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The sea urchin Diadema africanum is a macro-herbivore found in the rocky reef systems of the West 
African region and Macaronesian archipelagos. Over several decades, high densities of this species 
have generated marine barrens in certain areas at the Canary Islands. In contrast, more recently, during 
the last few years, the species has suffered mass mortality events that continue to the present day. In 
this study, we used 9,109 Single Nucleotide Polymorphisms (SNPs) and a fragment of a mitochondrial 
gene to evaluate the species’ population structure, effects of mass mortalities on its diversity, and 
potential local adaptation across the Canary Islands and Cabo Verde. Our research provides compelling 
evidence of low genomic diversity and homogeneity across the studied area for neutral markers, along 
with recent demographic fluctuations. The high connectivity among distant areas likely allows a rapid 
recovering of the populations from local mortality events. Interestingly, we also observed genomic 
sub-structure from 405 SNPs identified as candidate loci under selection for seawater temperature. 
The lack of divergence among distant sites and the low diversity found can be attributed to the species’ 
divergence from a small ancestral genomic pool, followed by a contemporary demographic expansion, 
and ongoinggene flow.

The species’ genetic structure depends on the combination of different processes including genetic drift, gene 
flow, and natural selection1. The effect of genetic drift primarily depends on the populations’ size2, being stronger 
in smaller populations. In marine species with limited mobility during adulthood, gene flow is influenced by 
the larval and/or gamete dispersal potential3, but this dispersal capability interplays with the oceanographic 
circulation and geographical barriers to generate connectivity patterns over space4,5. Hence, although the species’ 
dispersal capacity has been traditionally considered as one of the major factors determining genetic divergence 
among populations, the most recent molecular studies exploring large areas of the species’ genome have shown 
that natural selection can also influence populations’ genetic structure6–8. This means that the intraspecific 
divergence patterns are influenced by both “neutral” processes, which equally act over the whole genome of 
the species and independently to natural selection, and selective or “non-neutral” processes, such as adaptation 
to different environmental conditions, which differently affect certain genes or areas of the genome9–11. The 
combination of both “neutral” and “non-neutral” processes shapes the genomic architecture of the species’ 
populations. For this reason, exploring population genomic patterns can be used as an approximation to 
determine the potential effect of each of these forces, and to understand the relative influence of environmental 
variables on the divergence patterns found in the current populations. Additionally, it is important to keep 
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in mind that the current patterns of genomic divergence have been shaped by contemporary and historical 
processes acting over generations12–14 and, for this reason, currently genomic patterns can provide insight about 
past demographic events15.

Considering the advantages that recent molecular techniques offer to investigate the processes shaping 
the genomic architecture, and the ecological relevance of sea urchins, numerous population genomic studies 
have been conducted on multiple species ranging from tropical to polar areas8,16–20. At the east temperate and 
subtropical Atlantic coast, some remarkable studies on population genetics of sea urchins included two of 
the most important species for shallow sublittoral ecosystems, the black sea urchin Arbacia lixula (Linnaeus, 
1758)8,21,22 and the purple sea urchin Paracentrotus lividus (Lamarck, 1816)8,18. These studies confirmed the large 
dispersal potential their larvae, with moderate patterns of divergence among major oceanographic areas18,21,22, 
but sub-structure due to selection to temperature and salinity on some genes7,8 in both species.

Our study here presented focuses on the populations’ genomic structure of a sea urchin species of the genus 
Diadema (Echinoidea, Echinodermata). Diadema is one of the largest and ecologically most important tropical 
sea urchin genus found in shallow waters23–25. Herbivorous sea urchins can influence the structure of algal 
assemblages, even at relatively low population densities26,27. Species of the genus Diadema are also notorious 
for their large populations’ density variations, so-called “outbreak” or “die-off ” events28–32 with the consequent 
cascading effects overall ecosystem33–35. One of the eight named species of this worldwide distributed genus 
is the recently described species, Diadema africanum (Rodríguez, Hernández, Clemente & Coppard, 2013). 
This species likely diverged from D. antillarum (Philippi, 1845) during an allopatric speciation process between 
western and eastern Atlantic pools separated by the mid-Atlantic barrier24. Despite its planktotrophic larva 
remaining for approximately 39 days in the water column36, the distribution of D. africanum is restricted to the 
eastern Atlantic Ocean, from the Guinean Gulf37 to the eastern Atlantic archipelagos25, which comprises São 
Tomé and Príncipe Islands, Cabo Verde, Canary Islands, Salvage Islands, Madeira, and Azores38. The species D. 
africanum, like other species of the genus, plays an engineering role in the rocky reef ecosystems, due to the great 
grazing capacity25. The increase of D. africanum populations’ densities in different sites of the Canary Islands and 
Madeira, associated with the overfishing of its potential predators and the effects of global warming favouring 
larvae survival39,40, led to the formation of barren grounds since the late 80s25,41,42, and an expansion of the 
species distribution to northerner latitudes36. However, the introduction and propagation of marine pathogens 
during the last decades30,43–45, triggered mass mortality events for this species. The “Xynthia” and “Emma” 
meteorological events, in 2009 and 2018, respectively, negatively impacted on D. africanum populations across 
the Canary Islands, promoting the development of diseases30,46,47 that decimated populations throughout the 
archipelagos30,46. Interestingly, similar cases of mass mortality were observed in the 80 s in the sibling species D. 
antillarum (Philippi, 1845) on the Caribbean coast, where mass mortality events drove the disappearance of 98% 
of individuals of the species29. These mass mortality events are important at the population level because when 
the reduction of the effective population size is extreme or persists over time it may result in a bottleneck and a 
higher susceptivity to the loss of genetic diversity due to genetic drift48. Despite the relevance of D. africanum 
across its distribution range no previous population genetic studies have been performed to date. Additionally, 
the effect of mass mortality events on intraspecific genetic diversity is still unknown.

