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Population structure of the
shallow coral Madracis
auretenra in the Caribbean Sea

Diana Carolina Ballesteros-Contreras1,2*, Lina M. Barrios3

and Richard Preziosi3

1Faculty of Science and Engineering, Manchester Metropolitan University-MMU,
Manchester, United Kingdom, 2Instituto de Investigaciones Marinas y Costeras de Colombia-
INVEMAR, Santa Marta D.T.C.H., Santa Marta, Colombia, 3School of Biological and Marine Sciences,
University of Plymouth, Plymouth, United Kingdom
The shallow coral Madracis auretenra has an important role in the rich diversity of

coral reef ecosystems found in the Caribbean Sea, providing habitat and support to

different marine species. Improved understanding of the genetic structure of marine

species in the region is needed for the design and management of marine reserves,

which are usually created as a biodiversity conservation tool. In this study, seventeen

new microsatellite markers were used to examine the population structure of M.

auretenra through different areas in the Caribbean Sea (Guatemala, Colombia,

Curacao and Barbados), analysing 313 samples from 18 localities. A significant

differentiation and a clear clustering were found (k=11), indicating structure in the

Caribbean sampled populations with high levels of inbreeding. A pattern of isolation

by distance was present in all the localities but not identified in the stratified Mantel

test, suggesting a major role of the physical barriers (e.g. currents, upwelling and

rivers) in the genetic diversity distribution. Patterns of migration were found for

Curacao, Barbados and some areas of Colombia. In contrast, some localities from

Colombia (Varadero and Albuquerque) and Guatemala were identified as isolated.

The population structure identified here highlights the importance of careful design

and monitoring of marine reserves in the region and will help to guide further

ecological analysis of shallow Caribbean coral formations.

KEYWORDS

Madracis auretenra, microsatellites, shallow coral reefs, population structure,
Caribbean Sea
Introduction

The marine ecosystems from the Caribbean region, and in particular coral reefs, have

been affected by the increase of natural and anthropogenic stressors (hurricanes, cyclones,

pollutants, diseases, overexploitation and others), with a 60% reduction of the live coral

coverage in the region over the last 30 years (Grober-Dunsmore and Keller, 2008;
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Camp et al., 2015; Lindfield et al., 2015). The main structural

component in coral reef ecosystems are the stony corals

(Scleractinian group), characterised by being biogenic structures

of calcium carbonate (De’ath et al., 2009) and which are involved

in natural processes (e.g., carbon cycle), generating a reservoir of

carbonate in the sea (Goreau et al., 1996). Additionally, coral reefs

provide habitat and support to different organisms due to their

three-dimensional structure, resulting on one of the most diverse

ecosystems in the world and representing one-third of all marine

species described in the ocean (Reaka-Kudla, 2005; Camargo et al.,

2009). These organisms associated with coral reefs and the corals

themselves, usually are found in small patches or huge coral reefs

of hundreds of kilometres, mostly interconnected by corridors

(Gonzalez et al., 1998; Dıáz et al., 2000), allowing their survival by

the movement of larvae, recruits, juveniles and adults among

populations of distant areas (Grober-Dunsmore and Keller,

2008). However, the recent degradation ongoing in the

ecosystem has led to a breakup of these corridors, isolating the

coral reef patches, decreasing the immigration rates and reducing

the long term viability for the population (Gaines et al., 2007;

Munday et al., 2009).

As a powerful tool in the conservation of coral reef

ecosystems, the designs of marine reserves (such as Marine

Protected Areas – MPAs), have been considered an excellent

instrument to expand the resistance and recovery of coral reef

communities (Baco et al., 2016; Mellin et al., 2016). Using the

patterns of dispersion data which can also determine growth

rates and gene flow among populations (Palumbi, 2003; Ospina-

Guerrero et al., 2008), the design and management of MPAs can

be improved. The implementation of MPAs in the Caribbean

Sea, to increase the reproductive capacity and exportation of

larvae among different habitats, has increased in recent years

(Alonso et al., 2008, Alonso et al., 2015). However, the

composition of the populations, migration and connectivity in

MPAs are not fully understood through the region (Grober-

Dunsmore and Keller, 2008). For example, the larval flow

(dispersion and migration) in marine invertebrates is difficult

to track based on the movement of particles in the ocean

(Grober-Dunsmore et al., 2009; Lowe and Allendorf, 2010;

Pujolar et al., 2013). Accordingly, molecular tools have been

used as an useful technique for indirect estimation of population

structure (Riesgo et al., 2019). Additionally, these tools help to

define the processes that affect the larval dispersion and identify

barriers in gene flow, which are fundamental for understanding

the interactions of marine populations (Botsford et al., 2001;

Botsford et al., 2009). Genetic markers such as microsatellites are

used to estimate dispersion, migration, population structure and

genetic diversity of marine organisms (Sunnucks, 2000; Selkoe

and Toonen, 2006; Hedgecock et al., 2007; Lowe and

Allendorf, 2010).

With an abundant distribution inside of MPAs, the stony

coralMadracis auretenra (Pocilloporidae family) is found across

the Caribbean Sea, giving it the position of “Least Concern” on
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Nature). This species is a zooxanthellae coral known also as

“yellow pencil coral”, which grows optimally between 1 and 20

m depth, with patches that can reach more than 5 m diameter

(Bruno, 1998). M. auretenra is characterised by bushy colonies

with branches that reach two meters in diameter, usually with

bright or dark yellow colours; the calyxes reach 1- 2 mm in

diameter and have 10 septa fused to the columnella; the

coenosteum is finely spinate, rarely forming a circle around

the calyx, and the columnella is flat or styliform (Locke et al.,

2007; Reyes et al., 2010). This shallow coral is a hermaphrodite

with the ability to spread quickly, alternating between (1) a high

level of asexual propagation, by fragmentation, to compete for

space and (2) continuous planulae “quick releaser” instead of

“brooder reproductive pathway” due to the fast liberation of the

embryo after fertilization for Madracis to settle in new areas

during rainy seasons (September and October) (Vermeij et al.,

2004). In addition, it produces a large amount of yolk in the

oocytes (Vermeij et al., 2004), which increases the dispersive

capabilities by providing nutrients to travel long distances

(Diekmann, 2003); and also the planulae have the advantage

of owning the zooxanthellae through “vertical transmission”

from parent to offspring (Hauff et al., 2016). Madracis

auretenra was for a long time wrongly described as M.

