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Abstract The zoanthid Parazoanthus axinellae (Schmidt, 
1862) is a widespread coral species in the Mediterranean 
coralligenous assemblages where two morphotypes are 
found: Slender and Stocky, differing in size, color, and pre-
ferred substrate. Due to these marked differences, Slender 
and Stocky morphotypes were hypothesized to be two spe-
cies. Here, we used 2bRAD to obtain genome‐wide geno-
typed single nucleotide polymorphisms (SNPs) to investi-
gate the genetic differentiation between Slender and Stocky 
morphs, as well as their population structure. A total of 101 
specimens of P. axinellae were sampled and genotyped from 
eight locations along the Italian coastline. In four locations, 

samples of the two morphotypes were collected in sympatry. 
2bRAD genome-wide SNPs were used to assess the genetic 
divergence between the two morphotypes (1319 SNPs), 
and population connectivity patterns within Slender (1926 
SNPs) and Stocky (1871 SNPs) morphotypes. Marked and 
consistent differentiation was detected between Slender and 
Stocky morphotypes. The widely distributed Slender mor-
photype showed higher population mixing patterns, while 
populations of the Stocky morphotype exhibited a stronger 
genetic structure at a regional scale. The strong genetic 
differentiation observed between P. axinellae Slender and 
Stocky morphotypes provides additional evidence that these 
morphs could be attributed to different species, although 
further morphological and ecological studies are required to 
validate this hypothesis. Our study highlights the importance Supplementary Information The online version contains 

supplementary material available at https:// doi. org/ 10. 1007/ 
s00338- 023- 02456-7.
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of resolving phylogenetic and taxonomic disparities within 
taxonomically problematic groups, such as the P. axinel-
lae species complex, when performing genetic connectivity 
studies for management and conservation purposes.

Graphical Abstract Schematic overview of the main 
genetic structuring patterns observed in this study. Coral 
polyps were colored to intuitively associate the reader to 
Parazoanthus axinellae morphotypes, with orange tones 
being attributed to the Stocky morphotype, and yellow tones 
to the Slender morphotype. Bidirectional arrows represent 
gene flow between coral individuals, with the number and 
thickness of arrows corresponding to the intensity of gene 
flow rates. The red dashed line represents the potential repro-
ductive isolation between Slender and Stocky morphs

Keywords 2bRAD · Connectivity · Coralligenous 
assemblages · Mediterranean Sea · Zoantharia · Population 
genomics · SNPs

Introduction

Genetic connectivity data can provide valuable insights into 
the dynamics of population recovery and replenishment fol-
lowing environmental perturbation events. High connectiv-
ity potentially allows local populations to be replenished by 
immigration or reestablished by colonization (Padrón et al. 
2018). Species that exhibit higher rates of gene flow and con-
nectivity may also show greater resilience to environmen-
tal stress, as increased local genetic diversity (introduced 
via gene flow from adjacent populations) can increase the 
likelihood that some genotypes may adapt to local stressful 
conditions (Bernhardt and Leslie 2013). Hence, population 
connectivity data are often used as a proxy for population 
resilience and are crucial to predict the capacity of a species 

and/or communities to recover following disturbance events 
(Gatti et al. 2015; Schlacher et al. 2010).

Prior to the use of connectivity data for conservation, 
restoration, and management plans, it is essential to fully 
resolve the taxonomic status of the target species. This 
is needed because merging population genomics data of 
sibling species can introduce artifacts/biases in population 
connectivity models, which can lead to erroneous inferences 
and misleading conclusions about population resilience 
(Chenuil et al. 2019; Costantini et al. 2018; Cowen et al. 
2007; Pante et al. 2015a, b). The zoanthid Parazoanthus 
axinellae (Schmidt, 1862), a cnidarian commonly present 
in the Mediterranean Sea and the North Atlantic Ocean, 
represents one of such taxonomically problematic groups. 
This zoanthid is classified within a species complex (Ocaña 
Vicente et al. 2019), and P. axinellae individuals have dis-
tinct (1) morphological characteristics and distribution pat-
terns (Gili et al. 1987); (2) ecological requirements (Ocaña 
Vicente et al. 2019); (3) biochemical/metabolic profiles 
(Cachet et al. 2015); and (4) phylogenetic position within 
the family Parazoanthidae (Villamor et al. 2020). In detail, 
two distinct morphotypes are found within the P. axinealle 
species complex (Fig. 1): Slender – with an elongated trunk, 
longer and thinner tentacles, and a light-yellow color (here-
inafter ‘Y’ to denote yellow); and Stocky – with a shorter, 
thicker trunk and tentacles, and orange color (hereinafter ‘O’ 
to denote orange) (Cachet et al. 2015; Villamor et al. 2020). 
The Slender morphotype is found throughout the Mediter-
ranean Sea and in the North Atlantic Ocean, whereas the 
Stocky morphotype occurs only in the North-West Medi-
terranean (Gili et al. 1987). In terms of their ecology and 
life strategies, Slender individuals can be associated with 
axinellid sponges, whereas Stocky individuals only dwell on 
rocky substrates (Ocaña Vicente et al. 2019). The morphs 
also differ metabolically, and Cachet et al. (2015) identified 
the presence of ‘parazoanthines’ (highly bioactive secondary 
metabolites) within the Slender morphotype of P. axinellae, 
which are conversely absent from Stocky individuals. Recent 
phylogenetic studies examining sequence polymorphism 
of mitochondrial cytochrome C oxidase subunit I (COI) 
and nuclear internal transcribed spacer (ITS) gene mark-
ers revealed marked and consistent differentiation between 
Slender and Stocky morphotypes (Villamor et al. 2020), 
while high gene flow rates were observed within the mor-
photypes, with the more widespread Slender morph showing 
more pronounced population connectivity patterns (Villamor 
et al. 2020).

