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ABSTRACT

Marine fisheries management models have traditionally considered biological parameters and geopolit-
ical boundaries. The result is the existence of fisheries management units that do not match genetic
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populations. However, this panorama is changing with the contribution of genetic and genomic data.

Pagellus bogaraveo is a commercially important sparid in the northeast Atlantic, with three stock com-
ponents being considered by ICES: the Celtic Sea and Bay of Biscay, Atlantic Iberian waters and the
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Azores. The northern stock collapsed (1975-1985) and is essential to characterize the genetic makeup
of the species, particularly in the Iberian Peninsula, where it is managed as a single stock. The mito-
chondrial control region was used to screen the intraspecific diversity and population structure of indi-
viduals from six locations across the species range. The genetic diversity found is similar among sites,
and there is differentiation between the Azores and the remaining locations.

Introduction

The assessment of the exploitation status of marine resources
requires information on various aspects of their populations,
such as structure, spatial and temporal dynamics, as well as
aspects of their biology, namely growth and reproduction.
Marine fisheries management models have traditionally taken
into account biological parameters such as weight and
length, larvae abundance, fishing mortality, recruitment,
spawning stock biomass and landings, through a scientific
process that also involved political considerations, such as
boundaries. The result is the existence of fisheries manage-
ment units that do not match the distribution of biological
(in the genetic sense) natural populations (Kerr et al. 2016).
However, the panorama is changing with the ever-increasing
genetic and genomic data contributing to the identification
of natural populations (Benestan et al. 2016; Kerr et al. 2016;
Benestan 2019; Hohenlohe et al. 2020) and the detection of
connectivity patterns in species showing low levels of popu-
lation structuring (Kelley et al. 2016; Zang et al. 2020).
Despite the increasing number of studies of genomics in
stock determination (Pecoraro et al. 2018; Schulze et al. 2020)
mitochondrial DNA keeps being used as a genetic tool
mainly due to its molecular characteristics. MtDNA is a small
(around 16,000 bp in fishes) maternally inherited circular DNA
molecule contained in large quantities inside the mitochon-
dria, and it is relatively stable in terms of gene content.
Mitochondrial DNA accumulates differences faster due to a

high mutation rate and smaller effective population size (Ne)
comparatively to nuclear DNA, making mitochondrial markers
excellent for differentiating divergent species or populations.
Nevertheless, within the mtDNA molecule, genes evolve at
different rates, with slowly evolving genes (like cytochrome
oxidase I, COl) being used for comparisons at the species
(e.g. barcoding, allowing for species identification, either in
whole species or fish products) and intraspecific level, prov-
ing its value as a stock assessment tool (Ovenden 1990;
Antoniou and Magoulas 2014).

The blackspot seabream (Pagellus bogaraveo Brinnich
1768) is a common benthopelagic sparid in the northeast
Atlantic, ranging between 150 and 700m deep, from Norway
to Mauritania, Madeira, Canaries, and the western
Mediterranean (Froese and Pauly 2019). It is a high-value
commercially important species across its distribution area,
with three stock components being considered by the
International Council for the Exploitation of the Sea (ICES): a)
Subareas 6, 7, and 8 (Celtic Seas and the Bay of Biscay); b)
Subarea 9 (Atlantic Iberian waters); and ¢) Subarea 10 (Azores
region) (ICES 1996). In the northern component (ICES
Subareas 6-8), the stock collapsed during the period
1975-1985 in the Bay of Biscay (Lorance 2011). With the
establishment of Total Allowable Catches (TAC) in 2003, the
fishery was restrained, resulting in a steep decline in catches
(currently 1% of the historical TAC level) but the recovery of
the stock will be slow due to the slow growth and late
maturity of the species (ICES 2020). This situation led ICES to
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repeatedly recommend, since 2016, a precautionary approach
with zero catch advice along with the establishment of a
recovery plan (ICES 2016, 2018, 2020). Presently, no directed
fisheries are permitted in that area. Hence all catches are
bycatches according to EU Regulations (ICES 2020).