mirabilis, a synonymous name from the deep-water species M.

myriaster (Locke et al., 2007). Due to this misidentification,

some data available from M. mirabilis cannot be interpreted

completely as relevant information for M. auretenra (Locke and

Coates, 2008). However, important reports on M. auretenra

must be taken into account, including: “the evolutionary ecology

of the coral genus Madracis” (Vermeij, 2002), which includes

morphological, reproductive, growth and general aspects for the

species; population structure along the depth gradient in

Curacao (Vermeij and Bak, 2003), reproductive biology

descriptions for the species (Vermeij et al., 2004), and

presence of phenotypic plasticity among clones (Bruno and

Edmunds, 1997).Other relevant studies in the genus Madracis

show demographic processes on coral population sizes (Vermeij

and Bak, 2000), the morphological and genetic divergence

between Mediterranean and Caribbean populations (Benzoni

et al., 2018), the evidence of reticulate speciation in Madracis

(Diekmann et al., 2001; Diekmann, 2003) and the role of

hybridization in the genus (Frade et al., 2010). However,

specific studies on the population structure of M. auretenra

among Caribbean areas have not previously been performed.

The area occupied by M. auretenra, and in general by coral

reefs in the Caribbean is one of the most challenging areas to

define in biogeographic classification due to the complexity in

their biological and physicochemical conditions (Vides-Casado,

2011). The Caribbean Sea is an area enclosed by South and

Central America and Atlantic Oceanic islands, with obstacles or

barriers in shallow waters, including between (1) East Coast of

the USA and the Gulf of Mexico (Mobley et al., 2010); (2) Florida
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peninsula and Bahamas (Carlin et al., 2003); (3) Bahamas and

Cuba (Cowen et al., 2006); (4) Northwest Caribbean

and Caribbean (Salas et al., 2010); and (5) East Caribbean and

North Caribbean (Betancur-R et al., 2011). Some ecoregions of

the Caribbean have been identified by their physicochemical

composition (bathymetry, hydrography, chlorophyll

concentration, salinity, temperature and others) and by areas

which could hold relatively homogeneous composition of

marine species. Ecoregions of note in this classification include

(1) Northern Gulf of Mexico; (2) Bahamian; (3) Eastern

Caribbean; (4) Greater Antilles; (5) Southern Caribbean; (6)

South-western Caribbean; (7) Western Caribbean; (8) Southern

Gulf of Mexico; (9) Floridian (Spalding et al., 2007). Also, the

Caribbean climate is controlled by the Intertropical Convergence

Zone (ITCZ), with a windy and dry season dominated by winds

travelling from the NE to the SW from December to April, and

rainy seasons with decreased wind speed, but increased

precipitation rate from August to October (Andrade Amaya,

1993). During the rainy season, the formation of cyclonic eddies

has been monitored, showing an interaction with the Caribbean

Current as a wind curl (Andrade, 2001), which fulfils an

important function in the mechanism of retention-expulsion

of larvae and eggs (Andrade et al., 1996).

Previous studies on the coral reefs population structure in

the Caribbean for Montastrea cavernosa (Eckert et al., 2019;

Sturm et al., 2020), Orbicella faveolata and Acropora palmata

(Porto-Hannes et al., 2015), Pseudopterogorgia elisabethae

(Gutiérrez-Rodrı ́guez and Lasker, 2004), and Gorgonia

ventalina (Andras et al., 2013) have shown that the exchange

of organisms among areas is guided by physicochemical

conditions (e.g., upwelling, bathymetric characteristics,

hydrology, trophic interactions, salinity, oxygen, temperature,

and rivers) working as barriers between marine ecosystems. The

interaction of those conditions with the particular characteristics

in the Caribbean Sea (currents, cyclones, anticyclones and

eddies), determines the movements of organisms, the gene

flow and population structure (Munday et al., 2009; Andras

et al., 2013) as exhibited by models for the Caribbean corals

(Galindo et al., 2006). Taking into account the information

previously shown, the aim of this study was to assess the

population structure of M. auretenra in shallow Caribbean

coral reefs, with the support of seventeen new microsatellite

markers developed for this purpose.
Methods

Sampling and identification

The sampling was carried out in 10 localities from Colombia

with 145 samples; four localities from Curacao with 74 samples;

three localities from Barbados with 78 samples and one locality

from Guatemala with 23 samples, for a total of 320 samples
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(Supplementary Table 1, Supplementary Material-1A). All the

samples were collected by scuba diving using morphological

descriptions from Reyes et al. (2010). The sampling of colonies

was done at least 5 meters apart (reducing the chances to collect

clones), at depths between 5m and 15m. On surfacing, the

samples were placed in 96% alcohol or DMSO and then stored

at -20° C in the laboratory. To confirm the correct identification

of M. auretenra, the samples were examined by Dr Nadia

Santodomingo at the Natural History Museum of London,

UK., and scanned under electron microscopy-SEM (Zeiss

Supra 40VP FE-SEM) (Supplementary Material 2A, B). In

addition, the amplification of cox1 (Folmer et al., 1994) and

28S (Stolarski et al., 2011) was performed in 13 samples (6, 3, 2

and 2 samples from Colombia, Curacao, Barbados and

Guatemala, respectively). The sample sequences matched with

sequences of M. auretenra (95.43 - 99.85% similarity) in NCBI

database (Supplementary Material 2C).
DNA extraction, microsatellites
amplification and genotyping

