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Abstract

Background: Approximately half of the mitochondrial genome inherent within 546 individual Atlantic salmon
(Salmo salar) derived from across the species’ North Atlantic range, was selectively amplified with a novel
combination of standard PCR and pyro-sequencing in a single run using 454 Titanium FLX technology (Roche, 454
Life Sciences). A unique combination of barcoded primers and a partitioned sequencing plate was employed to
designate each sequence read to its original sample. The sequence reads were aligned according to the S. salar
mitochondrial reference sequence (NC_001960.1), with the objective of identifying single nucleotide
polymorphisms (SNPs). They were validated if they met with the following three stringent criteria: (i) sequence
reads were produced from both DNA strands; (ii) SNPs were confirmed in a minimum of 90% of replicate
sequence reads; and (iii) SNPs occurred in more than one individual.

Results: Pyrosequencing generated a total of 179,826,884 bp of data, and 10,765 of the total 10,920 S. salar
sequences (98.6%) were assigned back to their original samples. The approach taken resulted in a total of 216 SNPs
and 2 indels, which were validated and mapped onto the S. salar mitochondrial genome, including 107 SNPs and
one indel not previously reported. An average of 27.3 sequence reads with a standard deviation of 11.7 supported
each SNP per individual.

Conclusion: The study generated a mitochondrial SNP panel from a large sample group across a broad
geographical area, reducing the potential for ascertainment bias, which has hampered previous studies. The SNPs
identified here validate those identified in previous studies, and also contribute additional potentially informative
loci for the future study of phylogeography and evolution in the Atlantic salmon. The overall success experienced
with this novel application of HT sequencing of targeted regions suggests that the same approach could be
successfully applied for SNP mining in other species.

Background
Single nucleotide polymorphisms (SNPs), representing
single base differences between individuals, are a com-
mon form of genome variation [1]. Once identified,
SNPs have the potential to be used as genotyping mar-
kers for population assignment or in phylogeographic
analysis, and are rapidly becoming the marker of choice
within this field of study [2]. The emergence of high-

throughput (HT) sequencing technologies provides an
unparalleled opportunity for the cost-effective sequen-
cing of targeted genomic regions for SNP identification.
HT sequencing has been applied for SNP discovery in
humans [3,4], animals [5], plants [6,7] and bacteria [8] -
in species where reference genomes exist. In organisms
lacking a sequenced reference genome, SNPs have also
been mined from the random sequencing of either
expressed sequence tags (ESTs) [9,10] or reduced repre-
sentation libraries [11-13]. However, with an available
reference sequence, specific genetic regions of interest
can be amplified using PCR prior to HT sequencing.
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The sequence reads of about 400 bp obtained using the
Titanium GS FLX chemistry (Roche, 454 Life Sciences)
make the 454 sequencing platform particularly suitable
for sequencing PCR generated amplicons. This approach
involves the emulsion based amplification of individual
PCR products and simultaneous, parallel pyrosequencing
of DNA strands [14].
Mitochondrial DNA (mtDNA) has been widely used in

studies of phylogenetics, molecular ecology and phylo-
geography in a range of organisms, including the Atlan-
tic salmon based on RFLP or sequences from using
Sanger technology [15-17]. As SNPs represent the main
form of polymorphism observed in the mtDNA, recent
research has been focused upon the identification of a
geographically informative mitochondrial SNP panel sui-
table for high-throughput genotyping (e.g. mtSNP mini-
sequencing) [18].
Traditional Sanger-based sequencing methods are

relatively expensive and time-consuming, restricting the
number of individuals and gene regions that can be
sequenced, given the funding available for most studies.
Consequently, often a relatively few individuals from
restricted geographical areas have been sequenced in
order to obtain SNP panels. The SNPs have been subse-
quently used to screen larger samples from a broader
geographical range [1], which has led to low power in
resolving lineages and their relationships. It has also
raised potentially serious concerns associated with ascer-
tainment bias, such as the situation whereby inferences
are significantly conditioned by the gene region screened
or the populations used to identify the polymorphisms.
The latter could potentially lead to a biased interpreta-
tion of the extent to which individuals and populations
are related.
HT sequencing technologies offer the potential to

overcome these limitations by allowing the rapid and
economic sequencing of large genome regions. However,
most applications of HT technology to-date have been
designed to sequence a large number of fragments from
relatively few individuals. In this study, a novel approach
was developed by combining the traditional PCR ampli-
fication of known gene regions with 454 Titanium FLX
(Roche, 454 Life Sciences) sequencing. This approach
allowed the sequencing of extensive regions of the
mtDNA genome within a broad sample group both
quickly and in accordance with a limited budget. The
method was tested on the Atlantic salmon (Salmo salar) -
a fish extensively surveyed using both nuclear [19] and
mitochondrial DNA markers, including a mtDNA SNP
variation [19-22], and for which 152 nuclear SNPs and
125 mtDNA SNPs [20,22,23] have already been reported.
Here, 546 samples from 48 locations throughout the spe-
cies’ geographical range were screened for 7215 bp,
encompassing approximately 43% of the mtDNA genome

in order to minimize the degree of ascertainment bias rela-
tive to previous comparable studies.

