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Abstract: The common snook is one of the most abundant and economically important species
in the Usumacinta basin in the Gulf of Mexico, which has led to overfishing, threatening their
populations. The main goal of the present study was to assess the genetic diversity and structure
of the common snook along the Usumacinta River in order to understand the population dynamics
and conservation status of the species. We characterized two mitochondrial markers (mtCox1
and mtCytb) and 11 microsatellites in the Usumacinta basin, which was divided into three zones:
rainforest, floodplain and river delta. The mitochondrial data showed very low diversity, showing
some haplotypic diversity differences between the rainforest and delta zones. In contrast, we
consistently recovered two genetic clusters in the Usumacinta River basin with the nuclear data in
both the DAPC and STRUCTURE analyses. These results were consistent with the AMOVA analyses,
which showed significant differences among the genetic clusters previously recovered by DAPC
and STRUCTURE. In terms of diversity distribution, the floodplain zone corresponded to the most
diverse zone according to the mitochondrial and nuclear data, suggesting that this is a transition
zone in the basin. Our results support the relevance of the molecular characterization and monitoring
of the fishery resources at the Usumacinta River to better understand their connectivity, which could
help in their conservation and management.

Keywords: gene flow; hydrological connectivity; Usumacinta Basin; Gulf of Mexico; tropical rainfor-
est; Centropomus undecimalis

1. Introduction

Ecosystem integrity and aquatic biodiversity are largely determined by hydrologic
connectivity [1,2]. For freshwater ecosystems, connectivity involves the exchange of matter,
energy and organisms along the river; thus, species can move among feeding, spawning
and refuge habitats [3]. Connectivity comprises four dimensions: longitudinal, lateral,
vertical and temporal [4]. Longitudinal connectivity is considered one of the most important
dimensions of freshwater fish species’ connectivity [5] because it allows upstream and
downstream fish migration cycles to occur [6]. For migratory species, the maintenance
of longitudinal connectivity is very important; therefore, being able to evaluate their
presence and extension is of great importance to better understand what the threats to their
conservation could be [5,7–10].
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Genetic data represent a valuable tool for assessing connectivity [11] by providing
relevant information about gene exchange within and across populations [12]. Due to next-
generation sequencing, DNA barcodes have been used to monitor and explore biological
diversity with molecular markers like never before. In this sense, the Cytochrome c
oxidase subunit 1 (mtCox1) barcoding region has been widely used as a valuable marker
in vertebrates for phylogeography and conservation biology [13]. In this regard, previous
studies using DNA sequences have served not only to characterize cryptic diversity but
also to diagnose population variants within species [14,15], which, combined with nuclear
markers, could be useful for species management and conservation [16].

The common snook, Centropomus undecimalis, is an euryhaline fish, which means that
the species breeds at river mouths or in estuarine environments and then migrates to
river environments to feed [17]. The species C. undecimalis is widely distributed along the
Atlantic slope, from the coast of North Carolina, USA, to Brazil. In the Gulf of Mexico, it
is found at the mouths of the main basins [18,19], including the Usumacinta River basin,
where the species coexists with three other species of the genus: C. poeyi, C. parallelus and
C. mexicanus [20]. However, C. undecimalis is the most abundant, largest and most eco-
nomically relevant of these species due to its high commercial value [19,21]; therefore, the
species is a key resource for the local fisheries, which has led to overfishing, threatening its
populations in some regions [19,22–24]. Thus, we consider that molecular characterization
of the common snook populations in the Usumacinta River basin could shed light on the
conservation and management of the species.

Previous genetic studies of the common snook in the Usumacinta River basin recov-
ered a single genetic pool, including samples from the San Pedro River, at the basin’s
floodplain, to the coastal area at Tabasco, Mexico [25]. However, other studies using
freshwater species diversity and molecular data have suggested that the upper and lower
part of the Usumacinta basin are different biogeographic units [10,26–29]. In this sense,
Ornelas-García et al. [10] reported that despite the connectivity within the basin, the genetic
diversity could be heterogeneously distributed, at least in Astyanax aeneus species, where
the upper and lower basin present different levels of haplotype diversity, while the middle
part of the basin presents the highest diversity, tentatively associated with a transition zone.
Similarly, Elías et al. [29] suggested that the upper and lower Usumacinta River basin does
not correspond to a single biogeographic unit, based on endemic species diversity as well
as the phylogeographic patterns obtained with some representative fish groups in the basin
(i.e., cichlids and poeciliids).

In the present study, we assessed C. undecimalis genetic diversity and structure in the
Usumacinta River basin by means of the genetic characterization of two mitochondrial
markers (mtCox1 and mtCytb) and 11 nuclear microsatellite loci. For this purpose, we
conducted a sampling in the Usumacinta River basin, within a region of more than 600 km
along its course, from the upper part of the basin in Mexico, at the tropical rainforest (in
the Lacandon forest, Chiapas Mexico), throughout the Usumacinta River’s course until
reaching the river mouth in the Biosphere Reserve Pantanos de Centla, Tabasco, and the
coastal lagoon of Terminos, Campeche, in Mexico.

