHS0LLL AwQ
0170 690 050 90F0 1€0 THO 6IL0 000 000 0000 190 6V0 L6€0 TS0 050 SEF0 9%0 9¢0 620 ¥T0 I1T0 1880 200 200 IL00 6SI-G00LLL AwQ
9200 050 ¥F0 €I1€0 0S50 IS0 €990 €€0 6T0 £Z910 6€0 IS0 0050 TS0 6V0 16€0 THO IS0 8SH0O IF0 160 ZZF0 €50 150 68F0 8PL-6890LL AWwQ
0I¥0 000 000 0000 610 8L'0 ¥600 090 €F0 0040 ZL'0 910 £800 %00 %00 <00 000 000 0000 6€0 IFO €8C0 000 000 0000 98¢-14S0LL AwQ
8TI'0 ST0 €20 SZI'0 000 000 0000 OF0 €€0 0020 %00 0T0 6010 190 6V0 16€0 950 0S50 8€¥0 600 600 €PO0 870 FH0 92€0 S8G-T9E0LL AwQ
L600 80 €0 €180 FH0 LF0 9990 0T0 610 0060 TS0 €0 9690 6£0 TEO ¥080 050 IS0 8SH0 €50 IS0 8470 IF0 190 0050 6S€-10C0LL AwO
9Ge'0 €0 TL'0 €900 €€0 €0 00€0 0F0 €€0 0080 TTO 0T0 1680 870 IS0 LSKO 1T0 610 FHOL'0 S0 SE0 €840 €0 ¥F0O SIE0 $6¢-8L001L AwQ
€00 610 SI'0 600 STO 8V0 SZE0 €€0 Z£0 €60 000 000 0000 TS0 €70 P00 810 410 1600 0£0 TEO 9610 €£0 TH0 00€0 61F-F900LL AWwO
0SP0 1€0 420 P80 1€0 4T0 9SI'0 000 000 0000 000 000 0000 9€0 6V0 60F0 STO 8TO 910 €10 TLO S900 Z00 L00 €£00 HLFh660L AwQO
GSI'0 690 V0 9590 610 810 ¥600 £50 1§50 6TF0 8€0 L€0 8€T0 6€0 IS0 £SH0 410 TCTO SCI'0 IL'0 L¥F0 84T0 £T0 ¥TO 9£1'0 S8I-P68601 AwQ
Isy oyg oy bery oy oy boxy oy oy bary oy oy baxy oy oy baxy oy oy bory oy oy baxy oy oy baxg dureN Aessy

IRV IRV IRV IRV IRV SRV IRV IRV

9L=N 91 =N SI=N €C=N €C=N V=N €C=N 9% =N

Kraydyery Ayojer]  AIoydjep] Moo1D)  ISATY 9HIWE[[IA SoarD) (IOUIWINS) 10 Moo Aasoy 391D 100G

IOATY  dIOwWl[I-ureng JOH-UIEI)G  -I9ATY PIqUINOD) S[Neg-TOATY J[PPIAN-IOATY [9F  -IDATY Yjewrepy
uedLPWY-Ureng  ASUIIYAA JUNOA sdooyurey] ojudwIRIES
e ordey

