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examined the genetic structure of S. roseus in the Tropical 
Western Atlantic (Caribbean and Brazil) and of S. blatteus in 
the Tropical Eastern Atlantic (Africa), using DNA sequences 
from the 16S ribosomal gene. Time-calibrated phylogenetic 
analyses showed that S. roseus and S. blatteus diverged 
at ~ 24.6 Ma. A well-supported Brazilian clade within S. 
roseus indicates a possible cryptic species that diverged at 
~ 11.6 Ma, consistent with the formation of the Amazon 
River at 9 Ma (Hoorn et al. in Glob Planet Change 153:51–
65, 2017). Strong genetic structure was observed even over 
moderate distances, with ΦST values over all populations 
being 0.98 for S. roseus and 0.90 for S. blatteus. Nearly, 
all haplotypes were private (found in a single location) 
and diverged by many mutational steps from one another. 
In contrast, genetic diversity was low at the local scale for 
both species, with most sites showing no variation (a single 
haplotype). These results are coherent with the reproductive 
strategy of Stylasteridae, where larvae are brooded and are 
highly developed at the time of release, often settling near 
the parental colony. Limited dispersal coupled with possible 
clonal reproduction have likely contributed to the high levels 
of genetic differentiation observed here. Lace corals show 
unusual reproductive and population dynamics compared 
to other reef inhabiting cnidarians. Future work may reveal 
additional cryptic diversity in this poorly studied family.

Keywords Stylaster · Brazilian Province · Caribbean 
Province · Population structure · Population genetics

Introduction

Tropical marine ecosystems are highly diverse, but the driv-
ers of diversification and speciation are often illusive, par-
ticularly in environments without obvious barriers to gene 

Abstract Biodiversity on coral reefs depends not only 
on primary reef-builders, but also on associated taxa that 
create microhabitats for other species. Hydrocorals of the 
genus Stylaster, commonly known as lace corals, form small 
branching colonies that enhance three-dimensional complex-
ity on reefs and are known to support a variety of commensal 
species. Furthermore, the genus is highly speciose, further 
increasing biodiversity. Despite their important ecological 
roles, little is known about the evolutionary history and the 
intraspecific diversity and structure in these broadly distrib-
uted hydrocorals. Here, we assessed the phylogenetic rela-
tionships among Atlantic species in the genus Stylaster and 
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flow (Palumbi 1994; Briggs and Bowen 2012). Intraspecific 
phylogeography evaluates the spatial genetic structure of 
species by examining the non-random distribution of the 
genetic variation among individuals within a population and 
populations across the species range. By examining the spa-
tial patterns of genetic structure at both local and regional 
levels, the physical or biological barriers that restrict gene 
flow between populations can be identified, providing clues 
to the processes that lead to diversification and speciation in 
the sea (Avise 1992, 2009).

While much effort has been made toward understand-
ing the processes that shape genetic structure and diversity 
in reef fish (Rocha and Bowen 2008; Selkoe and Toonen 
2011; Gaither et al. 2015; Bowen et al. 2016) and scleractin-
ians (Baums et al. 2006; Vollmer and Palumbi 2007; Nunes 
et al. 2009; Serrano et al. 2014; Peluso et al. 2018; Riquet 
et al. 2021), less is known about other benthic invertebrates 
that also serve important ecological roles on coral reefs. 
For example, the fire corals of the genus Millepora are the 
only branching reef-building organisms of the Southwestern 
Atlantic (Laborel 1970; de Souza et al. 2017), and so they 
provide a unique habitat type for other reef dwellers. How-
ever, only a few studies have evaluated genetic connectivity 
in hydrozoans (de Souza et al. 2017; Postaire et al. 2017a, b).

Hydrocorals of the family Stylasteridae contribute to the 
three-dimensional complexity of shallow reefs despite their 
small sizes (up to 25 cm tall × 30 cm wide) (Cairns 1986). In 
mesophotic reefs, greater species diversity and colony sizes, 
such as the fan-like colonies of S. duchassaingi (Sánchez 
et al. 2019), suggest that hydrocorals can make important 
contributions to community structure and diversity in a 
variety of marine ecosystems. Stylasterids serve as host 
species for a number of small commensals, such as brit-
tle stars, annelids, gastropods, hydroids, and sponges (Pica 
et al. 2015), thereby favoring higher species diversity on 
reefs. Furthermore, because stylasterids are the second most 
diverse group of “hard corals” (Lindner et al. 2008), and 
have broad depth ranges that go from the intertidal to more 
than 2000 m, they themselves make important contributions 
to community diversity in shallow as well as deep habitats. 
However, some hydrocoral species are particularly sensitive 
to environmental stressors such as high temperatures, often 
suffering higher mortality rates than scleractinians on the 
same reefs (Morri et al. 2017; Duarte et al. 2020). Given 
their functional importance on reefs coupled with the fragil-
ity of some hydrocorals to stressors, it is important to better 
understand population and evolutionary dynamics in this 
group of understudied cnidarians.

