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Abstract [<250 words]

The commercially important Atlantic bluefin tuna (Thunnus thynnus), a large migratory
fish, has experienced notable recovery aided by accurate resource assessment and
effective fisheries management efforts. Traditionally, this species has been perceived as
consisting of eastern and western populations, spawning respectively in the
Mediterranean Sea and the Gulf of Mexico, with mixing occurring throughout the
Atlantic. However, recent studies have emerged challenging this assumption by
revealing weak genetic differentiation and identifying a previously unknown spawning
ground in the Slope Sea used by Atlantic bluefin tuna of uncertain origin. To further
understand the current and past population structure and connectivity of Atlantic
bluefin tuna, we have assembled a unique dataset including thousands of genome-wide
Single Nucleotide Polymorphisms (SNPs) from five hundred larvae, young of the year
and spawning adult samples covering the three spawning grounds and including
individuals of other Thunnus species. Our analyses support two weakly differentiated
but demographically connected ancestral populations that interbreed in the Slope Sea.
Moreover, we also identified signatures of introgression from albacore into the Atlantic
bluefin tuna genome, exhibiting varied frequencies across spawning areas, indicating
strong gene flow from the Mediterranean Sea towards the Slope Sea. We hypothesize
that the observed genetic differentiation may be attributed to increased gene flow
caused by a recent intensification of westward migration by the eastern population,
which could have implications for the genetic diversity and conservation of western
populations. Future conservation efforts should consider these findings to address

potential genetic homogenization in the species.
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Introduction

Conservation of fisheries resources relies on the assessment and management of self-
sustaining units called stocks, whose delimitation often oversimplifies species
population dynamics (Begg et al. 1999, Stephenson 1999, Reiss et al. 2009). Yet, failing
to account for stock complexity can induce overfishing and ultimately result in fisheries
collapse (Hutchinson 2008), highlighting the importance of integrating knowledge on
spatial structure and connectivity into management plan development processes (Kerr
et al. 2016). In this context, the potential of genomic approaches is increasingly being
harnessed to tackle a diverse range of fisheries management related questions, such as
assessment of population structure, connectivity and adaptation to local environments
(Ovenden et al. 2015, Bernatchez et al. 2017), even when genetic differentiation is low,
as observed in highly migratory fish like striped marlin (Mamoozadeh et al. 2020), blue
shark (Nikolic et al. 2023) and yellowfin tuna (Barth et al. 2017b). In particular, the
preservation of fish genetic diversity and conservation of locally adapted populations
has gained importance in the face of rapid environmental changes and increasing fishing
pressure (Bonanomi et al. 2015). Species resilience may depend on adaptive evolution
capacities (Hoffmann and Sgro 2011, Bernatchez 2016), making essential the inclusion
of adaptive variation in genomic studies focusing on managed species (Fraser and
Bernatchez 2001, Valenzuela-Quifionez 2016, Xuereb et al. 2021).

The Atlantic bluefin tuna (ABFT, Thunnus thynnus) is a large and emblematic
highly migratory species that inhabits waters of the North Atlantic Ocean and adjacent
seas (Fromentin and Powers 2005, Collette et al. 2011). ABFT has been heavily exploited
for millennia and the emergence of the sushi-sashimi market in the 1980s turned it into

one of the most valuable tuna species in the international fish trade (Fromentin et al.
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2014a). This high value, coupled with poor governance, led to three decades of high
fishing pressure and ultimately to overexploitation. By 2011, ABFT was considered
endangered by the IUCN (Collette et al. 2011). Following the implementation of a strict
management plan in the late 1990’s, signs of population rebuilding have been
documented (ICCAT 2021), but uncertainties around ABFT biology suggest that an overly
simplistic management paradigm could compromise the long-term conservation of the
species (Fromentin et al. 2014a, Brophy et al. 2020). ABFT has been managed as two
separate units since 1981: the Western and Eastern stocks, which are separated by the
45°W meridian and are assumed to originate from the two spawning areas located in
the Gulf of Mexico and the Mediterranean Sea respectively (ICCAT 2019). Several studies
on the population structure and stock dynamics support two reproductively isolated
spawning components (Gulf of Mexico and the Mediterranean Sea): electronic tagging
studies (Block et al. 2005) have found no individual visiting both spawning areas, and
otolith chemical signatures (Rooker et al. 2014) and genetic data (Rodriguez-Ezpeleta et
al. 2019) support natal homing. Nevertheless, numerous studies also detected evidence
of regular trans-Atlantic movements across the 45°W meridian boundary line and of
mixed foraging grounds along the North Atlantic (Block et al. 2005, Rooker et al. 2014,
Arregui et al. 2018, Rodriguez-Ezpeleta et al. 2019). In response to these findings, the
International Commission for the Conservation of Atlantic Tunas (ICCAT) recently
adopted a management procedure for ABFT that accounts for mixing between the two
stocks (ICCAT 2023). Given recent advancements in stock of origin assignment and
increased samples from the mixing areas, it is important to determine if the modeled
dynamics are consistent with the new data. Specifically, when applying individual origin

assignment based on subsets of informative genetic markers of ABFT captured in the
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North Atlantic Ocean (Rodriguez-Ezpeleta et al. 2019, Puncher et al. 2022), it was
observed that 10-25% of individuals could not be clearly assigned to either spawning
ground. Moreover, a combined analysis of genetic and otolith microchemistry data
resulted in contrasting or unresolved origin assignments (Brophy et al. 2020).

Amidst uncertainty surrounding ABFT stock dynamics, the recent discovery
of ABFT larvae in the Slope Sea (Richardson et al. 2016a) adds another layer of
complexity to our knowledge of the reproductive ecology of the species. Subsequent
oceanographic studies (Rypina et al. 2019) and larval collections (Hernandez et al. 2022)
provide additional evidence of spawning activity in this area. Tagging information
further revealed that mature size fish occurred in the Slope Sea in spring and summer
coinciding with the spawning season estimated for the found larvae (Galuardi et al.
2010), supporting the hypothesis of spawning strategy in the western Atlantic. The
implications of Slope Sea spawning generated debate and controversy (Richardson et al.
2016b, Safina 2016, Walter et al. 2016), with one of the key unknowns being the
connectivity between the Slope Sea and the other two spawning grounds. In addition,
some studies found evidence of migratory changes in ABFT, including the return to
(Horton et al. 2020, Ngttestad et al. 2020, Aarestrup et al. 2022) and even expansion
(Jansen et al. 2021) of its geographic range. These changes coincided with a strong
recovery of the Mediterranean Sea spawning biomass during the last two decades and
the increased presence of eastern origin fish in the western Atlantic (Aalto et al. 2021).

To disentangle the population structure and connectivity of ABFT, we genotyped
and analyzed thousands of genome-wide single nucleotide polymorphism (SNPs) from a
total of five hundred ABFT larvae, young of the year (YoY) and adults from the two well-

known spawning grounds (Gulf of Mexico and Mediterranean Sea) as well as the recently
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discovered Slope Sea spawning ground. We studied individual genomic diversity, tested
for admixture between spawning grounds and inferred the demographic history of ABFT
for the first time. We screened for adaptive genomic variation, incorporating samples
from other Thunnus species to evaluate the impact of gene flow between species as an
additional contribution to adaptive genomic diversity. Finally, we integrated information
obtained from neutral, potentially adaptive and introgressed genetic markers to

reconstruct the connectivity patterns of the ABFT across its entire distribution.
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Methods

A summarized schematic view of samples and methods is shown in Figure S1.