This study builds upon the previous work by Villamor 
et al. (2020) and aims to obtain a deeper understanding 
of genetic divergence between and within Slender and 
Stocky morphotypes, by utilizing genome-wide genotyp-
ing data. High-throughput shotgun sequencing methods 
allow for more robust inferences of phylogenetic and 
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population genomic structuring compared to traditional 
genetic markers—as utilized in Villamor et al. (2020)—
due to the greater number of single nucleotide polymor-
phisms (SNPs) retrieved, typically measured in hundreds 
or thousands (Everett et al. 2016; Hodel et al. 2017; Reit-
zel et al. 2013; Schopen et al. 2008). In recent years, next-
generation sequencing methods like restriction site asso-
ciated DNA sequencing (RAD-seq) (Baird et al. 2008; 
Davey and Blaxter 2010) have been increasingly utilized 
to investigate species delimitation in corals (Bongaerts 
et al. 2021; Pante et al. 2015a, b; Quattrini et al. 2019), 
and this approach fully resolved species boundaries 
within e.g., (1) the common scleractinian belonging to the 
Pocillopora genus (Johnston et al. 2017); (2) the deep-
sea octocoral Chrysogorgia (Pante et al. 2015a, b); (3) 
Paragorgia (Herrera and Shank 2016); and (4) Sinularia 
(Quattrini et al. 2019) genera. While RAD-seq has been 
successfully applied across numerous coral groups, this 
method has not been utilized to evaluate cryptic genetic 
diversity in zoanthid species.

In this study, we obtained 2bRAD-Seq data (methodol-
ogy for 2bRAD described in Wang et al. 2012) for indi-
viduals of the zoanthid P. axinellae to investigate popula-
tion connectivity patterns among populations of Slender 
and Stocky morphotypes sampled at eight localities along 
the Italian coastline. Specifically, the main aims of this 
study were (1) to determine the genetic differentiation 
between the two morphotypes; (2) to investigate popu-
lation connectivity patterns within Slender and Stocky 
morphotypes; and (3) to propose the use of the obtained 
population connectivity data for management and conser-
vation purposes of P. axinellae.

Methods

Field sampling

Samples from 12 sampling populations were collected by 
SCUBA diving at eight localities in the Mediterranean 
Sea (Fig. 2a), from June 2013 to August 2017. This included 
three Ligurian locations, from West to East: (1) Alassio 
(ALA), (2) Portofino (PTF), and (3) Porto Venere (PVEN); 
three Tyrrhenian locations, from West to East: (4) Olbia, Sar-
dinia (SAR), (5) Giannutri, Tuscany (GIA), and (6) Punta 
Campanella, Campania (CAM); one location in the northern 
Adriatic Sea (7) Grado, Friuli (GRA), and one location in 
the Ionian Sea (8) Gallipoli, Puglia (PUG) (Table 1). Slen-
der individuals were collected from all eight localities, while 
Stocky individuals (marked with ‘OR’ in the sampling local-
ity code in Table 1) were found in four locations, always in 
sympatry with the Slender morphotype. Polyps were sampled 
at least 2 m apart to avoid sampling of clones from the same 
colony. A total of 68 Slender and 33 Stocky individuals were 
collected between 10 and 35 m depth (Table 1). All samples 
were immediately fixed in 80% ethanol and refrigerated at 
4 °C until genetic analysis. Field and experimental protocols 
were approved by the University of Bologna, Italy, and were 
performed in accordance with its relevant guidelines and 
regulations. No permit was required for the collection of the 
specimens.

