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ABSTRACT: Growing demands for marine fish products is leading to increased pressure on already
depleted wild populations and a rise in aquaculture production. Consequently, more captive-bred fish
are released into the wild through accidental escape or deliberate releases. The increased mixing of
captive-bred and wild fish may affect the ecological and/or genetic integrity of wild fish populations.
Unambiguous identification tools for captive-bred fish will be highly valuable to manage risks
(fisheries management) and tracing of escapees and seafood products (wildlife forensics). Using single
nucleotide polymorphism (SNP) data from captive-bred and wild populations of Atlantic cod Gadus
morhua L. and sole Solea solea L., we explored the efficiency of population and parentage assignment
techniques for the identification and tracing of captive-bred fish. Simulated and empirical data were
used to correct for stochastic genetic effects. Overall, parentage assignment performed well when a
large effective population size characterized the broodstock and escapees originated from early gen-
erations of captive breeding. Consequently, parentage assignments are particularly useful from a fish-
eries management perspective to monitor the effects of deliberate releases of captive-bred fish on wild
populations. Population assignment proved to be more efficient after several generations of captive
breeding, which makes it a useful method in forensic applications for well-established aquaculture
species. We suggest the implementation of a case-by-case strategy when choosing the best method.
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INTRODUCTION

Aquaculture is one of the fastest growing food-pro-
ducing sectors and will remain so in the foreseeable
future due to a growing human demand for animal
protein and lipids (Braithwaite & Salvanes 2010) and
the limits that have been reached for wild-capture
fisheries production (FAO Fisheries and Aquaculture
Department 2014). This has led to various challenges
related to the aquaculture industry, including
organic, chemical and pharmaceutical pollution
(Seymour & Bergheim 1991), infectious diseases
(Murray & Peeler 2005), feed supply (Naylor et al.
2000, 2009, Natale et al. 2013) and escapees (Kitada
et al. 2009, Glover 2010, Glover et al. 2011, Noble et
al. 2014).

Accidental escapees (Bekkevold et al. 2006, Glover
et al. 2013, Noble et al. 2014) or deliberate releases
(Bell et al. 2008, Kitada et al. 2009) of captive-bred
marine fish may impact the environment, and the
ecological and genetic integrity of wild fish popula-
tions (Braithwaite & Salvanes 2010, Laikre et al.
2010). First, a decrease in genetic diversity, and con-
sequently a lower evolutionary potential, has been
observed in wild marine fish populations which have
been invaded by captive-bred conspecifics (Hindar
et al. 1991, Weir & Grant 2005, Glover et al. 2013).
Given that recent studies have indicated surprisingly
fine-scale local genetic adaptation in marine fish
(André et al. 2011, Nielsen et al. 2012, Vandamme et
al. 2014), the introgression of captive-bred fish can
be detrimental to the long-term survival of wild fish
populations. Second, introgression might disrupt
adaptive gene complexes, which reduces the fitness
of hybrids and in turn may compromise the persist-
ence of locally adapted populations (McGinnity et al.
2003, Danancher & Garcia-Vazquez 2011, Lamaze et
al. 2013). Managing and mitigating risks and assess-
ing the impacts of released/escaped captive-bred
fish on local wild populations are thus of utmost
importance to ensure the long-term sustainability of
aquaculture and fisheries industries. Third, aqua-
culture companies might have legal obligations to
report escapees and failure to comply with these reg-
ulations might result in fines (Glover 2010). As such,
the ability to trace back escapees to the farm of origin
constitutes a highly valuable asset in delivering evi-
dence for legal action (Glover et al. 2008, Glover
2010). Finally, an increase in international trade and
consumer awareness in recent decades has high-
lighted the need for accurate labelling of seafood
products. Mislabelling to increase profits has been
extensively documented in the seafood industry

(Jacquet & Pauly 2008, Hanner et al. 2011, Mariani et
al. 2014). Given that market prices of wild-caught
marine fish species are generally higher than aqua-
culture sourced fish, fraudulent labelling captive-
bred fish as ‘wild-caught' may increase income for
the perpetrator (Cline 2012, Warner et al. 2013).
Hence, genetic identification methods for farmed
and wild marine fish species would be extremely
valuable in aquaculture and fisheries management
and wildlife forensics.

For a large variety of commercially reared species,
escapees and deliberate releases have been reported
(Liao et al. 2003, Bell et al. 2008, Jensen et al. 2010,
Danancher & Garcia-Vazquez 2011). However, due
to their long breeding history and the availability of
genetic tools, research on tracing and quantifying
escapees has focused mainly on salmonids (Glover
2010, Glover et al. 2013) and only recently on sea
bass and sea bream (Arechavala-Lopez et al. 2013,
Somarakis et al. 2013, Brown et al. 2015). Extending
standardized traceability methods to other commer-
cially exploited marine fish species will thus advance
research into the effects of escapees and restocking
programmes.

The lack of a long breeding history in most cul-
tured marine fish species complicates the genetic dis-
crimination between wild and captive-bred marine
fish, especially when the identification of the hatch-
ery of origin is required. The recent domestication
history of many marine fish results in similar allele
frequencies in captive-bred and wild populations,
which lowers the discrimination power of genetic
markers (Duarte et al. 2007). Likewise, the absence
of long-term selective breeding programmes reduces
the likelihood of finding species-specific ‘domestica-
tion' markers (Karlsson et al. 2011, Gjedrem et al.
2012). Stochastic and selective breeding processes in
aquaculture and recent developments in genetic
traceability tools can however facilitate discrimina-
tion between captive-bred and wild fish. The com-
mon use of a relatively small broodstock and the
unwanted high variance in reproductive success
within the hatchery will result in increased genetic
differentiation between captive-bred and wild popu-
lations and a lower genetic diversity within the cap-
tive-bred population (Porta et al. 2006a,b, 2007).
Within the marine environment, provided that a solid
genetic baseline is available, wild fish can be individ-
ually assigned to their region and/or population of
origin with high precision using gene-associated
single nucleotide polymorphism (SNP) markers (Niel-
sen et al. 2012). Genetic background information is
increasingly available for commercially important
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fish species (Nielsen et al. 2009, Abadia-Cardoso et
al. 2013, Clemento et al. 2014), which makes the use
of simulation studies possible to assess the discrimi-
nation power of existing genetic markers for wild and
captive-bred fish. Finally, while the rate of genetic
drift at neutral markers depends on the effective
population size (N.) of the broodstock, SNP markers
associated with important aquaculture traits (such as
growth and disease resistance) are subjected to
directional selection which will increase the degree
of differentiation between wild and captive-bred
populations (Glover et al. 2010). Such markers may
introgress at different rates compared to selectively
neutral markers (Lamaze et al. 2012, Hohenlohe et al.
2013), thus providing crucial insights into both the
fitness and molecular consequences of escapees and
restocking programmes.

Multiple approaches are available for identifying
and discriminating between captive-bred and wild
marine fish (Manel et al. 2005). The 2 main methods
used to date are individual assignment (IA) and
parentage-based tagging (PBT) (Manel et al. 2005,
Jones et al. 2010). Most commonly used, IA methods
rely on allele frequency differences between popula-
tions to assign an individual to its most likely source
(Ogden 2008, Glover 2010, Nielsen et al. 2012). How-
ever, in order to achieve highly robust assignments,
IA requires some level of genetic differentiation be-
tween populations and extensive genetic reference
data (Manel et al. 2005, Nielsen et al. 2012). In con-
trast, PBT utilizes the genetic variation within the
complete data to determine the most likely parental
pair for a particular genotype and can achieve high
assignment success even when genetic differentia-
tion among populations is insufficient for IA (Jones &
Ardren 2003, Steele et al. 2013).

