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Abstract

Cobia (Rachycentron canadum) is a coastal pelagic migratory fish species of tropical
and subtropical waters, where it is an important game fish and it has been commer-
cially expanded in offshore aquaculture systems. Understanding population connec-
tivity is of utmost importance to the sustainable use and conservation of aquatic
resources, and information on genetic diversity and structure is key element in unra-
veling differentiation when no clear physical barriers exist. In the present study, cobia
genetic diversity and structure were depicted using mitochondrial DNA cytochrome
b sequencing and microsatellite genotyping in samples from the Southwestern
Atlantic and showed that a major single population inhabits the southern hemisphere.
Cytochrome b sequencing also suggested that the Indian Ocean is the center of
origin for this species' diversification. A hierarchical analysis of AMOVA compared
sampling locations from the Northwestern Atlantic (from a previous study) with the
Southwestern ones using nine shared microsatellite markers. Differentiation among
groups (Fcr = 0.41), Bayesian clustering analysis, and complementary ordination ana-
lyses (by discriminant analysis of principal components [DAPC] and factorial corre-
spondence analysis [3D-FCA]) presented a clear separation between the two
hemispheres, supported by a Lagrangian model that explained the ocean dynamics
over larval retention on the Western Atlantic. Another genetic subgroup intermingled
with the main Southwestern group may also exist further south, probably associated
with the Vitdria-Trindade Ridge and the local current systems. The distribution of this
species in metapopulations is of extreme relevance for fisheries and fish hatcheries

management in the Atlantic Ocean.

KEYWORDS
Atlantic Ocean, cobia, cytb, game fish, Lagrangian model, microsatellite, population structure, R.
canadum, species diversification

1 | INTRODUCTION

Connectivity in marine populations is assumed as the geographic scale
over which fish populations are connected or, at a more inclusive

level, the flux of organisms, gametes, genes, disease vectors, and
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nutrients between locations (Cowen & Sponaugle, 2009). The degree

of connectivity depends on adult movements, larval dispersion, behav-
ioral capabilities, climatic changes, geographic distances, and ocean
currents dynamics, among others (Bashevkin et al, 2020; Gary
et al., 2020; Leis et al., 2011). Nevertheless, higher homogeneity is
expected in marine species, due to the large effective population size,
high gene flow, and the absence of physical barriers to dispersal, espe-
cially during the larval planktonic stage (Palumbi, 1994; Sa-Pinto
et al.,, 2012).

Information on marine connectivity is important to explore the
genetic structure that arises in marine environments despite the larval
dispersal potential of many species (Truelove et al., 2017). Therefore,
seascape data associated with genomics can help to understand how
population dispersion is affected (Bashevkin et al., 2020). In this sense,
Lagrangian models have been used recurrently to explain larval disper-
sion and are useful to describe their trajectories (Sebille et al., 2018).
These models are widely used in ocean dynamic transport studies,
such as transport barriers (Huhn, Kameke, et al., 2012), eddy scales
(Lumpkin et al., 2002), the influence of ocean dynamics on plankton
blooms (Huhn, von Kameke, et al., 2012; Pérez-Munuzuri &
Huhn, 2010), or, more recently, for the dispersion of plastic debris in
the ocean (Khoirunnisa et al., 2020; Sousa et al., 2021), among many
other examples.

The cobia (Rachycentron canadum) is a migratory and coastal
pelagic fish that occurs in the tropical and subtropical oceans of the
globe, except in the eastern Pacific Ocean (Shaffer &
Nakamura, 1989), and it is among the 100 world's top game fish spe-
cies, according to Sport Fish Magazine (https://www.sportfishingmag.
com/). The species is carnivorous, characterized as an opportunistic
predator (Knapp, 1951; Meyer & Franks, 1996), with extremely high
growth rates, reaching up to 2 m and weighing 60 kg in the natural
environment (Chen et al., 2001; Franks et al., 1999). It is a usual soli-
tary traveler, eventually forming small groups for spawning with a sea-
sonal migratory behavior (Estrada et al, 2016). On the Western
Atlantic Ocean, the species is distributed from Massachusetts, USA,
to Argentina (Figueiredo & Menezes, 1980). In this region, spawning
occurs throughout the year either inshore or offshore, with peaks
between April and September for the Gulf of Mexico and South Caro-
lina (Perkinson et al., 2019) and between February and April off Brazil
(Hamilton et al., 2021).

Several genetic studies developed with R. canadum have demon-
strated the efficiency of molecular markers in helping to understand
population history, connectivity, diversity, and genetic structure
(Divya et al., 2019; Gold et al., 2013; Perkinson et al., 2019). Gold
et al. (2013) evaluated the genetic relationships of cobia from the
North Atlantic (Gulf of Mexico and USA) based on nuclear and mito-
chondrial markers and suggested that in the Northwestern Atlantic,
the species was organized as a homogenous population. Later, a
refined study suggested that the Northwestern Atlantic is divided into
two groups, one into the Gulf of Mexico and the second one above
Florida (Perkinson et al., 2019).

Cobia is a species with an appeal for fishing exploitation, besides

being widely cultivated in different parts of the world. Although it is

distributed in tropical and subtropical waters, its genetic diversity and
population structure have not been extensively investigated. In the
Americas, cobia is a particularly important resource for sport fishing,
and despite some previous studies on the Northwestern Atlantic, no
attempts were made toward the Southwestern one. Therefore, testing
the possible population structure for this species in the Western
Atlantic is necessary for the elaboration of fisheries management
plans, as well as for the logistics of breeding programs in aquaculture
production, which is expanding into the Caribe and the Americas.