Results
PCR Amplification
546 S. salar samples derived from across the species’
North Atlantic range were included in this study
(Figure 1). In addition, 12 brown trout and 18 Arctic
charr samples were included in the sequencing setup as
a part of another study. The samples were divided into
16 groups, each composed of 36 samples (see Additional
file 1, Table S1). Ten regions of the S. salar mitochon-
drial genome covering the D-loop region and nine cod-
ing genes (ND1, ND2, COXI, COXII, ATP6, ND3, ND4,
ND5, CYTB) were selected for the SNP detection
(Table 1), taking into account those regions previously
shown to have high levels of polymorphism by studies of
EST libraries and genome sequencing [19,20,22]. Some of
the target regions were divided into 2-3 amplicons of
about 400 bp, which is the average sequence length
obtained with the FLX Titanium chemistry (Table 1).
Thus, each sample was subjected to a total of 20 PCR
reactions. For each of the 16 sample groups, 720 PCR
reactions were carried out separately (Figure 2). Single
PCR products of the expected sizes were obtained
from the majority of the 11,520 reactions performed.
Only 127 PCR reactions (1.1%) with S. salar DNA
yielded low quantities of amplified products, despite
optimization. Geographic bias was not pronounced;
although the amplification of approximately half of
the samples from two rivers produced low yields. This
could be attributed to limited or low quality DNA
isolated from the corresponding samples (data not
shown).

Pyrosequencing and Amplicon Analysis
The PCR products for each group were pooled for
sequencing in near equimolar concentrations and the
sequencing was carried out as described in Materials
and Methods. The pyrosequencing yielded a total of
179,826,884 filter passed base pairs. An average of
11,546,081 bp (±1,612,536 SD) was obtained from each
of the 16 regions on the picotiter plate, excluding one
that yielded 6,635,668 bp. The majority of sequence
reads were between 400-420 bp, corresponding to the
size of the amplicons (see Additional file 2, Figure S1
and Table S2, on the distribution of read length). Each
PCR product contained multiplex identifying sequences
[MIDs], designed by Roche (454 Life Sciences), at both
ends, which enabled the identification of the corre-
sponding sample within a group (Figure 2). Hence, to
correctly assign a PCR product to a sample, its entire
sequence was required, including both MIDs. The GS
Amplicon Variant Analyzer software from Roche, 454
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Figure 1 A map showing the sampling locations. See also Additional file 1, Table S1: Sampling sites, the number of samples and the division
into groups.

Table 1 Target regions used in this study and the number of validated SNPs

Region Region size
including
primer
binding sites
(bp)

Amplicon
number

Amplicon size
excluding
primer
binding sites
(bp)

Number
of SNPs

SNPs
per
base-1

Average number
of reads
supporting the
SNPs per
individual

Multiallelic
SNPs

Transitions Transversion Indels

DLOOPB 423 1 381 21 0,055118 25.4 (±10.3) 1 11 8 2

ND1 1161 2 384 15 0,039063 28.0 (±16.3) 1 13 2

3 369 5 0,013550 28.2 (±12.3) 5

4 324 8 0,024691 13.9 (±5.8) 8

ND2 770 5 361 13 0,036011 34.1 (±11.7) 13

6 346 7 0,020231 29.1 (±17.1) 5 2

COXI 821 7 372 12 0,032258 21.2 (±11.6) 12

8 382 12 0,031414 40.9 (±14.2) 11 1

COXII 715 9 361 7 0,019391 48.0 (±19.3) 7

10 311 7 0,022508 17.3 (±7.6) 7

ATP6 414 11 375 13 0,034667 35.9 (±14.1) 11 2

ND3 403 12 357 10 0,028011 30.5 (±12.8) 9 1

ND4 1181 13 363 12 0,033058 27.6 (±11.6) 12

14 361 13 0,036011 26.7 (±12.5) 13

15 370 13 0,035135 19.3 (±9.8) 12 1

ND5 783 16 345 8 0,023188 21.3 (±8.4) 8

17 370 12 0,032432 20.5 (±8.5) 12

CYTB 1161 18 366 10 0,027322 35.9 (±14.6) 10

19 352 8 0,022727 14.5 (±6.2) 8

20 365 12 0,032877 25.6 (±9.9) 1 9 3

Totals 7832 7215 218 0,030215 27.3 (±11.7) 3 196 20 2

The amplicon sequences without primers within each region do not overlap (see Table in Additional material 4). Accordingly, the total number of bp analyzed
from the mitochondrion DNA was 7215.
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Life Sciences was used to align and assign the sequence
reads. The sequences obtained were assigned to 10,765
of the 10,920 S. salar products targeted by PCR (98.6%).
The number of sequence reads (sequence coverage)
supporting a SNP per individual was on average 27.3
with a standard deviation of 11.74. The yield of
sequenced S. salar amplicons was generally high, with
less than 1.5% of samples missing on average. The
exception to this observation was amplicon 18 (Table 1),
where no sequences were obtained for 62 of 546 S. salar
samples (12%).

