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Abstract

The capture-based aquaculture of Atlantic bluefin tuna (Thunnus thynnus) starts with the catch of wild individuals, slow-op-
erating transport to the rearing facilities, introduction to rearing cages, and adaptation to the captive environment. All these steps
bear significant risks for the onset of stressful conditions that can consequently result in unexpected mortalities. In order to explore
whether survival success throughout the farming cycle might be monitored at the genetic level and linked to certain immunity and
stress response-associated genes, we developed a new set of 13 EST-SSRs for 7. thynnus and subsequently analysed 334 samples
of juvenile wild-caught tuna and captive-reared adults during two consecutive farming cycles in the Adriatic Sea. The results
showed a low F value (0.005) with similar allele frequencies and no major allele loss between the investigated groups. The two
tested approaches for the identification of loci under selection did not indicate a departure from neutrality for any of the 13 EST-
SSRs, suggesting that the latter could not be considered adaptive in the studied context. These results are in agreement with other
studies aiming to detect adaptive signals in 7. thynnus, stressing the problems associated with sampling design for a species with
complex migratory behaviour and reproduction, and the specific zootechnical practices in place at farms. Nonetheless, the char-
acteristics of the 13 new polymorphic loci reported here contribute to a broadening of the existing EST-SSRs resource, as a useful
asset for future genetic studies of 7. thynnus.
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Abbreviations ATT: Adriatic Thunnus thynnus; A : Allelic Richness; DAPC: Discriminant Analyses of Principal Components;
EST: Expressed Sequence Tag; F : Wright’s Inbreeding Coefficient; F . Fixation Index; H_: Observed Heterozygosity; H : Ex-
pected Heterozygosity; HWE: Hardy-Weinberg Equilibrium; ICCAT: International Commission for the Conservation of Atlantic
Tunas; LD: Linkage Disequilibrium; MISA: MlcroSAtellite Identification Perl tool script; N : Number of Private Alleles; PCR:
Polymerase Chain Reaction; SNP: Single Nucleotide Polymorphism; SSR: Simple Sequence Repeats.

Introduction

Atlantic bluefin tuna (Thunnus thynnus), one of the
largest pelagic fish of the family Scombridae, is an im-
portant species for commercial and recreational fisheries.
In the past, its numbers have suffered a decline due to
overfishing (Taylor et al., 2011), therefore the species
has consequently come under the protective management
of the International Commission for the Conservation
of Atlantic Tunas (ICCAT). The Commission divided
the population into the Eastern and Western stocks sep-
arated by the 45° meridian (Carlsson et al., 2004) with
concomitant division in the Gulf of Mexico and the
Mediterranean stocks, based on two principal zones of
spawning and nurseries (Rooker et al., 2007; Riccioni et
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al., 2010a). The distinct genetic differentiation between
the two stocks (Vinas et al., 2011) has been recognized
through many tagging and genetic studies (Block et al.,
2005; Rooker et al., 2007, 2014; Boustany et al., 2008;
Albaina et al., 2013).

Croatia was the first country to start tuna capture-based
aquaculture in the Mediterranean Sea (Katavic et al.,
2003; Miyake et al., 2003) with the objective of increas-
ing the commercial value of fish by increasing fat con-
tent in the muscle, as desirable on the sushi and sashimi
market (Miyake et al., 2003; Mylonas et al., 2010). The
process generally involves the capture of juvenile or adult
wild tuna of over 30 kg by purse seines in spring, and
their intensive feeding in sea cages for periods ranging
between 3 and 24 months to increase tuna total biomass
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(Ottolenghi, 2008; Mylonas et al., 2010). Only Croatia
is allowed to catch immature tuna (8-20 kg body weight
and <130 cm fork length) in the Adriatic Sea that conse-
quently necessitate an extended period of farming (18 to
36 months), in contrast to practices in other Mediterra-
nean countries (Miyake et al., 2003; Ottolenghi, 2008;
Mylonas et al., 2010).

