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Abstract AQ1
The acrot AQ2 horacican genus Berndtia Utinomi, 1950 includes small barnacles known to bore into the calcareous skeleton of
living scleractinian corals of the genera Psammocora Dana, 1846 and Leptastrea Milne Edwards & Haime, 1849. The six
known species of Berndtia are restricted to the tropical Western Pacific. We provide the first record of Berndtia from the
hydrocoral Millepora exaesa Forsskål, 1775 from the central Red Sea, Saudi Arabia, and the scleractinian coral Coscinaraea
cf. monile (Forsskål, 1775) from the Arabian Sea, Oman. These findings extend the known range and host use of the genus and
raise questions about Berndtia’s host specificity. A molecular analysis of Saudi Arabian and Omani specimens suggests that
they belong to two new lineages that may represent new species of Berndtia, each associated with multiple hosts. Further
sampling around the Arabian Peninsula and the Western Indian Ocean and exploration of additional potential hosts would
provide new insights into the species diversity of the genus.
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Introduction
The Acrothoracica (Arthropoda: Thecostraca: Cirripedia) are boring barnacles that penetrate into calcareous substrata and lack an
external mineral shell (Chan et al. 2021). The majority of the 70 currently known species burrow into dead shells and other
carbonates (Tomlinson 1987; Chan et al. 2013). However, species of Berndtia Utinomi 1950  bore in and are obligate symbionts of
living scleractinian corals (Cnidaria: Anthozoa: Scleractinia). Berndtia species have so far been recorded from the host genera
Psammocora Dana, 1846  and Leptastrea Milne Edwards & Haime, 1849  (Utinomi 1950; Tomlinson 1967 , 1969; Chan et al. 2014 ,
2020), which belong to distinct, yet closely related, family level lineages within the scleractinian Robust clade (Kitahara et al.
2016; Quek et al. 2023). Contrary to most acrothoracicans that burrow into calcium carbonate matrixes of various origins without
displaying specificity for the substrate (Botha et al. 2020), Berndtia appears to be highly host-specific (Chan et al. 2014).
Currently, Berndtia contains six valid species, all from the tropical waters of the Western Pacific Ocean (Chan et al. 2014 , 2020).
Species distinction is based on several morphological characters and color patterns, as well as on host specificity (Chan et al.
2014). However, species boundaries inferred from molecular data within Berndtia have received limited attention. A number of
molecular studies included sequences of Berndtia in the context of barnacle phylogenies (e.g., Chan et al. 2012 , 2013; Lin et al.
2016) and barnacle character evolution (e.g. Yu et al. 2020; Dreyer et al. 2022), but have not examined phylogenetic relationships
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within the genus. Chan et al. (2014) provided vouchered barcode sequences for COI and 16S genes for four species without
presenting a phylogeny reconstruction.

The tropical and subtropical Western Indian Ocean is one of the most important marine biogeographical provinces in terms of
endemic species (Briggs and Bowen 2012). Within this area, the Red Sea represents a major hotspot of endemism, as a result of its
past and present geological configuration, as well as temporal and spatial environmental gradients (DiBattista et al. 2016a). The
monsoonal-driven cold water upwelling in the eastern Arabian Sea acts as a major biogeographical barrier, separating the Red Sea
and the Gulf of Aden from the rest of the Indian Ocean (Briggs and Bowen 2012; Veron et al. 2015). The increase of nutrients and
consequent bloom of primary production driven by this peculiar circulation regime influences the ecosystem composition in the
Arabian Sea coasts of Yemen and Oman (Narvekar et al. 2021). The great potential for biodiversity in these regions has been
highlighted in a growing number of studies, with a focus on different invertebrate taxa (e.g. Claereboudt and Al Rashdi 2011;
Maggioni et al. 2017a ; Pearman et al. 2018; Carvalho et al. 2019; Anker 2022; DiBattista et al. 2022). Despite this increasing
interest, however, our knowledge on marine invertebrate diversity and evolution remains poor especially on less common and
visually obvious groups (Tsang et al. 2012; DiBattista et al. 2016b).

