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Abstract 

Zanclea divergens is a tropical hydrozoan living in symbiotic association with bryozoans and 

currently reported from Papua New Guinea, Indonesia, and Maldives. Here, we used an 

integrative approach to assess the morpho-molecular diversity of the species across the Indo-

Pacific. Phylogenetic and species delimitation analyses based on seven mitochondrial and 

nuclear loci revealed four well-supported molecular lineages corresponding to cryptic species, 

and representing a Pacific clade, an Indian clade, and two Red Sea clades. Since the general 

polyp morphology was almost identical in all samples, the nematocyst capsules were measured 

and analysed to search for possible fine-scale differences, and their statistical treatment 

revealed a significant difference in terms of length and width among the clades investigated. 

All Zanclea divergens specimens were specifically associated with cheilostome bryozoans 

belonging to the genus Celleporaria. The Pacific and Indian clades were associated with 

Celleporaria sp. and C. vermiformis, respectively, whereas both Red Sea lineages were 

associated with C. pigmentaria. Nevertheless, the sequencing of host bryozoans revealed that 

one of the Red Sea hydrozoan clades is associated with two morphologically undistinguishable, 

but genetically divergent, bryozoan species. Overall, our results show that Z. divergens is a 

species complex composed of morphologically cryptic lineages showing partially disjunct 

distributions and host specificity. The presence of two sympatric lineages living on the same 

host species reveal complex dynamics of diversification, and future research aimed at 

understanding their diversification process will likely improve our knowledge on the 

mechanisms of speciation among currently sympatric cryptic species. 
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1. Introduction 

Symbioses play a key role in the marine environment, and especially in coral reefs (Gates and 

Ainsworth, 2011), promoting the productivity (Muscatine and Porter, 1977), structural 

complexity (Bergsma, 2009; Bergsma and Martinez, 2011), and diversity of this ecosystem 

(Munday et al., 2004; Gittenberger and Gittenberger, 2011; Montano et al., 2015a). The 

symbionts can be associated to a single host, resulting in taxon-specific associations (e.g. 

Hoeksema et al., 2012; Montano et al., 2015b), but also generalism is a common phenomenon 

(e.g. Silverstein et al., 2012; Ivanenko et al., 2018). The diversity and phylogenetic patterns of 

some symbiotic taxa have been proposed to be the result of ecological speciation by host switch 

(Munday et al., 2004; Tsang et al., 2009, 2014; Maggioni et al., 2016), suggesting that the 

symbiotic lifestyle may boost symbiont speciation. In other cases, the genetic difference seems 

to be better explained by allopatric diversification, due to the presence of divergent closely 

related groups with same host but of differential distribution (Maggioni et al., 2017). 

Regardless of the mode of diversification, some of these symbiotic organisms show a 

morphological stasis despite high genetic diversification, and the presence of cryptic/sibling 

species has been largely documented (e.g. Gittenberger and Gittenberger, 2011; Harmelin et 

al. 2011, 2012; Van der Meij, 2015; Cáceres-Chamizo et al. 2017; Maggioni et al., 2017).  

The hydrozoan family Zancleidae Russel, 1953 is a good candidate to explore the host- and 

geography-related diversification patterns in reef symbiotic organisms. Indeed, the genus 

Zanclea Gegenbaur, 1856 has a wide distribution, spanning from the tropics (Boero et al., 2000) 

to the poles (Peña Cantero et al., 2013), and polyps of most species live epibiotically on other 

organisms (Boero et al., 2000). Bryozoans are among the most common hosts for zancleids, 

and all representatives of the genera Halocoryne Hadzi, 1917 and Zanclella Boero and Hewitt, 

1992 live in obligate association with them. Regarding Zanclea, 12 out of the 26 species with 

a described polyp stage live in obligate associations with bryozoans (Maggioni et al., 2018). 

The presence of cryptic species has been already reported in the genus Zanclea, in particular 

in coral-associated species (Montano et al., 2015a; Maggioni et al., 2017; Manca et al., 2019), 

and it has been hypothesised to be a common phenomenon rather than an exception in the group 

(Maggioni et al., 2018). 

In the present work, we focused our attention on a poorly known Zanclea species: Zanclea 

divergens Boero, Bouillon and Gravili, 2000. This species was initially described from Laing 

Island, Papua New Guinea, in association with unidentified bryozoans (Boero et al., 2000). 

Later, it was reported from North Sulawesi, Indonesia, living on Celleporaria sibogae Winston 

and Heimberg, 1986 and another unidentified bryozoan (Puce et al., 2002), and from Maldives 
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associated with Celleporaria vermiformis (Waters, 1909) (Maggioni et al., 2020). Polyps and 

newly released medusae show typical Zanclea morphology, but the hydrorhiza is characterised 

by discrete clusters of nematocysts, interpreted by Boero et al. (2000) as a first tendency 

towards colony polymorphism. Similarly to other Zanclea symbioses (Montano et al., 2017; 

Osman and Haugsness, 1981), the interaction with the bryozoan seems to be mutualistic, as 

described by Puce et al. (2002), with both organisms benefiting from the association: bryozoans 

feed on the mucus released by hydroids and may obtain protection from their nematocysts, 

whereas hydroids are mechanically protected by the host. 