The present study aims to assess genetic diversity through a mul-
tilocus analysis and refine information on genetic structuring over
ocean dynamics, using Lagrangian models in the Western Atlantic
Ocean, and evaluate its implications for fishery management and

aquaculture.

2 | MATERIAL AND METHODS

21 | Samples and genetic dataset

The sampling of fin clips and muscle tissues from 146 individuals of
R. canadum was carried out at six landing locations in the Southwest-
ern Atlantic Ocean of the Brazilian coast (Figure 1). Thirty of these
were from Piaui (Pl), 26 were from Ceara (CE), 25 were from the Rio
Grande do the Norte (RN), 16 were from Paraiba (PB), 19 were from
Bahia (BA), and 30 were from Espirito Santo (ES). The obtained tissues
were stored in 96% ethanol and kept at —80°C.

To investigate the genetic structure along the Atlantic Ocean, a
dataset from Gold et al. (2013), available at http://agrilife.org/gold/
doc, containing 95 genotyped samples from the Northwestern
Atlantic, 35 from Virginia (VA), 46 from Mississippi (MS), and 14 from
Louisiana (LA), was used (Figure 1). From this same study, we also
used four Northwestern Atlantic mitochondrial DNA haplotypes
based on sequences of Cytochrome b (cytb) available in GenBank
(accession numbers JX149559-JX149561, JX149563). For a trans-
oceanic structure evaluation, we used 17 Indian Ocean cytb haplotype
sequences from Divya et al. (2019) available in GenBank under the
accession numbers KY712405-KY712421.

2.2 | Molecular procedures

2.2.1 | DNA extraction

DNA extraction was conducted using DNAEasy kit (QIAGEN) and
integrity was evaluated using 1% agarose gel electrophoresis and

quantified by NanoVue™ Plus Spectrophotometer (GE Healthcare).

2.2.2 | Microsatellite loci

Twelve microsatellite markers (RcalD04, RcalHO4A, RcalBA10,
RcalBHO9, RcalA11, RcalB12, RcalGO5, RcalBF06, RcalBCO06,
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FIGURE 1 Map of approximate sampling locations (blue dots) for cobia Rachycentron canadum along the Western Atlantic Ocean (PI, Piaui;

CE, Cear3; RN, Rio Grande do Norte; PB, Paraiba; and ES, Espirito Santo; and VI, Virginia; MS, Mississippi; and LA, Louisiana, extracted from Gold
et al. (2013)). The main Atlantic Ocean currents are also shown with arrows.

Rca1C04, RcalD11, and RcalA04) previously described by Pruett
et al. (2005) and Renshaw et al. (2005) were used to evaluate the
genetic diversity of the samples from the Southwestern Atlantic
Ocean (PI, CE, RN, PB, BA, and ES). The forward primers were 5’
end-labeled with fluorochromes. Each PCR reaction with a final vol-
ume of 10 pL contained 20 ng DNA, 10 mM Tris-HCI pH 8.4,
50 mM KCI, 2.5 mM MgCl,, 10 uM of each primer, 200 uM of
each dNTP, and 1 U of Taq polymerase. The PCR amplification con-
ditions were 94°C for 4 min, followed by 35 cycles of 94°C for
30s, 45°C seconds at the appropriate annealing temperature
(60-65°C), and 72°C for 1 min, plus final extension at 72°C for
40 min. Capillary electrophoresis separated PCR products on the
ABI 3500 Genetic Analyzer (Applied Biosystems, USA) using
GeneScan 600 LIZ v2.0 (Applied Biosystems, USA) as a molecular

weight marker.

223 | mtDNA

The Cytochrome b (cytb) mitochondrial DNA (mtDNA) marker was
amplified for all samples using the primers L14725 (Santos
et al.,, 2003) and HMVZ16 (Smith & Patton, 1993). The PCR reaction
for cytb included 10 pmol of each primer in 2X Tag Master Mix
(Vivantis®, USA), 20 ng of DNA in a final volume of 20 uL. The PCR
amplification consisted of an initial denaturation at 94°C for 3 min,
followed by 30 cycles of denaturation at 94°C for 1 min, annealing at
45°C for cytb for 45 s, extension at 72°C for 90 s, followed by a final
extension step at 72°C for 7 min. PCR products were purified with
ExoSap-IT® and samples were sequenced on the ABI 3500 Genetic
Analyzer automated sequencer (Applied Biosystems, USA), using the
Big Dye® Terminator Cycle Sequencing Kit v3.1 (Applied Biosystems,

USA\) following the manufacturer's instructions.
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2.3 | Genetic data analysis
2.3.1 | Microsatellite loci

To evaluate the genetic diversity for each of the six sampling locations
at the Southwestern Atlantic Ocean, the genetic parameters such as
number of alleles (N,), expected (H.) and observed (H,) heterozygos-
ities, inbreeding coefficient (Fis), and the deviations of the Hardy-
Weinberg Equilibrium (HWE) were obtained using the software
GENEPOP 4.0 (Raymond & Rousset, 1995) for the 12 microsatellites.
P-values of multiple tests were corrected by Bonferroni procedure
(Rice, 1989).

The number of private alleles (N,) was calculated using the
GenAlEx 6.1 program (Peakall & Smouse, 2006), and to correct sample
size, allelic richness (Ag) was estimated using FSTAT 29.4
(Goudet, 2003), by normalizing all locations to the smallest one. The
Micro-Checker software (Oosterhout et al., 2006) was used to evalu-
ate potential genotyping errors caused by stuttering, allelic dropouts,
and the occurrence of null alleles (A,).