In this study, we present the first record of Berndtia from the Western Indian Ocean and report its association with two new host
species. The first phylogenetic assessment of the genus based on the COI gene is also provided.

Materials and methods
A sample of Coscinaraea cf. monile (Forsskål, 1775; Catalog number: OM0437) ) containing a single specimen of Berndtia
sp. (OM0437A) was collected in January 2022 while scuba diving at a depth of 20 m off Mirbat, Dhofar, Southern Oman
(16°57′50″N, 54°41′31″E). One month later, a fragment of a fire coral colony, Millepora exaesa Forsskål, 1775  (SA5239), was
collected while scuba diving at a depth range of 5–10 m near Jeddah, Saudi Arabia (21°45′23″N, 21°45′23″E). Three specimens of
Berndtia sp. (SA5239D-F) were found embedded in the calcareous skeleton of the hydrocoral. Two additional specimens of
Berndtia sp. (SA5242A-B) were found on a fragment of the scleractinian Psammocora profundacella Gardiner, 1898  (a host
previously reported for the genus, see Chan et al. 2014; Catalog number: SA5242)), bordering the M. exaesa colony.

The Red Sea specimens were examined and photographed under a Leica M205 A stereomicroscope, equipped with a Leica DMC
5004 camera and then extracted from the coral skeleton, while the Omani specimen was photographed under the stereomicroscope
only after preservation. All barnacles were preserved in 75% ethanol, while portions of host tissue were preserved in 96% ethanol.
All the collected material was deposited at King Abdullah University of Science and Technology (KAUST).

Genomic DNA was extracted from a portion of the barnacle mantle sacs using Qiagen DNeasy® Blood and Tissue kit (Qiagen Inc.,
Hilden, Germany) following manufacturer’s protocol. Primers LCO1490 and HCO2198 were used to amplify a portion of the
mitochondrial cytochrome c subunit I gene (COI) (Folmer et al. 1994). A polymerase chain reaction (PCR) was performed for each
sample, consisting of 1.2 µl of template DNA, 1.5 µl of each primer, 7.5 µl of Taq PCR Master Mix (Qiagen Inc., Hilden,
Germany), and RNAse-free water to 15 µl final volume. The PCR protocol was the following: 95° for 15 min; 94° for 30 s, 51° for
1 min, 72° for 1min (40 cycles); and 72° for 5 min. PCR samples were purified with Illustra™ ExoStar™ 1-Step (GE Healthcare
Life Sciences) at 37° for 30 min, followed by 85° for 15 min, and sent for direct sequencing in both forward and reverse directions
using an ABI 3730xl DNA Analyzer (Applied Biosystems, Carlsbad, USA) at KAUST Bioscience Core Lab.

Forward and reverse chromatograms were visually inspected and assembled using Geneious R7 7.1.3. All available COI sequences
of Berndtia spp. were downloaded from GenBank (Benson et al. 2012) and included in the analysis (Online Resource 1 ), together
with three sequences of other acrothoracican barnacles, used as outgroups following Lin et al. (2016). Sequences alignment was
performed using MAFFT V7.490 with the E-INS-I option (Katoh and Standley 2013). The alignment was manually checked for
ambiguous gaps and edited using BioEdit v.7.2 (Hall 1999). The best substitution model was estimated under both Akaike and
Bayesian information criteria using jModelTest2 v.2.1 (Darriba et al. 2012) and resulted in HKY + G. Phylogenetic inference was
performed using Bayesian inference (BI) with MrBayes 3.2.6 (Ronquist et al. 2012): two independent runs for four Markov chains
were conducted for 10 million generations, with trees sampled every 1000  generation, and burn-in set to 25%. Parameter
estimates and convergence were checked using Tracer 1.6 (Rambaut et al. 2018). All phylogenetic analyses were performed on
CIPRES server (Miller et al. 2010). Between- and within-group mean genetic distances were computed for all recovered molecular
clades using MEGA X v10.2.4 (Kumar et al. 2018), as % uncorrected p-distances with 1000 bootstrap replicates. The obtained
sequences were deposited in GenBank (see Online Resource 1 ).