The catch of juvenile wild tuna, slow-operating trans-
port to farming facilities, translocation from transport
into rearing cages, and subsequent adaptation to cage
conditions, combined with other biotic and abiotic fac-
tors, can prove stressful for fish and lead to unexpected
mortality (Meyer, 1991; Magnadottir, 2006; Ottolenghi,
2008; Mylonas et al., 2010). Stress from the hauling pro-
cess, traumatic injuries in juvenile tuna caused by colli-
sion with cage walls or net entanglement (Miyashita et
al., 2000) may increase susceptibility to infection and
exposure to pathogens (Kirchhoff, 2012; Rauta et al.,
2012), hampering growth (Mladineo et al., 2006) and ul-
timately causing large losses during the production cycle
(Evans, 2015; Buentello et al., 2016). Mortality during
capture, transport and the initial post-capture adaptation
period can vary between 2 to 30%, although losses can be
greatly decreased with suitable handling (Katavic et al.,
2003; Nakada, 2008; Evans, 2015).

As a highly abundant form of repetitive DNA in eu-
karyotic and prokaryotic genomes, microsatellites or
Simple Sequence Repeats (SSR) have become widely
used in genetic-based fisheries management and ecolo-
gy studies, useful in defining stocks, and investigating
genetic diversity within and among fish populations, in-
cluding tuna (Broughton & Gold, 1997; Carlsson et al.,
2004, 2007; Riccioni et al., 2010a, 2013, 2017; Antoniou
etal.,2017). SSRs are distributed throughout the genome
in both coding and non-coding regions (Tautz & Renz,
1984; Toth et al., 2000; Li et al., 2002; Chistiakov et al.,
20006). Although they are generally considered selective-
ly neutral, they may be functionally relevant, particularly
those located near or in coding regions. The majority of
SSRs used in fish aquaculture studies have been non-cod-
ing, in contrast to EST-SSRs developed from Expressed
Sequence Tags (EST) of the cDNA libraries associated
with expressed genes. Moreover, the polymorphisms of
the latter within a coding region may influence the ex-
pression of functional genes, and consequently may af-
fect the fitness of individuals associated with the corre-
sponding performance (Wren et al., 2000; Liu & Cordes,
2004; Chistiakov et al., 2006; Gemayel et al., 2010).

Therefore, the scope of this study was to explore
whether the survival success of Atlantic bluefin tuna
throughout the farming cycle might be monitored at the
genetic level and linked to several immunity and stress
response-associated genes. We employed the existing
molecular Atlantic bluefin tuna resources to develop a set
of T. thynnus-specific EST-derived microsatellite markers
(EST-SSRs), and tested the potential genetic differences
between groups of wild-caught juveniles at the beginning
of the farming cycle and captive-reared adults at the end
of the farming cycle, during two consecutive farming cy-
cles in the Adriatic Sea.
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Material and Methods
Fish sampling and DNA isolation

In total, 334 caudal fin clips of Atlantic bluefin tuna
T. thynnus were collected during June 2009, December
2011, June 2012 and December 2014 from a tuna facility
located off the southwest coast of the island Bra¢ in the
Adriatic Sea (Fig. S1). Sampling was conducted during
two consecutive farming cycles: at the introduction of ju-
venile wild-caught tuna in cages in spring 2009 and 2012
(Wild-caught2009 and Wild-caught2012) and at the har-
vest after the farming period of the same groups in winter
2011 and 2014 (Harvest2011 and Harvest2014) (Table 1).
Juvenile wild-caught are groups that contain both: 1) indi-
viduals that will survive up to the harvesting season, and
ii) those that do not make it up to the harvesting season
due to presumably disadvantageous or non-adaptive al-
leles. Harvested groups contain only the adult ‘survivors’
that successfully completed the farming cycle.