Our study focuses on Atlantic cod Gadus morhua
L., 1758 and sole Solea solea L., 1958, 2 commercially
important fish of the Northeast Atlantic Ocean for
which extensive genetic resources are available
(Nielsen et al. 2012). Both species have a widespread
distribution across the Northeast Atlantic Ocean,
and their high commercial value has resulted in an
increased interest in captive-breeding programmes,
restocking, stock enhancement and sea ranching
(Howell 1997, Kjesbu et al. 2006, Bjornsson 2011).
More specifically, declines in wild-caught Atlantic
cod and advances in captive breeding and feed for-
mulation have led to an increase in global aqua-
culture production, reaching 22000 tons in 2010
(Rosenlund & Skretting 2006, Thurstan et al. 2010,
FAO Fisheries and Aquaculture Department 2015a).
Although cod aquaculture has recently decreased

due to large catches on the northern fishing grounds
(FAO Fisheries and Aquaculture Department 2015a),
the use of traditional cage farming in cod aquacul-
ture and the substantial interest in stock enhance-
ment and sea ranching programmes continues to
represent a significant risk for interactions between
wild and hatchery-reared cod (Bekkevold et al. 2006,
Jorstad et al. 2008, Bjornsson 2011). Similarly, recent
advances and changing economic perspective have
increased the interest in sole aquaculture, with pro-
duction peaking at 125 tons in 2010 but decreasing
in recent years (Howell 1997, Imsland et al. 2003,
FAO Fisheries and Aquaculture Department 2015b).
Although intensive land-based recirculation systems
are currently preferred in flatfish aquaculture, there
is considerable interest to reduce production costs
through less intensive systems (e.g. cage farming,
stock enhancement and sea ranching) (Brown 2002,
Kitada & Kishino 2006, Sparrevohn & Stettrup 2007).
Hence, for both focal species, there is a considerable
risk of introgression between captive-bred individu-
als and local wild populations.

In this study, we aimed to evaluate the utility of IA
and PBT approaches to discriminate between cap-
tive-bred marine fish and natural fish populations. To
achieve this, we used a combination of simulated and
empirical SNP datasets to perform a series of assign-
ment experiments in each species, across a range of
potential scenarios. The level of genetic differentia-
tion between captive-bred and wild marine fish will
vary due to: (1) the number of captive-bred genera-
tions (F,) prior to escape or release, (2) the number of
broodstock and the strength of reproductive variance
between broodstock individuals, which both influ-
ence N, and (3) genetic (and geographical) differ-
ences between the hatchery population and locally
occurring wild populations with which the escapees
will intermingle. We investigated each of these po-
tential variables to evaluate their relative impact on
assignment power under IA and PBT approaches. In
addition, the effect of (in)complete reference samples
was also assessed given that the availability and
representative nature of reference samples will also
affect traceability outcomes.

From the outset, we anticipated that increasing F,,
decreasing N, and a distinct genetic origin of the
broodstock will all favour IA, given that IA relies on
the realized level of genetic differentiation between
populations to make robust assignments. On the
other hand, the performance of PBT will be nega-
tively impacted by those parameters that reduce the
genetic diversity within the captive-bred population
(i.e. high F, and low N,) due to the difficulty of
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excluding candidate parents from real parents.
Therefore, in addition to evaluating the relative per-
formance of the 2 approaches, we were interested in
examining possible thresholds of F, and N, across
which the optimal approach for determining fish ori-
gin actually changes.

MATERIALS AND METHODS
Sampling

Wild samples of 10 Atlantic cod and 14 sole popula-
tions have been previously collected from European
waters and genotyped (Nielsen et al. 2012). An
Atlantic cod broodstock (Acg.ps) (0 = 92) sourced
from the ICES region 27.V.b2 — Faroe Bank was sam-
pled from the Fiskaaling aquaculture research sta-
tion (Faroe Islands). Atlantic-sourced (ICES 27.IV.c —
Southern North Sea) sole were sampled from a Dutch
experimental breeding farm, SOLEA in IJmuiden,
and consisted of 2 full-sib families with 4 broodstock
individuals (Asoe-ss) (0 = 4) and their first-generation
offspring (F,, = 1) (Asole-r1) (0 = 92) (Blonk et al. 2009).
Captive-bred sole samples originating from the
Mediterranean Sea (FAO 37.2.1 — North Adriatic)
were obtained from a pilot farm of the Laboratory
of Aquaculture, Department of Veterinary Medical
Sciences of the University of Bologna, Italy, and
included samples from a broodstock (Mge.ps) (0 = 26)
and first-generation offspring (F, = 1) (Msoe.r1) (0 =
96), obtained from 4 batch spawnings (Mse-F1-B1,
Msole-F1-B2 Msole-r1-83 and Moo r1.p4). More details
on all populations used in this study are found in
Supplement 1 (www.int-res.com/articles/suppl/q008
pl131_supp.pdf).

Genotypic data

Gene-associated SNP markers were available for:
the wild populations of Atlantic cod (1258 SNPs),
the wild populations of sole (427 SNPs), Acoa.Bs
(427 SNPs), Agole-s and Agge.pr (423 SNPs) (Table 1)
(Nielsen et al. 2012, Diopere et al. 2014). Additio-
nal genotyping of the Mge.ps and Mg,e.p1 Samples
was conducted using VeraCode™ technology on the
BeadExpress platform (Illumina), following the man-
ufacturer's instructions. Of the 427 available SNPs,
the 192 most informative SNPs, showing high genetic
discrimination values (Fst values) between the Medi-
terranean populations, were genotyped (Nielsen et
al. 2012). Quality assessment and genotype calling

was performed using GenomeStudio v.2009.2 soft-
ware ([llumina). Three individuals from the Ay gs,
initially genotyped with the wild populations using
the SAM assay (GoldenGate, GG) on the iScan
platform (Illumina) and with the highest GG call rate
for the selected panel (Diopere et al. 2014), were
included as cross-platform genotyping controls to
ensure comparability between the archived and newly
generated data.

Marker selection

In order to obtain marker panels with sufficient as-
signment power and to ensure that they are easily
transferrable between laboratories, a subset of 96
highly informative SNPs were selected based on
the practical limitations of common genotyping plat-
forms (Supplement 2 at www.int-res.com/articles/
suppl/q008p131_supp.pdf). Given that cod data were
only used in IA analyses (see ‘Tracing escapees' be-
low), and the ability of markers to distinguish be-
tween populations provides a good indication of their
power in IA analyses, the available SNPs for cod were
ranked based on the pairwise Fgr values calculated
among the wild cod populations using FSTAT v.2.9.3
(Goudet 1995). The Atlantic and Mediterranean sole
data (wild and aquaculture) were used in both IA and
PBT. To maximize the traceability power of selected
sole SNPs for IA, markers were first ranked based on
the pairwise Fsr values obtained from comparisons
between the wild Atlantic and Mediterranean pop-
ulations respectively. PBT analyses, on the other
hand, require markers with a high genetic variability
within a population to make robust assignments. Con-
sequently, a second ranking of markers was based on
their polymorphic information content (PIC) calculated
with Cervus v.3.0 (Marshall et al. 1998) using the com-

Table 1. Available and newly generated single nucleotide

polymorphism (SNP) genotypic datasets for wild and cap-

tive-bred populations of Solea solea and Gadus morhua. Atl-

Aqua = aquaculture population sourced from the Atlantic

Ocean, Med-Aqua = aquaculture population sourced from
the Mediterranean Sea

Species  Origin SNP genotypic data
Available Source
Sole Wild 427 Nielsen et al. (2012)
Atl-Aqua 423 Diopere et al. (2014)
Med-Aqua 181 Current study
Cod Wild 1258 Nielsen et al. (2012)
Atl-Aqua 427 Nielsen et al. (2012)
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bined data from the respective broodstocks (Agpe-s
and Mg, e.ps) and their genetically similar wild popula-
tions (GER and ADRI1 respectively). The top 96 rank-
ing SNPs were used in all further analyses and further
reduced genotypic datasets were used in the assign-
ment analyses to determine the assignment power of
the selected loci (Table 2).

This selection procedure for highly informative
markers is unlikely to suffer from high-grading bias
(Anderson 2010a, Waples 2010) for 3 reasons. First,
assignment power was estimated from a different
(holdout) set of samples to those used for SNP se-
lection. Second, outlier SNPs were defined using
initially high sampling sizes (n = 40) from various
geographical locations, which reduces the effects of
random sampling errors (Nielsen et al. 2012). Third,
the use of 2 rigorous outlier detection methods and
annotation information provides confidence that the
high Fst values of the selected markers are more
likely to result from diversifying selection (i.e. real
differentiation) rather than being at the extremes of a
neutral marker Fsr distribution (Waples 2010, Nielsen
et al. 2012).