To correct the biased comparison caused by differences in sample
sizes, rarefaction curves of mean raw allelic diversity for the South
Atlantic Ocean samples were estimated using the jackmsatpop func-
tion from the PopGenKit package (Paquette, 2012) in R v. 4.0.2
(R Core Team, 2020). For each population, 100 replicates were per-
formed using a gradual increase of one individual until the true sample
size of that location was reached. Although the curves do not provide
statistical information, they are useful graphical tools to indicate
whether sampling was sufficient to capture the allelic diversity of a
location.

Global Wright's (Fs7) overall Southwestern sampling locations
(Global Fsy) and pairwise population genetic differentiation values
were calculated using Arlequin 3.5 (Excoffier & Lischer, 2010). Struc-
ture v. 2.3.4 (Pritchard et al., 2000) was used to identify the number
and pattern of genetic clusters (K) among R. canadum Southwestern
sampling locations. The Structure analysis was run under the
admixture model, a burn-in period of 10,000 interactions, followed by
Markov Chain Monte Carlo (MCMC) with 100,000 replicates, plus
10 replicates for each estimated K value (K = 1-10). The K value was
obtained by the method proposed by Evanno et al. (2005) using Struc-
ture Harvester v. 0.6.7 software (Earl & vonHoldt, 2012). Second, the
discriminant analysis of principal components (DAPC) (Jombart
et al., 2010) was also used to investigate the population structure and
was performed with the Adegenet package (Jombart, 2008) in R plat-
form, v. 4.0.2 (R Core Team, 2020). This multivariate analysis is used
to identify and describe genetic clusters while optimizing the variation
among them. DAPC does not require populations to be in HWE or
linkage disequilibrium loci (Jombart et al., 2010). Finally, a three-
dimensional factorial correspondence analysis (3D-FCA) was carried
out using GENETIX v. 4.05.2. (Belkhir et al., 2004). This analysis uses a
minimal number of factors to explain the maximal amount of genetic

variation.

Later, to evaluate the genetic structure of the R. canadum along
the Western Atlantic Ocean, nine microsatellite markers (Rca1D04,
RcalHO4A, RcalBA10, RcalBHO09, RcalB12, RcalGO5, RcalBF06,
RcalC04, and RcalD11) shared by the study of Gold et al. (2013) and
the present one were used. Allele-size designations due to differences
in laboratory routine and equipment used were adjusted using Gold
et al.'s (2013) dataset as the baseline alleles for standardization. Under
this hierarchical scenario and based on our results, as well as on Gold
et al. (2013), two groups were considered: group 1 made by all the
Southwestern sampling locations, and group 2, by the USA ones,
Virginia, Mississippi, and Louisiana. Therefore, genetic differentiation
associated with differences among sampling locations within groups
(Fsc) and among groups (Fc7) was carried out by a hierarchical
AMOVA, as well as the Bayesian analysis of structure (Structure),
DAPC, and 3D-FCA.

Isolation by distance (IBD) was carried out using the Mantel test,
performed with 10,000 permutations using the ade4 package (Dray &
Dufour, 2007) in the R platform, v. 4.0.2 (R Core Team, 2020). First, to
evaluate the correlation between genetic and geographic distances, a
standard Mantel test was conducted with sampling locations from the
Northwestern and Southwestern Atlantic Oceans, and, later, a strati-
fied Mantel test permuting locations within each group (Northwestern
and Southwestern) was conducted.

Additionally, the population effective size number (N,) was also cal-
culated, under the hierarchical scenario of the Northwestern and South-
western groups, for the nine common microsatellites, based on the

linkage disequilibrium method using NeEstimator v1.3 (Do et al., 2014).

232 | mtDNA

The cytb sequences were edited in the CodonCode v.5.1.5 and
aligned in MEGA v.5.2 (Tamura et al, 2011) using ClustalW
(Thompson et al., 1994). To estimate the number and frequencies of
haplotypes in the locations and the values of genetic diversity (haplo-
type and nucleotide), DNAsp v.5.10.00 (Librado & Rozas, 2009) was
used. The haplotype network was built using the Network 4.5.6 pro-
gram calculated by the median-joining algorithm (Bandelt et al., 1999).
An additional haplotype network was built with cytb (712 bp)
sequences including sequences from the Indian Ocean (980 bp),
obtained by Divya et al. (2019) to investigate haplotype relationships
at a transoceanic level. Coryphaena hippurus (GenBank accession num-
ber EF439196) was designated as the outgroup based on a phyloge-
netic study by Gray et al. (2009).

Global genetic differentiation (®s7) between Southwestern sam-
pling locations was estimated using Arlequin v.3.5 (Excoffier &
Lischer, 2010). The demographic history was estimated using Tajima's
D and Fu's Fs neutrality tests. Moreover, a third haplotype network
was constructed with cytb, including sequences from the Northwest-
ern Atlantic (352 bp) obtained from Gold et al. (2013), to evaluate the-

genetic structure between hemispheres.
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2.4 | Lagrangian model