For these reasons, we here conduct a genome-wide analysis in D. africanum with the general aim of evaluating 
the genomic structure and diversity of its populations, and the potential patterns of substructure due to local 
adaptation. The specific objectives of this study were: (a) to explore the genomic structure and connectivity 
patterns of D. africanum across the Canary Islands and Cabo Verde; (b) to identify whether demographic 
fluctuations had an impact on the current levels of genomic diversity in the species, and (c) to identify potential 
patterns of local adaptation due to changes in the environmental variables along the Canary Islands. Our initial 
hypothesis is that D. africanum holds low levels of divergence across the studied area due to its large dispersal 
capability but potential local adaptation, as those observed in other sea urchins. We also hypothesised that recent 
mass mortality events have reduced the genetic diversity of the affected populations. This information may help 
to predict the potential future vulnerability of the species in the Canary Islands and to predict future distribution 
shifts and abundance changes.

Results
Mitochondrial COI sequence diversity, structure, and demography
A 702 bp fragment of the mitochondrial cytochrome c oxidase I (COI) gene was obtained from 249 individuals of 
Diadema africanum, collected from 11 sampling sites at the Canary Islands and three from Cabo Verde (Fig. 1). 
All these sequences corresponded to 33 new haplotypes for the species (GenBank accession numbers: OP494354-
OP494596). A total of 29 nucleotide variable sites were found, 28 of them being polymorphic sites (3.99%) and 
only seven representing non-synonymous substitutions. Cabo Verde retained only three haplotypes, two shared 
with the Canary Islands and a third one (H28) private from Cabo Verde islands. In contrast, 32 haplotypes were 
found in the Canary Islands. The number of haplotypes found per site comprised a minimum of two at the sites 
of CC1 and CC2 in Cabo Verde (see details in Fig. 1), and a maximum of eight haplotypes for the site PB in La 
Palma in the Canary Islands (Fig. 1). For the entiregeographical range, the calculated haplotype diversity (Hd) 
and nucleotide diversity (π) were 0.578 (± 0.035 SD) and 0.00109 (± 0.00009), respectively (Table 1).

Over the entire dataset (Table 1), the measures of haplotype and nucleotide diversity were relatively 
consistent across all sites within Cabo Verde and the Canary Islands. Considering the haplotype richness (Hk) 
and diversity (Hd) in the Canary Islands, the site of TC2 in Tenerife retained the highest values (Hk = 3.288, 
and Hd = 0.725 ± 0.086), while the lowest values were found in the site of LC5 in the easternmost region of 
the Canary Islands (Hk = 0.890, and Hd = 0.264 ± 0.136). In comparison, haplotype richness ranged between 
0.750 and 1 in Cabo Verde. For nucleotide diversity, a similar pattern was observed. Indeed, diversity values 
were quite low, ranging from 0.00038 ± 0.00019 in LC5 (Lanzarote) to 0.00149 ± 0.00034 in PC2 (La Palma). The 
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haplotype richness was low for almost all the sampled populations ranging from 0.890 for the LC5 site to 3.288 
for the TC2 site in Tenerife. Nevertheless, comparing both haplotype and nucleotide diversity between regions, 
the results showed no significant differences in diversity between them (s = 0.6546; p-value > 0.05). Additionally, 
the Canary Islands showed the highest diversity of haplotypes.

A computed haplotype network for all haplotypes obtained showed a star-like shape (Fig. 2), characterised by 
a remarkable number of unique haplotypes, mostly related to a central and most abundant haplotype (H33). This 
pattern was detected in all the studied sites and most of them were separated by only one or a few mutational 

Locality Code Island N Lat Long Nh Hk Hd π

Ponta Cabrea Cc1 São Vicente 4 16.8538 − 25.0722 2 0.750 0.5 ± 0.265 0.00071 ± 0.00038

Santo André Cc2 São Vicente 4 16.8283 25.0717 2 0.750 0.5 ± 0.265 0.00071 ± 0.00039

Laginha Cc3 São Vicente 4 16.8946 − 24.9931 2 1.000 0.833 ± 0.222 0.00142 ± 0.00048

Cabo Verde ALL Cabo Verde 12 3 – 0.561 ± 0.154 0.00091 ± 0.00041

Tacorón Hc1 El Hierro 11 27.6699 − 18.0265 3 2.000 0.6 ± 0.024 0.00124 ± 0.00037

Fuentecaliente Pc1 La Palma 25 28.4557 − 17.8466 5 2.389 0.547 ± 0.112 0.00096 ± 0.00022

