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One of the most salient features of marine bryozoans is their well-calcified skeleton, and many species in this phylum are important reef-builders. To date, the molecular machinery responsible for skeletal formation in these key animals remains unknown. In this study we performed de novo transcriptome assembly from RNA from Cellaria immersa colonies collected in New Zealand, the first from the family Cellariidae. The assembly resulted in a set of 125,750 transcripts and was estimated to be 97.2% complete when compared to BUSCO core gene sets. A function was predicted for 61,442 (48.8%) of the translated proteins, using similarity searches against a range of databases using BLAST and InterProScan. Cellaria species form erect, heavily calcified arborescent colonies, which when abundant can create micro-forests or meadows on the ocean floor. RNA was extracted separately from younger distal and older proximal parts of the colonies, aiming to identify the key genes involved in biomineralization as the young zooids (at the distal growth margin) of the colony are more likely to be actively growing and calcifying compared to the old zooids of the proximal parts of the colony. Differential expression analysis was carried out to identify differential expression between the distal and proximal parts of the colonies. This showed that 506 (2.2%) of the transcripts were expressed more highly in the young zooids and 4,676 (20.4%) were expressed more highly in the old zooids. Over 50 protein families were identified as candidates involved in biomineralization in C. immersa based on the functional annotation, their expression pattern and literature. Transcripts encoding 24 such protein families were more highly expressed in the young zooids. This is the first such study on a heavily calcified species from the phylum Bryozoa, increasing the amount of ‘omics’ data available for C. immersa and the phylum. These data provide a resource for current and future studies of heavily calcified bryozoans, shedding a light on the biomineralization process in this phylum.
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1 Introduction

Bryozoans are colonial marine invertebrates and are globally important reef-builders. To date, the molecular machinery responsible for their most salient characteristic, their calcified skeletal architecture, remains unknown. Only a few studies discuss bryozoan transcriptomes (Treibergs and Giribet, 2020; Kumar et al., 2020a), and available data on genome sequencing is also limited for this phylum (Rayko et al., 2020; Bishop et al., 2023; Wood et al., 2023).

Bryozoan colonies are made of tiny individual clonal units (zooids) which grow through budding at the growth margin to form complex colonies (Ryland, 2005). As seen in other biomineralizers, the skeleton is secreted on the cuticle by underlying epithelial cells at the growing edge of the colony (Tavener-Smith and Williams, 1972). Although the zooids are independent to some extent, the colonies exhibit coordinated physiology and behavior (McKinney and Jackson, 1991). Their colonial integration is also evident in skeleton formation. While the young zooids of the colony are actively growing and depositing primary calcification, the old zooids of the colony often continue to biomineralize to a lesser degree, depositing a secondary calcification layer to strengthen the colony, and to act as a basis for regeneration in case of breakage or predation (e.g., Smith and Girvan, 2010). In addition to building their skeletons, some bryozoan species can also remove carbonate through skeletal resorption via controlled dissolution of calcified material (Batson et al., 2020).

Invertebrate biomineralization processes have been best described in corals, molluscs, and echinoderms (Clark, 2020). A “basic evolutionary toolkit” has been suggested based on the molluscan skeleton, which could be extended to other biomineralizers; it includes proteins such as Tyrosinase, Carbonic anhydrase (CA), those with chitin-binding domains, and Von Willebrand factor-A/domains (Arivalagan et al., 2016; Clark, 2020). The role of these proteins in biomineralization has been well established (Robinson and King, 1963; Miyamoto et al., 1996; Shen and Jacobs-Lorena, 1999; Inoue et al., 2003; Weiss et al., 2006; Schönitzer and Weiss, 2007; Furuhashi et al., 2009; Suzuki et al., 2009; Joubert et al., 2010; Chang and Evans, 2015; Kintsu et al., 2017; Li et al., 2017b). More specifically, CA has a long evolutionary history, and it is thought to have a single ancestral origin for all metazoans, later differentiated in separate animal lineages (Le Roy et al., 2014; Arivalagan et al., 2016; Clark, 2020; Murdock, 2020). Other common proteins involved in biomineralization include transmembrane channels such as the calcium ATPase, sodium/calcium exchange, sodium/potassium ATPase and V-type proton ATPase families (Malachowicz and Wenne, 2019; Clark, 2020). Collagen proteins are present in other animals and their role in extracellular matrix and skeletogenesis is well established (Kimura et al., 2008; Germer et al., 2015; Luo et al., 2015; Flores and Livingston, 2017; Malachowicz and Wenne, 2019; Le Roy et al., 2021). Immunity-associated domains are also commonly found in the shell matrix in molluscs, but their role in mineralization is still uncertain (Ramos-Silva et al., 2013; Arivalagan et al., 2016; Malachowicz and Wenne, 2019; Song et al., 2019). The list of potential proteins associated with biomineralization is long (Malachowicz and Wenne, 2019), but further studies will likely be able to highlight common processes.