Fin clips were stored in 96% ethanol prior to DNA
analysis. Total genomic DNA was extracted following a
modified mammalian DNA isolation method (Laird ez al.,
1991) and stored in TE buffer (10 mM Tris-HCI, 1 mM
EDTA; pH 8.0). DNA quantity and quality were assessed
by UV spectrophotometer (JENWAY, Bibby Scientific,
UK) and each sample was diluted to 10 ng/pl in milliQ
water and stored at -80°C.

In silico development of Thunnus thynnus EST-SSR
markers

EST (Expressed Sequence Tag) libraries of different
T. thynnus tissues, previously obtained by 454 sequenc-
ing by Trumbi¢ et al. were used to develop EST-SSRs
(Trumbi¢ et al., 2015).

In silico mining of EST-SSRs was performed using
the MlcroSAtellite Identification Perl tool script (MISA)
with default parameters, and primer modelling software
Primer3 to design PCR primers flanking the microsatel-
lite regions (Untergasser et al., 2012). In total, 25 loci
were randomly selected linked to a set of ESTs with
immunity, stress or signal transduction putative roles.
Their coding regions were characterized as described

Table 1. Number of caudal fin clip samples from Atlantic bluefin
tuna 7. thynnus collected in two consecutive farming cycles at the
tuna facility in the Adriatic Sea (43°28°77.04” N - 16°48°28.06” E).

Name of ?he popu- Number of Samples Farming
lation Cycle
Wild-caught2009 100 L.
Harvest2011 95 1.
Wild-caught2012 55 2.
Harvest2014 84 2.
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previously (Trumbi¢ et al., 2015). Briefly, the longest
coding regions were determined by the program getorf
from the EMBOSS v6.6.0 package (Rice et al., 2000),
confirmed by ESTScan v2 (Iseli et al., 1999) and anno-
tated by similarity searches against GenBank reference
databases using BLAST (Altschul et al., 1990). Addition-
ally, coding regions were translated and specifically an-
notated against GenBank Reference Proteins database of
Danio rerio with an expectation value cutoff of 10, Re-
trieved annotations were used to recover the Gene Ontol-
ogy terms for molecular function, biological process and
cellular component (Ashburner et al., 2000) through org.
Dr.eg.db, the zebrafish genome wide annotation package
for R (Carlson, 2018).

Optimisation of the multiplex PCR of Thunnus thynnus
EST-SSR markers

Of the 25 microsatellites initially selected, 15 suc-
cessfully amplified a PCR product of the expected size,
as checked by 2% agarose gel electrophoreses using
SybrSafe (Invitrogen) to visualize DNA. The polymor-
phic potential of loci was checked by 4% agarose gel
electrophoresis over 12 DNA samples from different
experimental groups, as above. Two loci were removed
from further testing as they were monomorphic. The se-
lected primers were optimized to give the product under
the same conditions in multiplex PCR reaction (Neff et
al., 2000) and labelled with fluorescent dyes (NED, PET,
6FAM and VIC) (Table 2). Multiplex PCR conditions in-
volved an initial denaturation step at 95 °C for 5 min;
followed by 28 cycles of denaturation at 95 °C for 30 s,
annealing at 60 °C for 90 s and extension at 72 °C for 30
s; and final extension at 60 °C for 30 min. Reactions were
prepared in a final volume of 5 pl, using 2.5 pl Type-it
Microsatellite PCR Kit (Qiagen), 0.2 uM of each primer,
10 ng DNA template and milliQ water. Each reaction was
twice diluted and loaded in an ABI3730x1 DNA automat-
ed sequencer (Applied Biosystems) using the Macrogen
service (Korea), while peak height values for each micro-
satellite allele were scored by two different persons using
the GeneMapper v.3.2 software (Applied Biosystems).