Fig. 1  Morphological differences between a the ‘Slender’ morphotype of Parazoanthus axinellae (Photo: C. Cerrano) and b the ‘Stocky’ mor-
photype of Parazoanthus axinellae (Photo: C. Cerrano)
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Genomic DNA extraction, 2bRAD library preparation, 
and raw data processing

Total genomic DNA (gDNA) was extracted from 101 P. 
axinellae polyps following a CTAB-based DNA extrac-
tion procedure (Winnepenninckx et al. 1993). The qual-
ity of gDNA extracts was evaluated on a 0.8% agarose 
gel stained with GelRed (Invitrogen). DNA was quanti-
fied using Qubit® dsDNA BR Assay Kit (ThermoFisher 
Scientific) to ensure sufficient DNA quantity before 
2bRAD library preparation. Genome-wide SNPs were 
obtained using the 2bRAD genotyping approach (Wang 
et al. 2012), using modified protocols from Terzin et al. 
(2021). Briefly, approximately 200  ng of gDNA was 
digested into uniform 32 bp fragments using the restric-
tion enzyme CspCI (New England BioLabs). DNA digests 
were then ligated to library-specific adapters and amplified 

using sample-specific dual barcodes and Illumina adap-
tors. PCR products were visualized on a 2.0% agarose gel 
to verify the presence of the expected 160–170 bp target 
band (i.e., fragment, barcodes, and adaptors included). The 
target band was excised from the gel and purified using 
Macherey–Nagel™ NucleoSpin™ Gel and PCR Clean-up 
Kit (ThermoFischer), following manufacturer protocol. 
Purified libraries were quantified using Qubit® dsDNA 
BR Assay Kit and pooled at equimolar concentrations. 
Pooled libraries were sequenced and demultiplexed by 
Genomix4Life S.r.l. (Baronissi, Salerno, Italy) on an Illu-
mina HiSeq platform with a single-end 50 bp read module 
(SR50 High Output mode). To control for potential errone-
ous variants from library preparation and sequencing, 34 
random specimens were sequenced in duplicate to serve as 
technical replicates for comparison of libraries.

Table 1  Sampling localities for Parazoanthus axinellae including 
population code, date of sampling, geographic coordinates (Latitude 
and Longitude), morphotype, depth (expressed in meters), mean 
number of raw reads per population including standard deviation 
(± SD), numbers of 2bRAD genotyped individuals (Ind), observed 

and expected heterozygosity values  (HO and  HE), and inbreeding 
coefficient values  (FIS). Slender and Stocky morphotypes are colored 
in yellow and orange, respectively, and separated with a horizontal 
line in bold

Sampling
locality

Population
code Date Lat

(°N)
Long
(°E) Morph Depth

(m)
Reads

(mean ± SD) Ind HO HE FIS

Alassio ALA 2013 44.02 8.23 Slender 10-25
1,738,217 ±
1,081,007 19 0.38 0.35 – 0.07

Portofino PTF 2013 44.30 9.22 Slender 15 2,455,406 ±
1,438,699

8 0.40 0.21 – 0.89

Porto
Venere

PVEN 2013 44.02 9.85 Slender 15 1,335,266 ±
146429

4 0.39 0.38 – 0.05

Olbia,
Sardinia

SAR 2013 41.00 9.66 Slender 15-17
1,960,473 ±

1193664 6 0.44 0.37 – 0.17

Giannutri GIA 2013 42.24 11.10 Slender 25
2,484,472 ±
2,302,830

10 0.38 0.37 – 0.02

Campania CAMP 2014 40.35 14.22 Slender 9-10 1,990,862 ±
305,077

11 0.42 0.38 – 0.08

Grado GUB 2017 45.49 13.16 Slender 22 2,312,093 ±
2,345,753

7 0.39 0.37 – 0.04

Gallipoli,
Puglia PUG 2014 40.13 17.92 Slender 15-35

1,661,728 ±
1,258,097 3 0.39 0.38 – 0.06

Alassio ALAOR 2013 44.02 8.23 Stocky 10-25 186,277 ±
141,602

6 0.51 0.61 0.10

Porto
Venere

PVENOR 2013 44.02 9.85 Stocky 15 648,984 ±
594,448

14 0.47 0.60 0.22

Olbia SAROR 2013 41.00 9.66 Stocky 15-17 1,960,473 ±
1,193,664

7 0.49 0.60 0.13

Giannutri GIAOR 2013 42.24 11.10 Stocky 25
3,351,917 ±
2,378,304 6 0.43 0.61 0.23
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Data analysis – hierarchical design

All bioinformatics analyses were conducted at three lev-
els, using the following hierarchical approach: (1) between 
‘Slender and Stocky’ morphotypes (‘Y&O’ level), and 
within (2) Slender (‘Y’ level) and (3) Stocky (‘O’ level) 
morphotypes. We applied this hierarchical approach because 
previous studies found instances where the signal from 
genetically divergent populations can ‘mask’ fine-scale pop-
ulations variability (Carreras et al. 2020; Carreras-Carbonell 
et al. 2006).

Data analysis – quality‑filtering and trimming of raw 
reads

Demultiplexed raw reads were initially checked for various 
sequence quality metrics using FastQC (v0.11.5) (Andrews 
2010). Ligated adapters, CspCI restriction enzyme recogni-
tion sites, and low-quality basecalls (Phred score < 20) were 
trimmed to obtain high-quality 2bRAD tags, following the 
Eli Meyer pipeline (https:// github. com/ Eli- Meyer/ 2bRAD_ 
utili ties), and as performed in Boscari et al. (2019) and Ter-
zin et al. (2021).