2. Materials and Methods
2.1. Sample Collection and DNA Extraction

In total, 81 individuals of C. undecimalis were collected from 15 sampling localities
along the Usumacinta River basin in Mexico, during the rainy and dry seasons between
February 2015 and March 2019 (Figure 1). We used the hydrological subdivision proposed
by Soria-Barreto et al. [20] with some modifications; thus, 3 geographical zones were
defined, considering river sub-basins as well as previously described fish diversity. The first
was the rainforest zone (RZ), which is the upper zone of the basin in the Mexican portion,
with most of the sampling points being included within the Montes Azules Biosphere
Reserve, except for the Benemerito location; thus, we collected samples from the Lacantun
River towards the Benemerito location and its confluence with the Usumacinta River. The
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floodplain zone (FZ) included six sampling points, from the Emiliano Zapata location to
the Jonuta location, following the course of the Usumacinta River, including the floodplain
lagoons of Canitzan and Catazajá. Additionally, two tributaries in this zone were sampled:
the San Pedro River (at the border between Mexico and Guatemala) and the Chacamax
River. Finally, the Usumacinta River delta (RD) was divided into three branches, and we
sampled two of them at five sampling points: Salsipuedes at the confluence between the
Usumacinta River and the Grijalva River, at the Pantanos de Centla Biosphere Reserve, the
Palizada River and Pom Lagoon (both in a coastal lagoon of Terminos (a RAMSAR site)),
and at the sea, in front of the Campeche coastline (see Figure 1, Supplementary Material
S1, Table S1: Sampling localities from the Usumacinta River basin). The specimens were
collected using gill nets and harpoons. All specimens were identified using the keys of
Castro-Aguirre [22] and Miller et al. [24].
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Fin clip samples were taken from all individuals and preserved in 90% ethanol and
stored at−20 ◦C. Some individuals were preserved in formalin (10%) as voucher specimens
for future morphological analyses. The voucher samples were deposited at the Fish
Collection (ECOSC) at ECOSUR in San Cristobal de las Casas, Chiapas, Mexico. From
a fin clip, the DNA was extracted using a standard protocol involving proteinase-K in
SDS/EDTA digestion and NaCl (4.5 M) and chloroform, as described by Sonnenberg
et al. [30]. Both DNA quality and concentrations were measured using a Nanodrop 1000
device (Thermo Scientific, Mexico city, Mexico).

2.2. Mitochondrial and Nuclear Amplification

Out of the 81 collected samples (see Supplementary Material S1, Table S1), a subset of
72 samples was successfully amplified for a fragment of the cytochrome oxidase mitochon-
drial gene (mtCox1) with the Fish F (5′-TTC TCA ACT AAC CAY AAA GAY ATY GG-3)
and Fish R (5′-TAG ACT TCT GGG TGG CCR AAR AAY CA-3) primers [31]. However, only
34 samples were successfully amplified for the mitochondrial cytochrome b gene (mtCytb)
fragment; the primers used were GLU DG (5′-TGACCTGAAR-AACCAYCGTTG-3′) and
H1690 (5′-CGAYCTTCGGATTACAAGACCG-3′) [32]. For both fragments, amplification
was performed in a 10 µL reaction containing 2 µL of template DNA, 2 µL of a buffer,
3–4 mM MgCl2, 0.6 mM dNTPs, 0.1 µL of Taq DNA polymerase and 0.2 µL of each primer.
The cycling conditions included an initial denaturation at 94 ◦C for 4 min, followed by
30 cycles of 94 ◦C for 45 s, a primer annealing temperature of 51 ◦C for mtCox1 and a
primer annealing temperature was 48 ◦C for mtCytb for 30 s, and 72 ◦C for 30 s, with a
final extension at 72 ◦C for 10 min. For verification of DNA quality, electrophoresis was
performed in 1% agarose gels. The amplified fragments were analyzed using the Applied
Biosystems 3730xl with 96 capillaries (at the National Biodiversity Laboratory (LANABIO)
IBUNAM, Mexico City, Mexico).

Microsatellite loci were selected from a previous study in C. undecimalis [33]. Among
the loci described therein, 11 loci were chosen (Cun01, Cun02, Cun04A, Cun06, Cun09,
Cun10A, Cun14, Cun20, Cun21A, Cun21B and Cun22) and amplified for a total of 81 samples
(see Supplementary Material S1, Table S2: Eleven microsatellite loci used in determining
genetic variation among the Centropomus undecimalis samples from 13 sampling localities
along the Usumacinta River basin). The forward primers of these 11 primer pairs were
fluorescently labeled with the 6-FAM and HEX dyes (Macrogen, Inc., Seoul, South Korea).
The loci were amplified in 2 multiplex reactions using a Multiplex PCR kit (QIAGEN)
in a 5 µL final reaction volume following the kit instructions. The PCR amplification
procedure consisted of 1 cycle of denaturation at 95 ◦C for 5 min, then 35 cycles of 94 ◦C
for 30 s, annealing for 30 s at 52–60 ◦C and extension at 72 ◦C for 45 s, followed by a final
7-min extension at 72 ◦C. To verify which microsatellites were amplified successfully, the
PCR products were visualized in a 2% agarose gel in 1× TAE buffer at 120 V for 30 min
and stained with the GelRed Nucleic Acid Gel Stain (Biotium, San Francisco, CA, USA).
Allele sizes were determined by comparing the fragments with the LIZ 500 Size Standard
(Applied Biosystems, Waltham, MA, USA). Allele scoring was performed using Geneious
v 10.6, USA (www.geneious.com, accessed on 28 April 2021).

2.3. mtDNA Diversity and Genetic Differentiation

We performed independent analyses for each mtDNA fragment, due to the great
difference in the number of amplified samples between the 2 mitochondrial markers (72
for mtCox1 and 34 for mtCytb). A de novo alignment was performed using the BIOEDIT
Sequence Alignment Editor [34]. We checked each chromatogram to verify each position by
eye and corrected sequencing errors if necessary. We calculated the number of haplotypes
(h), haplotypic diversity (Hd), nucleotide diversity (pi) and the number of polymorphic sites
with DnaSP v.6.12.03 [35]. The haplotype networks were constructed for each mitochon-
drial fragment independently (for mtCOX1 and mtCytb) with PopArt software V. 1.7 [36]
using the ML topology. We constructed an ML phylogenetic tree with RAxML v8.2.X soft-
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ware [37], implemented via the Cipres web portal [38]. We used JMODELTEST v2.1.1 [39]
to identify the most appropriate model of sequence evolution for both mtDNA fragments
(HKY + G). We performed a hierarchical analysis of molecular variance (AMOVA) [40] to
partition the mtDNA genetic variation into a geographical context, including the variation
among zones (RZ, FZ and RD). The significance of the variance components associated
with the different levels of genetic structure was tested using nonparametric permutation
procedures as implemented in Arlequin V3.5.2.2 [40].