In the southern component of the fishery, landings origin-
ate from Portuguese vessels that only target this species sea-
sonally in the mainland coasts, and from the Spanish target
fishery that operates in the Strait of Gibraltar (the ‘voracera’),
corresponding to 35% and 65% landings in ICES Subarea 9,
respectively (ICES 2020). The ‘voracera’ fishing grounds
encompass areas under management or advice from different
Regional Organizations/Commissions, namely, ICES, the
General Fisheries Commission for the Mediterranean (GFCM),
and the Fishery Committee for the Eastern Central Atlantic
(CECAF). Still, the EU TAC only applies to ICES Subarea 9.
However, there is a clear declining trend in landings and in
Catch Per Unit Effort (CPUE) levels from the target fishery in
the Strait of Gibraltar, which might be consistent with an
overexploited population, a different observed trend in CPUE
for a reference fleet operating in mainland Portugal
(ICES 2020).

In the Azores, the species is targeted by a demersal multi-
species and multi-gear fishery (ICES 2020). Here, landings
were at their highest between the 1990s and 2010 (fluctuat-
ing around 1000 t) and decreased significantly onwards (600
t) due to the introduction of the TAC. Currently, the fishery is
still highly constrained by management measures.

Before establishing a recovery plan for P. bogaraveo, it is
essential to adequately characterize it particularly addressing
the putative population structure where the species is glo-
bally considered and managed as a single stock (ICES
Subarea 9: south of the Iberian Peninsula, adjacent to the
Mediterranean and North Africa). The differences reported
between the Portuguese CPUE and that observed for the
Strait of Gibraltar further supports the need to reassess the
population structure of the species within the area
(ICES 2020).

Since the beginning of this century, several cruises have
marked individuals in the waters of the Strait of Gibraltar,
which have revealed an absence of significant migrations for
this species (Gil et al. 2018; ICES 2018). In parallel investiga-
tions, Portuguese researchers have observed evidence of het-
erogeneity in the distribution of this species, which appears
to prefer aggregating in specific locations (Farias et al. 2018).
These authors reported an uneven distribution in-depth and
latitude, with individuals sampled in southern Portugal pre-
ferring habitats between 200 and 400m and those in the
north up to 100m (Farias et al. 2018). This difference in
depth, associated with gregarious characteristics and low
migration, may promote the existence of population differen-
tiation in areas without apparent barriers to spe-
cies dispersion.

The characterization of genetic diversity of blackspot seab-
ream and the corresponding population structure has been
the subject of a small number of studies using few sampling
locations to compare larger areas, i.e. the Atlantic and the
Mediterranean. Published studies involved mitochondrial
DNA and microsatellites, and in general did not reveal

population structure among Atlantic and Mediterranean loca-
tions, except for the Azores (Bargelloni et al. 2003; Stockley
et al. 2005; Pinera et al. 2007). Nevertheless, the division of
the species distribution area into three components (Azores,
Iberian Peninsula, and the Mediterranean) has been sup-
ported by morphometric measurements (Palma and Andrade
2004) and parasitology (Hermida et al. 2013).

Considering that the studies developed to this date did
not include sampling locations considered representative of
the distribution of the species, this is the most geographically
comprehensive genetic study on the blackspot sea bream
done so far and it aims to unravel the population structure
of the species, contributing to its management.

Methods
Sampling

Collection of P. bogaraveo specimens (N=127) covered six
locations across the species distributional range in the
Northeast Atlantic and the Mediterranean (Figure 1(A) and
Table 1): Azores (Azo - Faial; Portugal), France (FRA - lle-de-
Sein), Cantabria (CAN - San Vicente de la Barquera, Luarca;
Spain), Peniche (PEN - Portugal), Cadiz (CAD; Spain) and
Mediterranean (MED - Malaga, Almeria; Spain). Fin clips were
preserved in 96% ethanol until DNA extraction. The authors
contacted colleagues and fishermen to find specimens in the
extreme north and south of the species distribution area, but
the species is absent or very rare. No additional sequences
were retrieved from Genbank because only haplotypes with
no associated frequencies were available (and sometimes
only the most common is deposited) and/or the sequences
were not geo-referenced.

