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Abstract

Understanding the population genetic structure of the species is essential for determining
the possible management units (UM) and their conservation and/or sustainable
exploitation with it. Chelonia mydas is recognized as an endangered philopatric turtle.
This work aims to describe the population structure of the green turtle in southwestern
Cuba through traditional analytical approaches and allocation methods. The collections
were made between 1998 and 2007 on five beaches in the Cuban southwest. Seven
microsatellite Jocz from 149 individuals were amplified and genetic variability parameters
were calculated. The population structure was inferred through the use of Wright's F,
Analysis of Molecular Variance (AMOVA), and population assignment algorithms
based on Bayesian analysis (STRUCTURE) and factorization of sparse non-negative
matrices (implemented in R). Most of the /oci were not in Hardy-Weinberg equilibrium,
and several presented linkage disequilibrium. The AMOVA and differentiation statistics
suggest the presence of structure at the geographical level analyzed. The highest value of
AK and the lowest value of cross-entropy were reached for K = 2, a result that suggests
that in southwestern Cuba there is the contribution of two ancestral populations of
Chelonia mydas. Relative migration estimates indicate active genetic exchange between
nesting colonies in southwestern Cuba.

Keywords: differentiation, turtle, nesting, assignation, migration.

La comprension de la estructura genética poblacional de las especies es esencial para la
determinacién de las posibles unidades de manejo (UM) y con ello su conservacién y/o
explotacion sostenible. Chelonia mydas es reconocida como una tortuga filopétrida en
peligro de extincién. El objetivo de este trabajo es describir la estructura poblacional de
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MICROSATELLITES OF CHELONIA MYDAS FROM SOUTHWESTERN CUBA

la tortuga verde en el suroccidente de Cuba mediante enfo-
ques analiticos tradicionales y métodos de asignacion. Las
recolectas se realizaron entre los afios 1998 y 2007 en cinco
playas del suroccidente cubano. Fueron amplificados siete
loci de microsatélites de 149 individuos y se calcularon pa-
rimetros de variabilidad. La estructura poblacional fue in-
ferida mediante el uso de estadisticos F de Wright, Anélisis
de Varianza Molecular (AMOVA) y algoritmos de asigna-
cién poblacional basados en andlisis bayesianos (STRUC-
TURE) y en factorizacién de matrices no negativas poco
densas (implementado en R). La mayorfa de los /oci no se
encontraron en equilibrio de Hardy-Weinberg y varios de
estos presentaron desequilibrio de ligamiento. El AMOVA
y los estadisticos de diferenciacion sugieren presencia de es-
tructura al nivel geografico analizado. El mayor valor de AK
y el menor valor de entropia cruzada se alcanzaron para K
= 2, resultado que propone que en el suroccidente de Cuba
existe el aporte de dos poblaciones ancestrales de Chelonia
mydas. Los estimados de migracion relativa indican un in-
tercambio genético activo entre colonias de anidacién del
suroccidente cubano.

Palabras clave: diferenciacion, tortuga, anidacion, asigna-
cién, migracion.

Introduction

Sea turtles are umbrella species of ocean ecosystems
and flag species of conservation (Zhang ez 4l., 2021).
However, the global population and distribution of
these organisms have been markedly reduced due to
threats such as overexploitation, bycatch in fishing
nets, egg harvesting, marine pollution, habitat loss,
and climate change (Seminoff ez 4/. al., 2003, Fitak &
Johnsen, 2018, Phu ez /., 2021).

The green sea turtle, Chelonia mydas (Linnaeus
1758) is one of six extant species of hard-shelled sea tur-
tles within the family Cheloniidae. Its populations are
widely distributed in tropical and subtropical oceans,
and it has been listed as "Endangered” by the IUCN
since 2006 (Phu ez al.,2021). The green turtle (Chelonia
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mydas) has a global distribution and is characterized by
strong female fidelity to the natal nesting area, moder-
ate male-mediated gene flow, and population overlap in
feeding grounds (Alvarez-Varas ez l., 2021).

Cuban nesting sites are centrally located in the mi-
gratory circuits of the Greater Caribbean (Moncada
et al., 2006), and several reports reflect the abun-
dance of nesting sites in the Cuban Archipelago
(Moncada et al., 2014; Azanza-Ricardo ez 4l., 2018).
The Guanahacabibes Peninsula, as well as other coasts
and key systems of the southwestern portion of Cuba,
constitute nesting areas for sea turtles in the Cuban
Archipelago (Azanza-Ricardo ez al., 2018) of which C.
mydas is the most abundant species (Moncada ez 4l
2014). For this reason, for more than 20 years various
conservation and research activities have been devel-
oped in the region (Azanza-Ricardo ez al., 2019). The
vulnerability of sea turtles to environmental changes
and, above all, human action, entails monitoring their
populations to carry out effective management to pre-
vent their extinction (Poloczanska ez 4., 2009, Azanza-
Ricardo et al., 2018, Matley et al., 2019).

The evaluation of the structure of the populations is
of considerable interest because it constitutes the previ-
ous step to answering more complex questions related
to migration rates and the identification of conservation
units. However, for many species, the demarcation of
geographic populations is problematic, and, in these cas-
es, clustering methods provide the best solution (Manel
et al., 2005). Although identifying individual’s popula-
tions of origin may appear to be a relatively straight-
forward problem, it requires knowledge of the number
and structure of populations, as well as the appropriate
characters and statistical tools for assigning individuals
to populations (Hansen ez 4/., 2001).