panunuoy ¢ o[qeL

Molecular Ecology Resources (2011) 11 (Suppl. 1), 31-49

© 2011 Blackwell Publishing Ltd



SNP DISCOVERY: CHAIN TERMINATION SEQUENCING 45

0900 I€0 THO 610 80 6£0 0SL0 V0O 8%0 /L9€0 840 6V0 16€0 THO SH0 €€€0 ¥S0 IS0 160 SS0 6¥0 1650 €F0 0S0 9970 091-%ZS0El AwQ
6420 610 810 9060 I€0 ZTO 9SI'0 €€0 870 €€9°0 ZI'0 90 <TS90 8¥0 SH0 9260 THO 8€0 0STO TS0 ZF0 ZSE0 910 ¢T0 <TI0 86-S6C0ET AwO
IZ1'0 050 IS0 €950 8€0 650 0STO0 020 620 €£80 S€0 90 TS90 6€0 ZEO 6£C0 £90 050 ZIF0 890 6V0 %190 ¥50 LE0 ¥¥T0 954-0/86C1 AWQ
1610 610 SE0 61T0 000 000 0000 000 000 0000 000 000 0000 €I'0 00 6010 I1T0 610 ¥0I'0 ¥00 ¥00 TCO0 ¥S0 80 080 ¥6/-0L16C1 AWQO
6V1°0 1€0 TF0 1870 ST0 €20 STI'0 000 000 0000 040 IS0 84F0 650 IS0 00S0O SC0 <C0 STI'0 ¢S0 IS0 00S0 €60 I€0 9810 I8F-9668C1 AWQ
P10 020 620 /910 8€0 I€0 8810 090 TS0 0050 810 ZI'0 1600 ¥00 ¥00 <200 ¥00 TL'0 S900 OL'0 600 8F00 920 €20 O0SL'0 €EH-€768C1 AWQ
8IT'0 000 0000 0000 I€0 ZFO ¥FEO 000 000 0000 000 000 0000 2TO0 0T0 600 000 8€0 0STO 000 000 0000 600 ¥E0 ZITO €£T-1688C1 AwO
610 €90 IS0 8SF0 000 000 0000 000 000 0000 €0 OF0 T9C0 <S0 OF0 <T9TO0 €£0 050 ZIFO 0F0 €F0 0040 ¥H0 0F0 /920 SS/-€698C1 AWQ
0900 000 00°0 0000 000 00°0 0000 000 000 0000 600 600 €FO'0 000 000 0000 1T0 610 FOL'0 000 000 0000 000 000 0000 OSP-TOELSTI AWO
900 €10 CI'0 €900 I€0 SE0 6IT0 000 000 0000 000 000 0000 IT0 610 ¥0OL'0 SS0 950 6220 000 000 0000 I€0 0S0 8410 S8€-09/4T1 AWwQ
906’0 ¥¥0 THO 6120 000 000 0000 00 400 €£0°0 000 000 0000 €F0 €F°0 ¥0OSO 000 000 0000 000 000 0000 200 200 ZTIO0 S0E-S¥9LTl AwQ
610 610 810 9060 0S0 TS0 00S0O €€0 TS0 0050 €0 920 TSI'0 S0 IS0 TS0 0S50 8F0 SLE0 6€0 ZE0 6£C0 I1€0 S0 TCT0 0T6-01S4TT AwO
GIF0 900 900 6960 I€0 ZTO ¥¥80 000 000 000°T 000 000 000 9€0 9€0 €££0 9%0 6V'0 96£0 TS0 €0 9690 9€0 £LEO ¥HTO €86-9€T/Tl AWQ
TECT0 000 0000 000 000 000 000°T 000 000 000'L 000 000 0000 ¥00 ¥0'0 TO0 920 €20 0SL'0 000 000 0000 650 V0 6S€0 THC-0919ZT AWwO
80€0 FH0 S0 1840 S€0 TS0 0050 ZFO0 ZE0 4940 000 000 000T SE0 6€0 6£40 970 050 8EF0 600 600 ZS60 0€0 €50 F0S0 19-8665C1 AWQ
$920 950 THO 1870 0S0 80 S290 ZTO0 €€0 0080 €10 TI'0 SE60 SE0 6€0 1970 140 6V'0 96£0 TTO 0TO 1680 790 0S0 TSHO 0€S-HL¥el AwQ
S/00 900 900 1IE00 900 900 1€00 ZT0 9%0 €€0 S9°0 0S50 €I¥F0 00 920 <TSL0 ¥S0 0¥0 120 SSO ¥#0 8I€0 STO0 T€0 €610 ¥HI-1T6ECT AWQ
0220 £00 60 /910 9S50 0S50 90¥0 ZTO ¥Z0 €EI'0 000 000 0000 8%0 8¥'0 0Z£0 000 000 0000 000 000 0000 000 600 ¥HO'0 6LI-8F0ECl AWQ
