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Abstract

Parazoanthus axinellae Schmidt, 1862 (Anthozoa: Zoantharia) has been historically divided into different taxa at various levels
(varieties, morphotypes, or subspecies) and is considered a species complex by some authors. This species has a wide distribu-
tion, is a key part of coralligenous habitats, and constitutes one of the main ecosystems in the Alboran and Mediterranean Seas. In
this work, we propose the reclassification of one subspecies and a new species of Parazoanthus: Parazoanthus brevitentacularis
stat. nov. and Parazoanthus franciscae sp. nov. The first was described as a morphotype (named “stocky”’) and as the subspe-
cies P. axinellae brevitentacularis, while the second is described here for the first time. An integrative approach, combining
morphological, ecological, histological, and genetic analyses, allowed us to detect enough variability to establish this new
species and led us to better understand the diversity of this group. Morphological and ecological analyses have been performed
in situ by observing the main different features of the species. Histological examinations to propose the systematics of the spe-
cies and the main diagnostic characters to identify them were performed based on the macro-anatomy, micro-anatomy, and the
features of the cnidome. Genetic analyses were performed using common molecular markers (COI and ITS) and mitochondrial
genome sequencing (MGS). The COI region was limited in establishing informative relationships within the species. MGS was
a powerful tool to assess diversity, although somewhat limited due to the small number of genome sequences available, and the
slow evolution of mitochondrial genomes in Anthozoa. Ribosomal ITS showed wider distances between taxa, resulting in the
phylogenetic trees being most congruent with the ecological, morphological, and histological analyses.
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Introduction

Traditionally, Zoantharia species have been classified
based on morphological characters such as the cnidome or
the sphincter anatomy (Pax 1937a; Pax b; Pax 1957; Abel
2959; Gili et al. 1987; Ryland and Lancaster 2004; Ocafa
and Brito 2004; Costa et al. 2011; Ocafia and Cinar 2018).
This article is registered in ZooBank under https://zoobank.org/ In recent years, an increasing number of molecular phy-
BA10008F-87F0-4F5B-B5B6-03177E840BE7 logenetic techniques based on nucleotide sequences have
been applied on zoantharians, usually complemented by
morphological analyses (Sinniger et al. 2005, 2008, 2010,
2013; Reimer et al. 2006; Reimer and Todd 2009; Sinni-
ger and Haussermann 2009; Chen et al. 2009; Reimer and

Communicated by Danwei Huang

P4 Alfredo Rosales Ruiz
alfredrosales @correo.ugr.es

< Roberto de la Herran

rherran@ugr.cs Fujii 2010; Fujii and Reimer 2013; Swain and Swain 2014;
! Department of Genetics, University of Granada, Granada, Cachet et al. 2015; Santos et al. 2016; Carreiro-Silva et al.

Spain 2017; Swain 2018; Kise et al. 2018, 2021; Villamor et al.
2 Fundacion Museo del Mar de Ceuta, Ceuta, Spain 2020).

Published online: 08 February 2025 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12526-024-01493-x&domain=pdf
http://orcid.org/0000-0001-6046-7997
http://orcid.org/0000-0002-4594-8642
http://orcid.org/0000-0002-3772-4374
http://orcid.org/0000-0002-6147-3640
http://orcid.org/0000-0001-9980-9237
http://orcid.org/0009-0008-0237-0730
http://orcid.org/0000-0003-1738-5325
https://zoobank.org/BA10008F-87F0-4F5B-B5B6-03177E840BE7
https://zoobank.org/BA10008F-87F0-4F5B-B5B6-03177E840BE7

15 Page 2 of 18

Marine Biodiversity (2025) 55:15

Molecular phylogenies have been frequently recon-
structed using a portion of the mitochondrial cytochrome
oxidase subunit I gene (COI) (Hebert et al. 2003), or in
combination with other genomic regions (Swain 2018).
However, the efficiency of this method has been previously
questioned in this group of species (Sinniger et al. 2008;
Krishna Krishnamurthy and Francis 2012). In anthozoans,
mitochondrial genomes have been shown to evolve five
times slower than nuclear sequences (Chen et al. 2009)
and 50-100 times slower than mitochondrial genomes from
other metazoans, resulting in low levels of interspecific
variation in corals, even when nuclear loci show high vari-
ations (Hellberg 2006; Huang et al. 2008). Although the
use of these regions has been deeply debated, especially
during the early years of the proposed method based on
the barcoding regions (France and Hoover 2002; Shearer
et al. 2002; Fukami and Knowlton 2005; Concepcion et al.
2006; Huang et al. 2008; McFadden et al. 2011; Dohna and
Kochzius 2016), they have been useful when construct-
ing phylogenetic relationships within families, genera, and
species of the order Zoantharia using these mitochondrial
sequences alone (Sinniger et al. 2005, 2008) or in com-
bination with nuclear variable regions such as ribosomal
internal transcribed spacers (I7S) (Sinniger and Héusser-
mann 2009; Sinniger et al. 2010; Fujii and Reimer 2011,
2013; Santos et al. 2016; Carreiro-Silva et al. 2017; Swain
2018; Montenegro et al. 2020; Kise et al. 2021, 2023).
Recently, new methods, such as the use of whole mito-
chondrial genome analyses, RAD-Seq, and the use of new
mitochondrial regions, have deepened our understanding of
the taxonomic relations among anthozoan groups (Poliseno
et al. 2020; Quattrini et al. 2022; Ramirez-Portilla et al.
2022).

Within the order Zoantharia, the family Parazoanthi-
dae sensu lato contains 16 recognized genera (Reimer and
Sinniger 2024). The largest genus, Parazoanthus Haddon
and Shackleton (1891), comprises 16 accepted species
distributed worldwide and is present in a large variety of
habitats (Sinniger et al. 2010). In the Mediterranean, the
most common species of Zoantharia growing on rocky
substrate with an extensive bathymetric range is Para-
zoanthus axinellae Schmidt, 1862. The species was first
described in the Adriatic (Schmidt 1862), later revisited
in the Adriatic by Pax (1937a, b, and 1957), and cited in
the Gulf of Naples by Abel (1959), in the northern area of
the Gulf of Lion by Herberts (1972), in the Catalonia coast
by Gili et al. (1987), and in the Alboran Sea by Ocaiia
et al. (2000). This species, which could be treated as a
species complex, has been historically divided into four
subspecies, Parazoanthus axinellae adriaticus Pax, 1937,
Parazoanthus axinellae miilleri Pax, 1957, Parazoanthus
axinellae liguricus Pax, 1937, and Parazoanthus axinellae
brevitentacularis Abel, 1959. These were merged into two
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different morphotypes by Cachet et al. (2015) and, most
recently, by Ocaiia et al. (2019). The first one includes P.
axinellae brevitentacularis, cited as morphotype “stocky”
or “morphotype 1,” and the second one includes the three
subspecies remaining, as morphotype “slender” or “mor-
photype 2” (Cachet et al. 2015; Ocaifia et al. 2019; Vil-
lamor et al. 2020), being both present in the Alboran sea
(Ocaiia et al. 2019; Villamor et al. 2020).