Two of the goals of conservation genetics are the iden-
tification of unique evolutionary units (EU) as targets for
the management and the maintenance of genetic diver-
sity within those units. Microsatellite analysis can con-
tribute to both goals, even more efliciently than other
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techniques that have been applied in this field, such as
mitochondrial DNA studies (Ashley & Dow, 1994).
Recently, Microsatellites are been used for population
genomics since microsatellites are more sensitive than
genomic datasets to the number of loci and individuals,
although less sensitive to the number of populations sam-
pled (Aguirre-Liguori ez al., 2020). Evolutionary genetic
studies are also using microsatellites (Jorde ez 4/., 2001).
Microsatellites are highly variable, noncoding regions
of nuclear DNA consisting of repeats of single sequence
motifs, usually with more than ten alleles (Goldstein &
Pollock, 1997). Another practical advantage of microsat-
ellites is that only small amounts of DNA are required
(Gulcher, 2012), making possible non-lethal sampling
and analysis of old archived samples with only small
amounts of heavily degraded DNA (Hutchinson ez 4/,
1999). However, the greatest advantage of this type of
molecular marker is the numerous and novel statistical
tests that can be implemented on them, aimed at detect-
ing bottlenecks, migration rates and relationships be-
tween individuals (Hansen ez 4., 2001).

Population differentiation is a key process of evo-
lution. Consequently, the measurement and quantifi-
cation of this phenomenon are of central importance.
Accordingly, Wright (1951) founded the so-called F
statistics, also known as fixation indices. Recently, new
indices and approximations have been described as al-
ternatives to the F. parameter, such as the D index (Ma
et al., 2015). On the other side, assignment methods,
which make use of genetic information to decipher the
population membership of individuals or groups of in-
dividuals, have been used to study a wide range of evo-
lutionary and ecological processes (Manel ez 4/., 2005).
Statistics based on individuals for assigning these to
populations have caught the attention of the scientif-
ic community and, consequently, several methods and
software have been explicitly developed to respond to
this type of problem (Hansen ez 4/., 2001).

All methods of assigning individuals to a popu-
lation have as a common property that they employ

heeps://revistas.uh.cu/rim/
https://doi.org/10.5281/zcnod0.8018724

Madrigal«Roca etal.

the enormous amount of information available on the
multi-locus genotypes of individuals. For each indi-
vidual analyzed, the probability of belonging to each
of the possible populations is calculated. Individuals
are then assigned to the population from which their
multi-Jocus genotype is most likely to be derived. The
main difference between techniques consists in the
principles according to which the assignments are
made (Hansen ez al., 2001; Manel ez 4l., 2005). In
general, the power of assignment tests depends on a
set of factors: 1) genetic differentiation between popu-
lations; 2) the number of populations sampled; 3) de-
gree of polymorphism in the Joci; 4) the number of
loci studied and 5) sample sizes (Hansen ez 4/., 2001).

In grouping problems, the categories are not pre-
defined and must be constructed from the data.
Clustering methods attempt to break down the mix
of individuals from different populations by creating
groups within which linkage disequilibrium is min-
imized. These groups can then be considered as gene
pools or populations. Thus, clustering methods can si-
multaneously delineate clusters of individuals based
on their multi-Jocus genotypes and assign individuals
to the identified groups, typically employing a Monte
Carlo Markov chain (MCMC) approach. These anal-
yses are particularly useful when genetic information
for potential source populations is not available, the
boundaries between populations are unclear, or when
some (but perhaps not all) potential sources have been
sampled (Manel ez 4., 2005).

Within the framework of the Cuban Archipelago,
few studies have been devoted to inferring the popu-
lation structure of the green turtle. Among them are
the one carried out by Ruiz-Urquiola ez 4/. (2010) with
mitochondrial markers and Azanza-Ricardo (2009),
which combines mitochondrial markers and microsat-
ellites. They used methods based on differentiation sta-
tistics (e. g For), AMOVAs, and Bayesian algorithms
(STRUCTURE). This study implement an integrative
study based on multiple approaches (classics statistics like
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F, Bayesian assignment methods, and sparse non-nega-
tive matrix factorization algorithms) to describe the pop-
ulation structure of C. mzydas using microsatellite /oci in
nesting localities of the southwestern region of Cuba.

Materials and methods

Study area

The study area covered the most important nesting
rookeries in southwestern Cuba. The biological mate-
rial was obtained from 149 individuals (N) from Cayo
Largo (28), El Guanal on Isla de la Juventud (12), Cayo
Real (Cayeria de San Felipe; 8) and on the beaches of
East (Antonio and Perjuicio; 40), Center (La Barcaand
El Holandés; 35) and West (Caleta de los Piojos; 26)
of the Guanahacabibes Peninsula (Table I). The sam-
plings were made between 1998 and 2007, from the
months of May to September (nesting season of the
green turtle). The samples were preserved in ethanol
(90%) at room temperature.

Madrigal—Roca etal.

Extraction and amplification of
microsatellite DNA sequences

DNA was extracted from 30-40 mg of muscle tissue,
using a modification of the protocol of Hillis ez al.
(1996). The extracted DNA was amplified for seven
microsatellite Jocz, using as 5-3 primers those proposed
by Aggarwal ez al. (2004) [OR-2, OR-3, and OR-8]
and FitzSimmons ez /. (1995) [Ei8, Cm72, Cm84, and
Ccl17]. The selected loci are moderately variable and
useful to discriminate between populations and not
individuals.

Microsatellite genotyping

The microsatellite PCR products were mixed with a
molecular weight marker (Liz 500-250) and denatured
for five minutes at 95 °C with HiDi formamide.
The mixture was loaded in an ABI 3730 sequencer
(Applied Biosystems). Each genotype was then scored
after analyzing the amplification products with the

Table I: Summary of global data from microsatellites analyses in the Cuban southwest green turtle Chelonia mydas (N =
149). Except for the number of non-missing observations (n), all the other statistics were calculated after the random imputa-
tion of data according to the description present in materials and methods.

