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From population genomics to conservation and
management: a workflow for targeted analysis of markers

identified using genome-wide approaches in Atlantic salmon
Salmo salara
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A genotyping assay for the Ion Torrent Ion PGM platform was developed for fast and cost-effective
targeted genotyping of key single nucleotide polymorphisms (SNPs) earlier identified using a
genome-wide SNP array in Atlantic salmon Salmo salar. The method comprised a simple primer
design step for multiplex-polymerase chain reaction (PCR), followed by two rounds of Ion Torrent
Ion PGM sequencing to empirically evaluate marker efficiency in large multiplexes and to optimise or
exclude them when necessary. Of 282 primer pairs initially tested, 217 were successfully amplified,
indicating good amplification success (>75%). These markers included the sdy partial gene product
to determine genetic sex, as well as three additional modules comprising SNPs for assessing neutral
genetic variation (NSNP = 150), examining functional genetic variation associated with sea age at
maturity (NSNP = 5), and for performing genetic subpopulation assignment (NSNP = 61). The assay
was primarily developed to monitor long-term genetic changes in S. salar from the Teno River, but
modules are likely suitable for application in a wide range of S. salar populations. Furthermore, the
fast and versatile assay development pipeline offers a strategy for developing targeted sequencing
assays in any species.
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INTRODUCTION

With the advent of the genomics era, the opportunity to use genomic tools to inform
species conservation and management was greeted with much enthusiasm (Primmer,
2009; Allendorf et al., 2010; Ouborg et al., 2010). It has been noted, however, that
such genomic approaches have yet to fulfill their potential in this area (Shafer et al.,
2015). Population genomic research on species of conservation concern is undoubt-
edly increasing (Thompson et al., 2013; Harrisson et al., 2014; Hoffmann et al., 2015).
There are relatively few cases, however, where results have been adapted for the practi-
cal needs of conservation and management, for example to identify management units
(Finger et al., 2011; Larson et al., 2014), or develop diagnostic assays of key molecular
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markers (Campbell et al., 2012; Nussberger et al., 2013; Candy et al., 2015), possibly
because of a lack of straightforward approaches for converting genomics discoveries
into routine assays that can be applied in conservation and management (Shafer et al.,
2015).

Nevertheless, it is clear that analysis of population genomic data can inform many
aspects of population management. Amongst other things, population-level genomic
datasets enable identification of regions of the genome associated with specific pheno-
typic traits (for example, via genome-wide association analysis) and identification of
genomic regions potentially underlying adaptive divergence (via FST outlier analyses
and similar approaches). From a management point of view, such analyses enable the
identification of relatively small subsets of markers that are associated with particular
ecologically important phenotypes or that discriminate locally adapted populations. For
example, genomic studies have enabled the development of panels of single nucleotide
polymorphism (SNP) markers to identify interspecific hybrids (Campbell et al., 2012;
Pujolar et al., 2014), or assign individuals to populations or management units (Rus-
sello et al., 2012; Ogden et al., 2013; Ozerov et al., 2013; Candy et al., 2015).

For such marker panels to be practically applied in species management, they
need to be assayed rapidly and inexpensively in a large number of individuals
(Narum et al., 2013). Although several methods to rapidly genotype tens to hun-
dreds of user-identified SNPs have been developed over the past decade, all these
require access to dedicated platforms and have limitations to their flexibility and
how economically they can be utilized. For example, microfluidic arrays (Fluidigm;
www.fluidigm.com) allow the rapid and simultaneous genotyping of 96 or 384 SNPs
on 96 or 384 individuals, but their cost-effectiveness for different combinations of
SNP–individual number is limited by this fixed format. Custom SNP genotyping using
mass spectrometry (Sequenom iPlex Gold; www.sequenom.com; Gabriel et al., 2009)
is more flexible for similar or smaller numbers of SNPs but the initial financial invest-
ment required for the platform is much larger. Furthermore, the previous platform of
choice for genotyping a few hundred to a few thousand custom SNPs, the Illumina
Golden Gate (www.illumina.com; Chao & Lawley, 2015), is no longer in production.
Finally, a recently described method called Rapture (Ali et al., 2016) combines restric-
tion site associated DNA (RAD) sequencing and target selection using biotinylated
bait sequences, which may provide a cost-efficient genotyping by sequencing alter-
native. This approach, however, is limited to SNPs previously identified from RAD
sequencing and therefore on known RAD tags. It is likely to be difficult to optimize
for target SNPs in other genomic locations, such as those previously identified through
Sanger sequencing or those linked to candidate genes of interest.

Now that small-scale next generation sequencing machines are available for the lab-
oratory benchtop (e.g. IonTorrent Ion PGM, Illumina MiSeq), genotyping of SNPs
by targeted sequencing has become an attractive and flexible alternative. Campbell
et al. (2015) recently presented a targeted sequencing protocol for genotyping SNP
panels that had previously been assayed using a polymerase chain reaction (PCR)
approach on the Fluidigm platform. When applied to several thousand individuals, this
targeted sequencing approach demonstrated much greater cost efficiency than the pre-
vious methodology with similar genotyping reliability. The SNP markers described in
that paper, however, had already been well-characterized and optimized for PCR-based
genotyping. Thus, it is unclear whether the optimization of this genotyping protocol for
newly discovered markers will be similarly straightforward.
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In this paper, an optimization pathway is presented for developing modules of infor-
mative SNP markers identified from genomic studies of Atlantic salmon Salmo salar
L. 1758, a species of both economic interest and conservation concern. Wild pop-
ulations of S. salar support food fisheries and tourist industries, but have declined
over recent decades as a result of over-fishing and habitat loss (Parrish et al., 1998).
In addition, the S. salar aquaculture industry is a major source of income in several
countries. The cultural and economic importance of S. salar has resulted in the devel-
opment of many genomic resources, including dense linkage maps (Moen et al., 2004;
Lien et al., 2011), arrays enabling the simultaneous genotyping of many thousands of
SNPs (Bourret et al., 2013a, b; Barson et al., 2015) and an annotated genome (Lien
et al., 2016). These resources have been used to address a wide range of evolutionary
and ecological questions. For example, a SNP array interrogating seven thousand (7k)
genome-wide markers (Illumina 7k array) has been utilized for a variety of purposes,
including investigation of phylogenetic structure (Bourret et al., 2013a), characteriza-
tion of neutral and adaptive genetic variation (Bourret et al., 2013b; Aykanat et al.,
2015), genetic stock identification (Ozerov et al., 2013; Moore et al., 2014) and identi-
fication of regions of the genome associated with phenotypic variation (Gutierrez et al.,
2012, 2014, 2015; Johnston et al., 2014).