The alarming decline in coral populations around the 
world has prompted a rising interest in improving conser-
vation efforts for reef communities (Lundgren 2011). The 
genetic structure and diversity of populations can help esti-
mate larval dispersal and inform on the location of source 

populations as well as isolated populations, ultimately 
improving ecosystem management and marine reserve 
design (Almany et al. 2009). While genomic resources are 
increasingly available for non-model organisms, they remain 
hard to implement in lower income countries, where many 
coral reefs are found. As such, mitochondrial DNA continues 
to be informative and widely used in phylogenetic studies of 
Hydrozoa (Schuchert 2005; López et al. 2015; Arrigoni et al. 
2018). Whereas scleractinian corals (Anthozoa) have highly 
conserved mitochondrial DNA, members of the subphylum 
Medusozoa (which includes Hydrozoa) have mitochondrial 
evolution rates more similar to Bilateria (Ruiz-Ramos et al. 
2014), thus providing adequate variation for population and 
species-level genetic analyses.

Stylaster roseus (Pallas, 1766), commonly known as the 
rose lace coral, is a hydrocoral that can be found through-
out the Caribbean and the tropical Southwestern Atlantic. It 
ranges from the Gulf of Mexico to Bahia, Brazil (Sanchez 
and Navas 1994; Leão and Fournier 2007), and it is the only 
species of its genus to occur in shallow waters in the Western 
Atlantic (Cairns 1986). Stylaster roseus is most commonly, 
but not exclusively, present in shaded cryptic habitats, 
normally inside crevices of complex hard coral structures 
(living or dead) (Sanchez and Navas 1994) (Fig. 1A). Con-
versely, it can also be found on rocky walls in the intertidal 
zone, where the colonies are significantly more exposed to 
light and wave action. Stylaster blatteus (Boschma, 1961), 
commonly known as the West African blue coral, was har-
vested for centuries as “Akori” to manufacture ornamen-
tal beads (Boschma 1961; Cairns and Zibrowius 2013); 
Fig. 1B). The species was redescribed by Zibrowius and 
Cairns (1992) and is only known to occur on the islands 
of São Tomé and Príncipe in the Gulf of Guinea, where it 
was originally described. While most stylasterids tend to 
have separate sexes, S. roseus and S. blatteus are presumably 
hermaphroditic, as both species contain male and female 
gonophores (Goedbloed 1962). The majority of stylasterids 
brood larvae to an advanced developmental stage before 
release (Cairns 2011). In some species, such as Stylaster 
californicus (Verrill, 1866), planulae stay near the bottom 
after release (Fritchman 1974) often settling near the mother 
colony (Ostarello 1973, 1976). While the Hydrozoa contains 
hundreds of species, with more than 90 species in the genus 
Stylaster alone (Schuchert 2022), few studies have exam-
ined speciation and genetic diversity in this diverse class 
or organisms (Miller et al. 2004; Schuchert 2005; Lindner 
et al. 2008; Postaire et al. 2017a, 2017b). In this study, a 
time-calibrated phylogeny was used to estimate divergence 
times within the genus Stylaster in the Atlantic Ocean, to 
address the following questions: (i) Are S. roseus and S. 
blatteus genetically distinct species, and if so, when did 
they diverge? (ii) Is there differentiation between Caribbean 
and Brazilian populations of S. roseus? (iii) Is gene flow 
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maintained among Caribbean populations of S. roseus? (iv) 
Does genetic diversity vary among populations of S. roseus 
and S. blatteus, and if so, what might be possible explana-
tions for this variation?

Materials and methods

Sample collection

A total of 157 individual colonies of S. roseus and 28 colo-
nies of S. blatteus were collected by snorkeling or scuba div-
ing, in 14 sites in seven countries across the tropical Atlantic 
(Fig. 1, Table 1). For S. roseus, sampling included one site 
in Belize, four sites on islands in Colombian territory in the 

southwestern Caribbean, east of Nicaragua (herein referred 
to as Colombian Islands), two sites on mainland Colom-
bia, one site in each of Curaçao, Grenada and Trinidad and 
Tobago and four sites in Brazil (Table 1, Fig. 1). Samples 
were collected at depths between 0 and 77 m. Below 30 m, 
for San Andrés and “Parque Nacional Natural Corales de 
Profundidad,” sample collection was made using Closed 
Circuit-Rebreather-CCR and Trimix techniques to explore 
the depth gradient down to 120 m. For S. blatteus, specimens 
were collected at four sites in the Tropical Eastern Atlantic 
(Gulf of Guinea, Africa), with three sites being sampled 
on the Island of São Tomé and one site on the Island of 
Príncipe, at depths ranging from 10 to 25 m. Small frag-
ments of each colony (1–2 cm) were preserved in tubes with 
DMSO, ethanol or guanidine thiocyanate (chaos buffer) and 

A B

C

Fig. 1  A. Stylaster roseus, Barú, Colombia. B. Stylaster blatteus, Príncipe Island. C. Sampling locations for Stylaster roseus and Stylaster blat-
teus. Photographs: J.A. Sanchez (a) and L. Rocha (b)
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stored at − 80 °C for DMSO, or room temperature for etha-
nol and chaos buffer for later processing. Museum specimen 
numbers for S. roseus are ANDES-IM5838-5841, ANDES-
IM4432-4434, ANDES-IM4600, ANDES-IM5928-5935, 
UFSCCNI.0357-0371 and USNM1073477. For S. blatteus, 
specimens are currently stored in the Laboratory of Coastal 
Benthic Ecology, at the Institut Français de Recherche pour 
l’Exploitation de la Mer, Plouzané, France. Sample num-
bers for the island of São Tomé are ST218-221, ST228-229, 
ST281, ST315-316 and ST324-325 and for Príncipe Island 
are PSTY1-14 and PSTY16-17.