The kit protocol DNeasy Blood & Tissue of QIAGEN was

used for the DNA extraction. To test the quality and quantity of

the DNA extractions an electrophoresis was performed using

0.80g of agar for 1% agar gels, in 80ml of 1X TBE Buffer solution

and 0.8 mL of GEL GREEN. Then, 1 mL of sample was added in

each pool plus 2 mL of loading buffer; the electrophoresis gel

chamber was run at 60 V- 60 minutes. A NanoDrop (Thermo

Scientific) was also used to test the DNA concentration and

quality. Seventeen microsatellites for M. auretenra (Ballesteros-

Contreras, 2020) were re-designed with the universal tail

sequence Blacket A: GCCTCCCTCGCGCCA (Blacket et al.,

2012) and M13-mod B: CACTGCTTAGAGCGATGC (Culley

et al., 2013), to distinguish among amplified fragments by the

labelling with fluorescent dyes (6-FAM and ROX), accordingly

(Supplementary Table 2). In order to test the samples, the

program Multiplex_Manager (Holleley and Geerts, 2009) was

used to perform multiplexes in order to reduce time and cost

under the reaction mixes containing: 5 mL of Master Mix (Type-

it Microsatellite PCR QIAGEN Kit), 3 mL H2O molecular grade,

1ml Primer mix (Pre_laballed Forward + Reverse + Fluorescence

6-FAM or ROX + H20 molecular grade) and 1ml DNA (20 ng/

ml), following the PCR conditions: (1) denaturation 95°C/5 min;

(2) 32 cycles including 95°C/30 sec for denaturation, 60°C/1.5

min for annealing, and 72°C/30 sec for elongation; (3) a final

extension at 60°C/30 min; (4) an endless holding at 4°C, using a

TECHNE thermocyc l e r . The PCR produc t s were

electrophoresed in a 0.8% agarose gel to confirm the

amplification of the microsatellites. The fluorescence labelled

PCR products were sent to the University of Manchester DNA

Sequencing Facility (UK) and to the Core Genomics Facility at

the University of Sheffield. In both places the products were sized
frontiersin.org
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using the capillary electrophoresis Applied Biosystems 3730

DNA Analyser (enabling size discrimination within the range

of 20 to 600 base pairs using a range of dyes).
Data analysis

The fragment sizes for each loci were analysed with the

software R, using the packages “Fragman” (Covarrubias-pazaran

et al., 2016) and “MsatAllele” (Alberto, 2013). The clones were

inspected in the sampling counting the multi-locus genotypes

throughout localities in “Poppr” (Kamvar et al., 2014), only one

genotype per clone was kept for the analyses. Validation of clone

identification was performed using the Poppr function “psex”

(Parks and Werth, 1993; Arnaud-Haond et al., 2007). The

probability of encountering each sample’s genotype more than

once by chance was calculated across all 320 samples without

stratification. The maximum probability of a second encounter

across the samples was 3.278x10-6. Seven samples with repeat

multi-locus genotypes (country level stratification) were

therefore removed from downstream analysis. The remaining

313 samples were analysed at three different scales: country,

department and locality. The department level was based on geo-

political limits in the case of Colombia (Bolivar, Cordoba,

Magdalena, Uraba Chocoano, SAI), due to the high sample

number in the localities distributed along the country, which

covers around 800 km2. GenoDive v2.032b (Meirmans and Van

Tienderen, 2004) was used to get the number of alleles (Na), the

effective number of alleles (NEa), the observed heterozygosity

(Ho), expected heterozygosity (He), and the inbreeding

coefficient (FIS) per locality. To calculate the average allelic

richness and the private allele richness, a minimum sample

size (maximum g = 10) was used in ADZE v1.0 (Szpiech et al.,

2008). The population pairwise was calculated (Fst) in

GENODIVE v 3.04 (Meirmans and Van Tienderen, 2004).

Also, the null allele frequency in the loci was estimated using

“FreeNa” (Chapuis and Estoup, 2007) and its expectation-

maximization (EM) algorithm (1000 bootstrap resamples).

Afterwards, the proportion of genetic variance in Fst values

with ENA correction for null alleles was estimated; this

method was used to provides accurate estimation of Fst in

presence of null alleles (Chapuis and Estoup, 2007).

The inbreeding in the localities was measured by INEST v2.1

(Chybicki and Burczyk, 2009). In this case, a Bayesian test was

performed with the default parameters (50000 MCMC cycles,

keeping every 50th and with 10000 cycles burn-in) to calculate

the mean value of the inbreeding coefficient, and the limit of the

highest density posterior interval. In order to determinate the

effect on inbreeding coefficients by null alleles and genotyping

failure, a DIC (deviance information criterion) analysis using

two different models was performed by INEST v2.1 (Chybicki

and Burczyk, 2009). The DIC analysis can determinate if the

‘nfb’ model (null allele, inbreeding and genotyping failure) or
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different localities. Due to the massive Caribbean coral bleaching

registered in 2005 (Eakin et al., 2010; Simonti and Eastman,

2010), the evidence of recent bottlenecks was explored with

INEST to identify heterozygosity excesses in respect to allelic

richness, where the number of alleles reduces faster than

heterozygosity under a bottleneck event; and M-ratio

deficiencies, which is the mean ratio of allelic richness to

allelic size, where the number of alleles is reduced but the size

range is constant in the case of a reduction in the population size

(Garza andWilliamson, 2001; Chybicki and Burczyk, 2009). The

analysis was run using the two-phase model (TPM), with default

parameters (0.22 proportion of multi-step mutations, 3.1

average multi-step mutation size, 10000 coalescent

simulations); then, a Wilcoxon signed-rank test was used to

obtain a p-value from the deficiency in M-ratio based on

1000000 permutations.

The Hardy-Weinberg Equilibrium (HWE) was tested with

the function “hw.test” of the package “pegas” in R

(Paradis, 2010) and then the values were corrected by BH

(Benjamini-Hochberg) method in R. To assess the population

differentiation in M. auretenra the software STRUCTURE

(Pritchard et al., 2000) was used. The program was run using

the admixture model, a burn-in time of 100,000 repetitions,

100,000 iterations (MCMC), and 20 replicates per data were

carried out (Evanno et al., 2005); the putative K was from 2 to 19,

considering an extra cluster from the original number of

s amp l ing loca l i t i e s fo l l ow ing the pro toco l f rom

(Riesgo et al., 2019). The data from STRUCTURE was

analysed in STRUCTURE HARVESTER to calculate the

optimal K by Evanno (Delta K) (Earl and vonHoldt, 2012).

Afterwards, using the average of the probabilities for each K

cluster, the major and minor best alignments were analysed, and

the graphs obtained were visualized with CLUMPAK web server

(Kopelman et al., 2015).