Recently, a single genomic region explaining a substantial amount of the variance in
an ecologically important fitness-related trait, sea age at maturity has been pinpointed
in European S. salar (Barson et al., 2015). Age at maturity is influenced by both geno-
type and freshwater and marine environmental conditions (Jonsson et al., 1991, 2016;
Jonsson & Jonsson, 2007; Otero et al., 2012; Barson et al., 2015). The distribution of
sea age at maturity in a population can be shaped by human activity, both indirectly
via anthropogenic environmental change and directly via size selective fishing. There
has been a recent global trend of decreasing sea age at maturity in S. salar, but the
factors contributing to this trend are unknown (Chaput, 2012; ICES, 2013). Thus, a
simple, inexpensive diagnostic assay for screening sea age genetic status of large num-
bers of individuals would be useful for management. Also, in the main stem of the Teno
River of northern Finland, two cryptic subpopulations of S. salar have recently been
identified that exhibit substantial phenotypic differentiation in size and age at maturity
(Aykanat et al., 2015). This is in addition to previously identified genetically distinct
populations in various Teno River tributaries (Vähä et al., 2007). A four-decade series
of scale samples (yielding DNA) and demographic and environmental information is
available for the Teno River S. salar stock, enabling detailed temporal investigation
of how genetic and environmental factors interact to determine variation in age at
maturity.

Here, the Teno S. salar population is used as a case study to outline a detailed pro-
cedure for transforming genome-wide information into diagnostic assays suitable for
routine management use. Modules of SNPs were designed for different purposes: for
sexing, for routine monitoring of key polymorphisms in several genes associated with
sea age at maturity, baseline loci for standard population genetic analyses and highly
diverged loci among populations (i.e. between the Teno River S. salar main-stem sub-
populations) to facilitate subpopulation assignment. The method provides a flexible
approach for designing primers for multiplex assays to suit the needs of a particular
management or conservation question, as well as subsequent cost-efficient targeted
sequencing.
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MATERIALS AND METHODS

S N P M O D U L E C O N S T RU C T I O N

A series of modules were designed, whereby each module consisted of a set of markers with
differing objectives. These modules could be applied separately for a specific objective, with
the advantage of sequencing more individuals (by reducing the number SNPs sequenced), used
together in projects with multiple objectives in mind, or combined with new modules (e.g. SNPs
to investigate hybridization between S. salar and escapees from aquaculture; Pritchard et al.,
2016). Modules introduced here are described below.

Baseline SNP module
This module consisted of SNPs that were selected in order to estimate the overall genome-wide

level of differentiation among populations within the Teno system and quantify genetic drift over
time (N = 196 baseline SNPs prior to optimisation; see SNP panel name in Table SI, Supporting
Information). In order to maximize compatibility with other datasets, all SNPs were selected
from those on the 7k SNP array that have been genetically mapped and previously utilized by
Bourret et al. (2013a, b); Ozerov et al. (2013) and Aykanat et al. (2015). Although the 7k SNP
array was originally optimized for use with Norwegian aquaculture S. salar strains and markers
are not all expected to be informative in the Teno system, most selected SNPs were from the
final dataset of Aykanat et al. (2015) (N = 2874) and therefore had been already filtered for high
information content (minor allele frequency, f MA > 0·05). Here, information content was fur-
ther increased by preferentially selecting SNPs that exhibited heterozygosity (HO)> 0·2 in the
in the dataset (Aykanat et al., 2015), though shift in HO distribution in the selected SNPs was
not significantly different from zero (Mann–Whitney U = 118760, N1,2 = 152,2874, P> 0·05).
The number of SNPs on a chromosome was roughly proportional to the length of the chromo-
some (Fig. S1, Supporting Information) and SNPs were selected to have linkage disequilibrium
(LD)< 0·1 with physically adjacent SNPs (r2, Hill & Robertson, 1968). Pairwise LD was esti-
mated from genotype information for the Teno River main-stem subpopulation 1 (N = 347;
Aykanat et al., 2015), using the r2fast function in GenABEL package 1.8.0 (Aulchenko et al.,
2007) implemented in R (www.r-project.org).

Outlier SNP module
This module consisted of SNPs from the 7k array that were highly diverged between the

two sympatrically occurring S. salar subpopulations in the Teno River main stem. Although
these two populations exhibit only low genetic differentiation (FST ≈ 0·018), they exhibit sub-
stantial phenotypic divergence (Aykanat et al., 2015), thus for management it is important to
discriminate them. The purpose of this SNP module was to assign individual fish sampled in the
Teno main stem to their subpopulation of origin. SNPs were selected that displayed significantly
higher differentiation (P< 0·05) between the two Teno main-stem subpopulations than neutral
expectations, i.e. outlier loci, corresponding to FST ≥ 0·07 as in Aykanat et al. (2015) (Table
SI, Supporting Information), with Weir’s and Cockerham’s pairwise FST (Weir & Cockerham,
1984) using the hierfstat package 0.04-10 (Goudet, 2005) in R 3.1.0.