DNA extraction, amplification and sequencing

Genomic DNA was extracted using the CTAB extrac-
tion protocol with modifications according to (Coffroth 
et al. 1992) for samples from the Caribbean and Brazil, 
and using the phenol/chloroform/isoamyl alcohol method 
described in Fukami et al. (2004) for samples from the 
Tropical Eastern Atlantic. We targeted the large riboso-
mal subunit gene of the mitochondrial DNA (16S). The 
16S gene was amplified using the following primers: SHA: 
5′-TCG ACT GTT TAC CAA AAA CAT AGC -3′ and SHB: 
5′-ACG GAA TGA ACT CAA ATC ATG TAA G-3′ (Cunning-
ham and Buss 1993). Polymerase chain reaction (PCR) 
was performed in a 15-μl reaction containing 1 × PCR 

buffer, 1.5 mM MgCl2, 1 μl of 10 × bovine serum albumin 
(BSA), 0.16 mM of each dNTP, 0.52 mM of each primer, 
1 U Taq DNA polymerase and 1 μl of DNA (30 ng). PCR 
conditions were 94 °C for 2 min followed by 35 cycles 
of 94 °C for 90 s, 50 °C for 90 s and 72 °C for 60 s and a 
5 min extension at 72 °C. Resulting PCR products were 
cleaned with ExoSAP-IT and sequenced using the BigDye 
Terminator v3.1 Cycle Sequencing Kit (Applied Biosys-
tems) and ran on an AB13730xl DNA Analyzer (Applied 
Biosystems).

Sequences were visually inspected using Geneious soft-
ware version 4.8.5 (Kearse et al. 2012) or Sequencher 5.4 
(Gene Codes Corp). The sequences of the outgroup spe-
cies and the S. roseus sequence from Trinidad and Tobago 
(EU645315) were obtained from a previous study (Lindner 
et al. 2008). The outgroup included 13 species from the 
genus Stylaster (Gray, 1847), five species from the genus 
Distichopora (Lamarck, 1816), four species from the 
genus Conopora (Moseley, 1879), two species of the genus 
Pliobothrus (Pourtalès, 1868), three species of the genus 
Crypthelia (Milne Edwards & Haime, 1849) and the spe-
cies Systemapora ornata (Cairns, 1991). Information on 
each specimen including species name, isolate number and 
GenBank accession number are provided in Supplemen-
tary Table 1. New sequences have been deposited in Gen-
Bank with the accession numbers MT043949–MT044134.

Table 1  Sampling sites, country, sampling year, depth, latitude, longitude and sample sizes for A. S. roseus and B. S. blatteus 

Site Country Sampling Year Depth Latitude (°) Longitude (°) Number of 
samples

A. Stylaster roseus
Belize Belize 2015  15 16.77 − 88.05 1
Serrana Atoll Colombia 2016 16 14.285315 − 80.407896 8
Roncador Atoll Colombia 2015 2.5–10 13.591629 − 80.051504 6
Providence Island Colombia 2015 15–24 13.383018 − 81.404423 14
San Andrés Island Colombia 2015 10–90 12.502381 − 81.732381 38
PNN Corales de Profundidad Colombia 2015 70–77 10.1081389 − 76.009444 5
Cartagena Colombia 2015 2.5–30 10.230806 − 75.741667 14
Curaçao Curaçao 2015 0–20 12.318244 − 69.150389 17
Grenada Grenada 2001 30 12.3372942 − 61.5796717 1
Little Tobago Island Trinidad and Tobago 2002 25 11.3 − 60.5 1
Fernando de Noronha Brazil 2010 18 − 3.85 − 32.37361111 11
Rocas Atoll Brazil 2009 4 − 3.87472222 − 33.80944444 12
Pernambuco Brazil 2007 1–3 − 8.765 − 35.09166667 12
Bahia Brazil 2008 1–3 − 17.7875 − 39.04888889 17
B. Stylaster blatteus
Príncipe Island São Tomé and Príncipe 2009 10–25 1.7255713 7.3812957 17
Diogo Vaz São Tomé and Príncipe 2006 5 0.3287392 6.5058794 4
Lagoa Azul São Tomé and Príncipe 2006 10 0.4065141 6.6114119 3
Santana São Tomé and Príncipe 2006 25 0.2385894 6.7669099 4
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Phylogenetic analyses and temporal calibration