A Discriminant Analysis of Principal Components (DAPC)

was performed using the “adegenet” package in R (Jombart, 2008),

which does not require the assumption that populations are

panmictic and allows seeing the grouping of samples based on

similarity. The results of the first two principal components

obtained under the DAPC analysis were plotted, using Country

and Department, allowing 80 principal components for the

analysis as determined in the validation step in “adegenet”.

Additionally, the samples from Colombia were separately

plotted to clarify the country clustering. In this case, and using

the Locality information, a principal component plot was created.

The validation of 80 principal components was performed

running a cross- validation to check the correct assignment of

the parameters. In addition, a Principal Coordinates Analysis

(PCoA) was performed using “ape” (Paradis and Schliep, 2019)

with the null allele corrected pairwise Fst (from FreeNA).

The software BARRIER v2.2 was used to visualise genetic

barriers among sampling sites of M. auretenra using a matrix of
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geographical coordinates vs the Fst distance matrix, applying the

Monmonier’s maximum distance algorithm (Manni et al., 2004).

Three sets were defined a priori (using the hierarchical

disruption data in BARRIER) for the analysis of molecular

variance (AMOVA), using GENODIVE v 3.04 (Meirmans and

Van Tienderen, 2004), to examine how the variance was

explained by the different levels, and the calculation was made

with 10,000 permutations from the original data. The sets were

defined as: Set 1) No grouping among all localities sampled; Set

2) grouping Curacao and Barbados (Eastern Caribbean and

Southern Caribbean, respectively) (CUR_A, CUR_B, CUR_C,

CUR_D, DOTT, FISH, FOLK), grouping Albuquerque (ALB)

(Colombia) and Guatemala (GUA) (South-western Caribbean

and Western Caribbean, respectively) (ALB and GUA), and

Colombia (South-western Caribbean) (CT, Rosario, Fuerte,

BARU, PG, PB, SJ, VAR, CHENGE); and Set 3), Curacao

(CUR_A, CUR_B, CUR_C and CUR_D), Barbados (DOTT,

FISH and FOLK), Colombia (CT, Rosario, Fuerte, BARU, PG,

PB, SJ, VAR and CHENGE) Albuquerque (ALB), and

Guatemala (GUA).

The isolation by distance (IBD) was also tested using the

least-cost oceanographic distance between localities using

“marmap” in R (Pante and Simon-Bouhet, 2013) with

linearized pairwise Fst in a Mantel test for all the localities; in

addition a stratified Mantel test (Meirmans, 2012) was

performed using the information from BARRIER. A further

analysis of population assignment was performed using

GENODIVE v 3.04, where a likelihood ratios threshold was

calculated using the Monte Carlo test with an alpha (threshold)

of 0.002, zero frequencies by a random frequency of 0.005 and

4000 permutations.

Finally, exploratory migration estimates were plotted using

divMigrate from the diveRsity R package (Sundqvist et al., 2016).

This package shows the relative migration levels between

population samples from microsatellite allele frequency data,

the analysis considered values over 0.5 values of Gst statistic with

a bootstrapping analysis of 100 replicates. However, the

migration data here presented are only an exploration as the

method is still under validation (Sundqvist et al., 2016; Riesgo

et al., 2019).
Results

Seventeen new microsatellite loci were analysed in a total of

313 samples ofM. auretenra from 18 localities in the Caribbean.

Seven samples identified as clones were eliminated: (Cabo

Tiburon (CT) =1; Isla Fuerte (FUERTE) =2; Varadero

(VAR) =3 and Folkestone (Folk)=1. The genetic diversity of

alleles per locality showed that the number of alleles per locus

(Na) ranged from 2.941 (CT) to 6.471 (ALB). The number of

effective alleles (NEa) ranged between 1.907 (CT) and 4.103

(ALB); the observed heterozygosity (Ho) ranged from 0.172
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(BARU) to 0.459 (CHENGE); the expected heterozygosity (He)

ranged from 0.401 (CT) to 0.717 (ALB), and the inbreeding

coefficient (FIS) ranged between 0.216 (CHENGE) and 0.711

(BARU) per Locality. The average allelic richness and private

allele richness ranged from 2.47 (CT) to 4.48 (ALB) and from

0.03 (Cur_B) to 0.62 (ALB), respectively (Table 1). All the

localities presented high values of inbreeding coefficients (FIS)

showing the high relation among individuals from the same

locality (low signal of random mating). Due to the presence of

null alleles, the inbreeding coefficients were estimated in each

locality with INEST. The null allele corrected inbreeding

coefficients-Avg (Fi) had high frequency among regions,

ranging from 0.55 (FOLK) to 0.675 (BARU) (Table 1). The

DIC analysis using INEST determined that the “nb model” (null

allele and genotyping failure) fitted in the localities of FOLK

(Barbados) and CHENGE - VAR in Colombia, indicating that

null alleles and genotyping failure without inbreeding

coefficients best explain the data in those two localities. The

“nfb” (null allele, genotyping failure and inbreeding coefficients)

model fitted in the rest of the localities, indicating that

inbreeding is a significant component of the model. A

Bottleneck effect was interfered based on excess in

heterozygosity (under two-phase model: TPM) for the

localities of Punta Bota (PB) (p=0.001), Punta Gigante (PG)

(p=0.000), Varadero (VAR) (p=0.012), and CHENGE

(p=0.041); also, M-ratios along all the localities, except for

Albuquerque (ALB) (p = 0.073) in Colombia (Table 1).

Significant deviations from Hardy Weinberg Equilibrium

(p<0.001) were found in the loci and shown with pink (p<0.05

after BH correction) (Supplementary Material 2D)

(Supplementary Table 3). The estimated Fst values with ENA

correction for null alleles exhibited a Fst after correction of 0.191

for country level structure, 0.2168 Fst for department level

structure and 0.248 Fst for locality level structure. The results

for pairwise Fst also showed that the Departments of Cordoba-

Bolivar (p=0.06) were particularly similar, while Izabal

(Guatemala) and Uraba Chocoano (Colombia) (p= 0.41) were

particularly distant (Supplementary Table 4). In more detail,

higher similarities between localities from the same Department/

Country such as in Curacao (Curacao A- B; p=0.056), and inside

Bolivar- Colombia Department ’s locali t ies between

Punta_Gigante (PG) and Punta Bota (PB) (p=0.032); also

between Punta Bota (PB) and Sr Juan (SJ) (p=0.031) were

found (Supplementary Table 5).