SNP Analysis
The GS Amplicon Variant Analyzer software identified a
total of 1714 variants following alignment of the raw
sequence data. Applying the first stringency filter,
requiring sequence reads from both DNA strands,
reduced this number to 904. After rejecting variants
resulting from potential sequencing errors, including
under-reads of homopolymer regions, and single base
insertions, the variants were confined to those con-
firmed in at least 90% of replicate sequence reads. Sub-
sequently, 242 variants remained. Thereof, 24 variants
were rejected since they occurred in only one individual.
Consequently, the alignment analysis and filtering
yielded a total of 218 variants, consisting of 216 SNPs
and 2 indels. Maps of the S. salar mitochondrial gen-
ome, indicating the regions selected for the SNP analysis
and the accepted SNPs for each region are shown in
Figure 3 and 4, respectively. (See also Table 1, and
Additional file 3, Table S3, for further details on 454

read statistics). The greatest number of SNPs was
observed in the ND4 gene region (38), whilst the lowest
number (10) was observed in the ND3 gene. When
considered as a proportion of the length of each region,
the D-loop had the highest density of SNPs (0.55 SNPs
bp-1) whilst the COX2 region gene yielded the least
(0.021 SNPs bp-1). Of the variants observed, 196 are
transitions while 20 are transversions, and nearly half of
the latter is located in the D-Loop region (Table 1). In
three cases (D-Loop: bp973; ND1: bp3989 and CYT-B:
bp16421) both a transition and transversion were
observed at the same locus in different samples. Indels
were only observed within the D-Loop region, with a
two bp insertion (CT) at bp 963 and a two bp deletion
at bp 967. When compared to previous studies of smal-
ler [20] and more geographically constrained discovery
panels [15,19,22-24], 109 of the SNPs and one of the
indels had been reported, while 107 new SNPs and one
indel were identified in this study (Figure 4). When this
data is considered according to populations, 0.5% of
SNPs were found in all geographic locations, whilst
13.1% existed in only one. Additionally, a further 56.3%
were found in less than 10 populations, whilst 13.1%
were found in more than 50% of populations.

Discussion
Next generation sequencing technology, such as 454
sequencing, is rapidly expanding the possibility for SNP
mining by genome sequencing within a reasonable bud-
get. However, the technology to-date has generally been
restricted to the sequencing of large regions of the

Figure 2 The experimental setup. In order to sequence 20 mitochondrial amplicons from 576 samples of Atlantic salmon, brown trout and
Arctic charr, in a single run, the isolated DNA was divided into 16 groups, each containing 36 samples. The mitochondrial fragments were
amplified from each group in a matrix of PCR reactions, using barcoded primers (MIDs) (A). 20 matrices of PCR reactions, one for each
mitochondrion fragment, were carried out (B). Up to 720 amplicons from each group were pooled together in near equimolar concentrations.
The 16 pools created were used to generate single stranded fragment DNA templates for the FLX sequencing. 16 amplified sst libraries,
consisting of DNA fragments on beads, were loaded onto a PicoTiterPlate equipped with a sixteen-lane gasket where each library was assigned
one lane (C). Based on the combination of MIDs on both sites of the amplicons within each group (library), individual sequencing reads were
assigned to the corresponding samples.
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genome using relatively few samples [12,13]. In this
work, a large SNP ascertainment panel was obtained at
a relatively low cost by amplifying multiple regions of a
mitochondrial genome in numerous samples and their
subsequent sequencing using the 454 technology. The
resultant SNP panel provides the least likelihood of
ascertainment bias [25], with a discovery panel of 546
samples from 48 locations across the North Atlantic
range of S. salar, making this the most informative and
geographically comprehensive SNP panel for the species
to-date (Figure 1).
The cost of sequencing using the 454 platform was

minimized by carefully designing the experiment to
require only a single pyrosequencing run, whilst obtain-
ing sufficient sequence reads in both directions to yield
a robust result, essentially minimizing false positives and
avoid missing true polymorphisms from each ~400 bp
read. The most challenging aspect faced was the need to
ensure that each individual amplicon of a given type
could be traced to the original sample. This was
achieved using a sequencing plate with a 16-region gas-
ket, and a set of 5’ MID primer sequences. To decrease

the primer cost (and ultimately the overall cost), the
necessary adaptor sequences for the 454 sequencing
were ligated to the PCR products instead of including
them in the primer sequences; this may have also
reduced complications in the PCR reactions due to the
shorter 5’ non-complementary primer sequences. Thus,
sequencing libraries were prepared for the 16 PCR pools
using the GS FLX Titanium General Library Preparation
protocol for shotgun sequencing, instead of using ampli-
con sequencing (Roche, 454 Life Sciences). Furthermore,
a Taq-comparable polymerase was used for generating
the PCR pools of 11,520 reactions, instead of using an
expensive high fidelity polymerase. The lack of proof-
reading activity during the PCR might have increased
the error rate in the sequence data, although the numer-
ous specimens used here as well as the sequence cover-
age obtained should adequately compensate for this.
Furthermore, variations observed in a single individual
were not accepted as SNPs in accordance with the set
criteria. Even if legitimate SNPs were necessarily dis-
carded in this manner, their low frequency suggests that
any information that was lost was probably minimal.