Sea-age module
The sea-age module comprised six SNPs within the genomic regions identified by Barson

et al. (2015) to be associated with sea age at maturity in S. salar. Five of these SNPs were
within the associated region on chromosome 25 and included the SNP with the most significant
association in the genome-wide association study (GWAS) analysis (vgll3TOP SNP) and two
SNPs causing mis-sense mutations in the primary candidate gene for determining age at maturity
(vgll3). The sixth SNP was within a chromosome 9 region strongly associated with the sea age
at maturity phenotype prior to correction for population stratification (Barson et al., 2015). This
SNP is 34·5 kb from, and in complete LD with, the SNP named as SIX6TOP in Barson et al.
(2015).
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Sexing assay
The sexing assay comprised a region of the sdy gene that determines sex in S. salar

(present=male, absent= female; Yano et al., 2013). Although this gene is not expected to
be present in females, contamination (e.g. during sampling in the wild) may result in PCR
amplification of a small number of sdy gene copies in females. Thus, presence or absence of
the sdy gene was determined by examining read coverage for the assayed region, corrected
by total read coverage of all genomic regions sequenced. Clear divergence was expected in
normalized sdy coverage between sexes, where females are expected to have zero, or close to
zero, coverage after normalization.

S N P S E L E C T I O N A N D P R I M E R D E S I G N

The SNP selection process differed for modules that targeted specific regions (the sexing
and sea-age at maturity modules) and those that included a sub-set of the genome-wide SNPs
included on the 7k SNP array (the baseline and outlier SNP modules). In all cases, BatchPrimer3
1.0 (You et al., 2008) was used for primer design. Parameters for primer design were chosen to
optimize the success of multiplex PCR and generate fragment sizes suitable for sequencing on
the Ion Torrent (Thermo Fisher Scientific; www.thermofisher.com). For the initial design of all
primers, parameters more stringent than the default parameters were employed: melting temper-
atures (TM) were restricted to a narrow range (59–61∘ C), product size was limited to 75–120 bp
and primers were constrained to have low 3′ self-complementary (≤2), self-complementary
match (≤4) and 3′ poly-X (≤3). The choice of product size range was intended to generate frag-
ments that could be optimally sequenced using the Ion Torrent whilst allowing the BatchPrimer3
software some flexibility in primer design around the SNP site. Since there were numerous can-
didate SNPs on the Illumina 7k SNP array for inclusion in the baseline and outlier SNP modules,
only SNPs for which primers could be designed using these stricter parameters were retained.
In contrast, the sexing and sea-age at maturity modules included specific loci of importance and
thus the BatchPrimer3 primer design parameters described above were relaxed when necessary
in order to identify suitable primers.

L I B R A RY P R E PA R AT I O N A N D O P T I M I Z AT I O N

Library preparation comprises DNA extraction followed by two rounds of PCR and clean ups
(Fig. 1). DNA was extracted from eight S. salar fin clips using QIAamp DNA mini kit (Qiagen;
www.qiagen.com) and from eight scale samples with a protocol slightly modified from Elphin-
stone et al. (2003), where DNA is bound on silica beads in a 96 well filter plate (Vaha et al.,
2011). Extracted DNA was quantified with a NanoDrop ND-1000 spectrophotometer (Thermo
Fisher Scientific) and each sample normalized to 50 ng μl−1. Library preparation was performed
in two PCR steps: in the first step (PCR-1), SNP loci were amplified using primers that consisted
of a SNP specific sequence and an additional tag sequence at the 5′-end of both the forward
(tagF, 5′ ACGACGTTGTAAAA 3′) and reverse (tagR, 5′ CATTAAGTTCCCATTA 3′) primers
(Hayden et al., 2008; Bybee et al., 2011). In the second PCR step (PCR-2), the Ion Torrent
specific adapter sequences and sample specific barcodes were incorporated by targeting the tag
sequences from step one (Fig. 1 and Table SII, Supporting Information). Thus the forward primer
sequence (5′–3′) in step two consisted of three parts: Ion A adapter+ Ion barcode1-96+ tagF
and the reverse primer sequence (5′–3′) consisted of two parts: Ion trP1+ tagF (Table SI, Sup-
porting Information).

Round one library optimization
Amplification for first step (PCR-1) was done in a multiplexed 10 μl reaction consisting of

1× Qiagen multiplex mastermix (QMP), equal amounts of forward and reverse primers at a
final concentration of 0·1𝜇M and 50 ng of genomic DNA. Thermal cycling conditions were as
follows: initial denaturation at 95∘ C for 15 min, seven cycles of 95–58–72∘ C for 30–60–45 s,
respectively, and 15 cycles of 95–62–72∘ C for 30–60–45 s, respectively. Amplification
for the second step (PCR-2) consisted of 1× Kapa Hifi HS ready-mix (Kapa Biosystems;
www.kapabiosystems.com), forward and reverse primers at a final concentration of 0·3𝜇M
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1. SNP selection from a larger repertoire (e.g. 
genome wide study)

4. Round 1 optimisation using all selected SNPs

a. Exclude or re-design primers for loci with high 
non-specificity or no amplification. 

b. Even out coverage across loci by increase/decrease 
of primer concentration for low/high coverage loci

2. Primer design with BatchPrimer3 v1.0 with 
stringent parameters

6. Round 2 optimisation following round 1 
adjustments

Further optimization as in 4a and 4b if needed

1. Genomic DNA extraction &
 (optional) concentration normalization

4. PCR2: Incorporating Ion Torrent specific 
adapters & sample specific barcodes by targeting 

the tag sequence from PCR1

2. PCR1: Multiplex PCR of genomic DNA 
using specific primer pairs & sample specific 

barcodes

3. SPRI bead clean-up to reduce short 
non-specific reads

6. Product quantification, normalization & 
equilimolar pooling of barcoded samples

7. IonTorrent sequencing with appropriate chip 
size &  bioinformatic analysis

5. SPRI bead clean-up to reduce short 
non-specific reads

Targeted sequencing optimisation Ion Torrent multiplex targeted 
sequencing procedure