610 I€0 420 ¥F80 8€0 ¥¥0 8890 000 000 000°T 000 000 O000T §%0 IF0 LIZ0 THO TH0O 8040 €€0 8T0 €€80 €70 050 LSH0 8TI-HP0ETI AWQ
861'0 8€0 1€0 8810 610 ¢H0 18T0 0T0 €0 /4940 110 IS0 00S0 2SO0 6€0 19C0 620 STO 9¥I'0 SE0 620 ¥4I0 910 SI'0 0010 SII-EIZITI AwQ
66€0 €10 CTI'0 8860 €90 8F0 SZ€0 000 000 000L 000 000 000T €70 6F'0 6090 THO 8F0 SZE0 870 1F0 LIZ0 00 ¥€0 ZITO I€1-9001ZT AWwO
1020 8€0 I€0 €180 €90 IS0 S€F0 €10 ¥T0 €SI'0 STO SP0 SZE0 9€0 LF0 F9S0 €0 IS0 84F0 €0 ZT0 6SI'0 610 IT0 6110 695-0S60C1 AWO
9¢0'0 80 ¥H0O €I€0 610 ZTO 9SI'0 000 000 0000 6£0 TEO 9610 ZI'0 €20 O0SI'0 120 I€0 8810 SI'0 FI'0 SZ00 ¥E0 O0¥V0 89T0 CTEE-SSTOTI AwQ
1800 STO €C0 SZI'0 950 0S0 90F0 000 000 0000 920 €20 O0SI'0 0S0 TEO 9610 8F0 SHO 9260 SS0 SFO STE0 610 1T0 9II'0 S9E-768611 AWO
TSI0 1€0 S0 6170 0S0 ¢SO 00S0 000 000 0000 000 000 0000 650 ZEO 6€£C0 €10 610 ¥OI'0 €10 CI'0 S900 ZFO ¥50 <TC€0 ZSE-801611 AWQ
9%€'0 000 000 0000 000 000 0000 €10 €10 £900 000 000 0000 S90 0S0 €IF0 1T0 610 ¥OL'0 0¥'0 L¥0 0590 SI'0 910 6800 I¥E-8E681L AWQ
0610 S8€0 IS0 8SF0 S€0 TS0 00S0 ZTO0 ¥T0 /4980 ZS0 IS0 €FS0 €¥0 IS0 8450 0S0 CTF0 8040 920 €20 080 0F0 0F0 £920 16-FS9811 AwQ
L0 10 ZFO FRE0 9S50 ZFO 9990 0T0 610 0060 600 600 £LS60 920 €70 9690 €70 670 16€0 €90 S¥0 <TE90 790 1S0 6870 911-S0Z811 AwQ
FOI'0 900 810 ¥600 000 000 0000 000 000 00000 000 000 0000 STO TTO SII'0 ¥S0 L¥FO ¥SE0 ZI'0 €20 OSL0 00 2€0 961°0 96€-SZISIT AWO
$80'0 €10 TI'0 €900 0S0 80 SZE0 0TO 610 0010 S0 SHO 92€0 SFO V0 ¥9€0 8€0 1€0 8810 8¥'0 IS0 ZSP0 0S0 920 ISI'0 I8-SISLIL AwQ
¥21'0 0000 000 000'L 000 000 000°L 000 000 000°L 000 000 0000 920 €20 O0SI'0 000 000 0000 000 000 0000 000 000 0000 /TI-€¥ZL11 AwQ
78€0 8C0 ¥F0 8890 0T0 6C0 €€80 ZT0 ¥T0 €€I'0 000 000 0000 I¥0 9¥0 6S9°0 S€0 I1€0 8SI'0 ¥00 ¥00 <200 6€0 6€0 1920 9IE-6VSLIL AWQ
881°0 610 8I'0 9060 IE0 ZTO ¥¥80 00 €F0 00L0 ¥00 ¥00 8260 6€£0 I¥F0 LIL0 €70 0S0 G950 €60 FE0 9840 950 6¥0 IIF0 6SC-0¥SLIT AwQ
PLI'0 €0 TS0 00S0 000 000 0000 €€0 ZE€0 €€20 000 000 0000 600 600 €F00 SCO CT0 STI'0 ¢C0 0C0 6010 200 ¥I'0 9200 06I-CEPLIL AWQ
Isy oyg oy bexy oy oy bary oy oy barxy ol oy baxy oy oy bexy oy oy barny oy oy baxy ol ey baxg swreN Aessy
IRV IRV IRV IPIV IRV IRV IRV IRV
9L =N 9L =N SL=N €C=N €C=N V=N €C=N 9% =N
K1ayodyery Aoyojer]  A1oydjep] Yoo1D)  ISATY 9HIWER[[IA Soa1D) (IoUIWNS) 3104 Moo Aasey 3oa1D) 300G
IDATY Sr0W[[L{-ureng JOL-UIen)G  -IDARY RIqUIN[OD) S[Neg-IPATY  S[PPIA-IPARY [9H -IDATY Yyewrery
uedLIWY-Urenlg  ASUujrgpq JUnojp sdooyurey ojuduIRIdRg
e ordey