Figure 3 A map of the Salmo salar mitochondrial genome. The regions selected for sequence analysis in this study are shown.
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Given that there is no geographical or population asso-
ciation, it can be assumed that this would not compro-
mise the informative essence of the overall SNP suite, at
least from the perspective of the studies of biodiversity
and phylogeography. Considering the high coverage
obtained in this experiment, the application of a high
fidelity polymerase could enable the reliable SNP detec-
tion for simultaneous processing of even greater sample
numbers than in the current study. Thus, if the budget
is not restricting, the processing capacity of the method
can be further increased by applying a high fidelity poly-
merase to generate the amplicons, at the cost of
sequence coverage.
The sequence yield in this experiment was approxi-

mately 179 million bp, which is within the range of 160-
320 million bp expected for Titanium 454 sequencing,
using a 16-region gasket (Roche, 454 Life Sciences).
However, for an undetermined reason, the sequence
yield ranged from 6,635,668 to 13,135,520 filter-passed
base pairs between different regions of the sequencing
plate. Also, the sequence yield for amplicon 18 was rela-
tively low in comparison to that of the other amplicons.
This could be due to a bias in the sample pooling.
Nevertheless, the distribution of sequences was relatively

similar over the sample range, resulting in an average
coverage of 27.3 (±11.7) sequence reads per SNP per
individual. The sequencing setup described here also
included 30 brown trout and Arctic charr samples. The
data sets obtained for these samples were not included
in this analysis, and they will be the subject of future
studies. Nevertheless, they are mentioned here since
they were a part of the original experimental setup of
576 individuals divided into 16 groups, each with 36
individuals. The total number of base pairs that were to
be sequenced in this study (including the brown trout
and Arctic charr samples) was 4,115,840 bp (number of
sequenced bases for 576 individuals). The total sequence
data obtained consisted of 179.826.884 bp, so 39-fold
coverage would therefore be expected. However, a sub-
stantial part of the sequence reads were not assigned to
any sample and were consequently excluded from the
analysis. The anticipated reason behind this is accounted
to short sequence reads missing a MID from either end.
Fusing MID sequences to only one end of an amplicon
should reduce this problem and increase the number of
analysed sequence reads. This practice, however, reduces
the number of samples, which can be analysed simulta-
neously, although with the emergence of new MID

Figure 4 Maps of the accepted SNPs obtained in this study, shown for each region. New SNPs are shown red.
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sequences validated for 454 sequencing, more samples
with only one MID could be assigned.
Although the existence of MIDs on both ends of a

sequence read was requisite in order to assign it to the
corresponding individual, some global and consensi
alignments (made with the GS Amplicon Variant Analy-
zer) included partial sequences. This was the result of
default stringency levels causing parts of some
sequences with low quality bases to be discarded. The
trimming was however performed following the align-
ment of the sequence reads. Hence, as the design of the
MIDs allows for (corrects) two sequencing errors, these
partial sequences could still be assigned to the corre-
sponding individual prior to the trimming.
As expected for high-throughput sequencing methods,

which produce high amounts of reads, numerous devia-
tions from the reference sequence were observed in the
raw data. The stringent criteria applied here for the SNP
validation rejected the great majority of these variants.
However, the filtering may also have eliminated legiti-
mate SNPs. Such variants could be identified by a modest
reduction in the stringency levels and verified by Sanger
sequencing. Following the validation, about 3.0% of the
bases screened exhibited sequence variance and the final
number of variants, 218 (including two indels), is nearly
double the number of mtDNA SNPs previously reported.
The new SNPs are predominantly transitions although
the number of transversions is relatively high in the non-
coding D-loop region (Table 1). Similar transition/trans-
version ratios were observed in other studies on the
genetic variability of the S. salar mitochondrion
[19,20,22]. The 107 new SNPs and a new indel identified
in this study are indicated in Figure 4 in red letters.
Although the average number of sequence reads support-
ing the new SNPs per individual is similar to that of those
reported, the number of individuals harbouring the new
SNPs is generally lower (see Additional file 3, Table S3).
This is due to the numerous samples and the great geo-
graphical range analyzed here, which consequently
allowed the detection of new rare variants. The greater
the number of amplicons and individuals screened, the
more likely it is that an accurate picture of the extent and
nature of SNP variation will be revealed, and that a suite
of SNP markers for population genetic studies can be
compiled. The challenge remains to determine the opti-
mal balance between the number of amplicons (i.e. pro-
portion of mtDNA genome screened), the number of
populations (i.e. representativeness of species as a whole)
and the number of individuals per population for studies
of matrilineal variation in the target species, Atlantic sal-
mon. This will only be achieved by a detailed analysis of
the within and among population variation and a consid-
eration of the robustness of its evolutionary and phylo-
geographic implications. It should, however, provide a