Sampling, DNA extraction and additional data collection

Larvae, YoY and adult samples of ABFT from the Mediterranean Sea (n= 260), the Gulf
of Mexico (n=210) and the Slope Sea (n=49) were obtained from scientific surveys and
commercial fisheries from these three spawning grounds (Table S1; Figure 1A). From
each adult and YoY, a ~1cm3 piece of muscle or fin tissue sample was excised and
immediately stored in RNA-later or 96% molecular grade ethanol at -202C until DNA
extraction. Larvae were collected with a 60 cm diameter bongo net or a 2 x 1-meter
frame net and immediately preserved in 96% molecular grade ethanol. Genomic DNA
was extracted from about 20 mg of tissue or from whole or partial larvae (eyeballs or
tails) using the Wizard® Genomic DNA Purification kit (Promega, WI, USA), following
manufacturer’s instructions for “Isolating Genomic DNA from Tissue Culture Cells and
Animal Tissue”. Extracted DNA was suspended in Milli-Q water and concentration was
determined with the Quant-iT dsDNA HS assay kit using a Qubit® 2.0 Fluorometer (Life
Technologies). DNA integrity was assessed by electrophoresis, migrating about 100 ng
of GelRed™-stained DNA on a 1.0% agarose gel. For selected specimens, spawning
capability was assessed by histologic inspection following the criteria described in
Brown-Peterson et al. (2011). Additionally, for females, ovulation within the past two
days was determined from identification of postovulatory follicle complexes, which are
assumed to degrade within 24-48 h (McPherson 1991, Schaefer 1996, Aranda et al.
2011). For selected adult specimens, sagittal otoliths were prepared for analysis of

stable isotope signatures of the otolith core (yearling period) according to the protocol
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described in Rooker et al. (2008) and analyzed for 63C and 60 on an automated
carbonate preparation device (KIEL-1Il Thermo Fisher Scientific, Inc., Waltham, Mass.)
coupled to a gas-ratio mass spectrometer (Finnigan MAT 252 Thermo Fisher Scientific,
Inc.) at the University of Arizona. Stable isotopes of carbon and oxygen (63C and 6'80)
are reported relative to the PeeDee Belemnite (PDB) scale after comparison to an in-

house laboratory standard calibrated to PDB.

Cytochrome oxidase subunit | gene fragment amplification and sequencing

A fragment of the mitochondrial cytochrome oxidase subunit | (COI) gene was amplified
for a representative subset of 86 individuals using the FishF1 (5'-244
TCAACCAACCACAAAGACATTGGCAC-3') and FishR1 (5'-
TAGACTTCTGGGTGGCCAAAGAATCA-3') primers (Ward et al. 2005) in a total volume of
20 ul with 0.2 ul of Dream Taq Polymerase (Thermo Fisher Scientific), 2 pl of Dream Taq
Buffer 10X (Thermo Fisher Scientific), 0.4 pl of each primer and 50 ng of total DNA using
the following profile: an initial denaturation step at 95°C for 3 min, 35 cycles of 30 sec
at 98°C, 30 sec at 54°C and 60 sec at 72°C, and a final extension of 72°C for 10 min.
Products were visualized on 1.7% agarose gels, purified with GE Healthcare lllustra
ExoProStar™ (ref. US77705) and Sanger sequenced. The newly generated 86 sequences
were edited using SeqTrace 0.9.0, submitted to Genbank (Accession numbers
MT037084-MT037149, MT037151-MT037170) and aligned with BioEdit (v7.2.5)
together with other publicly available representative COl sequences of albacore
(accession number KT074102) and ABFT (accession number DQ107585), including the

alalunga-like (accession number GQ414567) haplotypes (Table S2). Diagnostic positions

10
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between ABFT and albacore haplotypes were used to detect mitochondrial introgression

from albacore to ABFT samples.

RAD-seq library preparation, sequencing and read filtering

Restriction-site-associated DNA libraries of 519 ABFT individuals were prepared
following Etter et al. (2012) . Input DNA (ranging from 50 to 500 ng) was digested with
the Sbfl restriction enzyme and ligated to modified [llumina P1 adapters containing 5bp
unique barcodes. Pooled DNA of 32 individuals was sheared using the Covaris® M220
Focused-ultrasonicator™ Instrument (Life Technologies) and size selected to 300-500 pb
on agarose gel. After lllumina P2 adaptor ligation, each library was amplified using 14
PCR cycles. Each pool was paired-end sequenced (100 pb) on an lllumina HiSeq2000.
Demultiplexing, quality filtering (removing reads whose average Phred score is lower
than 20 and truncating them to 90 nucleotides to remove low-quality bases at the end)
and PCR duplicate removal were preformed using the process_radtags and clone_filter

modules of Stacks version 2.3e (Rochette et al. 2019).

RAD-tag assembly and SNP calling

Five RAD-seq derived catalogs (Figure S1; Table S3) were generated. Three of them
included ABFT individuals and were either de novo assembled (‘nuclear de novo’) or
mapped to the Pacific bluefin tuna nuclear (PBFT, Thunnus orientalis) (Suda et al. 2019)
or ABFT mitochondrial (accession number NC_014052) genomes (‘nuclear mapped’ and
‘mito’). The two others were mapped to the PBFT genome and included ABFT individuals
and 4 Southern bluefin tuna (Thunnus maccoyii), 4 albacore (Thunnus alalunga) and 5

PBFT individuals (Diaz-Arce et al. 2016) (‘nuclear mapped + others’) or only ABFT larvae

11
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and 4 albacore individuals (‘nuclear mapped + ALB’). Both reference-mapped and de
novo assembled catalogs were generated for testing possible bias introduced by the use
of the reference genome from a closely related species, which is less fragmented than
the one available for ABFT (Accession GCA_003231725). Three nuclear mapped catalogs
were generated including different groups of individuals to maximize the number of
informative markers included for each type of analysis. In order to avoid inclusion of kins
in the resulting datasets, which could bias some population structure results, a genetic
relatedness matrix using the GCTA toolbox (Yang et al. 2011) was generated using the
genotypes obtained from the ‘nuclear mapped’ catalog (generated as described below),
and only one individual (the one with the highest number of assembled RAD tags) of
each resulting pair with relatedness higher than 0.1 was included in subsequent
analyses. Reference-based assemblies were performed by mapping the quality-filtered
reads to the corresponding reference genome using the BWA-MEM algorithm (Li 2013),
converting the resulting SAM files to sorted and indexed BAM files using SAMTOOLS (Li
et al. 2009) and filtering the mapped reads to include only primary alignments and
correctly mate mapped reads. De novo assembly was performed using the ustacks,
cstacks, sstacks and tsv2bam modules of Stacks version 2.3e with a minimum coverage
depth of 3 reads per allele (this is, each of the two possible versions of one biallelic SNP
variant), a maximum of 2 nucleotide mismatches between two alleles at a same locus
and a maximum of 6 mismatches between loci (Rodriguez-Ezpeleta et al. 2019). For all
mapped and de novo catalogs, SNPs were called using information from paired-end
reads with the gstacks module of Stacks version 2.3e. For the ‘mito’ catalog only samples
with no missing data for the three diagnostic positions used for detecting introgression

were kept, and the heterozygous genotypes, considered to be related to sequencing or