P. axinellae brevitentacularis shows important dif-
ferences in ecology and color in relation to other mor-
photypes, grows over the sponge Petrosia spp., and more
commonly over rocky walls. It has an invariable orange
column normally with a few incrusted mineral particles
in the ectoderm, and the disc is also orange with evident
radiae and thickening, especially along the second cycle
of tentacles. Populations are related to rheophilic habitats,
forming large concentrations of polyps from 1 to 40 m,
but in contrast to other morphotypes of P. axinellae, they
have not been observed growing on Axinella spp. It has
been detected in the Occidental Mediterranean Basin
and in Macaronesian Archipelagos (Ocafa et al. 2019).
Molecular studies conducted on this morphotype using
metabolomic techniques (Cachet et al. 2015), COI and
ITS sequences polymorphisms (Villamor et al. 2020), or
SNPs by 2bRAD (Terzin et al. 2024) have revealed diver-
gences between this and other morphs. These differences
were also confirmed through morphological and ecologi-
cal features (Ocaiia et al. 2019). As a result, authors have
proposed it as an independent taxon (Ocaifia et al. 2019;
Terzin et al. 2024), although it has not yet been described
as a distinct species due to the necessity for additional
molecular analysis and a precise morphological descrip-
tion, which will both be performed in the present work.

The morphotype “slender” includes different varieties
of yellowish P. axinellae sensu lato specimens, growing
almost exclusively on Axinella spp., but also found over
rocky substrates from 5 to 80 m. The column is completely
covered by incrusted mineral particles, forming a thick
layer. Tentacles and a nearby disc portion are pale yel-
low, with an orange disc center and hypostome, column
pinkish or yellowish throughout, although whitish near
the tentacles (Ocaifia et al. 2019). It has a wide distribu-
tion, being present along the Mediterranean and North-
east Atlantic coasts (Villamor et al. 2020; Terzin et al.
2024). This morph is perhaps the most variable and could
be polyphyletic.

In this study, we use an integrative method based on
ecological and macrostructural observations, morphologi-
cal analysis of the cnidome, COI, ITS regions, and whole
mitochondrial genome analysis to resolve the classification
of the P. axinellae species complex, specifically “slender,”
“stocky,” and a newly observed morphotype, testing the
main hypothesis of independence among these three taxa.
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Material and methods
Specimen collection and preparation

Three Parazoanthus morphotypes were observed in the
Alboran Sea in different underwater transects conducted by
ROV (Nido Robotics Sibiu Pro) and SCUBA diving dur-
ing 2021 and 2022. Samples were collected by SCUBA in
Calahonda-Castell de Ferro Special Area of Conservation
(SAC), Granada, Spain; Punta de la Mona SAC, Granada,
Spain; Maro-Cerro Gordo Reserve, Granada, Spain; Chafa-
rinas Islands SAC; and Monte Hacho Site of Community
Importance (SCI), Ceuta, Spain (Table S1). Firstly, habitats
and specimens were photographed using an Olympus TG-6
compact underwater camera. Colonies of 8—12 polyps were
kept underwater in separate bags, taking special care not to
mix morphotypes during the process. Soon after arriving
at the shore, half the polyps of each sample were fixed in
an 8% seawater-formaldehyde solution and later stored in
70% alcohol. The other half of the samples were preserved
using 80% ethanol, refrigerated at 12 °C in a cooler, and then
stored at 4 °C in the laboratory for further analysis. Samples
were stored and preserved in the Museo del Mar de Ceuta
(MMC) collection.

Morphological analyses

The morphology and anatomy were studied on formalin-
preserved samples using a stereo-dissecting microscope. The
anatomical and micro-anatomical details were studied using
staining in toto, following the methodology described by
Sinniger et al. (2013), Carreiro-Silva et al. (2017), Ocafa
et al. (2017) and Ocaiia and Cinar (2018). Nematocysts were
examined with a light microscope equipped with a Nomarski
differential interference contrast optic system. A minimum
of ten polyps for each sample were examined. The classifi-
cation and terminology of nematocysts followed Schmidt
(1972) and further modifications by den Hartog (1980) and
den Hartog et al. (1993). The terminology used by Ryland
and Lancaster (2004) was also considered. Measurements of
the cnidome are summarized in Table 2, where the ranges of
length and width of nematocysts are included.

DNA extraction and sequence characterization

DNA was extracted from ethanol-preserved samples using a
commercial kit Quick-DNA Miniprep Plus (Zymo Research).
COI sequences were amplified following the Folmer et al.
(1994) protocol, while ITS1, 5.8S, and ITS2 sequences were
amplified as described in White et al. (1990) to be able to
compare with the sequences already published on GenBank.

PCR products were cloned using pGEM-T Easy Vector (Pro-
mega) in Escherichia coli IM109. Five clones for each sam-
ple and marker were selected to be sequenced by the Sanger
method using a 3130 Genetic Analyzer (Applied Biosystems).

Mitochondrial genome sequencing, assembly,
and annotation

The total DNA from the three morphotypes was sequenced
using the NextSeq Illumina platform with paired-end 150
bp short reads (Macrogen, Korea). Mitochondrial genome
was de novo constructed using the pipeline GetOrganelle
using k-mer sizes of 21, 45, 65, 85, and 105, as proposed for
animal mitogenomes by Jin et al. (2020).

The genomes obtained were annotated with Geneious
Prime® v.2022.0.2 using the Parazoanthus elonga-
tus McMurrich, 1904 mitochondrion complete genome
sequence (Acc. Num.: NC_046405) as a reference source,
with a 95% similarity and 65% cost matrix. Then, ORFs
were searched using the “Find ORFs” tool, readjusting the
gene length manually.

Sequence alignment and phylogeny

COI and ITS markers, belonging to other species from
the Parazoanthidae family were retrieved from GenBank
(Table S1). Analyses were performed at the family level as
in Villamor et al. (2020), due to the considerable uncertain-
ties in the current phylogeny and systematics of Parazoanthi-
dae. Amplified COI sequences of the three analyzed species
were aligned using MAFFT v.7.450 (Katoh and Standley.
2013) on Geneious Prime® v.2022.0.2, to search for diag-
nostic positions within the amplified fragments, following
the results described in Sinniger et al. (2008).

For each marker, the sequences obtained from GenBank
were aligned together with the amplified sequences using
MAFFT v.7.450 on Geneious Prime® v.2022.0.2. Sequences
were trimmed to remove primers, and jModelTest2 v.2.1.6
(Darriba et al. 2012) was run on the CIPRES portal (Miller
et al. 2013) to identify the best nucleotide evolution model
for each region. Maximum likelihood (ML) in PhyML v.3.3.2
0180621 and Bayesian interference (BI) in MrBayes v.3.2.6
trees were built using the best distance matrices model avail-
able on Geneious Prime® v.2022.0.2, based on the results of
the jModelTest2 analysis. For COI, an analysis based on the
parameters described in Sinniger et al. (2010) was also per-
formed, with GTR nucleotide substitution matrix, a gamma
1 invariant model with six categories, estimated a-parameter
and estimated frequencies of amino acids.

The alignment of mitochondrion concatenated genes was
carried out using MUSCLE v.3.8.425 on Geneious Prime,
following Poliseno et al. (2020). jModelTest2 v.2.1.6 (Dar-
riba et al. 2012) was run on the CIPRES portal (Miller et al.
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2013) on this alignment to identify the best nucleotide evolu-
tion model. Trees under maximum likelihood (ML) in PhyML
v.3.3.20180621 and Bayesian interference (BI) in MrBayes
v.3.2.6 were analyzed with Geneious Prime® v.2022.0.2.