basis for robust inferences concerning the general levels
of genetic diversity in the species and broad scale, deep
phylogenetic structuring. Given, though, that the geogra-
phical sampling is extensive rather than intensive, and
that sample sizes per population are limited, the ability to
resolve any finer scale, shallower evolutionary structuring
on the regional level will be diminished. To achieve the
latter, a more focused and intensive search, based on
sequencing of the entire mtDNA genome from more
individuals would be of greater use since a higher propor-
tion of regionally or population restricted or low fre-
quency polymorphisms could be detected.
The analysis of within and among population distribu-

tion of variation is currently underway and can be
expected to yield considerable insights into the phylo-
geography and matrilineal evolution of the Atlantic sal-
mon. Analysis of the linkage of variation and its spatial
distribution should also assist in the identification of a
subset of the overall SNP suite that can be genetically
typed more cost-effectively using PCR-based SNP assays.
The SNP subset could then be investigated within sam-
ples from a wider geographical range and in archival
material, in order to establish a more accurate assess-
ment of the mixed stock assignment and population
evolutionary hypotheses extracted from the current data
set. Additionally, the markers that were identified in the
study will likely prove highly useful as genetic tags for
use in the assessment of the extent of population pro-
cesses such as female mediated gene flow, as well as for
tracking individual family groups in experimental
studies.

Conclusion
A novel approach that combines targeted PCR amplifica-
tion and a single HT sequencing run proved successful in
screening numerous targeted genomic regions in a large
number of individuals. This technique presents a valuable
tool for the identification of SNPs for population studies
in other species, and also minimizes the risks of ascer-
tainment bias associated with previous approaches that
screened either confined regions of the genome or only
several individuals from few populations.

Methods
Samples and DNA Extraction
Atlantic salmon samples (N = 546) were collected from
48 locations throughout the North Atlantic range of the
species using electro-fishing. Additionally, 12 brown
trout (Salmo trutta) and 18 Arctic charr (Salvelinus
alpinus) samples were included in the sequencing run as
a part of the experimental setup shown in Figure 2.
Table S1 submitted as Additional file 1 lists the sampling
sites, the number of samples, and their subdivision into
16 groups. DNA was isolated from fin-clip tissue samples
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using the DNeasy Blood & Tissue Kit (Qiagen) and stan-
dard protocols, and DNA concentrations were measured
with a NanoDrop ND1000 spectrophotometer. The con-
centrations of stock DNA eluted were 9-484 ng/μl and
diluted to 2-10 ng/μl for subsequent PCR reactions.

Primer Design
Ten regions of the S. salar mitochondrial genome
(DLOOPB, ND1, ND2, COXI, COXII, ATP6, ND3,
ND4, ND5, CYTB) were selected for SNP detection
(Table 1). Seven of the ten selected gene regions were
amplified in two or three fragments of approximately
400 bps, resulting in a total of 20 amplicons covering
7,215 bps excluding the primer binding sites (Table 1).
Primers were designed according to the reference
sequence (16.7 kb) of the S. salar mitochondrion
(NC_001960.1) (see Additional File 4, Table S4). Bar-
codes or multiplex identifying sequences (MIDs) of 10
bp were added to the 5’ end of each primer, providing a
unique means of identification for every sample in a sin-
gle sequence group. The MIDs used (Figure 2), were
those designed by Roche, 454 Life Sciences for auto-
mated software identification of samples following
sequencing and allow up to 2 sequencing errors in the
MID region before a read is misidentified. To minimize
the number of MID tagged primers required, samples
were divided into 16 groups, each composed of 36 indi-
viduals (see Additional File 1, Table S1, for subdivision
of samples). Six forward MID-primers (numbered 1-6)
and six reverse MID-primers (numbered 7-12) were
synthesized (Sigma Aldrich) for each of the 20 ampli-
cons. As a consequence of using a combination of 6 for-
ward and 6 reverse MID tagged primers, the same MIDs
could be re-used by conducting the PCR and sequencing
of each of the 16 groups separately (See primer matrix,
Figure 2). Critically, this minimized the cost associated
with the use of multiple MID tagged primers.

PCR Setup
In order to simultaneously amplify 20 traceable mito-
chondrial fragments from 576 samples in a single run,
PCR reactions for each group of 36 samples were con-
ducted separately, resulting in a total of 11,520 PCR
reactions across all 16 groups. PCR was performed in 20
μl reactions containing 0.5 mM betaine (Sigma Aldrich),
50 μM dNTP mix, 1 × reaction buffer and 1 U Teg
polymerase (Matís production, Taq comparable poly-
merase), 0.5 μM each primer (synthesized by Sigma
Aldrich) and 2-3 μl DNA (2-10 ng/μl). Initial denatura-
tion was at 94°C for 2 minutes followed by 31-33 cycles
of 94°C for 60 seconds, 53°C for 45 seconds and 72°C
for 90 seconds, and then a final extension of 5 minutes
at 72°C. The relative amount of PCR products was esti-
mated using gel electrophoresis and ethidium bromide

staining. Subsequently, products from each group were
pooled in near equimolar concentrations resulting in 16
pools of up to 720 amplicons.