Unique DNA sequences were aligned using the L-INS-i 
(localpairs) algorithm in MAFFT v7.313, with a maximum 
of 1000 iterations (Katoh and Standley 2013). The optimal 
model of nucleotide substitution for the dataset (GTR + γ) 
was selected using Topali v2 (Milne et al. 2009), based on 
the Akaike Information Criterion (AIC). Phylogenetic rela-
tionships and divergence times were estimated using BEAST 
v2.3.6 (Bouckaert et al. 2019) with input files generated in 
BEAUTi v2.3.6 (Drummond et al. 2012) using the Cali-
brated Yule Model of speciation with a uniform birth rate 
prior and a strict clock. Divergence times were estimated 
based on the first fossil occurrence of Stylaster cretaceous 
at 66.4 Ma (Jell et al. 2011). Previous phylogenetic work has 
shown that the genus Stylaster is polyphyletic (Lindner et al. 
2008), and as such, the taxon set for the calibration node 
included all species in the genera Stylaster, Calyptopora, 
Systemapora and Distichopora. The prior for the calibration 
node had a lognormal distribution with an offset of 66.4. 
BEAST was run 5 times to estimate the appropriate num-
ber of Monte Carlo Markov chains and sampling frequency 
to reach convergence. Log files were examined in Tracer 
v1.6 (Rambaut et al. 2018) to assess convergence and proper 
mixing of the chains, making sure that ESS values were 
above 200. The final run was conducted with 2 ×  109 chains, 
sampled every 10,000 chains. The final tree was generated 
with TreeAnnotator v2.3.6, omitting the first 25% of trees as 
burn-in. Maximum likelihood analyses were also run on the 
dataset, using IQtree v2.0.3 (Nguyen et al. 2015; Minh et al. 
2020). ModelFinder was used to select the most likely model 
of sequence evolution (Kalyaanamoorthy et al. 2017). Node 
support was evaluated with 1000 nonparametric bootstrap 
replicates as well as with the ultrafast bootstrap approxima-
tion (UFBoot) (Minh et al. 2013; Hoang et al. 2018) imple-
mented in IQTree. Removal of selected outgroup taxa (S. 
papuensis and Stylaster sp. D) was conducted to examine the 
effect on the support values of certain internal nodes. Trees 
were inspected and edited with FigTree v1.4.4.

Population genetic analyses

Haplotype networks were obtained separately for S. roseus 
and S. blatteus using the TCS method implemented in Pop-
ART (Population Analysis with Reticulate Trees) (Leigh and 
Bryant 2015). The number of segregating sites (S), haplo-
types (Hap), gene diversity (H), pairwise differences (k), 
nucleotide diversity (π) and statistics for neutral sequence 
evolution (Tajima’s D and Fu’s Fs) were calculated for 
each location using Arlequin v3.5.1.2 (Excoffier and Lis-
cher 2010). Hierarchical analysis of molecular variance 
(AMOVA) was used to test for population differentiation 
among all populations, as well as within and among regions 

for both species. For S. roseus, populations were grouped 
into a Caribbean group and a Brazil group. Given the lim-
ited sampling for S. blatteus, hierarchical structure was not 
considered (all populations were considered as belonging to 
one Tropical Eastern Atlantic group). AMOVA and pairwise 
ϕST values were also calculated in Arlequin v3.5.1.2.

Results

Phylogenetic analyses

Phylogenetic relationships were inferred based on a total 
of 68 unique sequences (including outgroups) that led to a 
final alignment of 600 bp. The phylogenetic tree had overall 
high support, with nodes at the genus level having posterior 
probabilities of > 0.95, except for a polyphyletic clade com-
posed of species from the genera Calyptopora, Stylaster and 
Systemapora, also recovered in an analysis based on three 
genes for the group (Lindner et al. 2008). Stylaster roseus 
and S. blatteus were reciprocally monophyletic with 95% 
UFBoot in the ML analysis, but only 68% support when 
nonparametric bootstrapping was used, and a posterior prob-
ability of 0.85 in the Bayesian analysis. When outgroup spe-
cies S. papuensis and Stylaster sp. D were removed from 
the analysis, reciprocal monophyly of S. roseus and S. blat-
teus was recovered with a support of 99% UFBoot, 94% 
with nonparametric bootstrapping and 0.95 posterior prob-
ability in the Bayesian analysis. Samples collected in the 
Gulf of Guinea aside, all individuals collected for this study 
clustered within the S. roseus clade, except for two samples 
(codes SAI064 and SAI107), collected at 100 m depth in San 
Andrés (Colombian Islands) that were genetically most simi-
lar to Stylaster duchassaingi, as shown in Fig. 2. These two 
individuals were excluded from the population-level genetic 
analyses for S. roseus; however, they constitute the first 
record of S. duchassaingi in Colombian waters. The diver-
gence time between S. roseus and S. blatteus was estimated 
at 24.6 Ma (95% HPD of 30.5–19.1 Ma). The S. roseus clade 
was further subdivided into two reciprocally phylogenetic 
clades (100% UFBoot, 100% bootstrap, 1.0 posterior prob-
ability): one composed of all individuals collected from Bra-
zil and another composed of all individuals from the Car-
ibbean. Divergence between the Brazilian and Caribbean 
clades was estimated at 11.3 Ma (95% HPD of 8.0–15.0 Ma) 
(Fig. 2). Additional structure was observed within the Car-
ibbean clade of S. roseus, with the four Colombian Islands 
sites forming one clade, the two Colombian Mainland sites 
forming a second clade and the remaining sites forming a 
third clade. While this topology was observed in both ML 
and Bayesian analyses, node support differed considerably 
(posterior probabilities of 1, 1 and 0.95; UFBoot bootstrap 
values of 95, 91 and 65; bootstrap values of 78, 58 and 26 
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for the Colombian Islands, Colombian Mainland and other 
Caribbean sites, respectively).