Statistical analysis

Scored alleles were checked for genotyping errors
associated with microsatellite analysis such as stutter
bands, the presence of null alleles and large allele dropout
using MICRO-CHECKER 2.2.3 (Van Oosterhout et al.,
2004). The presence and frequency of null alleles were
additionally examined using FreeNA (Chapuis & Estoup,
2007) following the Expectation Maximization (EM) al-
gorithm. The program applies the ENA (Excluding Null
Alleles) correction method to effectively correct for the
positive bias induced by the presence of null alleles in
the F estimation. The bootstrap 95% confidence inter-
vals (CI) for the global F values were calculated using
10,000 replicates across the loci.
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Genetic diversity indices of the tested groups, as allele
frequencies, total number of alleles per locus (N), mean
number of alleles per locus, observed heterozygosity (H )
and expected heterozygosity (H ) were calculated using
ARLEQUIN 3.5 (Excoffier & Lischer, 2010). The allelic
richness (A)), as a standardized measure of the number
of alleles per locus independent of the sample size, and
F . as an estimator of inbreeding, were estimated using
FSTAT 2.9.3.2 (Goudet, 2002).

Deviations from the Hardy-Weinberg Equilibrium
(HWE) and Linkage Disequilibrium (LD) for all pairs
of loci were estimated using ARLEQUIN 3.5. The HWE
was tested with 1,000,000 steps in the Markov chain
while LD was tested with 10,000 permutations. Signif-
icance levels were adjusted using sequential Bonferroni
correction (Rice, 1989).

ARLEQUIN 3.5 calculated global and pairwise F,
values. In order to test the partitioning of genetic vari-
ation within and among groups, a hierarchical AMOVA
was conducted using 2,000 permutations.

The statistical power of sampling design for exact
tests given different levels of F was estimated using
the POWSIM software ver. 4.1 (Ryman & Palm, 20006).
Simulations were performed for a scenario involving four
tuna groups with F ranging from 0.001 to 0.01, using
different combinations of effective population size (Ne)
and numbers of generations of drift (t) per F,.

Discriminant Analyses of Principal Components
(DAPC), a multivariate non-model based method, was
used to infer and visualize genetic structuring between
two consecutive farming cycles (Jombart, 2008). The
optimal number of principal components best describing
most sources of variation in the data with lowest error
rate, was determined by a cross-validation procedure us-
ing stratified random sampling with 1,000 iterations.

A model-based Bayesian clustering method was used
to infer the genetic structure and to identify clusters (K) of
genetically similar individuals in the data set by STRUC-
TURE 2.3.4 (Pritchard et al., 2000; Falush et al., 2003),
using the admixture ancestry model, correlated allele fre-
quencies, a burn-in period of 10,000 iterations followed
by 100,000 MCMC steps and K values from 1 to 5 with
20 replicates each. To assess the most likely number of
clusters, In(P) and AK values were estimated in Structure
Harvester 0.6 (Earl & von Holdt, 2012).

To test whether the loci deviated from neutrality, out-
lier analyses were conducted with LOSITAN (Antao et
al., 2008) and BayeScan 2.1 (Foll, 2012). LOSITAN was
run on a stepwise mutation model with the following
settings: 50,000 simulations, 95% confidence interval,
forced mean F_, and with a 0.05 false discovery rate.
Default parameter setting was used for the BayeScan
run (prior odds 10, samples size 5,000, thinning interval
10,000, pilot runs 20, pilot run length 5,000 and addi-
tional burn-in 50,000), while the decision whether the
locus was under selection was based on the magnitude
of Bayes Factor (logl10(BF)>0.5: “substantial” evidence
for selection; 1.5-2.0: “very strong”; >2.0: “decisive”) as
suggested by Jeffreys (1998).
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Table 2. Characteristics of 13 EST-SSR primers derived from the EST (Expressed Sequences Tags) libraries of Atlantic bluefin tuna 7.
thynnus sampled during two consecutive farming cycles at the tuna facility in the Adriatic Sea.