Material examined AQ3

Berndtia sp. 1

All specimens from Jeddah, Saudi Arabia, depth range 5–10 m, February 25 , 2022 (collector M.C): SA5239E on host coral
Millepora exaesa (SA5239); SA5239F on host coral Millepora exaesa (SA5239); SA5242B on host coral Psammocora
profundacella (SA5242).
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Berndtia sp. 2

Specimens from Jeddah, Saudi Arabia, depth range 5–10 m, February 25 , 2022 (collector M.C): SA5239D on host coral
Millepora exaesa (SA5239);SA5242A on host coral Millepora exaesa (SA5242).

One specimen from Mirbat, Dhofar, Southern Oman, depth 20 m, January 21 , 2022 (collector M.C): OM0437A on host coral
Coscinaraea cf. monile (SA0437).

Results and discussion
The material examined in this study extends the previously known distribution range of Berndtia from the Western Pacific to the
Western Indian Ocean, including the Red Sea. In addition, two new host–coral species are recorded for Berndtia spp. for the first
time. Most importantly, the finding of Berndtia boring into the skeleton of the hydrozoan Millepora exaesa (Fig. 1 a–c) in the Red
Sea represents a previously unknown association of an acrothoracican barnacle with the cnidarian class Hydrozoa. In addition, the
scleractinian coral Coscinaraea cf. monile (Fig. 1 e) is recorded for the first time as host of Berndtia sp. in southern Oman.

Fig. 1

Living and preserved individuals of a, b Berndtia sp.1 and c–h Berndtia sp.2; a Living barnacle embedded in the skeleton of
Millepora exaesa from Jeddah, Saudi Arabia, showing color pattern of opercular bars; b Lateral view of freshly preserved specimen
with mantle sac partly removed; c Living barnacle (red arrow) in the skeleton of the fire coral Millepora exaesa; green circles indicate
two individuals of the fire coral-inhabiting barnacle Wanella milleporae; d Fragment of Millepora exaesa with living barnacle in its
burrow; e Lateral view of the same individual with intact mantle sac; f Living barnacle and g preserved specimen in the skeleton of
Coscinaraea cf. monile from Oman; h Lateral view of preserved specimen extracted from Coscinaraea cf. monile. Scale bars: 500 µm

Calcifying hydrocorals of the genus Millepora Linnaeus, 1758 are well known for the exceptionally powerful nematocysts of their
polyps (Lewis 2006). Nevertheless, several invertebrates, including barnacles of the family Balanidae, establish symbiotic
relationships with fire corals by settling onto their calcareous skeleton (Lewis 2006; Garcia et al. 2009). Different Indo-Pacific
species of Millepora, including the three Red Sea endemics, i.e. M. dichotoma, M. platyphylla, and M. exaesa (see Arrigoni et al.
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2018), have been observed to host the balanid Wanella milleporae (Fig. 1 c; Darwin 1854; Mokady and Brickner 2001; Tsang et al.
2009). Acrothoracicans, however, have never been documented to associate with milleporids.

Host selection in coral-inhabiting barnacles has been proposed to depend on host-released chemical cues (Yap et al. 2023). Larvae
of balanids associated with both scleractinians (Yap et al. 2023) and fire corals (Yap et al. 2022) have been observed initiating host
exploration only in presence of their specific host coral, while actively avoiding non-specific substrata for settlement. Similarly,
cyprids of Berndtia have been reported to actively swim towards their host immediately after exposure in laboratory condition
(Dreyer et al. 2022). Our finding indicates that Berndtia possibly recognized M. exaesa as a suitable host, and actively settled on
its skeleton. However, we could not exclude that settlement was triggered by the presence of the neighboring colony of the
scleractinian coral Psammocora profundacella, a more typical host of Berndtia spp.