Despite the numerous studies published regarding biomineralization in other phyla, few discuss this process in bryozoans (Taylor et al., 2015; Wernström et al., 2022; Lombardi et al., 2023). A recent study showed that the skeletal matrix in bryozoans comprises a mixture of proteins and polysaccharides, with strong lectin reactivity, specifically related to chitin-binding lectins (Lombardi et al., 2023). Further, soft tissue anatomy and skeletal ultrastructure suggest that mechanisms involved in biomineralization in bryozoans could be closely related to those of Brachiopoda and Mollusca (Taylor and Kuklinski, 2011; Taylor et al., 2015). However, the key genes responsible for biomineralization in Mollusca and Brachiopoda were not found in Bryozoa and its sister clade Phoronida, suggesting that mineralized skeletons evolved secondarily in the stem lineage leading to some bryozoan subclades (Wernström et al., 2022).

Here we used Cellaria immersa (Image: Figure 1A), one of the main habitat-forming bryozoan species in New Zealand (Wood et al., 2012), as a case study for biomineralization. Cellaria immersa forms tree-like colonies, where the branches are formed by calcified internodes separated by organic joints (i.e., rhizooids). The colonies can grow up to 40 cm in height, and when abundant they create a miniature “forest” on the ocean floor. Cellaria species can colonize soft substrates due to the presence of rhizoids at the proximal part of the colony, contrasting with other heavily calcified species that often require hard substrate to settle (Achilleos et al., 2019). Cellaria belongs to the class Gymnolaemata, Order Cheilostomata and family Cellariidae, closely grouped together with its sister family Calescharidae (Figure 1B; Orr et al., 2021). Cellaria skeletal carbonate is always calcite (Smith et al., 2006; Loxton et al., 2018), generally with low Mg content, with some individuals adding subdominant high-Mg calcite as a discrete mineral (Smith and Lawton, 2010). Several Cellaria species deposit secondary calcification at a later stage during the biomineralization process (Achilleos et al., 2020). The high-Mg calcite is possibly added as a secondary strengthening layer, as in confamilial Melicerita chathamensis (Smith and Lawton, 2010), although it has been recently suggested that the more soluble high-Mg in Cellaria species could be potentially added at the newly formed branching internodes (Batson et al., 2020).




Figure 1 | Cellaria immersa biology. (A) A colony of Cellaria immersa and the different colony parts (young and old) used for RNA extraction and downstream analysis. Also indicated are the areas of the colony associated with primary calcification (by young zooids) and secondary calcification (by older zooids). (B) Diagrammatic cladogram illustrating the phylogeny of Cellariidae (after Orr et al., 2021). Cellaria immersa is a member of the family Cellariidae, which belongs in the order Cheilostomata and class Gymnolaemata. z, zooid.



This study represents the first transcriptomic investigation of this family, and the first to focus on biomineralization by profiling the gene expression of young (those at the colony growth margin) and older adult zooids in C. immersa colonies. We provide the first evidence of genes likely related to skeletal resorption, and discuss possible mechanisms involved in the mineral nucleation and deposition in C. immersa. This study will be foundational for understanding biomineralization in this phylum, and of interest to those working on this essential process more broadly across the animal tree of life.




2 Materials and methods



2.1 Sample collection, RNA extraction, and Illumina sequencing

Cellaria immersa colonies were collected in 2017 and 2020 from the Otago shelf at 90 m water depth, at the same sampling location (45.7955°S, 170.921°E). Upon collection healthy, unfouled colonies were selected and flash frozen on dry ice, and subsequently held at -80°C for long-term storage.