Locus Reference Repeat motif rS:IZes (ob) n A
Eis Z'}j';?g“gg; (CA)19 125475 145/145 7
CM84 Z'}Z?'quggf (CA)15 304-356  136/136 22
CM72 Z'}Zf”(qggg)s (CA)33 136288 141/141 27
OR2 Qf%gm)ef EgRgGCC 112188 146/146 25
OR8 gf%gm)et (T0)23 130174 143/141 18
OR3 gf%ggﬁ)er ggg%ﬁg 132184 134/132 21
Cetty  FESIMMONS 7 208256 112/112 10

et al. (1995)

A, Hy He Fis Fse  Fy Rt HW p
259 087 062 -045 003 -04 002 0,00
12,81 091 093 -0,02 0,04 0,02 0,01 0,00
1245 084 092 006 004 0710 0,07 0,00
1454 091 093 0,01 0,01 0,03 -0,03 0,01
833 088 088 -0,01 0,02 0,01 0,00 0,01
566 081 083 000 0,02 0,02 0,00 047
6,28 083 084 000 002 0,02 0,00 0,0

n: number of non-missing observations of loci in every chromosome (Chromosome 1/ Chromosome 2). A: allelic diversity. A,: effective allelic diversity.

H,: Observed heterozygosity. H,: expected heterozygosity. F statistics according to Weir and Cockerham (1984): Fg,

Fg; y Fyp. F statistics according

to Slatkin (1995): Rg;. HW p: Exact probability associated to Hardy-Weinberg equilibrium test with 10 000 permutations.
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Peakscanner program (Applied Biosystems, 2006).
To check the quality of the genotyping, the Micro-
Checker 2.2.3 (Van Oosterhout ez 4., 2004) program
was used.

Data processing and descriptive analysis
of genetic data

Before processing, the missing data were randomly as-
signed by sampling values with replacement and ma-
king the substitutions for each of the regions (that is,
the lost data from the West of Guanahacabibes we-
re imputed only with observed data from the West of
Guanahacabibes, and so on) locus by locus. According
to Bethlehem (2011), random imputation preserves the
distribution of the data, is easy to implement, is com-
putationally efficient, and is also unbiased under the
missing completely at random assumption. The premi-
ses of Hardy-Weinberg equilibrium were tested with
the hw.test function of the R package pegas (Paradis,
2010). For the Monte Carlo procedure 10,000 repli-
cates were used. Linkage disequilibrium was analyzed
with the function LD2 from the same package.

Allele richness (N,), private alleles (A}), observed
heterozygosity (H), expected heterozygosity (Hp), and
F statistics were calculated by regions. In this case, allele
richness was calculated with the allelicrichness function
of the pegas package, using the extrapolation method
proposed by Foulley & Ollivier (2006). Private alleles
were inferred with de function private_alleles from the
package poppr 2.8.6 (Kamvar ezal., 2014, 2015) of R. All
other measures were obtained with the function divBasic
from the diveRsity (Keenan ez al., 2013) package of R. In
the case of F/¢ statistic, confidence intervals at 95% were
calculated also with divBasic through bootstrapping
(10,000 permutations).

Likewise, allelic diversity (A), effective allelic diver-
sity (Ap), observed heterozygosity (H,y), expected (Hy)
heterozygosity, and F-statistics were also calculated per
locus. For this purpose, the functions A (gstudio pack-
age), Ac (gstudio R package), H (pegas R package),

heeps://revistas.uh.cu/rim/
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and Fst (pegas R package) were used, respectively.
Additionally, the R (- statistic was determined with the
function of the same name, which computes a fixation
index for microsatellites that considers the step mu-
tation model and is more appropriate for this type of
marker (Paradis, 2020).

As an initial exploratory method, it was verified
the existence of differences between the average allele
richness by region, by executing the non-parametric
test of multiple comparisons of Kruskal-Wallis with the
kruskal.test function in R (Hollander & Wolfe, 1973).
To determine differences between set of observations,
Nunn's post hoc test (Nunn, 1964) was executed with
the dunn.test function of the dunn.test package, using
the correction proposed by Benjamini & Hochberg
(1995) and a threshold of 0.05.

Genetic differentiation among nesting
locations

Values of the genetic differentiation statistics F,. and
G, were used as criteria to group localities. Both we-
re calculated with the function fastDivPart of the R
package diveRsity with 10,000 replicates for Monte
Carlo method. Each one of these statistics provides alter-
native pieces of information not provided by the others,
complementing them. For each of the values calcula-
ted by pairs of localities, the associated probability value
was determined using the pairwiseTest function of the
strataG package (Archer ez 4l., 2016) of R (10,000 per-
mutations). F.- family statistics (F¢and G,), are mea-
sures widely used in the literature, and can offer a means
to reach comparable results with prior publications.
With the values obtained by pair of localities, a heat gra-
ph and a dendrogram were constructed with the heat-
map.2 function of the R gplots package.

AMOVA and Discriminant Analysis of
Principal Components

In virtue of the temporal extension of samplings, the
presence Of structure among sampling ycars was also
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tested using AMOVA. Molecular analysis of varian-
ce was also performed to test the validity of the divi-
sion of the data by sampling location. For this, the
poppr.amova function was used, from the poppr 2.8.6
package of R. The function randtest from the packa-
ge ade4 of R (Dray & Dufour, 2007, Bougeard & Dray,
2018) was used to test phi-statistics (10,000 permuta-
tions were applied). To visualize in a spatial order the dis-
tribution of the variance calculated with the AMOVA,
discriminant analysis of principal components was exe-
cuted with the dapc function of the adegenet package
(Jombart, 2008, Jombart & Ahmed, 2011) of R. The
first 31 principal components (according to the highest
score 2 obtained during the optimization problem) and
three discriminant functions were used.