Simulations of hatchery data

To formally evaluate the individual and combined
impacts of F,, N, and the availability of reference
data on the traceability efficiency of IA and PBT
analyses, various breeding scenarios were simulated
for both species. Data were simulated using the pre-
viously selected 96 SNPs of the A yq.ps and Mg ps
(including 7 individuals that died before reproduc-

Table 2. Solea solea and Gadus morhua. Datasets used in population (IA = individual
assignment) and parentage (PBT = parentage-based tagging) analysis to test for effects of
sampling regimes and traceability scenarios. Sampling Regime 1: reference data of the
aquaculture population is available for the parental generation. Sampling Regime 2: refer-
ence data of the aquaculture population is limited to the founding broodstock. Scenario A:
aquaculture broodstock originated from a genetically distinct population than the local
wild populations. Scenario B: aquaculture broodstock originated from a local, genetically
similar wild population. The number of single nucleotide polymorphisms (SNPs) used in
each analysis is indicated between parentheses. SD = simulated data, EAD = empirical
Atlantic data, EMD = empirical Mediterranean data, na = not applicable

tion) genotypes for cod and sole respectively (Fig. 1).
An initial parental broodstock (P;.sn) and 4 offspring
generations (Fispv, Fa.sve Fs.sv and Fyspg) were
simulated under the assumption of perfect Hardy-
Weinberg (HW) equilibrium. Different simulation
series were performed using various N, values (N, =
5, 10, 20 or 50) to simulate drift due to reproductive
variance. HYBRIDLAB v.1.0 (Nielsen et al. 2006) was
used to simulate offspring genotypes used in the IA
analyses. For the PBT analyses, Nookie v.1.0 (Ander-
son 2014) was used to simulate offspring genotypes
because it generates individual genotypes ‘bred’ from
specific parental pairs which are required for parent-
age assignment in simulated generations, rather than
simply simulating individuals from a pool of popula-
tion allele frequencies. Comparisons of genetic di-
versity showed that datasets generated through both
programs were comparable (Supplement 3 at www.
int-res.com/articles/suppl/q008p131_supp.pdf).

Comparative data analyses

A detailed comparison of the traceability results
based on both the simulated and empirical datasets is
important to determine the optimal traceability ap-
proach for a specific scenario. To be able to compare
simulated and empirical results, population genetic
parameters (Fst values, observed heterozygosity Hoy,s
and expected heterozygosity H.,) associated with
each dataset have to be understood as they will
strongly influence the traceability power of the
datasets. With the most comprehensive empirical
data being available for the Mediterranean captive-
bred sole, population ge-
netic parameters were cal-
culated for the broodstock
(Msote-s and Pygp [Ne =5,
10, 20, 50]) and first-gener-
ation offspring (Mg,e.p1 and
Fism [Ne = 5, 10, 20, 50]).
The Northern Adriatic pop-
ulation (ADR1), as the orig-
inal source of Mg,e.gs, Was
included in the analysis as

a reference. Genetic di-
B versity (Hyps and Hy,) was

Traceability Species Sampling Regime Scenario
method 1 2
IA Sole SD (96, 52) SD (96) EAD (96, 30, 1)
Cod SD (96) SD (96) na
PBT Sole SD (96, 48) na EAD (50, 30, 21) EAD (50, 35, 30)
EMD (40, 35, 30) EMD (40, 35, 30)
Cod na na

calculated for each inde-
pendent dataset (Mgge.ps,
Msole-Fl-Blr Msole-Fl-BZr Msole-
F1-B31 Msole-F1-B4r P1.spv [Ne =
na 5,10, 20, 50], Fi.snv [Ne = 5,
10, 20, 50] and ADR1) using
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Atlantic cod

A cod-BS
HYBRIDLAB i

Pi-sim
(n=5, 10, 20 or 50)

Sole

Msole—BS
HYBRIDLAB ¢

I:>1—SIM
(n =5, 10, 20 or 50)

HYBRIDLAB (N,) l'

HYBRIDLAB (N,) ‘l’

i NoOKIE (N,)

Fism Fism Fisim
(n=100) (n = 100) (n =500)
v v v
Faoosiv Fasim Fosim
(n = 100) (n = 100) (n = 500)
v v \ 4
Fa.sim Fasm Fasim
(n = 100) (n = 100) (n = 500)
v v \ 4
F4—SIM F4-suv| I:4-SIM
(n =100) (n=100) (n =500)

Fig. 1. Gadus morhua and Solea solea. Simulations used to generate captive-bred offspring genotypes. HYBRIDLAB v.1.0
(Nielsen et al. 2006) was used to generate the initial broodstock (P;.sp). Offspring genotypes used in individual assignment
(IA) and parentage-based tagging (PBT) analyses were simulated with HYBRIDLAB and Nookie v.1.0 (Anderson 2014), re-
spectively. A.,q.5s = Atlantic cod broodstock, Mg e.s = Mediterranean sole broodstock, Fi_spi Fo-stvr Fa-sivr Fa.smv = 4 offspring
generations, n = number of individuals, N, (effective population size) = 5, 10, 20 or 50 and N.* =4 or 50

Genetix v.4.05 (Belkhir et al. 2004). The realized
levels of genetic differentiation between the simulated
and empirical datasets was evaluated by calculating
pairwise Fgr values and performing a discriminant
analysis of principal components (DAPC) with the
adegenet package in R v.3.0.2 (Jombart 2008, R
Development Core Team 2010).

In addition to the comparative data analyses, the
results also allow us to determine the N, of the
Mggie-ps. Using the Hy,s and He,, values obtained for
Msole-F1-81r Msole-F1-B21 Msole-r1-83 and Mggjep1-ps, the
N, can be calculated for Mg, ps during each batch
spawning event using the equation from Luikart &
Cornuet (1999):

N, = Hexp/[z(Hobs - Hexp)] (1)

Tracing escapees

Assignment efficiency is strongly influenced by the
realized levels of genetic differentiation between the
captive-bred and wild populations (IA) and the
amount of genetic variability within the captive-bred
population (PBT). By using the simulated datasets
which are characterized by differences in the N, and
F., 2 parameters that significantly affect genetic
differentiation and genetic variability, the effects of

these changes could be evaluated. In addition, the
origin of the captive-bred population will also influ-
ence the traceability outcomes. To assess the effects
of genetic dissimilarities between captive-bred and
wild populations, 2 traceability scenarios were used:
A, the broodstock originated from a genetically dis-
tinct population than the local wild populations; and
B, the broodstock originated from a local, genetically
similar wild population (Table 2).

From a forensic perspective, the ability to assign
captive-bred fish back to their origin will be influ-
enced by the nature and availability of reference
samples, which may be challenging in well-established
aquaculture species (Glover et al. 2009). For the pur-
pose of our study, 2 simplified sampling regimes
were used to evaluate the effect of missing data
from previous captive-bred generations: Sampling
Regime 1, in which data from the parental genera-
tion, which produced the escapees, is available, and
escapees can thus be assigned to their parental gen-
eration or to the wild populations; Sampling Regime
2, in which data is restricted to the founding brood-
stock (often the case in operational hatcheries) and
escapees can only be assigned to the founding
broodstock or the wild populations. The lack of mul-
tiple captive-bred generations in the empirical data
restricted the analyses of the empirical data to Sam-
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pling Regime 1. Furthermore, PBT relies on the
identification of parent-offspring relationships and
will thus only be valuable under the assumptions of
Sampling Regime 1.

IA and PBT analyses were performed using both
simulated and empirical datasets (see Table 2). For
the analyses of the simulated data, escapees were
assumed to be flagged (i.e. genotypes of escapees
are known) to obtain a baseline traceability effi-
ciency, while for the analysis of the empirical data,
escapees were mixed within a single wild population
to create a more realistic scenario. IA analyses used
the simulated datasets of both species and the empir-
ical Atlantic sole data. PBT analyses were performed
using sole data only, as Atlantic cod family data was
unavailable.