To study the connection between currents in the study area and larval
dispersal, the MOHID-Lagrangian model (http://www.mohid.com)
was used to simulate the trajectory of larvae in the Atlantic equatorial
region and to estimate its accumulation along the coast. This model
has been recently validated by Cloux et al. (2022) in a regional domain
to simulate the dispersion of macroplastics from different sources.
The model is forced with the currents obtained from Copernicus
Marine Service (CMEMS) at https://marine.copernicus.eu/. This
model used winds from European Centre for Medium-Range Weather
Forecasts (ECMWF) and flow river discharges to obtain 3D currents.
Only surface currents were used in this study. CMEMS model has a
spatial horizontal resolution of 0.083°. Larvae, as considered Lagrang-
ian points, are expected to follow the surface currents. The velocity
field is interpolated from the hydrodynamic Eulerian velocity field to

the tracer position to calculate the new position of the particle as

%:vi(xi,t) +D;

where Di is the subgrid-scale diffusion that accounts for unresolved
physics such as mixed layer processes (Cloux et al., 2022). Three emis-
sion areas located along the Western Atlantic Ocean were used to
simulate the dispersion at different latitudes. These emission areas
were defined as polygons whose centroids are defined in Figure 4. In
this type of emitter, the MOHID-Lagrangian assigns the emission
points within the polygon at 9 km of spatial resolution. Therefore, the
results are shown in relative terms of concentration, concerning the
region of the ocean that registers a maximum accumulation.

Since the aim is to observe the potential dispersion of the differ-
ent emission regions, and because the larval emission rate at the sam-
pling points is unknown, a continuous emission was considered.
Although the larval life is approximately 30 days (Salze et al., 2011),
the 1.5-year (starting from January 2020) simulation period was con-
sidered to study the probability of dispersion after their life period
and the season's effect.

3 | RESULTS

3.1 | Microsatellites

Initially, the sampling locations were treated as individual populations,
and the genetic diversity was based on 12 microsatellite markers for
each of the six locations in the Southwestern Atlantic Ocean (Table 1).
Considering all six Southwestern locations, a total of 118 alleles were
found within the 12 markers with an average number of alleles (N,)
per locus of 6.47, while the average allelic richness (Ag) per sampling
site ranged from 5.72 to 5.98 (Table 1). Twenty-one private alleles
were found: five in PI, five in CE, two in RN, one in PB, two in BA, and
six in ES. Null alleles were found in the locus RcalA11 for ES, but not

systematically in all locations. No evidence was found of other

TABLE 1 Genetic diversity for wild cobia Rachycentron canadum
from the Southwestern Atlantic Ocean (PI-Piaui, CE-Ceara, RN-Rio
Grande do Norte, PB-Paraiba, BA-Bahia, and ES-Espirito Santo) based
on 12 microsatellite loci and Northwestern and the Southwestern
Atlantic oceans estimates based on nine microsatellites.

Samples N N, AR H, H. Fis

12 microsatellites
PI 30 692 598 0.642 0.646 0.001
CE 26 675 586 0.580 0.596 0.020
RN 25 642 572 0620 0.624 -0.018
PB 16 575 575 0609 0596 —0.009
BA 19 600 572 0680 0.633 -0.074
ES 30 700 589 0614 0599 -0.038

Nine microsatellites
NW Atlantic 95 844 844 0499 0.510 0.021
SW Atlantic 146 833 7.66 0.607 0599 —0.019

Abbreviations: Ag, allelic richness; Fs, inbreeding coefficient; He, expected
heterozygosity; Ho, observed heterozygosity; N, number of individuals;
Na, alleles number; NW, Northwestern; SW, Southwestern.

technical problems such as stuttering or allelic dropout. The rarefac-
tion curves showed all locations following the same trajectory, indicat-
ing that similar allelic diversity was present among those samples
(Figure S1) and that even though the sampling sizes were different
among locations, they were sufficient to capture the allelic diversity
of each location.

The average observed and expected heterozygosities (H, and H,),
ranged from 0.580 in CE to 0.680 in BA and from 0.596 in CE to
0.646 in PI, respectively. Among the 72 of HWE tests (12 loci x 6
sampling locations), significant departures (p < 0.05) were observed
for four loci, RcalBA10 (for PB, p = 0.0256), RcalA11l (for ES
p = 0.0069), RcalBCO06 (for RN p = 0.0257), and RcalCO04 (for RN
p = 0.0428); however, none of them remained significant after
Bonferroni correction. Values of the inbreeding coefficient (F;s) varied
between —0.074 and 0.020.

A low level of global genetic differentiation among the six sam-
pling locations was detected (Fst = 0.00947, p < 0.001). The pairwise
Fsr values for genetic differentiation of Southwestern sampling loca-
tions varied from O to 0.01455, being consistently significant
(p < 0.05) between ES and all the other sampling locations (Table 2).

Among the K clusters tested (1-10) in the Bayesian clustering
method (Structure), all Ks showed similar proportions of each cluster
in each sampling location, with no genetic distinction between them
(Figure S2). Although the AK method of Evanno indicated K =2
(Figure S2) as the best K, due to caveats of this method concerning
K = 2 (see Cullingham et al., 2020), and as the highest posterior prob-
ability (P(K|X) = 0.9996) was found in K =1, this was adopted for
simplicity (Figure 2a). The DAPC result indicated that most of the
Southwestern sampling locations belong to a single population, with
the sample of Bahia (BA) out of the range of the main distribution
(Figure 2b). Likewise, the 3D-FCA result showed a centered
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TABLE 2 Estimated pairwise Fst

PI CE RN PB BA ES ) i

(below diagonal) for samples of cobia

Pl B Rachycentron canadum from the

CE 0.00671 - Southwestern Atlantic (Piaui, Ceara, Rio

RN 0.00298 0.00494 R Grande do Norte, Paraiba, and Espirito
Santo) based on 12 microsatellites.