The optimal K (delta K) by STRUCTURE HARVESTER was

11, followed by K= 9 (Supplementary Material 3A-C).

Considering a K of 11 the clusters were: cluster 1 (orange):

GUA; cluster 2 (yellow): ALB; cluster 3 (brown): Cabo Tiburon –

CT and part of the sampling for FUERTE; cluster 4 (blue): part

of the sampling for FUERTE, ROSARIO, some individuals from

BARU, PG, SJ and a few from VAR; cluster 5 (grey): some

individuals from BARU, PB, PG, SJ and a few individuals from

ROSARIO and FOLK; cluster 6 (soft yellow): PB, PG, some
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individuals from SJ and BARU; cluster 7 (soft blue): VAR; cluster

8 (pink): CHENGE; cluster 9 (purple): CUR_A, CUR_B, some

sampling for CUR_C and CUR_D; cluster 10 (red): some

individuals from CUR_C and CUR_D, also a few from

CUR_A and CUR_B; and cluster 11 (green): DOTT, FISH and

FOLK (Figure 1). In the case of K= 9, the separation of ALB and

CT was not detected, mixing the sampling of ALB, CT, FUERTE,

ROSARIO, BARU, PB, PG and SJ. However, the cluster of

Varadero (VAR) is still notable (Supplementary Material 3B).

Six a priori barriers were selected in BARRIER in order of

importance: “a”, separating the Curacao and Barbados localities

from Colombia and Guatemala; “b”, between Curacao and

Barbados localities; “c”, isolating Cabo Tiburon (CT) from the

others; “d”, between Guatemala (GUA) and Albuquerque (ALB);
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“e”, separating CHENGE from the rest of the localities in

Colombia; and “f”, separating Varadero (VAR) from BARU,

PB, PG and SJ (Figure 2).

The DAPC by Country and Department (Supplementary

Material 4A, B) showed a clear grouping using the first two

principal components in samples from Barbados, Curacao,

Guatemala and localities from Bolivar and Cordoba from

Colombia (Figure 3). A further DAPC was performed for

Colombian samples only, due to the high number of

localities compared with the other countries (Supplementary

Material 4C); which showed Albuquerque (ALB), Cabo Tiburon

(CT) and Varadero (VAR) as the most isolated localities. In

contrast, there was evident mixing among the localities from SJ,

Punta Gigante (PG), Punta Bota (PB) and Isla Fuerte (FUERTE),
FIGURE 1

Clusters of M. auretenra in the Caribbean Sea. It shows the individual membership coefficients for M. auretenra to the clusters (K) as inferred by
STRUCTURE for all studied sites with K= 11.
TABLE 1 Genetic diversity for M. auretenra in different localities through the Caribbean.

Locality Na Nea Ho He Fis AR (SE) PR (SE) Avg (Fi) 95% HPDI MODEL nfb MODEL nb TPM M-ratio

GUA 3.706 2.047 0.276 0.414 0.333 2.58 0.27 0.19 0.1 0.238 0.026-0.378 1063.029 1064.673 0.911 0.000

ALB 6.471 4.103 0.276 0.717 0.616 4.48 0.32 0.62 0.21 0.611 0.541-0.669 1357.600 1435.559 0.229 0.073

CT 2.941 1.907 0.289 0.401 0.28 2.47 0.25 0.08 0.06 0.178 0.019-0.313 464.184 469.726 0.633 0.000

FUERTE 4.059 2.428 0.241 0.576 0.581 2.50 0.14 0.13 0.06 0.552 0.457-0.642 799.775 822.038 0.244 0.047

ROSARIO 4.765 2.966 0.195 0.627 0.689 2.87 0.22 0.35 0.07 0.647 0.534-0.730 698.794 737.636 0.698 0.000

BARU 3.882 2.863 0.172 0.593 0.711 3.27 0.33 0.15 0.08 0.675 0.575-0.761 668.031 713.787 0.095 0.000

PB 4.118 3.044 0.311 0.655 0.525 3.39 0.26 0.08 0.05 0.433 0.268-0.567 1120.234 1125.241 0.001 0.009

PG 4.647 3.237 0.338 0.686 0.508 3.66 0.27 0.07 0.03 0.440 0.339-0.529 1118.098 1141.397 0.000 0.001

SJ 5.588 3.468 0.253 0.684 0.63 4.08 0.32 0.08 0.04 0.618 0.539-0.693 1016.042 1067.762 0.229 0.012

VAR 3.353 2.25 0.264 0.539 0.51 2.63 0.14 0.17 0.1 0.386 0.029-0.529 1111.470 1109.434 0.012 0.000

CHENGE 3.882 2.597 0.459 0.585 0.216 3.16 0.21 0.08 0.03 0.071 0-0.201 846.114 845.793 0.041 0.007

CUR_A 4.471 2.409 0.232 0.508 0.544 3.11 0.27 0.12 0.05 0.446 0.303-0.572 1058.139 1064.833 0.983 0.000

CUR_B 4.059 2.22 0.225 0.508 0.557 3.02 0.18 0.03 0.01 0.523 0.405-0.609 886.258 916.239 0.934 0.000

CUR_C 4.176 2.462 0.231 0.513 0.551 3.08 0.28 0.26 0.09 0.502 0.407-0.585 1102.953 1125.628 0.858 0.001

CUR_D 3.765 2.146 0.177 0.455 0.611 2.76 0.24 0.12 0.06 0.537 0.425-0.633 965.029 992.871 0.920 0.001

DOTT 4.765 2.315 0.334 0.532 0.372 3.09 0.2 0.13 0.05 0.055 0-0.2078 1634.550 1631.069 0.888 0.000

FISH 5.471 2.97 0.229 0.6 0.618 3.57 0.28 0.17 0.06 0.579 0.52-0.66 1943.413 1999.872 0.693 0.000

FOLk 4.824 2.912 0.337 0.585 0.425 3.36 0.29 0.17 0.1 0.225 0-0.353 1532.961 1537.817 0.138 0.002
front
Na, Number of alleles; NEa, number of effective alleles; Ho, observed heterozygosity; He, expected heterozygosity; FIS, inbreeding coefficient; AR, mean rarefied allelic richness; PR, mean rarefied
private allelic richness; SE, standard errors. Corrected inbreeding coefficient (Avg Fi), 95% highest posterior density intervals (95% HPDI), DIC values for the NFB model (null alleles, inbreeding
coefficients, and genotyping failures), DIC values for the NBmodel (null alleles and genotyping failures). (TPM) Two-Phase Model, Test for the excess in heterozygosity -Wilcoxon signed – rank
test, in bold significant heterozygosity excess. (M-ratio) M- ratio deficiency p-value bottleneck effect, in bold M-ratio deficiency found. In bold the higher and lower values.
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all from the departments of Bolivar and Cordoba in Colombia