Ten colonies were used for RNA extraction. Distal young (distal ~1 mm length of the colony) and proximal old zooids of the colonies were separated (Figure 1) for the subsequent steps, as the young zooids are more likely to be actively growing and calcifying compared to the old zooids of the colony. The ten total samples for each stage were separated in two, with five colonies pooled. The pooled approach was followed to ensure sufficient tissue for the RNA extractions, especially for the young zooids. This was due to limitations in acquiring enough specimens, given that this species is found in deeper water and is not readily available for recollection. Further, the heavily calcified nature of the skeleton overestimates the true tissue weight used for the RNA extraction. The total weight of pooled tissue, including the skeleton, used for the RNA extractions were as follow: C. immersa (1), 0.68 g (young) and 2.42 g (old); C. immersa (2), 0.71 g (young) and 0.41 g (old).

RNA was extracted using an RNeasy mini kit (Qiagen). Due to the heavily calcified skeleton, a few modifications were applied to the protocol to ensure the lysis step was successful. RLT buffer (350–700 μl) was added together with liquid nitrogen during the homogenization step. The powder mixture (specimen + RLT buffer) was then transferred into 1.5 mL collection tubes, centrifuged for 15 s and left at room temperature for about 15 min, or until the collection tubes were not cold to touch, to ensure activation of the RLT buffer. No further modifications were made to the protocol, and the subsequent steps were followed as indicated by the RNeasy mini kit. The libraries were constructed according to the Illumina TruSeq Stranded mRNA protocol.

Sequencing was done in two separate runs. The Illumina HiSeq 2000 platform was used for paired-end sequencing at 125 bp, and the MiSeq platform with a V2 kit was used for paired-end read sequencing at 2x250 bp.




2.2 Initial quality assessment

FastQC v0.11.5 (Andrews, 2010) was used to perform quality assessment of all reads. The sequencing runs were treated separately prior to downstream analysis. For Illumina HiSeq 2000 libraries (replicate 1 for both old and young samples), the reads were cleaned using Trimmomatic 0.36 with the following settings: ILLUMINACLIP:2:30:10, SLIDINGWINDOW:5:20 and MINLEN:36. The adaptors file was customized to include the specific adaptor sequences for each read pair. For Illumina MiSeq libraries (replicate 2 from both old and young samples), the reads were cleaned using the same settings as HiSeq 2000 libraries. Additionally, for MiSeq libraries, the paired-end reads were merged using FLASH v2.2.00 to eliminate possible read overlaps.

The SortMeRNA tool (Kopylova et al., 2012) was used to assess and remove rRNA contaminants, as it includes SILVA databases for 16S and 23S (bacteria and archaea), 18S and 28S (eukaryotes) and Rfam database for 5S and 5.8S. The reads were also aligned against the general human genome using HISAT2 to identify possible human sequences (Supplementary File 3). The small proportion of reads flagged as contamination were removed prior the de novo assembly.




2.3 Assembly and assessment

The reads were combined for the transcriptome assembly. De novo assembly of RNAseq data was performed using Trinity v2.11.0 (Grabherr et al., 2011), using default parameters. Bowtie2 (Langmead and Salzberg, 2012) was used to align the raw reads to the assembly, to assay assembly completeness. Basic numerical metrics relating to the assembly were recovered using the scripts within the Trinity suite. The de novo assembly of the quality processed reads resulted in 240,305 transcript isoforms, corresponding to 202,353 Trinity ‘genes’ (Supplementary File 3).

To assess the content of the assembly, Blobtools (Laetsch and Blaxter, 2017) was used together with Diamond (Buchfink et al., 2014) to run BLASTx searches for assignment of taxon identity against NCBI nr database (E value cutoff: 1e-5, with best hit retained). Further cleaning of the assembly was performed using the blobtools filter parameter provided by Blobtoolkit. Of the 240,305 transcripts 19,206 were assigned to the phylum Foraminifera and were removed using Blobtools by filtering based on phylum (–param bestsumorder_phylum–Keys=Foraminifera). The sequences assigned to the phylum Foraminifera can be seen in Supplementary File 1. The presence of Foraminifera is not surprising, as microscopic benthic Foraminifera often settle on the bryozoan colonies (pers. observation). BUSCO v. 3.0.2 (Simão et al., 2015) was used to evaluate the completeness of the assembly when compared to the “Metazoa” OrthoDB database v10. No other significant contamination was observed in the assembly (<1% for bacteria and human (Supplementary File 3) under the ‘other’ category as shown by Blobtools (Figure 2A).