3. Ion Torrent multiplex targeted 
sequencing procedure

5. Ion Torrent multiplex targeted 
sequencing procedure.

Fig. 1. Flowcharts summarising optimisation, and routine targeted genotyping procedures in this study of
Salmo salar single nucleotide polymorphisms (SNPs). PCR, polymerase chain reaction; SPRI, solid phase
reversible immobilization.

and 1 μl of diluted (1:10) PCR product from PCR-1. The total volume of PCR-2 was 10·8 μl.
Thermal cycling conditions were as follows: initial denaturation at 95∘ C for 4 min, 15 cycles
of 98–60–72∘ C for 20–15–20 s, respectively, followed by a final extension step at 72∘ C
for 3 min. After PCR-2 the products were cleaned with solid phase reversible immobilization
(SPRI) beads (Sera Mag, GE Healthcare Life Sciences; www.gelifesciences.com) to remove
unincorporated primers and potential non-specific amplification products (Rohland & Reich,
2012; Vesterinen et al., 2016).

Round two library optimization
The same protocols were used for PCR-1 and PCR-2 as in round one, except that primer

concentrations were modified in PCR-1 based on the results from the first round optimization
(0·05, 0·1 or 0·2𝜇M). Also, an extra SPRI-bead-cleaning step was employed after PCR-1 to
reduce short reads originating from non-specific amplification. In order to evaluate the efficiency
of this extra clean-up step, it was applied to 96 individually bar-coded reactions (in PCR-2), but
skipped for 24 bar codes (Table SII, Supporting Information). To allow more samples to be
multiplexed in the final library, an additional 6 bp bar code was added to the reverse primer used
in PCR-2.

Library sequencing
Following the two rounds of PCR, the SPRI purified individual libraries were quantified by

Qubit 2.0 fluorometer (Invitrogen; www.invitrogen.com) and pooled into one library in equal
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amounts. The pooled library was quantified by running three replicates on a Bioanalyzer HS
DNA chip (Agilent; www.agilent.com) and the mean value of replicates was used as the final
concentration. The library was then diluted for the template preparation with an Ion PGM Hi-Q
OT2 kit according to recommendations for Ion AmpliSeq DNA Library and OT2 for 200 bp
reads and enrichment steps (ES) were done by following the manufacturer’s instructions (Cat-
alog Nr A27739, Publication Nr MAN0010902, Rev A.0). The Ion PGM Hi-Q sequencing kit
was used for sequencing the templated sample on an Ion 316 Chip 2 following guidelines in the
respective protocol (Catalog Nr A25592, Publication Nr MAN0009816, Revision D.0).

PCR multiplex optimization
A multi-round approach was adopted to optimize the PCR multiplex reaction used to generate

fragments for sequencing (Fig. 1). Initially, all primer pairs were tested in two multiplexes: one
for the baseline module and one for the outlier+ sex+ sea-age modules, and the resulting prod-
ucts were sequenced on the Ion Torrent. Primer pairs were excluded from the subsequent round
of multiplex PCR if they failed to adequately amplify the targeted genomic region (mean depth
of coverage of targeted region <10×) or strongly amplified non-target regions (mean depth of
coverage of non-targeted regions coverage >20×). When more than one primer set was involved
in the amplification of non-target regions, the primer set that had lower amplification (coverage)
for the targeted region was excluded from the next round optimisation and the other set was
retained. Additionally, the relative depth of sequencing coverage for the genomic regions tar-
geted by the primer pairs was examined and adjustments were made to the concentrations of
particular primer pairs in the multiplex with the aim of equalizing coverage. More specifically,
primer concentrations of markers with either high (>100×) or low (10–20×) coverage were
decreased or increased by two fold, respectively.

DATA A NA LY S I S

Unless otherwise stated, all statistical analyses were performed using R software 3.2.5. A
simple analytical pipeline, coded in R (similar to Angilletta et al. 2008) was used to process
raw fastq output from the Ion Torrent server, align locus sequences and score SNP genotypes.
Forward and reverse bar codes were used as individual identifiers to assign reads to uniquely
bar coded samples (e.g. individuals). SNP genotypes were then identified by using a two-step
procedure that was implemented to improve speed and performance. Reads were first assigned
to a locus by matching either the forward or reverse primer sequence for that locus (allowing two
mismatches). All reads assigned to a particular locus were then scanned for a perfect match to the
9 bp region surrounding the SNP site (4 bp upstream, 4bp downstream) and any non-matching
reads discarded. Any read with phred score< 20 on the SNP base was also discarded at this stage.
The remaining reads for each locus are henceforth termed on-target reads. Finally, the proportion
of coverage for each allele was evaluated to score the genotype, as in Campbell et al. (2015).
Briefly, genotypes were assigned based on the ratio of number coverage between allele 1 and
allele 2. Allele 1–allele 2> 10 was assigned as homozygous for allele 1, allele 1–allele 2< 0·1
was assigned as homozygous for allele 2, allele 1–allele 2 between 0·2 and 5 was assigned as
heterozygous and any proportion in between was not assigned a genotype. Likewise, genotypes
were not assigned when total read coverage was <10. The genotyping fidelity of Ion Torrent
genotyping was compared with the 7k Illumina SNP array with eight individuals that were also
genotyped by the latter platform in Aykanat et al. (2015).