Construction of single stranded DNA libraries
The DNA pools (3 μg) were electrophoresed on 1%
agarose gels and a band of approximately 400 bp was
purified from each pool using the QIAquick Gel Extrac-
tion Kit (Qiagen). These were subsequently examined
using Bioanalyzer 2100 and a DNA 7500 LabChip (Agi-
lent Technologies). Observed traces were correlative for
all 16 sample groups, with an average fragment length
of 425 bp. Both ends of the DNA fragments were
repaired, phosphorylated and ligated to adaptor oligonu-
cleotides A and B. The DNA fragments carrying the
5’-biotin of adaptor B were immobilized onto magnetic
streptavidin coated beads. Single stranded template
DNAs carrying adaptor A at the 5’-end and adaptor B at
the 3’-end were then purified by alkaline denaturation.
Reagents, enzymes and oligonucleotides for the single-
stranded DNA (sst DNA) library construction were
supplied with the GS FLX Titanium General Library
Preparation Kit (Roche, 454 Life Sciences). The integrity
and concentrations of the sst libraries were estimated
using the Bioanalyzer and the RNA 6000 LabChip and
Quant-iT Ribogreen DNA Assay Kit (Invitrogen),
respectively.

454 pyrosequencing and assembly
Shotgun sequencing of the 16 sst DNA libraries was car-
ried out using the GS FLX Titanium reagents as
described by the manufacturer (Roche, 454 Life
Sciences). Purified DNA fragments were hybridised onto
DNA capture beads and the 16 sst DNA libraries were
separately amplified by emulsion PCR. Beads containing
amplified DNA were deposited onto a 75 × 75 mm Tita-
nium PicoTiterPlate equipped with a sixteen-region gas-
ket. Those corresponding to each of the 16 original
DNA pools (20 amplicons from 36 individuals) were
assigned one region and then the pyrosequencing was
performed in a single run. The sequence data generated
from each region, corresponding to each of the 16
groups, was assembled separately using the GS Amplicon
Variant Analyzer software (Roche, 454 Life Sciences)
with default stringency settings. Sequence reads were
sorted according to the sequence and the combination of
the MIDs, and the sequence reads from an individual for
each amplicon were aligned with the S. salar reference
sequence (NC_001960.1).

SNP analysis and mapping
Candidate SNPs were identified and checked against the
global and consensus alignments of the corresponding
sequence using the GS Amplicon Variant Analyzer
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software (Roche, 454 Life Sciences). Variants resulting
from potential sequencing errors, including under-reads of
homopolymer regions, and single base insertions (carry-
forward events) were rejected [26]. Homopolymer
under-reads and carry-forward events were observed in
the misalignment of underlying consensi, by confirming
support in both forward and reverse reads and, where
necessary, the observation of underlying flowgrams. SNPs
were accepted as valid only if they met the following cri-
teria: (i) Sequence reads with variants were produced from
both DNA strands. (ii) Those with >90% support from
sequencing reads should have a total of more than 10 sup-
porting reads in both read directions, or in cases of less
than 10 supporting reads that the SNP in question should
also be present in other samples with higher support.
(iii) The final list of SNPs rejected those only found in one
sample as these readings could be considered uninforma-
tive and possibly arose as a result of a PCR or sequencing
error. To determine the sequence coverage for each SNP
per individual, only sequence reads comprising the con-
sensus sequence, truly supporting the SNP were taken
into account, excluding those reads that did not show the
variance (e.g. due to a sequencing error or truncation).

Availability
The SNPs identified and evaluated in this study have
been deposited in the National Center of Biotechnology
(NCBI) SNP database (dbSNP) under submitter handle
MATIS. The accession numbers are: NCBI_ss
295476608 - 295476815.

Additional material

Additional file 1: Table S1: Sampling locations. The file shows the
sampling locations and the number of individuals per location as well as
grouping of samples.

Additional file 2: Figure S1: Distribution of read length Table S2:
Read length statistics of the FLX sequencing run. The file contains a
graph showing the number of reads vs. read length and a table
indicating the read length statistics of the FLX sequencing run.

Additional file 3: Table S3: mtDNA SNPs validated in this study. The
file shows the validated SNPs, their location according to S. salar
mitochondrial DNA reference sequence (NC_001960.1); the number of
individuals supporting the SNP; and the sequence coverage per
individual.

Additional file 4: Table S4: The primer set for the 20 amplicons used
in this study. The file shows the designation and the sequence of the
primers used, as well as the primer binding sites on the mitochondrial
DNA according to the reference sequence (NC_001960.1).

Acknowledgements
This work is part of the EU SALSEA MERGE project (No. 212529, FP7-ENV-
2007-1) and was sponsored by EU funding in association with internal
fundings from Matis and Marine Scotland. Their support is gratefully
acknowledged. We thank Vidar Wennevik for providing samples from
Norwegian populations for the work. Most of the remaining samples used
were drawn largely from archival material collected over the last two

decades for other purposes, by numerous individuals. Their contribution to
making the study possible is also acknowledged.