Inference of the individual ancestry
coefficients and the Q matrix in
STRUCTURE

The STRUCTURE 2.0 program (Pritchard & Wen,
2002) wasused to group individual genotypesbased on
the Bayesian approach and Markov Chains of Monte
Carlo (MCMC). The mixing model was considered,
which admits mixed individuals by introducing a
Q vector to denote the mixing proportions for each
individual (Pritchard ez 4/., 2000). According to the
recommendations of Wang (2017), and in the face of
unbalanced sample sizes, the model of uncorrelated
allele frequencies was used, and an initial value of
alpha smaller than 1 (0.1). The length of the initial
run and the number of Markov chains were 5,000 and
10,000, respectively. A priori number of populations
between 1 and 12 was tested and 20 replications
were made for each of these K values. The selection
criterion for the best run of the algorithm was based
on AK (Evanno ez 4l., 2005). This value is defined as
the second-order rate of change of the probability of
K. With the best model, the matrix Q of admixture
coefficients was calculated, which were represented by

a bar graph.
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Inference of the individual ancestry
coefficients and the Q matrix with the
sparse nonnegative matrix factorization
algorithm in R

The coefhicients of admixture in R were estimated
employing sparse nonnegative matrix factorization
algorithms optimized by least squares, which were
implemented using the snmf function of the LEA
package (Frichot & Frangois, 2014) of R. The code
used by the snmf function allows the estimation of
the frequencies of homozygotes and heterozygotes and
avoids the assumptions of Hardy-Weinberg equilibrium
(Frichot et 4l., 2014). This method is fast, precise,
and constitutes a non-parametric approach. Unlike
STRUCTURE, snmf function does not depend on
parametric assumptions and can be an option to use
in a larger number of situations (Frangois, 2016). The
algorithm was executed for K values between 1 and
12, and 200 repetitions were implemented, each with
a maximum of 200 iterations. The 1E-5 value was used
as the tolerance threshold, 5% as a percentage of hidden
genotypes, and 100 as the regularization parameter ().
To decide which algorithm presented the best results,
the predictive criterion introduced by Frichot ez 4l.
(2014) was used. This is based on cross-entropy and
hidden genotype imputation. The best of the models
generated was used to calculate the Q matrix. In turn,
this Q matrix was represented by a bar graph, in which
each bar corresponds to an individual and summarizes
the information corresponding to the ancestral
proportions present in each one of them.

Congruence levels between assignment
methods

A principal component analysis was performed using the
fast.prcomp function of the gmodels package in R. The
two-dimensional space defined by the first two main
components (85% of the variance) was used to projectand

compare the spatial arrangement of the groups defined in
STRUCTURE and R's LEA package. The congruence
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rate was defined as the number of common assignments
between STRUCTURE and snmf algorithm divided
by the total number of individuals. Finally, a summary
map was constructed in which the profiles for each of
the studied localities were illustrated according to the
groups defined by each method. For this, pie charts were
constructed with the average admixture coefhcients for
cach of the nesting rookeries.

Gene flow

The function divMigrate from the R package diveRsity
was used to estimate the relative migration rates from
allele frequency data between the nesting areas from
the southwest Cuban territory. The method imple-
mented by this algorithm was described by Sundqyvist
et al. (2016). For this analysis, the measures N, G,
and D were used. G¢-and D offer, complementary mea-
sures under variable demographic scenarios (Sundqvist
et al. 2016), which are not available for Cuban popu-
lations of Chelonia mydas. For this reason, both were
employed here. On the other side, Nz (i. e. effective
number of migrants) provide complementary informa-
tion and could be a more conservative and global mea-
sure of relative migration (Alcala ez 4/., 2014).

Results

Checking the quality of genotyping with
the Micro-Checker program

In the case of loci OR8 in East of Guanahacabibes,
CM?72 in Isla de la Juventud and Cayo Largo, and
OR2 in Cayo Largo, an excess of homozygotes was de-
tected, which may indicate the presence of null alleles
in the molecular data matrix. For all other cases, 7. e.
locus and nesting locality combinations, which consti-
tute the vast majority (38 of 42; 90%), no evidence of
scoring errors due to DNA polymerase slippage during
amplification, large alleles marginalized (dominance of
small alleles) or null alleles was detected. Consequently,
the work matrix was considered suitable for subsequent
analysis.

heeps://revistas.uh.cu/rim/
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Genetic diversity

Theallelicrichness by regions presented values from 7.92
in San Felipe to 15.70 in Center of Guanahacabibes.
Statistically significant differences were detected be-
tween the mean allele richness by region according to
Kruskal- Wallis’s test (X 2 = 11.627, df = S, p = 0.04).
San Felipe was different from Center and East of
Guanahacabibes according to Dunn’s test (Table I).
The rest of the nesting locations were statistically sim-
ilar between them. The nesting area with the highest
number of private alleles was East of Guanahacabibes
(A, = 10), while Isla de la Juventud did not have any.

The expected (Hy) and observed (Hg) heterozy-
gosity varied between locations (Table I). As a gener-
al trend, the Hy, values ranged between 0.73 and 0.86,
while H, values were between 0.71 and 0.91. The low-
est values corresponded to the San Felipe region. In all
cases, the observed heterozygosity was higher than ex-
pected in the studied localities. In all localities, g sta-
tistics reach negative values, indicating from low (-0.02
in Isla de la Juventud) to moderate (-0.14 in East of
Guanahacabibes) heterozygotes excess. However, based
on the confidence intervals, none of the F/¢ values were
statistically significant.

The Joci OR8, Ei8, CM84, and CM72 were in Hardy-
Weinberg disequilibrium (Table II). Likewise, when
the samples were divided strictly by localities, it was pos-
sible to determine that most of the Joci in the West of
Guanahacabibes, Isla de la de Juventud, and Cayo Largo
were far from the Hardy-Weinberg equilibrium. On
the other hand, in the case of the central region of the
Guanahacabibes peninsula and San Felipe, except for two
loci (Ei8 and CM72, respectively), all the remaining ones
comply with the equilibrium premises. With respect to
linkage equilibrium, a notable proportion of pairs of mi-
crosatellites (8 of 21) do not comply with the premises.
Nevertheless, all /oci were employed in the analysis because
of the snmf method employed is not sensible to them.

Without considering the grouping by nesting locali-
ties, the allele richness (A, Table II) was between 7 and
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Table II: Genetic variability of Cuban southwest green turtle Chelonia myaas by localities (N = 149).

Locality Coordinates Sampling year n r A, H, He Fg Fs_Cl Cat_Dunn_Test

Occident of 21.8195; o 20; 4; i N0 .