DNA extraction, amplification, and sequencing

Total genomic DNA was extracted with the REDExtract-N-
Amp Kit (Sigma-Aldrich) following the manufacturer’s instruc-
tions. The mitochondrial control region (CR) was amplified, in
a Bio-Rad Mycycler thermal cycler, using L-prol (5-
ACTCTCACCCCTAGCTCCCAAAG-3') and H-DL1 (5'-
CCTGAAGTAGGAACCAGATGCCAG-3') (Ostellari et al. 1996).
The PCR protocol was performed in a 20 pul total reaction vol-
ume with 10ul of REDExtract-N-ampl PCR mix (Sigma-
Aldrich), 0.8 ul of each primer (10 uM), 4.4 ul of Sigma water
and 4ul of template DNA, using the following PCR condi-
tions: initial denaturation at 94°C for 7/, followed by 35/30
cycles (denaturation at 94°C for 30”, annealing at 55°C for
30”, and extension at 72°C for 1) and a final extension at
72°C for 7'. The same primers were used for the sequencing
reactions. PCR products were purified and sequenced in
STABVIDA (http://www.stabvida.net/).

Chromatograms were edited with Codon Code Aligner
(Codon Code Corporation, http://www.codoncode.com/index.
htm), and sequences were aligned with Clustal X 2.1 (Larkin
et al. 2007). All sequences were deposited in GenBank
(Accession numbers MW251181 — MW251307).



Genetic analyses

PopART software (Leigh and Bryant 2015) was used to build
a TCS haplotype network (Clement et al. 2000) based on the
statistical parsimony algorithm of Templeton et al. (1992).
The ARLEQUIN software package v3.5.1 (Excoffier and Lischer
2010) was used to estimate standard descriptive measures of
genetic diversity, including the number of haplotypes and
private haplotypes, haplotype diversity h (Nei 1987) and
nucleotide diversity m (Nei 1987). To assess population struc-
ture, the same software was used to perform analyses of
molecular variance (AMOVA) (Excoffier et al. 1992) and com-
pute pairwise Fsr estimates. The correlation between geo-
graphic distance and Fsr was calculated with the Mantel test
(Mantel 1967; Smouse et al. 1986), using 10,000 permutations
and geographic distances estimated with Geographic
Distance Matrix Generator v.1.2.3 (Ersts 2020).

Results

The final alignment contained 428 bp in length. The 127 indi-
viduals analysed were grouped into 38 distinct haplotypes,
12 (32%) of which were shared between sampling sites. The
resulting network reveals a central high-frequency haplotype,
which is shared by individuals from all locations (Figure 1(B)).
The haplotype network has a star shape and does not show
any association with the geographic origin of the samples.

The genetic diversity found is similar for the six sampling
sites (Table 1). The percentage of haplotypes shared with
other locations was higher for Cantabria and Peniche, with
the latter being distinguished by another parameter at the
level of mutations, the number of insertions/deletions
(indels). The Mediterranean and Azores were the locations
with the lowest percentage of shared haplotypes, with the
Azores still presenting a smaller number of mutations (only
six transitions).
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Concerning the analysis between populations, a significant
population structure was found for the entire sample area
(AMOVA: Fst = 0.052, p <0.001). The genetic structure found
is attributed to the individuals from the Azores, which
showed significant differences with the remaining five sites
(Table 2). The Mantel test did not support a significant correl-
ation between the geographical distance and Fsr (r=0.702,
p=0.112), thus ruling out the hypothesis of isolation-by-dis-
tance for the blackspot seabream.

Discussion

The lack of high-resolution genetic data for P. bogaraveo and
other commercial species is not the only obstacle to the esti-
mation of the population structure of the species. The fact
that different studies have used different markers also makes
it impossible to compare published sequences directly.
Another challenge that arises is that some studies do not
make available online all the sequences (or do not reveal the
geographic origin of the sample) so that the meta-analysis of
published data becomes impossible (Stockley et al. 2005).
Therefore, although providing only mitochondrial data, this is
the most geographically comprehensive genetic study on the
blackspot sea bream.

Table 1. Sample locations, sizes and summary statistics for the mitochondrial
control region of Pagellus bogaraveo.