(Figure 3). The PCoA showed similar patterns to the DAPC, with a

clear grouping by Country (Guatemala and Curacao different from

Colombia and Barbados) and by Departments (Supplementary

Material 5A). A closer analysis for the localities in Colombia

showed isolation of the localities of ALB (SAI), CT (Uraba

Chocoano), and VAR (Bolivar) (Supplementary Material 5B, C).
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The different AMOVA analyses were significant in all the

sets, but the highest percentage of variance explained among the

groups used was for the set 3), which included five groups,

Curacao (CUR_A, CUR_B, CUR_C and CUR_D), Barbados

(DOTT, FISH and FOLK), Colombia (CT, ROSARIO, FUERTE,

BARU, PG, PB, SJ, VAR and CHENGE), Albuquerque (ALB),

and Guatemala (GUA) with 17.6%. However, in all cases the
FIGURE 2

Percentage of individuals assigned to each of the 11 clusters (pie frequency charts). The colours were assigned following the result from
STRUCTURE HARVESTER. The red lines illustrate the disruptions (barriers) detected by BARRIER ranked from “a” to “f” in order of importance.
The symbol * means an approximated location of sampling.
FIGURE 3

DAPC using the first two principal components by localities; GUA, Guatemala, ALB, Albuquerque-Seaflower Reserve, CT, Cabo Tiburon, FUERTE,
Isla Fuerte, ROSARIO, Corales del Rosario, BARU, Barú, PB, Punta Bota, PG, Punta Gigante, SJ, Sr. Juan, VAR, Varadero, CHENGE, Chenge,
CUR_A, Curacao point A, CUR_B, Curacao point B, CUR_C, Curacao point C, CUR_D, Curacao-CARMABI Marine Research Centre, DOTT,
Dottins, FISH, Fisherman, FOLK, Folkstone Marine Reserve.
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variation was found among individuals with A = 3.68%, B =

3.56%, and C = 3.52% (Table 2).

The isolation by distance (IBD) for the sampling localities in

the Caribbean was significant (P value = 0.003; r2 = 0.237)

(Supplementary Material 6A). However, after performing the

stratified Mantel test using the disruptions identified by

BARRIER, marginally significant IBDs were found only in

Curacao samples (barrier a; A, B, C and D [r2 = 0.690, p =

0.049]). In contrast, no significant IBD was found in the cluster

of Barbados samples (barrier b; DOTT, FISH and FOLK [r2 =

0.417, p = 0.321]) or Colombia ([r2 = 0.135, p = 0.161]).

The population assignment analysis in GENODIVE

suggested localities GUA, CT and CHENGE had no migrants

among their individuals. However, last generation migrants were

found from South-western Caribbean (PB) in Southern

Caribbean (CUR_B) and from South-western Caribbean (ALB)

in Eastern Caribbean (FOLK) (Supplementary Material 7A).

Migration patterns were found among localities and among

populations inside Curacao with a higher value between

CUR_B to CUR_A (1), followed by Bolivar and Cordoba

departments in Colombia, PB to SJ, respectively (0.82) and

Barbados, FOLK to FISH (0.67); no migration was found in

the areas ALB, CT, VAR, CHENGE and GUA (Figure 4).
Discussion

In this study, analyses were performed to explore genetic

diversity, population differentiation, and disruption localisation

in the Caribbean to assess the population structure of
Frontiers in Marine Science 08
M. auretenra. Results revealed a significant differentiation and

a clear clustering among the samples inside of Curacao (CUR_A,

CUR_B, CUR_C, CUR_D), Barbados (DOTT, FISH, FOLK),

within localities from Bolivar (SJ, PG, BARU, PB), and within

localities from Bolivar and Cordoba (Isla Fuerte and Isla Rosario,

respectively). In contrast, some populations as Guatemala

(GUA), Albuquerque (ALB), Varadero (VAR), Cabo

Tiburon (CT), and CHENGE were individually clustering as

isolated populations.

The genetic diversity value (Na [2.9 – 6.5], Ho [0.4 – 0.7], AR

[2.5 – 4.5]) ranges were similar to reports for other species such

as the octocoral Pseudopterogorgia elisabethae (Gutiérrez-

Rodrıǵuez and Lasker, 2004), the Scleractinian coral Acropora

sp. (Vollmer and Palumbi, 2002; Hemond and Vollmer, 2010)

and other Madracis (Benzoni et al., 2018) in the Caribbean. The

significant inbreeding present in the majority of localities

sampled can be explained by the presence of null alleles, larval

dispersion and settlement (Addison and Hart, 2005; Sherman,

2008). Null alleles are common in microsatellite loci with large

heterozygotes deficits (FIS and DIC in our data), and in some

cases they may represent a weak effect when more alleles of that

type are involved (Maier et al., 2005). As the occurrence of null

alleles can complicate detection of populations with inbreeding

(Falush et al., 2007), ENA corrected values were used

from FreeNA.

Significant results for bottleneck effects were found in almost

all the localities using M-ratio deficiencies. The M-ratio may

be more sensitive to detect bottleneck effects (in most cases

does not suffer as many type II errors) than the excess of

heterozygosity test (heterozygosity given the number of alleles)
TABLE 2 Results of AMOVA. Variance for M. auretenra using two different groupings.