Allele
Locus Primer sequence (5’- 3”) with fluorescently tagged for- Repeat size Position* Gene symbol and
ward primer for use in multiplex PCR motif range annotation
(bp)
slc6a8; solute carrier
(F)GTCATCATCTTCGAGAGCGTC 98- . family 6 (neurotrans-
ATTL  PET- ) GTGTCGGCCATCTTGTTGTAG (TCCG), 154 Coding - iiier transporter,
creatine), member 8
nampta; nicotinamide
ATT2 PET - Eg?ggéig;g;;g g]E}TCTTC(;J\CCTGGﬁ CT: (AAACQ), 148-188  Coding phosphoribosyltrans-
ferase-like
scndba; sodium chan-
arrs nep.  (DGGGACACAGATIGATAMAGACAC  (cagay 81 5l votasesaned
)
type IV, beta a
polr2d ; polymerase
ATTS VIC - g))‘:%%‘:ifccfﬁfg CCAcg &%i%}%i (ACTGA), 192-252  Coding (RNA) II (DNA di-
rected) polypeptide D
(F) ATACAGGTTGGTCTGCCGTC R cfl; complement
ATTIL - VIC- (R)AGTGTCCGTCATCACACAGC (D BEER3 T petor
) (F)GATTGGTGTCACTGGTGTGC : R mapk6; mitogen-acti-
ATTIZ  NED (R)YCAAGGAGACAAAGACCCGAG (GT), 127-159 > vated protein kinase 6
F)AATGCATGTGGGATCAACAA , .
ATT13 6FAM ER))TCTGGCTGAATGGGAAAGTC (AC),, 185-229 3 ctsf; cathepsin F
i (F)TCCAAGAAGAAGAAGGCGAA i . nkap; NFKB activat-
ATTIS — VIC (R)TATGCAGGTTTTCTCCACCC (GAG);  114-144  Coding 5 otein-like
grb2b; growth factor
F)AGGAAGGAGAGCTGGGTTTC s
ATT18 NED- ER))GGGGCTGATGAGATCAAGAA (AAC), 211-277 3 re.ceg;;)r—bound pro-
tein
tnika; TRAF2 and
) (F) ACGGCACATCTCACAAATGA } , 7 .
ATT19 NED (R)TGAGTAACGATGGCTTCTGC (AACQ), 181-211 3 NCK interacting
kinase a
pparda; peroxisome
(F)CAAACAGAAAAAGAGCCGTCA . . .
ATT22 6FAM (ATC), 236-284  Coding proliferator-activated
(R)GCACAGACAGCTGCATTGAG receptor delta a
(F)TCTGCAACAGCCAGTAGAGC , sch1; SHC-transform-
i ! ) ing protein 1-like
ATT23 VvIC R)GCAACAGCAGCAAGTGAGTG (AC), 256-296 3 1-lik
ATT25 6FAM (F)ATTACAGTGTGCGGAGCATC (CAG), 134-132  Coding ldlra; low density lipo-

(R TGTCAGTGAATGTGACTGCTG

protein receptor a

*Putative position in respect to inferred EST coding region using ESTScan.
Results
In silico mining of the EST-SSRs in Thunnus thynnus

Microsatellite repeat motifs, excluding mononucle-
otides, were identified in 9.2% of 10,093 annotated EST
sequences available from a previous study (Trumbi¢ et
al., 2015). Di- and tri-nucleotide perfect repeats were the
most numerous, comprising 71% of SSRs (Table 3). The
most common motif among di-nucleotide repeats was
AC (Fig. S2), as generally found in vertebrates (Toth et
al., 2000), including sea bass Dicentrarchus labrax and
sea bream Sparus aurata (Louro et al., 2010), common
carp Cyprinus carpio (Ji et al., 2012), Atlantic cod Ga-
dus morhua (Carlsson et al., 2013) and other fish species
(Ju et al., 2005). The CG repeat was not detected, sim-
ilarly to the situation in sea bass and sea bream (Louro
et al., 2010), while CAG was the most prevalent among
tri-nucleotide SSRs. After inspection of repeats found in
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Table 3. Counts of microsatellite repeats (di-, tri-, tetra-, penta-,
hexa- and compound motives) found in the Atlantic bluefin tuna 7.
thynnus EST sequences (targets)