The proportion of non-specific primer products to the total number of reads was then
evaluated and primer sets that contributed highly to non-specific read ratio were excluded. This
was calculated by counting the number of non-specific primer–primer products, or primer
dimers by searching every possible pairwise primer combination matches across all reads.
In this search algorithm, only the first 10 5′ bp of the primer were used in order not to skip
primer–primer dimers that may anneal imperfectly in the final product. This procedure was
performed between forward and reverse primers only, because the directed PCR (PCR-2)
uses forward and reverse primer tails as primers thus amplifying only forward–reverse primer
combinations in the second PCR step.
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The power of the different modules to successfully assign an individual to subpopulations in
the Teno River main stem was assessed using data from Aykanat et al. (2015), in which individu-
als were assigned either to one of the subpopulations in the Teno River main stem or categorised
as admixed (e.g. unassigned). For that, first the likelihood of a genotype to occur in a popula-
tion was calculated using a frequency based method (Paetkau et al., 1995), then the likelihood
scores were evaluated by a comparison with the scores of 1000 simulated individuals per popula-
tion (individuals simulated based on the observed genotyped frequencies in the two populations
(Rannala & Mountain, 1997) using custom R scripts. Two criteria were used to assign an indi-
vidual to either of the populations: an individual was assigned to a population if its likelihood
(to occur in the population) was not within or below the least 5% of the simulated data and
if the difference in log-likelihood scores for the alternative populations was greater than three
(that is, an individual is 20·1 (e3) times more likely to originate from one population relative to
other). Otherwise it was marked as admixed. Assignment power was assessed with four differ-
ent sets of SNPs: using all SNPs in Aykanat et al. (2015) (N = 2874), only with the SNPs in the
outlier module, only with the baseline module, and using SNPs in two modules combined. In
this procedure, the individual being evaluated for population assignment was excluded from the
population pool when calculating population allele frequencies and missing genotype calls of
tested individuals were accounted for by excluding the same SNPs when calculating the likeli-
hood of simulated genotypes. Further, SNP loci with a minor allele frequency lower than 0·05
were adjusted to have a frequency= 0·05, to avoid zero or very small assignment probabilities
when relying on a small number of loci.

RESULTS

Two optimization rounds of sequencing generated 2·87 and 2·00 million reads in the
final libraries (Table I), with loading ratios of 77 and 47% and 37 and 25% polyclon-
alities, respectively. Of the total number of reads, 95·2 and 98·5% were successfully
assigned to unique bar codes (forward and reverse identifiers were present in the reads).

Table I. Sequencing details for two optimization rounds for targeted analysis of markers iden-
tified using genome-wide approaches in Salmo salar

Round 1 Round 2

Total number of single nucleotide
polymorphisms

282 221

Total individually processed and
bar-coded genomic DNA*

96 120

Total reads 2·87× 106 2·00× 106

Total on-target reads 0. 93× 106 (32·4%) 1·29× 106 (64·7%)
Non-specific PCR products† 1·13× 106 (39·3%) 0·15× 106 (7·5%)
Mean number of markers per barcode‡128·6 (N = 282), 101·1.0 (N = 221) 105·5 (N = 221)
Mean number on-target coverage per

marker
69·0 (N = 282), 84·0 (N = 221) 98·2

%> 10× on-target reads 76·9 (N = 282), 92·1% (N = 221) 96·9%
%> 20× on-target reads 68·3 (N = 282), 82·7% (N = 221) 92·6%

PCR, polymerase chain reaction.
*Sixteen individuals were individually barcoded and processed to have 96 and 120 individually processed
samples for round 1 and round 2, respectively. See also Table SII, Supporting Information.
†Non-specific PCR products consist of reads with non-specific primer match detected.
‡The number of markers included per barcode varies. See Table SII for details.
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Fig. 2. Coverage per locus averaged across individuals (mean± 2 s.d.) for each Salmo salar single nucleotide
polymorphisms (SNP) in the first (N = 282; and ), and second (N = 221, , and ) Ion Torrent sequenc-
ing runs. Loci marked with purple were excluded for round 2 due to having little or no coverage or for
having high unspecific coverage. , markers for which primer concentrations were increased in round 2;

, markers where primer concentrations were decreased; , blue indicates no adjustment in primer
concentrations. NB. The y-axis is in the logarithmic scale.

The proportion of on-target reads in the first optimisation round was 32·4% (Table I).
The mean coverage for on-target reads was 69·0× and included many loci with very
low mean coverage (lower than 10×) and a few with very high coverage (Fig. 2). The
non-target sequences resulting from non-specific primer pairing included 1·13 million
reads, representing 39·3% of the total reads (Table I). This large number of non-specific
primer products was driven by a small number of primers (Table SIII, Supporting Infor-
mation) and non-specific amplification with coverage>20× accounted for 96·7% of the
total detected non-specific amplification (Table SIII, Supporting Information). These
primer sets were removed and 221 of 282 primer sets (78.4%) retained for the second
optimisation round.

The second optimization round had substantially better performance than the first
round. After excluding non-amplifying loci (N = 49) and loci with high non-specificity
(N = 12), the proportion of on-target reads was 64·5%, in contrast with 32·4% for
the first optimisation round (Table SIII, Supporting Information). Correspondingly,
excluding primers with high non-specificity dramatically reduced the proportion of
non-specific reads to 7·5% of all reads (Table I). In addition, primer concentration
adjustments evened out coverage considerably (Figs 2 and 3 and Table SI, Supporting
Information). The coverage was improved to a mean of 98·2 reads per marker compared
with 84·0 reads in the first round (Fig. 2), despite the overall lower read number in the
second round. Further, the samples with additional clean-up after PCR-1 showed signif-
icantly higher mean coverage compared with samples without this step (see Table SII,
Supporting Information for comparisons). In the baseline module, mean± s.d. cover-
age was 76·1± 41·7 and 48·4± 31·4 with and without clean-up treatment, respectively
(t-test, P< 0·01). Similarly, in the outlier+ sea age+ sexing modules, mean± s.d. cov-
erage was 110·0± 52·9 and 90·5± 52·9 with and without clean-up treatment, respec-
tively (t-test, P< 0·05).
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Fig. 3. Effect of primer concentration adjustment on (log) mean coverage (C) after adjusting for on target cov-
erages in round 1 and round 2 (i.e. round 1 and round 2 coverages were adjusted to be equal). , markers
for which primer concentrations were increased for round 2; , markers where primer concentrations were
decreased; , no adjustment in primer concentrations. Both decreased and increased primer concentrations
resulted in significant changes in coverage in the desired direction [P< 0·001, t-test compared adjustments
groups with no adjustment, using log difference in coverage (round 1 v. round 2) as data points].