In the present study, we used an integrative approach including multi-locus DNA taxonomy 

and phylogenetics, traditional morphology assessment, and statistical treatment of 

morphometric data to assess the morpho-molecular diversity of specimens of Z. divergens 

collected from four localities throughout the Indo-Pacific and associated with different host 

bryozoans that were also compared using molecular methods.  

 

2. Material and methods 

2.1 Sampling 

Sampling was conducted between October 2014 and October 2019 in the Republic of Maldives, 

Saudi Arabian Red Sea, and Australian Great Barrier Reef (Fig. 1; Table S1). Fragments of 

bryozoans (Celleporaria spp.) bearing Z. divergens colonies were collected with hammer and 

chisel and thereafter placed in water bowls. Colonies were anesthetised with menthol crystals 

dissolved in seawater until hydrozoan polyps were fully extended. Zanclea hydranths were 

detached from the host bryozoans using syringe needles, precision forceps, and micropipettes, 

under a stereomicroscope. Afterwards, they were fixed in 99% ethanol and 10% formalin for 

molecular and morphological examinations, respectively. In a few cases, Maldivian specimens 

bearing medusa buds were kept in aquaria until medusae were released. Medusae were then 

fixed in 10% formalin for morphological analyses. Host bryozoans were also fixed in 99% 

ethanol for further analyses. Additionally, DNA of Z. divergens from Indonesia was obtained 

from the Muséum d’Histoire Naturelle of Geneva, Switzerland (specimen voucher: MHNG 

INVE:94102).  

 

2.2. DNA extraction and sequencing, phylogenetic analyses 

Total genomic DNA of ethanol-fixed hydrozoans and bryozoans was extracted following a 

protocol modified from Zietara et al. (2000). For hydrozoans, seven molecular markers were 

amplified, including three mitochondrial regions (16S rRNA, COX1, and COX3) and four 
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nuclear regions (18S rRNA, 28s rRNA, ITS, and H3), following the protocols described in 

Cunningham and Buss (1993), Folmer et al. (1994), Peña Cantero and Sentandreu (2016), 

Medlin et al. (1988), Maggioni et al. (2016), Fontana et al. (2012), and Colgan et al. (1998), 

respectively (Table 1). For bryozoans, a portion of the 16S rRNA was selected as molecular 

marker due to its suitability for both species level and higher taxonomic level analyses (Hao et 

al., 2005; Knight et al., 2010), and was amplified using the primers and protocol described in 

Palumbi et al. (1991). All PCR products were checked through electrophoretic runs in 1.5 % 

agarose gels, purified, and sequenced in forward and reverse directions using ABI 3730xl DNA 

Analyzer (Applied Biosystems). Geneious 6.1.6 was used to visually check and assemble the 

obtained sequences, and to translate protein-coding genes (COX1, COX3, and H3) to check for 

the presence of stop codons. The sequences obtained were deposited in GenBank (Table S1). 

According to Maggioni et al. (2018), three outgroups were selected for the Z. divergens 

datasets, namely Zanclea sp. 2, Asyncoryne ryniensis Warren, 1908, and Solanderia secunda 

(Inaba, 1892). Microporella ciliata (Pallas, 1776) and Celleporina souleae Morris, 1979 

(GenBank accession numbers: AF156286 and AF156279, respectively) were selected as 

outgroups for the bryozoan dataset (Hao et al., 2005). Sequences of each marker were aligned 

with MAFFT 7.110 (Katoh and Standley, 2013) using the E-INS-i option. The ITS dataset was 

further run through Gblocks (Castresana, 2000; Talavera and Castresana, 2007) using the 

default ‘less stringent’ settings to remove ambiguously aligned regions. General statistics of 

the obtained Z. divergens and Celleporaria spp. sequences and the variability of the employed 

molecular markers were calculated with DnaSP 6 (Rozas et al., 2017) (Table 1). All hydrozoan 

datasets were then concatenated using Mesquite 3.2 (Maddison and Maddison, 2006). 

Appropriate partition schemes and models were determined using jModelTest 2 (Darriba et al., 

2012) for single-locus datasets (Table 1), and PartitionFinder 2 (Lanfear et al., 2012) for the 

multi-locus datasets, using the Akaike Information Criterion (AIC), the corrected AIC (AICc), 

and the Bayesian Information Criterion (BIC) (Table S2). Phylogenetic inference analyses 

were performed for all single- and multi-locus datasets using two optimality criteria: Bayesian 

inference (BI) and maximum likelihood (ML). BI analyses were performed using MrBayes 

3.2.6 (Ronquist et al., 2012): four parallel Markov Chain Monte Carlo runs (MCMC) were run 

for 107 generations, trees were sampled every 1000th generation, and burn-in was set to 25%. 