La Bombilla Pc2 La Palma 25 28.5911 − 17.9181 8 3.256 0.673 ± 0.096 0.00149 ± 0.00034

Puerto del Trigo Pc3 La Palma 23 28.7242 − 17.7328 5 2.063 0.455 ± 0.123 0.00072 ± 0.00022

Santa Cruz de Tenerife (Escuela de Náutica) Tc1 Tenerife 18 28.4812 − 16.2399 6 2.765 0.562 ± 0.134 0.00094 ± 0.00028

Abades Tc2 Tenerife 24 28.1427 − 16.4390 8 3.288 0.671 ± 0.094 0.00124 ± 0.00026

Montaña Amarilla Lc1 La Graciosa Island, Lanzarote 24 29.2205 − 13.5385 6 2.045 0.504 ± 0.123 0.00094 ± 0.00029

Punta Fariones Lc2 Lanzarote 25 29.2386 − 13.4705 5 2.145 0.493 ± 0.117 0.00087 ± 0.00023

Cuevas Coloradas Lc3 Montana Clara Islet, Lanzarote 24 29.2884 − 13.5393 5 2.609 0.645 ± 0.081 0.0011 ± 0.0002

Punta de La Mareta Lc4 Alergransa Islet, Lanzarote 24 29.3924 − 13.4970 8 3.270 0.656 ± 0.0105 0.00132 ± 0.00034

Roque del Este (Sotavento) Lc5 Lanzarote 14 29.2744 − 13.3386 2 0.890 0.264 ± 0.136 0.00038 ± 0.00019

Canary Islands ALL Canary Islands 237 32 – 0.579 ± 0.036 0.00110 ± 0.00660

Canary Islands & Cabo Verde ALL 249 33 – 0.578 ± 0.035 0.00109 ± 0.00009

Table 1.  Diversity values for the mitochondrial COI fragment in Diadema africanum. Sampling locality, code 
of the sampling locality, island of collection, number of individuals analysed (N), geographical coordinates of 
latitude (Lat) and longitude (Long), number of haplotypes (Nh), haplotype richness (Hk), haplotype diversity 
(Hd), and nucleotide diversity (π) including their standard deviations. Data not available (−).

 

Fig. 1.  Sampling sites of Diadema africanum for the COI analyses (black dots) and the SNPs analyses (red 
dots). The pie charts represent the frequency of COI haplotypes in which each colour partitions correspond 
to a different haplotype, except for the white colour that represents private haplotypes. (a) General map of 
the area, (b) the Canary Islands, (c) Cabo Verde, and (d) image of individuals of D. africanum from Tenerife 
(Canary Islands). (HAP = haplotypes from COI). The maps were created using QGIS v.3.16.16 and edited in 
Adobe Illustrator. The D. africanum picture belongs to J.C. Hernández.
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steps from the main haplotype. In contrast, eight other haplotypes had more than one mutation and, in nine 
cases, with a non-synonymous substitution (Fig. 1).

Regarding to the genetic structure obtained from the COI across the two archipelagos, the AMOVA analysis 
showed no significant differences between Cabo Verde and the Canary Islands, with 0% of genetic variation 
between them (ФST = − 0.00087; p = 0.419), and most genetic diversity variation retained within sampling sites 
(> 99%). A more detailed analysis of genetic differentiation, using FST, showed no significant differences among 
sampling sites in the Canary Islands and Cabo Verde (see Supplementary material, Table S1).

The three different neutrality tests applied to the COI, the Tajima’s D, the Fu’s Fs and the Ramos-Onsins & 
Rozas’ R2, and the mismatch distribution analysis calculated for the entire COI dataset showed coherent results. 
The first three tests displayed significant values (see Supplementary material, Table S2). Indeed, negative values 
of the Tajima’s D and the Fu’s Fs, as well as small values of R2, have been interpreted as features of population 
expansion. Additionally, the R2 statistic, considered a better descriptor for demographic expansions, showed a 
significant value for the overall dataset. (R2 statistic 0.0806; p-value = 0.02). Therefore, information recovered 
from these statistics points to a recent demographic expansion of the species in the studied area. The mismatch 
distribution of the studied data also showed a unimodal curve close to the y-axis (see Supplementary material, 
Fig. S1), suggesting a very recent expansion (p-value > 0.05). The hypothesis that the studied data have a fairly 
good fit to the expansion model was tested through the sum of squared deviations (SSD) and the raggedness 
index. In this case, non-significant values for SSD suggested that the data fit the model of expansion. Additionally, 
the non-significant value of raggedness is also a parameter of population expansion. The estimated time of the 
demographic expansion in D. africanum, using the known mutation rate for Diadema49, was estimated between 
28,800 and 45,500 years ago.