12
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assembly errors, were removed. For the rest of the RAD catalogs, only samples with
more than 25,000 RAD loci and SNPs contained in RAD-loci present in at least 75% of the
ABFT (‘nuclear mapped’ and ‘de novo’) or in 75% of the individuals from each of the
species included (‘nuclear mapped + others’ and ‘nuclear mapped + ALB’) were kept and
exported into PLINK (Purcell et al. 2007) using the populations module of Stacks version
2.3e. Using only SNPs derived from read 1, increasing threshold values for minimum
genotyping rate for individuals and SNPs were applied to obtain a final genotype table
with a minimum genotyping rate of 0.95 and 0.85 per SNP and individual, respectively
(except for the ‘nuclear mapped + ALB’ catalog for which thresholds were 0.95 and 0.90,
respectively). SNPs were filtered using different minor allele frequency (MAF) thresholds
considering sample sizes of the different datasets to exclude from the analysis rare non-
informative variants that are susceptible to being derived from sequencing or assembly
errors. For the ‘nuclear mapped’ and ‘nuclear de novo’ catalogs, SNPs with a MAF < 0.05
were removed, for the ‘nuclear mapped + others’ catalog, SNPs with MAF < 0.05 in ABFT
and MAF < 0.25 in each of the other species were removed, and for the ‘nuclear mapped
+ ALB’ catalog, SNPs with a minimum allele count of two in ABFT and those variable
within albacore were removed. For all nuclear catalogs, SNPs failing Hardy Weinberg
equilibrium test at a p-value threshold of 0.05 in Mediterranean Sea larvae or Gulf of
Mexico larvae groups were removed. Resulting genotype tables including all SNPs or
only the first SNP per tag were converted to genepop, structure, PLINK, BayeScan,
immanc, VCF and treemix formats using populations or PGDSpider version 2.0.8.3
(Lischer and Excoffier 2011) . From the ‘mito’ catalog, genotypes for the three diagnostic
positions used for detecting introgression were extracted using PLINK (Purcell et al.

2007).

13
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Genetic diversity and population structure estimates

The following analyses were performed on the ‘nuclear mapped’ and ‘nuclear de novo’
datasets including only the first SNP per tag. Genome-wide average and per-SNP
pairwise Fsr values were calculated using GENEPOP (Raymond 1995) both including all
individuals or only larvae. Significance (p < 0.05) of Fs; values was estimated by
performing 10,000 permutations. Principal Component Analysis (PCA) was then
performed using the adegenet R package (Jombart and Ahmed 2011) to illustrate the
main axes of genetic variation among individuals. The number and nature of distinct
genetic clusters was investigated using the model based clustering method
implemented in ADMIXTURE (Alexander et al. 2009) assuming from 2 to 5 ancestral
populations (K) and setting 5000 bootstrap runs. A first ADMIXTURE run was launched
for each value of K to check the number of steps necessary to reach the default 0.001
likelihood value during the first run. This information was used to set the “-c” parameter
(steps to be fulfilled in each bootstrapped run) that would assure convergence for each
analysis (from 20 to 100 steps) for the bootstrapped runs. The value of K (ranging from
2 to 10) with lowest associated error value was identified using ADMIXTURE’s cross-
validation procedure. The convertf function from ADMIXTOOLS software (Patterson et
al. 2012) was used to convert from PLINK to eigenstrat format and the qp3Pop function
was used to calculate F3 statistic and Z-score associated values (Patterson et al. 2012),
testing for all possible admixture scenarios grouping separately samples from different

locations and age classes (Table S5) on the ‘'nuclear mapped’ catalog dataset.

Demographic History
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We used the unfolded three-dimensional joint Site Frequency Spectrum (3D-JSFS) to
infer the ABFT demographic history. The 3D-JSFS was constructed for Mediterranean
Sea, Slope Sea and Gulf of Mexico populations using the allele counts of biallelic variants
included in the VCF file obtained from the ‘nuclear mapped + ALB’ catalog, which
included 4 albacore samples for variant orientation. Derived allele counts were averaged
over all possible resampling of 20 genotypes within each of the three ABFT locations and
singletons were excluded. We performed historical demographic model comparison by
fitting separately 10 candidate models (Table S6) to the observed JSFS using a diffusion
approximation approach implemented in 6adi v1.7.0 (Gutenkunst et al. 2009) and an
optimization routine based on consecutive rounds of optimizations (Portik et al. 2017).
We adapted existing divergence models to include the three different possible
dichotomous branching of the three populations involving two splits, a simultaneous
split of the three populations from an ancestral populations and a scenario of split
between the Mediterranean Sea and Gulf of Mexico populations followed by an admixed
origin of the Slope Sea. We fitted each of these divergence scenarios with or without
allowing constant migration rates between populations from split to present. Ancestral
effective population size (N,), migration rates and time estimates scaled to theta (4Nau)
and the percentage of variable sites correctly oriented with respect to the ancestral
state were estimated for all models. Model selection was performed using the Akaike
information criterion and goodness-of-fit was assessed by generating 100 Poisson-
simulated SFS from the model SFS, fitting the model to each simulated SFS, and using
the log-likelihood and log-transformed chi-squared test statistic to generate a
distribution of simulated data values against which the empirical values can be

compared (Portik et al. 2017).
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Loci under selection

Loci potentially influenced by selection were screened from the ‘nuclear mapped’
catalog considering all SNPs using two approaches. The reversible jump Markov chain
Monte Carlo approach implemented in BAYESCAN 2.1 (Foll and Gaggiotti 2008) was
applied by grouping samples per location, setting default parameters of 50000 burn-in
steps, 5000 iterations, 10 thinning interval size and 20 pilot runs of size 5000. Candidate
loci under selection with a posterior probability higher than 0.76 (considered as strong
according to the Jeffery’s interpretation in the software manual) and a false discovery
rate (FDR) lower than 0.05 were selected. We then used the multivariate analysis
method implemented in the pcadapt R package, which does not require a prior grouping
of the samples, following Luu et al. (2017) recommendations and selected outlier SNPs
following the Benjamini-Hochberg procedure. Pairwise linkage disequilibrium between
all filtered SNPs obtained from those scaffolds which contained candidate SNPs under
selection was measured using the R package LDheatmap. PCAs were performed using
the adegenet R package (Jombart and Ahmed 2011) based on outlier SNPs, and variants
obtained from one genomic region found to be under high linkage disequilibrium
(scaffolds BKCKO1000075 (partially) and BKCK01000111) from the ‘nuclear mapped’ and
the ‘nuclear mapped + others’ catalogs. Individual heterozygosity values based on SNPs
within this region from the ‘nuclear mapped’ were calculated using PLINK (Purcell et al.

2007).