Genetic diversity

A 16S gene fragment of 569 bp length was obtained from 
157 individuals of S. roseus collected at 14 sites across 
the Western Atlantic, and a cropped alignment of 512 bp 
was kept for population genetic analyses based on the 
27 individuals of S. blatteus collected at six sites in the 
Tropical Eastern Atlantic (Fig. 1C). In total, 24 haplotypes 
were found for S. roseus and seven haplotypes were found 
for S. blatteus (Fig. 3). Of these, nearly all were private 
haplotypes, present in a single site, apart from three hap-
lotypes that were shared between adjacent locations in S. 
roseus and one shared haplotype in S. blatteus. The shared 

haplotypes for S. roseus were found between the follow-
ing populations: one shared between Roncador and Ser-
rana (both Colombian Islands, 90 km apart), one shared 
between Trinidad and Tobago and Grenada (Eastern Car-
ibbean, 150 km apart) and one shared between Rocas Atoll 
and Fernando de Noronha (Brazil, Oceanic, 150 km apart). 
One shared haplotype for S. blatteus was found between 
the population of Diogo Vaz on São Tomé Island and the 
population sampled in Príncipe Island (São Tomé & Prínc-
ipe, West Africa, 100 km apart). The alignment showed 
67 polymorphic sites. Among populations of S. roseus, the 
two of the Colombian Island populations in Providence 
Island (h = 0.791 ± 0.067) and Serrana (h = 0.786 ± 0.113) 
had the highest genetic diversity followed by intermedi-
ate levels in two other Colombian Island sites Roncador 
(h = 0.533 ± 0.172) and San Andrés (h = 0.488 ± 0.095). 

Fig. 2  Time-calibrated phylogeny for lace corals obtained using 
Bayesian phylogenetic analysis based on mtDNA 16S. Maximum 
likelihood analyses produced similar topologies within the Sty-
laster + Calyptopora + Systemapora clade. A second run was con-
ducted excluding S. papuensis and S. sp. D (highlighted in gray) 
in order to test internal node support. The support values for the S. 
roseus + S. blatteus clade for these analyses are also shown and high-

lighted in gray. Values above branches indicate Bayesian posterior 
probabilities, UFBoot and nonparametric bootstrap values, respec-
tively. Colored codes represent the 14 sampling locations for Stylaster 
roseus, and four locations for S. blatteus are shown in the legend. 
Violet circles indicate specimens of Stylaster duchassaingi collected 
in San Andrés Island (first occurrence of the species in Colombian 
waters)
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Low levels of diversity were observed in Rocas Atoll, Bra-
zil (0.303 ± 0.147). There was no genetic diversity (i.e., 
all haplotypes were identical) in Curaçao (n = 17), in both 
Colombian Mainland sites “PNN Corales de Profundidad” 
(n = 5) and Cartagena (n = 7) and in three Brazilian sites 
Fernando de Noronha Island (n = 11), Pernambuco (n = 12) 
and Bahia (n = 17), (Table 2). In S. blatteus, genetic diver-
sity was the highest in Príncipe (h = 0.700 ± 0.0506), fol-
lowed by Diogo Vaz (h = 0.667 ± 0.314) and Lagoa Azul 
(h = 0.500 ± 0.260), two sites on São Tomé Island. In the 
southernmost population of São Tomé, Santana, all indi-
viduals were identical, but differed by > 12 mutations from 
haplotypes collected in the nearest neighboring popula-
tion of Lagoa Azul, only 20 km away. Two populations 
of S. roseus in the Caribbean showed significant depar-
tures from neutrality (p < 0.05), San Andrés (− 1.523) and 

Providence (− 1.852), while no significant departures from 
neutrality were detected for S. blatteus.

Population differentiation

The populations of S. roseus were remarkably differenti-
ated from each other (Table  3), with a global fixation 
index across all populations of nearly one (ΦST = 0.974), 
and with high values for the fixation index among regions 
(ΦSC = 0.901) and within regions (ΦCT = 0.741). Pairwise 
ϕST values were high and significant (P < 0.05) between all 
locations, except for two pairwise comparisons: Serrana and 
Roncador (two Colombian Island sites) and Fernando de 
Noronha and Rocas Atoll (the two Brazil oceanic islands) 
(Table 3). Similarly, the global fixation index was high and 
significant (ΦST = 0.903) for S. blatteus. Pairwise population 

A B

Fig. 3  Haplotype networks for A. S. roseus and B. S. blatteus. Cir-
cles represent haplotype sequences, and each hatch mark represents 
one mutational difference. The size of the circle indicates the num-

ber of samples that share a given haplotype, and colors correspond to 
sampling sites and indicated on the legend



188 Coral Reefs (2023) 42:181–194

1 3

differentiation was also high and significant for nearly all 
pairwise comparisons (ϕST ranging from 0.79 to 0.98), even 
between populations separated by only 10–30 km distance. 
The only pairwise comparison where differentiation was 
moderate was between the populations of Diogo Vaz (on 
São Tomé Island) and Príncipe Island, which shared a hap-
lotype, but were separated by 100 km distance (ϕST = 0.43).