SSR type Count Frequency Targets

Di- 364 0.377 347
Tri- 332 0.344 319
Tetra- 24 0.025 24
Penta- 4 0.004 4

Hexa- 4 0.004 3

Compound 237 0.246 232
Total 965 1 929
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compound formation, the distribution of microsatellite
motif counts remained similar, though with increased
additional abundance of the GTAC tetranucleotide (Fig.
S2). Most SSRs contain approximately 10 or fewer re-
peats, with few exceeding 20. In the latter case, the most
expanded was the GAC motif with 50 repeats found in
compound formation (data not shown).

Genetic diversity

A total of 10% of randomly selected tuna samples
were genotyped twice in separate PCR reactions, and
the genotypes compared to estimate error in the pres-
ent study. The genotyping error rate by direct count was
0.2%. There was 0.92% missing data in the whole data-
set. The potential presence of null alleles was detected by
MICROCHECKER at loci ATT13 and ATT15. However,
they were retained in further analysis since the F  values
gave similar results with or without the use of ENA cor-
rection: F = 0.005 with 95% CI 0.0021-0.0079 without
ENA and 0.0027-0.0087 with ENA, and estimated fre-
quencies of null alleles were < 0.08. Three loci (ATT3,
ATTI12 and ATT13) showed significant deviation from
Hardy-Weinberg equilibrium (HW) in more than one
population, with strong tendencies toward heterozygote
excess. No LD was observed among the genotypes of 13
loci, suggesting that the analysis could be performed as-
suming statistical independence of loci.

Population descriptive statistics per locus, includ-
ing results for the HWE test, are presented in Table S1.
Twelve loci were polymorphic with a mean expected
heterozygosity > 0.49 in all four sample groups, and
the locus ATTS was monomorphic in only one group
(Wild-caught2012). The observed (H,) and expected
(H,) heterozygosities varied from 0.49 to 0.60 and 0.49
to 0.52, respectively, and did not differ significantly be-
tween the Wild-caught and Harvest groups (p > 0.05).
A slightly higher mean number of alleles per locus (N)
was observed in tuna at the end of both farming cycles;
i.e. Harvest2011 vs. Wild-caught2009 and Harvest2014
vs. Wild-caught2012. Allelic richness A_varied between
2 and 16.52 globally, and was not significantly different
between the Wild-caught and Harvest groups (p > 0.05).
The highest mean value of A was detected in the Har-
vest2011 group (5.67 + 3.68), followed in descending
order by the groups Wild-caught2009 (5.41 + 3.69), Har-
vest2014 (5.33 + 2.95) and Wild-caught2012 (A = 4.77
+3.23).

Tuna from the first farming cycle and tuna from the
second farming cycle showed 12 private alleles (N )
over 85 and 15N _over 77 in total, respectively. For both
farming cycles, harvested tuna showed a slightly higher
mean number of N in comparison to wild-caught spec-
imens (Table S1). The mean F ¢ value across groups and
loci was -0.072, and did not differ significantly from
zero (p > 0.05). Single-locus F , ranged from -0.454 to
0.196 in Wild-caught groups, and from -0.480 to 0.526 in
Harvest groups, and was significantly lower than zero in
some cases, indicating a slight excess of heterozygosity.
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Genetic differentiation among populations

Evaluation of statistical power estimated a 89% prob-
ability (y*, Fisher’s test) of detecting a structure for F =
0.002, stating that the exact tests used herein may detect a
real population structure if the true estimates of F_ were
at or above this level.