IA analysis

IA analyses were performed with GeneClass2 v.2.0
using the ‘assign/exclude population as origin of
individuals' option (Piry et al. 2004). The threshold
value was set to p = 0.05 and only individuals
assigned to a population with rank 1 were consid-
ered. The probability of an individual being assigned
to all possible reference populations was calculated
using the Monte Carlo re-sampling method (Paetkau
et al. 2004).

Using the simulated data of both species, assign-
ment efficiency was evaluated under both sampling
regimes. Input data for assignments consisted of 100
F..siv genotypes (escapees) which could be assigned
to either wild populations or their captive-bred popu-
lation (i.e. their parental generation F,.).sp or their
founding broodstock P, g for Sampling Regime 1 or
2 respectively).

For the analyses of the empirical data, 20 individ-
uals from Agger1 (10 from each full-sib family) rep-
resenting the escapees were randomly selected and
mixed with a genetically similar wild population
(Scenario B) originating from the Belgian coast
(BEL). Genotypes contained within this mixed popu-
lation and the neighbouring wild populations (STO,
GER, NOR, ENG, IS and GAS; see Supplement 1)
could then be assigned to the remaining Agge.r1
individuals.

PBT analysis

The parent—offspring relationships within the em-
pirical aquaculture samples were obtained from

previous studies (Blonk et al. 2009) and additional
parentage testing (Supplement 4 at www.int-
res.com/articles/suppl/q008p131_supp.pdf). Only the
SNP genotypes of individuals for which reliable par-
ent-offspring relationships could be obtained were
used in further analyses to ensure that the effective-
ness of PBT could be formally evaluated. PBT analy-
ses were performed with the software SNPPIT v.1.0
(Anderson 2010b), using only genotypic information
(i.e. sex, age, year of sampling, etc. were considered
unknown) and a genotyping error rate of 0.5% per
allele.

Using the simulated data and the wild populations
of sole, the effect of N, and F, on the assignment
success was evaluated under the assumption of
Sampling Regime 1. Input files consisted of a list of
putative parents (all wild populations and F,.1).snv)
and offspring to be assigned (F,sn) (ie. the
escapees).

Empirical analyses were performed with the
Atlantic and Mediterranean sole data to determine
the influence of the origin of the broodstock (Sce-
nario A or B) on the traceability efficiency. Under
Scenario A, the input file of putative parents con-
tained the genotypes of Aye.ps OF Mgg1e.s Mmixed with
their respective source population (i.e. GER and
ADRI1 respectively). The offspring to be assigned
contained a mixed population of 20 randomly se-
lected Aggle-r1 OF Mgqle.r1 individuals added to geneti-
cally different wild populations (i.e. IS and THY
respectively) and the remaining wild populations. In
the case of Scenario B, assignment input was similar
with the exception that the 20 randomly selected
Agle-r1 OF Mggepr individuals were mixed with a
genetically similar wild population (i.e. BEL and
ADR?2 respectively).

RESULTS
Sampling and genotyping

Following complementary genotyping of the sole
samples (Mqe.p1) With 192 SNPs, 181 SNPs passed
the initial quality assessment. Of these, a panel of 96
highly informative SNP markers was selected and
used in the analyses. An overview of all 96 selected
SNPs used in the traceability analyses can be found
in Supplement 2. Based on the re-genotyping of the
3 Agoens individuals at 181 loci, a genotyping
discordance rate of 1.2 % was obtained. Hence, in all
further analyses, a genotyping error of 1% was used
as an approximation.
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Comparative data analyses

The comparative analyses of overall genetic diver-
sity (Hops and Heyp) showed no strong deviation be-
tween H,,s and Hey, in the Pigny (Ne = 5, 10, 20, 50)
and Fy_gnv (N =5, 10, 20, 50) data (Fig. 2). However, in
the Mg e.r1 data, a heterozygote excess was observed
(Hobs > Heyp), suggesting that within Mggeps, a low
number of individuals contributed to the next genera-
tion. Based on this heterozygote excess, the N, is esti-
mated to be 2.16, 2.10, 1.58 and 1.67 for My,e.F1-B1,
Msote-F1-B2r Miole-F1-83 @11d Mo1e.F1-4 T€SPECtively.

Pairwise Fgr values and the DAPC show that both
Msole.8s and ADR1 have a similar genetic composition
(Fig. 3; Supplement 5 at www.int-res.com/articles/
suppl/q008p131_supp.pdf). However, strong genetic
differentiation is observed between Mg, ..r; and their
population of origin (Mg,e.ps and ADR1). A compari-
son of the simulated data (Pi.sp) and the wild pop-
ulations (Mg,e.ss and ADR1) shows an increase in
genetic differentiation when a strong bottleneck was
applied (from N, = 50 to N, = 5), and the same pattern
can be observed in the derived Fgp; samples.
Furthermore, the Fst values are generally higher
between the Mge.p1 batches (Mgoe-r1-B1: Mole-F1-B2/
Msote-F1-83r MsoleF1-4) than between the Fy g data
(Fig. 3), and the same pattern can be observed with
the DAPC (i.e. Fi.sp clusters are positioned closer
together than M,..p; clusters). One exception is the
low genetic differentiation between Mg, r1.g3 and
Msole-r1-84, Which is due to the same parents having
produced these batches (Supplement 4). The results

A A A A
%, % S e A * b % N ¢
R VL A A T L T A
% 7 7 7 7 7 7 7 7N
@‘%/ @‘49 a;@ o, 0@9 &@9 @@ Sg, ®,
Population ID

Fig. 2. Observed (H,,s) and expected (Heyp) heterozygosity values in popula-
tion samples of Mediterranean sole Solea solea. ADR1 = natural population
from Adriatic Sea; M;qe.ps = broodstock composed of wild fish from Adriatic
Sea; P1_SIM(NQX] x = 5-50) = simulated parental populations at varying degrees of
effective population size Ng; FI-SIM(NeX) (x = 5-50) = simulated first offspring popu-
lations at varying degrees of effective population size Ng; Mggle-F1-Bx (x = 1-4) =

4 actual offspring batches from aquaculture

suggest that the simulated data provides a good
baseline (broodstock under HW equilibrium) for the
validation of the traceability methods under real-life
scenarios.

Tracing escapees
IA analysis

The success rate of correctly assigning escapees
to the previous aquaculture generation (Sampling
Regime 1) ranged from 73 to 100 % across all simu-
lated datasets (Fig. 4). Results clearly indicate that
the assignment success increased with increasing
genetic drift (smaller N,) and increasing genera-
tional distance from the original broodstock genera-
tion (higher F,). Under the assumptions of Sampling
Regime 2, the assignment success increased with
increasing genetic drift, but no change in assignment
success was observed with increasing generational
distance from the broodstock (Fig. 4). However, in
sole, an increasing F, resulted in a decrease of assign-
ment performance when a large effective population
size (N, = 50) was employed.

The population assignment analyses based on the
empirical data of the Atlantic farmed sole and their
neighbouring wild populations revealed that 81 % of
escapees were correctly assigned using 1 SNP (aver-
age assignment score: 40), while a 100 % assignment
was achieved with only 30 SNPs (average assign-
ment score: 100).

PBT analysis

PBT analyses (SNPPIT) using the
simulated data of sole showed that a
panel of 48 SNP loci was sufficient to
obtain an assignment success of 299 %.
Assignment success decreased (i.e. in-
creasing number of non-excluded par-
ent-offspring trios) with an increasing

%& %% %% number of breeding generations (F,),
% ¢ o especially when N, was small (Table 3).