Tests for nuclear introgression
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Nuclear introgression from albacore to ABFT was tested by applying the statistical model
implemented in TreeMix (Pickrell and Pritchard 2012) and ABBA/BABA analyses
(Kulathinal et al. 2009, Green et al. 2010, Durand et al. 2011) on ‘nuclear mapped +
other’ dataset with only one SNP per tag. The latter test was also performed excluding
orincluding only those SNPs located within the genomic region found under high linkage
disequilibrium (scaffolds BKCK01000075 (partially) and BKCK01000111). TreeMix was
used to estimate historical relationships among populations and species by estimating
the maximum likelihood tree for a set of populations allowing historical gene flow
events. TreeMix was run allowing from 0 to 10 migration events, obtaining an increasing
number of possible gene flow events and associated likelihood values. We followed the
author’s recommendations (Pickrell and Pritchard 2012) to select the most probable
number of migration events as that showing best associated likelihood values after
stopping adding additional migration events so that the results remained interpretable.
The ABBA/BABA test, which measures the excess of derived alleles shared between a
candidate donor species and one of two tested groups (in this case, one ABFT group)
compared with the other group taken as a reference (a different ABFT group), was
performed on the allele frequencies of the derived allele in albacore and ABFT locations,
based on the ancestral state defined by the Southern bluefin tuna taken as an outgroup.
Patterson’s D statistic was calculated for all possible combinations of target and
reference groups of ABFT, always considering albacore as the candidate donor species.
Additionally, inter-species absolute divergence (dxy) between Mediterranean ABFT
larvae and albacore individuals was estimated at each polymorphic position from the

‘nuclear mapped + other’ catalog. PCAs were performed using the adegenet R package
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364 (Jombart and Ahmed 2011) based on all filtered SNPs and only those SNPs from the
365 region under high linkage disequilibrium from the ‘nuclear mapped + others’ catalog.
366

367 Results

368

369  Genetic differentiation between Atlantic bluefin tuna spawning components

370 We studied the population genetic structure and connectivity of Atlantic bluefin tuna
371 using a genome-wide single nucleotide polymorphisms (SNP) dataset. Our study
372  includes reference samples (i.e., larvae and YoY ABFT captured at or close to where they
373  were hatched and adults caught on the spawning grounds during the spawning season)
374  from the Gulf of Mexico and Mediterranean Sea, and from a more recently discovered
375  spawning ground in the Slope Sea used by ABFT of unknown origin (Figure 1A, Table S1).
376  Significant genetic differentiation between samples from these three spawning grounds
377 was revealed by both an unsupervised clustering analysis of genetic ancestry
378 (ADMIXTURE) (Figures 1B and S2A) and a principal component analysis (PCA) (Figure 1C
379  and S2B), with significant pairwise genetic differentiation (Fs7) between reference larvae
380 from different spawning grounds ranging from 0.0007 to 0.003 (Table S4). This
381 contemporary genetic structure was associated with a mixture of two genetic ancestries
382  (Figure S3), hereafter called GOM-like, predominant in the Gulf of Mexico (average
383  GOM-like proportion across Gulf of Mexico individuals was 0.81 SD + 0.22), and MED-
384 like, predominant in the Mediterranean Sea (average MED-like proportion across
385  Mediterranean individuals was 0.82 SD + 0.11). Compared to the Gulf of Mexico and the
386 Mediterranean Sea, the Slope Sea showed a large variance in individual ancestries

387 ranging from GOM-like to MED-like, with a high proportion of admixed ancestries
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(average GOM-like proportion across Slope Sea individuals was 0.68 SD + 0.22) (Figure
1D). This supports the Slope Sea as a mixed spawning ground where genetic admixture
occurs. Additionally, whereas all Mediterranean individuals had a homogeneous MED-
like genetic origin, ancestry profiles of Gulf of Mexico individuals were more variable,
including 15 adults (out of 156) (Table S1) with a clear MED-like genetic profile (average
GOM-like proportion across Gulf of Mexico individuals excluding 15 MED-like was 0.86
SD £ 0.14) (Figure 1D, C). Otolith microchemistry composition available for 6 of these 15
MED-like adults is compatible with Mediterranean Sea origin (Figure S4). In agreement
with these results, admixture tests (F3 statistics) showed that the Slope Sea component
is the result of admixture between the two other components (Figure 1E, S5 and Table
S5). No admixture was found in the Mediterranean Sea, neither in larvae from the Gulf

of Mexico. In contrast, admixture was detected in adult samples from the Gulf of Mexico

(Figure 1E). Demographic history inferences (3adi) (Figures 1F, S6 and Table S6)

supported that the Slope Sea and the Gulf of Mexico spawning components share a
recent common ancestry, and that there is strong contemporary migration from the
Mediterranean Sea and the Gulf of Mexico towards the Slope Sea. Migration rates in all
other directions are much weaker, the strongest being the migration from the Slope Sea
back to the Gulf of Mexico, which is three times lower than in the opposite direction.
Overall, these results support a historical scenario of two ancestrally
differentiated populations that interbred in the Slope Sea and to a lesser extent in the
Gulf of Mexico. This later finding is supported by the presence of spawning capable MED-
like individuals in the Gulf of Mexico, including one female that had ovulated less than

48 hours prior to capture (Table S1). A high level of gene flow between GOM-like and
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MED-like ancestries, as evidenced by the detection of frequent admixture, could imply
either recent demographic changes (e.g. in migration rates or effective population
sizes), or the existence of mechanisms that maintain genetic differentiation through

time (e. g. cryptic barriers to gene flow or introgression from another source lineage).

Gene flow from Mediterranean Sea towards the Slope Sea revealed by interspecific
introgression

To understand why genetic differentiation is maintained despite presumable ongoing
gene flow, we studied the effect of interspecific introgression. Mitochondrial
introgression from albacore (Thunnus alalunga) into ABFT has been previously reported,
with all introgressed individuals detected so far found in the Mediterranean Sea and the
Slope Sea (Alvarado Bremer et al. 2005, Viias et al. 2011), but not in the Gulf of Mexico.
According to three diagnostic positions for mitochondrial ancestry (Table S2), we found
albacore origin introgressed mitochondria in individuals of all age classes in both the
Mediterranean Sea (4%) and the Slope Sea (6%), but also to a lower extent in Gulf of
Mexico adults (1%) (Figure 2A and Table S1). These results were confirmed at the nuclear
level by a tree-based analysis of population splits and admixture using allele frequency
data (TreeMix), which supported an introgression event from albacore into the
Mediterranean Sea ABFT (Figure 2A and S7). In accordance with this deviation from a
strict bifurcating evolutionary history, we also found an excess of derived allele sharing
between albacore and both the Slope Sea and the Mediterranean Sea with respect to
the Gulf of Mexico (ABBA/BABA test, Figure 2B). However, the contribution of albacore
introgression to genetic differentiation between Mediterranean Sea and Gulf of Mexico

ABFT populations appears to be limited at best (Figure S8) and therefore it could
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contribute but not explain the maintenance of genetic differentiation between MED-like
and GOM-like individuals.

Our results confirm the introgression of mitochondrial DNA and show for the
first-time traces of introgression at the nuclear level from albacore to the ABFT. The
gradient of albacore ancestry further suggests that this introgression occurred (or has
been more intense) in the Mediterranean Sea where the signal is strongest, and then
diffused towards the Slope Sea and, to a lesser extent the Gulf of Mexico through
multigenerational gene flow. These different introgression signal intensities from east
to west support gene flow between the Mediterranean Sea and Slope Sea spawning
components, which is in accordance with the admixed nature of Slope Sea individuals.
On the other hand, the differences in the introgression signal intensities also imply
reduced gene flow from the Mediterranean Sea to the Gulf of Mexico, which contrasts
with the frequency of MED-like spawners observed in the Gulf of Mexico. This, together
with the fact that introgression is not the main contributor to genetic differentiation
between spawning components, strongly suggests that other mechanisms, such as local
adaptation, maintain genetic differentiation in the presence of gene flow, or that

migration towards the Gulf of Mexico has increased recently.