Author details
1Matís, Vínlandsleið 12, 113 Reykjavík, Iceland. 2Institute of Biological
Sciences, University of Wales, Aberystwyth, UK. 3Department of Pure &
Applied Ecology, Swansea University, Swansea SA2 8PP, UK. 4Freshwater
Laboratory, Marine Scotland, Pitlochry, Scotland PH16 5LB, UK.

Authors’ contributions
The study was conceived and coordinated by SH and EV and set up by OF,
ST and EV. DK, CGL and EV were responsible for the DNA collections. SM, SB,
and GO organized and performed the PCR and the sequencing work. OF
and SM prepared the sequence alignments and ST and KO did the SNP
validations and variant analysis. OF, EV, SB, KO, ST, CGL and SC wrote the
manuscript. All participants of this study read and approved the final draft.

Received: 21 October 2010 Accepted: 7 April 2011
Published: 7 April 2011

References
1. Brookes AJ: The essence of SNPs. Gene 1999, 234(2):177-186.
2. Papachristou C, Lin S: Microsatellites versus Single-Nucleotide

Polymorphisms in confidence interval estimation of disease loci. Genet
Epidemiol 2006, 30(1):3-17.

3. Bordoni R, Bonnal R, Rizzi E, Carrera P, Benedetti S, Cremonesi L, Stenirri S,
Colombo A, Montrasio C, Bonalumi S, et al: Evaluation of human gene
variant detection in amplicon pools by the GS-FLX parallel
Pyrosequencer. BMC Genomics 2008, 9:464.

4. Ingman M, Gyllensten U: SNP frequency estimation using massively
parallel sequencing of pooled DNA. Eur J Hum Genet 2009, 17(3):383-386.

5. Van Tassell CP, Smith TP, Matukumalli LK, Taylor JF, Schnabel RD, Lawley CT,
Haudenschild CD, Moore SS, Warren WC, Sonstegard TS: SNP discovery
and allele frequency estimation by deep sequencing of reduced
representation libraries. Nat Methods 2008, 5(3):247-252.

6. Bundock PC, Eliott FG, Ablett G, Benson AD, Casu RE, Aitken KS, Henry RJ:
Targeted single nucleotide polymorphism (SNP) discovery in a highly
polyploid plant species using 454 sequencing. Plant Biotechnol J 2009,
7(4):347-354.

7. Kulheim C, Yeoh SH, Maintz J, Foley WJ, Moran GF: Comparative SNP
diversity among four Eucalyptus species for genes from secondary
metabolite biosynthetic pathways. BMC Genomics 2009, 10:452.

8. Holt KE, Parkhill J, Mazzoni CJ, Roumagnac P, Weill FX, Goodhead I, Rance R,
Baker S, Maskell DJ, Wain J, et al: High-throughput sequencing provides
insights into genome variation and evolution in Salmonella typhi. Nat
Genet 2008, 40(8):987-993.

9. Deleu W, Esteras C, Roig C, Gonzalez-To M, Fernandez-Silva I, Gonzalez-
Ibeas D, Blanca J, Aranda MA, Arus P, Nuez F, et al: A set of EST-SNPs for
map saturation and cultivar identification in melon. BMC Plant Biol 2009,
9:90.

10. Wang S, Sha Z, Sonstegard TS, Liu H, Xu P, Somridhivej B, Peatman E,
Kucuktas H, Liu Z: Quality assessment parameters for EST-derived SNPs
from catfish. BMC Genomics 2008, 9:450.

11. Sanchez CC, Smith TP, Wiedmann RT, Vallejo RL, Salem M, Yao J,
Rexroad CE: Single nucleotide polymorphism discovery in rainbow trout
by deep sequencing of a reduced representation library. BMC Genomics
2009, 10:559.

12. Wiedmann RT, Smith TP, Nonneman DJ: SNP discovery in swine by
reduced representation and high throughput pyrosequencing. BMC
Genet 2008, 9:81.

13. Kerstens HHD, Crooijmans R, Veenendaal A, Dibbits BW, Chin-A-Woeng TFC,
den Dunnen JT, Groenen MAM: Large scale single nucleotide
polymorphism discovery in unsequenced genomes using second
generation high throughput sequencing technology: applied to turkey.
BMC Genomics 2009, 10:11.

14. Margulies M, Egholm M, Altman WE, Attiya S, Bader JS, Bemben LA, Berka J,
Braverman MS, Chen YJ, Chen Z, et al: Genome sequencing in
microfabricated high-density picolitre reactors. Nature 2005,
437(7057):376-380.