Results
Ecology and in situ morphology observations

In this study, we found three different morphotypes of Para-
zoanthus living in the Alboran Sea. The species were classi-
fied based on the general morphological characteristics pre-
viously described (Pax 1937a and b, 1957; Herberts 1972;
Gili et al. 1987; Ocaiia et al. 2019).

P. axinellae sensu lato populations, or “morphotype 2,”
were found at all sampled locations, in a wide bathymetric
range from 5 to at least 80 m. In Calahonda-Castell de Ferro
SAC (Granada), it was observed growing in sympatry with
P. axinellae brevitentacularis, sharing the same rocky walls.
Although close to each other, the colonies are separate and
clearly distinguishable (Fig. 1).

The presence of P. axinellae brevitentacularis was rede-
tected in Ceuta, Spain (Ocaiia et al. 2019), and detected for
the first time in Granada, Spain, in Punta de la Mona (SAC)
and Calahonda-Castell de Ferro SAC, mainly encrusting
over rocky walls.

Another previously unclassified morphology, with smaller
individuals than the previously described, was detected in
all locations in Granada (Fig. 2). Colonies of this one were
observed mainly incrusting walls and as a parasite of Cliona

Fig.1 Colonies of P. axinellae
sensu lato (yellow, left) and

P. axinellae brevitentacularis
(orange, right) growing closely
on rocky walls. Calahonda-
Castell de Ferro SAC, Granada,
Spain

@ Springer

spp. and Crambe crambe sponges in Punta de la Mona SAC,
Cerro Gordo Natural Reserve, and Calahonda-Castell SAC,
living in a bathymetric range from 3 to 45 m. In the Cala-
honda-Castell de Ferro SAC, it was also observed living in
sympatry with P. axinellae sensu lato on a rocky wall, but
without mixing (Fig. 2a, b). Tentacle morphology was aber-
rant in the area where the colonies of the two morphologies
of the population were in contact (Fig. 2c).

The ecological and morphological differences found in
these two morphotypes with respect to P. axinellae sensu
lato led us to their systematic evaluation for which macro
and micromorphological (Systematics section) and genetic
(Genetic results section) studies were carried out.

Systematics

Suborder Macrocnemina Haddon & Shackleton, 1891
Diagnosis: Zoantharians characterized by a complete fifth
pair of mesenteries.

Family Parazoanthidae Delage & Hérouard, 1901

Genus Parazoanthus Haddon & Shackleton, 1891

Type species: Palythoa axinella Schimdt, 1862.
Diagnosis: Colonial zoantharians characterized by a mes-
ogleal lacuna and by canals forming a “ring sinus” in the
distal part of polyp. Fine mineral particles are incorpo-
rated in polyps.

Parazoanthus brevitentacularis Abel, 1959 stat. nov

https://zoobank.org/259258C7-83BB-404B-8213-D3836F08785B
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Fig.2 a, b Colonies of P.
axinellae (reddish yellow)

and P. franciscae sp. nov.
(greenish-yellow) growing
closely together on rocky walls
in Calahonda-Castell de Ferro
SAC, Granada, Spain; ¢ detail
of tentacles showing different
morphologies in the point of
contact between colonies of two
morphotypes of Parazoanthus

Previous names: Parazoanthus axinellae brevitentacularis
Abel, 1959. (P. axinellae “stocky” and P. axinellae “morpho-

type 17).

Diagnosis Large colonies grouped in a common coe-
nenchyma. Thick and encrusted polyps with very well-
developed ectoderm, sand encrustation mainly under the
ectoderm widespread in the outer mesoglea. The spe-
cies is well distinguished by the single orange color in
its entire body and the yellow or yellowish radial disc.
Lacunae are concentrated in the inner mesoglea of the
body wall. Large homotrich categories (P-mastigophores
E) in tentacles and pharynx, a particular size of homo-
trich in the filaments, and two large homotrich catego-
ries (P-mastigophores E) of equal size in the body wall
ectoderm.

Material examined
Neotype

A neotype has been proposed due to the lack of type material
description in the original description.

SPAIN; 1 colony of 250 polyps growing on rocky cliffs;
Spain, Granada, Gualchos-Castell de Ferro, Punta de Cerro
Gordo; 36° 42" 07"N 3° 24’ 35 "W, 25-30 m depth; 21 Aug
2020; O. Ocaiia and A. Rosales Ruiz leg; rocky slope and
blocks with sandy bottom; MMC-T-65.

Paratypes

SPAIN; 1 colony of 35 polyps growing on rocky cliffs; Spain,
Granada, Gualchos-Castell de Ferro, Punta de Cerro Gordo;
36° 42' 07"N 3° 24’ 35"W; 25-30 m depth; 21 Aug 2020; O.
Ocaiia and A. Rosales leg; rocky slope and blocks with sandy
bottom; MMC-T-66. SPAIN; 1 colony of 60 polyps growing on
rocky cliffs; Spain, Granada, Gualchos-Castell de Ferro, Punta
de Cerro Gordo; 36° 42" 07"N 3° 24’ 35"W; 25-30 m depth;
21 Aug 2020; O. Ocaiia and A. Rosales leg; rocky slope and
blocks with sandy bottom; MMC-T-67. SPAIN; 1 colony of
60 polyps growing on rocky cliffs; Spain, Granada, Gualchos-
Castell de Ferro, Punta de Cerro Gordo; 36° 42" 07”"N 3° 24’
35"W; 25-30 m depth; 21 Aug 2020; O. Ocafia and A. Rosales
leg; rocky slope and blocks with sandy bottom; MMC-T-68.
SPAIN; 1 colony of 50-55 polyps growing on rocky cliffs;
Spain, Granada, Gualchos-Castell de Ferro, Punta de Cerro
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Gordo; 36° 42’ 07"N 3° 24’ 35"W; 25-30 m depth; 21 Aug
2020; O. Ocaiia and A. Rosales leg; rocky slope and blocks
with sandy bottom; MMC-T-69. SPAIN; 1 colony of 100 pol-
yps growing on rocky cliffs; Spain, Granada, Gualchos-Castell
de Ferro, Punta de Cerro Gordo; 36° 42’ 07"N 3° 24’ 35"W;
25-30 m depth; 21 Aug 2020; O. Ocafia and A. Rosales leg;
rocky slope and blocks with sandy bottom; MMC-T-70.

Description
External anatomy

In living organisms, the body wall, capitulum, and oral disc
are bright orange with thick opaque tentacles; the capitulum
shows the distal radius of the first tentacle cycles of intense
yellow or orange color. Mineral particles are present along
the body wall, but they are conspicuous in retracted condi-
tions. In preserved samples, polyps are 0.3—1 cm in height
and a diameter of 0.2-0.5 cm, dark brown in color with no

Fig.3 a—d Macro photographs
of P. brevitentacularis stat. nov.
growing over a rocky substrate;
e, f landscape photographs

of P. brevitentacularis stat.
nov. colonizing rocky walls in
Calahonda-Castell de Ferro
SAC, Granada

@ Springer

evidence of sand incrustations. All the polyps are embedded
in a common tissue joined by a basal plate of coenenchyma;
a connection among the colonies was not noticed. Four rows
of 30-36 pointed tentacles, the last row is not complete at
all; normally, the length of tentacles is shorter or equal to the
expanded oral disc diameter; scapular ridges are strong and
with a very conspicuous marginal tooth (Fig. 3a—d).