Similarly to coral-inhabiting barnacles of the family Pyrgomatidae (Cirripedia: Thoracica: Balanomorpha), cypris larvae of
Berndtia possess spear-shaped antennules, a morphology suggested to be essential for coral tissue penetration during settlement
phases (Brickner and Høeg 2010; Yu et al. 2020; Dreyer et al. 2022). The presence of Berndtia burrowed into the skeleton of M.
exaesa suggest that this barnacle is capable of penetrating into hydrocoral epithelium and embed in the calcareous matrix it
deposits (Fig. 1 a). Host tissue and calcium carbonate penetration might be mediated by chemical secretions, similarly to what has
been suggested for other coral- (Dreyer et al. 2022) and sponge-inhabiting barnacles (Yu et al. 2020). This host invasion
mechanism is in contrast with the settlement mode of other barnacles commonly associated with fire corals, e.g., Wanella
milleporae and Megabalanus ajax (Thoracica: Balanomorpha: Balanidae), which instead reside epibiotically on their host (Dreyer
et al. 2022; Yap et al. 2022). The antennules of these latter barnacles larvae are bell-shaped and do not allow penetration in the
coral tissue (Dreyer et al. 2022). Cypris larvae of Wanella milleporae have been observed to deactivate Millepora polyps and avoid
nematocysts triggering during exploration of the fire coral host, possibly through a chemically mediated suppress mechanism (Yap
et al. 2022). It is possible that Berndtia possesses defenses similar to those proposed for Wanella larvae, allowing interaction and
settlement on M. exaesa, while avoiding polyp predation. Further studies are needed to elucidate settlement preferences of Berndtia
in the presence of both fire corals and scleractinians, and to unveil the modalities with which this barnacle genus interacts with, and
invades, Millepora hydrocorals.

The symbiosis between Berndtia and Coscinaraea cf. monile is less unexpected, as the family Coscinaraeidae, to which this host
species belong, shares a lineage with Psammocoridae, Leptastreidae, and Fungiidae (Benzoni et al. 2012), all but the last of which
are documented hosts of Berndtia species and are the only corals previously known to host this genus (Chan et al. 2014). More
extensive sampling of coral barnacles targeting, in addition to coral taxa closely related to the known hosts, other fire coral and
scleractinian coral species could extend the host-range record of Berndtia.

The first phylogeny reconstruction of the genus Berndtia, including sequences from the Western Indian Ocean material and
previously deposited sequences is presented here (Fig. 2 ). Our phylogenetic hypothesis supports the distinction of B. denticulata
Chan et al., 2014 , B. haradai Chan et al., 2014 , B. purpurea Utinomi, 1950  and B. utinomii Chan et al., 2014 , and recovers the
new analyzed material in two well supported lineages, hereafter referred to as Berndtia sp. 1 and Berndtia sp. 2 (Posterior
Probability, PP = 1.00 for both clades, Fig. 2 ). All three specimens of Berndtia sp. 1 were collected in the Red Sea, whereas
Berndtia sp. 2 contains the two remaining sequences from the Red Sea and one from Oman. It is remarkable that, in both lineages,
specimens were found inhabiting multiple hosts. This is in contrast to previous observations for this genus, where all species have
been reported to form species-specific associations (Chan et al. 2014). However, other symbionts of scleractinian corals show
variable levels of host-specificity even in closely related species, such as in the coral-associated Zanclea hydrozoans. This group
comprises clades associated with a single genus, as well as generalist clades associated with numerous coral genera (Maggioni et
al. 2022). Interspecific genetic distances among the four confirmed Western Pacific species and the two molecular clades from the
Western Indian Ocean range between 12.7 and 21.0% (Table 1 ), an order of magnitude higher than the intraspecific distances (≤ 
1.1 ± 0.4%). Phylogenetic studies on thoracican (Chan et al. 2007) and acrothoracican barnacles (Lin et al. 2016) show similar
levels of inter- and intraspecific distances when comparing congeneric species, supporting the hypothesis that Berndtia sp. 1 and
Berndtia sp. 2. are distinct species. Color and pigmentation patterns (i.e., shape and disposition of black and blue stripes) of the
opercular bars of. Berndtia sp. 1 and Berndtia sp. 2 do not appear to show consistent differences between these two lineages, with
all six specimens analyzed essentially resembling B. purpurea in having symmetrical blue strips in the anterior, posterior, and
middle part of the opercular bar, separated by black strips (Fig. 1 a, c–d, f; compared with Chan et al. 2014: Fig. 3d–f). Further
anal AQ4 yses on more samples employing a broader set of molecular markers and a thorough examination of morphological
characters need to be performed before taking any formal taxonomic actions on these taxa.