Observed genetic differentiation between Atlantic bluefin tuna spawning components
cannot be attributed to local adaptation acting on few loci of large effect

To better understand the evolutionary processes behind genetic differentiation in ABFT,
we separately studied genetic diversity at neutral (i.e. those that are mostly influenced
by genetic drift and migration) and outlier SNPs markers (i.e. those that are potentially

under selection or in tight linkage with selected loci). Removing the 123 identified outlier
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markers did not change the overall population structure pattern nor differentiation
values (Figure S9), suggesting that observed genetic differentiation cannot be explained
by local adaptation only. On the other hand, analyses based on the 123 markers
identified as potentially under selection provided higher genetic differentiation values
among spawning grounds (Figure S9) but revealed three groups of samples that do not
correspond to the overall population structure (Figure 3A and S10) and that are neither
related to laboratory nor phenotypic sex effects (Figure S11). The 20% of the SNP
markers that contribute the most to this grouping are located within the same region of
the genome (mapping on two scaffolds spanning 2.63 Mb region of the PBFT reference
genome) (Table S7) and show strong pairwise linkage disequilibrium (LD) across the
whole region (meaning that variant versions of SNP pairs are non-randomly associated
and the same combination is often found among individuals haplotypes) (Figure 3B). The
SNPs located within this high-LD region support a three-grouping pattern (Figure S12),
with the intermediate group of individuals in the PCA presenting increased
heterozygosity values (Figure 3C). This suggests the existence of two main haplotypes
(unique allelic combinations across multiple SNPs) in this region combined into three
possible genotypes (e.g. AA, AB, BB), which shows characteristics typical of a
chromosomal inversion. These two haplotypes, presumably the inverted and collinear
versions, are present at different frequencies among spawning grounds, the rarest
found to be homozygous only in the Mediterranean Sea, where it is more frequent, and
the alternative being more abundant in the Gulf of Mexico and Slope Sea (Figure 3D). A
PCA based on genetic markers from this genomic region including other Thunnus species
(Figure 4A) showed that homozygous individuals for the most abundant haplotype group

associated with the PBFT, whereas those homozygous for the rarest variant were close
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to albacore. By contrast, the PCA based on the genome-wide SNP dataset showed the
expected grouping pattern reflecting species membership, where PBFT and ABFT cluster
together and were separated from albacore and Southern bluefin tunas (Figure S13).
Test for deviation from a strict bifurcating evolutionary history (ABBA/BABA) showed a
much more pronounced signal of introgression from albacore into the Mediterranean
and Slope Sea spawning ground samples in the high-LD region (Figure 4B) than when
considering the overall genome (Figure 2B). Yet, this pattern remained when removing
all SNPs from the high-LD region (Figure S14), indicating that the signal of introgression
is present genome-wide.

These results suggest that the genetic differentiation observed between ABFT
from different spawning grounds is maintained despite gene flow between the
Mediterranean Sea and the Slope Sea and cannot be explained by local adaptation acting
on a few loci of large effect. Additionally, a large genomic region of albacore ancestry,
introgressed into the ABFT genome in the Mediterranean Sea, has retained high LD while
expanding towards the western Atlantic, following the previously detected genome-
wide signal of albacore ancestry. Altogether, our results point towards a situation where
the two ancestral genetic components of ABFT (Western Atlantic and Mediterranean)
have initially diverged in isolation, independently experiencing genetic drift combined
with introgression of genetic material from albacore in the Mediterranean Sea. More
recently, homogenization between western Atlantic and Mediterranean components
could have been initiated by the intensification of gene flow, without completely

eroding existing genetic differentiation.
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Discussion

Our results, based on a comprehensive ABFT genome-wide SNPs dataset (including
larvae from the Slope Sea and spawning adults for the Mediterranean Sea and the Gulf
of Mexico), confirmed that current ABFT populations originated from two ancestral
populations as previously hypothesized (Rodriguez-Ezpeleta et al. 2019). Yet, they also
revealed interbreeding in the Slope Sea and an eastern-western unidirectional gene flow
that challenges the assumption of two isolated spawning areas. Moreover, the
identification of previously unreported inter-specific introgressed regions in the ABFT
nuclear genome and potentially adaptive markers within a newly discovered putative
chromosomal inversion provided evidence to suggest that there have been recent
changes in ABFT connectivity which holds significant implications for the conservation

of the species.

Strong admixture in the Slope Sea as the result of a potential source-sink dynamic
The observed heterogeneously admixed genetic profiles of Slope Sea larvae and YoY
ABFT support recurrent interbreeding between migrants from the Gulf of Mexico and
the Mediterranean Sea in the Slope Sea, which contributes to the admixed genetic
background of this spawning area. This observation is compatible with tagging data,
which shows adult individuals that enter the Gulf of Mexico or the Mediterranean Sea
also visit the Slope Sea spawning area (Block et al. 2005, Aalto et al. 2023). Otolith
microchemistry data provides evidence of individuals with Mediterranean Sea and Gulf
of Mexico origin compatible profiles in this area (Siskey et al. 2016).

Our analyses support that the Slope Sea component originated from the Gulf of

Mexico population, and that mixing with the Mediterranean population started later.
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Thus, even if evidence of spawning activity in the Slope Sea dates back to the 1950s
(Baglin 1976, Mather et al. 1995) and could have started much earlier, it is most likely
that the now observed genetic differentiation of the Slope Sea is due to an increase in
the immigration rates from the Mediterranean component towards the Slope Sea. In
fact, heterogeneous genetic profiles of individual ABFT from the Slope Sea indicate a
diverse genetic composition of spawners, a situation at odds with the scenario of an
exclusively self-sustained population at equilibrium. Moreover, previous studies using
otoliths have reported highly variable proportions of Mediterranean origin individuals
in the western Atlantic across the last five decades (Secor et al. 2015, Siskey et al. 2016,
Rooker et al. 2019, Kerr et al. 2020) and Puncher et al. (2022) detected that the
proportion of individuals genetically assigned to Mediterranean origin increased over
the past two decades at some northwestern Atlantic areas, particularly among
individuals younger than 15 years, which is compatible with dynamically changing
migratory trends.

Demographic connectivity is of major importance for fisheries management, as
it directly affects productivity and a stocks recruitment. Despite the limited knowledge
about the spawning dynamics in the Slope Sea, our data suggest asymmetrical genetic
connectivity towards the Slope Sea, possibly acting as a sink spawning area which is
receiving rather than exporting individuals, although its admixed nature could hamper
the detection of gene flow from the Slope Sea towards the Mediterranean Sea and the
Gulf of Mexico. This highlights the importance of understanding the demographic
interdependence of the Slope Sea with the other components, especially in view of
recent studies proposing the Slope Sea as a major spawning ground (Hernandez et al.

2022). One important knowledge gap is thus the understanding of Slope Sea born
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individuals’ life cycle. The currently observed genetic profiles are compatible with Slope
Sea born individuals showing i) Slope Sea spawning-site fidelity, ii) limited spawning, iii)
spawning in the Gulf of Mexico and iv) MED-like individuals born in the Slope Sea
spawning in the Mediterranean Sea. Unfortunately, weak genetic differentiation, typical
in marine fishes with large population sizes, together with the presence of intermediate
and heterogeneous (and presumably temporally variable in proportions) genetic profiles
hamper the clear identification of Slope Sea born individuals based solely on genetic
markers. Thus, we suggest that exploration of the dynamics of these individuals may
require the use of integrated methods, such as the combination of genetic markers with
otolith microchemistry (Brophy et al. 2020). The capability of identifying Slope Sea born
individuals and monitoring their presence across the ABFT distribution range, together
with anincrease in larval sampling efforts in this spawning area, would allow us to obtain
and analyze temporal samples to understand their life cycle and estimate admixture

rates in the Slope Sea across generations.