The PBT results based on the empiri-
cal sole data show that under Sce-
nario A, a dataset of 30 and 40 highly
polymorphic SNPs was sufficient to
trace back the Atlantic and Mediter-
ranean aquaculture escapees, respec-
tively (Table 4). Under the assumptions
of Scenario B, a total of 35 highly poly-
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MsoIeBS

MsoIeF1-B1

MsoIeF1-Bz

MsoleF1-B3

MsoIeF1-B4

P;sm(N:50) | 0.002 0.000

P,sm(N.20) | 0.006 0.003 | 0.000

P;.sm(N.10) | 0.009 0.005 | 0.007 | 0.000

P, sm(N5) | 0012 0.006 | 0.011 | 0.010 | 0.000

F,sm(NS50) | 0.002 0.002 | 0.003 [ 0.003 | 0.003 | 0.000

F,sm(NL0) | 0.005 0.005 | 0.001 | 0.003 | 0.003 | 0.007 | 0.000

Fism(N10) | 0.007 0.008 [ 0.004 | 0.000 [ 0.002 | 0.008 | 0.008 | 0.000

F,sm(NSB) | 0017 0.020 | 0.012 [ 0.005 | 0.000 | 0.022 [ 0.022 | 0.016 | 0.000

ADR1 0.010 0.011 | 0.015 [ 0.015 | 0.013 | 0.011 | 0.016 [ 0.021 | 0.030 | 0.000

v v 0 o .n n _n m

& z zZ| 2| = Z 2| 2| = 3
’ 8| 8| 3| | 8| B3|

Fig. 3. Pairwise Fst values matrix among the simulated and empirical datasets of Mediterranean aquaculture sole Solea solea.
[ Fst = 0; [: 0 < Fgr < 0.01; [: 0.01 < Fgr < 0.05; EH: 0.05 < Fgr < 0.1; BM: 0.1 < Fgr. See Fig. 2 for abbreviations

morphic SNPs were sufficient for the identification
of all aquaculture escapees for both broodstocks
(Table 4).

DISCUSSION

Our study shows that a panel of highly informative,
gene-associated SNP markers can discriminate
between wild and captive-bred marine fish, even
without extensive domestication of the species of
interest. Furthermore, the results show that IA and

PBT analyses can both be valuable tools for wild-
life forensics and fisheries management, depend-
ing on the genetic history of the relevant captive
populations.

Potential of SNP markers for traceability

Biallelic SNP markers are generally considered
less informative than microsatellite markers. How-
ever, SNPs are highly abundant and evenly distrib-
uted throughout the genome (Morin et al. 2004).
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Hence, low polymorphism levels can be compen-
sated through the development of a large number of
gene-associated SNPs which can detect even small
population genetic differences (Nielsen et al. 2012).
Additionally, SNP genotyping can be highly auto-
mated and does not require extensive calibrations for
marker exchange (Hauser & Seeb 2008). These char-
acteristics make SNP markers ideal for the develop-
ment of universally applicable genetic traceability
tools, which inherently rely on the availability of
robust reference data (Helyar et al. 2011, Nielsen et
al. 2012). In the case of tracing captive-bred marine
fish, SNPs can be used to detect subtle genetic differ-
ences between wild and captive-bred populations,
even after just a few generations of captive breeding.
Consequently, there is ample opportunity to use
SNP-based tracing in fisheries management and
wildlife forensics. From a management perspective,
SNPs can be employed to monitor the effects of acci-
dental/deliberate releases of captive-bred fish on
wild populations. SNP-based tracing will also have
forensic applications, as it will be a useful tool in the

F1-SIM  F2-SIM F3-SIM F4-SIM
Generations of captive breeding

data using 96 SNPs. Fi_spv, Fosmv
Fs.sivi Fasv = 4 offspring genera-
tions, N, = effective population size

fight against mismanagement practices in aquacul-
ture and the mislabelling of seafood products, since
universal markers for the identification of captive-
bred individuals can be developed (Karlsson et al.
2011).

Applications of IA and PBT analyses

Our results demonstrate that IA and PBT perform
optimally under different scenarios. The perform-
ance of IA analyses improves with increased genetic
differentiation between the aquaculture and wild
populations as a result of increased generational
breeding (high F,) and/or a low N, in the broodstock.
PBT analyses, on the other hand, perform better
when a high N, characterizes the broodstock and/or
generational breeding is low. This is as expected,
given that candidate parents are less likely to be
excluded from being the real parents due to loss of
genetic diversity (low N, and/or high F,). As a result
of the performance differences, the suitability of IA
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Table 3. Solea solea. Parentage-based tagging (PBT) analysis using software package
SNPPIT to identify escapees based on simulated sole data. F,,_sp = number of captive-
bred generations that were simulated; Fisn, Fosive Fzsivy Fasiw = 4 offspring
generations that were simulated; N, = effective population size; na = not applicable

tinues to increase, stock enhance-
ment and sea ranching pro-
grammes have become popular
management actions (Bell et al.

Loci N, F,sm % assigned Proportion Number of Number of 2008, FAO Fisheries and Aqua-
to correct assignments non-excluded non-excluded trios culture Department 2012). Con-
population with p>0.05 parentage from the wrong sequently, the release of first-

trios (x 10%)  population (x 10 Y . . .
generation captive-bred juvenile

96 50 Figm 100 0.00 0.69 0.05 fish which are genetically similar

Fa.smu 100 0.04 4.98 0.07 to the local wild populations
Forsi }88 881 ggg 8(1)2 has increased (Bell et al. 2008).

. F4'SIM 100 0'00 0'54 0'04 Given that PBT analyses have

1-SIM . . . . . e -

Fyong 100 0.34 471.06 0.18 a high identification efficiency
Faamm 100 0.28 400.90 1.84 for first-generation escapees
Fismm na na na na and can detect hybridization be-

48 50  Fism 99 0.01 6.65 1.94 tween wild and captive-reared
Fasmm 100 0.11 81.82 5.18 conspecifics, they can be used
Fa.smm 99 0.10 122.12 8.41 ointl 1 he 1 Is of
Fyans 100 0.25 240.94 10.69 .to jointly gva uate the levels o

4 Freu 100 0.00 1.79 1.14 introgression (enforcement ac-
Fa.com 99 0.11 81.83 5.18 tion) and the efficiency of re-
Fs.smm na na na na stocking, stock enhancement
Fism ha ha ha na and sea ranching programmes

and PBT analyses is strongly dependent on the ulti-
mate goal of genetic tracing studies. Hence, our
results are important for wildlife forensics and fish-
eries management to determine the optimal assign-
ment strategy.

A common goal of fisheries management is the
preservation or restoration of commercially important
fish populations to levels which will produce a long-
term maximum sustainable yield (MSY) (FAO Fish-
eries and Aquaculture Department 2008). Since the
number of overexploited marine fish populations con-

(management action).

Robust, forensically validated and universally appli-
cable traceability tools can also be used in wildlife
forensics to support legal actions against misman-
agement of aquaculture facilities, which increases
the chance of escapees, or the mislabelling of seafood
products for financial profits (Ogden 2008, Glover
2010, Hanner et al. 2011). Our results indicate that
both IA and PBT are potentially valuable provided
that the aquaculture history of the species of interest
is taken into account. IA analyses are a powerful tool
for species with a long aquaculture history since cap-

Table 4. Solea solea. Parentage-based tagging (PBT) approach using software package SNPPIT for identifying escapees based
on the empirical sole aquaculture data. Scenario A: broodstock originated from a genetically different population than the
local wild populations, Scenario B: broodstock originated from a local wild population. SNP = single nucleotide polymorphism

Broodstock Scenario Number Escapees Natural individuals
of SNPs % assigned to % significantly % assigned to % significantly

origin both parents assigned at least 1 parent assigned
Atlantic A 50 100 100 6 0
Ocean A 30 100 100 21 0

A 21 85 35 26 2

B 50 100 100 6 0

B 35 100 100 15 0

B 30 100 95 19 0
Mediterranean A 40 100 100 52 0
Sea A 35 100 95 51 0

A 30 95 80 74 0.7

B 40 100 100 84 0

B 35 100 100 81 0

B 30 95 80 90 0
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tive breeding has resulted in a strong genetic differ-
entiation between captive-bred and wild fish popula-
tions (Bekkevold et al. 2006, Karlsson et al. 2011).
However, most marine fish species have only re-
cently been bred in captivity and thus forensic tools
need to be able to differentiate between genetically
similar captive-bred species and wild conspecifics.
Our findings suggest that PBT can be used for these
recently domesticated fish species, since assignment
success was high after only a single generation of
captive breeding. This is in line with expectations,
since PBT was originally developed to identify the
source of salmon released into rivers and is thus
capable of differentiating between genetically simi-
lar hatchery populations (Anderson & Garza 2006).
Genetic assignment methods have already been suc-
cessfully applied in a forensic context (Wong & Han-
ner 2008, Glover 2010). However, real-life situations
often complicate genetic tracing studies (Glover et al.
2009). As such, the presence of multiple (genetically
similar) putative source farms and the lack of exten-
sive genetic reference data will reduce the assign-
ment efficiency of both IA and PBT. Although the
latter is less problematic for IA analysis, PBT
unequivocally requires genotypic information from
all parental individuals that have contributed to the
subsequent generation. The increased use of genetic
broodstock management and selective breeding pro-
grammes might partially resolve this but the feasi-
bility of using PBT in a forensic context remains con-
troversial (Blonk et al. 2010, Vandeputte et al. 2011).