Location Code N Ny %p,H h b

Azores AZO 20 7 43% 0.805 0.003
France FRA 21 1 55% 0.781 0.004
Cantabria CAN 22 7 71% 0.779 0.004
Peniche PEN 25 10 70% 0.771 0.005
Cadiz CAD 23 14 57% 0.813 0.005
Mediterranean Med 16 10 40% 0.825 0.006

N: number of gene copies; ny: number of haplotypes; %54 percentage of pri-
vate haplotypes; h: haplotype diversity; m: nucleotide diversity.
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Figure 1. (A) Sampling sites across the distributional range of Pagellus bogaraveo in the Northeastern Atlantic and the Mediterranean. Location codes in Table 1. (B)
Haplotype network for the mitochondrial control region of Pagellus bogaraveo. Colours refer to sampling locations. The area of the circles is proportional to each
haplotype frequency. In the case where haplotypes are shared among sampling locations, shading is proportional to the frequency of the haplotype in each sam-

pling location.
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Table 2. Population analysis (pairwise difference) of the Fsr fixation index for
the fragment of the control region of Pagellus bogaraveo mitochondria.

Azores France Cantabria Peniche Cadiz Mediterranean
Azores 0.000
France 0.146*  0.000
Cantabria 0.162*  0.015  0.000
Peniche 0.151* —0.018  0.041 0.000
Cadiz 0.128% —0.023  0.016 —0.014  0.000
Mediterranean 0.119* —0.014  0.047 —0.019 -0.017 0.000
*p < 0.001.

The genetic diversity of Pagellus bogaraveo displayed in
the six locations is comparable, and there is genetic differen-
tiation between the Azores archipelago and the remaining
Iberian locations. Before discussing the results, we address
the study’s main caveats: the use of a single mitochondrial
marker with a fast mutation rate and/or a relatively small
number of specimens sampled. Concerning the first, the
mitochondrial control region displays a high mutation rate
and a somewhat irrelevant genetic recombination, which pro-
motes regional variation within species, making it a highly
used marker for a preliminary approach to stock delimitation
(Gao et al. 2019; Song et al. 2020). The fact that CR corrobo-
rates the results previously obtained even using nuclear
markers (i.e. microsatellites) adds strength to the validity of
its use (Pinera et al. 2007). Concerning the second caveat, the
number of individuals sampled follows similar studies for the
same geographical area, allowing for comparisons among
relevant studies, using the same marker (Francisco et al.
2014; Almada et al. 2017; Robalo et al. 2020).

The blackspot seabream displays a marked genetic struc-
ture between the Azores archipelago and the remaining
Atlantic continental locations, corroborating the results
obtained by Stockley et al. (2005). The differentiation of the
Azorean population is common to other species of the
Northeast Atlantic, namely the ballan wrasse Labrus bergylta
(Almada et al. 2017), the black scabbardfish Aphanopus carbo
(Stefanni and Knutsen 2007), the blenny Coryphoblennius
galerita (Francisco et al. 2014) and the two-banded seabream
Diplodus vulgaris (Stefanni et al. 2015). The haplotype net-
work does not reveal any geographical pattern or association,
with a very abundant central haplotype shared by individuals
from all sampling locations. A similar haplotype network
shape was previously found with samples from the Azores
and three Mediterranean locations (Bargelloni et al. 2003).
Using microsatellites, Pinera et al. (2007) found genetic
homogeneity between blackspot seabream from the northern
and eastern coasts of Spain, i.e. between the Spanish Atlantic
and Mediterranean coasts. Here, we have extended the scope
of the previous work by including samples from the French
coast and the western and southern coasts of the Iberian
Peninsula (Atlantic), closer to the entrance to the
Mediterranean. Results across two different marker types,
mitochondrial and nuclear, were consistent: no significant dif-
ferences between the four Atlantic locations and the
Mediterranean locations were found.

Despite the conclusions of this study, our results also
highlight the need for a genomic survey. In this context, the
massive sequencing of thousands of genetic markers simul-
taneously would be an essential tool for clarifying the

population structure of this species, namely the use of single
nucleotide polymorphisms (SNP) obtained by DNA sequenc-
ing associated with the restriction site (RADseq) (Andrews
et al. 2016, Benestan 2019). Recent advances in the field of
genomics have allowed for a more refined and powerful
resolution of the spatio-temporal structure of populations of
diverse fishing resources (Helyar et al. 2011, Larson et al.
2014, Pecoraro et al. 2018). Just as an example, recent studies
on yellowfin tuna (Thunnus albacares; Pecoraro et al. 2018)
using SNPs obtained by RADseq managed, for the first time,
to identify discrete populations of this species in the Atlantic
Ocean, stressing the need to integrate this type of informa-
tion in stock management.