Internal anatomy

Mesenteries in a macrocnemic arrangement into four cycles
of which the fourth is incomplete (36—40 mesenteries). Mus-
culature well developed; retractor muscles are not present
in mesenteries, but parietobasilar muscles are strong, with
thick pennons; ectodermal musculature in tentacles visible
forming insertions. Sphincter is strong, endodermal with
4-5 noticeable muscular sinus, short and concentrated in the
upper part of the column; the pharynx is folded and presents
a single long and prominent siphonoglyph. Thick mesoglea,
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mineral particles concentrate in the outer mesoglea and are
practically absent from ectoderm. Lacunae concentrate in
the inner part of the mesoglea of the body wall. There was
no indication of the presence of zooxanthellae (Fig. 4).

Cnidae

Measurements of the cnidome are summarized in Fig. 5 and
Table 1. Common large homotrichs (P-mastigophores E),
wide spirulae, and small homotrichs in tentacles. Common
large typical spirulae in the pharynx. Presence of a particu-
lar category of large homotrichs (P-mastigophores E) in the
filaments, and thick ovoid spirulae. Two categories of equal-
size homotrichs (P-mastigophores E) and conspicuous spe-
cial spirulae in the body wall. We did not observe any other
categories of cnidome in the body wall.
Ecology and biological interactions

The species has been found growing mainly on bare rocky
cliff or over calcareous algae at a depth ranging from 15

Fig.4 a Transverse section of
P. brevitentacularis stat. nov.
showing the siphonoglyph (SI),
mesenteries (M), and the ring
mesogloeal lacunae (ML); b
detail of mesogloeal lacunae
(ML) and mesenteries (M); ¢
longitudinal section showing
the sphincter (S); d detail of the
sphincter (S)

to 30 m (Fig. 3e, f). In the Ceuta region, P. brevitentacu-
laris stat. nov. has been observed on the sponge Petrosia
ficiformis.

Distribution

This species has been observed in Mediterranean and Maca-
ronesia waters (Ocafia et al. 2019).

Parazoanthus franciscae Ocaiia & Rosales Ruiz, 2023 sp. nov

https://zoobank.org/B6D22569-B57D-445F-AAC7-E476F8994EDA

Diagnosis Sand-encrusted ectoderm and mesoglea, form-
ing tiny colonies of polyps with fine tentacles joined by a
thin coenenchyme, small uniseriate groups. Also, colonies
were assembled by a common rounded coenenchyma. Pol-
yps are embedded in the common coenenchyma, easily dis-
tinguished by the presence of sand encrustation, yellowish

Tentacles Pharynx

Filaments

Body wall scale

30pm

Fig. 5 Cnidome of P. brevitentacularis stat. nov. Cnidae in tentacles, pharynx, filaments, and body wall of P. brevitentacularis stat. nov

@ Springer
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Table 1 Data resulting from

. - Tissue Nematocyst type Mean and range of length and width  Number Frequency
the cpldome anz.llysm of P of nematocyst capsules (um)
brevitentacularis stat. nov.
Tissue where the different Tentacles Spirocysts (a) (15-20)x (3-4) 20 ve
cnidae have been observed, Spirulae (b) (8-9)x2 5 uc
nematocyst type, mean size, Spirulae (c) (15-17) % (2.5-3.5) 8 uc
number, and frequency. The Spirulae (d) (18-21)x (4-5) 20 c
classification and terminology Homotrich (e) (10-13) x (3-4) 10 e
of nematocysts have been Special spirulae (f) (18-19) X (6-8) 6 uc
presented as established by Homotrich (g) (21-31)x(10-16) 14 c
Schmidt (1972), adapted by den Spirulae (h) (14-25) x (3-4) 15 c
Hartog (1980) and den Hartog AR
. Homotrich (i) (11-12) x (2-3.5) 5 uc
et al. (1993), and include the e .
. Penicilli A (j) 18x3 1 r
terminology used by Ryland and . .
Lancaster (2004) Special spirulae (k) 19%x7 1 r
Homotrich (1) (25-32) x (10-14) 5 uc
Filaments Spirulae (m) (15-18)x (4-7) 10 Ic
Spirulae (n) (18-19) x (4-5) 5 uc
Homotrich (o) (9-13)x(3.54) 2 r
Homotrich (p) (21-24)x (12) 6 rc
Penicilli A (q) (18-21)x(5-7) 15 rc-uc
Homotrich (r) 34x%x13 1 r
Body wall Homotrich (s) (29-32)x (12-16) 30 ve
Homotrich (t) (26-31)x (10-12) 25 ve
Special spirulae (u) (16-21) x (6-8) 20 c
Special spirulae (v) (14-15)%x(9) 2 r
color, and single-colored oral disc. Lacunae system is wide- Paratypes

spread in the mesoglea of the body wall. Cnidome with two
categories of large and wide homotrichs (=holotrich or peni-
cilli E in other nomenclatures). Elliptical special spirulae
with a thick shaft (=homotrich, see Kise et al. 2018) in the
body wall are detected also in other species (Carreiro-Silva
et al. 2017; Ocafia and Brito 2004). There are also a variety
of spirulae (=B-mastigophores or basitrichs) and a lesser
number of penicilli (=P-mastigophores). Abundant special
spirulae in tentacles and two large homotrich categories
(P-mastigophores E) unequal in size in the body wall ecto-
derm. The species is mainly associated with other organisms
(mainly sponges) as substrate.

Etymology The species is named in memoriam of Fran-
cisca Serrais Benavente, beloved wife of O. Ocaiia, founder
and first president of Fundacién Museo del Mar de Ceuta
(Spain).

Material examined

Holotype

SPAIN; 60 polyps divided in five small colonies growing on
sponges; Spain, Granada, Gualchos-Castell de Ferro, Punta
de Cerro Gordo; 36° 42" 07"N 3° 24’ 35"W; 20-25 m depth;