Evidence of presence of Mediterranean origin fish in the Gulf of Mexico could suggest
recent changes in Atlantic bluefin tuna connectivity patterns

Overall, our results support a historical split between the western Atlantic and
Mediterranean spawning grounds followed by a subsequent split between the Gulf of
Mexico and Slope Sea and trans-Atlantic unidirectional gene flow from the
Mediterranean into western Atlantic spawning grounds. While admixture in the Slope
Sea is reflected in the larval and juvenile individual genetic profiles, larvae captured in
the Gulf of Mexico were pure GOM-like. Previous work suggested weak input of

Mediterranean alleles in the larvae collected from the western Gulf of Mexico in the
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year 2014 (Johnstone et al. 2021). However, we have not detected evidence of such
genetic connectivity in larval samples from the western and eastern sides of the Gulf of
Mexico collected before this date (from years 2007 to 2010) despite using thousands of
SNP genetic markers. Nevertheless, the number of larvae collected in the Gulf of Mexico
with individual genetic profile available for this study remains limited (n=27) and the
presence of MED-like spawning adults suggests potential genetic connectivity between
the Mediterranean Sea and the Gulf of Mexico. Given that Slope Sea individuals’
ancestry proportions cover the range of MED-like individual genetic profiles, it would
also be possible that these MED-like individuals have their origin in the Slope Sea. The
detection of MED-like individuals in the Gulf of Mexico originating from the Slope Sea is
made likely due to its proximity.

Due to the heterogeneous profile of the Slope Sea, the observed proportion of MED-like
individuals in the Gulf of Mexico originated in the Slope Sea could only be explained by
a high number of Slope Sea MED-like individuals entering the Gulf of Mexico, unless
MED-like individuals originated in the Slope Sea under a scenario of even higher inflow
from the eastern Atlantic. Otolith microchemistry analyses revealed that genetically
MED-like individuals captured in the Gulf of Mexico showed an otolith isotopic
composition of oxygen (6'80) intermediate between the Gulf of Mexico and the
Mediterranean spawning areas, suggesting that these were probably not born in the
Gulf of Mexico. Interestingly, these intermediate values are consistent with the
proposed signature range of a potential third contingent, compatible with a Slope Sea
or Mediterranean origin of individuals showing early and/or more intense migratory
behavior (Brophy et al. 2020). These observations allow for different possible origins of

the MED-like individuals captured in the Gulf of Mexico. Additional observations of the
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genetic composition of adult ABFT spawning in the Slope Sea coupled with further
knowledge about the migratory behavior of Mediterranean ABFT would be needed to
assign the origin of these MED-like individuals more accurately.

Regardless of the origin of the MED-like individuals in the Gulf of Mexico, a few
dozen migrants exchanged per generation is theoretically sufficient to erase genetic
differentiation between populations (Waples 1998, Lowe and Allendorf 2010, Gagnaire
et al. 2015). The low Fs7 values reported in this study are common among marine fishes
with large population sizes, high dispersal rates and wide-ranging distributions (Hauser
and Carvalho 2008, da Fonseca et al. 2022, Fuentes-Pardo et al. 2022). While genetic
differentiation of ABFT between the Mediterranean Sea and the Gulf of Mexico could
persist despite admixed individuals in the Slope Sea, the number of migrants detected
in the Gulf of Mexico is theoretically expected to lead to genetic homogeneity between
eastern and western born ABFT and is thus not easily compatible with significant Fsr
values. Histological inspection confirmed the presence of at least one MED-like female
which had spawned less than 48 hours before capture in the Gulf of Mexico, suggesting
that MED-like individuals spawn in the Gulf of Mexico. One possible explanation for the
observed levels of genetic differentiation would be negative selection against
Mediterranean genes preventing successful gene flow. Hence, we have explored
different sources of genetic variation, which could help to explain the maintenance of
genetic differentiation between highly demographically connected populations. More
specifically, we have explored the effect of locally adaptive alleles, which could maintain
genetic differentiation in the presence of gene flow (Tigano and Friesen 2016) and inter-
specific introgression, which can trigger different evolutionary processes, such as the

input of adaptive alleles (Huerta-Sanchez et al. 2014) or the contribution to reproductive

28

Page 28 of 49



Page 29 of 49

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

Molecular Ecology

isolation (Duranton et al. 2020). However, we did not find evidence to confirm the
maintenance of genetic differentiation through either local adaptation or reproductive
isolation. These would lead to much higher levels of Fs; at loci involved in
incompatibilities and/or selection than the ones observed in this work. Besides,
genome-wide and homogeneously distributed genetic differentiation between
Mediterranean Sea and Gulf of Mexico reference individuals at neutral alleles reflects
that differentiation is not primarily driven by introgression or adaptation, but by the
effect of historical long-term isolation between Mediterranean and Atlantic populations,
as indicated by their inferred demographic history. Moreover, interbreeding in the Slope
Sea implies genetic compatibility between GOM-like and MED-like individuals, which
makes the barrier to gene flow hypothesis unlikely to explain the maintenance of genetic
differentiation. Another possibility is that selection undetected in this study impedes
incorporation of MED-like alleles in the Gulf of Mexico. On one hand, widespread
polygenic selection remains difficult to reject based on outlier detection tests as the
ones used here, as these are underpowered to detect weakly selected loci, although
genetic differences are unlikely maintained by weak polygenic selection in the presence
of gene flow. On the other hand, the use of reduced representation sequencing could
lead to missed localized selective sweeps. Analyses based on whole genome sequencing
data would allow one to detect adaptation signals missed in our study. Alternatively, we
propose that the currently observed ancestry patterns could be explained by recent
secondary contact following genetic divergence of both ancestral populations after long-
term isolation with reduced or no migration, and that the high observed migration rates,
in the absence of barriers to gene flow and if sustained over time, could ultimately lead

to genetic homogenization and the consequently the loss of genetic differentiation.
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Possible drivers and implications of changes in inter-spawning area connectivity

The observed levels of genetic differentiation, hardly compatible with the high level of
gene flow suggested by our results in constant equilibrium, suggest that connectivity
patterns between ABFT spawning grounds could be subjected to temporal changes and
that an increase in migration from the Mediterranean Sea towards the known western
Atlantic spawning areas could have a genetic homogenizing effect. Such a homogenizing
effect is expected to be correlated with migration rates and the effective population size
(Ne) of the recipient population (Lowe and Allendorf 2010, Gagnaire et al. 2015), which
in turn relates to the number of adult individuals among other factors (Waples 2022)
and would consequently be affected by fluctuations in the population’s abundance. The
abundance of ABFT stocks have undergone strong changes during the last ~60 years.
After both the western and the eastern Atlantic stocks reached a critical status, including
the collapse of several fisheries around the 1960-1970s (Fromentin 2009, Porch et al.
2019), the western Atlantic stock has not recovered as rapidly as the eastern Atlantic
stock (of Mediterranean origin), whose estimated abundance has been one order of
magnitude larger for several decades (ICCAT 2017), despite decades of conservation
efforts. This slow recovery could result from a regime shift over the last decades, due to
the combination of oceanographic changes in the equatorial Atlantic and overfishing
(Fromentin et al. 2014b) possibly affecting both migration rates and effective population
sizes. Fluctuations in the abundance and distribution of eastern Atlantic bluefin tuna
during the last century were largely explained by the Atlantic Multidecadal Oscillation
(AMO) (Faillettaz et al. 2019) and long-term trends in temperature (Ravier and