Data analysis – SNP calling in Stacks v2

SNP genotyping was performed in the Stacks v2 software 
(version 2.3e) (Rochette et al. 2019). After confirming that 
technical replicates had identical profiles (data not shown), 
technical replicates were concatenated for each of the sam-
ples sequenced in duplicate to increase sequencing depth, 
and low coverage samples (data with less than 100,000 qual-
ity-filtered 2bRAD tags) were excluded. SNP calling was 
performed on the remaining samples using the denovo_map.
pl pipeline (Rochette et al. 2019) due to a lack of a reference 
genome for P. axinellae. Stacks loci assembly parameters 
were set to 3 (for -m—minimum depth of coverage required 
to create a stack for ustacks; -M – the number of mismatches 
allowed between stacks within individuals for ustacks; and 
-n—number of mismatches allowed between stacks between 
individuals for cstacks). The obtained SNPs were exported 
in genind (genotypes of individuals) format using the fol-
lowing options from the Stacks v2 Populations program: 
(1) -R = 0.8 (to retain loci shared across at least 80% of indi-
viduals), (2) –write_single_snp (to keep a maximum of one 
SNP per each locus), (3) -min-maf = 0.01 (to exclude alleles 
with minimum minor allele frequency below 1%), and (4) 

Fig. 2  Admixture analysis in the LEA R package (Frichot and Fran-
çois 2015) computed for all individuals (at the ‘Y&O’ level, indicat-
ing ‘Yellow’ for Slender, and ‘Orange’ for Stocky) to detect the true 
number of ancestral populations (Ks). a Mean admixture proportions 

for each site are presented as pie charts and shown on the map. b 
Individual admixture proportions are shown as bar plots for each indi-
vidual of the sampled populations. Populations are grouped within 
their corresponding morphotypes (Slender and Stocky)

https://github.com/Eli-Meyer/2bRAD_utilities
https://github.com/Eli-Meyer/2bRAD_utilities


362 Coral Reefs (2024) 43:357–370

1 3

-min-mac = 2 (to exclude non-informative monomorphic loci 
with minimum minor allele count of 1).

Population genomic analysis

SNP data in genind format were imported into R ver-
sion 3.6.3 (R Core Team 2018) with the R package ade-
genet  (Jombart 2008), and we additionally filtered: (1) 
loci out of Hardy–Weinberg equilibrium (HWE) in pegas 
(Paradis 2010) and (2) any remaining missing loci were 
replaced with mean allele frequency in poppr (Kamvar et al. 
2014, 2015). Loci under selection (outliers) were detected 
and removed in BayeScan (Foll and Gaggiotti 2008) using 
default parameters, set to: -n (the number of iterations) to 
5,000, -thin (thinning interval size) to 10, -nbp (the number 
of pilot runs) to 20, -pilot (the length of pilot runs) to 5,000, 
-burn (the burn-in length) to 50,000, and -pr_odds (prior 
odds for the neutral model) to 10. All downstream analysis 
was performed using neutral loci only as previous compari-
sons between neutral and all loci showed similar patterns 
(Boscari et al. 2019; Terzin et al. 2021; Poliseno et al. 2022).

Overall population statistics parameters, such as the 
inbreeding coefficient  (FIS), and observed  (HO) and expected 
 (HE) heterozygosity values, were computed at population 
level in hierfstat (Goudet 2005). The number of ancestral 
populations was detected using the LEA R package (Fri-
chot and François 2015). Prior to the LEA analysis, all non-
informative monomorphic loci were removed. Admixture 
coefficients were estimated in LEA at individual and popula-
tion levels with the sparse non-negative matrix factorization 
(SNMF) algorithm, as in Jenkins et al. (2019), and integrated 
into a map as bar plots (‘individual’ level) or pie charts 
(‘population’ level) following this tutorial: https:// github. 
com/ Tom- Jenki ns/ admix ture_ pie_ chart_ map_ tutor ial.

Additional analyses to explore patterns in the genetic 
subdivision at the Y&O level were conducted using a hier-
archical design with two factors: (1) ‘Morphotype’ (two 
levels: Slender and Stocky) and (2) ‘Populations’ (12 lev-
els: ALA, ALAOR, CAMP, GUB, GIA, GIAOR, PTF, 
PUG, PVEN, PVENOR, SAR, and SAROR; see Table 1 
for code meaning). Each population was nested within 
its corresponding morphotype, taking into account that 
the two morphotypes are distinct populations even if they 
come from the same locality. These analyses included: (1) 
discriminant analysis of principal components (DAPC) to 
explore the genetic structure through the assignment of 
each individual to its predetermined population a priori, 
conducted in adegenet; (2) principal coordinates analysis 
(PCoA) in vegan (Dixon 2003; Oksanen et al. 2007); (3) 
a hierarchical analysis of molecular variance (AMOVA) 
in poppr; and (4) construction of a UPGMA (unweighted 
pair group method with arithmetic mean) phylogenetic tree 
with bootstrap support inferred from 999 iterations and a 

cutoff value of p = 50%. The same analyses for Slender and 
Stocky morphotypes were carried out without deploying a 
two-level hierarchical approach, to independently test the 
effect of ‘Populations’ on genetic structuring within each 
morphotype. PCoA, AMOVA, and UPGMA trees were all 
computed using Provesti genetic distances.