20 Aug 2020; O. Ocaiia and A. Rosales Ruiz leg; rocky slope
and blocks with sandy bottom; MMC-T-58.
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SPAIN; 15 small colonies growing on Cirripedia; Spain, Gra-
nada, Gualchos-Castell de Ferro, Punta de Cerro Gordo; 36° 42’
07"N 3°24' 35"W; 20-25 m depth; 20 Aug 2020; O. Ocaiia and
A. Rosales Ruiz leg; rocky slope and blocks with sandy bottom;
MMC-T-59. SPAIN; 16 colonies growing on stones, Balanus
spp. and sponges; Spain, Granada, Almuiiecar, Cueva de Can-
tarrijan; 36° 43’ 47"N 3° 46’ 04"W; 3-5 m depth; 5 Aug 2021;
0. Ocaiia and A. Rosales Ruiz leg; rocky slope and blocks with
sandy bottom; MMC-T-60. SPAIN; 10 colonies growing on
stones, Balanus spp. and sponges; Spain, Granada, Almufie-
car, Cueva de Cantarrijan; 36° 43’ 47"N 3° 46’ 04"W; 3-5 m
depth; 5 Aug 2021; O. Ocaiia and A. Rosales Ruiz leg; rocky
slope and blocks with sandy bottom; MMC-T-61. SPAIN; 14
colonies growing on stones, Balanus spp. and sponges; Spain,
Granada, Almuiiecar, Cueva de Cantarrijan; 36° 43’ 47"N 3°
46' 04"W; 3—5 m depth; 5 Aug 2021; O. Ocaia and A. Rosales
Ruiz leg; rocky slope and blocks with sandy bottom; MMC-T-
62. SPAIN; 20 colonies growing on stones, Balanus spp. and
sponges; Spain, Granada, Almufiecar, Cueva de Cantarrijan;
36° 43" 47"N 3° 46’ 04"W; 3—5 m depth; 5 Aug 2021; O. Ocafia
and A. Rosales Ruiz leg; rocky slope and blocks with sandy
bottom; MMC-T-63. SPAIN; 20 colonies growing on stones,
Balanus spp. and sponges; Spain, Granada, Almufiecar, Cueva
de Cantarrijan; 36° 43’ 47"N 3° 46’ 04"W; 3-5 m depth; 5
Aug 2021; O. Ocafia and A. Rosales Ruiz leg; rocky slope and
blocks with sandy bottom; MMC-T-64.
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Description
External anatomy

In living organisms, the body wall, capitulum, and oral disc
are yellow to yellowish with thin translucent tentacles. Con-
spicuous mineral particles spread along the body wall. In pre-
served samples, polyps are 1-1.5 mm in diameter with a height
of 1-2 mm, light brown to yellowish in color with abundant
sand incrustations. Polyps forming small groups embedded
and assembled in a common tissue and connected by a thin
portion of coenenchyma, growing mainly over the sponges
but also directly on rocky cliff. Three rows of 24-30 trans-
parent pointed tentacles with parts of a fourth cycle can be
observed in some specimens; normally, the length of tentacles
is longer than the expanded oral disc diameter. Scapular ridges
are generally inconspicuous, but marginal tooth can be easily
distinguished in expanded polyps (Fig. 6a, b, and c).

Internal anatomy

Mesenteries in a macrocnemic arrangement into three cycles
of which the third is incomplete (20 to 24 mesenteries were
counted). Musculature is poorly developed; retractor muscles
are not present in mesenteries; parietobasilar muscles are
weak and inconspicuous along the mesenteries; ectodermal
musculature in tentacles is visible forming short insertions.

Fig.6 a, b, ¢ Macro photo-
graphs of P. franciscae sp. nov.
growing over a rocky substrate;
d landscape photographs of P.
[franciscae sp. nov. colonizing
rocky walls in Calahonda-Cas-
tell de Ferro SAC, Granada

Sphincter is endodermal but short and concentrated in the
upper part of the column; the pharynx is not folded and pre-
sents a single, non-prominent siphonoglyph. Widespread
lacunae system in the mesoglea of the body wall. No evi-
dence of the presence of zooxanthellae (Fig. 7).

Cnidae

Measurements of the cnidome are summarized in Fig. 8 and
Table 2. Abundant special spirulae in tentacles together with
tiny homotrichs and two fine spirulae categories; large spirulae
and tiny homotrichs in the pharynx; two penicillie A categories
and also small homotrichs in filaments; two large homotrichs
(P-mastigophores E) unequal in size in the body wall ectoderm
and special spirulae with a thick shaft in the body wall.

Ecology and biological interactions

Found growing on sponges (Crambe crambe, Phorbas
tenacior, Spirastrella cunctatrix, and Cliona viridis) in
shadow places, where it also can form colonies on Balanus

spp., calcareous algae or even bare rocky reefs (Fig. 5d).

Distribution

The species have been observed principally in the Alboran
sea inhabiting coastal caves and shaded places at a depth

@ Springer



15 Page 10 of 18

Marine Biodiversity (2025) 55:15

Fig.7 a Longitudinal section of
P. franciscae sp. nov. showing
the sphincter (S) and general
structure of the body wall with
mesogloeal lacunae (ML); b
detail of the sphincter (S); ¢
longitudinal section showing
mesenteries with ova (MO) and
the mesogloeal structure with
lacunae system (ML); d detail
of the lacunae system (ML)

Tentacles Pharynx

Filaments

Body wall scale

Fig.8 Cnidome of P. franciscae sp. nov. cnidae in tentacles, pharynx, filaments, and body wall of P. franciscae sp. nov

of 3 to 45 m, with temperatures ranging from 13 to 21 °C.
Colonies have also been observed in the Chafarinas Islands
(Spain) (ETRS 89: 35° 11" 07.1"N 2° 25’ 54.9"W) and
Placer de las Bovedas, Malaga (Spain) (ETRS 89: 36° 23’
46.8"N 5° 00" 17.9"W) in habitats with the same ecology.

Differential diagnosis

Differential diagnosis characters for P. franciscae sp. nov.
and P. brevitentacularis stat. nov. have been summarized
and compared with P. axinellae sensu lato (Table 3).

1. P. franciscae sp. nov.: Tiny to small size zoanthar-
ians with yellowish color on tentacles and disc, with
orange disc; body wall with low to moderate quantity
of incrusted particles, two categories of unequal sized
homotrichs in the ectoderm of the body wall.

2. P brevitentacularis stat. nov.: Large-size zoanthar-
ians with invariable orange color in column and disc;

@ Springer

the latter also presents yellowish radiae and obvious
thickening, especially evident along the second cycle
of tentacles, body wall with low to moderate quantity
of incrusted particles. Two large categories of equal-
sized homotrichs in the ectoderm of the body wall.

3. P axinellae sensu lato: Body wall totally covered by
incrusted particles forming a thick layer. Small medium
size zoantharians with yellowish color on tentacles and
nearby disc portion close, with orange disc center and
hypostome; one category of homotrichs in the ectoderm
of the body wall.

In addition, an identification key has been included
comparing the proposed species with the accepted sub-
species of P. axinellae extracting the main diagnosis char-
acters from Pax (1937a, b, and 1957), Abel (1959), Her-
berts (1972), Gili et al. (1987), and Ocaifa et al. (2000)
(Fig. 9).
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Table 2 Data resulting from

: . Tissue Nematocyst type Mean and range of length and width Number Frequency
the chldome analy51s. of P. of nematocyst capsules (um)
franciscae sp. nov. Tissue
where the different cnidae have Tentacles Spirocysts (a) (15-20)x (2-3) 20 ve
been observed, nematocyst Homotrich (b) 16x3.5 1 r
type, mean size, number, and Homotrich (c) (10-11)x (2-3) 10 rc
frequency. The classification Spirulae (d) (15-18) x (3-3.5) 20 c
and terminology of nematocysts Spirulae (e) (12-17)x (2-3.5) 15 e
have been presented as Special spirulae (f) (13-18) X (3.5-5) 25 ve
established by Schmidt (1972), Homotrich (g) 29% 14 1 r
adgp:led %y den Har;ogl(9199§O) Pharynx Spirulae (h) (13-19)x (3-4) 20 c
and den Hartog et al. (1993), Spirula (i) (14-15)X (3) 5 uc
and include the terminology . .
used by Ryland and Lancaster Sp 1rula§ 0 (8-9)x(2) 6 ue
200 4)y Y Homotrich (k) (6-8) % (2-3) 10 rc
Penicilli A (1) 15%x5 1 r
Penicilli A (m) 13x2 1 r
Filaments Spirulae (n) 16x3 1 r
Spirulae (0) (6-8)x(1-1.5) 10 rc
Homotrich (p) 15%3.5 1 r
Homotrich (q) 5-9)%(3) 5 rc
Penicilli A (r) (13-15)%(2-3) 15 c
Penicilli A (s) (12-15)x (4-5) 20 c
Special spirulae (t) (15%5) 1
Body wall Homotrich (u) (25-32)x (12-18) 20 c
Homotrich (v) (19-23)x (9-11) 20 c
Special spirulae (w) (13-19)x(7-9) 18 c
Spirulae (x) 15%3 1 r
Homotrich (y) (11-12) x (4-5) 8 uc