Genomic diversity and divergence at the Canary Islands using single nucleotide 
polymorphisms (SNPs)
The total dataset of D. africanum from ddRADseq loci included 9,109 SNPs from 179 individuals, from thirteen 
sampling sites in the Canary Islands (five from El Hierro, four from Tenerife, and four from Lanzarote) (see 
Fig. 1 and Table 2), after removing 4 SNPs that were not in Hardy–Weinberg equilibrium in all populations. 
These sampling scheme included five sites affected by the last 2018 mass mortality event and eight sampling sites 

Fig. 2.  Haplotype network from the COI dataset. Each haplotype is depicted by a circle, and colour partitions 
indicate the sampling sites where it was sampled. The size of each circle is proportional to the haplotype 
frequency. Connecting lines among haplotypes represents a mutational step, and asterisks illustrate the 
non-synonymous substitution. Only the most common haplotypes are presented by their numbers (H1, H3, 
H4, H6, H8, H12, H14, H25, H29, and H33). This image was created using Popart v.1.7 and edited in Adobe 
Illustrator.
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not affected by it. The total number of reads obtained was 1,269,736,321, with an average coverage of 7,093,499 
(ranging from 727,179 to 43,584,550) reads per sample and 19.13% of missing data in the whole dataset. Among 
them, a generated neutral dataset, excluding all SNPs under potential selection, included 8,704 SNPs, and the 
candidate SNPs under selection for temperature were 405 SNPs, identified using the Redundancy analyses 
(RDA) (see the Methods section for more details about how these datasets were created), while no SNPs under 
selection were identified with BayeScan.

Genetic diversity, measured as observed heterozygosity (Ho) and expected heterozygosity (He), ranged from 
0.193 in Td3 and Ld3 to 0.218 in Hd1, with an average of 0.200 (±0.018) for the Ho, and from 0.220 in Td2 
to 0.235 in Hd4, with an average of 0.229 (±0.009) for He. Observed heterozygosity was lower than expected 
heterozygosity in all sampling sites. The FIS statistic mostly displayed low negative values (Table 2), with non-
significant p-values (p-value > 0.05) after the FDR correction. Allele richness (AR) per locus and sampling site 
were very similar between them ranging from 1.495 in Td2 to 1.535 in Hd4.

The populations affected and unaffected by the 2018 mass mortality event did not show significant differences 
in diversity for either allelic richness or observed heterozygosity (p-value > 0.05).

Regarding the genomic structure in the Canary Islands, all analyses applied showed a lack of genomic 
divergence among sampling sites and across the three islands analysed, El Hierro, Tenerife and Lanzarote, 
from the neutral SNPs. The AMOVA analysis from neutral SNPs did not show significant differences between 
islands within the Canary Archipelago either, with 0% of variation among islands, only 12.6% of the genetic 
variation between populations, and most genetic diversity variation, 87.5%, retained within individuals 
(ФST = 0.125, − 0.001 and 0.124, respectively, and p > 0.05 for all of them). Again, all pairwise FST distances 
among sampling sites displayed low and/or no significant values (after the FDR correction of the p-values), 
suggesting genomic homogeneity (see the heatmap of the FST values in Fig. 3 and the complete table of FST values 
in Supplementary material, Table S3). The migration network generated from the GST values indicated high 
connectivity between all the sampling sites and islands. We can see that the sites Td2 and Td2 from Tenerife, and 
Ld3 from Lanzarote, are mainly a source of migrants to other localities (see Supplementary material, Fig. S2). The 
discriminant analyses of principal components (DAPC) also evidenced genomic homogeneity, with only one 
genomic cluster grouping all the thirteen sampling sites. The sampling sites Hd4 and Hd2 are slightly separated 
from the centre, being respectively in the east part of El Hierro, between Hd5 and Hd3, and the north-western 
part of El Hierro (see Supplementary material, Fig. S3). The difference observed in the Hd2 site was likely caused 
by the small sampling size. The Bayesian clustering analysed performed in STRUCTURE (Fig. 4) attributed the 
most likely K value to three genetic clusters (see Supplementary material, Table S5), but the thirteen sampling 
sites, ordered from west to east across the Canary Islands in the figure, had mixed individuals from the three 
genetic clusters with no clear geographical structure.

Local adaptation across the Canary Islands from candidate SNPs
From the 405 candidate SNPs under selection to temperature detected from RDA analyses (see the Methods 
section), the observed heterozygosity (Ho) ranged from 0.165 in DRB to 0.195 in Hd1, with an average of 0.176 
(±0.019), while the expected heterozygosity (He) ranged from 0.175 in Td3 to 0.218 in Ld3, with an average of 
0.198 (±0.023). The FIS estimated from heterozygosity showed non-significant results (p-values > 0.05) after the 
FDR correction (Table 2).

In contrast to the neutral SNPs dataset, we detected genomic divergence among islands associated with 
seawater temperature. Pairwise FST distances showed in general low values, ranging from 0 to 0.047, but the sites 
of Lanzarote (Ld1—4), the coldest island among the analysed here, were significantly different to other islands 
(see Fig.  3 and Supplementary material, Table S4). Similarly, the DAPC revealed two genomic clusters: one 
grouping the sites of El Hierro and Tenerife, and the other grouping the Lanzarote sites. The STRUCTURE result 
was consistent with the previous findings, suggesting the existence of two main genomic groups (see Fig. 4 and 
Supplementary material, Table S5). The sampling sites from the south-western and warmer islands, El Hierro 
and Tenerife, were mainly represented by the first genomic cluster, and the sites from Lanzarote by the second 
one (see Fig. 4).