2.4. Microsatellite Diversity and Genetic Differentiation

We genotyped 81 individuals of C. undecimalis, with 11 microsatellite loci (see Supple-
mentary Material S1, Table S3: Genotypes of nine loci of Centropomus undecimalis popula-
tions). The fragment length was standardized with an internal size marker, GeneScan-500
Liz (Applied Biosystems), in Genious R.10.6, USA (www.geneious.com, accessed on 28
April 2021). Allele frequency tables for individuals were created using the Bin utility in
Genious R.10.6, USA. Genotypes were checked with Micro-Checker v2.23 [41] for null
alleles, large allele dropout and stutter bands. Departure from Hardy–Weinberg equilib-
rium and linkage disequilibrium between loci were tested with GENEPOP v4.7 (online
version) [42] using a Markov chain algorithm with 10,000 iterations for dememorization,
100 batches and 5000 iterations per batch. The following basic genetic statistics were cal-
culated using GenAlEX [43]: number of alleles per locus (Na), effective number of alleles
per locus (Ne), observed (Ho) and expected (He) heterozygosity for each locus, fixation
index (FIS) values per locus and the number of private alleles. We used Arlequin V3.5. [40]
to calculate F-statistics to measure the genetic differentiation among populations from
different sites [44].

To identify the genetic structure of C. undecimalis in the Usumacinta River basin, we
carried out a Bayesian clustering analysis in STRUCTURE v2.3.3 [45]. This method allowed
us to determine the optimal number of groups or clusters (K), assigning each individual to
1 or more groups. We applied the admixture model and the uncorrelated allele frequency
model. To determine the optimal number of clusters, without prior information, the
program was run 10 times for different K values (K from 1 to 13 + 1); for each run, the
MCMC algorithm was run with 1 M replicates and a burn-in of 200,000 replicates. To
determine the most likely K value based on the DK method, also known as the Evanno
method [46], the STRUCTURE results were analyzed with STRUCTURE Harvester [47].

In addition, a discriminant analysis of principal components (DACP) [48,49] was
performed in RStudio [50]. DAPC is a multivariate analysis designed to identify and
describe clusters of genetically related individuals. DAPC relies on data transformation
using PCA as a prior step to discriminant analysis (DA), ensuring that the variables
submitted to DA are perfectly uncorrelated. The DA method defines a model in which
genetic variation is partitioned into a between-group and a within-group component, and
yields synthetic variables which maximize the first while minimizing the second [48].

DAPC was performed with the microsatellite data, using the individual clustering
assignment found in STRUCTURE. In this regard, we used the individual cluster assign-
ments based on the 2 best Structure K values (K = 2 and K = 3). We also ran the K-means
clustering algorithm (which relies on the same model as DA) with different numbers of
clusters, each of which gave rise to a statistical model and an associated likelihood. With
the find.clusters function of the Adegenet package v. 2.1.3 [48], we evaluated K = 1 to K = 13
possible clusters in 10 different iterations (DAPC) [49]. In both cases, the selection of the
number of principal components was carried out with a cross-validation analysis. The
validation set was selected via stratified random sampling, which guaranteed that at least
1 member of each conglomerate or cluster was represented in both the training set and the
validation set [51]. The clusters or conglomerates resulting from the DAPC were visualized
in a scatter diagram, using the first 2 discriminant functions, representing individuals
as points, whereas genetic groups were enclosed by inertia ellipses, with a positive co-
efficient for the inertia ellipse size of 1.5. The clusters were grouped by their proximity
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in the discriminant space through a minimum spanning tree (MST). The proportions of
intermixes, obtained from the membership probability based on the retained discriminant
functions, were plotted for each individual. The DAPC admixture index was plotted using
Structurly [52]. Additionally, we tested the possible presence of substructures within the
estimated clusters with the find.clusters function in Rstudio [50].

Using the microsatellite data and the genetic groups estimated from the DAPC analysis,
we calculated a genetic distance matrix, based on the number of allelic differences between
individuals (Hamming distances), to construct minimum expansion networks with the
poppr package, version 2.8.5 [53]. In the estimated minimum expansion network, each node
represents the multilocus genotypes of the different samples, and the edges represent the
genetic distances connecting the multilocus genotypes [53].

We estimated gene flow based on recent migration rates (m) among the genetic clusters
obtained with STRUCTURE software (K = 2 and K = 3) and DAPC (K = 3) using an
assignment test in BayesASS 3.0.3 [54]. First, we ran BayesASS 3.0.3 for 10,000,000 iterations
with a burn-in of 1,000,000 to adjust the mixing parameters, in order to have acceptance
rates for the proposed changes in the parameters between 20% and 60%, according to
the BayesASS user manual [54]. The delta values used for allele frequency (a), migration
rate (m) and the inbreeding (f ) coefficient were 0.4, 0.2 and 0.55, respectively. With those
parameters, we then ran BayesASS iteratively 10 times, with different starting seeds, and
the total log likelihood was plotted on tracer to assess convergence within runs. The
number of times each outcome was achieved over the 10 runs was recorded, and the mean
migration rates were calculated for each of these outcomes. Migration rates with lower
95% confidence intervals below m = 0.02 were not considered significant and were also
omitted. The effective size (Ne) of the populations was estimated in the web version of
NeEstimator v2.1 via the linkage disequilibrium (LD) method and with 95% CI [55].

Finally, 2 different groupings were tested in the hierarchical AMOVA using data from
the 11 microsatellite loci: (1) geographical criteria, including variation among basin zones
(RZ, FZ and RD), among localities within the zones and within localities; and (2) according
to the clusters obtained with the DACP analysis (K = 3) and STRUCTURE software (K = 2
and K = 3). A sequential Bonferroni test was performed to adjust the critical value of
significance [56].