Results

Selection of suitable loci

Sequencing yielded 1,724,678 ± 1,596,305 (mean ± SD) 
raw reads (50  bp) per sample, ranging from 4,562 to 
9,345,347 sequences per individual (Table S1). After qual-
ity filtering, 1,157,808 ± 1,251,355 high-quality 2bRAD 
tags remained per sample (Table S1), which were then 
processed for SNP calling. SNP genotyping in Stacks 
identified 1,788 (Y&O), 2,656 (O), and 2,038 (Y) SNPs, 
which were then exported from Stacks as three R genind 
objects. A total of 0 (Y&O), 762 (O), and 108 (Y) loci 
showed significant departures from HWE following a Ben-
jamini–Yekutieli false discovery rate (FDR) correction for 
multiple comparisons (Benjamini and Yekutieli 2001). 
Additionally, BayeScan identified 469 (Y&O), 23 (O), 
and 4 (Y) outlier loci (Fig. S1; Table S2). By removing 
loci out of HWE and loci under selection (‘outliers’), we 
obtained the final ‘neutral loci’ datasets containing 1319 
(Y&O), 1871 (O), and 1926 (Y) SNPs, shared across 101 
(Y&O), 33 (O), and 68 (Y) individuals. All downstream 
analyses (LEA, DAPC, PCoA, computation of pairwise 
 FST values, hierarchical AMOVA, and the UPGMA tree) 
were performed using neutral loci only.

Population structure and connectivity – looking 
for the ‘true’ number of ancestral populations

The LEA admixture analysis detected 2 (Y&O) (Fig. 2a, 
b), 3 (Y) (Fig. S2), and 4 (O) (Fig. S3) subpopulation clus-
ters (Ks) at each hierarchical level, respectively. Analysis 
of both morphotypes combined showed a clear distinction, 
with Slender (Yellow) and Stocky (Orange) individuals 
forming clearly differentiated clusters, regardless of sam-
pling locality (Figs. 2–4). Each Stocky population at the 
‘O’ level formed a unique cluster (Fig. S3), while the three 
clusters detected among Slender populations (at the ‘Y’ 
level) corresponded to (1) the ALA population (Cluster 1, 
light brown), (2) the PTF population (Cluster 2, violet), (3) 
and all the remaining populations which grouped within 
Cluster 3 (brown) (Fig. S2).

https://github.com/Tom-Jenkins/admixture_pie_chart_map_tutorial
https://github.com/Tom-Jenkins/admixture_pie_chart_map_tutorial
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A clear and marked genetic differentiation 
was recorded between Slender and Stocky morphotypes

When using pre-defined clusters based on sampling loca-
tions, the DAPC analysis (with 13 PCs as an optimal num-
ber of DAPC dimensions identified by the alpha (α) and 
cross-validation scores, Fig. S10a-b) showed a clear genetic 
differentiation between Slender and Stocky populations, 
with the PTF population being particularly isolated from 
the remaining Slender populations (Fig. 3a). Based on popu-
lation membership probabilities, the DAPC composite bar 
plot showed that Slender individuals exhibit panmixia and 
admixture (except for the PTF population), while the Stocky 
individuals were assigned to their a priori determined popu-
lations with higher membership assignment scores (Fig. 3b). 
The UPGMA phylogenetic tree also showed two clearly 
separated clusters (composed by Slender and Stocky indi-
viduals, respectively) with 100% bootstrap support (Fig. S4).

In addition, PCoA showed separate clustering when all 
Slender and Stocky populations were analyzed together 
(Fig. 4a). Pairwise  FST values ranged between 0.81 and 0.92 
when comparing Slender and Stocky populations, with the 
corresponding p-values being significant in all Slender/

Stocky population comparisons (p < 0.05; Fig. 4b). Further-
more, the hierarchical AMOVA recorded significant genetic 
differentiation at all three levels of variation: (1) within 
‘Populations’ (p = 0.001) (Fig. S5a), (2) between ‘Popula-
tions’, nested within ‘Morphotype’ (p = 0.001) (Fig. S5b), 
and (3) between ‘Morphotypes’, (p = 0.002) (Fig. S5c). As 
expected, most variance (~ 93.32%) arose from between 
‘Morphotypes’, while only ~ 1.44% and ~ 5.24% of vari-
ance originated from between ‘Populations’ (nested within 
‘Morphotypes’) and within ‘Populations’ levels, respectively 
(Table S3).