Figure 2 | Summary of assembly data. (A) Blobplot showing distribution of the de novo assembly according to GC content and coverage within the final transcriptome assembly. Summary statistics are also shown at the top of the panel. (B) BUSCO gene completeness after low read support removal (cutoff of min_expr_any = 3). (C) Transcript length distribution and annotation after low read support removal (cutoff of min_expr_any = 3).






2.4 Differential expression analysis and transcript annotation

Transcript expression quantification was performed through Trinity’s align_and_estimate_abundance.pl script using Bowtie2 for alignment and RSEM to estimate abundance (as transcripts per million, TPM). Transcripts with low read support were filtered out using the filter_low_expr_transcripts.pl script within the Trinity pipeline, with a cutoff of min_expr_any = 3. Transcript expression quantification was performed once more for the filtered assembly and the resulting files used in downstream analyses. BUSCO v. 3.0.2 (Simão et al., 2015) was used to evaluate the completeness of the filtered assembly (Figure 2B).

Functional annotation analysis was first performed using OmicsBox after using the standalone BLASTx annotation (E value cutoff: 1e-5, with best hit retained, vs the nr database), including InterProScan and all default protein databases. Gene Ontology (GO) was also retrieved by OmicsBox under the categories: biological processes (BP), molecular function (MF), and cellular component (CP). Transcripts of 1000 bp and longer (22,976 transcripts) were subsampled and used for downstream analyses as they represented the majority of total annotations (Figure 2C). Further functional annotation was performed by BLASTx against a custom ‘biomineralization database’ extracted from Swissprot/Uniprot (E value cutoff: 1e-5, with best hit retained). This included all entries in Swissprot/Uniprot with the keyword ‘biomineralization’. TransDecoder was used to find coding regions within the transcripts, and InterProScan v5.51–85.0 to annotate the proteins found by TransDecoder by identifying signatures from the InterPro member databases including TMHMM and Phobius for the protein topology and signal peptide predictor.

A principal component analysis (PCA) and differential expression was performed in R (Supplementary File 2). PCA was used to assess the replicates’ relationship based on their transcript expression. A batch effect was observed which was removed by using the function removeBatchEffect (edgeR package). The dispersion value was also estimated by using the function estimateDisp (edgeR package). A differential expression analysis was performed using edgeR and the batch effect was corrected-for in the design of the model for the DE analysis. edgeR was run with adjusted p-value (BH) cut off 0.05, a log-fold change of 2 and a dispersion value of 0.36.

The results from the functional annotation (Supplementary File 12) and differential expression analyses (Supplementary File 9) were combined with known literature to compile the suite of candidate genes involved in biomineralization in this species (Supplementary File 14). Genes that were not expressed in one of the two young replicates were excluded from the final list even if marked as differentially expressed by the analysis. Similarly, the results from TMHMM and Phobius were combined with known literature for the localization of the encoding proteins.





3 Results and discussion



3.1 Sequencing and assembly overview

Read assessment with FASTQC indicated high sequence quality, with more than 80% of the input read pairs surviving after cleaning, with GC content of 44%, 45%, 45% and 46% for the four samples (Supplementary File 3; Supplementary Table S1 and Supplementary Figure S1).

The final assembly consisted of 221,099 transcript isoforms corresponding to 185,188 trinity ‘genes’ and N50 of 1,139 bp. The assembly includes 1.2 times as many ‘isoforms’ as in ‘genes’, suggesting that the Trinity assembler may have recovered splice or allelic variation in the coding sequences, which is unsurprising given the pooled approach which included several colonies.

Of the 221,099 transcripts 37,494 (17%) were assigned to the phylum Bryozoa while 129, 975 (59%) did not recover a blast hit at a reasonable threshold (Figure 2A). This relatively low percentage of sequences with a match of known identity is likely due to the low representation of bryozoans in the GenBank nr database. The BUSCO metazoan set of genes was used to assess the completeness and quality of our assembly. Of the 954 genes in the metazoan BUSCO cassette, 97.2% (928) were found to be represented by complete transcripts, 1% (10) were fragmented and 1.8% (16) were missing. This result show that our de novo assembly recovers the majority of the expected genes found in metazoans. Metrics related to the transcriptome assembly and BUSCO completeness can be seen in Supplementary File 3; Supplementary Table S2.