Acknowledgements

The authors acknowledge several researchers and institutions for supply-
ing specimens for analyses: samples from the archipelago of Azores were
captured by Naturalist — Science & Tourism services (contact Gisela
Dionisio, contact@naturalist.pt); samples from the northern Gulf of
Biscaya were collected by Pascal Lorance (lfremer); samples from
Cantabria were provided by Andrea Romero; samples from mainland
Portugal were collected under the Portuguese Government Development
Investments and Expenses Program (PIDDAC-Programa de Investimentos
e Despesas de Desenvolvimento da Administracao Central) under the
EU/DG Fisheries’ Data Collection Framework (DCF); samples from Cadiz
were provided by Eva Velasco; samples from the Mediterranean were
provided by Manuel Hidalgo and Miriam Dominguez Rodriguez (IEO) and
collected during the Alboran survey MEDITS19.

We thank the IT Services of the University of Algarve for hosting and
maintaining the R2C2 computational cluster facility (http://rcastilho.pt/
R2C2/R2C2_cluster.html).

Disclosure statement

The authors report no conflict of interest.

Funding

This study was funded by Fundagao para a Ciencia e Tecnologia (FCT)
Portugal, through the strategic projects MARE/UIDB/MAR/04292/2020
and MARE/UIDP/MAR/04292/2020 granted to MARE (MARE-ISPA), and
reUIDB/04326/2020 granted to CCMAR.

ORCID

Joana |. Robalo http://orcid.org/0000-0002-7470-0574
Inés Farias http://orcid.org/0000-0003-1210-634X

Sara M. Francisco http://orcid.org/0000-0003-0907-7453
Karen Avellaneda http://orcid.org/0000-0002-9995-233X
Rita Castilho http://orcid.org/0000-0003-0727-3688
Ivone Figueiredo http://orcid.org/0000-0003-4905-8134

References

Almada F, Francisco SM, Lima CS, FitzGerald R, Mirimim L, Villegas-Rios
D, Saborido-Rey F, Afonso P, Morato T, Bexiga S, Robalo JI. 2017.
Historical gene flow constraints in a northeastern Atlantic fish: phylo-
geography of the ballan wrasse Labrus bergylta across its distribution
range. Royal Soc Open Sci. 4: 160773.

Andrews KR, Good JM, Miller MR, Luikart G, Hohenlohe PA. 2016.
Harnessing the power of RADseq for ecological and evolutionary gen-
omics. Nat Rev Genet. 17:81-92.



Antoniou A, Magoulas A. 2014. Application of mitochondrial DNA in
stock identification. In: Cadrin SX, Kerr LA, Mariani S, editors. Stock
identification methods applications in fishery science. 2nd ed. London
(UK): Academic Press. p. 257-295.

Bargelloni L, Alarcon JA, Alvarez MC, Penzo E, Magoulas A, Reis C,
Patarnello T. 2003. Discord in the family Sparidae (Teleostei): divergent
phylogeographical patterns across the Atlantic-Mediterranean divide.
J Evol Biol. 16: 1149-1158.

Benestan L. 2019. Population genomics applied to fishery management
and conservation. In: Oleksiak M, Rajora O, editors. Population genom-
ics: marine organisms. Population genomics. Cham (Switzerland):
Springer. p. 399-421.

Benestan LM, Ferchaud AL, Hohenlohe PA, Garner BA, Naylor GJP, Baums
IB, Schwartz MK, Kelley JL, Luikart G. 2016. Conservation genomics of
natural and managed populations: building a conceptual and practical
framework. Mol Ecol. 25:2967-2977.

Clement M, Posada D, Crandall KA. 2000. TCS: a computer program to
estimate gene genealogies. Mol Ecol 9:1657-1659.

Ersts PJ. 2020. Geographic Distance Matrix Generator (version 1.2.3). American
Museum of Natural History, Center for Biodiversity and Conservation.
https://biodiversityinformatics.amnh.org/open_source/gdmg/

Excoffier L, Lischer HEL. 2010. Arlequin suite ver 3.5: a new series of pro-
grams to perform population genetics analyses under Linux and
Windows. Mol Ecol Resour 10:564-567.