Stocky morphotype shows stronger genetic structuring 
patterns

PCoA (Fig. 5a) and DAPC clustering (Fig. S6a, using 6 PCs 
as an optimal number of DAPC dimensions identified by 
the alpha (α) and cross-validation scores, Fig. S10c-d), as 
well as the UPGMA phylogenetic tree (Fig. S7), revealed 
discrete clusters for each Stocky population, with the Tyr-
rhenian populations (SAROR + GIAOR) clustering closely 
together and separate from the Ligurian populations. Pair-
wise  FST values ranged between 0.27 and 0.31, and each 

Fig. 3  Discriminant analysis of principal components (DAPC). a 
DAPC with populations as prior grouping information. b Stacked bar 
plots show posterior assignment probabilities of individuals to their 

predetermined populations and were constructed using previously 
calculated DAPC population membership assignments, at the ‘Y&O’ 
level (indicating ‘Yellow’ for Slender, and ‘Orange’ for Stocky)
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Stocky/Stocky population comparison was identified as sta-
tistically significant (Benjamini–Yekutieli (B-Y) adjusted 
p = 0.02) (Fig. 5b). AMOVA also detected a significant effect 
of ‘within Populations’ on genetic structuring (Fig. S5d), 
with the ‘between populations’ level accounting for most of 
the variance (~ 68.71%) (Table S3).

A higher degree of admixture and panmixia 
was observed in the more widely distributed Slender 
morphotype

In contrast to the Stocky morphotype, PCoA ordination of 
the Slender populations detected a strong structuring for 
the PTF and ALA populations, while all the other popula-
tions grouped together (Fig. 6a). Pairwise  FST values ranged 
between 0.01 and 0.30, with the PTF population diverging 
the most from the other Slender populations  (FST = 0.25—
0.30) (Fig. 6b). The DAPC clustering (with 13 PCs as an 
optimal number of DAPC dimensions identified by the 
alpha (α) and cross-validation scores, Fig. S10e-f) detected 
only two groups: (1) PTF and (2) ALA + CAMP + GUB 
+ GIA + PUG + PVEN + SAR, although the ALA popu-
lation seemed to diverge from the remaining populations 

(Fig. S8). UPGMA phylogenetic tree exhibited a high degree 
of admixture, although PTF and ALA individuals clustered 
more closely together (Fig. S9). Finally, AMOVA recorded a 
significant effect of ‘between Populations’ on genetic struc-
turing (Fig. S5e), although most of the variance (~ 78.36%) 
was at the ‘within Populations’ level, as expected in panmic-
tic populations (Table S3).

Discussion

Main findings

Our results show that Slender and Stocky morphotypes of 
Parazoanthus axinellae clearly diverge in their genomic 
profiles and their populations group into two well-separated 
clusters. At the ‘within the morph’ level, the two morpho-
types also differ in patterns of connectivity and gene flow. 
Evaluation of the broadly distributed Slender morphotype 
revealed a high degree of admixture among populations, and 
seven Slender populations shared similar genomic profiles, 
except for the PTF population. In contrast, the Stocky mor-
photype (occurring only in the North-west Mediterranean) 

Fig. 4  Ordination analysis 
and  FST statistics between 
Slender and Stocky morphs 
computed at the ‘Y&O’ level 
(indicating ‘Yellow’ for Slender 
and ‘Orange’ for Stocky). a 
Principal coordinates analysis 
(PCoA) clustering based on 
Prevosti genetic distances, with 
the factor ‘Morphotype’ as a 
grouping factor. b Heatmap and 
dendrogram based on Nei  FST 
pairwise distances. Pairwise 
Nei’s  FST values are shown in 
the lower colored triangle of the 
heatmap, and the corresponding 
p values (marked in red when 
Benjamini–Yekutieli adjusted 
p value < 0.05) are in the upper 
triangle. Sampling codes for 
Slender and Stocky popula-
tions are colored in yellow and 
orange on the right, respectively
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displayed stronger patterns of genetic structure compared to 
the Slender morphotype.

Population genomic structure within morphotypes

When comparing the two morphotypes, overall we observed 
a lower gene flow and higher genetic diversity (i.e.,  HO) 
within the Stocky morphotype, while the Slender morpho-
type showed higher rates of gene flow and lower observed 
heterozygosity. Literature often documents that greater 
genetic diversity increases population resilience and resist-
ance to environmental perturbations (Hughes and Stachow-
icz 2004; Pauls et al. 2013); however, our results unexpect-
edly do not accord with this pattern, as the Stocky morph 
appears to be less resilient to environmental disturbances 
despite higher genetic diversity. High gene flow can poten-
tially explain the broader distribution of the Slender mor-
photype throughout the Mediterranean Sea, and experimen-
tal studies suggest that the Slender morphotype may also 
be more resilient to environmental perturbations caused by 
climate change. Thermotolerance experiments (tempera-
ture treatments from 26 °C to 29 °C) were performed on 