Molecular sexing estimated by read count of the sdy gene (normalised by mean read
count) provided unambiguous results. It was also in perfect concordance with the phe-
notypically identified sex and sdy genotyping results obtained from gel electrophoresis
(Fig. 4).

G E N OT Y P I N G

The overall genotyping call rate was 98·7% after excluding one individual bar code
and one SNP locus that failed to amplify completely (Fig. S2, Supporting Information).
Three loci had <85% and 16 (7·3%) had <95% genotyping success. In general, the
distinction between heterozygote and homozygote calls was clear, although there were
some indications of multisite variants (MSV; Gidskehaug et al., 2011), as evidenced by
the allele coverage ratios in some loci falling between the 50:50 and 100:0–0:100 ratios
expected for heterozygotes and homozygote, respectively (Fig. 5). Within platform
genotyping concordance was as high as 99·6% between replicate samples (i.e. DNA
from same individuals bar coded and processed separately; see also Table SII, Support-
ing Information). Genotype concordance with eight individuals previously genotyped
with the 7k Illumina iSelect platform (Aykanat et al., 2015), was also high (95·7%).
Most non-concordance between the two platforms appeared to be associated with pres-
ence of MSVs.
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Fig. 4. Coverage of the sdy sexing locus after adjusting for average mean coverage (C) per individual Salmo
salar. Note that individual 9 failed in genotyping, hence sex was not determined. , phenotypically identified
female and , male individuals.

U T I L I T Y O F T H E S E L E C T E D M O D U L E S

Overall there were 221 markers that were evaluated in optimization round 2. Of these,
one marker was excluded for having no SNP in the product (N_1819) and four mark-
ers for very low genotyping success (i.e. <0·80, AKAP11_2, TN_2216, TN_2392).
Thus, 61 markers remained in the outlier module, five in the sea age module, one in
the sexing module and 150 in the baseline module (N = 217 in total). LD between
markers was low, with a mean± s.d. pairwise r2 of 0·018± 0·018 and 0·016± 0·018
between the nearest SNPs on the same chromosome in the outlier and baseline modules,
respectively. Among all pairwise LD tests (N = 1830 and 10878 for outlier and base-
line modules, respectively), all but two comparisons had linkage< 0·15 (r2), suggesting
low LD overall, hence good separation of SNPs across the genome (Fig. S4, Supporting
Information). Genetic differentiation between the two cryptic Teno River subpopula-
tions estimated by the final set of SNPs in the baseline module (FST = 0·015) was not
significantly different from that estimated by the full SNP set reported in Aykanat et al.
(2015) (FST = 0·018; Mann-Whitney U = 189880, N1,2 = 2874,137, P> 0·05; Fig. S3
and Table SI, Supporting Information). As expected, the outlier SNP module had much
higher FST with a mean of 0·121.

When all 2874 SNPs from Aykanat et al. (2015) were used for population assign-
ment, 94·4% of individuals that originated from subpopulation 1 or subpopulation 2
were correctly assigned to their respective populations (Fig. 6). Using just the 61 SNPs
in the outlier module resulted in similarly high assignment power with 94·6% correct
assignments. The baseline module correctly assigned only 76·0% of the individuals to
their respective populations and combining both, assignment power was 95·0%. On the
other hand, mis-assignment of admixed individuals was high in all panels tested, which
is possibly a result of several hybrid cross types present within the admixed group com-
bined with the small genetic difference between subpopulation 1 and subpopulation 2
(Aykanat et al., 2015).
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Fig. 5. (a) Salmo salar genotype calling based on allelic coverages shown for each data point: , homozygote
genotype for allele 1; , homozygote genotype for allele 2; , a heterozygote genotype; , a no call geno-
type; , heterozygote thresholds where proportion of allele1 to allele 2 coverage is 0·2 and 5; ,
homozygote threshold where the proportion of allele 1 to allele 2 coverage is 0·1; , homozygote thresh-
old where the proportion of allele1 to allele 2 coverage is 10. , equal coverage between alternative
alleles. Samples excluded due to low total coverage are indicated below . The figure is drawn after the
round 2 optimization and includes 120 individually barcoded samples and 219 loci (two loci with no sin-
gle nucleotide polymorphisms regions including the sex determining locus and one additional locus were
excluded from the analysis). (b) The data-rich section of (a), i.e. the area shown as .

DISCUSSION

This paper has presents an optimisation framework for developing modules of
informative SNP markers derived from larger genomic datasets, in order to enable
subsequent targeted resequencing in a cost-effective manner. The efficiency of this
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Fig. 6. Divergence and success of assigning individuals to (two subpopulations of Salmo salar in the Teno River
main stem). (a) Plot of the first two principle components illustrating divergence: , individuals originating
from subpopulation 1 (N = 347); , subpopulation 2 (N = 171); , admixed origin (N = 144). (b) Assignment
success of individual S. salar to: , subpopulation 1; , subpopulation 2; , the admixed group. The per-
centage of correctly assigned individuals for each group of S. salar is shown above each bar plot. Results
are given for all single nucleotide polymorphisms (SNP; N = 2874), and for the SNPs common between
results from Aykanat et al. (2015) and the baseline and outlier modules presented here (N = 148 and 61,
respectively).

framework was demonstrated by developing resequencing assays for >200 SNPs
(from original Illumina 7k and Affymetrix 220k SNP arrays) in four modules, each
designed to elucidate different aspects of the biology of S. salar populations in the
Teno River main stem. The primers from the initial design step had a success rate
>75% in the outlier and baseline modules (211 out 272 were retained after two rounds
of optimisations). This demonstrates that the present simple primer design approach,
without in silico optimization of primer multiplexing, is both suitable and versatile.
In the targeted SNP sets, which included the sexing and sea-age modules, the only
crucial locus that failed was the AKAP11 mis-sense SNP. Subsequent reassessments
suggested the primer design failed as a result of inadvertent error in preparing the
fasta files and a newly designed primer set was subsequently successfully tested and
is presented in Table SI, Supporting Information. The approach enables rapid progress
from extensive genome-wide information to more affordable targeted resequencing of
specific SNPs in modules of particular interest or importance and is thus ideally suited
for larger-scale monitoring of population over large spatial and temporal scales.