Transcripts with low read support (min_expr_any = 3) were removed from the library as they often contain errors and obscure the detection of differentially expressed transcripts. The filtered assembly resulted in 125,750 transcripts corresponding to 107,584 Trinity ‘genes’, with a N50 of 1,472 bp (Supplementary File 3; Supplementary Table S2). Of the 954 genes in the metazoan BUSCO set of genes, 91.3% (871) were found to be represented by complete transcripts, 1.8% (17) were fragmented and 6.9% (66) were missing (Figure 2B), indicating that our assembly subset is still of sufficient quality to recover over 90% of the expected metazoan genes, and to be used for downstream analysis. The low number (<2%) of fragmented genes in the final sets indicates most genes were represented by complete transcripts (Supplementary File 3).




3.2 Functional annotation analysis

Functional annotation was performed on the assembly subset using OmicsBox, against the InterPro member databases and GO terms (Supplementary File 4). About half of the transcripts were annotated with InterProScan (61,442; 48.8%), and of those 32,841 (53%) were assigned to GO terms (Figure 2C). This percentage of annotated sequences is comparable to a similar bryozoan study conducted by Treibergs and Giribet (2020) on Bugulina stolonifera, where from the total of 1,097 genes 67% were annotated when blasting using the NCBI’s nr database, and 39% were assigned to GO terms. It is likely that the limited data available for bryozoans in publicly available databases restricted the recovery rate.

Of the 61,442 annotated transcripts 57% (34,785) were assigned to a blast hit from the NCBI nr database (also in Supplementary File 5), and of these 40% (13,815) were assigned to the phylum Bryozoa. Unsurprisingly, the species with the highest number of best blast hits was Bugula neritina 38% (13,388), the most well studied species in the phylum Bryozoa, followed by the cnidarian Hydra vulgaris, 4% (1,434). This is more likely due to the slow rate of protein evolution in Hydra, rather than cnidarian contamination, as Hydra is a freshwater species. Further, seven enzyme classes were assigned to 7,472 sequences in our dataset, of which Hydrolases (39%) and Transferases (28%) were the most common.

Of the 125,750 transcripts, 22,976 (≥ 1000 bp) were used for downstream analysis as they represented the majority of the annotated transcripts as shown by OmicsBox. Of the 22,976 transcripts, 39.5% (9,093) were assigned to a blast hit from the ‘biomineralization database’ by SwissProt/UniProt, and of these 64.5% were assigned to the phylum Brachiopoda, and the species Lingula unguis (Supplementary File 6). It is worth noting that the ‘biomineralization database’ by uniprot does not include the phylum Bryozoa. TransDecoder recovered 23,689 proteins (Supplementary File 7). The higher number of proteins compared to the number of the transcripts indicates that multiple coding regions occur within some of the transcripts in the assembly. Of the 23,689 proteins 96% (22,853) were annotated by InterProScan.




3.3 Differential expression analysis

At ‘gene’ level PCA showed that by far the largest proportion of the variation, 84.02%, was between young and old parts of the colony, while a significantly smaller fraction (around 16% of the variance, in PC2) was between-replicate variation. At ‘isoform’ level PCA showed that the largest proportion of the variation, 76.8%, was once more between the young and old parts of the colony, while a smaller fraction (23% in PC2) was between-replicate variation (Supplementary File 8). This discrepancy suggests a slight batch effect between the sequencing runs for replicate 1 and 2, but one with markedly less influence on transcriptome content than the age of the samples. The variation observed between replicates might also partly reflect the natural biological variation as each replicate is a pool sample of five colonies.

DE analysis was performed to identify which transcripts are expressed at a higher level in the young and old zooids of the colony. Young zooids (distal part of the colony) are more likely to be actively calcifying at a higher rate compared to the rest of the colony, and therefore likely to express the key genes involved in primary calcification. The analysis showed that 506 (2.2%) of the Trinity transcript isoforms were more highly expressed in the young zooids (logFoldChange > 2, p-adjusted < 0.05), 4,676 (20.4%) were more highly expressed in the old zooids (logFoldChange < -2, p-adjusted < 0.05), and 17,794 (77.4%) Trinity transcript isoforms were equally expressed between the young and the old zooids of the colonies (Supplementary Files 8, 9).