Discussion

Lace corals are important constituents of coral reefs, add-
ing complexity to communities and providing support for 
commensal species. The two species of lace corals of the 
genus Stylaster studied here showed remarkable levels of 
genetic differentiation across their range, and unusual pat-
terns of genetic diversity and connectivity compared to many 
other marine invertebrates studied so far. Our results confirm 
species-level distinction between western Atlantic S. roseus 
and Eastern Atlantic S. blatteus dating as far back as 25 Ma. 
Although phylogenetic analyses showed somewhat low lev-
els of support for the node demonstrating reciprocal mono-
phyly between S. blatteus and S. roseus when the full dataset 
was considered (p.p. 85, bootstrap = 68%, UFBoot = 90%), 
these values improved considerably when the intermedi-
ate outgroup taxa Stylaster papuensis and Stylaster sp. 
D were removed from the dataset (p.p.; bootstrap = 94%; 
UFboot = 99%). These results indicate that the low support 

for this node is not necessarily related to whether S. blatteus 
is monophyletic, but rather its relationship as sister taxa to 
S. roseus, S. papuensis or another taxon not sampled here. 
The addition of Western Indian Ocean stylasterids may 
help refine phylogenetic relationships within the genus and 
improve support for these nodes in future work. Analyzing 
additional molecular markers may also help improve node 
support in the phylogenetic trees. Divergence between S. 
blatteus and S. roseus is in agreement with a mid-Atlantic 
Barrier that has led to speciation in many marine taxa, par-
ticularly in reef fish, but also sea urchins (Lessios et al. 2003; 
Floeter et al. 2008; Briggs and Bowen 2012; Araujo et al. 
2022).

The phylogenetic analyses further indicated a possible 
cryptic species within S. roseus. Well-supported recipro-
cal monophyly and estimated divergence time of 11.3 Ma 
(Fig.  2) between Caribbean and Brazilian S. roseus 
indicate a speciation event that would have taken place 
in the Miocene, at approximately the same time as the 
establishment of the Amazon River outflow, estimated at 
9 Ma (Hoorn et al. 2017). Our results for S. roseus are in 
agreement with other studies that have shown the Amazon 
plume as an important barrier to dispersal for a variety of 
marine species, such as corals (Nunes et al. 2009, 2011), 
hydrocorals (de Souza et al. 2017), crustaceans (Terossi 
and Mantelatto 2012), echinoderms (Lessios et al. 2003) 
and reef fish [e.g., (Mendonça et  al. 2013; Volk et  al. 
2020)]. While there are examples of marine invertebrates 

Table 2  Genetic diversity indices and neutrality tests for 11 populations of S. roseus and four populations of S. blatteus 

Sample size (n), number of polymorphic sites (s), number of haplotypes (hap), haplotype diversity (H; mean ± SD), nucleotide diversity (π; 
mean ± SD), average number of nucleotide differences (k; mean ± SD); significant values, P < 0.05, are shown in bold, NA = not available

Population n s hap H k π Tajima’s D Fu’s Fs

Stylaster roseus
Serrana 8 4 4 0.786 ± 0.113 1.292 ± 0.900 0.00238 ± 0.00189 − 0.73 − 0.73
Roncador 6 2 2 0.533 ± 0.172 1.071 ± 0.813 0.00188 ± 0.00166 1.03 1.72
Providence 14 17 5 0.791 ± 0.067 3.00 ± 1.66 0.00555 ± 0.00344 − 1.85 1.07
San André 38 16 6 0.488 ± 0.095 2.057 ± 1.179 0.00379 ± 0.00241 − 1.52 0.78
Cartagena 14 0 1 0 0 0 0 NA
PNN Corales de 

Profundidad
5 0 1 0 0 0 0 NA

Curaçao 17 0 1 0 0 0 0 NA
Bahia 17 0 1 0 0 0 0 NA
Rocas 12 1 2 0.303 ± 0.148 0.304 ± 0.338 0.00056 0.00070 − 0.19 0.29
Noronha 11 0 1 0 0 0 0 NA
Pernambuco 12 0 1 0 0 0 0 NA
Stylaster blatteus
Príncipe Island 16 2 3 0.700 ± 0.051 0.900 ± 0.659 0.00175 ± 0.001441 1.26 0.76
Diogo Vaz 4 1 2 0.500 ± 0.265 0.500 ± 0.519 0.00098 ± 0.001208 − 0.61 0.17
Lagoa Azul 3 2 2 0.667 ± 0.314 1.333 ± 1.098 0.00260 ± 0.002670 0 1.06
Santana 4 0 1 0 0 0 0 NA
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and fish capable of maintaining genetic exchange across 
the Amazon River [e.g., (Lazoski et al. 2001; Nóbrega 
et al. 2004; Zigler and Lessios 2004; Nunes et al. 2017)], 
these appear to be exceptions to a more general pattern 
of distinct populations or sister species across the Ama-
zon. The level of divergence between Caribbean and Bra-
zilian clades of S. roseus is equivalent to the divergence 
observed between S. laevigatus and S. duchassaingi, two 
Caribbean stylasterids. Such deep divergence between 
Caribbean and Brazilian S. roseus incites further work on 
morphological traits that may allow the description of two 
separate species.