PB 0.00896 0.01170* 0.00656 -

BA 0.00743* 0.00646 0.00455 0.00769 -

ES 0.01383* 0.01455* 0.01403* 0.01384* 0.01438* -

Abbreviations: CE, Ceara; ES, Espirito Santo; PB, Paraiba; PI, Piaui; RN, Rio Grande do Norte.
*Significant values (p < 0.05).
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FIGURE 2 Genetic structure of cobia Rachycentron canadum wild samples from Southwestern Atlantic (PI, Piaui; CE, Ceara; RN, Rio Grande
do Norte; PB, Paraiba; and ES, Espirito Santo), evaluated based on allele frequencies of 12 microsatellite loci on the left by three approaches:

(a) attributions of genotypes by structure, where each vertical bar represents a different individual and the length is proportional to the inferred
group, cluster 1 (blue); (b) scatterplot of the discriminant analysis of principal components (DAPC); and (c) three-dimensional factorial
correspondence analysis (3D-FCA). On the right, the genetic structure of cobia wild samples from Northwestern and Southwestern Atlantic
groups based on nine microsatellites, where each vertical bar represents a different individual and the length is proportional to the inferred group
(d), cluster 1 (blue) and cluster 2 (yellow). Scatterplot of DAPC for Northwestern and Southwestern sampling locations (e); and (f) 3D-FCA for
Northwestern and Southwestern sampling locations.

concentration of samples, except for the sampling location of Bahia Taking these results into account, a hierarchical scenario was cre-
(BA). The 3D-FCA showed that a total of 66.52% of variance ated using the two groups, the Northwestern and Southwestern, car-
accounted for the first three factors (Figure 2c). ried out with nine common microsatellite loci genotyped by Gold
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et al. (2013) and by the present study (Table 3). The hierarchical
AMOVA showed an F¢r value of 0.4061 and 40.61% of the variance
could be explained by differences among the two groups, while
58.86% by differences within sampling sites (Fs7).

Under this hierarchical scenario, the AK method of Evanno indi-
cated K = 2 as the bestK (Figure S3) and the highest posterior proba-
bility P(K|X) = 0.5 was found for K= 2 and K = 3. Because both Ks
showed the same result, a clear distinction between the two hemi-
spheres with equal proportions for each cluster, we have adopted
K = 2 for simplicity (Figure 2d). DAPC and 3D-FCA resulted in the
same clustering pattern showing a clear separation between North-
western and Southwestern Atlantic groups (Figure 2e,f). The 3D-FCA
showed that a total of 88.3% of variance accounted for the first three
factors (Figure 2f).

Although the IBD standard analysis indicated a strong positive
correlation (0.974, p = 0.008) between genetic and geographic dis-
tances, the stratified Mantel tests permuting locations within North-
western (r = —0.378, p=0.495) and Southwestern (r = —0.423,
p = 0.947) groups did not support IBD for associations of locations
between the two groups.

The effective population size for the samples grouped as North-
western  and Ne=o0 (95%
Cl=2444 — ) and 15,328.3 (95% Cl = 355.8 — ), respectively
(Table 4).

Southwestern  Atlantic  was

3.2 | mtDNA

A total of 143 sequences for the South Atlantic samples were

obtained for the cytb marker. After trimming ambiguous ends, the

final length of the aligned sequences was 712 bp (Table 5). Among
these sequences, a total of eight different haplotypes (h) were found.
The total haplotype diversity (hd) was 0.4, and the nucleotide diversity
() was 0.00075. The greatest haplotype diversity was found in Pl
(hd =0.513; h=7), while the lowest value was found in PB
(hd = 0.125; h = 2).

Tajima's D and Fu's Fs neutrality tests were negative for the cytb.
However, some of them were significant. The values for the neutrality
tests within each sampling location can be seen in Table 5. A low
global @ st = 0.02467 was detected, although significant (p < 0.05).

The haplotype network (Figure 3a) with the Southwestern sam-
pling locations showed a high frequency (76.7%, 112/146) of a central
haplotype (H1), with two exclusive haplotypes observed in PI, the
northernmost location.

TABLE 5 Summary of diversity and neutrality tests for a fragment
of 712 bp of the cytochrome b in cobia (Rachycentron canadum) from
the Southwestern Atlantic (PI- Piaui, CE- Ceard, RN- Rio Grande do
Norte, PB- Paraiba, BA- Bahia, and ES-E Espirito Santo).

Samples n h hd n D Fs

Pl 30 7 0513 00012 -1.8264* —3.0257*
CE 26 3 0280 0.0004 -0.9598 —1.0465
RN 24 4 0431 00009 -15177* -0.8528
PB 16 2 0125 0.0002 —1.1622 —0.7001*
BA 18 4 0471 0.0007 -1.1313 —1.5963*
ES 29 3 0431 0.0006 —0.2478 -0.1712

Abbreviations: D, Tajima's test; Fs, Fu's Fs test; h, number of haplotypes;
hd, haplotype diversity; n, sample size; I1, nucleotide diversity.
*p < 0.05.

TABLE 3 AMOVA of microsatellite markers of Rachycentron canadum in the Western Atlantic Ocean based on nine microsatellites.

Hierarchical AMOVA d.f.