Maximum likelihood trees were built with RAxML 8.2.9 (Stamatakis, 2014) using 1000 

bootstrap replicates. All alignments, model and partition detections, and phylogenetic tree 

reconstructions were run on the CIPRES server (Miller et al., 2010). 
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2.3. Species delimitation 

To explore the presence of Z. divergens cryptic species, three families of species delimitation 

techniques were employed for each single locus dataset, namely the Automatic Barcoding Gap 

Discovery (ABGD), the Poisson Tree Processes (PTP), and the Generalised Mixed Yule 

Coalescence (GMYC). All analyses were run on reduced datasets, in which identical 

haplotypes and outgroups were removed, as indicated in Fontaneto et al. (2015). Phylogenetic 

trees were built using RAxML and MrBayes as previously described. Additionally, for GMYC 

analyses ultrametric trees were built using BEAST 1.8.2 (Drummond et al., 2012). A coalescent 

tree prior and the heterogeneity of the mutation rates across lineages were set under an 

uncorrelated lognormal relaxed clock. Three replicate analyses were run for 108 million 

generations with a sampling frequency of 10,000 and were combined using LogCombiner 1.8.2 

(Drummond et al., 2012) with a burn-in set to 25%. The maximum clade credibility trees were 

computed using TreeAnnotator 1.8.2 (Drummond et al., 2012). The ABGD delimitations 

(Puillandre et al., 2012) were run on the website abgd web 

(http://www.abi.snv.jussieu.fr/public/abgd/abgdweb.html). Parameters were set as follows: 

Pmin = 0.001, Pmax = 0.1, Steps = 100, X = 1, Nb bins = 100, and all the three available models 

were tested (p-distance, Kimura 2-parameter, and Jukes Cantor). Single-threshold PTP and 

bPTP analyses (Zhang et al., 2013) were performed on the website bPTP web server 

(http://species.h-its.org/ptp), using both ML and BI phylogenetic trees, and running analyses 

for 400,000 MCMC generations, with thinning value = 100 and burn-in = 0.25. Multiple-

threshold PTP (mPTP) analyses (Kapli et al., 2017) were run on the website mPTP Webserver 

(https://mptp.h-its.org). Single-threshold (Pons et al., 2006), multiple-threshold (Monaghan et 

al., 2009), and bGMYC (Reid and Carstens, 2012) analyses were run using ultrametric trees 

and were performed in R 3.1.3 (R Core Team, 2013) using the packages ‘Splits’ (Ezard et al., 

2009), ‘Ape’ (Paradis et al., 2004), and ‘bGMYC’ (Reid and Carstens, 2012). 

Genetic distances were calculated for each recovered clade/putative species using MEGA X 

(Kumar et al., 2018). Intra- and inter-clade % uncorrected p-distances were calculated with 

1000 bootstrap replicates. 

Additionally, each putative species was named following the method by Morard et al. (2016). 

This method is based on the definition of basetypes and the use of their hierarchical 

phylogenetic structure to define levels of divergence below that of morphospecies. A basetype 

is a specific DNA substitution pattern observed within a single marker gene, whereas a 

basegroup is a set of basetypes and constitute the lowest MOTU level. The genetic variability 

between the basegroup and the morphospecies is used to identify intermediate levels at 
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different degrees of divergence, and any of these levels could be theoretically considered a 

species hypothesis. Similarly to Maggioni et al. (2017) we defined basetypes using sequence 

patterns in the widely used hydrozoan barcode gene 16S rRNA. 

 

2.4. Species tree 

The species tree for Z. divergens was computed using *BEAST (Heled and Drummond, 2010) 

in BEAST 2.2.0 (Bouckaert et al., 2014) run on the CIPRES server (Miller et al., 2010). The 

specimens were assigned to different species according to the species delimitation analyses and 

the outgroups were removed. Mitochondrial loci were considered as a single partition, whereas 

nuclear loci were kept separate, and best-fit evolutionary models were assigned according to 

PartitionFinder 2 analyses. Yule process prior was used, together with a linear and constant-

root population-size model. Each analysis ran for 108 generations, sampling every 10,000 

generations, and 25% was set as burn-in. The species trees were visualised and edited in 

DensiTree 2.2.0 (Bouckaert and Heled, 2014) to qualitatively assess gene trees discordance.  

 

2.5 Morphological and statistical analyses 

Zanclea divergens specimens were firstly observed and photographed under Leica EZ4 D 

stereomicroscope to assess their general morphology, and subsequently analysed under Zeiss 

Axioskop 40 compound microscope to study the fine-scale morphology of polyps and medusae. 

The type and size of nematocysts were recorded and measured using ImageJ 1.52p software in 

order to compute further statistical analyses. Only specimens collected in the Maldives and Red 

Sea were included in the statistical analyses, since insufficient material was available for the 

sample from Australia. The three types of nematocysts found in Z. divergens polyps (stenoteles 

of two size classes and euryteles) were measured in their major and minor axes. Differences in 

the length and width of capsules among Zanclea specimens belonging to different genetic 

lineages were tested using one-way analysis of variance (ANOVA) when data were normally 

distributed, and non‐ parametric Kruskal-Wallis tests when data were not normally distributed. 

Parametric Tukey's HSD multiple comparison post hoc tests and non-parametric Mann–

Whitney U-tests were performed to assess the significance of individual factors. All analyses 

were performed using SPSS 25. All data are presented as mean ± standard deviation. 

In order to identify host-bryozoan species, tissues were removed from skeletons by immersion 

in a 10% sodium hypochlorite solution for 6-24 hours. Skeletons were then rinsed, air-dried, 

and sputter‐ coated with gold, to be observed under Zeiss Gemini SEM 500 scanning electron 

microscope. 
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3. Results 

A total of 29 Z. divergens colonies associated with cheilostome bryozoans C. vermiformis, C. 

pigmentaria (Waters, 1909), and Celleporaria sp. were collected from the studied localities 

(13 from the Saudi Arabian Red Sea, 15 from Maldives, and one colony from Australia, Great 

Barrier Reef). All colonies were used for molecular analyses, whereas 18 colonies were 

selected for further morphological characterisation depending on their preservation (Table S1). 