Past demography from neutral SNPs
The Stairway Plot 2 results (Fig. 5) revealed the existence of a demographic expansion more than 100,000 years 
ago, reaching the population size a plateau approximately for ~ 90,000 years. According to the data, approximately 
10,000–12,000 years ago, the effective population size of D. africanum has drastically decreased till today.

Discussion
We here address the first population genomic analysis of Diadema africanum, a recently described sea urchin 
species (Rodriguez et al. 2013), and the most important key herbivore of the shallow-waters rocky reef ecosystems 
in the West African region and the Macaronesian archipelagos36. Our study undertakes sampling throughout a 
large part of the species’ distribution range, including populations that have undergone recent mass mortality 
events. Using 9,109 SNPs and a fragment of the mitochondrial COI gene, we investigate levels of diversity, 
divergence patterns and historical demographic changes in this species.

In general, D. africanum showed genomic homogeneity over short, medium, and long- distances across the 
area studied, for both neutral SNPs and COI, and for all the analyses applied (e.g. STRUCTURE, FST, DAPC, 
etc.). The weak genomic structure found a priori supports that D. africanum form a unique population across the 
Canary Islands and Cabo Verde. This homogeneity observed from the neutral markers is explained by high levels 
of gene flow. This species has a planktotrophic larva with an extended development time and the ability to survive 
under conditions of low food supply36. Larvae that remain several weeks in the water column may promote 
dispersal over large geographical distances36, as observed from molecular data in other echinoderms17,21,50–53. 
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For instance, D. antillarum, neither displayed evidence of genetic divergence along the coast of Florida over 
distances of hundreds of kilometres19. Additionally, the lack of potential large predators in the eastern Atlantic 
archipelagos on this species boosts the survival of larvae and high recruitment success36,54. The high connectivity, 
and larvae exchange between sites and islands, together with the absence of predators, can explain the rapid 
recovery of the populations affected by the first mass mortality events47 through the recruitment of larvae from 
close and/or distant sites that could act as genomic sources.

Nevertheless, the underlying sub-structure found in D. africanum, with the significant differentiation of all 
the Lanzarote sampling sites (corresponding to the coldest sites studied), but undetectable from the neutral 
SNPs and the COI, was revealed from 405 SNPs. These loci were potentially located on genes under selection, 
prompting local adaptation to temperature under high levels of gene flow. Previous studies with sea urchins, as 
those with Arbacia lixula and Paracentrotus lividus, also unmasked significant genomic sub-structure related 
to local adaptation to seawater temperature and salinity7,8, even when neutral markers did not show genomic 
divergence over large geographical distances across the Atlantic-Mediterranean area18,21,22,55.

Fig. 3.  Heatmaps obtained from the FST values using SNPs. (a) Results from the FST obtained from the neutral 
SNPs dataset, and the candidate SNPs dataset (b). Values and significance of the FST statistics are included as 
Supplementary material (Tables S3 and S4). Codes are described in Table 1.
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Together with the low level of divergence found in D. africanum, we also found lower levels of genomic 
diversity, for the COI (e.g., haplotype diversity = 0.578 ± 0.035) and SNPs (SNPs mean Ho = 0.200 ± 0.018), 
than in other co-occurring sea urchins as A. lixula (haplotype diversity = 0.912 ± 0.007 for COI, and mean 
Ho = 0.379 ± 0.002 for SNPs)7,22 and P. lividus (haplotype diversity = 0.961 ± 0.009 for COI, and mean 
Ho = 0.370 ± 0.005 for SNPs)8,18. Although comparing different numbers and types of genomic markers affects 
the genetic diversity measures, we still detected lower diversity values in D. africanum than in other species for 
the same fragment of the COI. In the closely related species, D. antillarum, genetic studies of populations were 
mostly based on a reduced number of microsatellite loci, making the comparison of diversity values with our 
SNPs inaccurate19. In general, and despite the limitations of comparing genetic diversity levels among species, it 
seems that the low diversity found in D. africanum is not a specific feature of sea urchins, or the genus Diadema, 
but a singularity of D. africanum. The lack of significant differences in diversity between sampled sites that passed 
through mass mortality events and those that were not affected by mortalities points out that low diversity is 
not caused by the recent events of mass mortality30,46,47. Contrary, our results suggest that its cause is related 
to evolutionary origin of the species and a historical trend. Previous studies in the Eastern Atlantic indicated 
that D. africanum populations were isolated from a Diadema ancestor as the result of sea level fluctuations and 
change in the direction of currents during glacial cycles in the Pleistocene or Late Pliocene, and the formation 
of the mid-Atlantic barrier that isolated several species at both sides of the Atlantic Ocean24,56. This isolation 
promoted the allopatric speciation of D. africanum at the east Atlantic, a speciation process like others occurred 
in the genus24. This hypothesis proposes that D. africanum has recently diverged from an ancestor, likely from a 
small genomic pool that passed through a strong founder effect57. Although our demographic analyses indicate 
that D. africanum effective population size grew up until ~ 100,000 years ago, probably since its origin, the strong 
founder effect fingerprint persist until its populations reach the equilibrium58,59. This expansion inferred from 
molecular data is coherent with the empirical observations of the geographical expansion of the species in norther 
areas in the Atlantic archipelagos38. What is not clear from our demographic inference is whether the drastic 
reduction of the species’ effective population size during the last 10,000 years is related to recurrent mortality 
events suffered by D. africanum, which, as observed, is reaching minimum values of effective population size30. 
Considering the lack of an accurate molecular clock in Diadema for nuclear DNA, demographic results should 
be taken with caution and only considered as a broad approximation, but what they clearly reflect is the decline 
of D. africanum populations.