Among NW and SW Atlantic Ocean 1

Among sampling locations within NW and SW Atlantic 7
Ocean

Within sampling locations 471

Total 479

Variance components % variation F-statistics
1.74552 V, 40.61 Fcer = 0.4061*
0.02296 V,, 0.53 Fsc = 0.0089**
2.53071 V. 58.86 Fst = 0.4114**
4.29865 100

Abbreviations: d.f., degree of freedom; Fcr, variation among Northwestern and Southwestern groups; Fsc, variation among sampling locations within
groups; Fst, variation within sampling locations; Va, Vb, Vc: Number of variance components.

*p < 0.05.p < .001.

TABLE 4 Effective population sizes
(Ne) of Rachycentron canadum locations

N.-linkage disequilibrium

from the Northwestern Atlantic and the Population The lowest allele freq used N, 95% Cl lower 95% Cl upper
Southwestern.Atlantlc.ocea?s e'stlmates NW Atlantic 0.05 o 2444 o
based on the linkage disequilibrium
method and using nine microsatellites. 0.02 1306.1 219.2 ®©
0.01 o0 740.8 o0
SW Atlantic 0.05 15,328.3 355.8 )
0.02 2002 391.7 IS
0.01 1599.9 407.2 [+

Abbreviations: NW, Northwestern; SW, Southwestern.
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FIGURE 3 Rachycentron canadum haplotype network of cytb using the median-joining method. (a) A 712-bp fragment sequenced in six
sampling sites in the Southwestern Atlantic Ocean. The numbered circles represent the haplotypes (H)and the sizes of the circles correspond to
the frequencies of haplotypes; (b) a 712-bp fragment sequenced in six sampling sites in the Southwestern AtlanticOcean (blue)and four sampling
sites (red) in the Indian Ocean (Divya et al., 2019), where the frequency of haplotypes is not represented; and (c) a 352-bp fragment sequenced in
six sampling sites in the Southwestern Atlantic Ocean (blue) and three sampling sites (yellow) in the Northwestern Atlantic Ocean (Gold

et al., 2013), where the frequency of haplotypes is not represented. Previous haplotypes from “a” network have collapsed as H1, which is the
most frequent haplotype in the Southwestern, while H23 is the most frequent in the Northwestern.

When our cyt-b sequences were aligned with those from the
Indian Ocean with 712 bp length (Divya et al., 2019), the network
haplotype (Figure 3b) also presented a star-like shape with 22 haplo-
types, being seven exclusives from the Southwestern Atlantic Ocean,
14 privates to the Indian Ocean, and one (Hé) shared by both regions.
The haplotype H10, from the Indian Ocean, was the closest one to

the outgroup.

For investigating genetic structure using mtDNA, a haplotype net-
work constructed with 352 bp sequences from the Southwestern and
Northwestern Atlantic Oceans by Gold et al. (2013) showed a star-like
shape with seven haplotypes (Figure 3c). Out of these, two were
exclusive to the Southwestern, four to the Northwestern, and one
shared by both hemispheres. It is of note that this 352 bp cytb
sequence could not be used for comparing the three sets of data

85U8017 SUOWILLIOD @A 111D 3]qe! [dde 8y Ag peuenob aJe sl YO ‘@SN Jo Sa|nJ o} Akeid8U1|UO /8|1 UO (SUONPUOD-PUB-SW.B) W00 A8 | 1M Afe.d|BulUO//:SANL) SUORIPUOD pUe SWie 1 8y} 88S *[¢202/S0/T0] Uo A.qT8uluO A8]IM ‘80ieWWo) JO Juswwieded eeoN Aq zv9zZT B0 TTTT 0T/I0pAW0D A8 |1 Afe.q 1 jpulUO//SANY Wo) papeojumoa ‘9 ‘€202 ‘6T72S9ET



COIMBRA ET AL.

(Southwestern Atlantic, Northwestern Atlantic, and Indian Oceans) in
a single haplotype network, as too much information would have been
lost. Because of that, previous haplotypes (H2, H3, H4, H5, and H7)
from Figure 3a, collapsed as H1 (Figure 3c).

3.3 | Larvae dispersion
Larvae Lagrangian dispersion is shown in Figure 4 after a 1.5-year simu-
lation for three different emission areas on the eastern American coast.
The first emission area, located in the northern Gulf of Mexico
(Figure 4a), covering New Orleans's south coast (from 91.37°W,
28.05°N to 87.7°W, 28.05°N), shows that the Lagrangian particles emit-
ted here flow through the Florida Strait to join the Gulf Stream, giving
rise to the Atlantic Meridional Overturning Circulation (AMOC) flow.
Results are also shown for the northwestern coast of Brazil. Here
two strategic points were selected to analyze the influence of the
Amazon River and the distance to the Equator in the larvae transport.
The first emission area extends from Turiagu Bay (45.19°W, 1.29°S)
to approximately Fortaleza (38.42°W, 3.58°S), covering the Sio
Marcos Bay (39.22°W, 2.89°S). With this emitter, south of the mouth
of the Amazon, we intended to test whether this river could function
as a transport barrier (Huhn, Kameke, et al., 2012). As shown in
Figure 4b, particles emitted from this source move in a northwesterly
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FIGURE 4

direction along the coast to equatorial latitudes where they begin to
disperse eastward following the south equatorial countercurrent.
However, a small percentage of particles can cross the Equator
toward the northern hemisphere, reaching the Caribbean Sea and the
Gulf of Mexico and rejoining the AMOC. During the 18-month simula-
tion, seasonal fluctuations of the Amazon River flow discharges were
considered by the CMEMS model, which may explain the large larvae
dispersion observed in the South Atlantic region.