Guanahacabbes  -84.8499 02; 04; 06; 07 11 1250 3 086 076 -012 [-019;-0.05] ab

Center of 21.8733; . 9;12; i e

Guanahacabibes  -84.7326 04; 06; 07 1 1570 17 091 085 -0,08 [-011;-004] a

1;3;

East of 21.9122; 98;02;04;06;, . .. i -000-

Guanahacabibes -84 6316 07 3,23, 1568 19 087 084 -003 [-0.09;002] a

Cayos de San 21.9628; ) 01a

Eclipe 83,5840 99 8 792 4 070 067 -003 [-016;005] ab

Isla de la 21.4847, .

Juventud 807951 3 12 1037 0 089 082 -009 [-019;-0.01] b

Cayo Largo 216261, 6 28 1393 4 085 083 -002 [-009;003] ab
yorar 814735 ' ! ’ ! T

Coordinates: For localities with more than one beach sampled, coordinates represent a consensus location of the area, non the beach itself.
Sampling year: last two digits of every year are reported. n: Sample size (by year). r: Mean allelic richness. A, Private alleles. H,: Observed hete-
rozigosity. H: Expected heterozigosity. Fq: Fq statistic according to Weir & Cockerham (1984). Significant values for a significance level of 0.05 are
highlighted with an asterisk. Fis_Cl: F s confidence interval at 95%. Cat_Dunn_Test: Categories of similarity between localities depending on the

allelic richness and according to the a posteriori test of Dunn.

25. The effective allele richness (Ae) was between 2.59
and 14.54. For most Joci, the expected heterozygosity
was higher in comparison with the observed heterozy-

gosity. The F statistics calculated for each microsatellite
loci are also detailed in Table I1.

Genetic differentiation among nesting
locations
In the case of F.and G statistics, Isla de la Juventud -
Center of Guanahacabibes (F,. = 0.007; G, = 0.003)
and Cayo Largo - East of Guanahacabibes (F, = 0.007;
G'¢-= 0.003) presented the lowest differentiation values.
These groups, in turn, form a conglomerate that differs
from West of Guanahacabibes and San Felipe regions
(Fig. 1). However, in all pairs of localities the £, and
G ¢ values were statistically different from 0 for at least a
significance level of 0.05, suggesting genetic differentia-
tion between organisms from different nestinglocations.
The AMOVA executed to verify the presence of ge-

netic structure on a temporal scale was not signiﬁcant

https://rcvistas.uh.cu/rim/
heeps://doiorg/10.5281/zenodo.8018724

(¢ = 0.009, o> = -0.08, p = 0.7). By the other side,
according to the other AMOVA performed, the
grouping by localities (West, Center and East of
Guanahacabibes, San Felipe, Isla de la Juventud, and
Cayo Largo) only explained 2.6% of the covariance.
However, the phi-statistics resulted significative (Fig.
2), in accordance with what was obtained with the
differentiation indices.

The results of the discriminant analysis of prin-
cipal components show that San Felipe is separated
from the remaining localities (Fig. 2). The remaining
localities converge in the same region of the order-
ing space defined with the analysis (which comprises
75% of the variance observed in the data). However,
there is no overlap between West of Guanahacabibes
and the localities of Center of Guanahacabibes and
Isla de la Juventud, nor between Isla de la Juventud
and Cayo Largo (Fig. 2). A similar result was ob-
tained with the grouping based on the genetic dif-
ferentiation indices.
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Fig 1. Fg,/Gg; heatmap among localities after genetic analyses using microsatellites for the Cuban southwest green turtle Chelonia
mydas (N = 149 individuals). The darker the color, the higher the statistics values. The measures reported comes of the implementation
of fastDivPart function of the diveRsity R package (B = 10 000 permutations). Asterisks indicate those values significantly different
from 0 based on the 0.05 (*), 0.01 (**) and 0.001 (***) significance levels. Results of a hierarchical cluster analysis under the complete

method is represented here as dendrograms. As a measure of dissimilarity was employed the statistics of genetic differentiation.

Population structure inferred by

STRUCTURE and snmf algorithm

The STRUCTURE result suggest the highest va-
lue of AK is achieved for K = 2. The coefficients of
addition are represented in Fig. 3A. In the case of R,
it was also determined that the number of ancestral
populations that best explains the studied data co-
rresponds to K = 2. For this value of K, the lowest
value of cross-entropy was reached, a criterion used
as a discriminant between the simulations genera-
ted. The coefficients of addition are represented in

Fig. 3B.

hetps://revistasuh.cu/rim/
https://doi.org/10528l/zen0d0.8018724

When projecting the groups derived from the analy-
sis in Structure (Fig. 3C) and R (Fig. 3D) in the space
defined by the first two main components of the PCA,
it was obtained a large overlap of the two areas, with
small differences in representation. The calculated con-
gruence rate showed a 77.8% level of fit between both
methods (116 consistent classifications out of 149).
This high value of similarity between the results can be
observed in the presence profiles of the groups identi-
fied in the rookeries (pie charts in Fig. 4).

Fig. 4 clearly shows an association between
the localities Center of Guanahacabibes, Fast of
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Analysis of molecular variance (AMOVA)

Levels of variability Sigma Co.Var.expl. (%) Phistatistics Value p 10000
Between rookeries 0,16 2,63 Phi-pop-total 0,026 0,001
Between samples within rookeries  -0,24 -3,95 Phi-samples-pop  -0,041 1
Within samples 6,06 101,32 Phi-samples-total -0,013 0916
Total 598 100
e\ . [
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Fig 2. Genetic clustering using Discriminant Principal Components Analysis (DPCA) after genetic analyses using microsatelli-
tes for the Cuban southwest green turtle Chelonia mydas (N = 149 individuals). Results of AMOVA are printed in the ordination
space. For this last analysis, the hierarchical level tested was the nesting areas (level populations or pop in the table). Both,

components of variability and phi-statistics are reported.

Guanahacabibes, Isla de la Juventud, and Cayo Largo
according to their ancestry profiles. However, San
Felipe shows a higher proportion of ancestral group 2,
while West of Guanahacabibes presents a composition
with a predominance of ancestral group 1.