10 common benthic invertebrates in Mediterranean coral-
ligenous habitats (three anthozoans, six sponges, and one 
ascidian), documenting that the Stocky morphotype of P. 
axinellae was the most sensitive of the 10 species, includ-
ing the widespread Slender morphotype (Gómez-Gras et al. 
2019). In detail, the Stocky morphotype showed initial signs 
of necrosis after 5 days at 26 °C, while the Slender morph 
did not display any signs of tissue necrosis for 18 days. Ther-
motolerance decreased precipitously at higher temperatures, 
with Stocky individuals displaying signs of necrosis only 
1–2 days after experimental exposure to increased tempera-
tures (Gómez-Gras et al. 2019). Interestingly, Cachet et al. 
(2015) have identified the presence of ‘parazoanthines’, 
highly bioactive secondary metabolites, found within the 
Slender morphotype of P. axinellae and absent from the 
Stocky individuals. Differing thermal tolerance between 
the two morphotypes may be attributed to the presence of 
highly bioactive secondary metabolites in one morphotype 
and not the other (Gómez-Gras et al. 2019), although further 
experimental validation would be needed to confirm that 
the presence of ‘parazoanthines’ increases the capacity of 
the Slender morph to cope with environmental changes. In 

Fig. 5  Ordination analysis and 
 FST statistics within Stocky 
morphotype, computed at ‘O’ 
level (indicating ‘Orange’ for 
Stocky). a Principal coordinates 
analysis (PCoA) clustering 
based on Prevosti genetic 
distances, with populations as 
a grouping factor. b Heatmap 
and dendrogram based on Nei’s 
 FST pairwise distances. Pairwise 
Nei’s  FST values are shown in 
the lower colored triangle of the 
heatmap, and the corresponding 
p values (marked in red when 
Benjamini–Yekutieli adjusted 
p value < 0.05) are in the upper 
triangle
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addition, we assert that additional experimental exposure 
of Slender and Stocky individuals to various stressors (e.g., 
nutrient enrichment, sedimentation, increased temperature, 
and pH decrease) would be needed to identify the major 
environmental threats to each morphotype, which is critical 
to underpin future conservation programs for this zoanthid.

Furthermore, it is important to understand the complex 
dynamics of connectivity and genetic diversity at local spa-
tial scales (DuBois et al. 2022), as different populations may 
exhibit different resilience and resistance thresholds to envi-
ronmental disturbance. Within the Tyrrhenian region, the 
Slender population from Portofino (PTF; Ligurian Sea) was 
identified to be isolated the most. The Portofino area has 
been previously documented to present a barrier to gene flow 
for several species of sessile invertebrates, including: (1) 
Corallium rubrum (Linnaeus, 1758) (Costantini et al. 2007); 
(2) Paramuricea clavata (Risso, 1827) (Mokhtar-Jamaï et al. 
2011); and (3) Patella caerulea (Linnaeus, 1758) (Villamor 
et al. 2018), which seems to be caused by the presence of 

a large-scale separation of currents that occur in the region 
(Rossi et al. 2014). Therefore, the Portofino Slender popu-
lation could be more susceptible to environmental stress 
compared to the other populations, although experimental 
validation would be needed to confirm this hypothesis.

Are Stocky and Slender morphotypes two separate 
species?

All analyses performed in this study at the ‘Y&O’ level pro-
vided strong evidence that Slender and Stocky morphotypes 
represent two well-separated clusters with clearly distinct 
genomic profiles. Such strong genomic differentiation pro-
vides additional evidence that Slender and Stocky morpho-
types might represent two separate species, as previously 
hypothesized by Cachet et al. (2015) based on differing 
metabolomic profiles, and by Villamor et al. (2020) based 
on molecular observations. In our study, this strong Slen-
der/Stocky contrast is visible from the (1) DAPC analysis 

Fig. 6  Ordination analysis and 
 FST statistics within Slender 
morphotype, computed at ‘Y’ 
level (indicating ‘Yellow’ for 
Slender). a Principal coordi-
nates analysis (PCoA) cluster-
ing based on Prevosti genetic 
distances, with populations as 
a grouping factor. b Heatmap 
and dendrogram based on Nei’s 
 FST pairwise distances. Pairwise 
Nei’s  FST values are shown in 
the lower colored triangle of the 
heatmap, and the corresponding 
p values (marked in red when 
Benjamini–Yekutieli adjusted 
p value < 0.05) are in the upper 
triangle
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(Fig. 3a), (2) PCoA plot (Fig. 4a), the (3) UPGMA phyloge-
netic tree (Fig. S4), and most importantly (4) the extremely 
high  FST values (Fig. 4b) that we detected in this study (rang-
ing between 0.81 and 0.92 for each of the Slender/Stocky 
population comparisons); all of which have clearly identi-
fied that all individuals agglomerate into two well-supported 
clades, congruent with distinct morphologies.