Table 3 Main differences between the previously known P. axinellae subspecies, P. brevitentacularis stat. nov., and P. franciscae sp. nov

Subspecies Color N°tentacles N°ridges N°septa  Spirocyst Homotrich
measurements ectoderm
measurements
Parazoanthus axinellae Yellowish color in tentacles, 26-30 14-16 28-32 10-16 pm 20-26 pm
adriaticus orange disc center, and hypos-
tome
Parazoanthus axinellae Yellowish color in tentacles, 36-38? 18? 36-38 15-17 pym 24-32 ym
liguricus orange disc center, and hypos-
tome
Parazoanthus axinellae Yellowish color in tentacles, 26-36 14-18 28-36 16-21 pm 27-32 pm
muelleri orange disc center, and hypos- 26-34 ym
tome
Parazoanthus franciscae sp. Light brown to yellowish tenta-  24-30 ?, inconspicuous  20-24 15-20 pm 25-32 pm
nov cles and oral disc 19-23 ym
Parazoanthus brevitentacularis Orange color in column and disc; 28-32 14-16 34-38 20-21 pm 29-32 pm
stat. nov disc also with yellowish radiae 26-31 ym

and obvious thickening espe-
cially along the second cycle of
tentacles

Genetic results
Complete mitochondrial genomes
A total of 36,917,848 sequences were obtained from the Illu-

mina sequencing of P. brevitentacularis stat. nov., 38,257,504
from P. axinellae and 38,868,432 from P. franciscae sp. nov.

Three mitochondrion genome consensus sequences were
assembled and annotated with a size of 20,979 bp for P.
axinellae sensu lato; 21,184 bp for P. brevitentacularis stat.
nov.; and 21,135 bp for P. franciscae sp. nov. (Table S5).
All three genomes retain the same number (17) and archi-
tecture of genes (Fig. S1). Out of the 17 genes annotated,
COI was significantly important due to the presence, within
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Identification key

1 Body wall totally covered by incrusted particles forming a thick 1ayer..........c.coviiiiiiiiiiiciicicee e 2
Body wall with low to moderate quantity of incrusted particles, never forming a thick layer ..........c.ccccocevveineinncnne. 3
2 Small medium size zoanthids with yellowish colour on tentacles and nearby disc portion close, orange disc center
and hypostome. Polyps with 26-30 tentacles; 14-16 ridges; 28-32 septa and one category of homotrichs in the ectoderm
OF the DOAYWAL - casmininsinninsisnsmmims nem os asamsassmam s s SUssms s F s sam s i s aw s s 8 s asssa Parazoanthus axinellae adriaticus
Small medium size zoanthids with yellowish colour on tentacles and nearby disc portion close, orange disc center
and hypostome Polyps with 36-38 tentacles: 28 ridges; 36-38 septa and one category of homotrichs in the ectoderm of the
DOAYEWALL ro s e e B T L R S S R e S S A Parazoanthus axinellae liguricus
Small medium size zoanthids with yellowish colour on tentacles and nearby disc portion close, orange disc center
and hypostome Polyps with 26-36 tentacles: 14-18 ridges; 28-36 septa and two categories of equal sized homotrichs in
the ectodermiof the body Wall. ... ...coonmmvmmimsmmssisssnmvnmsasmtsmee s eanssa st Parazoanthus axinellae muelleri
3 Tiny to small size zoanthids with yellowish colour on tentacles and disc, with orange disc; two categories of inequal
sized homotrichs in the ectoderm of the body wall................oooiiiiii Parazoanthus franciscae sp. nov.
Large size zoanthids with invariable orange colour in column and disc; the latter also presents yellowish radiae and
obvious thickening, especially evident along the second cycle of tentacle.........Parazoanthus brevitentacularis stat. nov.

Fig.9 Identification key showing the main differences between the known Mediterranean species and subspecies of the genus Parazoanthus

its intron, of a homing endonuclease gene (HEG), which
were also detected in anemones (Beagley et al. 1996) and
other zoantharians (Sinniger et al. 2007; Chi and Johansen
2017). Also, COI was the only reversed gene detected in the
genome. This has been previously reported in some zoan-
tharian species (Chi and Johansen 2017). The sequences of
these three genomes were aligned with five other sequences
belonging to other species of the order Zoantharia obtained
from GenBank (Table S5). The three orders were congruent
with the one described by Poliseno et al. (2020). Genes and
intergenic regions of each genome were analyzed separately.

The genetic distance table (Table S6) based on concat-
enated genes shows a low interspecific variability within the
Parazoanthus genus, ranging from 0.001 between P. francis-
cae sp. nov. and P. axinellae sensu lato, and between P. brev-
itentacularis stat. nov. and P. elongatus, to 0.007 between P.
elongatus and P. swiftii. The same distance ranges between
species were evident when concatenated intergenic regions
were analyzed (Table S7), showing a stronger relationship
between P. franciscae sp. nov. and P. axinellae sensu lato
(0.007) and between P. brevitentacularis stat. nov. and
P. elongatus (0.005). Phylogenetic trees, using gene and

intergenic region information, constructed using both Bayes-
ian (Fig. S5) and maximum likelihood approaches (Fig. 10)
were congruent. Savalia savaglia is placed in a basal posi-
tion to the clade containing the Parazoanthus species (ML,
100%; BI, 1.0), with Parazoanthus swiftii being at the base
of the rest of the Parazoanthus genus (ML, 100%; BI, 1.0).
ML and BI analyses showed the presence of two clades
within Parazoanthus (ML, 77.9%; BI1, 1.0). One is com-
posed of Parazoanthus elongatus and P. brevitentacularis
stat. nov., with a ML 100% support and BI 1.0. The other
is composed of P. axinellae sensu lato and P. franciscae sp.
nov., being independent with a ML 100% support and 1.0 BI.

PCR amplification of markers

Mitogenome analyses were complemented by the analysis of
mitochondrial and ribosomal molecular marker regions. For
the COI region, 23 sequences were amplified from samples
of P. axinellae sensu lato, P. brevitentacularis stat. nov., and
P. franciscae sp. nov. (Table S1) and aligned with a total of
98 GenBank COI sequences from 11 species of the Parazo-
anthidae family (Table S1). The genetic distances (Table S2)

Tree scale: 0.01
Palythoa heliodiscus

Palythoa mizigama

100

Fig. 10 Maximum likelihood phylogenetic tree of staggered gene
coding regions. TVM +1+4 G was identified on the jModelTest2 ratio
test as the best-fitting nucleotide substitution model for the align-
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Savalia savaglia
Parazoanthus swiftii
Parazoanthus elongatus

100 . .
100L parazoanthus brevitentacularis stat. nov.