The general pattern of low diversity, weak genomic structure and recent demographic fluctuations resembles, 
in some ways, to that in the Atlantic-Mediterranean sea star Echinaster sepositus (Retzius, 1783)60, suggesting 
that successful marine invertebrate species displaying low levels of diversity are more common than initially 
expected. To conclude, our study demonstrates potential local adaptation to temperature, despite the existence 
of high levels of connectivity. This finding reinforces the idea that local adaptation can happen under high 

Fig. 4.  Structure results. Sampling sites map (a), STRUCTURE barplots from the neutral SNPs (b), and 
candidate SNPs (c). The barplots are represented with the most probable number of genetic clusters (K = 3 and 
2 for (b) and (c), respectively). *The asterisk indicates the sites affected by the 2018 mass mortality event. This 
map was created in QGIS v.3.16.16 and edited with Adobe Illustrator.
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levels of gene flow by differential selective pressures across the genome. The local adaptation patterns can turn 
some populations, such as those from Lanzarote, into unique evolutionary units. The existence of this genomic 
mosaic would claim the need of applying specific management strategies according to the characteristics of each 
geographical area. Nevertheless, further identification of the involved genes in this adaptation would be needed 
to delve deeper into the biological, phenotypical, and/or physiological impacts of these genomic particularities. 
We should also keep in mind that only a small representation of the whole genome of D. africanum has been 
analysed, and therefore, other genome regions related to adaptation to environmental variables could be relevant 
to understand the genomic architecture of this species. Finally, we cannot anticipate how adaptation to local 
conditions of temperature could limit the recovery decimated populations, an interesting question that should 
be addressed in further studies.

Methods
Mitochondrial DNA gene sequencing and analyses
A total of 249 individuals of Diadema africanum, from 11 sites in the Canary Islands and 3 sites in Cabo Verde, 
were collected between 2016 and 2017 (Fig. 1 and Table 1), before the 2018 mass mortality event. Small pieces 
of gonad were extracted, immersed in RNAlater Stabilization Solution (Thermo-Fisher Scientific, USA), and 
preserved at − 20 °C in the laboratory until DNA extraction. Total DNA was extracted from each gonad sample 
using the “Speedtools tissue DNA extraction kit” from Biotools (www.biotools.eu), following the manufacturer’s 
protocol. A fragment of the mitochondrial gene cytochrome c oxidase I (COI) was amplified using specific 
primers designed from the complete mitochondrial genome of Diadema setosum (Acc. number KX385835.1 
available from GenBank). Primers were designed with the software Geneious v 8.0.4 as follows: forward primer 
Di_311F- ​T​A​G​T​G​C​C​C​C​C​T​T​C​C​T​T​T​A​T​T, and reverse primer Di_1205R- ​C​C​G​G​A​G​A​A​T​A​A​A​G​G​A​A​A​C​C​A. 
PCR amplification products of the COI fragment were purified and sequenced by Macrogen, Inc. (Seoul, Korea) 
using the same primers. COI sequences obtained were edited, aligned, and translated into amino acids to exclude 
pseudogenes, with Geneious v.2022.1 (www.geneious.com).

Ethics statement
No endangered or protected species were involved in this study. Authors possessed the required permits to 
collect echinoderm samples for research.

Fig. 5.  Demographic history of Diadema africanum inferred by Stairway Plot 2. The red line represents the 
effective population size (Ne) estimated over time, and the grey lines the 75% and 95% intervals of confidence. 
Axes represent time (x) and effective population size (y), and both are logarithmically scaled.
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General genetics descriptors and divergence among populations from the COI
From the COI sequences, genetic diversity descriptors such as number of haplotypes (Nh), haplotype diversity 
(Hd), nucleotide diversity (π) and number of polymorphic sites (S) were computed using DnaSP v.6.12.0361. 
An ANOVA62 statistical test was performed in Rstudio, to compare the haplotype and nucleotide diversity 
between Cabo Verde and the Canary Islands. The software CONTRIB 1.0263 was used to calculate the haplotype 
richness (Hk) after rarefaction (adjusted to the minimum sample size) per population to characterise diversity 
levels within and between sites and to compare populations with different sampling sizes. The same software, 
DnaSP, was also used to identify non-synonymous substitutions among haplotypes. To define the relationships 
among the haplotypes, a network was constructed with Popart v.1.7 (Population Analysis with Reticulate Tree)64, 
implementing a median-joining method65.