panunuo) € A[qeL

Molecular Ecology Resources (2011) 11 (Suppl. 1), 3149

© 2011 Blackwell Publishing Ltd



46 A. ABADIA-CARDOSOET AL.

Table 3 Continued

Eagle Lake

Strain-American

River

Mount Whitney
Strain-Fillmore
Hatchery

Kamloops

Sacramento
River-Battle

Creek

Strain-Hot

Eel River-Middle Columbia River-
Fork (summer)

Klamath River-
Kelsey Creek

Hatchery

Creek Hatchery

Willamette River

Scott Creek

N =16 N =16

N =15

23 24 23 23

46

Allele Allele Allele Allele Allele Allele
Ho Freq He Ho Freqq He Ho Freqq He Ho Freq He

Allele

Allele

Freq. He Ho Freqq He Ho Fsr

Ho

Ho Freq. He

Freq. He

Assay Name

0.35 044 0.281

0.500 0.51 0.42 0.143 0.25 0.29 0.583 0.50 0.58 0.630 0.48 0.39 0.000 0.00 0.00 0.100 0.19 0.07 0.625 0.48 0.50 0.781

0.380 0.48 0.54 0.022 0.04 0.04 0542 051 0.50 0.087 0.16 0.17 0.022 0.04 0.04 0.133 0.24 0.27 0.031

Omy_130720-100
Omy_131460-646
Omy_131965-120

0.06 0.06 0.18 0.31 0.25 0.224

0.389 048 0.33 0350 047 0.50 0.396 049 0.54 0565 0.50 052 0.109 020 022 0.167 0.29 0.20 0.563 0.51 0.50 0.406 0.50 0.44 0.079

Omy_GHIPROM1-1 0.256 0.38 0.38 0.196 0.32 0.30 0.313 0.44 0.46 0.500 0.51 0.52 0.043 0.09 0.09 0.067 0.13 0.13 0.344 047 031 0.094 0.18 0.19 0.100

Mean

0.30 0.31 0.260 0.35 0.35 0.132 0.18 0.18 0.148 0.22 021 0.237 0.31 0.31 0.185 0.27 0.25 0.204