With regard to intraspecific genetic structure, the phy-
logenetic analysis showed structure within the Caribbean 
S. roseus clade, with the four Colombian Islands cluster-
ing together, the two Colombian Mainland sites forming a 
clade, and the remaining Caribbean sites forming a third 
group. While this topology was consistent between Bayes-
ian and maximum likelihood analyses, support for these 
nodes differed between the methods (Fig. 2). The haplotype 
network also showed a similar structure among these three 
clusters (Fig. 3). These groupings are most likely reflective 
of intraspecific genetic structure within S. roseus. The four 
Colombian Island sites (Serrana, Roncador, Providence and 
San Andrés) are all found in the southwestern Caribbean, 
adjacent to Nicaragua, Panamá and Colombia (Fig. 1C). The 
anti-clockwise Panamá–Colombia Gyre likely maintains 
some level of connectivity among these islands (pairwise 
ϕST values were more moderate among these populations, 
ranging from 0.64 to 0.76, with only one non-significant 
ϕST of 0.05 between Serrana and Roncador) and may par-
tially explain differentiation between the Colombian Islands 
and the other Caribbean sites as these currents may lead to 
retention within the gyre (Table 4). This may also explain 
the higher levels of genetic diversity observed in the Colom-
bian Islands (Table 2), compared to other S. roseus popu-
lations in the Caribbean, as the Panamá–Colombian Gyre 
may favor dispersal and genetic exchange within the region. 
Genetic similarity among Trinidad and Tobago, Grenada 
and Curaçao is likely due to their geographical proximity 
and larval transport which may be mediated by the Carib-
bean Current. The Caribbean Current may also explain the 
relative similarity of the Belize haplotype to these Eastern 
Caribbean sites. The Caribbean Current is thought to favor 
genetic connectivity across broad distances within the East-
ern Caribbean for scleractinian corals, with differentiation 
often only being observed between Eastern and Western 
Caribbean populations (Baums et al. 2005; Vollmer and 
Palumbi 2007; Foster et al. 2012). Isolation of the Colom-
bian Mainland sites may be related to a plume of low salin-
ity from the Magdalena River outflow, which has shown to 
affect connectivity in other marine organisms (Restrepo et al. 
2006; Foster et al. 2012).Ta
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Within the Brazilian Biogeographic Province, signifi-
cant population structure was observed among all sampled 
locations (ϕST > 0.9 for all pairwise comparisons), except 
between the oceanic islands of Fernando de Noronha and 
Rocas Atoll (pairwise ϕST = 0.08), which are approximately 
150 km apart. Populations of S. roseus on these islands 
shared one common haplotype, with one private haplotype 
being found in Rocas Atoll, but were differentiated with 
respect to the mainland Brazilian sites. A similar pattern has 
been observed for scleractinian corals, with oceanic island 
populations of the endemic reef-builder Mussismilia hispida 

being genetically differentiated from mainland populations 
(Peluso et al. 2018), as were oceanic island populations 
of the coral Favia gravida (Teschima et al. 2021). Strong 
genetic structure was also observed between mainland pop-
ulations of S. roseus from Pernambuco and Bahia, which 
had no shared haplotypes (pairwise ϕST = 1.0). Pernambuco 
and Bahia are separated by the São Francisco River outflow 
(Fig. 1), and this river is thought to act as a barrier for two 
species of fire corals, Millepora braziliensis and Millepora 
nitida, with the former being restricted to the north and 
the latter to the south of the river outflow, respectively (de 

Table 4  Pairwise �ST for A. S. roseus and B. S. blatteus. Values in bold are significant after Bonferroni corrections
C
ar