To examine genetic divergence among sites, an analysis of the molecular variance (AMOVA)66 was performed 
using Arlequin v.3.5.2.267, with a total of 10,000 permutations. The test was performed at different levels: grouping 
sampling sites in two archipelagos (Canary Islands and Cabo Verde) to test potential genetic subdivision between 
the two archipelagos, among sampling sites within archipelagos, among individuals within sampling sites. 
Additionally, pairwise distances (FST) between sampling sites were calculated to estimate genetic differentiation 
and using 10,000 random permutations to obtain their associated p-values in Arlequin. Significance thresholds 
were set at p-value < 0.05 after applying a Benjamini-Yekutieli FDR corrections68, according to the number of 
comparisons between sampling sites.

Past demography from COI
To detect recent demographic changes from the COI, we calculated different neutrality tests, including the Tajima’s 
D69, Fu’s Fs70 and the Ramos-Onsins and Rozas71 to infer potential departures from population equilibrium in 
DnaSP. To better understand the demographic history of the studied regions, a mismatch distribution analysis 
was performed. The demographic changes were examined by calculating Harpending’s raggedness index72 and 
the sum of squared deviations (SSD) between the observed and expected mismatch for each one of the sites. The 
spatial expansion hypothesis (both raggedness index and SSD) was tested using a parametric bootstrap approach 
(1000 replicates). These last tests were calculated using the methods of Schneider and Excoffier73 in Arlequin. 
This measure quantifies the smoothness of the observed mismatch distribution, and a non-significant result 
indicates an expanding population72.

To determine the estimated time of the possible demographic expansion (t), the formula τ = 2µkt74 was 
applied, with τ as the mode of mismatch distribution, µ as the mutation rate per nucleotide, k as the number of 
nucleotides assayed and t the time since population expansion22. The mutation rates used were the ones used 
on Diadema species from49 with values of either 1.2 × 10–5 or 1.9 × 10–5 substitutions per site per millennium.

ddRADseq libraries construction, isolation of markers and analyses
DNA quality, ddRADseq library construction and single nucleotide polymorphisms (SNPs) isolation
Individuals used for the COI sequencing, collected in 2016 and 2017, could not be further used for ddRADseq 
library construction due to their low quality of the nuclear DNA. For this reason, 243 new individuals of D. 
africanum were collected from 13 sampling sites in the Canary Islands in 2021, after the 2018 mass mortality 
event. Due to the low resolution of the COI for population genetics in this species (see the Results sections), no 
sequencing of the COI was performed for the newly recollected samples. For tissue collection, a small portion of 
the muscular tissue from Aristotle’s lantern was preserved in absolute ethanol at -20ºC.

Genomic DNA was extracted with a CTAB protocol (Hexadecyl Trimethyl Ammonium Bromide)75. DNA 
quality, purity and quantity were controlled in agarose electrophoresis gels, Nanodrop (Thermo Fisher, www.
thermofisher.com), and using a Qubit DNA BR assay (Life Technologies, www.thermofisher.com), respectively. 
From the 243 high-quality extractions, we made double digest restriction site-associated DNA (ddRADseq) 
libraries from an initial amount of 500 ng of total DNA, with the restriction enzymes EcoRI and MseI (New 
England Biolabs, www.neb.com) following a described protocol76. Briefly, after double enzymatic digestion and 
DNA clearing, individuals were barcoded and pooled in 10 libraries that were later amplified, and sequenced in 
a NovaSeq 6000 (Illumina Inc., San Diego, CA) at the Novogene (https://www.novogene.com) generating 150 bp 
paired-end reads. See more details of the ddRADseq library construction by Leiva and coauthors6.

The Stacks software v. 2.5977 was used to process the sequence data with de novo analysis without a reference 
genome. The module process_radtags was used to demultiplex and trim raw reads to remove low-quality and 
unidentifiable reads. The ustacks program was used to assemble the matching reads per individual and call SNPs 
at each locus, with a maximum distance allowed of 4 (-M) and a minimum of 3 matching reads to create a stack 
(-m). The cstacks program was used to build a catalogue of consensus loci with 4 mismatches allowed between 
sample loci (-n). Putative loci were searched against the catalogue using sstacks program and paired-end reads 
were associated with each single-end locus. The module populations was conducted retaining SNPs present in 
at least 75% of the individuals, with a minimum allele frequency of 5%. From this dataset, SNPs that presented 
either significantly greater observed than expected heterozygosity (Hardy Weinberg Equilibrium-HWE, p-
value < 0.01), which can be interpreted as a sign of sequencing errors, or significant linkage disequilibrium (p-
value < 0.01) in all sampling sites, were removed for further analyses.

Identifying candidate ddRADseq-derived SNPs under selection
The total SNPs dataset was analysed using two methods to detect candidate loci under selection: (I) a Bayesian 
analysis implemented in BayeScan v. 2.178 with 100,000 iterations and 50% burn-in without including any 
environmental variable; and (II) a Redundancy Analysis (RDA)79 using the sea surface temperature (average 
temperature over the last 28  years) as an environmental variable (Supplementary material, Fig. S4). Other 
marine environmental variables such as salinity and pH did not show differences across the study area. The 
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“RDA” function was performed in the R package “vegan” v. 2.5-680. The seawater temperatures were obtained 
from the E.U. Copernicus Marine Service information (product ID: MULTIOBS_GLO_PHY_TSUV_3D_
MYNRT_015_012, https://doi.org/https://doi.org/10.48670/moi-00052). This approach allows us to detect 
potential SNPs under selection to unknown variables (with BayeScan), and specifically under selection to 
temperature (with RDA).