The global F value of 0.005 (95% CI= 0.002-0.008)
was low but statistically significant (p < 0.05). Pairwise
F,, across all samples of tuna ranged from 0.0009 to
0.0095, with an absence of statistical significance be-
tween groups from the first farming cycle (p > 0.01) vs
those from the second farming cycle (p < 0.01) (Table
S2). In addition, AMOVA showed that only 0.25% of
the total variance was explained by differences among
groups and 99.45% within groups.

Both cluster analyses (STRUCTURE and DAPC)
gave concordant results in terms of an absence of pop-
ulation structure within and between the two consecu-
tive farming cycles (Fig. 1 and Fig. S3). Highly admixed
membership probabilities of each group within each clus-
ter are presented in Fig. S3.

The two approaches for the identification of loci un-
der selection (LOSITAN and BayeScan) did not indicate
any evidence of selection acting on the 13 microsatellites
used, suggesting their neutrality in the studied context
(Fig. 2). All posterior odds and log , posterior odd values
computed in BayeScan were not significant, as evidenced
by g-values that failed to detect any outlier loci (Table
S3).

Discussion

Atlantic bluefin tuna (7. thynnus) microsatellite, Sin-
gle Nucleotide Polymorphism (SNP) and mitochondrial
DNA-based data have been widely employed to discern
genetic differentiation between geographic locations,
stock-structure and estimates of effective population size
essential for proper conservation and management of
the species (Ward, 1995; Clark et al., 2004; Carlsson et
al., 2007; Riccioni et al., 2010b; Cuéllar-Pinzén et al.,
2016; Vella et al., 2016; Antoniou et al., 2017). Although
considered useful for planning sustainable breeding pro-
grammes (Chistiakov et al., 2006; Cerda & Manchado,
2013; Cuéllar-Pinzon et al., 2016), there is still a lack of
approaches for employing EST-SSRs related to produc-
tion (growth rate, stress response and disease resistance)
and reproductive traits (sex determination and develop-
ment rate), which could depict tuna genetic structure and
simultaneously characterise genes that control such traits.

A set of 13 EST-SSRs was used to test whether
a particular genotype in juvenile wild-caught tuna en-
tering the farming cycle enables better fitness in fish to
survive to harvest time. The selected microsatellites were
chosen for their proximity to the coding regions of genes
associated with different aspects of immune and cellular
active-transport system, essential for fish survival (Table
S4). Most of the tested EST-SSRs exhibited a relatively
low level of genetic diversity, showing 2—18 alleles per
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igenvalue:

Fig. 1: Scatterplot of the first two principal components of the DAPC analyses of population structure of the Atlantic bluefin tuna
T. thynnus, sampled during two consecutive farming cycles at the tuna facility in the Adriatic Sea, inferred by 13 EST-SSR loci.
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positive selection (red) and balancing selection (yellow).

locus, with a similar allele frequency between groups in
both farming cycles. Furthermore, the mean number of
A_was similar among all four groups, congruent to pre-
vious studies in bluefin tuna in the Mediterranean Sea
(Carlsson et al., 2004; Riccioni et al., 2010a; Vella et al.,
2016). However, contrary to expectations, no statistical
difference was observed between A_in Harvest groups
compared to Wild-caught groups. The observed similari-
ties and the fact that there is no major allele loss between
groups entering the farming cycle and at the end of the
process, coupled with neutral results of LOSITAN and
BAYSCAN analyses, suggest that variabilities in the test-
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ed loci likely do not affect the survival rate of tuna during
farming.

Riccioni et al. (2017) used a set of 12 EST-SSRs of
T. thynnus to elucidate its population dynamics in the
Mediterranean by linking genetic differentiation to adap-
tation to environmental factors. The authors observed a
neutral behaviour of the selected markers, lacking the dif-
ferentiation signal among the Atlantic bluefin tuna from
the Mediterranean Sea. This is consistent with the fact
that the majority of microsatellite loci associated with
coding regions present lower levels of variability com-
pared to those in non-coding regions. The reason is that
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protein-coding regions are more conserved than non-cod-
ing regions, primarily because the former are translated
into proteins and therefore subject to a more significant
degree of selective pressure (Metzgar et al., 2000; Borst-
nik & Pumpernik, 2002; Li, 2004; Riccioni et al., 2017).