Validation of traceability approaches

Validating traceability methods requires a detailed
comparison between expected (simulations) and
observed (empirical) results. The assignment success
rates of the analyses based on the F,gqp and the
empirical data reveal that overall, a higher success
rate is obtained in the empirical analyses. The fact
that relatively more SNP makers are needed for
unambiguous assignments in the simulated data can
be explained by a high reproductive skew in real
aquaculture production (Agge.ps and Mgge.ps), which
is difficult to simulate with currently available soft-
ware packages. From the N, values estimated based
on the observed heterozygote excess in the Mgge 1,
we conclude that on average, 2 parental individuals
contributed to each offspring batch, and these find-
ing are supported by the results from the additional
parentage testing (Supplement 4). Furthermore, com-
paring the genetic differentiation between the em-

pirical and simulated data (DAPC) suggests that
within the Mg, ..ps, an N, of between 5 and 10 is the
most likely, which is supported by the N, estimates
found in the A, .55 by Blonk et al. (2009).

Other evidence supporting the methodology em-
ployed here arises from the comparison of current
results with earlier studies. Vandeputte et al. (2011)
recorded a decrease in the assignment power when
comparing theoretical, simulated and empirical paren-
tage assignments using microsatellite data. However,
our study has clearly indicated that large-scale SNP
genotyping (i.e. genome scan) combined with a
selection procedure for highly informative gene-
associated markers (high Fst values and PIC) can
increase the assignment power in empirical stud-
ies. This is consistent with the findings of previous
studies which recorded similarly high assignment
efficiencies with only a small number of markers
(Nielsen et al. 2012). Hence, the methodology pre-
sented here will be valuable for future traceability
studies where sufficient genetic background infor-
mation is available for the species of interest. With
low-cost high-throughput genotyping-by-sequencing
methods now available to be implemented in breed-
ing programmes (Davey et al. 2011), the cost of
developing a large battery of markers should not
impede applications to fisheries management and
wildlife forensics.

CONCLUSIONS

This study has evaluated the relative power of
parentage-based tagging (PBT) and individual assign-
ment (IA) for identifying the population of origin of
marine aquaculture fish under a range of scenarios,
highlighting the benefits and disadvantages of each.
PBT potentially offers the strongest line of trace-
ability evidence, as the identification of a specific
parental pair with high confidence is likely to be
more powerful than a combined population assign-
ment and exclusion approach under IA, particularly
where aquaculture and wild populations have not
diverged significantly. The results presented here
have shown that PBT analyses will be particularly
valuable in fisheries management to evaluate the
genetic effects and the impact of accidental and/or
deliberately released captive-bred fish. However,
current aquaculture practices restrict the practical
application of PBT due to the requirement for com-
plete broodstock sampling; consequently, in most
marine fish aquaculture scenarios, IA analyses are
considered to be of more practical use for future
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traceability applications. Ultimately, the availability
of genetic background information and the aim of the
study will determine whether IA or PBT will be the
method of choice.
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SUPPLEMENTS

The supplementary material includes a complete list of all samples (Supplement 1) and all genetic markers
(Supplement 2) used in the analysis. Details about the comparative analyses between the simulated datasets
and an overview of the parentage analyses performed to reconstruct parent-offspring relationships within the
farmed sole samples are given (Supplements 3 and 4, respectively). Additionally, the results of the
Discriminant Analysis of Principal Components (Supplement 5) are provided.

Supplement 1. Sampling details.

Table S1: Summary information on location, position, number of individuals and sampling year for the
empirical samples used in the traceability analysis for Atlantic cod, Atlantic and Mediterranean populations of
sole. Sample code refers to the abbreviations used for the population samples in the EU FP7 project
FISHPOPTRACE. Sample type indicates the method employed to obtain samples; A) scientific cruise or
scientific collection in case of aquaculture populations, B) contracted collection by commercial fishermen. (na
= information not available)

Species ICES/FAO regiop and sampling Sample code Sample Latitude | Longitude Numper of | Sampling
location type individuals year
Solea solea Wild populations

27.11l.a - Skagerak and Kattegat

Belt Sea STO A 55.65 10.76 40 2007
27.1V.b - Central North Sea

German Bight GER A 54.52 7.89 40 2007
27.1V.c - Southern North Sea

Norfolk NOR A 52.92 2.24 28 2008

Belgian Coast BEL2009 A 51.22 2.83 24 2009

Thames Estuary THA A 5147 1.33 40 2007
27.VI1l.d - Eastern English Channel

Eastern English Channel ENG A 50.78 1.48 40 2008
27.VIl.a - Irish Sea

Bristol Channel IS A 52.21 -5.33 40 2008
27.VIll.a - Bay of Biscay - North

Pertuis Breton GAS A 45.92 -1.69 40 2009
37.1.3 - Sardinia

Viareggio, Northern Tyrrhenian Sea | THY A 43.30 9.54 40 2009
37.2.1 - North Adriatic

Chioggia Lagoon, North Adriatic ADRI1 A 44.73 13.27 40 2009
37.2.2 - lonian




South Adriatic Albanian Coast ADR3 B 41.28 19.13 14 2000
South Adriatic Italian Coast ADR?2 A 42.02 15.40 19 2000
37.3.1 - Aegean
Gulf of Kavala, Northern Greece GRE A 40.85 24.49 40 2009
37.3.2 - Levant
Turkish Coast TUR2009 A 36.75 33.87 27 2009
Aquaculture populations
Solea BV, the Netherlands
Broodstock ABgs_soLr na na na 4 2003-
2005
Offspring AFisoie na na na 92 2006
UNIBO DVPHAP, Italy
Broodstock Maps_sore na na na 26 2006
Offspring ME1.soLe
Batch 1 Megi.sor-Bl na na na 24 2008
Batch 2 ME1.so1:-B2 na na na 24 2008
Batch 3 ME1.sors-B3 na na na 24 2008
Batch 4 ME.so1:-B4 na na na 24 2009
Gadus morhua Wild populations
27.1V.a - Northern North Sea
Northern North Sea MF03 A 58.00 -3.00 39 2003
27.1V.b - Central North Sea
Northeastern North Sea NOO7 B 57.75 5.50 40 2007
Southern North Sea SC06 B 54.29 0.02 40 2006
27.V.a - Icelandic Grounds
Iceland south, offshore IS A 63.20 -19.30 39 2002
27.V.bl - Faroe Plateau
Faroe Plateau FP02 A 62.53 -6.16 40 2002
27.V.b2 - Faroe Bank
Faroe Bank FB02 A 60.95 -8.49 40 2002
27.VILa - Irish Sea
Irish Sea IR06 A 54.62 -5.46 39 2006
27.VIl.d - English Channel
English Channel EKO05 A 50.79 0.48 40 2005
27.VILf - Bristol Channel
Celtic Sea CS98 B 50.50 -5.16 39 1998
27.Xll.a - Norwegian Sea
Lofoten (NEAC) SKO03 A 68.35 12.14 39 2003
Aquaculture populations
Fiskeaaling A/S, Faeroe Islands
Broodstock Ags.con B na na 92 2009

Supplement 2. Identification codes and NCBI accession numbers of the SNP loci used

Table S2: Overview of the 96 SNP markers used in the analysis of the Atlantic cod and sole samples.