Gene flow

The patterns of relative migration between nesting
localities with the N7z statistics (Fig. 5A) show that
there is a core of extensive exchange of genetic infor-
mation among Cayo Largo, East of Guanahacabibes,
and Center of Guanahacabibes. Isla de la Juventud and

heeps://revistasuh.cu/rim/
https://doi.org/10.528 1/zen0do.8018724

San Felipe seem to be the more isolated nesting beaches
of southwest Cuba. Similar results were obtained with
the G statistic (Fig. 5SB). On the other side, according
to D statistics, the exchanges are greater between West
of Guanahacabibes, East of Ganahacabibes, and Cayo
Largo (Fig. 5C). A significant asymmetric gene flow
was detected for each of the statistics used. Considering
Nm and G- (Fig. 5D y SE), West of Guanahacabibes
contributes a greater number of alleles to Cayo Largo
in relation to what it receives from the latter locality.
On the other hand, according to statistic D, the afore-
mentioned pattern is maintained, but it is also evident
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Fig 3. Values of the admixture coefficients calculated using the STRUCTURE software (A) and the R LEA package (B) with a model of
two ancestral populations (K = 2) from seven microsatellite loci of Chelonia mydas (N = 149) in the region southwestern Cuba. Also is
represented the arrangement of individuals in the two-dimensional space defined by the first two components of the principal compo-
nent analysis performed. The groups refer to the distribution of each individual to the groups defined by the analysis of the population
structure of the Structure software (C) and by the analysis LEA package in R (D), from the admixture coefficients.

that the flow from San Felipe to Cayo Largo and East
and Center of Guanahacabibes is greater than in the
opposite direction (Fig. SF).

Discussion

In this study, when considering the artificial grouping
by nesting regions, all the differentiation statistics used
were different from zero (according to p values; Fig. 1),
which also confirms the presence of a structure based
on the hierarchical stratum used. However, based on
the absolute values of the differentiation statistics (¥
and D family) obtained, which are relatively low as ex-
pected for microsatellites, the detected divergence can
be considered mild to moderate, especially between

https:/ /revistas.uh.cu/rim/
https://doi.org/lO.SZSl/zenodo.80 18724

Isla de la Juventud, East of Guanahacabibes, Center of
Guanahacabibes, and Cayo Largo. Consequently, the
studied individuals cannot be considered as members
of a panmictic population (free and random mating).
According to Roberts e al. (2004), a possible expla-
nation for the relatively low values of the F,. statistic
despite its statistical significance may be that it is
simply an inappropriate statistic with which to es-
timate population subdivision using microsatellites.
This is supported by the fact that a high number of al-
leles were found at these /oci. In essence, a high level of
heterozygosity within populations can obscure differ-
ences between populations, resulting in the underesti-
mation of subdivision.
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Fig 4. Relative migration measures among populations of Chelonia mydas defined by the nesting beaches of southwestern Cuba as

estimators of gene flow. The statistics used were Ny, (A), Gg;

(B) and D (C). Significant asymmetric gene flow relationships (D - F) are

also reported according to Sundqvist et al. (2016). The thicker the line and the darker the color, the greater the magnitude of genetic
exchange between localities. Wes: West of Guanahacabibes; Eas: East of Guanahacabibes; Cen: Center of Guanahacabibes; CLa: Cayo

Largo; 1Ju: Isla de la Juventud; SFe: San Felipe.

According to Bowen and Karl (2007), the first pop-
ulation genetic tests on green turtles was carried out
by protein electrophoresis, taking nesting beaches as
samples. Low genetic diversity was found, a result that
became recurrent in subsequent studies with mitochon-
drial DNA (mtDNA) and nuclear DNA (nDNA),
possibly due to low metabolic rates and long genera-
tion times. First genetic study of C. mydas performed
in Cuba, included 11 samples taken in 1998 from
the San Felipe keys and 17 from the Guanahacabibes
peninsula in 2000. All seven haplotypes found in
that study belonged to lineage II. Additionally, three

heeps://revistasuh.cu/rim/

https://doi.org/10.528 1/zen0do.8018724

endemic haplotypes were described (Ruiz-Urquiola
et al., 2010). No significant genetic structure was
found between the Guanahacabibes peninsula and
the San Felipe keys, indicating that they represent a
single breeding population with high genetic ende-
mism. An AMOVA executed for these data considers
the Cuban rookeries as an individual unit, compared
to the remaining rookeries of the Greater Caribbean,
and places the Cuban nesting turtles as a genetical-
ly distinct management unit (Ruiz-Urquiola ez 4/,
2010). After, Azanza (2009) with a larger sample es-
tablished that considering the genetic differences
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Fig 5. Chelonia mydas (N = 149 individuals) nesting locations sampled for microsatellites analyses in Cuban southwestern area
(blue diamond: Occident of Guanahacabibes; green circle: Center of Guanahacabibes; light red circle: East of Guanahacabibes;
orange square: San Felipe; purple triangle: Isla de la Juventud; brown crossed circumference: Cayo Largo). Beaches are num-
bered as follows: 1) Caleta de los Piojos; 2) El Holandés; 3) La Barca; 4) Perjuicio; 5) Antonio; 6) Las Canas; 7) Playa Boba;
8) El Guana; 9) Mal Tiempo. Pie charts (blue color as ancestral group 1 and red color as ancestral group 2): Average addition
coefficients by regions obtained from the work with the LEA package in R (external pie chart) and Structure (internal pie chart).
Red arrow means marine warm currents (MWC) and blue arrows means marine cold currents (MCC).