Fig. 2

Bayesian inference phylogenetic tree based on the COI gene for the genus Berndtia, including publicly available sequences of B.
denticulata, B. haradai, B. purpurea, and B. utinomii, as well as sequences from the present study, Berndtia sp. 1 (orange, dotted line)
and Berndtia sp. 2 (light blue, dashed line). Statistical support for each node is given as posterior probability. Host species are reported
in square brackets; general sampling areas is indicated for the newly examined material. Number of sequences for each clade is
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indicated in brackets next to each clade’s name

Table 1

Intra- and interspecific pairwise genetic distances (± standard deviation) among and between molecular clades of Berndtia retrieved in the present
study AQ5

 B. denticulata B. haradai B. purpurea B. utinomii Berndtia sp.1 Berndtia sp.2

B. denticulata 0.7 (± 0.3)      

B. haradai 19.8 (± 2.1) 1.1 (± 0.4)     

B. purpurea 19.0 (± 2.1) 16.4 (± 2.0) 1.1 (± 0.3)    

B. utinomii 21.0 (± 2.2) 16.6 (± 1.9) 17.6 (± 2.1) 1.0 (± 0.3)   

Berndtia sp.1 18.1 (± 2.0) 12.7 (± 1.7) 15.6 (± 1.9) 15.4 (± 1.8) 0.8 (± 0.3)  

Berndtia sp.2 20.4 (± 2.2) 18.1 (± 2.1) 20.5 (± 2.2) 18.9 (± 2.1) 19.1 (± 2.2) 0.4 (± 0.2)

Distances are in percentage values and were calculated as uncorrected p distances. Intraspecific distances are given along the diagonal in bold

The monsoon-driven upwelling along the southern Oman coasts creates a biogeographical barrier between the Gulf of Aden (and
the Red Sea) and the rest of the Arabian Sea that limits larval dispersal and influences the distribution of sessile organisms, such as
barnacles (Tsang et al. 2012). Animals with lecithotrophic larval stages, such as species of Berndtia (Dreyer et al. 2022), could
consequently experience isolation, potentially resulting in allopatric speciation (Tsang et al. 2012). For example, the fire coral-
inhabiting barnacle Wanella milleporae from the Red Sea and Taiwan form two separate, highly divergent phylogenetic lineages
(Tsang et al. 2009). Similarly, the coral-associated hydrozoan Zanclea gallii shows a clear distinction between Red Sea, Indian
Ocean, and Pacific Ocean populations (Maggioni et al. 2017b). It is possible that geographic isolation explains the high divergence
observed for Berndtia species in the Western Pacific and around the Arabic Peninsula (Fig. 2  and Table 1 ). Extensive sampling
across the whole Indo-Pacific is needed to define the biogeography and distribution of this coral-associated barnacle genus.
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