 

3.1. Phylogenetic and species delimitation analyses 

Genomic DNA was successfully extracted from all samples and a total of 231 sequences were 

generated, including outgroups (Table S1). Mitochondrial loci showed the highest haplotype 

and nucleotide diversity, compared to the nuclear loci (Table 1), with the hydrozoan 16S rRNA 

being the most diverse DNA region among the analysed ones. jModelTest and PartitionFinder 

found slightly different best-fit evolutionary models according to the information criteria used 

(Table 1, Table S2), but the use of different models did not influence downstream analyses, 

resulting in highly similar phylogenetic trees. Similarly, the tree topologies of ML and BI 

analyses were highly consistent.  

All Z. divergens samples formed a monophyletic clade, and apart from a few single-locus 

analyses, four lineages were recursively identified (Fig. 2, left side). According to the 

concatenated analyses, clade I is represented by the Indonesian and Australian samples and is 

sister to all other clades. Samples from the Red Sea (clades IIa and IIb) form two reciprocally 

monophyletic clades, sister to the Maldivian samples, which cluster in a single well-supported 

lineage (clade III). The described clades are found in all analyses except for single-locus 18S 

and 28S rRNA phylogenetic reconstructions, in which clades IIa and IIb cluster together and 

are not genetically differentiated. The bryozoan phylogenetic tree (Fig. 2, right side) resulted 

in four distinct Celleporaria clades showing high statistical supports, whereas a few internal 

nodes showed lower BI and ML support values. Maldivian samples (C. vermiformis) form a 

clade sister to all the other investigated samples. Celleporaria pigmentaria from the Red Sea 

is divided into two diverging lineages (C. pigmentaria 1 and C. pigmentaria 2), which differ 

from Celleporaria sp. from Australia. Zanclea divergens clade I is associated with the latter 

bryozoan species. Clades IIa and IIb are all associated with C. pigmentaria 2, except for one 

sample (FB325) associated with C. pigmentaria 1. Clade III from Maldives is always 

associated with C. vermiformis. 
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Zanclea divergens species delimitation results are summarised in Fig. 3. Apart from a few 

exceptions, the four lineages detected in the phylogenetic analyses were assigned to four 

different species hypotheses, with a general high level of agreement among the different 

methods. Mitochondrial regions and nuclear H3 resolved better the species complex, whereas 

the 18S rRNA, 28S rRNA and ITS did not successfully distinguish clade IIa and IIb in most 

analyses. According to the molecular nomenclature system proposed by Morard et al. (2016), 

clade I was named Z. divergens I, clade IIa and IIb were named Z. divergens IIa and IIb, 

respectively, and clade III was named Z. divergens III. 

Genetic distances between hydrozoan clades were generally high (Table 2), especially for 

mitochondrial markers, and further supported the assignment of each clade to different species 

hypotheses. Intra-clade distances were low and did not overlap with inter-clade distances 

(Table 2). Similarly, genetic distances between the bryozoan clades were high (9.2-20.4%), 

whereas intra-clade distances were extremely low, when calculable, supporting the fact that the 

four clades correspond to different species. 

Finally, the Z. divergens species tree (Fig. 4) showed a topology in agreement with the tree 

resulting from the concatenated dataset (Fig. 2, left side), with no relevant discrepancies 

between gene trees, and with high support values.  

 

3.2. Morphology of polyps and medusae 

The general morphology of Z. divergens polyps was consistent with previous descriptions 

(Boero et al., 2000; Puce et al., 2002; Maggioni et al., 2020). All colonies were stolonal, 

monomorphic, and associated with cheilostome bryozoan species belonging to the genus 

Celleporaria (Fig. 5a-d). In all cases, the hydrorhiza extends below the bryozoan skeleton, 

projecting out in irregular clusters of nematocysts (Fig. 5e). Gastrozooids are cylindrical (Fig. 

5f), reaching 3.5 mm in length, and coming out from holes in the calcified skeleton of the 

bryozoan, with the base and hydrorhiza partially overgrown by the host skeleton (Fig. 5g-h). 

When alive, polyps are transparent to whitish in colour, with white hypostomes (Fig. 5a-d). 

Oral tentacles are 4-6 in number, with large capitula (diameter: 82-40 µm), whereas 12-39 

aboral tentacles with smaller capitula (diameter: 76-24 µm) are grouped in whorls of 4-5 along 

hydranth body and shorten proximally. Medusa buds were observed only for Maldivian 

specimens and develop in clusters directly from the hydrorhiza.  

Maldivian newly released medusae (Fig. 5i) have a bell-shaped umbrella (diameter at release: 

248-485 µm) with nematocysts on the surface and four radial exumbrellar nematocyst pouches. 

Pouches above the tentacular bulbs extend up to half of the exumbrella, whereas pouches on 
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the bulbs without tentacles are shorter. The manubrium is cylindrical, extending up to one third 

of the subumbrellar cavity, bearing nematocysts around the mouth. Two opposite tentacles 

(length at release: 530-1190 µm) are armed with 21-31 cnidophores, with 2-3 nematocysts 

each.  