2.5. Isolation by Distance

To detect the effect of isolation by geographical distance (IBD), we compared the
correlation of genetic distance (FST), RE = FST/(1− FST) [57] with geographical distance [58].
The distances were obtained by following the channels of the rivers sampled with the
measure tool of the ArcGIS program. IBD was estimated using the correlation coefficient
(R2) for all pairs of populations for the 2 mitochondrial fragments and the 11 microsatellite
loci with the Mantel test in the vegan package in RStudio [50].

3. Results

A fragment of 574 bases of mtCox1 (n = 72) and a fragment of 454 bases of mtCytb
(n = 34) were obtained from three zones within the Usumacinta basin. In the dataset for the
mtCox1 fragment, we recovered eight haplotypes with a total of seven variable sites, with
a low haplotypic diversity of Hd = 0.281 and a low nucleotide diversity with a π value of
0.0006 (Table 1). The haplotype network for mtCox1 showed a star-like shape (Figure 2A),
with Hap3 showing the highest frequency and being present at the 80% the sampled zones
(Figure 2B). Despite this, the results indicated the presence of exclusive haplotypes for each
zone: rainforest, Hap 1; floodplain, Hap 4, 5 and 6; river delta, Hap 7 and 8.
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Table 1. Genetic diversity estimations of mtDNA for each zone of the common snook (Centropomus undecimalis): n = number
of sequences; h = number of haplotypes; Hd = haplotypic diversity; S = number of variable sites; k = average pairwise
nucleotide differences; π = nucleotide diversity. Summary statistics for nine polymorphic microsatellite loci: n = number of
individuals with amplification; Na = number of alleles per locus; Ne = effective number of alleles per locus; HO = observed
heterozygosity; He = expected heterozygosity; FIS = fixation index given for each locus. Values with the asterisk represent
significant deviations from Hardy–Weinberg equilibrium.

mtDNA Locus

Group mtCox Cyt-b Cun20 Cun
10A

Cun
02

Cun
21A

Cun
04A

Cun
01

Cun
021B

Cun
06

Cun
14

Rainforest
zone

n = 23

n 17 10 n 20 20 21 22 18 23 22 22 22
h 3 2 Na 14.000 15.000 8.000 5.000 5.000 8.000 5.000 7.000 10.000

Hd 0.323 0.466 Ne 7.619 11.429 6.300 1.770 3.927 3.348 3.796 4.990 5.378
S 2 1 Ho 0.950 0.900 0.571 0.500 0.889 0.739 0.864 0.636 0.864
k 0.338 0.001 He 0.869 0.913 0.841 0.435 0.745 0.701 0.737 0.800 0.814

π 0.0005 0.466 FIS −0.094 * 0.014 0.321 −0.150 −0.193 −0.054 −0.173 0.204 * −0.061

All
locus

FIS
−0.011

Floodplain
zone

n = 29

n 29 10 n 24 27 29 29 23 27 29 26 29
h 5 4 Na 15.000 19.000 8.000 3.000 6.000 11.000 6.000 6.000 10.000

Hd 0.369 0.822 Ne 6.776 12.678 6.570 1.597 3.792 3.455 3.103 4.711 6.029
S 3 2 Ho 0.708 0.815 0.448 0.483 0.696 0.556 0.724 0.577 0.862
k 0.458 1.08 He 0.852 0.921 0.848 0.374 0.736 0.711 0.678 0.788 0.834

π 0.0008 0.002 FIS 0.169 0.115 0.471 * −0.291 0.055 0.218 * −0.068 0.268 * −0.033
*

All
locus

FIS
0.085

River
delta
n = 29

n 26 14 n 29 29 29 29 29 29 29 28 29
h 3 2 Na 6.000 17.000 3.000 3.000 5.000 11.000 6.000 4.000 10.000

Hd 0.150 0.538 Ne 4.890 7.410 2.683 1.279 3.266 2.448 4.102 1.744 6.207
S 3 1 Ho 0.690 0.862 0.552 0.241 0.621 0.586 0.793 0.571 0.759
k 0.230 0.538 He 0.795 0.865 0.627 0.218 0.694 0.592 0.756 0.427 0.839

π 0.0004 0.001 FIS 0.133 0.003 0.120 −0.106 0.105 0.009 * −0.049 −0.339 0.096

All
locus

FIS
0.011

All

n 72 34 n 73 76 79 80 70 79 80 76 80
h 8 4 Na 18 21 8 6 6 14 6 9 14

Hd 0.281 0.615 Ne 4.216 5.933 3.250 1.562 3.154 2.937 3.111 2.370 4.390
S 7 2 Ho 0.784 0.868 0.495 0.410 0.732 0.652 0.772 0.568 0.822
k 0.354 0.722 He 0.743 0.815 0.647 0.276 0.674 0.635 0.661 0.527 0.756
π 0.0006 0.001 FIS 0.071 0.049 0.331 −0.203 −0.015 0.067 −0.097 0.113 0.001

For the mtCytb fragment, four haplotypes were identified with two variable sites, with
a relatively larger haplotype diversity (Hd = 0.615) but with a low π value of 0.001 (Table 1).
In the mtCytb haplotype network, we observed that the four haplotypes were distributed
more homogeneously among the sampled populations, with two haplotypes present in all
the sampled localities (Figure 2B), while the other two haplotypes were only present in the
FZ (that is, Jonuta, Emiliano Zapata and Catazaja). For both mitochondrial markers, the
highest number of private haplotypes was found in the FZ (Table 1), which also showed
the highest genetic diversity; thus, for mtCytb, the genetic diversity was Hd = 0.822 and for
mtCox1, Hd = 0.36, while the lowest diversity was observed for the RZ: Hd = 0.46 and 0.32
for mtCytb and mtCox1, respectively.

In the hierarchical AMOVA for mtCox1 and mtCytb, most of the variation was recov-
ered within populations: 86.61% and 92.99%, respectively (Table 2), with very low but not
significant ΦCT values among groups (i.e., mtCox1 ΦCT = −0.032; mtCytb ΦCT = 0.061).
Similarly, the differences between populations within groups were low but not signifi-
cant (i.e., mtCox1 ΦSC = −0.080; mtCytb ΦSC = 0.009; mtCox1 ΦST = −0.044; mtCytb
ΦST = 0.07 (Table 2)).
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Table 2. Analysis of molecular variance (AMOVA) for two mitochondrial and nine microsatellite loci, among zones
(rainforest, floodplain and river delta) and groups obtained with DAPC and STRUCTURE. Significant values are shown
with the asterisk (p < 0.05).