The main aim of the study was to present a framework enabling the simple optimisa-
tion of any set of SNP markers. Although the specific SNP modules presented here were
designed based on data from Teno River main-stem subpopulations, the large number
of loci described and presence of loci with significant functional properties (i.e. sex and
sea age at maturity modules) makes it likely that these specific modules will also be
of use in other populations. In particular, the genomic regions assayed by the sea-age
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module are associated with life-history variation in at least three divergent evolutionary
lineages of S. salar (Barson et al., 2015). Further, the baseline module (potentially in
combination with the outlier module) is expected to be useful for examining popula-
tion genetic structure in S. salar populations beyond the Teno River system. Ozerov
et al. (2013) suggested that 198 random SNPs (roughly c. 28 microsatellite loci with
460 independent alleles) should result in >95% correct assignment of origin across 23
S. salar populations. This suggests that the modules described here should be suffi-
cient for successful genetic stock identification across the European range of S. salar.
Although it should be noted that the discriminatory power of the outlier module alone
is probably not as strong in other similarly diverged populations (i.e. FST ≈ 0·015) as
in the Teno River main-stem subpopulations.

In the assay development pipeline, the presence of non-specific primer products (e.g.
heterodimers) was quantitatively evaluated and primers with high non-specificity were
excluded in the interest of increasing on-target reads and hence coverage. Multiplexing
large numbers of loci reduces PCR and labour costs, but also increases the likelihood of
nonspecific heterodimer formation. In this study, an empirical assessment methodology
rather than in silico prediction was adopted to identify such artefacts, since informa-
tion from the latter may not be sufficient to refine primer sets in large multiplexes. This
was demonstrated by comparing the maximum binding energy (ΔG) values resulting
from heterodimer formation of all possible pairwise primer combinations using the
MultiPLX 2.1 software (Kaplinski et al., 2005), with the empirical data. It was evi-
dent that non-specific product formation was related to higher ΔG values (Table SIV,
Supporting Information). Many non-specific primer pairs with zero non-specific prod-
ucts, however, also had high binding energies (Table SIV, Supporting Information) and
would have been excluded from the dataset if the assessment was made by theoretical
means, suggesting empirical assessment of non-specific product formation is prefer-
able over theoretical predictions. Likewise, an empirical assessment for non-specific
product formation should be performed every time a new SNP is added to a multiplex
module, which is not needed in hybridization based methods such as in rapture (Ali
et al., 2016).

The two-step optimisation protocol greatly improved on-target reads and at the same
time balanced out the mean coverage per loci, thus reducing the final cost of sequencing
to as low as €6·6 per sample for targeted resequencing of 200 SNPs with 50× coverage
in 210 individuals (Table II). This cost could have been reduced even further, to as low
as €6·2 per sample, if the SNPs were amplified in a single multiplex (which was not
tested). The current cost estimate is slightly higher than the cost estimates of Camp-
bell et al. (2015), which had similar number of loci in their SNP panel (N = 192). The
reduced per-sample cost in the latter study is mostly a result of analysis of very high
number of individuals per sequencing (i.e. >1000) by the use of a much larger scale
next generation sequencing platform (Illumina HiSeq). In contrast, the lower capacity
of the Ion Torrent Ion PGM platform results in a higher per sample cost. For example,
the number of reads that can be obtained by Ion 316 Chip 2 is given as three million by
the manufacturer, which equals to a capacity of genotyping only 300 individuals across
200 loci with an mean 50× coverage with 100% on-target reads (Table II). On the other
hand, Ion Torrent is a bench-top platform accessible by many small to medium-scale
laboratories and may benefit projects with medium-scale input such as monitoring pop-
ulations with small census or sampling sizes. In addition, targeted regions in the in the
optimised assays are relatively short, ranging from 97 and 156 bp (including 5′ and
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3′ tags) with SNP positions ranges between 33 and 112 (e.g. SNP position is within
100 bp from both ends in 90% of the loci; Table SI, Supporting Information), making
the modules developed here suitable for application with many other next-generation
sequencing platforms. Coupling the optimisation pipeline with a high capacity platform
is likely to further reduce costs considerably.

The 7k SNP array was optimized for SNPs variable in aquaculture lines of Norwe-
gian S. salar and as a result, a number of the SNPs are invariant or have low maf (and
hence low heterozygosity) in wild S. salar populations (Bourret et al., 2013a, b). The
information content of such SNPs for population genetic applications (including, e.g.
parentage assignment) within the Teno River system is therefore low. SNPs in the base-
line and outlier modules have high diversity in the Teno River main-stem samples, as
they were selected from SNPs in a dataset that had already been filtered to exclude low
minor allele frequency loci (maf < 0·05, Aykanat et al., 2015) and was further enriched
for higher heterozygosity. This may have implications for application of the baseline
module to S. salar populations that are genetically diverged from the Teno River pop-
ulation. This ascertainment bias, however, can be accounted for in population genetic
inferences, e.g. allele frequency spectrum of neutral divergence can be modelled as a
function of heterozygosity when estimating demographic histories across other popu-
lations (Excoffier et al., 2013) and random genetic expectations (Ozerov et al., 2015).