86.3

0.238 0.32 0.31 0.168 0.24 0.24 0.221

65.5 734 82.0 84.9

84.2 97.1

Polymorphic loci (%) 91.4

Mean minor allele frequency averaged 0.199 over all
loci, with a high of 0.260 in the Sacramento River-Battle
Creek population and a low of 0.132 in the Columbia
River-Willamette River populations. The proportion of
polymorphic loci averaged 83.1% and varied from 97.1%
in Battle Creek to 65.5% in the Willamette River.
Expected and observed heterozygosity were generally
very similar within each test sample, never differing
more than 0.014 (i.e. 1.4%). Observed heterozygosity var-
ied between 0.352 in Battle Creek and 0.182 in the Wil-
lamette River. Thus, all measures of genetic variability
were consistent in identifying the Sacramento River-Bat-
tle Creek population as the most diverse and the Colum-
bia River-Willamette River population as the least
diverse. Mean Fsr was 0.204 and ranged from 0.006 to
0.606 at different loci.

Discussion

We report the discovery and development of assays for
139 novel single-nucleotide polymorphisms in the spe-
cies O.mykiss, steelhead/rainbow trout, through
sequence analysis of 236 ESTs with a total consensus
length of 130 KB. We demonstrate how ESTs from exist-
ing public databases and directed Sanger sequencing of
PCR products can be used to identify large numbers of
SNPs in nonmodel organisms. In species and populations
with large effective sizes, such sequencing from existing
genomic information uncovers sufficient polymorphism
that a preliminary screen of loci for potential polymor-
phism, using methods such as single-strand conforma-
tion polymorphism or high-resolution melt analyses, can
be avoided, because nearly every locus will contain some
variants.

The 139 SNP loci described here are broadly polymor-
phic in the species and should prove useful for a variety
of applications, including phylogeography, genetic stock
identification, individual identification, behavioural ecol-
ogy and pedigree reconstruction. The availability of large
numbers of SNPs known to be polymorphic in popula-
tions of steelhead and rainbow trout will allow the imple-
mentation of intergenerational genetic tagging through
large-scale parentage inference, because this requires
only about 100 SNP loci for sufficiently low tag recovery
error rates (Garza & Anderson 2007). Such parentage-
based tagging will allow an unprecedented level of
monitoring and evaluation of natural and hatchery/aqua-
culture populations, including estimation of variance in
reproductive success, migration rates, effective popula-
tion sizes, life-stage-specific mortality rates and other
population parameters. Parentage-based tagging is based
on the principle that genotyping fish from the parental
generation, either in a hatchery, an aquaculture operation
or a natural population, provides intergenerational
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genetic tags for their progeny that can be retrieved
through large-scale parentage inference (Anderson &
Garza 2006; Garza & Anderson 2007). Such pedigree
reconstruction is greatly facilitated by the low genotyp-
ing error/mutation rates of SNP loci. In addition, as more
SNP loci are described and more assays become available
for the species, it will be possible to construct second-
generation genetic linkage maps and high-density SNP
genotyping microarrays. In conjunction with the pedi-
grees resulting from PBT, these will enable detailed
understanding of the genetic architecture of phenotypic
traits in the species. Because of its importance in recrea-
tional fisheries and in aquaculture, as well as the ESA
protection of many populations, the species O. mykiss is
among the most economically significant fishes in the
world, and an increased understanding of its phenotypic
variation is of great value.

During the past decade, microsatellite markers have
dominated population genetic work in salmonids,
because of their high variability and conservation among
related species (Landry & Bernatchez 2001; Narum et al.
2004; Aguilar & Garza 2006; Clemento et al. 2009; Pearse
et al. 2009). However, microsatellites have significant
drawbacks, among them relatively high genotyping
error/mutation rates, significant staff time necessary for
data generation and allele calling and homoplasy. More-
over, the results obtained with microsatellites in one lab-
oratory are not directly combinable with data generated
in other laboratories, even when using the same instru-
mentation, because of subtle differences in electropho-
retic conditions and consequent data output (Seeb et al.
2007). The requirement for a standardization process to
be able to combine microsatellite data between laborato-
ries adds significant time and expense to collaborative
projects.