Excoffier L, Smouse PE, Quattro JM. 1992. Analysis of molecular variance
inferred from metric distances among DNA haplotypes: application to
human mitochondrial DNA restriction data. Genetic 131:479-491.

Farias |, Aradjo G, Moura T, Figueiredo |. 2018. Notes on Pagellus bogara-
veo in the portuguese continental waters (ICES Division 9.a). Working
Document to the 2018 ICES Working Group on the Biology and
Assessment of Deep-Sea Fisheries Resources (WGDEEP).

Francisco SM, Almada VC, Faria C, Velasco EM, Robalo JI. 2014.
Phylogeographic pattern and glacial refugia of a rocky shore species
with limited dispersal capability: the case of Montagu’s blenny
(Coryphoblennius galerita, Blenniidae). Mar Biol. 161: 509-2520.

Froese R, Pauly D, editors. 2019. FishBase. World Wide Web electronic
publication. www.fishbase.org

Gao TX, Yang TY, Yanagimoto T, Xiao YS. 2019. Levels and patterns of
genetic variation in Japanese whiting (Sillago japonica) based on mito-
chondrial DNA control region. Mitochondrial DNA Part A 30:172-183.

Gil J, Benchoucha S, Pérez JL, el Arraf S, Elvarsson BT. 2018. Summary of
assessment trials on the Blackspot seabream fishery of the Strait of
Gibraltar. Working Document to the 2018 ICES Working Group on the
Biology and Assessment of Deep-Sea Fisheries Resources (WGDEEP).

Helyar SJ, Hemmer-Hansen J, Bekkevold D, Taylor MI, Ogden R, Limborg MT,
Cariani A, Maes GE, Diopere E, Carvalho GR, Nielsen EE. 2011. Application
of SNPs for population genetics of nonmodel organisms: new opportuni-
ties and challenges. Mol Ecol Resour. 11 (Suppl 1):123-136.

Hermida M, Cruz C, Saraiva A. 2013. Parasites as biological tags for stock
identification of blackspot seabream, Pagellus bogaraveo, in
Portuguese northeast Atlantic waters. Sci Mar 77:607-615.

Hohenlohe PA, Funk WC, Rajora OPM. 2020. Population genomics for
wildlife conservation and management. Mol Ecol. 00:1-21.

ICES. 1996. Report of the Study Group on the Biology and Assessment of
Deep-sea Fisheries Resources. ICES CM 1996/Assess:8.

ICES. 2016. Report of the Working Group on Biology and Assessment of
Deep-sea Fisheries Resources (WGDEEP), 20-27 April 2016, ICES HQ,
Copenhagen, Denmark. 2016/ACOM:18.

ICES. 2018. Report of the Working Group on the Biology and Assessment
of Deep-sea Fisheries Resources (WGDEEP), 11-18 April 2018, ICES HQ,
Copenhagen, Denmark. 2018/ACOM:14.

ICES. 2020. Report of the Working Group on the Biology and Assessment
of Deep-sea Fisheries Resources (WGDEEP), ICES Scientific Reports, 2:
38.

Kelley J, Brown A, Therkildsen N, Foote AD. 2016. The life aquatic: advan-
ces in marine vertebrate genomics. Nat Rev Genet. 17:523-534.

Kerr LA, Hintzen NT, Cadrin SX, Clausen LW, Dickey-Collas M, Goethel DR,
Hatfield EMC, Kritzer JP, Nash RDM. 2016. Lessons learned from prac-
tical approaches to reconcile mismatches between biological

MITOCHONDRIAL DNA PART A 119

population structure and stock units of marine fish. ICES J Mar Sci. 74:
1708-1722.

Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA,
McWilliam H, Valentin F, Wallace IM, Wilm A, Lopez R, Thompson JD,
Gibson TJ, Higgins DG. 2007. Clustal W and Clustal X version 2.0.
Bioinformatics. 23:2947-2948.

Larson WA, Seeb LW, Everett MV, Waples RK, Templin WD, Seeb JE. 2014.
Genotyping by sequencing resolves shallow population structure to
inform conservation of Chinook salmon (Oncorhynchus tshawytscha).
Evol Appl. 7:355-369.