The polyp cnidome is composed of stenoteles of two size classes (Fig. 5j) (10-16 x 9-14 µm 

and 5-8 x 4-6 µm), distributed in tentacle capitula, and holotrichous macrobasic euryteles (Fig. 

5k) (23-50 x 13-27 µm; shaft: 126-350 µm) around the hypostome and in hydrorhiza. The 

cnidome of the newly released medusa is composed of isorhizae (5-7 x 5-6 µm) on the 

exumbrella, bean-shaped holotrichous macrobasic euryteles (7-8 x 5-6 µm) in cnidophores, 

stenoteles of smaller size (5-8 x 4-6 µm) around the mouth, and stenoteles of larger size (12-

16 x 11-13 µm) in the exumbrellar pouches. Morphological characteristics and nematocyst 

measurements for each Z. divergens clade are summarised in Tables 3, 4 and Tables S3, S4. 

 

3.3. Statistical analyses of nematocysts measurements 

A total of 53 polyps collected from 18 colonies belonging to Z. divergens IIa, IIb, and III were 

included in the statistical analyses and 1039 capsules were measured (391 large stenoteles, 386 

small stenoteles, 262 euryteles) (Table S5). The statistical treatment of nematocyst 

measurements revealed differences between genetic lineages. Length and width of large 

stenoteles are significantly different among groups (Kruskal-Wallis p<.0005 for both). Mann-

Whitney U-test revealed that length is higher in Z. divergens IIb than in the other two clades 

(p<.0005 for both comparisons), whereas all clades differ from each other in width (p<.0005 

for all) (Fig. 6a). Small stenoteles showed differences in both length and width among lineages 

(F2,382=17.834, p<.0005 and F2,382=19.382, p<.0005, respectively). Tukey’s HSD post hoc tests 

show that length and width are smaller in Z. divergens III than in Z. divergens IIa (p<.0005 and 

p=.008, respectively) and IIb (both p<.0005) (Fig. 6b). Length and width of euryteles differ 

among the three genetic lineages (Kruskal-Wallis p<.0005 for both). Specifically, Z. divergens 

IIb is larger than Z. divergens IIa and III in both length and width (p<.0005 for all) (Fig. 6c).  

 

4. Discussion 

Zanclea divergens is a species poorly represented in the special literature, with only four 

previous works focusing on its taxonomy or ecology (Boero et al., 2000; Puce et al., 2002; Di 

Camillo et al., 2008; Maggioni et al., 2020). Despite this lack of information, it has been 

reported as one of the most abundant hydrozoans in some localities (Di Camillo et al., 2008). 

Here, we widen the distributional range of this species, for the first time including the Red Sea 
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and the Great Barrier Reef, thus suggesting that its presence may be underestimated in other 

localities of the Indo-Pacific.  

Phylogenetic analyses recursively revealed the presence of four well-supported hydrozoan 

lineages, and species delimitation analyses strongly supported their belonging to four different 

species. Therefore, Z. divergens is to be considered a species complex. The four clades show 

differences in their geographic distribution, although we admit that an addition of specimens 

from other localities may change the current scenario: Z. divergens I specimens inhabit the 

Pacific Ocean (Australia and Indonesia), Z. divergens IIa and IIb are found in the Red Sea, and 

Z. divergens III lives in the Indian Ocean (Maldives). Since the species was formerly described 

from Papua New Guinea (Boero et al., 2000), we may hypothesise that the holotype belongs to 

Z. divergens I, promoting the assignment of the name Z. divergens to the Pacific clade. 

However, the lack of molecular data from the type locality prevents further conclusions. 

The four lineages here detected show nearly identical polyp morphology, consistent with the 

published descriptions of Z. divergens. Indeed, the general morphology of gastrozooids and 

newly released medusae (when observed), the presence of nematocyst clusters in the 

hydrorhiza, the position of medusa buds on the hydrorhiza, and the cnidome composition, fully 

agree with the original description (Boero et al., 2000) and subsequent re-descriptions (Puce et 

al., 2002; Maggioni et al., 2020) of Z. divergens. Additionally, as already reported for the 

Maldivian specimens (Maggioni et al., 2020), in all clades we found symbiont-related 

modifications of the host skeletons: the hydrorhiza extends for most of its length below the 

bryozoan skeleton, with polyps ‘piercing’ host colonies between zooids and being, in some 

cases, partially overgrown by a thin skeletal lamina.  

In order to detect potential morphological differences among the four lineages, we compared 

the size of about 1000 nematocyst capsules (stenoteles of two size classes and euryteles). 

Similarly to other Zanclea species complexes (Manca et al., 2019), the statistical treatment of 

measurements revealed some fine-scale differences between the clades. Zanclea divergens I 

was not included in the analyses, due to the limited amount of available material, but all other 

lineages showed overall significant differences in nematocysts’ length and width, even if 

differences in the individual factors were not consistent among cryptic species. The size of 

euryteles of Z. divergens I, despite not having been included in the statistical analyses, is larger 

than in the other two clades and is very similar to euryteles of Z. divergens described from 

Indonesia by Puce et al. (2002), indicating that the Pacific clade may have larger euryteles. 

Altogether, these morphological results support the importance of detailed cnidome analyses 
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in cnidarian taxonomy (e.g. González-Muñoz et al., 2017; Arrigoni et al., 2018; Manca et al., 

2019). 