Fromentin 2004). Moreover, coinciding with the last negative AMO period starting in
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the 1960s, ABFT had disappeared from several North-East Atlantic areas where it is
reappearing during the current positive AMO phase starting in the mid-1990s (Horton
et al. 2020, Ngttestad et al. 2020, Aarestrup et al. 2022). Furthermore, increasing
catches of ABFT in Greenland waters show that the northern limit of ABFT distribution
was expanded northwards during the last decade by mostly individuals of
Mediterranean genetic origin (Jansen et al. 2021). Based on electronic tagging data, the
proportion of individuals of eastern origin present in the western Atlantic has also
increased during the last two decades (Aalto et al. 2021). Interestingly, AMO positive or
warm phases as well as current global warming involve an increase in habitat suitability
in most of these northern areas (Fromentin et al. 2014b, Faillettaz et al. 2019). In
summary, population size, distribution, and migratory behavior of ABFT has been
undergoing changes during the last decades, probably due to changes in environmental
conditions, fishing pressure, conservation efforts or combined effects of these. These
changes could explain migration intensification from the recently expanded eastern
stock towards the more slowly recovering western Atlantic stock. Our analyses support
that the recent short-term genetic effects of immigration on the variance in ancestries
are much stronger in the Slope Sea than in the Gulf of Mexico. This could be due to
behavioral preferences or favorable conditions which would make it easier for
Mediterranean individuals to reach and reproduce in the Slope Sea, or due to a smaller
effective population size compared to the Gulf of Mexico. The homogenizing effect of
this unidirectional migration would ultimately lead to the genetic swamping of the
GOM-like genetic component. It is thus possible that genetic differentiation is detected
in the existing samples because gene flow is relatively recent relative to mean

generation times estimated to average 9.6 years for the Western stock (Collette et al.
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699  2011), and that this genetic divergence will be attenuated across generations in the
700 future. While genetic connectivity does not necessarily equate with demographic
701  dependence, genetic erosion would not necessarily imply demographic decline either,
702  but could have more unpredictable demographic consequences.

703

704  Inter-specific gene introgression from albacore to Atlantic bluefin tuna

705  We detected for the first-time signatures of introgression from albacore tuna in the
706  nuclear genome of the ABFT, which contradicts a previous report (Ciezarek et al. 2018).
707 The most probable inter-lineage gene flow event estimated by the TreeMix analysis
708  happened between the albacore and the ABFT Mediterranean population. The presence
709  of mitochondrial introgression has also been reported in PBFT (Chow and Kishino 1995);
710  however, although we included very few PBFT samples, we did not find any sign of
711  nuclear introgression in this species. Considering that ABFT and PBFT evolved from a
712 recent common ancestor (Diaz-Arce et al. 2016) and that they show very little genetic
713 divergence, our results suggests that introgression between albacore tuna and ABFT
714  happened after the split between the ABFT and PBFT lineages. Thus, to explain the
715  presence of albacore-like mitochondrial genomes in PBFT we hypothesize either parallel
716  introgression events between albacore tuna and both ABFT and PBFT, or that
717  mitochondrial introgressed genomes present in PBFT have been introgressed through
718 genetic exchanges with the ABFT. Likewise, among ABFT individuals, the signal of
719  introgression from albacore is stronger in the Mediterranean and the Slope Sea and
720 nearly absent in the Gulf of Mexico. Thus, we conclude that introgression from albacore
721 most likely occurred in the Mediterranean ABFT population, where spawning areas for

722  ABFT and albacore overlap (Alemany et al. 2010), and was subsequently transmitted to
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the Slope Sea. Besides, the nearly complete absence of both nuclear and mitochondrial
introgression in Gulf of Mexico individuals suggests that introgression happened after
the split between MED-like and GOM-like ancestral lineages which is consistent with the
inferred scenario of historically restricted gene flow between east Atlantic and the Gulf
of Mexico spawning components. Overall, the east-west gradient of introgressed
albacore alleles confirms the inferred connectivity patterns presented in this study.

We identified a particular genomic region with characteristics typical of a
chromosomal inversion, such as high linkage disequilibrium and increased
heterozygosity values in samples occupying intermediate positions in a local PCA (Barth
et al. 2019, Puncher et al. 2019, Jiménez-Mena et al. 2020). Our analysis supports that,
as reported for other species (Jay et al. 2018), the origin of this inversion was introduced
into the ABFT genome as the result of a past introgression event from albacore tuna.
This region aggregates a high number of outlier genetic markers. However, high linkage-
disequilibrium could bias towards the detection of false positives within this region due
to the synergic signal of dozens of variants. We could not associate the presence of this
introgression nor chromosomal inversion with ecological or environmental factors; yet,
introgression represents an important source of genetic adaptive variation playing an
important role favoring speciation through processes such as introgression of favored
alleles (Arnold and Martin 2009, Hedrick 2013, Clarkson et al. 2014) or reproductive
isolation (Abbott et al. 2013, Duranton et al. 2020). Moreover, the literature abounds
with examples showing that chromosomal inversions are associated with local
adaptation in the presence of gene flow (Berg et al. 2016, Barth et al. 20173,
Wellenreuther and Bernatchez 2018, Huang et al. 2020, Le Moan et al. 2020, Mérot et

al. 2021, Thorstensen et al. 2022). Given that allele frequency differences between the
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Mediterranean and the Gulf of Mexico components are stronger in the candidate
chromosomal inversion than the mean genome-wide differentiation, ascertaining its
role in the ABFT adaptation could be of great relevance to understand the species
resilience to changes in environmental conditions (Muhling et al. 2011, Erauskin-

Extramiana et al. 2019).

Implications for Atlantic Bluefin tuna conservation and management

Conservation of ABFT is challenged by past and future fishing pressure (Fromentin et al.
20144, Secor et al. 2015), which has sharply increased over the last five years following
the rebuilding of the Mediterranean ABFT population (ICCAT 2023), and by changes in
environmental conditions (often interacting with fishing pressure), which have been
shown to alter population size and productivity, migratory behavior and spatial
distribution (Ravier and Fromentin 2004). From a conservation perspective,
hybridization between genetically differentiated lineages, in this case between GOM-
like and MED-like individuals, could increase each population’s genetic diversity, leading
to the incorporation of potentially adaptive genomic variation and reducing vulnerability
to environmental changes (Brauer et al. 2023). However, strong unidirectional gene flow
could provoke genetic swamping of the western Atlantic spawning areas jeopardizing
ABFT genetic diversity (Roberts et al. 2010). In this sense, large effective population
sizes, which could increase following a rebuilding of abundance at the different
spawning areas (Hoey et al. 2022) would counteract the homogenizing effect of genetic
drift. In the absence of accurate estimations of ABFT effective populations sizes (Puncher

et al. 2018), further genetic monitoring of temporal samples could help to understand
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potential ongoing trends in genetic diversity conservation (Hoban et al. 2014, Oosting et
al. 2019).