Marker
Variance
Among

Groups (%)

Variance among
Populations

within Groups (%)

Variance
within

Populations (%)

Among
Groups

FCT/Φ CT

Among
Populations

FSC/Φ SC

Within
Populations

FST/Φ ST

mtCox1 3.29 16.00 86.61 0.03295 −0.08010 −0.04451
mtCytb 6.13 0.88 92.99 0.06134 0.00936 0.07013

Microsatellite
K = 3 DACP 11.11 −0.69 89.57 0.111 * −0.007 0.104 *

Microsatellite
K = 2

STRUCTURE
5.79010 3.17138 91.03 0.0579 0.0336 0.089

K = 3
STRUCTURE 1.69 4.27 94.04 0.016 * 0.043 * 0.059 *
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3.1. Microsatellite Structure

The Cun-22 and Cun-09 loci were excluded from the analysis because the Cun-22
locus showed more than 51% missing data, while the Cun-09 and Cun-10 loci were linked;
therefore, we kept Cun-10, since it was the marker with least missing data (see Supple-
mentary Material S1, Table S4: Linkage disequilibrium results of nine microsatellites from
Centropomus undecimalis). The summary statistics for all microsatellite loci are presented in
Table 1. The number of alleles per locus ranged from 6 to 21. Five loci exhibited departure
from Hardy–Weinberg equilibrium (HWE), due, in some cases, to a statistically significant
deficit of heterozygotes.

We found evidence that null alleles may be present at five loci (Cun-20, Cun-10-A,
Cun-02, Cun-01 and Cun-06) but we found no evidence for allele dropout or stuttering
during PCR amplification. We found no evidence of scoring error, no large allele dropout
and no null alleles at the Cun-21-A, Cun-04-A, Cun-21-B and Cun-14 loci. In general, the
number of private alleles was low across the sampling sites (Table 3), with four private
alleles being found at Chajul, Lacantun and Canitzan.

Table 3. Descriptive statistics for the microsatellite data in the Usumacinta River basin.
Na = number of different alleles; Na (Freq ≥ 5%) = number of different alleles with a
frequency ≥ 5%; Ne = number of effective alleles; Np = number of private alleles or the number
of alleles unique to a single population.

Population Na Na Freq. ≥ 5% Ne Np

Tzendales River 3.556 3.556 3.115 1
Lacantun River 5.889 5.889 4.236 4

Chajul 5.111 5.111 4.012 4
Benemerito 3.667 3.667 2.889 1

Emiliano Zapata 4.333 4.333 3.426 2
San Pedro River 5.333 5.333 4.082 1
Chacamax River 3.778 3.778 3.165 2

Jonuta 4.000 4.000 3.421 0
Canitzan
Lagoon 5.222 5.222 4.016 4

Pom Lagoon 5.111 4.000 3.415 1
Palizada River 4.556 4.556 3.168 2

Terminos
Lagoon 3.000 3.000 2.495 1

Sea 4.556 4.556 3.225 0

A very small amount of genetic differentiation was detected among the Centropomus
undecimalis populations studied, as revealed by significant pairwise FST values for 12
pairwise comparisons out of 77 (Table 4). A geographical pattern of the distribution of
these differences was not recognized, but it could be identified that most of the significant
differences were between the RD and the FZ.

Bayesian clustering via Evanno’s method (i.e., STRUCTURE) [46] indicated that the
most likely number of clusters was K = 2 (Supplementary Material S2: Plots generated in
STRUCTURE Harvester and DAPC). The first cluster included Tzendales, Canitzan, most
of the individuals from Chacamax River and some individuals from the Lacantun River
and San Pedro River (Figure 3A, individuals in green), suggesting a genetic differentiation
of the populations from the RZ and FZ, while the second cluster included a mixture of
individuals from the RD and some individuals from the RZ and FZ (Figure 3A, individuals
in red).
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Table 4. Paired FST values among the 13 sampling localities of Centropomus undecimalis in the Usumacinta basin. Values
with the asterisk represent significant values after Bonferroni correction.

Tzendales Lacantun
River Chajul Benemerito Emiliano

Zapata
San Pedro

River Chacamax Jonuta Canitzan Pom
Lagoon

Palizada
River

Terminos
Lagoon Sea

Tzendales 0
Lacantun

River 0.015 0

Chajul 0.117 0.054 0
Benemerito 0.003 0.034 0.090 0
Emiliano

Zapata 0.089 0.054 −0.013 0.067 0

San Pedro
River 0.020 0.025 0.088 0.085 * 0.081 * 0

Chacamax 0.093 0.065 0.063 0.104 * 0.064 0.043 0
Jonuta 0.043 0.014 0.090 0.132 0.107 −0.009 0.04 0

Canitzan 0.046 0.027 0.069 0.078 0.082 * −0.007 0.017 −0.004 0
Pom

Lagoon 0.113 0.082 0.019 0.127 −0.066 0.111 0.112 0.121 0.097 0

Palizada
River 0.041 0.0002 0.015 0.091 −0.004 −0.002 0.037 −0.003 −0.001 0.011 0

Terminos
Lagoon 0.004 0.025 0.101 * −0.034 0.064 0.088 * 0.115 0.084 0.094 * 0.104 * 0.068 * 0

Sea 0.051 0.038 0.106 −0.02 0.102 0.125 0.103 0.141 0.114 * 0.148 * 0.118 * −0.038 0

Figure 3B shows the grouping obtained by STRUCTURE through Evanno′s test con-
sidering three genetic clusters (K = 3). One of the clusters included all individuals from
the RD zone, some individuals from the RZ (some individuals from Lacantun River) and
from the FZ (some individuals from Emiliano Zapata, San Pedro River and Chacamax)
(individuals in red). A second cluster joined some individuals from the RZ (Tzendales River
and Lacantun River) and from the FZ (Chacamax River, San Pedro River and Canitzan
Lagoon) (individuals in green). The remaining cluster was a mixture of populations from
the RZ and FZ.