In this study, several loci (ATT3, ATT12 and ATT13 in
the first farming cycle and ATT3, ATT11, ATT12, ATT15,
ATTI18, ATT23 and ATT25 in the second farming cycle)
showed significant deviations from HWE. Such devia-
tions have been reported previously and might indicate
a departure from random mating, population mixing, the
Wabhlund effect and genotyping errors (Norris et al., 1999;
Dewoody et al., 2006; Selkoe & Toonen, 2006; Morin et
al., 2009; Waples, 2015). In farmed tuna specifically, this
could be related to the “unconscious” collection of sam-
ples from a single group that encompasses specimens of
distinct generations. This is due to the carry-over of und-
eraged specimens in the farm or cages, following a partic-
ular harvest operation (ICCAT, 2017). Namely, consider-
ing that the farming process in Croatia involves intensive
feeding of juveniles in cages for periods ranging between
18 to 36 months, companies annually carry-over around
30,000 tuna into the next farming year, mixing fish from
distinct generations into a single farming group.

The observed F value in the present study was low, as
expected given the fact that we focused on detecting pos-
sible individual adaptive loci during farming. Riccioni et
al. (2017) recorded a 10 times lower F_ value in wild 7.
thynnus using EST-SSRs than neutral microsatellite loci
(Riccioni et al., 2010; 2013), suggesting that the former
are characterized by a lower mutation rate, indicative of
evolutionary constraints. A loci neutrality test used by the
authors confirmed that loci were neutral with the absence
of selection footprints, similar to the findings report-
ed here. Another concomitant analysis of genome-wide
SNPs and microsatellites in the Atlantic bluefin collected
throughout the Mediterranean Sea revealed a low level
of genetic differentiation, concordant to what is expected
for marine species with high gene flow potential and high
dispersal capacity (Antoniou et al., 2017).

Though such markers are usually characterized by
low polymorphism, there is a growing number of studies
employing markers originating from coding regions in
the genome (Nikolic et al., 2015; Riccioni et al., 2017).
Although they are potentially prone to selection, only a
small percentage of loci show evidence of positive se-
lection, even when closely associated with functional re-
gions (Ellis & Burke, 2007; Riccioni et al., 2017). Testing
potential differences inferred by loci in physiologically
relevant genes in the Atlantic bluefin tuna 7. thynnus
population in the Adriatic Sea, we failed to pinpoint an
overall specific pattern that would indicate a change in
fish fitness and survival at the end of the farming period.
Our sampling strategy and selection of targeted loci were
likely rather limited in their power to detect a trait such as
farming survival, further hampered by the zootechnical
practice at Croatian farms of mixing different fish gener-
ations. There is a chance that selection may be occurring,
only not in association with these selected markers. How-
ever, appropriate sampling design remains a challenge for
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the scientific community for this highly migratory spe-
cies, even when using genome-wide screens (Riccioni et
al., 2017). An approach that considers sampling young of
the year specimens of known geographic origins, tagging
them upon entry into the rearing cycle, simplifying their
identification throughout the rearing period, and using
of NGS techniques like ddRAD to infer polymorphisms
in thousands of reads, represents a considerable effort in
aquaculture, but would potentially reveal more informa-
tion in similar studies.

The loci reported here can indeed contribute to the
EST-SSRs resource and expand the list of microsatellite
markers available for 7. thynnus. This is an important as-
set for future studies as EST-linked markers in general
can be of great use in monitoring levels of genetic varia-
tion of genes of interest, and are informative in planning
different zootechnic and prophylactic measures during
the farming process.
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Fig. S3: Estimated population structure for the Atlantic bluefin 7. thynnus sampled during two consecutive farming cycles at the
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