Finally, an emission point was located below Cape Sdo Roque
(35.25°W, 5.48°S) to observe larval behavior at latitudes below the
equator. Specifically, this last emitter extends from the Maceid coast
(35.67°W, 9.69°S) to the Orojo River mouth (38.94°W, 13.84°S), cov-
ering the mouth of the San Francisco River (36.39°W, 10.52°S).
Figure 4c demonstrated that the particles can follow two paths: either
a northern circulation near the coastline that, once reaching Cape San
Roque, will follow a dynamic identical to that described in Figure 4b,
or the particles emitted in this region may also couple to the Brazil
Current (BC) initiating a southward transport.

4 | DISCUSSION

The present results showed two genetic groups in R. canadum for the
Western Atlantic Ocean: one in the Northwestern (Northern Gulf of
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Larvae concentrations after a 1.5-year Lagrangian simulation for three different emission areas at the eastern American coastline.

Centroids (yellow dots) of the initial emission coordinates are: 90.08°W to 28.04°N (a), 41.99°W to 1.12°N (b), and 36.62°W to 12.81°S (c).
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Mexico and US Northwestern) and the other in the Southwestern,
extending throughout the coast of Brazil. We propose that this differ-
ence might be, at some level, influenced by the oceanographic current

system over larval retention.

4.1 | Genetic diversity along the Southwestern
Atlantic Ocean

This is the first study to depict the genetic diversity of R. canadum
in the Southwestern Atlantic. Microsatellite markers revealed an
average genetic diversity in terms of H, (0.62), H. (0.62), and N,
(6.47) that were far below those values described for marine species
(heterozygosity = 0.79, mean alleles per locus = 20.6) by DeWoody
and Avise (2000). However, our values for Hy, H., Ng, and Ag (5.82)
were higher than those described by Gold et al. (2013), for samples
taken from the Northwestern Atlantic (two locations in the Gulf of
Mexico and another farther up, off Virginia) and genotyped for
28 microsatellites, H, (0.44), H, (0.45), N, (8.4), and Ag (4.58), but
lower than those described in another study of cobia, with samples
taken only off Virginia and off North and South Carolina states, H,
(0.747), H, (0.749), and N, (15.4). Nevertheless, when the South-
western and Northwestern Atlantic samples were analyzed using
only the nine common microsatellite markers (Table 1), this genetic
diversity difference decreased. Our results were also lower than
those from the Indian Ocean, H, (0.76), H. (0.73), and N, (11.3),
as described by Divya et al. (2019), and far below those reported
for the Indo-Pacific region (the Gulf of Thailand and the Andaman
Sea), where N, was 17.7 and H, varied between 0.829 and 0.854,
while Ar ranged between 11.9 and 13.1 (Phinchongsakuldit
et al,, 2013).

This low genetic variability was also evidenced by mitochondrial
data (cytb, 712 bp), as out of eight haplotypes detected in the South-
western Atlantic, one (H1) was present in 76.71% (112/146) of the
individuals, supporting a founder effect hypothesis derived from a
main maternal lineage. This hypothesis is supported by the fact that,
in the Indian Ocean, the number of haplotypes was almost double
(14 haplotypes) that of the Southwestern Atlantic, and the Indian hap-
lotype (H10) was the closest one to the outgroup species (C. hippurus),
suggesting this is likely to be the region for the initial diversification of
this group.

Despite of the low genetic diversity compared to other
regions, the Southwestern Atlantic group rendered point estimates
values of Ne away above 500, while infinite estimates were found
in the Northwestern group. According to Waples and Do (2010),
these infinite values may represent sampling errors. However, in
both groups, the lower bound of the confidence interval (Cl)
values were finite, which, based on these authors, could provide
useful information on the reasonable limits of Ne that were very
close or higher than 250, considered as a minimum number to
avoid inbreeding from a conservation perspective (Frankham
et al.,, 2014).

4.2 | The genetic structure along the Western
Atlantic Ocean

Considering the results on microsatellite and mtDNA data that indi-
cated a single population in the Southwestern Atlantic Ocean, a hier-
archical scenario was carried out by comparing two groups of
sampling locations (Northwestern and Southwestern Atlantic) geno-
typed for nine common microsatellites: three sampling locations avail-
able from Gold et al. (2013) and the six locations from the present
study. Two well-structured groups were found by different
approaches: through Fcr, Bayesian analysis, DAPC, and 3D-FCA
(Figure 2). As no standard sample set for a precise allele size standard-
ization was available between the two laboratories (Gold et al., 2013
and ours), these results should be taken with caution. Nevertheless,
mtDNA results confirmed the microsatellite findings as the haplotype
network of cytb (Figure 3c) showed only one common haplotype
between the North and Southwestern Atlantic Oceans. According to
Gold et al. (2013), the most common haplotype (80%, 12/15) in the
Northwestern Atlantic (JX149559), which corresponds to H23
(Figure 3c), is not present in the southern hemisphere. Yet the most
common haplotype in the Southwestern Atlantic was H1, which was
present at a very low frequency (1/15) in the Northwestern, suggest-
ing limited gene flow between these groups. These results suggested
that at least two genetic populations of R. canadum exist along the
Western Atlantic, one in the northern hemisphere and another in the
southern one.

Most pelagic fish reproduces via the larval phase, and in many
cases, these larvae are carried out by ocean currents. However, the
scale of this transportation is probably much smaller than accepted.
Likewise, self-recruitment is limited to small areas where local-scale
physical processes might play an important role in larval transport
(Pineda et al., 2007).