After we removed the missing data, the microsatellite data matrix used for the analysis
of the population structure via the DAPC analysis had 64 individuals. The first analysis in
the DAPC considered two genetic clusters (K = 2), corresponding to the groups obtained
with STRUCTURE through Evanno′s test (see Supplementary Material S3A: Discriminant
analysis of principal components (DAPC): scatterplots of the discriminant analysis of
principal components of the microsatellite data for three zones) and, after a cross-validation
test, retained 10 principal components (PCs) with an accumulated variance of 60.1% for
the total data. As can be observed in the graph, only a small number of individuals were
grouped in the second cluster, which corresponded to a mixture of populations from the
RZ and FZ.

In the DAPC, we considered the three genetic clusters (K = 3), obtained by STRUC-
TURE through Evanno′s test (see Supplementary Material S3B). Thus, in the discriminant
analysis of principal components (DAPC), the scatterplots retained five principal com-
ponents (PCs) with an accumulative variance of 39.5% for the total data, after a cross-
validation test. Thus, one of the three clusters included all individuals from the RD zone,
some individuals from the RZ (Lacantun River) and from the FZ (Canitzan Lagoon and
San Pedro River). A second cluster joined individuals from the RZ (Tzendales River) and
from the FZ (Chacamax River and Canitzan Lagoon). The third cluster grouped a mixture
of populations from the RZ and FZ.
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Figure 3. Assessment of population genetic structure by Bayesian cluster analysis and DAPC based on the microsatellite
data. Bayesian Analysis was inferred at K = 2 based on locus data. Each single vertical line represents an individual and
its proportional membership probability among the K clusters. (A) K = 2; (B) K = 3. (C) Scatterplots of the discriminant
analysis of principal components of the microsatellite data, using find.clusters, for three zones. The axes represent the first
two linear discriminants (LD). Each circle represents a cluster and each dot represents an individual.

Finally, the find.clusters algorithm retrieved three different genetic clusters of the
13 populations of C. undecimalis analyzed, for all the runs performed (i.e., 10), showing the
lowest BIC value (i.e., 79). For K = 3, the cross-validation test resulted in the retention of
five principal components (PCs) with an accumulative variance of 39.5% for the total data.
In this case, the three clusters were mostly the same as the ones previously described for the
STRUCTURE software, with the only difference that in the third cluster, an individual from
the RD zone was included. The scatterplot of individuals on the two main components of
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DAPC showed that they formed three groups, and no overlapping between the a priori
defined groups (Figure 3C). We did not find evidence of substructuring among the clusters
analyzed. In the hierarchical AMOVA, low but significant values of differentiation were
recovered (Table 2). Most of the genetic variance was observed within the populations
(94.04% by zones and 89.57% by STRUCTURE with K = 3). The differentiation among
groups was low (FST = 0.059 by zones), as was that among populations within groups
(FSC = 0.043); both differences were significant. We estimated the migration rate (m) using
BayesASS as an indicator of gene flow among the genetic groups. The BayesASS average
results using the groupings obtained with DAPC analysis (K = 3) and STRUCTURE software
(K = 2 and K = 3) are shown in Supplementary Material S1, Table S5 (BayesASS results
showing the average migration rate (mprom) by cluster obtained); for more information,
see Supplementary Material S1, Table S6 (Results of 10 runs of the BayesASS algorithm,
with the average and total number of times the results were achieved). In general, the
m-values were low among the genetic clusters. The m-value from k = 1 to k = 2 was the
lowest (DAPC = 0.009 and STRUCTURE = 0.008). The values of the product of m and Ne,
which represents the number of migrating individuals, are shown in Table 5.

Table 5. The estimated numbers of migrating individuals, calculated as the product of the average
migration rate (m) and effective population size (Ne).

From k = 1 From k = 2 From k = 3 Ne

DAPC

To K = 1 (m = 0.9745)
86.9254

(m = 0.042)
3.7464

(m = 0.0244)
2.17648 89.2

To K = 2 (m = 0.009)
0.0531

(m = 0.9159)
5.40381

(m = 0.0254)
0.14986 5.9

To K = 3 (m = 0.0164)
0.19516

(m = 0.042)
0.4998

(m = 0.9501)
11.30619 11.9

STRUCTURE K = 3

To K = 1 (m = 0.95581)
94.434028

(m = 0.07456)
7.366528

(m = 0.04342)
4.289896 98.8

To K = 2 (m = 0.00872)
0.142136

(m = 0.88829)
14.479127

(m = 0.02753)
0.448739 16.3

To K = 3 (m = 0.03545)
0.57429

(m = 0.03719)
0.602478

(m = 0.92904)
15.050448 16.2

STRUCTURE K = 2

To K = 1 (m = 0.98839)
23.128326

(m = 0.0834)
1.95156 N/A 23.4

To K = 2 (m = 0.01161)
0.189243

(m = 0.9166)
14.94058 N/A 16.3

3.2. Isolation by Distance

Although we observed differences in the level of genetic diversity across the desig-
nated zones (RZ, FZ and RD), we did not find a correlation between the geographic and
genetic distances for either mitochondrial marker (R2 = 0.005; p = 0.4265 and R2 = 0.0478;
p = 0.3916 for mtCox1 and mtCytb, respectively) nor the nuclear loci (Figure 4, R2 = 0.1143,
p = 0.1668).
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4. Discussion

The Usumacinta River basin is one of the largest basins in the Gulf of Mexico, whose
biological diversity is outstanding for the Mesoamerican region [29,59], with more than
170 species, including 50 fish families, making it one of the most diverse river basins in
Mexico [20]. Its hydrological connectivity allows the common snook to complete its life
cycle. The species is one of the most abundant, largest and most economically important,
with a high commercial value, which has led to overfishing of the species, threatening
their populations [60–62]. Testing the genetic structure of an euryhaline species such as
the common snook provides a unique opportunity to demonstrate the importance of the
hydrological connectivity of the Usumacinta River basin, providing a better understanding
of its conservation status.