Other than genetic and cnidome differences, the four Z. divergens lineages show different 

patterns of association with their hosts. According to our sampling and previous studies (Puce 

et al., 2002; Di Camillo et al., 2008), Z. divergens seems to be specifically associated with 

cheilostome bryozoans from the genus Celleporaria, namely C. sibogae, C. pigmentaria, C. 

vermiformis, and Celleporaria sp. The phylogenetic reconstruction and genetic distance 

analysis of host bryozoans showed the presence of four Celleporaria species, mostly 

corroborating the morphological identification. The 16S rRNA region allowed to clearly 

distinguish the morphospecies C. pigmentaria, C. sibogae, and Celleporaria sp., confirming 

its suitability for species-level analyses of bryozoan diversity, even if a few internal nodes 

showed low statistical support. Additionally, cryptic diversity was detected in C. pigmentaria, 

as this morphospecies was composed of two divergent and non-sister lineages showing high 

genetic distances, comparable to what observed for inter-specific comparisons in other 

bryozoan genera (e.g. Dick et al., 2003). Therefore, C. pigmentaria in the Red Sea represents 

a complex of at least two morphologically indistinguishable species.  

Zanclea divergens I was found on the unidentified species Celleporaria sp. in Australia, 

genetically divergent from the other Celleporaria species. The Maldivian Z. divergens III was 

always found on C. vermiformis, and Z. divergens IIa and IIb were both associated with C. 

pigmentaria. Specifically, Z. divergens IIa was associated with only one of the C. pigmentaria 

lineages, whereas Z. divergens IIb was found on bryozoans belonging to both lineages. A 

hypothesis could be that the Red Sea Z. divergens was originally associated with a single 

species of C. pigmentaria and, at some point, two lineages (Z. divergens IIa and IIb) started to 

differentiate. When the diversification of the two C. pigmentaria lineages happened, Z. 

divergens IIb (but not Z. divergens IIa) was inherited by both bryozoan siblings. Alternatively, 

the association with both C. pigmentaria clades may be the result of a host range expansion of 

Z. divergens IIb occurred after the diversification of the two C. pigmentaria lineages, and this 

may have also favoured the divergence between the two Red Sea Z. divergens groups. 

However, the finding of only one colony of C. pigmentaria 1 limits further conclusions and 

future studies may elucidate the observed pattern. Host-specificity (both at the genus and 

species level) is a common phenomenon in zancleid species and some are obligate symbionts 

of their hosts (e.g. Piraino et al., 1992; Schuchert, 1996; Montano et al., 2015a, b). However, 

the association is generally not obligate for the host, and the same host can be associated with 

multiple Zanclea species, even if the co-occurrence of two species on the same host colony has 
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never been reported. For instance, the bryozoan Rhynchozoon larreyi (Audouin, 1826) hosts 

Zanclea polymorpha Schuchert, 1996 in New Zealand and Zanclea retractilis Boero, Bouillon 

& Gravili, 2000 in Papua New Guinea (Schuchert, 1996; Boero et al., 2000). A similar situation 

is observed for the bryozoan C. pigmentaria, which hosts Zanclea sp. 1 (sensu Maggioni et al., 

2018) in the Maldives (Maggioni et al., 2020) and two Z. divergens lineages in the Red Sea. 

According to our integrative approach, Z. divergens appears to be a complex of cryptic species, 

at least looking at the morphologically very similar polyp stages, with partially disjunct 

distribution and host-specificity. Zanclea divergens I and III are not only found in different 

localities, but also associated with different bryozoans. Their diversification may have occurred 

due to allopatric speciation, host shift, or a combination of both processes. Contrarily, Z. 

divergens IIa and IIb occupy the same host, have overlapping distributions, and likely exploit 

the same niches and resources. Sympatric cryptic species have been largely reported in 

literature (Knowlton, 1993) and in many cases they have been shown to be ecologically 

differentiated (Fišer et al., 2018), for instance in their host specificity (e.g. Maggioni et al., 

2016) or reproductive timing (Villanueva, 2016). Zanclea diverges IIa and IIb may show 

reproductive isolation, even though they are not completely differentiated in slow-evolving 

nuclear loci (18S and 28S rRNA), and this may reflect a still ongoing (but limited) gene flow.  

Overall, the four cryptic species showed a certain level of diversification in their cnidome, 

distributional ranges, and host specificity, but this variation was not always consistent in the 

four lineages. Together with the presence of Zanclea species described based on their adult 

medusa stage alone and the lack of genetic information for most Zanclea species, we preferred 

to cautiously avoid the formal naming of the species. However, the use of the nomenclatural 

system proposed by Morard et al. (2016) will allow the transfer of the acquired knowledge 

across disciplines, preventing the risk to create parallel taxonomical universes.  

In conclusion, the results presented in this work widen the distributional range of the 

morphospecies Z. divergens, a symbiotic hydrozoan specifically associated with Celleporaria 

bryozoans in the Indo-Pacific and Red Sea. Integrative taxonomy analyses clearly revealed the 

presence of cryptic or possibly pseudo-cryptic species inhabiting partially different localities 

and hosts. The presence of two sympatric Red Sea lineages living on the same Celleporaria 

species reveal complex dynamics of diversification, and future research aimed at understanding 

their diversification process will likely provide useful information on the mechanisms of 

speciation between currently co-occurring cryptic species. 
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Tables 

 

Table 1. Primers, statistics, and evolutionary models used for each locus included in the analyses. 