Using the information of potential SNPs under selection from both methods, we created two datasets: a 
dataset of SNPs excluding all candidate SNPs under selection, and therefore, considered as a neutral dataset 
(neutral SNPs), and a dataset including candidate SNPs under selection to temperature, obtained from RDA 
(candidate SNPs). Hence, most analyses explained below were computed for both datasets separately to highlight 
differences in structure between datasets as a sign of local adaptation.

Genomic diversity and divergence for the ddRADseq-derived SNPs
Genomic diversity from neutral and candidate SNPs including observed and expected heterozygosity (Ho 
and He, respectively), was calculated using GenoDive v. 3.081, and allelic richness per locus per sampling site 
using the R package “PopGenReport” 3.0.782 (Table 2). The FIS statistic was calculated in Arlequin, with 10,000 
permutations to obtain their associated p-values. The relation between the population size and the number of 
alleles per sampling site was plotted with the package “ggplot2” in RStudio to check if the population size of our 
sampling was enough to represent the genomic diversity within the sites (data not shown).

To explore whether the 2018 mass mortality event affected the genomic diversity of D. africanum in the 
Canary Islands, we applied a two-tailed Student’s t-test83 in RStudio comparing values of diversity (allelic richness 
and observed heterozygosity from the neutral SNPs dataset) between sampling sites affected and unaffected by 
this mortality event. We used the neutral SNPs dataset considering that mass mortality events equally influence 
the whole genome of the species.

To investigate genomic divergence among sampling sites of D. africanum in the Canary Islands, we applied 
different methods such as genomic distances, principal component analyses and Bayesian clustering. These 
analyses were separately applied to the neutral and candidate SNPs datasets, except for an AMOVA performed 
only with the neutral dataset (for comparison with the COI data). For the AMOVA, we grouped sampling sites 
in islands, and tested differences among islands, among sampling sites within islands and among individuals 
within sampling sites. The analysis was performed in Arlequin with 10,000 permutations. Genomic distances 
among sampling sites were calculated using the pairwise FST statistics in the same software, with also 10,000 
permutations to obtain their associated p-values. Significance thresholds were set at p-value < 0.05 after applying 
a B-Y FDR correction. The results were plotted with the r function “heatmap” in the “ggplot2” package for a 
better visualisation of them. Relative migration between sites was estimated for the neutral SNPs dataset using 
the divMigrate function of the diversity R package84, based on the Nei’s GST distance-method, and setting the 
filter threshold to values > 0.7 to interpret levels of connectivity among sampling sites. Discriminant analyses 
of principal components (DAPCs) were also carried out using the “adegenet” R package85 using sites as prior 
grouping, to detect clusters of genetically related individuals. The function “find.clusters” was used to infer 
genetic clusters and the function “dapc” to determine the number of PCs and the diversity between sites. Bayesian 
clustering analyses were performed with the software Structure v. 2.3.486 to investigate the most likely number 
and distribution of genomic clusters (K). An initial run was performed with K from 2 to 14 with two replicates, 
150,000 Markov chain Monte Carlo (MCMC) per replicate and a 50,000 burn-in period. Once, the parameters 
were stabilised and confirmed, final runs were performed with K from 2 to 14 with five replicates, 200,000 
MCMC per replicate and a 50,000 burn-in period. The most likely K was calculated by evaluating the rate of 
change in the likelihood of K, using the ad hoc statistic ΔK with the Evanno method87 in Structure Harvester88.

Past demographic events from SNPs data
Past demographic events were explored using the neutral SNPs dataset. Potential fluctuations in the past effective 
population size were inferred with the Stairway Plot v. 2.1.189, which detects historical changes using a flexible 
multi-epoch demographic model. The folded site frequency spectrum (SFS) for each sampling site was built with 
the script easySFS.py (https://github.com/isaacovercast/easySFS) from the VCF file obtained in the population 
module of Stacks. The parameter settings were as follows: 67% of sites for training, 3  years per generation 
(estimated for this species), and random breakpoints were set as 67, 134, 201, 268. Based on the output from 
Stacks, the total number of observed nucleic sites was set as 3,307,887. Since there are no estimations of the 
nuclear mutation rate for the Diadema nuclear genome or any closely related species, we used the nuclear 
mutation rate of the sea star Acanthaster spp. (8.8 × 10−9, 9.4 × 10−9, and 9.9 × 10−9)90. We performed the analyses 
applying separately the three mutation rates, and as no large differences were observed, we finally show in this 
study the ones associated with the 9.4 × 10−9. Each estimation was generated using 200 bootstrapped folded SFS.

Data availability
The COI haplotypes are available on NCBI GeneBank (accession numbers: OP494354-OP494596) and Illumina 
raw reads on the SRA database (BioProject ID PRJNA1065271; Biosamples SAMN39456622-SAMN39456864).
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