4.1. mtDNA Genetic Structure

Our mtDNA results in the common snook support a degree of connectivity among
the three zones in the Usumacinta River basin, a pattern expected due to the migratory
nature of the species, as well as previous observations of some of its populations in a
smaller geographic area [25]. The star-like haplotype network is consistent with a lack
of geographical structure, showing haplotypes with low levels of sequence divergence
and a high frequency of singletons. A similar pattern can be related to rapid population
expansion or selection, which caused the rapid spread of a mitochondrial lineage [63].
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Despite the lack of a clear geographic differentiation, haplotype frequencies and exclusive
haplotypes differ among the zones analyzed. Particularly, with the mtCox1 marker, we
identified differences in haplotype occurrence and their frequencies between the rainforest
and delta zones (the upper and lower parts of the basin, respectively). These results
are consistent with previous comparative phylogeographic analyses of the basin, which
considered endemic species data and phylogeographic analyses for a selected group of
organisms (mainly cichlids and poecilids), and report differences between the upper and
lower parts of the Usumacinta River basin [29]. These results provide additional evidence
that could indicate the existence of geographic structure for some of the freshwater fauna
in the basin (e.g., Centropomus undecimalis) and support the hypothesis that the Usumacinta
does not correspond to a single biogeographic unit [29].

The floodplain was recovered as the most diverse zone (see Table 1), showing a higher
number of exclusive haplotypes (i.e., Hap 4, 5 and 6 for Cox1 and Hap3 and 4 for Cytb,
Figure 2A,B). Thus, the mtDNA variations suggested that the floodplain acts as a confluence
zone between the rainforest and river delta zones for the common snook. This pattern
of genetic transition was previously reported in the Astyanax aeneus species complex on
the basis of mitochondrial markers [10], where the floodplain zone was also found to be a
transition zone between the rainforest and delta zones of the Usumacinta River drainage.

Despite the aforementioned differences, we did not recover significant differences
among zones according to the hierarchical AMOVA, suggesting that the levels of differ-
entiation were fairly low among the zones. However, the molecular phylogeographic
patterns gave additional evidence about the relevance of using barcodes as valuable tools
to characterize and reveal cryptic diversity in widely distributed fish species. In accordance,
the geographic structure found inside the basin shows the utility of genetic information
for characterizing the diversity patterns in a region previously considered to be a single
unit [13].

4.2. nucDNA Genetic Structure

Microsatellite loci showed low but significant levels of differentiation among the
zones tested in this study. The heterozygote deficiency represents a deviation from the
Hardy–Weinberg Equilibrium (HWE) when the observed heterozygosity (Ho) is less than
the expected heterozygosity (He) [64]. These deviations from the HWE proportions can
be generated by the presence of null alleles and by an irregular system of inbreeding
or by population structure [64,65]. In our study, the heterozygote deficiency observed
could be explained by the presence of null alleles in some loci, but they were not shared
across populations. When we considered K = 2, one of the clusters was distributed in the
rainforest and floodplain zones, which included individuals from the populations from
Tzendales, Lacantun, Chacamax, San Pedro and Canitzan. The second group included a
cluster that shows a wider distribution across the basin, from the delta to the rainforest
zones (Figure 3). These results support the confluence of two different genotypic clusters
of the common snook in the Usumacinta River basin, one of which was widely distributed
in the lower part of the basin (the delta zone) and reached the uplands (the rainforest zone),
while the second cluster, which showed a more restricted distribution, occurred in the
rainforest and floodplain zones, possibly extending to the upper part of the Usumacinta
basin in Guatemala. A similar pattern was previously reported in the white turtle (Dermate-
mys mawii) [26–28], in which two genetic clusters were recovered along the Usumacinta
River basin.

The DAPC results suggest a high probability for K = 3. One of these genetic clusters
is widely distributed across the Usumacinta basin and is dominant in the delta zone.
Additionally, the rainforest and floodplain zones contain two different genotypic clusters;
the first one coincides with the cluster detected for the K = 2 analysis and the second one is
distributed among the remaining individuals from both zones, hierarchically dividing the
upper (rainforest and floodplain) from the lower part of the basin (delta zone).
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The ocurrence of different genetic clusters occurring in the upper Usumacinta (rain-
forest and floodplain zones) but not detected in the lower Usumacinta cluster (delta zone)
is in agreement with a previous study which supported the existence of two biogeographic
units within the Usumacinta River basin [29]. This biogeographic pattern could be the
result of both recent and historical events influencing fish diversification in the basin [29].
Further studies including adjacent areas on the distribution of the common snook would
allow a better understanding of the extent of the genetic clusters found here.

Additionally, the presence of two different genetic clusters in the upper part of the
Usumacinta basin could be related to the occurrence of different migratory contingencies
in the common snook populations. Previous studies on catadromous fish have shown that
they can present alternative migratory tactics within a conditional strategy [66]; in this
case, the individuals could make migratory decisions depending on the following factors:
individual status (e.g., body condition, growth rate), interactions with other organisms and
environmental conditions (e.g., habitat availability or river flow). Previous studies have
shown a high environmental similarity between the delta and the floodplain zones, the lat-
ter being considered as a reservoir for diversity where fish species can reproduce [20,67,68].
Additionally, the common snook individuals collected from the floodplain zone presented
advanced stages of gonadal development [17]. The fact that the two genetic clusters from
the rainforest and floodplain were not present in the delta zone could reflect an alternative
migratory contingence, in which the floodplain zone could provide the environmental con-
ditions necessary for the common snook to complete their life cycle, as happens with other
migratory species [68]. Further studies exploring the existence of migratory contingents in
the life cycle of C. undecimalis based on otolith 87Sr/86Sr analysis could shed light about the
variation in life cycles among individuals.