Conversely, data obtained from SNP loci are easily
portable and combinable between laboratories, as long as
the same primer/probe sequences and/or reporting con-
ventions are used. This will allow large multilateral data-
bases to be developed for applications in fishery
management, ecological investigation and aquacul-
ture/hatchery broodstock management using both stan-
dard (e.g. Seeb etal. 2007) and pedigree-based
approaches (Anderson & Garza 2006). Moreover, the
advent of new technologies, such as nanofluidic circuitry
and spotted arrays, for thermal cycling and genotyping
now allows the examination of a large number of SNPs in
a large number of individuals in a short time period and
at relatively low cost. This provides the prospect of SNP
genotyping as a routine, and very valuable, tool for moni-
toring and evaluation of steelhead and rainbow trout
populations throughout the world.

As SNP loci are typically bi-allelic, the amount of
information per locus is more limited than for most mul-

Molecular Ecology Resources (2011) 11 (Suppl. 1), 3149
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tiallelic loci, such as microsatellites or amplified fragment
length polymorphisms. In the future, however, analysis
of haplotypes of tightly linked SNPs may provide addi-
tional information for many questions, including in phy-
logeography and pedigree resolution. Because we
discovered many additional polymorphic sites in these
genes, it would be possible to design additional assays
for many of these sites and perform haplotype analyses.
More complete analyses of this sequence variability will
be reported elsewhere.

The number and density of substitutions and SNPs
discovered here were consistent with what has been
reported for other salmonids (e.g. Smith et al. 2005), but it
is difficult to draw direct comparisons between different
SNP discovery efforts, because the density of polymor-
phic sites uncovered depends critically on the number
and phylogenetic diversity of the individuals in the ascer-
tainment panel, the set of genes or genomic sequences
interrogated for SNP discovery and accuracy of the
sequencing method employed. Our ascertainment
approach and stringent design criterion for SNP discov-
ery were intended to fulfil several objectives. Included in
the ascertainment panel were both representatives from
populations in California where we are actively working
and intend to apply the resulting markers, as well as
from rainbow trout strains commonly used throughout
the world for fishery stocking and/or aquaculture. By
designing assays for variable sites only when all three
genotypes were observed, and without regard to which
individuals carried them, we selected both for markers
with a higher mean minor allele frequency and markers
that were more likely to be broadly useful in the species.
This was intended to provide markers useful for study
and management of both native steelhead populations
and the millions of rainbow trout cultured for food and
fisheries. However, it will also underrepresent rare vari-
ants, which could result in biases in phylogenetic and
evolutionary applications of these markers. Still, it is
important to point out that sets of microsatellite and
other population genetic markers developed for salmo-
nids and other nonmodel organisms suffer from the same
biases. Therefore, applications of these SNP markers that
depend upon a representative sampling of the site fre-
quency spectrum in focal populations or lineages should
ideally employ markers ascertained using diverse ascer-
tainment populations and strategies.

Our ascertainment panel included fish from three
coastal steelhead populations from several closely related
lineages, a highly divergent population of redband trout
and several rainbow trout strains domesticated from dis-
tinct lineages. This diverse ascertainment panel was
intended to reduce ascertainment bias in populations in
the southern part of the North American range. Never-
theless, because of the extensive phylogeographic
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diversity in this species and the large amount of directed
DNA sequencing involved in our discovery strategy, it
was not possible to include a sufficient number and diver-
sity of fish in our sequencing effort to completely elimi-
nate ascertainment bias in this discovery. So additional
effort will be necessary to identify additional SNPs for
more phylogenetically distinct lineages, such as those in
northern Mexico, interior Canada and Russia (McCusker
et al. 2000; Hendrickson et al. 2002; McPhee et al. 2007).
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