Leigh, JW, Bryant D. 2015. PopART: full-feature software for haplotype
network construction. Methods Ecol Evol. 6:1110-1116.

Lorance P. 2011. History and dynamics of the overexploitation of the
blackspot sea bream (Pagellus bogaraveo) in the Bay of Biscay. ICES J
Mar Sci. 68:290-301.

Mantel N. 1967. The detection of disease clustering and a generalized
regression approach. Cancer Res. 27:209-220.

Nei M. 1987. Molecular evolutionary genetics. New York (NY): Columbia
University Press.

Ostellari L, Bargelloni L, Penzo E, Patarnello P, Patarnello T. 1996.
Optimization of single-strand conformation polymorphism and
sequence analysis of the mitochondrial control region in Pagellus
bogaraveo (Sparidae, Teleostei): rationalized tools in fish population
biology. Anim Genet. 27:423-427.

Ovenden JR. 1990. Mitochondrial DNA and marine stock assessment: a
review. Mar Freshwater Res. 41:835-853.

Palma J, Andrade JP. 2004. Morphological study of Pagrus pagrus,
Pagellus bogaraveo, and Dentex dentex (Sparidae) in the eastern
Atlantic and the Mediterranean Sea. J Mar Biol Assoc UK. 84:449-454.

Pecoraro C, Babbucci M, Franch R, Rico C, Papetti C, Chassot E, Bodin N,
Cariani A, Bargelloni L, Tinti F. 2018. The population genomics of
yellowfin tuna (Thunnus albacares) at global geographic scale chal-
lenges current stock delineation. Sci Rep. 8:13890.

Pinera JA, Blanco G, Véazquez E, Sdnchez J. 2007. Genetic diversity of
blackspot seabream (Pagellus bogaraveo) populations off Spanish
Coast: a preliminary study. Mar Biol. 151(6): 2153-2158.

Robalo JI, Francisco SM, Vendrell C, Lima CS, Pereira AM, Benedikt BP,
Dia M Gordo L, Castilho R. 2020. Against all odds: a tale on fish tropic-
alization with maintenance of extremely high genetic diversity. Sci
Rep. 10: 12707.

Schulze MJ, von der Heyden S, Japp D, Singh L, Durholtz D, Kapula VK,
Ndjaula HON, Henriques R. 2020. Supporting fisheries management
with genomic tools: a case study of Kingklip (Genypterus capensis) off
Southern Africa. Front Mar Sci. 7:787.

Smouse PE, Long JC, Sokal RR. 1986. Multiple regression and correlation exten-
sions of the Mantel Test of matrix correspondence. Syst Zool. 35:627-632.

Song CY, Sun ZC, Gao TX, Song N. 2020. Structure analysis of mitochon-
drial DNA control region sequences and its applications for the study
of population genetic diversity of Acanthogobius ommaturus. Russian J
Mar Biol. 46:292-301.

Stefanni S, Castilho R, Sala-Bozano M, Robalo JI, Francisco SM, Santos RS,
Marques N, Brito A, Almada VC, Mariani S. 2015. Establishment of a
coastal fish in the Azores: recent colonisation or sudden expansion of
an ancient relict population? Heredity. 115:527-537.

Stefanni S, Knutsen H. 2007. Phylogeography and demographic history
of the deep-sea fish Aphanopus carbo (Lowe, 1839) in the NE Atlantic:
vicariance followed by secondary contact or speciation? Mol
Phylogenet Evol. 42:38-46.

Stockley B, Menezes G, Pinho MR, Rogers AD. 2005. Genetic population
structure in the blackspot sea bream (Pagellus bogaraveo Brinnich,
1768) from the NE Atlantic. Mar Biol. 146:793-804.

Templeton AR, Crandall KA, Sing F. 1992. Cladistic analysis of phenotypic
associations with haplotypes inferred from restriction endonuclease
mapping and DNA sequence data. 111. Cladogram estimation.
Genetics 132:619-633.

Valenzuela-Quinonez F. 2016. How fisheries management can benefit
from genomics? Brief Funct Genom. 15:352-357.

Zang BD, Li YL, Xue DX, Liu JX. 2020. Population genomics reveals shal-
low genetic structure in a connected and ecologically important fish
from the Northwestern Pacific Ocean. Front Mar Sci. 7:374.