1. All localities, no grouping

Source of Variation %var F-value Std. Dev. c.i.2.5% c.i.97.5% P-value

Within Individual 0.347 0.653 0.051 0.554 0.746 –

Among Individual 0.368 0.515 0.058 0.403 0.623 0.000

Among Population 0.286 0.286 0.03 0.232 0.344 0.000

2. Curacao - Barbados vs. Colombia vs. Albuquerque - Guatemala

Source of Variation %var F-value Std. Dev. c.i.2.5% c.i.97.5% P-value

Within Individual 0.335 0.665 0.05 0.565 0.754 –

Among Individual 0.356 0.515 0.058 0.404 0.622 0.000

Among Populat ion 0.219 0.241 0.027 0.191 0.295 0.000

Among groups 0.09 0.09 0.013 0.066 0.115 0.000

3. Curacao vs. Barbados vs. Colombia vs. Albuquerque VS. Guatemala

Source of Variation %var F-value Std. Dev. c.i.2.5% c.i.97.5% P-value

Within Individual 0.335 0.667 0.05 0.568 0.760 –

Among Individual 0.352 0.515 0.058 0.404 0.623 0.000

Among Population 0.139 0.169 0.015 0.143 0.197 0.000

Among groups 0.176 0.176 0.032 0.117 0.237 0.000
frontier
1) all localities without grouping, 2) Three groups, Curacao- Barbados vs. Colombia vs. Albuquerque – Guatemala. And 3) five groups, Curacao vs. Barbados vs. Colombia vs. Albuquerque
vs. Guatemala. Significant p-values appear in bold letters.
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(Girod et al., 2011). The localities Punta Bota (PB), Punta

Gigante (PG), Varadero (VAR) and CHENGE which were

identified as isolated, exhibited a genetic bottleneck based on

TPM and M- ratio values. These areas have been reported to

have large mortalities and “regular” condition under the trend

condition indicator in coral areas (Indicador de Condicion

tendencia de areas coralinas -ICTac) (Gómez-López et al.,

2019); also, the presence of white band disease and bleaching

on M. auretenra colonies have been reported (Navas-Camacho

et al., 2010).

The genetic bottleneck found and the evidence of previous

mortalities in the Caribbean coral reefs, can lead to a loss of

genetic diversity. This, combined with the reproductive strategy

of self-fertilization may create vulnerability in these populations

(Mumby and Harborne, 2010; Chong-Seng et al., 2014).

However, this strategy can provide reproductive assurance

under gamete limitations (Sherman, 2008). Other authors also

suggest that self- fertilization or asexual reproduction may be

favoured in case of re-colonisation to extend the geographic

range of the organism (Pannell et al., 2015), as supported by a

meta-analysis (Grossenbacher et al., 2015).
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The deviation from Hardy Weinberg Equilibrium (HWE)

was found within loci and localities, features that can be the

result of population subdivision (Wahlund effect) (Crooks and

Sanhayan, 2006). Nevertheless, the occurrence of null alleles (Le

Goff-Vitry et al., 2004) and inbreeding (Sherman, 2008) in our

results, may explain the HWE deviation observed. Similarly,

HWE deviation has been found in other Scleractinian corals

such as Pocillopora damicornis, Montastrea cavernosa and

Porites astreoides (Ayre et al., 1997; Shearer and Coffroth,

2004), where fragmentation and the presence of clones,

promotes deviation from HWE (Nakajima et al., 2016).

The Fst values showed high genetic differentiation and

population structure among populations from Guatemala,

Colombia, Curacao and Barbados, with a significant genetic

differentiation by department and locality (>0.15) according to

values in Crooks and Sanhayan (2006). In addition, the

clustering approach with K-means by STRUCTURE, DAPC

and PCoA agreed with the Fst distances, showing a clear

separation using a k=11, following similar patterns of

population structure for Scleractinian corals in the Atlantic

(Goodbody-Gringley et al. , 2012), where significant
FIGURE 4

Relative migration among the different localities of M. auretenra in the Caribbean Sea.
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comparisons among locations indicate that the gene flow may be

limited over large geographic distances. Additionally, the

AMOVA analysis confirmed the geographical differentiation

through the Caribbean, using the main barriers identified in

the software BARRIER, with the empirical and modelled gene

flow for the Caribbean by Foster et al. (2012) and Sturm et al.

(2020). The clustering and barriers identified in the present

study have similar patterns to the oceanographic model

prediction for Acropora cervicornis, or Gorgonia ventalina,

with a clear clustering for these populations in the Caribbean

(Galindo et al., 2006; Andras et al., 2013).

Although isolation by distance (IBD) was observed among

the localities sampled in the Caribbean (P value = 0.001; r2 =

0.237), under the stratified Mantel test (by disruptions identified

in BARRIER) IBD was not present; similar to other corals such

as Lophelia pertusa (Le Goff-Vitry et al., 2004) and Seriatopora

hystrix (Maier et al., 2005). This result can suggest that specific

disruptions (barriers) had a major role in the genetic diversity

distribution. In more detail, the clustering in Curacao could be

influenced by the main disruption found with BARRIER

(disruption= a, Figure 3). This disruption may be explained by

strong coastal upwelling (ascendant movements of colder and

salty sub-shallow waters) (Alvarez-León et al., 1995), a

consequence of strong winds on the surface that are parallel to

the coast (Andrade et al., 2003). Also, the eastern Caribbean

brake in the Mona’s passage, slip winds along NE-SW from

Puerto Rico to Guajira Peninsula- Colombia, which are

influenced by the Magdalena river (Baums et al., 2006a;

Betancur-R et al., 2011) could have an effect in the clustering

found for Curacao samples (Southern Caribbean). The

clustering of Barbados, could be explained by the disruption

“b” (Figure 3); which matched with the Caribbean Current

(dominant surface current in the area and associated with the

production of eddies that travel along the Caribbean) (Andrade

and Barton, 2000) and the directional relative migration,

similarly reported in Acropora palmata and Gorgonia

ventalina (Baums et al., 2005; Baums et al., 2006b; Andras

et al., 2013). The disruption “d” matched with the isolation in

the Guatemala population; that could, with the strong (170 cm s-

1) Yucatan current present in this area, and the dominance of

the Honduras gyre, isolate the population of the western

Caribbean region from the South-western Caribbean region

(Sheng and Tang, 2003).