ib
be

an

1 Serrana 0.297 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

2 Roncador 0.055 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

3 Providence 0.689 0.642 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

4 San Andrés 0.756 0.726 0.685 0.000 0.000 0.000 0.000 0.000 0.000 0.000

5 Cartagena 0.973 0.981 0.911 0.903 0.000 0.000 0.000 0.000 0.000 0.000

6 Profundidad 0.954 0.965 0.873 0.891 1.000 0.000 0.000 0.000 0.000 0.000

7 Curaçao 0.973 0.981 0.908 0.908 1.000 1.000 0.000 0.000 0.000 0.000

B
ra

zi
l

8 Noronha 0.987 0.991 0.958 0.958 1.000 1.000 1.000 0.441 0.000 0.000

9 Rocas 0.983 0.986 0.956 0.957 0.995 0.993 0.996 0.081 0.000 0.000

10 Pernambuco 0.987 0.991 0.958 0.958 1.000 1.000 1.000 1.000 0.971 0.000

11 Bahia 0.990 0.994 0.967 0.964 1.000 1.000 1.000 1.000 0.961 1.000

A. Stylaster roseus
1 2 3 4 5 6 7 8 9 10 11

B. Stylaster blatteus

1 2 3 4 LEGEND

1 Príncipe 0.006 0.001 0.000 strong st value, p–value significant

2 Diogo Vaz 0.4326 0.028 0.027 moderate fst value (0.5 –0.89), p– value significant

3 Lagoa Azul 0.7897 0.823 0.029 p–value <0.05, but not significant after Bonferroni correction

4 Santana 0.9486 0.9831 0.9635 p–value > 0.05

φ
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Souza et al. 2017). Overall, our results show high levels 
of population differentiation, with the global ΦST over all 
populations being 0.97 for S. roseus and 0.90 for S. blat-
teus. In the Atlantic Ocean, genetic connectivity between 
Caribbean, Brazilian and Tropical Eastern Atlantic popula-
tions has only been evaluated for one other hydrozoan, the 
fire coral Millepora alcicornis (Linnaeus, 1758) (de Souza 
et al. 2017), which showed a global ΦST of 0.69 over all 
populations in these three biogeographic regions. High lev-
els of genetic differentiation have also been observed for the 
hydrozoans Lytocarpia brevirostris (Busk, 1852) (Postaire 
et al. 2017a) and Macrorhynchia phoenicea (Busk, 1852) 
(Postaire et al. 2017b) among several populations of the 
Western Indian Ocean and New Caledonia in the Tropical 
Southwestern Pacific. Mean ϕST values based on microsatel-
lite markers among the most distantly located populations 
were < 0.6 for both species. Hydrozoans therefore tend to 
show greater genetic differentiation than scleractinian corals 
over similar spatial scales (Nunes et al. 2011; Teschima et al. 
2021). Limited gene flow is most likely related to the larval 
traits of Stylaster species, which settle shortly after being 
released (Cairns 2011). Pelagic larval period has not yet 
been experimentally determined for S. roseus or S. blatteus, 
and most reproductive traits are known for only few species 
of stylasterids. Future work describing reproduction in lace 
corals and other hydrozoans may help to better understand 
the mechanisms that lead to such low levels of connectivity 
among populations of these organisms.

Intraspecific genetic variation was unusual in both S. 
roseus and S. blatteus. Strikingly, nearly all S. roseus hap-
lotypes were private, in other words, unique to a single site, 
with only three exceptions where haplotypes were shared 
among populations between Roncador and Serrana Islands 
in Colombia, Trinidad and Tobago and Grenada and Rocas 
Atoll and Fernando de Noronha in Brazil (all pairs of 
sites < 150 km apart). Likewise, all haplotypes for S. blat-
teus were private, except for one shared haplotype between 
Diogo Vaz (São Tomé Island) and Príncipe Island. While 
genetic diversity was moderate to high in the Colombian 
Islands (0.401 < h < 0.79) and moderate on Rocas Atoll, 
Brazil (h = 0.33), genetic diversity was null at most sites; all 
individuals were genetically identical in Cartagena (n = 14), 
PNN Corales de Profundidad (n = 5), Curaçao (n = 17), Fer-
nando de Noronha (n = 11), Bahia (n = 17) and Pernambuco 
(n = 12) for S. roseus and Santana (n = 4) for S. blatteus. Low 
intrapopulational variation does not appear to be related to 
slow rates of evolution in the 16S marker, as many muta-
tions have accumulated between sites throughout the dis-
tribution of the species. Low genetic diversity in sexually 
reproducing populations occurs as a result of non-random 
mating, resulting from inbreeding or genetic drift that occurs 
in populations that are isolated or that have small population 
sizes (Frankham 1996; Reed and Frankham 2003). Of these 

possibilities, inbreeding is likely to occur in stylasterids, 
given the low levels of gene flow observed here, as well as 
their short larval period. Although further studies on the 
reproduction of S. roseus are needed, stylasterid planulae 
have been observed to stay near the bottom after release 
(Fritchman 1974) and to settle near the mother colony (Osta-
rello 1973, 1976), increasing the probability of reproduction 
between related individuals. Low genetic diversity may also 
result from asexual reproduction. Clonality can lead to high 
abundances of one to a few genotypes in a population (Cof-
froth et al. 1992; Avise 2015), and partial clonality can also 
have important effects on genetic and genotypic diversity in 
populations (Arnaud-Haond et al. 2020). Asexual reproduc-
tion may occur in Stylaster through fragmentation, selfing 
or via parthenogenesis (Avise 2015). Future work that stud-
ies self-compatibility in S. roseus and S. blatteus is needed, 
but both species contain male and female gonophores on 
the same colony (Goedbloed 1962), potentially favoring 
some level of asexual reproduction. Asexual reproduction 
via stolons has also been reported for stylasterids, such as 
in the genus Stylantheca, where stolons have been observed 
to generate multiple sister colonies in close proximity (Puce 
et al. 2010). Here, individuals were genotyped with a sin-
gle mitochondrial marker, which precludes estimation of 
clonal diversity. Future work employing nuclear markers, 
such as microsatellites or SNPs, could provide confirma-
tion of clonal reproduction in S. roseus and S. blatteus 
and would allow for estimates in differences in the clonal 
diversity among populations of these two species. Further 
experimental work that tests whether clonal reproduction is 
possible through fragmentation or that could verify whether 
parthenogenesis occurs in either or both species may also 
help determine the causes of such low levels of genetic 
diversity observed here.

Lace corals show distinct patterns of genetic diversity 
and connectivity compared to scleractinian corals, indicating 
that evolutionary histories among reef inhabitants can vary 
greatly. To better understand the various evolutionary pro-
cesses at work in reef communities, it is important to exam-
ine a variety of organisms. Additional studies on hydrozoans 
may help elucidate the diversity of evolutionary processes 
at work on coral reefs at local and basin-wide scales and 
mechanisms that lead to diversification in the tropical seas.
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