Atlantic cod samples

SNP ID Accession number SNP ID Accession number SNP ID Accession number
Gm349 1196 rs119054515 cgpGmo-S973 rs119056013 cgpGmo-S1926 rs119055995
cgpGmo-S248a rs119056000 cgpGmo-S693 rs119055530 cgpGmo-S626b rs119055882
HbBetal 1 NA cgpGmo-S510 rs119055475 cgpGmo-S1098 rs119056384
cgpGmo-S2122 rs119055203 cgpGmo-S1708 rs119056382 cgpGmo-S2187 rs119056259
cgpGmo-S1406 rs119054982 cgpGmo-S459 rs119056202 cgpGmo-S209 rs119056237
cgpGmo-S1644 rs119055520 cgpGmo-S426 rs119055254 Gm240 0209 rs119054548
Gml1154 0166 rs119054629 Gm375 0144 rs119054503 cgpGmo-S13b rs119056051
cgpGmo-S316 rs119055374 cgpGmo-S1001 rs119055621 cgpGmo-S2058 rs119055972
GmO0738 0160 rs119054733 cgpGmo-S917 rs119055827 cgpGmo-S740 rs119056364
cgpGmo-S1046 rs119055980 cgpGmo-S1391 rs119055071 cgpGmo-S1740 rs119055375
cgpGmo-S1205 rs119055597 cgpGmo-S224 rs119055825 cgpGmo-S87 rs119055065
cgpGmo-S252 rs119055474 cgpGmo-S703 rs119056289 cgpGmo-S831 rs119055880




cgpGmo-S936 rs119056133 Gm1156 0573 rs119054627 cgpGmo-S1024 rs119055966
cgpGmo-S251 rs119056385 Gm394 0364 rs119054493 cgpGmo-S1085a rs119056019
Gm1339 0238 rs119054574 cgpGmo-S474 rs119055080 cgpGmo-S78 rs119055665
cgpGmo-S1112 NA cgpGmo-S1076a rs119056360 cgpGmo-S18 rs119056212
cgpGmo-S689 rs119055763 Hsp90 rs267733128 Gh 2 1 NA
cgpGmo-S742b rs119055042 cgpGmo-S1094 rs119056042 cgpGmo-S1497 rs119055607
cgpGmo-S430a rs119055124 cgpGmo-S1338 rs119056054 cgpGmo-S471 rs119055806
cgpGmo-S261b rs119055116 Gm374 0856 rs119054504 cgpGmo-S2182 rs119055658
cgpGmo-S1751 rs119055210 cgpGmo-S594 rs119055234 cgpGmo-S1219b rs119056340
cgpGmo-S535b rs119055277 cgpGmo-S944 rs119055207 cgpGmo-S1051 rs119054998
cgpGmo-S814b rs119055258 cgpGmo-S968 rs119055670 cgpGmo-S965 rs119056203
cgpGmo-S466 rs119055814 cgpGmo-S1978 rs119056150 cgpGmo-S241 rs119055894
cgpGmo-S875b rs119055511 cgpGmo-S1418 rs119055063 cgpGmo-S1664 rs119055669
cgpGmo-S879 rs119055741 cgpGmo-S312 rs119055737 cgpGmo-S544 rs119055570
cgpGmo-S624 rs119055557 cgpGmo-S1104 rs119055218 cgpGmo-S127 rs119055331
cgpGmo-S408 rs119055633 cgpGmo-S760 rs119056399 cgpGmo-S2093 rs119056129
cgpGmo-S1743 rs119055928 Gm1002 0428 rs119054666 cgpGmo-S1423a rs119055003
cgpGmo-S350 rs119056090 cgpGmo-S967b rs119055979 cgpGmo-S1085b rs119055638
cgpGmo-S905 rs119055666 cgpGmo-S1362 rs119056422 cgpGmo-S603 rs119055501
Rhod 1 1 NA cgpGmo-S515 rs119055332 cgpGmo-S2229 rs119055872
Atlantic sole samples
SNP ID Accession number SNP ID Accession number SNP ID Accession number
SNP1012 $s1026565503 SNP1355 $s1026565675 SNP520 $s1026565844
SNP1018 $s1026565506 SNP1388 551026565687 SNP570 $s1026565857
SNP1030 ss1026565516 SNP1400 551026565690 SNP600 $s1026565867
SNP1033 ss1026565518 SNP1413 $s1026565697 SNP642 551026565879
SNP1038 $s1026565521 SNP147 $s1026565713 SNP652 551026565883
SNP1068 ss1026565537 SNP1472 $s1026565715 SNP725 551026565899
SNP1070 $s1026565539 SNP1478 $s503772168 SNP726 551026565900
SNP1091 $s1026565547 SNP1489 ss1026565719 SNP73 551026565901
SNP1106 $s1026565552 SNP1496 551026565723 SNP776 551026565918
SNP1114 $s503772271 SNP1512 $s503772216 SNP779 581026565919
SNP1125 $s1026565561 SNP1519 $s1026565731 SNP788 551026565925
SNP1127 $s1026565562 SNP1531 $s1026565736 SNP809 551026565936
SNP1129 $s503772195 SNP1536 $s1026565737 SNP821 551026565945
SNP1137 $s1026565567 SNP1546 $s1026565739 SNP831 551026565948
SNP1159 $s1026565577 SNP184 $s1026565753 SNP844 $s1026565952
SNP1160 ss1026565578 SNP199 551026565758 SNP845 551026565953
SNP1169 $s1026565584 SNP220 $s1026565764 SNP850 551026565955
SNP1184 $s1026565590 SNP228 $s503772147 SNP855 551026565959
SNP1190 $s1026565593 SNP235 $s503772240 SNP864 551026565966
SNP1191 $s1026565594 SNP276 ss1026565777 SNP877 551026565969
SNP1200 $s1026565600 SNP284 $s503772263 SNP88 581026565972
SNP1213 $s503772234 SNP35 $s1026565787 SNP898 581026565979
SNP1262 $s1026565626 SNP376 551026565794 SNP899 551026565980
SNP1269 551026565629 SNP383 551026565796 SNP915 $s503772245
SNP1293 551026565639 SNP386 $s1026565797 SNP920 $s1026565986
SNP1294 $s1026565640 SNP398 $s1026565805 SNP923 $s503772160
SNP1320 551026565658 SNP399 551026565806 SNP932 $s503772200
SNP1331 $s1026565661 SNP418 $s1026565809 SNP935 551026565993
SNP1337 $s1026565665 SNP455 551026565823 SNP948 551026565998
SNP134 $s1026565666 SNP464 $s1026565827 SNP963 $s1026566005
SNP1343 551026565668 SNP488 551026565835 SNP977 $s1026566014
SNP1346 551026565669 SNP499 $s503772166 SNP992 551026566020
Mediterranean sole samples
SNP ID Accession number SNP ID Accession number SNP ID Accession number
SNP1003 $s503772179 SNP1319 551026565656 SNP609 581026565870
SNP1010 $s1026565501 SNP1359 $s503772231 SNP633 $s1026565875
SNP1022 $s1026565509 SNP1376 551026565680 SNP638 $s1026565877
SNP1024 $s1026565511 SNP1383 551026565686 SNP640 $s1026565878
SNP1029 $s1026565515 SNP1388 551026565687 SNP645 $s1026565880




SNP1031 ss1026565517 SNP1404 $s1026565691 SNP652 ss1026565883
SNP1033 ss1026565518 SNP1415 $s503772192 SNP7 55503772184

SNP1046 $s1026565526 SNP1432 $s1026565702 SNP726 $s1026565900
SNP1052 ss503772171 SNP1436 ss1026565703 SNP747 551026565905
SNP106 ss1026565532 SNP1439 ss1026565705 SNP749 ss1026565907
SNP1060 ss1026565533 SNP1491 ss1026565720 SNP750 $s1026565908
SNP1070 ss1026565539 SNP1492 ss1026565721 SNP767 ss1026565912
SNP1074 $s1026565540 SNP1496 ss1026565723 SNP776 ss1026565918
SNP1091 ss1026565547 SNP1512 $s503772216 SNP780 55503772187