From a fisheries management perspective, the confirmation of ongoing
admixture in the Slope Sea challenges the paradigm of two isolated ABFT stocks.
However, large knowledge gaps related to the dynamics of Slope Sea individuals, the
magnitude of the Slope Sea spawning in terms of recruitment, and its demographic
connectivity with other components hinders explicit modelling of it as a distinct stock.
Nonetheless, the recently adopted management procedure (ICCAT 2023) does explicitly
consider spawning in the Slope Sea. Our study highlights the need for further monitoring
combining multidisciplinary data such as larval sampling, tagging, otolith microchemistry
signature and genetic origin to understand the Slope Sea population dynamics and the

relevance of this spawning area in demographic and evolutionary terms.
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Figure legends

Figure 1. Population structure and connectivity of Atlantic bluefin tuna. (a) Map showing capture
location and life stage of Atlantic bluefin tuna samples included in this study. Capture location
of adults from the Gulf of Mexico are enclosed within the purple rounded polygon to fulfil
confidentiality requirements. (b) Estimated individual ancestry proportions assuming two
ancestral populations. (c) Principal Component Analysis (PCA) of genetic variability among
Atlantic bluefin tuna samples, following colour codes identical to (b). (d) Density distribution of
individual MED-like ancestry proportions per spawning ground. (e) F3-statistics for each
combination of sources and target populations, where the Slope Sea and Mediterranean Sea
contain larvae and young of the year and larvae, young of the year and adults, respectively (see
detailed results in Table S4 and Figure S5). (f) Visual representation of the best-fit demographic
model, where arrow and branch widths are proportional to directional migration rates (m) and
effective population sizes (n) respectively, and where T represents the duration of population
splits. Estimated parameter values are given in units of 2nA, where nA is the effective size of the
ancestral population, related to the population-scaled mutation rate parameter of the ancestral
populations by 8=4nAyp.

Figure 2. Interspecific introgression between albacore and Atlantic bluefin tuna. (a) Phylogenetic
tree estimated by TreeMix based on nuclear data allowing one migration event (the arrow
indicates migration direction and rate). Numbers indicate the percentage of individuals (from
those included in the tree) showing the introgressed mitochondrial haplotype for each location
and age class (abbreviations as in Figure 1). On the upper right, zoom on the phylogenetic
relationships among Atlantic bluefin tuna groups. (b) D statistical values estimated from the
ABBA/BABA test used to detect introgression from albacore to different targets (rows) using
different references (colours). The higher the value, the more introgressed is the target group
respect to the reference.

Figure 3. Outlier markers in Atlantic bluefin tuna cluster within one 2.63Mb genomic regions
showing high long-distance linkage disequilibrium. (a) PCA performed using the 123 outlier SNPs
showing the three-cluster grouping (shades of blue) where shapes and colours of samples are
those indicated in Figure 1. (b) SNP pairwise linkage disequilibrium plot among the 110 SNPs
found within a high linkage region covering scaffolds BKCK01000075 (partially) and
BKCK01000111 of the reference genome where most of the SNPs contributing to PC1 from (a)
are located. (c) Boxplot showing heterozygosity values (y axis) at the three sample groups shown
in (a), represented by the same blue colour code, and based on the 110 SNPs within the genomic
region shown in (b). (d) Proportion of samples from each location and age class assigned to each
of the three groups shown in (c).

Figure 4. Evolutionary origin of Atlantic bluefin tuna variation within the region of high-linkage
disequilibrium. (a) Principal component analysis (PCA) including other Thunnus species (albacore
in blue, Southern bluefin tuna in green and Pacific bluefin tuna in yellow) performed using 156
genetic variants located within the genomic region under high linkage disequilibrium, hosting a
candidate structural variant (b) Estimated D values from an ABBA/BABA test based on variants
located within the genomic region of high-linkage disequilibrium, using Southern bluefin tuna as
an outgroup, albacore as a donor species and all different groups of Atlantic bluefin tuna as
alternative targets ordered along the y-axis.
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Figure 1. Population structure and connectivity of Atlantic bluefin tuna. (a) Map showing capture location
and life stage of Atlantic bluefin tuna samples included in this study. Capture location of adults from the Gulf
of Mexico are enclosed within the purple rounded polygon to fulfil confidentiality requirements. (b) Estimated
individual ancestry proportions assuming two ancestral populations. (c) Principal Component Analysis (PCA)
of genetic variability among Atlantic bluefin tuna samples, following colour codes identical to (b). (d) Density

distribution of individual MED-like ancestry proportions per spawning ground. (e) F3-statistics for each
combination of sources and target populations, where the Slope Sea and Mediterranean Sea contain larvae
and young of the year and larvae, young of the year and adults, respectively (see detailed results in Table

S4 and Figure S5). (f) Visual representation of the best-fit demographic model, where arrow and branch
widths are proportional to directional migration rates (m) and effective population sizes (n) respectively, and

where T represents the duration of population splits. Estimated parameter values are given in units of 2nA,
where nA is the effective size of the ancestral population, related to the population-scaled mutation rate
parameter of the ancestral populations by 6=4nAp.

170x175mm (300 x 300 DPI)



Page 47 of 49

Figure 2. Interspecific introgression between albacore and Atlantic bluefin tuna. (a) Phylogenetic tree
estimated by TreeMix based on nuclear data allowing one migration event (the arrow indicates migration
direction and rate). Numbers indicate the percentage of individuals (from those included in the tree)
showing the introgressed mitochondrial haplotype for each location and age class (abbreviations as in Figure
1). On the upper right, zoom on the phylogenetic relationships among Atlantic bluefin tuna groups. (b) D
statistical values estimated from the ABBA/BABA test used to detect introgression from albacore to different
targets (rows) using different references (colors). The higher the value, the more introgressed is the target
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Figure 3. Outlier markers in Atlantic bluefin tuna cluster within one 2.63Mb genomic regions showing high
long-distance linkage disequilibrium. (a) PCA performed using the 123 outlier SNPs showing the three-
cluster grouping (shades of blue) where shapes and colors of samples are those indicated in Figure 1. (b)
SNP pairwise linkage disequilibrium plot among the 110 SNPs found within a high linkage region covering
scaffolds BKCK01000075 (partially) and BKCK01000111 of the reference genome where most of the SNPs
contributing to PC1 from (a) are located. (c) Boxplot showing heterozygosity values (y axis) at the three
sample groups shown in (a), represented by the same blue color code, and based on the 110 SNPs within
the genomic region shown in (b). (d) Proportion of samples from each location and age class assigned to
each of the three groups shown in (c).
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Figure 4. Evolutionary origin of Atlantic bluefin tuna variation within the region of high-linkage
disequilibrium. (a) Principal component analysis (PCA) including other Thunnus species (albacore in blue,
Southern bluefin tuna in green and Pacific bluefin tuna in yellow) performed using 156 genetic variants
located within the genomic region under high linkage disequilibrium, hosting a candidate structural variant
(b) Estimated D values from an ABBA/BABA test based on variants located within the genomic region of
high-linkage disequilibrium, using Southern bluefin tuna as an outgroup, albacore as a donor species and all
different groups of Atlantic bluefin tuna as alternative targets ordered along the y-axis.
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