15. Nilsson J, Gross R, Asplund T, Dove O, Jansson H, Kelloniemi J, Kohlmann K,
Loytynoja A, Nielsen EE, Paaver T, et al: Matrilinear phylogeography of

Fridjonsson et al. BMC Genomics 2011, 12:179
http://www.biomedcentral.com/1471-2164/12/179

Page 9 of 10

http://www.biomedcentral.com/content/supplementary/1471-2164-12-179-S1.DOCX
http://www.biomedcentral.com/content/supplementary/1471-2164-12-179-S2.DOCX
http://www.biomedcentral.com/content/supplementary/1471-2164-12-179-S3.DOCX
http://www.biomedcentral.com/content/supplementary/1471-2164-12-179-S4.DOCX
http://www.ncbi.nlm.nih.gov/pubmed/10395891?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16355404?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16355404?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18842124?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18842124?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18842124?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18854868?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18854868?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18297082?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18297082?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18297082?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19386042?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19386042?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19775472?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19775472?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19775472?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18660809?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18660809?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19604363?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19604363?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18826589?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18826589?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19939274?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19939274?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19055830?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19055830?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19133128?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19133128?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19133128?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16056220?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16056220?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11251790?dopt=Abstract


Atlantic salmon (Salmo salar L.) in Europe and postglacial colonization
of the Baltic Sea area. Mol Ecol 2001, 10(1):89-102.

16. Consuegra S, Garcia de Leaniz C, Serdio A, Gonzalez Morales M, Straus LG,
Knox D, Verspoor E: Mitochondrial DNA variation in Pleistocene and
modern Atlantic salmon from the Iberian glacial refugium. Mol Ecol 2002,
11(10):2037-2048.

17. Verspoor E, O’Sullivan M, Arnold AL, Knox D, Amiro PG: Restricted
matrilineal gene flow and regional differentiation among Atlantic
salmon (Salmo salar L.) populations within the Bay of Fundy, eastern
Canada. Heredity 2002, 89(6):465-472.

18. Mosquera-Miguel A, Alvarez-Iglesias V, Cerezo M, Lareu MV, Carracedo A,
Salas A: Testing the performance of mtSNP minisequencing in forensic
samples. Forensic Sci Int Genet 2009, 3(4):261-264.

19. King TL, Verspoor E, Spidle AP, Gross R, Phillips RB, Koljonen ML, Sanchez J,
Morrison CL: Biodiversity and population structure. Oxford: Blackwell
Publishing Ltd; 2007.

20. So MSY: Evolution of mitochondrial DNA in the genus Salmo. Ph.D Thesis
Vancouver, Canada: Simon Fraser University; 2006.

21. Carr SM, Marshall D, Duggan AT, Flynn SMC, Johnstone KA, Pope AM,
Wilkerson CD: Phylogeographic genomics of mitochondrial DNA: Highly-
resolved patterns of intraspecific evolution and a multi-species,
microarray-based DNA sequencing strategy for biodiversity studies.
Comparative Biochemistry and Physiology 2008, 3:1-11.

22. Karlsson S, Moen T, Hindar K: An extended panel of single nucleotide
polymorphisms in Atlantic salmon (Salmo salar L.) mitochondrial DNA.
Conservation Genetics 2009, 11(2).

23. Ciborowski KL, Consuegra S, Garcia de Leaniz C, Wang J, Beaumont MA,
Jordan WC: Stocking may increase mitochondrial DNA diversity but fails
to halt the decline of endangered Atlantic salmon populations.
Conservation Genetics 2007, 8:1355-1367.

24. Verspoor E, O’Sullivan M, Arnold A, Knox D, Curry A, Lacroix G, Amiro P: The
Nature and Distribution of Genetic Variation at the Mitochondrial Nd1
Gene of the Atlantic Salmon (Salmo salar L.) Within and Among Rivers
Associated With The Bay Of Fundy and the Southern Uplands of Nova
Scotia. FRS Research Services Internal Report 2006.

25. Luikart G, England P, Tallmon D, Jordan S, Taberlet P: The power and
promise of population genomics: from genotyping to genome typing.
Nature Reviews Genetics 2003, 4:981-994.

26. Huse SM, Dethlefsen L, Huber JA, Mark Welch D, Relman DA, Sogin ML:
Exploring microbial diversity and taxonomy using SSU rRNA
hypervariable tag sequencing. PLoS Genet 2008, 4(11):e1000255.

doi:10.1186/1471-2164-12-179
Cite this article as: Fridjonsson et al.: Detection and mapping of mtDNA
SNPs in Atlantic salmon using high throughput DNA sequencing. BMC
Genomics 2011 12:179.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Fridjonsson et al. BMC Genomics 2011, 12:179
http://www.biomedcentral.com/1471-2164/12/179

Page 10 of 10

http://www.ncbi.nlm.nih.gov/pubmed/11251790?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11251790?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12296947?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12296947?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12466990?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12466990?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12466990?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12466990?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19647712?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19647712?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20483203?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20483203?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20483203?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14631358?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14631358?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19023400?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19023400?dopt=Abstract

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	PCR Amplification
	Pyrosequencing and Amplicon Analysis
	SNP Analysis

	Discussion
	Conclusion
	Methods
	Samples and DNA Extraction
	Primer Design
	PCR Setup
	Construction of single stranded DNA libraries
	454 pyrosequencing and assembly
	SNP analysis and mapping

	Availability
	Acknowledgements
	Author details
	Authors' contributions
	References