The South Equatorial Current (SEC) is an east-westward current
that when it reaches the Brazilian shelf region divides into the North
Brazil Current (NBC), an equatorward current that continues to the
upper ocean and returns to the AMOC, and into the BC, a poleward
current (Marcello et al., 2018). The NBC separates from the Brazil
coastline and retroflects to join the North Equatorial Countercurrent;
however, this retroflection seasonally weakens and allows the
nutrient-rich outflow from the Amazon River to be transported
toward the Caribbean Sea by NBC (Fratantoni & Richardson, 2006;
Muller-Karger et al., 1988). A loop current system around the Gulf
brings warm waters from Caribe through the Yucatan Channel and
northward to the Atlantic Ocean, joining the Gulf Stream
(Gopalakrishnan et al, 2013; Gordon, 1967; Welsh &
Masamichi, 2000), which is an integral part of the North Atlantic sub-
tropical gyre circulation (Candela et al., 2019).

According to these predominant current systems, larvae origi-
nated from inshore or from the continental Brazilian shelf can be
driven to either the north or the south, depending on the location. On
the other hand, larvae from the Gulf of Mexico apparently could only

be driven to the north.
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The Lagrangian results showed that particles released in southern
latitudes can flow northward, southward, and eastward as shown in
Figure 4, consistent with the upper-level circulation in this area, as the
SEC splits into two branches upon reaching the Brazilian coast. There-
fore, larvae emitted at equatorial latitudes may be carried northward
along the NBC or be transported southward along the BC, with no
obstacles. There may also be a longitudinal shift eastward along the
South Equatorial Counter Current. Nevertheless, the opposite move-
ment, that is, of larvae from the Gulf of Mexico, toward Central Amer-
ica and Brazil is not likely to happen. Particles released in more
northern latitudes are not able to cross the equator (Figure 4c). It
remains to be investigated if the Caribbean Sea is a transition zone,
either gradual or sharp, which requires additional sampling, or if it
belongs to the Southwestern group since the NBC could drive larvae
up to this area.

Apart from that, two groups may exist in the Northwestern
Atlantic Ocean, according to Perkinson et al. (2019). Using tagging
and genetic data, they suggested that one group is found in the Gulf
of Mexico up to Florida and a second one from Georgia farther up to
Virginia. They also suggested that the distribution of eggs and larvae
would be impacted by a temperature transition zone from a temperate
to a subtropical climate. Interestingly, among the Brazilian sampling
locations, the two southernmost ones (BA and ES) seemed to be sepa-
rating from the remaining locations. Samples taken off Espirito Santo
showed consistent significant pairwise FST values among all locations.
Yet samples taken off BA presented a dispersion about the central
tendency in the 3D-FCA geometrical association, as also belonged to
a separate group in the DAPC method. Vessels from these two south-
ernmost locations (BA and ES) may share the same fishing grounds
but land in different seafood markets, which would explain the similar
tendency. In this case, unlikely proposed by Perkinson et al. (2019) for
the North American second group, the suggested divergence would
be a result not of a transition into a subtropical zone but of the cur-
rent system itself. The abovementioned bifurcation of the SEC sea-
sonally shifts between 13°S, in summer, and 17°S, in winter. When
the bifurcation latitude moves to the north, the NBC transport
decreases, while the BC increases (Rodrigues et al., 2007). Cobia lar-
vae from that region might be carried predominantly southward.
Moreover, at 20.5°S, the BC interacts with an obstacle, a submarine
chain reaching up to 30 m below the surface, the Vitdria-Trinidad
Ridge. This encounter along with opposite southern cold currents
forms mesoscale eddies up and downstream the ridge that exposes
nutrient-rich waters and enhances primary productivity below the
mixed layer (Napolitano et al., 2021). This region represents a barrier
to gene flow to many species that either resume their southern limit
or show divergence in genetics in this area, including oysters, crusta-
ceans, polychaetes, and red macroalgae (Martins et al., 2021). It is fea-
sible that being close to this ridge, the south of Bahia coast (BA) and
Espirito Santo (ES) might belong to a southern emerging subgroup.

These findings on the structure of cobia populations under the
influence of surface current system on larval retention in the Western
Atlantic Ocean bring important information not only to fishery man-

agement of this important game fish species but also to fish hatchery

management. The future of commercial production of cobia relies on
offshore aquaculture, which provides adequate environmental condi-
tions for this species with large operating systems in the Americas
(Benetti et al., 2021), from Mexico to Brazil, including Caribe. Growout
offshore aquaculture needs to be concerned about fish escapees as
those could threaten the survival of the indigenous conspecifics and
promote introgression from fish from distinct genetic origins. More-
over, as fingerling production for this species can be challenging
(Benetti et al., 2008), hatcheries should ensure the genetic origin of
the fingerlings to grow out farmers, since this species is distributed as
metapopulations in the Western Atlantic Ocean.

5 | CONCLUSION

We concluded that cobia from the Western Atlantic Ocean is less
genetically diverse than that from the Indo-Pacific Ocean, suggesting
that this region must be the center of this species' diversification.
Both types of markers (mtDNA sequencing and microsatellite geno-
typing) used indicated the existence of two genetic groups of cobias
in the Western Atlantic Ocean, one in the northern and another in the
southern hemisphere. This genetic divergence seems to rely on the
current system of the Gulf of Mexico, which is likely to limit larval dis-
persal toward the Southwestern. Additionally, in the southwestern
group, a subgroup is perhaps emerging under the poleward BC preva-
lence and gene flow barrier caused by the Vitéria-Trinidad Ridge.
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