4.3. Gene Flow and Isolation by Distance

In this work, it was found that the migration rates for the three structuring models
showed a low genetic flow between the estimated clusters (Figure 3), with a low number
of possible migrants among them (Table 5). These low migration rates can promote
differential segregation between genetic clusters, supporting the idea that these groups
are well-discriminated units. However, in accordance with our previous results, neither
type of examined markers (mtDNA and nucDNA) showed an isolation by distance (IBD)
pattern, suggesting a more complex genetic structure in the C. undecimalis populations.

In this regard, the IBD, mitochondrial haplotypes and nuclear results are in agreement
with a previous study by Hernández-Vidal et al. [25], in which the lack of an IBD pattern
was described. However, in that study, the authors only compared two marine populations
(referred to as the sea population here) vs. individuals from the San Pedro River near
the Guatemala border, for a total of 79 individuals. Their results showed a 2% variance
between the sea and the San Pedro River basin (in the floodplain zone), very similar to our
results for those groups (nucDNA = 2.1%, mtCox1 = 3.29% and mtCytb = 6.13%; Table 2).

Based on the BayesASS results, we found a low gene flow among the genetic clusters
recovered. However, since one of the genetic clusters recovered was found throughout the
Usumacinta River basin, the structuring pattern related to geographic distance was not
observed. In this regard, a previous study involving allozymes in C. undecimalis recovered
strong differentiation between the Gulf of Mexico waters and the Caribbean populations,
suggesting that these populations could correspond to different management units [18].
Additionally, recent studies of C. undecimalis, from the Gulf of Mexico to Brazil, showed
very high genetic differentiation associated with the geographical distance between the
populations [69,70]. The results for genetic structuring and the estimation of migration
rates suggest that two to three different populations of the common snook converge in the
Usumacinta River basin.

Hydrological connectivity, together with historical processes, could have played a
major role in the genetic structure of the common snook population in the Usumacinta
basin over different temporal and geographical scales [26–28]. Further studies including
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wider geographical sampling in the Gulf of Mexico and the Caribbean could help us to test
these differential patterns of connectivity and genetic structure within the common snook
across different regions.

4.4. Implications for Species Conservation

Our results could have important implications for species conservation and manage-
ment. First, it is clear that the common snook migrates and disperses throughout the basin,
from the rainforest zone in Mexico (Tzendales River and Lacantun River) and its border
with Guatemala to the river delta zone. Thus, river connectivity is essential to allow the
species to maintain its life cycle. On the other hand, the genetic differences found in the
common snook, for which the floodplain zone was identified as the most diverse zone
according to both mitochondrial and nuclear data, suggesting that this zone corresponds
to a confluence between the rainforest and river delta zones in the Usumacinta River
basin; thus, the floodplain zone corresponds to a relevant unit for the conservation and
management of the species. In particular, the San Pedro River represents a unique region,
due to the environmental conditions, which could provide particular biological dynamics
that allow the species to reproduce. Thus, future studies could shed more light in this
regard [71]. Alterations in river connectivity will impact the life history of the common
snook, including its migratory and dispersal behavior and population size contractions,
affecting the fisheries in the region and ultimately species conservation. The identification
of the high-diversity unit zones (i.e., the FZ) through the use of barcodes could favor the
implementation of a responsible management program in these zones by decision-makers
for preserving not only the species but also its genetic diversity.

Regarding the genetic cluster recovered with the nuclear markers, we suggest that
these could represent alternative reproductive stocks of the species within the Usumacinta
basin; thus, even though we did not recover a geographic structure, we consider that
the basin represents a very important system for the conservation of the species’ genetic
diversity, where alternative reproductive strategies could have been taking place.

Finally, our study also recovered the diversity information of mitochondrial and
nuclear data that in contrast with previous studies that also shed light on the current status
of the species. With the two mitochondrial markers, the genetic diversity recovered was
lower (i.e., mtCox1 Hd = 0.28 and mtCytb Hd = 0.62) than previously reported for the
species [18,72], and also in comparison with other euryhaline species [73,74]; for mtCox1,
Hap3 was present in 80% of the samples analyzed. Similarly, in the nuclear data, the
heterozygosity values obtained in our study were lower than those previously reported
for 5 of our 11 microsatellite loci [25]. This information could be explained by our sample
size; however, the two types of data provide evidence that is consistent with biogeographic
patterns. Moreover, our results could also be related to an overexploitation of the species by
the local fisheries, urging the local authorities to implement conservation and management
programs to preserve the species’ evolutionary history.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d13080347/s1. Supplementary Material S1: Table S1: Sampling localities from the Usumacinta
River basin. Table S2: Eleven microsatellite loci used in determining genetic variation among the
Centropomus undecimalis samples from 13 sampling localities along the Usumacinta River basin.
Table S3: Genotyping of nine loci of Centropomus undecimalis. Table S4: Linkage disequilibrium
results of nine microsatellites from Centropomus undecimalis. Table S5: BayesASS results showing the
average migration rate (mprom) by cluster, obtained with DAPC (k = 3) and STRUCTURE (k = 2,
k = 3). SD, standard deviation; CI, 95% confidence interval; N, the number of times this outcome
was reached over 10 runs with varying starting seeds. Table S6: Results of 10 runs of the BayesASS
algorithm, with the average and total number of times the results were achieved. Supplementary
Material S2. Plots generated in STRUCTURE Harvester and DAPC. (A) The mean log likelihood of
the data [L(K)]. (B) Estimation of population clustering levels from seven microsatellite genotypes
following Evanno′s test [46]. (C) BIC value changes (find.clusters function) of DAPC. Supplementary

https://www.mdpi.com/article/10.3390/d13080347/s1
https://www.mdpi.com/article/10.3390/d13080347/s1


Diversity 2021, 13, 347 17 of 20

Material S3. Discriminant analysis of principal components (DAPC): scatterplots of the discriminant
analysis of principal components of the microsatellite data for three zones.
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