found based on mtDNA and microsatellite /oci, Cayo Largo nestingareas should be managed as inde-
Guanahacabibes, San Felipe, Isla de la Juventud, and  pendent evolutionary units.
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It is accepted that sea turtles migrate through ocean
basins to reach foraging and breeding areas, but they
show a significant population structure based on nest-
ing beaches (Ferrera ez 4l., 2021). Multiple studies have
been carried out on the green turtle to try to elucidate
the population subdivision of this globally distributed
and threatened species. Thus, using mtDNA markers,
Bowen ¢t 4l. (1992) demonstrated matriarchal philopa-
try by detecting significant population genetic subdivi-
sions between turtles from different nesting grounds.
These authors provided evidence in favor of the natal
homing hypothesis by finding an extreme example of
differentiation between individuals from populations in
Suriname and Ascension Island, which share a common
foraging area. Bowen and Karl (2007) report that green
turtles from Suriname and Ascension Island did not
have shared haplotypes (differentiation based on mtD-
NA). However, results based on five nuclear Joci suggest
that the two populations are indistinguishable, and the
corresponding estimates of gene flow suggest current
or at least recent exchange. Microsatellites corroborate
this same information. Studies based on the mentioned
markers suggest gene flow between nesting colonies.
Similar results were found by Nishizawa ez 4/. (2011).

The genetic divergence is supported in our study
by results of the AMOVA as well, which was signif-
icant for nesting localities. This result can be con-
trasted with those obtained from the discriminant
analysis of principal components. Except for San
Felipe, all the remaining localities coincided in the
ordering space. However, in that space, each local-
ity presents positions in which they coincide with
certain localities while there is no overlap with oth-
ers. The previous proposition about the existence of
a moderate population structure can also be sup-
ported by the fact that, even when the grouping by
nesting localities was significant, the percentage of
covariance explained in the AMOVA by this hier-
archical level does not exceed 3%. A lack of a strong
genetic structure with microsatellites has been

https://rcvistas.uh.cu/rim/
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previously found in marine turtles despite the ex-
istence of a strong genetic structure with mtDNA
(FitzSimmons et al., 1997; Lee, 2008).

The absence of a strong genetic differentiation, based
on microsatellite /oci, may be conditioned by male-
mediated gene flow, which is a common event in sea
turtles (Roberts ez /., 2004). In this sense, it is valid to
assume that the nuclear gene flow must be greater than
the mitochondrial due to the apparent lack of fidelity for
the nesting sites of the males. However, there are studies
suggesting male philopatry for courtship areas within
natal regions (FitzSimmons ez /. 1997), suggesting that
male-mediated gene flow occurs through mating outside
of natal courtship areas. These interactions are facilitated
by the mixing of different colonies along migratory
routes, in foraging areas, or on breeding grounds.
Mating of individuals outside of natal areas acts as a
buffer against significant differentiation between turtle’s
rookeries (Ferrera e al., 2021).

As can be seen in the bar graphs with the ordered Q
coefficients, in the case of snmfalgorithm (Fig. 3B), the
discrimination is more defined between clusters, with
some individuals unequivocally assigned to a single
group. In the case of STRUCTURE, the discrimina-
tion is more diffuse, with components of both groups
for each individual. However, both programs arrive at
the same general result with a great consistency rate (=
78%): the model of two ancestral populations is the one
that best explains the characteristics of the analyzed da-
ta. It should be noted, however, that all methods based
on cluster analysis involve high uncertainty unless the
true populations are strongly divergent (Manel ez 4/.,
2005). The fact that deviations from the assumptions
have been found may be a cause of the slight differences
between the results obtained in Rand STRUCTURE.

The demarcation of two population groups with
these analyses is not absolute, since once the turtles
reach reproductive status, these organisms embark on
extensive migrations through which the individual
populations segregate towards the corresponding natal
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sites to lay eggs (a phenomenon known as philopatry).
This complicated life cycle process determines that
individual populations are difficult to monitor, and
their genetic structures and distribution are never fully
known (Ruiz-Urquiola ez 4., 2010).

It is difhicult to detect the genetic structure of a
population from molecular markers alone. According
to Ruiz-Urquiola ez al. (2010), the genetic structure
of green turtles is defined by the geographic distribu-
tion of critical habitats and dispersal and migration
patterns, in combination with the philopatric nature
of the species. Azanza-Ricardo (2009) found high lev-
els of nest site fidelity in females which was later cor-
roborated with satellite markers (Ruiz Valdés, 2017).
Results obtained from flipper tagging robustly indi-
cate that Cuban sites constitute a focal point for re-
gional populations that are in migration or those that
use Cuban habitats as foraging or development areas
(Moncada et al., 2006).

The method implemented in this paper for the es-
timation of relative gene flow was an auxiliary mean
for testing the genetic structuring of the Cuban green
turtle population in southwest Cuba. According to
Sundgqvist ez al. (2016), this method is best performed
when gene flow is intermediate. In consequence, when
existing very low differentiation between populations,
the approach fails to detect underlying patterns of mi-
gration. However, the intention here was to recreate a
plausible scenario that illustrates the subjacent cause of
diffuse structure at the geographical level used here.

With its size and central position between the
Caribbean Sea and the Gulf of Mexico, Cuba is an essen-
tial piece of the biogeography of the region. The island
represents a physical barrier that influences the region-
al marine currents between the Caribbean Sea, the Gulf
of Mexico, and the Florida peninsula. The Cuban archi-
pelago is made up of the main island (1,200 km long)
surrounded by 4,000 keys and islets. The submerged con-
tinental shelf is the largest in the Caribbean insular re-
gion and can be further divided into four smaller sections
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subdivided by regions with narrow shelves. Multiple in-
vestigations carried out in the last 24 years on dissimi-
lar Cuban marine organisms have revealed three general
patterns of population structure along the Cuban coast:
1) north-south rupture, 2) east-west division in the south
and 3) genetic differentiation at a local scale (Garcfa-
Machado et 4l., 2018).