Ns: number of sequences; S: number of sites; Sv: number of variable sites; M: number of mutations; 

H: number of unique haplotypes; Hd: haplotype diversity; Nd: nucleotide diversity. Hd and Nd are 

shown as mean ± standard deviation. 

 

        Substitution models 

Region Primers Ns S Sv (M) H Hd Nd AIC AICc BIC 

16S rRNA SHB-SHA 30 561 91 

(107) 

22 0.973 ± 

0.018 

0.044 ± 

0.004  

GTR+I+G GTR+I+G GTR+G 

COX1 LCO1490-

HCO2198 

20 653 143 

(167) 

15 0.963 ± 

0.028 

0.085 ± 

0.008 

GTR+I+G GTR+I+G GTR+I+G 

COX3 CO3F-

CO3R 

20 564 94 

(110) 

12 0.937 ± 

0.033 

0.089 ± 

0.008 

GTR+I+G GTR+I+G HKY+G 

18S rRNA 18SA-18SB 30 1670 17 (17) 5 0.628 ± 

0.062 

0.001 ± 

0.000 

GTR+I GTR+I HKY+I 

28S rRNA 28SHF-

R2077 

30 1616 30 (30) 4 0.648 ± 

0.062 

0.005 ± 

0.001 

GTR+I GTR+I K80+I 

ITS HITSF-

HITSR 

30 520 38 (44) 6 0.722 ± 

0.068 

0.019 ± 

0.003 

HKY+I+G HKY+I+G K80+G 

H3 H3F-H3R 29 352 26 (26) 6 0.695 ± 

0.076 

0.023 ± 

0.003 

HKY+I HKY+I K80+I 

16S rRNA 

(bryozoa) 

16AR-

16BR 

29 438 107 

(124) 

5 0.658 ± 

0.066 

0.110 ± 

0.006 

GTR+G GTR+G GTR+G 
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Table 2. Genetic distances (% uncorrected p-distances) between and within Z. divergens and 

Celleporaria species for each locus. Standard deviations are reported in parentheses. 

 

16S 

rRNA 

    28S rRNA     

I 0.6 (0.3)    I n.c.    

IIa 9.3 (1.3) 0.3 (0.1)   IIa 1.2 (0.3) 0.0 (0.0)   

IIb 9.0 (1.2) 5.6 (0.9) 0.3 (0.2)  IIb 1.3 (0.3) 0.0 (0.0) 0.0 (0.0)  

III 9.1 (1.2) 5.0 (0.9) 6.9 (1.0) 1.0 (0.2) III 1.6 (0.3) 0.8 (0.2) 0.8 (0.2) 0.0 (0.0) 

COX1     ITS     

I n.c.    I 0.0 (0.0)    

IIa 14.1 (1.3) 1.2 (0.3)   IIa 6.2 (1.0) 0.1 (0.1)   

IIb 13.6 (1.4) 9.3 (1.0) 0.4 (0.2)  IIb 6.3 (1.0) 1.9 (0.5) 0.4 (0.2)  

III 14.6 (1.3) 13.3 (1.2) 10.5 (1.1) 2.3 (0.3) III 5.6 (1.0) 2.9 (0.7) 3.5 (0.7) 0.0 (0.0) 

COX3     H3     

I n.c.    I n.c.    

IIa 14.1 (1.4) 1.5 (0.4)   IIa 6.0 (1.4) 0.3 (0.2)   

IIb 14.2 (1.5) 9.7 (1.1) 0.4 (0.2)  IIb 5.3 (1.3) 2.9 (0.8) 0.2 (0.2)  

III 15.6 (1.4) 12.4 (1.3) 13.1 (1.4) 2.1 (0.4) III 6.4 (1.4) 2.8 (0.9) 3.4 (0.9) 0.0 (0.0) 

18S 

rRNA 

    16S rRNA 

(Celleporaria) 

    

I 0.4 (0.2)    Celleporaria 

sp. 

n.c.    

IIa 0.7 (0.2) 0.1 (0.1)   C. 

pigmentaria 1 

11.5 (1.5) n.c.   

IIb 0.6 (0.2) 0.1 (0.1) 0.0 (0.0)  C. 

pigmentaria 2 

9.2 (1.4) 9.4 (1.5) 0.1 (0.1)  

III 0.7 (0.2) 0.2 (0.1) 0.2 (0.1) 0.0 (0.0) C. 

vermiformis 

19.2 (1.9) 19.6 (1.9) 20.4 (1.9) 0.0 (0.0) 

 

Table 3. Statistics of the measurements of large and small stenotele for the four Z. divergens 

lineages. 