779

Parazoanthus franciscae sp. nov.

ments, with GTR+1+4G being the best-fitting model available in
Geneious Prime for Bayesian and maximum likelihood analyses. Tree
edited on iTOL (Letunic and Bork 2021)
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showed very low intra- and interspecific values between P.
axinellae sensu lato, P. brevitentacularis stat. nov., P. francis-
cae sp. nov., and the other species of the genus, ranging from
0 to 0.014. The sequences did not cluster according to their
taxonomic origin. This resulted in unresolved phylogenetic
trees, unable to differentiate species, neither with the Bayes-
ian method (Fig. S3) nor with the maximum likelihood method
(Fig. S4). The alignment of the amplified COI sequences was
examined to detect molecular signatures for species diagnosis
showing results, while a high value of intraspecific variation
was detected specially in P. franciscae sp. nov. The positions
143, 252, and 320 of the amplified fragments show diagnostic
position for P. brevitentacularis stat. nov. against P. axinellae
and P. franciscae sp. nov. Position on 143 of P. brevitentacu-
laris stat. nov. is an adenine, while in the others is a guanine
(Fig. S5). About 252 and 320 positions, in P. brevitentacularis
stat. nov., are thymines, while cytosines in the others (Figs. S6
and S7). Also, position 532 seems to be different in P. brevi-
tentacularis stat. nov., with a cytosine when compared to P.
axinellae sequences, with a thymine. Nevertheless, on one
of the sequences of P. franciscae sp. nov. (0Q456489), this
position is also a cytosine, while in the other sequences of the
species is a thymine (Fig. S8).

For the ribosomal region (ITS1-5.8S-ITS2), 25 amplified
sequences from P. axinellae sensu lato, P. brevitentacularis
stat. nov., P. franciscae sp. nov., and, additionally, S. savaglia,
were analyzed together with 95 sequences from 11 species
belonging to the Parazoanthidae and Epizoanthidae families,
the latter as the outgroup (Table S3). For the analyses, the ITS
sequences were concatenated. The distances showed a 30-fold
higher variation range between species (Table S4) than the
one observed in the COI sequences. Thus, the genetic dis-
tances showed a low intraspecific variability for all the spe-
cies analyzed, ranging from O (P. juanfernandezii, only one
sequence available) or 0.002 (P. elongatus and P. anguicomus,
with only two sequences available) to 0.01 in P. franciscae sp.
nov. The interspecific distances of the two species described
in this work were higher in some cases than those between
previously accepted species. Thus, P. brevitentacularis stat.
nov. showed a higher interspecific distance value with P.
axinellae sensu lato (0.239) than P. axinellae sensu lato with
close species such as P. anguicomus (0.117) or P. atlanti-
cus (0.205). Similarly, the new species P. franciscae sp. nov.
showed a higher genetic distance with P. axinellae sensu lato
(0.148) than the one shown between P. axinellae sensu lato
and P. anguicomus (0.117) and about fourfold higher than the
one between P. darwinii and P. swiftii (0.038).

Phylogenetic trees derived from Bayesian (Fig. 11) and
maximum likelihood (Fig. S9) analyses were congruent, clus-
tering the species independently and showing the same topog-
raphy observed when performing the mitogenome analysis.
Sequences from P. brevitentacularis stat. nov. grouped inde-
pendently from P. axinellae sensu lato (ML 70.4%; BI, 1.0),

with most of the P. axinellae “stocky” sequences from the
Mediterranean obtained in Villamor et al. (2020) retrieved
from GenBank. It was named as the P. brevitentacularis clus-
ter, being closely related to P. elongatus and P. juanfernan-
dezii from the Pacific Ocean (ML, 73.5%; BI, 0.88) (Fig. 11).
Nine sequences of P. axinellae “stocky” morphotype from
Villamor et al. (2020) clustered in an independent sibling
clade with a high bootstrap (ML, 99.2%) and Bayesian poste-
rior probability (BI, 1.0) support, named as ““stocky-2" cluster
(Fig. 11). P. franciscae sp. nov. sequences appear as a close
but independent cluster to the specimens in the P. axinellae
sensu lato clade (ML, 92.3%; BI, 1.0) and close to P. anguico-
mus from the Northeast Atlantic, with medium ML bootstrap
and high Bayesian probability values (ML, 48.2%; BI, 0.8).
P. atlanticus is found in a more distant and basal position
from those clades. P. axinellae “‘slender” sequences from the
Mediterranean retrieved from GenBank grouped with those
of P. axinellae sensu lato amplified in this study. Only one
sequence, the P. axinellae “slender” (MT771127.1) derived
from the Villamor et al. (2020) study was observed outside
this group with high support (ML, 98.5%; BI, 1.0).

Discussion

In this research, the divergence observed at morphologi-
cal, ecological, histological, and genetic levels within the P.
axinellae complex has led to the reclassification of P. axinel-
lae brevitentacularis as P. brevitentacularis stat. nov. and
the description of the new species P. franciscae sp. nov. in
the Alboran Sea.

The morphological data described establishes diagnostic
characters based on micromorphology, macromorphology,
and histology, supporting previously published data (Abel
1959; Gili et al. 1987, Ocana et al. 2019). These results have
been summarized in a taxonomical key (Table 3). The cni-
dome was deeply studied for the first time in the two species
proposed in this work (Figs. 5 and 8, Tables 1 and 2).

When compared with the previously known P. axinellae
subspecies, P. franciscae sp. nov. showed clear divergences.
According to Herberts (1972) and Gili et al. (1987), there are
several subspecies or varieties within P. axinellae (Fig. 11).
First, the oral disc shares the same color as the rest of the
polyp, while in the P. axinellae subspecies, the oral disc is
orange. The number of tentacles is also lower (24-30) but
overlaps with P. axinellae adriaticus (26-30). The ridges
are inconspicuous in P. franciscae sp. nov., while present in
high numbers in the P. axinellae subspecies. There is also a
small number of septa in P. franciscae sp. nov. (20-24), not
overlapping with any subspecies. On the other hand, while
the spirocyst measurements may overlap in size between
P. franciscae sp. nov. and the subspecies, the presence of
special size homotrich is a determinant factor.
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Tree scale: 0.1
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—Parazoanthus axinellae sensu lato MID2
—Parazoanthus axinellae sensu lato CIN6
——Parazoanthus axinellae sensu lato CIN10
—Parazoanthus axinellae sensu lato MID1
——Parazoanthus axinellae sensu lato MID3
—Parazoanthus axinellae sensu lato MID5
—Parazoanthus axinellae sensu lato MID6
—Parazoanthus axinellae sensu lato 2
—Parazoanthus axinellae sensu lato 12
——Parazoanthus axinellae sensu lato 13
——Parazoanthus axinellae sensu lato 4
——Parazoanthus axinellae sensu lato 11
——~Parazoanthus axinellae sensu lato CIN25
——Parazoanthus axinellae sensu lato CIN9
—Parazoanthus axinellae "slender” ALY1
—Parazoanthus axinellae "slender” ALY11
—Parazoanthus axinellae "slender" ALY12
—Parazoanthus axinellae "slender” ALY16
—Parazoanthus axinellae "slender” ALY17
—Parazoanthus axinellae "slender” BAY1
—Parazoanthus axinellae "slender" BAY12
—Parazoanthus axinellae "slender” BAY13
—~Parazoanthus axinellae "slender” BAY14
—Parazoanthus axinellae "slender” BAY15
—~Parazoanthus axinellae "slender" CAM1
—~Parazoanthus axinellae "slender" CAM2
—Parazoanthus axinellae "slender” CAM3
—~Parazoanthus axinellae "slender” CAM11
—Parazoanthus axinellae "slender" CHI3
—Parazoanthus axinellae "slender" CHI5
—~Parazoanthus axinellae "slender” CHI7
—Parazoanthus axinellae "slender” CHI32
—Parazoanthus axinellae "slender" CHI52

1.00

0.