The currents in the Colombian Caribbean are influenced by

the trade winds, the Panama- Colombia Counter-current (PCC)

and the Panama- Colombia Gyre (PCG) (Andrade, 2001;

INVEMAR & ANH, 2010). In addition, the seasonality

observed during the year (ITCZ) could facilitate the gene flow

and migration in the samples for Colombia. We hypothesise that

this has a particularly high influence in the connectivity between

Cordoba and Bolivar (Isla Fuerte, Isla Rosario, BARU, PB, PG

and SJ), as was evident in the analysis of Fst, DAPC, PCoA, and
Frontiers in Marine Science 10
STRUCTURE. Gene flow found here could be facilitated by the

reproductive characteristics ofM. auretenra, as a quick planulae

releaser after fertilization, where the presence of zooxanthellae

and nutrients in the planulae, increase the chances to move and

settle in different areas (Vermeij et al., 2004; Hauff et al., 2016).

This mechanism is similarly reported for Scleractinians such as

Agaricia sp. and Pocillopora sp. (Carlon and Olson, 1993;

Gaither and Rowan, 2010). In comparison, some populations,

enclosed by bays with low circulation patterns (lower influence

of the PCC) such as the Uraba Chocoano (CT) (disruption “c”)

and Magdalena (CHENGE) (disruption “e”), showed isolation

patterns. Similar genetic structure patterns were found in

Lutjanus synagris, where physical barriers (Atrato River) from

Uraba Chocoano isolate the populations (Landıńez-Garcıá et al.,

2009). Likewise, the sedimentation from the Magdalena river

discharges (Foster et al., 2012) and the abrupt break in the

coastal shelf by the Santa Marta Massif (Sierra Nevada de Santa

Marta with an elevation of 5800m), create a place of cold up-

welling waters (Betancur-R et al., 2010), likely working as a gene

flow barrier as well.

The clustering found in Varadero (VAR) shows a limitation

in the larvae and coral fragments dispersion, despite the

closeness with the other populations (BARU, PB, PG and SJ).

The disruption “f” was identified as a barrier among these

localities, an area which is described as a particularly highly

polluted system (industrial and sewage waste), with high

sedimentation and elevated influence of the Magdalena river

freshwater income in VAR (Santodomingo et al., 2013).

However, the apparently healthy reef in Varadero is one of the

few cases where atypical reef ecosystems can be found (Pizarro

et al., 2017). Similarly, the locality of Albuquerque (ALB), which

belongs to the Seaflower Reserve (Marine Protected Area) in the

Caribbean region, showed an isolation from the continental

sampling, influenced possibly by PCG, along with the

cyclones, anticyclones and eddies, which could work as a

barrier creating a disruption between Albuquerque and the

continental reefs (Andrade et al., 1996; CORALINA-

INVEMAR, 2012). Both localities include stressors in the area

such as freshwater streams in Varadero (Pizarro et al., 2017) and

sanitary landfill discharges in Albuquerque (Bernal-Sotelo et al.,

2019), which can increase the sedimentation and nutrients

in the water, leading to the loss of populations by unbalancing

the interaction between coral and resident microbial flora

(Bruno et al., 2003; Harvell, 2007). However the healthy reef

described in Varadero (Pizarro et al., 2017) and the high allelic

richness (4.48) in Albuquerque, could indicate a high potential

for adaptability and persistence in the long term (Greenbaum

et al., 2014).

The population assignment analysis in GENODIVE showed

a possible gene flow among enclosed sampling areas of Barbados,

Curacao and Bolivar-Cordoba in Colombia, with similar

results to the relative migration by divMigrate. The presence
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of cyclones and anticyclones, in these areas between July and

October, could have an important function in the mechanism of

expulsion and transport of larvae in nearby localities (Andrade

et al., 1996); due to the presence of oocytes and spermaries inM.

auretenra during the rainy seasons (September-October)

(Vermeij et al., 2004). Last generation migrants were also

inferred between PB - CUR_B and ALB – FOLK. Although it

is possible that currents and storms contribute to the dispersion

of fragments and planulae at larger scales (Lirman, 2000;

Mercado-Molina et al., 2014), offering an expansion of the

organisms and the establishment of new populations

(Highsmith, 1982), as in some reef fishes (Shulman and

Bermingham, 1995; Betancur-R et al., 2011); however, these

exploratory results need to be treated with caution, as migration

estimation by these tools is uncertain, and this flow pattern is not

supported by other results.

Interestingly, areas with high relative migration belong to

MPAs. Some examples include within Bolivar and Cordoba

areas the “Corales del Rosario, San Bernardo and Isla Fuerte

MPA”, within Cur_D the “CARMABI Marine Research centre”

and, within Folkstone (FOLK) the “Folkestone Marine Reserve”.

These results reinforce the importance of the management and

design of reservoirs (MPAs) for coral reef ecosystems, facilitating

the exchange of organisms between corridors from the same

area. Areas including Albuquerque (ALB) (“Seaflower Reserve”)

and CHENGE (Tayrona National Natural Park), identified as

isolated locations, show a high coral coverage, suggesting that

the implementation of MPAs may maintain the reproductive

capacity and exportation of larvae among different habitats

(Gómez-López et al., 2019). However, and despite the high

coral coverage in these MPAs (Albuquerque and Chenge), the

increase of macroalgae and the low biomass value of carnivore

fish in both MPAs show the evident reef deterioration in recent

years (Gómez-López et al., 2019). Similarly, coral reefs in

Guatemala (“Marine wild reserve Punta Manabique”) exhibit

an outstanding degraded health grade (Dıáz-pérez et al., 2016).

The isolation of the areas identified in this study, combined with

challenges previously reported, reinforces the need to improve

the management on these reserves (MPAs) along with a constant

monitoring, not only forM. auretenra, but also for other species

within the coral reef ecosystems. Further understanding of coral

reef resilience, through future studies of ecology, conservation

and restoration activities, may help to mitigate the effects of

climate change in the Caribbean region.
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Pizarro, V., Rodrıǵuez, S. C., López-Victoria, M., Zapata, F. A., Zea, S., Galindo-
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