The assignment power of the outlier module to assign individuals of two subpopula-
tions in the Teno River main stem was high despite the small number of SNPs in this
module compared with the baseline module. Admixed individuals, however, had higher
mis-assignment rate to either of the populations. This is probably due to stringent crite-
ria employed in the original analysis in Aykanat et al. (2015) to distinguish backcross
hybrids from pure-type fish combined with the low genetic structure between subpop-
ulations. Correct identification of different hybrid classes is instrumental to estimate
relative abundance of hybrids in the system and their variance structure in phenotypic
traits, which would further help to understand mechanisms of reproductive isolation
between two sympatric populations of the Teno River main stem (Aykanat et al., 2015).
Therefore, panels should be further evaluated for their power to distinguish different
hybrid classes.

Results from the sexing assay were fully concordant with phenotypic sex as deter-
mined by fishers collecting the samples (Fig. 4). Recently though, some disagreement
has been reported regarding the reliability of the sdy assay, e.g. in Chinook salmon
Oncorhynchus tshawytscha (Walbaum 1792), where the sdy region amplified in c. 10%
of females, suggesting the involvement of other factors in the sex determination path-
way in this species (Cavileer et al., 2015). The sample size of the present study (N= 15
fish; Fig. 4), was not sufficient to contribute to this discussion, but the primary moti-
vation of including this assay is to provide sex information for field-collected samples
when phenotypic sex determination is unreliable (i.e. sampling juveniles or immature
adults). Furthermore, this sexing assay may be also potentially be utilised to identify the
presence and basis of disconcordance in phenotypic and genotypic sex, if high samples
sizes and additional life-history–physiological information is assured.

Large-scale sequencing, SNP discovery and genotyping efforts have always been a
challenge in salmonids due to high rates of MSV SNP sites (Davidson et al., 2010;
Gidskehaug et al., 2011; Lien et al., 2011). MSV SNPs in S. salar stem from paralo-
gous regions with high homologies, which are abundant in salmonid genomes as the
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result of a recent whole genome duplication event (Lien et al., 2016). In PCR appli-
cations, this results in primers that can bind to both paralogous copies and inadvertent
amplification of the paralogous locus in addition to the target region. Such an artefact
will result in alternative alleles deviating from expected ratios. When detected, cor-
recting for such artefacts is relatively trivial by adjustment of the expected baseline
of calls (Gidskehaug et al., 2011). In this study, MSV markers could be identified by
clear deviation of allelic coverages from expected proportions, which in turn resulted
in disconcordant genotype calls compared with the Illumina 7k array. More than half of
these loci, however, were not specified as MSVs in the Illumina 7k array (13 out of 25),
which suggests re-designing primers for targeted sequencing may result in changes in
MSV signatures. It should be relatively straightforward to model and correct for MSV
signature once a sufficient number of individuals have been genotyped (Gidskehaug
et al., 2011).

In this study, a multi-purpose SNP panel with 217 SNPs and four modules is
presented for use in conservation, management and evolutionary genetic studies in
S. salar. The targeted genotyping approach provides a cost-effective alternative to
genome scanning approaches when sample size is prohibitively large, such as in
time-series analysis and large scale monitoring of populations, or when dense genome
scans are simply not necessary to address the research of interest (Narum et al.,
2013). For example, targeted genotyping approaches are likely to be critical for data
demanding analyses, such as estimation of the environmental and genetic components
of long term changes in the life histories of populations and to predict future population
composition (Hendry et al., 2011; Piou & Prevost, 2013; Carroll et al., 2014). Salmo
salar populations have been intensively monitored over the past 50 years, which
provides researchers and managers ample genetic resources by means of residual
DNA in archived scale samples. The developed assay is intended to utilize this large
genetic resource, particularly with Teno River main-stem populations in mind, but
several modules are probably suitable for application in a wide range of populations at
larger spatial scales. More generally, the fast and versatile assay development pipeline
offers a strategy for developing targeted sequencing assays in any species.
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Supporting Information

Supporting Information may be found in the online version of this paper:
Table SI. Details of single nucleotide polymorphisms (SNPs) targeted in this study

of Salmo salar.
Table SII. Different multiplex conditions tested for different modules in optimiza-

tion rounds 1 and 2.
Table SIII. Details of decision making to remove primers associated with high

unspecific coverage (generally >20× per single nucleotide polymorphism pair).
Table SIV. Enthapies (ΔG) for pairwise primer pairs, ordered by strongest affin-

ity to form a dimer. The top six pairs with highest unspecific coverage are marked in
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bold (see also Table Unspecific). Only the top 76 combinations are shown (additional
22689 entries with ΔG< 10·93 are not shown). Although the six primer pairs pro-
ducing exceptionally high non-specific coverage are in the top fraction of ΔG values,
there are 92 unique primers with similar ΔG values but limited unspecific products.
NA entries indicate at least one of the indicated primers was not included in the second
optimization round.

Fig. S1. Location of 209 single nucleotide polymorphism loci used in the outlier and
baseline modules across chromosomes, as a function of chromosome length together
(a), and separately for (b) the outlier module, (c) the baseline module. Data point num-
bers indicate chromosome number. The chromosomal position of two loci in the outlier
loci was not known and they are thus are not included here.

Fig. S2. Genotyping success rate (a) per individual barcode and (b) per locus.
Fig. S3. (a) Single nucleotide polymorphism (SNP) divergence between two Teno

River main stem sub-populations. Background SNPs (pale colouring) are ordered by
chromosomal position (data taken from Aykanat et al., 2015). Overlaid red and blue
triangles indicate SNPs from the neutral and outlier modules respectively. (b–d) Fre-
quency histogram of SNPs shown in (a), for (b) all SNPs from Aykanat et al. (2015),
the (c) baseline module and (d) outlier modules.

Fig. S4. Pairwise LD among single nucleotide polymorphisms (SNPs) in the (a) null
and (b) outlier modules. (c) LD between nearest adjacent SNPs in the modules. Red
and blue colours indicate the outlier and the baseline modules, respectively.
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