A recent study by Villamor et al. (2020) investigated the 
phylogeny within the Parazoanthidae family by including 
publicly available COI and ITS gene sequences of allopat-
ric and congeneric zoanthids, alongside COI and ITS data 
from Slender and Stocky morphs. Interestingly, the genetic 
differentiation between Slender and Stocky morphotypes 
was higher compared to some instances where Slender and 
Stocky individuals were compared to other allopatric species 
within the Parazoanthidae family (Villamor et al. 2020). In 
detail, Slender P. axinellae individuals were more similar 
to (1) P. anguicomus (Norman, 1869) (COI, ITS); (2) P. 
capensis (Duerden, 1907) (ITS); (3) P. swiftii (Duchassaing 
de Fonbressin and Michelotti, 1860) (COI); and (4) Umi-
mayanthus parasiticus (Duchassaing de Fonbressin and 
Michelotti, 1860) (COI) compared to the Stocky morpho-
type (Villamor et al. 2020). The Stocky morphotype was 
genetically more similar to the (1) Pacific shallow-water P. 
elongatus (McMurrich, 1904) (COI, ITS); (2) P. juan-fer-
nandezii (Carlgren, 1922) (ITS); and to the (3) deep Atlan-
tic P. aliceae (Carreiro-Silva, Ocaña, Stanković, Sampaio, 
Porteiro, Fabri, and Stefanni, 2017) (COI), compared with 
the Slender morphotype (Villamor et al. 2020). As COI and 
ITS sequences diverged more between Slender and Stocky 
morphotypes compared to the aforementioned (1) Slender/
congeners and (2) Stocky/congeners contrasts, it is clear why 
Villamor et al. (2020) also suggest that these two morphs 
may represent two separate species. Publicly available RAD-
Seq datasets on zoanthids can be integrated with our data 
to investigate if Slender and Stocky morphs will cluster 
more closely together, or with the ‘outgroup’ zoanthid spe-
cies from an independent study. To our knowledge, the only 
available RAD-Seq dataset on zoanthids is from a golden 
coral Savalia savaglia (Poliseno et al. 2022), and such meta-
analysis could confirm the taxonomic status of the P. axinel-
lae species complex.

Further, it would be particularly interesting to use molec-
ular data to investigate the origin of Slender and Stocky 
morphotypes. Villamor et al. (2020) hypothesized that the 
Slender P. axinellae could have an Atlantic-Mediterranean 
origin due to its similarity with other Atlantic Parazoanthus 
species (P. anguicomus and P. capensis) which are interest-
ingly also able to colonize sponges—just like the Slender 
morphotype (Sinniger and Häussermann 2009). The mys-
terious origin of the Stocky morphotype is more difficult to 
infer, as this morphotype shared similar genomic profiles 
with both shallow-water Pacific (P. elongatus and P. aliceae) 

and deep-sea Atlantic (P. aliceae) zoanthids within the Para-
zoanthidae family (Villamor et al. 2020). These molecular 
similarities coincide with some ecological features shared 
across these species. For instance, the Pacific P. elongatus 
and P. aliceae are mainly found on rocky substrate rather 
than on sponges, similarly to the Stocky morphotype (Sin-
niger and Häussermann 2009). However, P. elongatus and 
P. aliceae are morphologically distinct from the P. axinel-
lae species complex, which is in contrast with the high COI 
and ITS gene similarities observed across these species in 
Villamor et al. (2020), all of which further validates that 
P. axinellae is indeed a taxonomically problematic species 
complex.

Concluding remarks and implications for future 
research

Future multidisciplinary and integrative studies are a cru-
cial prerequisite to successfully resolving the taxonomic 
and phylogenetic status of the Slender and Stocky P. axinel-
lae morphotypes, thus confirming the molecular findings 
observed in our study and Villamor et al. (2020). So far, 
a few studies have investigated reproductive strategies in 
P. axinellae. The Stocky morphotype of P. axinellae was 
documented to rely predominantly on fission for propagation 
(which implies a low dispersal capacity), whereas sexual 
reproduction via spawning plays a minor role in species 
reproduction (Garrabou 1999). Previati et al. (2010) studied 
the reproduction in Stocky individuals, recording that oocyte 
and spermatocyte maturation periods varied between sum-
mer and autumn and depending on the locality, which also 
aligns with findings from Garrabou (1999). Future experi-
mental studies to delineate species relationships between 
Slender and Stocky morphs could: (1) aim to determine if 
reproduction between Slender and Stocky individuals will 
result in hybrid offspring, if hybrids are viable, and if further 
reproduction between hybrids will produce fertile offspring 
in the F2 generation; (2) conduct metabolomic and biochem-
ical studies to investigate the differences in chemical profiles 
between the two morphotypes, with particular focus on the 
parazoanthines identified in the Slender morphothype by 
Cachet et al. (2015); (3) reconstruct the genomes of the two 
morphotypes to assess how Slender and Stocky morphotypes 
differ in their gene content; (4) analyze the (meta)transcrip-
tomes of the two morphotypes to investigate if the morpho-
types differ in their acclimation mechanisms to environmen-
tal shifts (Pratlong et al. 2015); and (5) perform a natural 
comparative experiment to investigate multiple aspects of 
the biology of the host and the host-associated microbiome. 
These future perspectives could deepen the understanding of 
the two morphotypes to identify specific characteristics that 
support a clear distinction at the species level.
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From a monitoring/management perspective, we propose 
that the Stocky morphotype should be prioritized in terms of 
conservation due to lower gene flow rates between Stocky 
populations observed in our study, as also suggested by 
Gómez-Gras et al. (2019). However, identifying if Slender 
and Stocky morphotype are two separate species is critical 
before genetic connectivity data can be effectively imple-
mented in conservation and management plans for this wide-
spread and iconic zoanthid.
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