SNP1114 $s503772271 SNP1519 ss1026565731 SNP788 ss1026565925
SNP1129 $s503772195 SNP158 $s1026565742 SNP800 55503772266

SNP1137 ss1026565567 SNP201 ss1026565760 SNP806 ss1026565934
SNP1160 ss1026565578 SNP228 ss503772147 SNP844 $s1026565952
SNP1182 ss1026565588 SNP232 ss1026565767 SNP848 ss1026565954
SNP1184 ss1026565590 SNP235 $s503772240 SNP850 ss1026565955
SNP1190 ss1026565593 SNP246 ss1026565768 SNP879 551026565971
SNP1203 $s503772190 SNP275 ss1026565776 SNP88 551026565972
SNP1214 ss503772211 SNP350 $s503772258 SNP8§91 551026565978
SNP1236 $s503772209 SNP357 $s1026565789 SNP90 551026565981
SNP1240 ss1026565615 SNP394 ss1026565802 SNP914 $s503772228

SNP1250 $s503772203 SNP418 $s1026565809 SNP920 551026565986
SNP1251 $s1026565620 SNP422 ss1026565811 SNP925 ss1026565988
SNP1260 ss1026565624 SNP464 ss1026565827 SNP928 ss1026565989
SNP1261 $s1026565625 SNP466 ss1026565829 SNP935 $s1026565993
SNP1284 ss1026565635 SNP486 ss1026565834 SNP953 $s1026566001
SNP1302 ss1026565644 SNP503 ss1026565839 SNP962 $s503772213

SNP1310 $s1026565650 SNP520 ss1026565844 SNP992 $s1026566020

Supplement 3. Comparative analysis between the simulated datasets.

The effect of the simulation software on the overall genetic diversity of the simulated datasets was assessed to
evaluate the comparability between the datasets. Since no strong deviation between H,, and H.,, were
observed in the simulated data, H,, could be used as a proxy for the overall genetic diversity within the
datasets. Values of H,,, were calculated with Genetix v4.05 for the simulated data generated with
HYBRIDLAB and NOOKIE. The data of the two most extreme simulation series (N. = 5 (4 for the PBT) and
N, = 50) were used and the H,,; was calculated for each series and for all simulated generations (Py.sm, Fi-smv,
Fo.siv, Fasmm and F4-SIM)-

Results (Figure S1) show that both programs performed similarly and yielded similar estimates of H,, for all
simulated data sets. Furthermore, as expected, a decline in H,, with an increasing number of captive bred
generations (F,.snv) was observed and this decline was more pronounced at low N..
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Figure S1: Plot of the H,, in the simulated datasets of sole for the two most extreme
effective population sizes (N, = 5 (4) and N, = 50) and simulated with the software NOOKIE 4
v. 1.0 and HYBRIDLAB v.1.0. F() = P]-SIM and Fn (1'1 ;é 0) = Fn—SIM (see text).




Supplement 4. Determining parent-offspring relations in the empirical aquaculture samples.

Parent-offspring relations in the captive bred Atlantic sole

In order to validate the earlier obtained parent-offspring relations, parentage analysis were performed
using the SNP genotype data of the Atlantic farmed sole and the software program CERVUS v3.0. Parentage
analyses were performed using default parameters. Results of the analysis show that a minimum of 21 highly
polymorphic SNPs was sufficient to obtain the same full-sib family structure as in Blonk et al. (2009) under
strict confidence levels (95%). Furthermore, increasing the number of SNP used in the analysis did not result
in another outcome (Table S3). Hence, parent-offspring relations as defined by Blonk et al. (2009) do reflect
the real mating pattern within the captive bred Atlantic sole samples and thus can be used to evaluate the
efficiency of the traceability methods employed in the further analysis.

Table S3: Percentage correctly assigned offspring using Cervus for parentage analysis using the SNP data
from the Atlantic farmed sole samples.

Number of SNPs % correctly assigned offspring
under a 95% confidence level

50 100

30 100

21 100

20 98

15 89

Parent-offspring relations in the captive bred Mediterranean sole

Reconstructing the parent-offspring relations within the Mediterranean farmed sole samples was complicated
by the absence of SNP genotypes for five broodstock individuals that contributed to the F;. However, all 24
candidate parents and a subset of F;’s were genotyped at seven selected microsatellite markers (Table S4). By
comparing parentage analysis based on both SNP and microsatellite datasets the most successful parental
individuals can be determined and the missing SNP genotypes of highly reproductive parents can be
reconstructed.

Table S4: Overview of the seven microsatellite markers for which genotyping data was available for the
Mediterranean farmed sole samples.

Marker ID Reference
F8-ICA9 Iyengar et al. (2000)
F8F8-IGAA7 Iyengar et al. (2000)
F8-ITG11 Iyengar et al. (2000)
F8-1IGT15 Iyengar et al. (2000)
F13-118/4/7 Iyengar et al. (2000)
Sos(AC)6 Garoia et al. (2006)
Sos(AC)45 Garoia et al. (2006)

Analysis based on the microsatellite data

Complete parent-offspring information was obtained with an initial parentage analysis using the microsatellite
data and the software package CERVUS. From these results two parental individuals could be identified that
were not SNP-genotyped but did have a relatively high contribution to the F; generation. Firstly, a female
individual (mother7) did have a high reproductive success within Mg soe-B2, MFis01e-B3 and Mgy so1-B4.
Additionally, a male individual (father3) could be identified as a successful spawner in Mgj_e-B2.

Analysis based on the SNP data

The software package COLONY (Jones and Wang, 2010) was used to perform an initial parentage assignment
analysis using all available loci (181 good quality SNPs) of the Mediterranean farmed sole samples. COLONY
relies on sibship reconstruction to determine parent-offspring relations and potential parental genotypes can be
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incorporated into the analysis. COLONY will thus determine parent-offspring relations taking into account the
genotypes of potential parents but also taking into account that some parental genotypes might not be
incorporated. Hence, it is possible to determine whether or not some missing parental genotypes did contribute
to the F; generation. In addition, COLONY can also be used to reconstruct the genotypes of these missing
parental genotypes. The initial analysis based on the SNP data indicated that one missing female genotype
(mother #1) was highly successful within Mg s1e-B2, MFis0e-B3 and Mg se-B4 and one missing male
genotype (father *3) had a relatively high reproductive success in Mg s-B2. Since these results are highly
comparable with the results obtained from the parentage analysis based on the microsatellite data we
concluded that mother7 = mother #1 and father3 = father *3. The SNP genotypes of these individuals were
subsequently reconstructed with COLONY and added to the Mpg g genotypes.

Using the complete SNP dataset of the Mediterranean farmed sole (Mgssoe + 2 reconstructed parental
genotypes and Mg 1), New parentage assignment analysis were performed. Before parentage assignment was
performed, all SNPs deviating from HW-equilibrium were excluded and a total of 62 SNPs remained. Both
CoLONY and CERVUS were employed to determine parent-offspring relations based on the 62 SNPs. All
relations determined by both software packages under strict (95%) confidence were considered to be the
effective parent-offspring trios; these were used in PBT analysis. Relatedness could be reconstructed for 38
individuals of which 34 F1’s and 4 broodstock individuals (Table S5).

Table S5: Overview of the number of offspring per batch for which both parental genotypes could be
identified with sufficient confidence.

References

Father 3 Father 34
Batch ID Bl B2 | B3 B4 | Bl B2 | B3 B4
Mother 7 0 7 0 0 0 0 13 6
Mother 10 0 8 0 0 0 0 0 0

Blonk RJW, Komen J, Kamstra A, Crooijmans RPMA, van Arendonk JAM (2009). Levels of inbreeding in
group mating captive broodstock populations of Common sole, (Solea solea), inferred from parental
relatedness and contribution. Aquaculture 289: 26-31.

Supplement 5. Discriminant Analysis of Principal Components
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