 

 Large stenotele length Large stenotele width Small Stenotele length Small stenotele width 

Clade n range mean 

± SD  

n range mean 

± SD  

n range mean 

± SD  

n range mean 

± SD  

I 8 14.6-

16.1 

15.3 ± 

0.5 

8 13.7-

14.6 

13.3 ± 

0.9 

7 5.9-

7.3 

5.3 ± 

0.3 

7 5.0-

5.7 

6.6 ± 

0.6 

IIa 44 11.4-

14.4 

13.0 ± 

0.8 

44 9.6-

11.9  

10.8 ± 

0.6 

46 5.9-

8.0 

6.8 ± 

0.5 

46 4.2-

5.6 

5.0 ± 

0.3 

IIb 123 13.2-

16.4 

14.8 ± 

0.7 

123 10.8-

13.6 

12.2 ± 

0.6 

127 5.8-

7.8 

6.8 ± 

0.4 

127 4.1-

6.0 

5.0 ± 

0.3 

III 228 9.6-

15.4 

13.3 ± 

1.0 

228 8.7-

13.1 

11.3 ± 

0.7 

221 5.4-

7.9 

6.6 ± 

0.4 

221 4.0-5-

5 

4.8 ± 

0.3 
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Table 4. Statistics of the measurements of euryteles for the four Z. divergens lineages. 

 

 Eurytele length Eurytele width Eurytele shaft 

Clade n range mean ± 

SD  

n range mean ± 

SD  

n range mean ± 

SD  

I 12 42.6-50.8 46.3 ± 3.0 12 22.5-27.4 24.8 ± 1.6 1 350 / 

IIa 27 25.6-32.1 28.8 ± 2.0 27 13.7-18.4 15.3 ± 1.1 3 125.9-

131.2 

128.2 ± 

2.8 

IIb 84 23.0-33.9 30.5 ± 1.8 84 13.7-19.6 17.4 ± 1.1 3 152.1-

164.8 

159.0 ± 

6.5 

III 160 24.8-32.7 28.9 ± 1.6 160 12.6-17.6 14.9 ± 1.0 3 130.6-

136.7 

132.9 ± 

3.3 

 

 

Figure legends 

 

Figure 1. Map of the sampling localities and currently known distribution of Zanclea 

divergens. The red label indicates the type locality of the species (not sampled). Yellow labels 

indicate area where samples were collected. 

 

Figure 2. Phylogenetic trees of Zanclea divergens (left side) and host bryozoans (right side). 

The Z. divergens tree results from the seven-loci concatenated dataset and different clades are 

highlighted with different colours, whereas the Celleporaria tree results from the analysis of 

the 16S rRNA region. Numbers at nodes represent Bayesian posterior probabilities and ML 

bootstrap values, respectively. Grids at nodes of the hydrozoan tree refer to single-locus 

analyses for both BI analysis (upper squares) and ML analysis (lower squares), and colours 

represent different statistical support, as shown in the legend. Each sample is represented by 

an alphanumeric code with information on the sampling locality, as shown in the legend. Dotted 

lines between the two trees indicate host-symbiont relationships. 

 

Figure 3. Summary of the species delimitation analyses for each locus. Green colour indicates 

that the molecular clade was successfully delimited as a putative species, yellow colour 

indicates that the molecular clade was further subdivided in two or more lineages, red colour 

indicates that the molecular clade clustered with other lineages. 

 

Figure 4. Species tree of the Z. divergens species complex. The cloudogram illustrates the 

posterior distribution of 10,000 trees inferred with *BEAST based on seven loci. High colour 
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density is indicative of areas in the tree with high topology agreement. The consensus tree is in 

white and numbers at nodes represent Bayesian posterior probabilities. 

 

Figure 5. Zanclea divergens morphological characters. a) Z. divergens I on Celleporaria sp. 

from Australia. b, c) Z. divergens IIa and IIb, respectively, on C. pigmentaria 2 from Saudi 

Arabia. d) Z. divergens III on C. vermiformis. e) Hydrorhiza of Z. divergens III projecting out 

from the colony of C. vermiformis (arrowheads). f) Single Z. divergens III polyp detached from 

the host. g, h) Bryozoan skeletal modifications due to the presence of Z. divergens I (in C. 

vermiformis) and III (in Celleporaria sp.), respectively (arrowhead: skeletal lamina 

surrounding the hydrorhiza). i) Newly released medusa of Z. divergens III. j) Stenoteles of two 

size classes (black arrowhead: small stenotele; white arrowhead: large stenotele) and k) 

euryteles in the polyps of Z. divergens III. Scale bars: a, d) 1mm; b, c) 0.5 mm; e, f, h, i) 0.1 

mm; g) 20 µm; j, k) 10 µm. 

 

Figure 6. Box plots of a) large stenoteles, b) small stenoteles, and c) euryteles lengths and widths 

for Z. divergens IIa, IIb, and III. Boxes show the first and third quartiles, whiskers show range 

values, and horizontal lines indicate median values. Asterisks indicate statistically significant 

differences among the lineages. 

 

Supplementary material 

 

Table S1. Information on the specimens included in the analyses. 

 

Table S2. Evolutionary models and partitions used for the concatenated dataset following the 

Akaike Information Criterion (AIC), corrected Akaike Information Criterion (cAIC), and Bayesian 

Information Criterion (BIC). 

 

Table S3. Summary of Z. divergens measurements for each lineage. 

 

Table S4. Measurements of nematocysts of the newly released medusa of Z. divergens III. 

 

Table S5. Measurements of large and small stenoteles and euryteles of Z. divergens IIa, IIb, and 

III. 
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Highlights 

 

 Z. divergens is a species complex associated with bryozoan genus Celleporaria 

 General morphology is not informative 

 Statistical treatment of nematocysts data revealed differences among clades 

 Cryptic species show partially disjunct distribution and host specificity 

 Two cryptic species have overlapping host and distribution 
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