Three main ocean current systems run along and
around the Cuban coast: a western current off southern
Cuba, a northeastern current off northwestern Cuba,
and a western current off northeastern Cuba. These
general circulation patterns are complex and include
temporal changes, cyclonic and anticyclonic eddies,
nearshore meanders and countercurrents, products of
local factors, and current strength. In addition, intense
meteorological events, such as hurricanes, promote
strong but ephemeral changes in patterns of marine
circulation, salinity, and sediment suspension (Garcia-
Machado et al., 2018). If the influence of the marine
currents in the area is analyzed, which intervene in the
migratory movements of the turtles, it is possible to jus-
tify the mixture of genetic information between zones
(due to the sampling of migrant individuals in the lo-
calities, which become observations confused) and the
profiles generated from the mean values of the addition
coeficients by regions (Fig. 4).

Gene flow between populations of C. mydas can
probably occur between neighboring rookeries located
less than 500 km, and rarely between colonies located
at a greater distance (Dethmers ez 4/., 2006). The fact
that the nesting rookeries sampled in the study were lo-
cated less than 500 km away in all cases thus justifies
the exchange of information between localities and the
allocation profiles observed in Fig. 5. Also, Bourjea ez
al. (2007) found genetic differences between sites lo-
cated more than 500 km away but not between nearby
areas (< 150 km). According to Shamblin ez /. (2020),
females are capable of dispersing between nesting
beaches located less than 15 km apart based on recap-
ture data, while haplotypic evidence suggests discrete
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natal homecoming for island groups 70 km apart. If
populations are linked by gene flow, it is practically im-
possible to achieve 100% correct assignments, simply
because some individuals in a population are immi-
grants or descended from immigrants from other pop-
ulations (Hansen ez 4/., 2001).

The primary effects of gene flow are the reduction of
geneticdifferencesbetween populationsand theincrease
of genetic variation within populations. Note how, in
Fig. 3, many of the points within each locality exceed
the ellipsoid (a measure of intra-population variation).
Gene flow can be considered, then, as the cohesive
force that holds geographically distant populations
together in the context of a few evolutionary units. In
the absence of another evolutionary force, gene flow
between populations will lead to increased genetic
homogeneity. According to the migration islands model
(assumed in this study), little gene flow is required for
populations to be genetically connected. Even with low
levels of gene flow, eventually, all populations involved
in the phenomenon will become genetically identical.
On the other hand, genetic drift causes the divergence
of isolated subpopulations. Consequently, the actual
amount of divergence between subpopulations can be
understood as the balance between the homogenizing
effects of gene flow, which makes subpopulations more
similar, and the disruptive effects of genetic drift,
which causes differentiation between subpopulations
(Allendorf & Luikart, 2007).

Based on the ancestry profiles (Fig. 4) and the asym-
metric flow relationships (Fig. SD-F), it can be consid-
ered that both, West of Guanahacabibes and San Felipe
constitute sources of genetic information and the re-
maining localities constitute sinks. Fig. 5 shows how the
gene flow is stronger from the source localities to the sink
than in the opposite direction. In this sense, the asym-
metric flow relationships detected comply with this pat-
tern in all cases and for all the statistics used.

Several colonies in southwestern Cubaare important
nesting sites for green turtles (Azanza-Ricardo, 2009).
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The results derived from the genetic data used in
this research suggest the existence of at least three
genetically distinct population groups based on the
profiles presented in Fig. 4: 1) West of Guanahacabibes,
2) San Felipe and, 3) Center of Guanahacabibes,
East of Guanahacabibes, Cayo Largo and Isla de
la Juventud. Consequently, it is appropriate from a
practical perspective to consider these groups for the
management of zones in conservation efforts.

From our results, it can be observed that the levels
of genetic diversity of the individuals sampled for each
locality are high. This is evidenced by values of observed
heterozygosity higher than the expected heterozygosity
and low modular and negative sense Fg values (sense
suggesting an excess of heterozygotes). The high genetic
connectivity between nesting beaches may justify these
results. When analyzing the microsatellite loci without
considering any clustering, it can be observed that the
species-specific markers CM72 and CM84 are among
those with the highest allele richness, as expected.
Furthermore, in this case, the trend found for each
sampling location is reversed and, in most cases,
the expected heterozygosity values are higher than
expected. Although statistically significant differences
were detected between nesting localities based on allele
richness, it should not be ignored that the divergence
in the allelic richness of San Felipe concerning other
localities detected by the non-parametric tests of
Kruskal-Wallis and Nunn could be derived from the
low number of individuals analyzed corresponding
to that site. This fact may also be the cause of the
low values of heterozygosity detected for the area. It
should also be noted that despite the differences in the
collection periods, no association was detected between
the genetic structure and the years of sampling,

Also, several microsatellites showed deviations from
the Hardy-Weinberg equilibrium by sampling region.
Such deviations may be due to selection, genetic imbal-
ance, the presence of null alleles, mutations, or non-ran-
dom mating (Stephens, 2004). Because microsatellite
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loci are not typically coded, they are unlikely to be sub-
ject to selective pressures (Li ez al., 2004). However,
high mutation rates can impact the expectations re-
garding the Hardy-Weinberg equilibrium (Ferrera ez
al, 2021).

Conclusions

The nesting colonies of Chelonia mydas in southwest
ern Cuba were composed of individuals from two ances-
tral populations. Also, was detected consistent structure
within the region suggesting the establishment of, at
least, three independent management units: 1) West
of Guanahacabibes, 2) San Felipe and, 3) Center of
Guanahacabibes, East of Guanahacabibes, Cayo Largo
and Isla de la Juventud. Of these three groups, the first
two seems to be sources of genetic information, and the
third is a sink for it. Therefore, they should be taken into
account to implement effective management programs
that contribute to the preservation of the genetic di-
versity and survival of these populations in the Greater
Caribbean. The programs used to implement the allo-
cation methods had high levels of adjustment and the
values of the addition coefhicients observed for the indi-
viduals of each of the allocation beaches, as well as the
calculated migratory estimators, suggest the existence
of gene flow between localities. Likewise, when verify-
ing the performance of different methods and obtain-
ing equivalent results, the choice of the R approximation
(snmf function of the lea package) is suggested as the pri-
mary technique, since this approach is free of assump-
tions and adjusts, consequently, to a greater number of
practical situations in the research framework.
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