@
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Fig. 11 Bayesian phylogenetic tree of /TS regions using HKY +G as substitution model. Tree edited in iTOL (Letunic and Bork 2021) and
Adobe Illustrator 25.4.1
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The ecological differences observed between P. axinellae
sensu lato, P. brevitentacularis stat. nov., and P. franciscae
sp. nov. are also remarkable. P. axinellae sensu lato has been
found living in a wide bathymetric range, between the first
meters of infralittoral environments to at least 80 m, encrust-
ing large portions of rocky walls or parasitizing Axinella spp.
sponges, commonly related to scyaphyllic areas. P. breviten-
tacularis stat. nov. is distributed in a narrower bathymetric
range, being found from 15 to almost 30 m, mainly encrust-
ing rocky walls, where it can cover areas larger than 3—4
m?, or over coralline algae, and in more rheophilic habitats
than the others. P. franciscae sp. nov. has been found living
at depths ranging from 3 to 45 m, with most of the colonies
being detected between 15 and 35 m, mainly as a parasite
of sponges (C. crambe, P. tenacior, S. cunctatrix, and C.
viridis) in shaded areas, where it also can form colonies on
Balanus spp., calcareous algae or even bare rocky reefs.

One of the hypotheses that may explain the great diversity
of zoanthid morphotypes is based on their morphological
plasticity (Reimer et al. 2006; Costa et al. 2011). In Parazo-
anthus, this has been used to explain the differences between
morphotypes, as there are no records of different morpho-
types growing closely together. However, in our study, we
found the morphologies currently associated with P. brevi-
tentacularis stat. nov. and P. franciscae sp. nov. growing
in sympatry with P. axinellae sensu lato, sharing the same
rocky walls (Figs. 1 and 2). The colonies did not merge with
each other, and no signs of hybridization were found, but in
the areas where different species made contact, the tentacles
showed morphological aberrations (Fig. 2) that might be
related with repulsion or attack mechanisms.

In recent years, the use of whole mitochondrial genome
sequences has been proposed as an effective tool for phy-
logenetic studies, particularly in groups where single-gene
markers such as COI or cytochrome b (CYTB) fail to resolve
species relationships (Poliseno et al. 2020; Barrett et al.
2020), as observed in our case (Table S2). Nevertheless,
some diagnostic positions were found in P. brevitentacularis
stat. nov. amplified COI sequences, while a high value of
intraspecific variation was also detected (Figs. S7 and S8)
which might be related with low-resolution sequencing or,
based on Sinniger et al. 2008, with the existence of cryptic
species within the samples.

In this study, we characterized the complete mitochon-
drial genome of the three taxa involved. The analysis of
gene coding and intergenic concatenated regions showed
divergence between species, although the distances
between them were moderate due to the low rate of change
of the mitogenome within this group (Tables S6 and S7).
However, the genetic distances observed in both gene and
intergenic regions of the mitogenome between P. brevi-
tentacularis stat. nov. and P. axinellae sensu lato were
always equivalent or greater than those found between P.

brevitentacularis stat. nov. and an already accepted species
such as P. elongatus. Both species have divergent morpho-
logical characters and inhabit spatially and ecologically
quite distant ecosystems, which makes it difficult to regard
them as the same species. This result would support the
contention that P. brevitentacularis stat. nov. is a differ-
ent species, separated from P. axinellae sensu lato and P.
elongatus. In this sense, it is shown here that the distances
between P. franciscae sp. nov. and P. axinellae sensu lato
were always equivalent (0.001 in genes) or greater (0.007
in intergenic regions) than those found between P. brevi-
tentacularis stat. nov. and P. elongatus (0.001 and 0.005,
respectively), which would indicate a level of genetic dif-
ferentiation within the range observed between species in
this group.

The hypothesis presented, based on morphology and
mitochondrial DNA, is also supported by ribosomal internal
transcribed spacer (ITS1 and ITS2) sequences. The distance
analysis showed values of intraspecific variability and inter-
specific divergence of the species P. brevitentacularis stat.
nov., P. axinellae sensu lato, and P. franciscae sp. nov. that
were very similar to those obtained in other species of the
genus (Table S4). The phylogenetic tree obtained from these
distances reveals the separation of P. brevitentacularis stat.
nov. and P. franciscae sp. nov. from the P. axinellae sensu
lato complex, constituting independent taxa. These results
are concordant with the results of the comparation.

In the case of P. brevitentacularis stat. nov., our analysis
positions it as a widely divergent taxon from P. axinellae
sensu lato and mixing ITS sequences in the phylogenetic
tree with P. axinellae “stocky” sequences. This clade is
closely related to Atlantic and Pacific species, such as P.
elongatus (similar result to that obtained with the mitog-
enome DNA, Fig. 10), P. juanfernandezii or distantly, with
P. atlanticus than with P. axinellae sensu lato. However, sev-
eral sequences from P. axinellae “stocky” obtained by Vil-
lamor et al. (2020), clustered outside of the P. brevitentacu-
laris stat. nov. group. The presence of this separate cluster
(named stocky 2, Fig. 11) can be related with the existence
of a cryptic species, as the clades seem to be sympatric in
some of the areas sampled by these authors. Although for the
nomenclature revision, we have assumed the simplest expla-
nation following the principle of parsimony, understanding
P. brevitentacularis stat. nov. as a species extended along the
whole Mediterranean; this is an interesting point for further
research, and if the assumption of the cryptic species is true,
the real identity of the type population described by Abel
(1959) should be clarified.

With respect to P. franciscae sp. nov., this is the first
description and characterization of the species using genetic
and morphological analyses. The phylogenetic analysis
(Fig. 11, Fig. S7, and Table S4) showed a closer relationship
with P. anguicomus than with P. axinellae sensu lato, the latter
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being closer than P. brevitentacularis stat. nov. (similar result
to that obtained with the mitogenomic DNA, Fig. 10). The
species showed a restricted distribution, being found only in
small colonies in enclosed areas of the Alboran Sea, making
it sensitive to disturbances in the areas where it is present. An
intensive re-evaluation of zoanthid species is needed, as there
may be more undescribed taxa at risk of species loss.

Our results demonstrate that an integrative method, com-
bining in situ ecological observations, macro- and micro-
morphology, and molecular genetics techniques, works
synergistically to enhance understanding of the biodiver-
sity within an area, revealing cryptic species that may be
concealed within currently recognized taxa. Indeed, this
approach has successfully resolved taxonomic uncertainties
within an important group in the Alboran Sea and Mediter-
ranean ecosystems.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12526-024-01493-x.
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