3.4 Candidate genes involved in biomineralization

This study represents the first transcriptomic resource for this family and the first in the phylum to investigate the process of biomineralization at this level. More, we discuss the process of skeletal resorption and remodeling and possible mechanisms of the mineral nucleation by matrix vesicles and providing a list of candidate genes and their encoded proteins that may be involved in these processes.

Skeletal formation in bryozoans occurs in a similar way to other metazoans, where the mineralized part of the skeleton is secreted by the epithelium in contact with the growing skeleton (Tavener-Smith and Williams, 1972). Based on the differences between young and old zooids in the colony, we expected to find genes expressed that encode proteins involved in growth and skeletal formation, such as those associated with extracellular matrix and transmembrane transport channels, in young compared to the old zooids. As a low level of calcification occurs in old zooids, we also anticipate that some genes involved in biomineralization process may be equally expressed in both young and old zooids in the colony. We have therefore catalogued genes expressed in young and old Cellaria. We discuss the differences between the young and old zooids, but also include the genes that were equally expressed throughout the colony when compiling the suite of genes potentially involved in biomineralization and skeletal resorption in this species.

We analyzed a range of genes related to transmembrane transporters, signaling, and secretory proteins in our data, which may be involved in the skeletal formation. Overall, genes encoding over 50 protein families were identified as candidates which could be involved in the biomineralization process. Many of the proteins are characterized by low complexity regions (e.g., consensus disorder prediction regions) in our annotation. Further, the topology prediction of the proteins is shown by the annotation of cytoplasmic, transmembrane and non-cytoplasmic regions by InterProScan. The annotation of signal peptides also indicate that the proteins are processed through the secretory pathway. All annotation is shown in Supplementary Files 10–12. Thirty-eight transcript isoforms (24 protein families) were significantly more highly expressed in the young zooids and are discussed in more detail below (Figure 3, logFoldChange < -2 or not expressed in old zooids, p-adjusted < 0.05, values in Supplementary File 13). The rest of the transcripts were equally expressed in both young and old zooids.




Figure 3 | Candidate genes significantly more highly expressed in young zooids encoding proteins involved in biomineralization. O, Old; Y, Young.



Members of the suite of genes identified in C. immersa are also found in other bryozoans (Rayko et al., 2020; Kumar et al., 2020b; Lombardi et al., 2023), and biomineralizers such as Mollusca, Brachiopoda, Echinodermata and Cnidaria (Livingston et al., 2006; Ramos-Silva et al., 2013; Luo et al., 2015; Malachowicz and Wenne, 2019), including most of the proteins from the “basic evolutionary toolkit” suggested for molluscs (Arivalagan et al., 2016; Clark, 2020).

We discuss their potential function below, based on their expression in older or younger portions of the colony and the published literature on other metazoans. A schematic illustration of candidate genes involved in C. immersa biomineralization identified in the present study, and their hypothesized localization can be seen in Figure 4. All candidate proteins are listed in Supplementary File 14.




Figure 4 | Schematic illustration of candidate proteins involved in C. immersa biomineralization identified in the present study. Proteins location is based on their topology as predicted by InterProScan annotation and known literature. Those predicted with a combination of a signal peptide, a cytoplasmic, transmembrane, and non-cytoplasmic region are located on the membrane. Pink colour indicates proteins involved in primary and secondary calcification, and yellow indicates proteins involved in skeletal remodeling and resorption. The square detail at bottom right shows the flow of the ions from the intracellular space into the mitochondrial matrix, according to the biogenesis mechanism for the exosome-like MV. The circular inset image at centre-right shows the mineral nucleation inside the MV. A, Sodium/Hydrogen exchanger; ADAM, Disintegrin and Metalloprotease; ALP, Alkaline Phosphatase; ANX, Annexins; AQP, Aquaporin; ARS, Arylsulfatase; B, Sodium/potassium/calcium exchanger; C, Sodium/potassium-dependent ATPase; CA, Carbonic Anhydrase; CAD, Cadherin-like; Calr/Caln, Calreticulin/Calnexin; CaMKII, Calcium/calmodulin-dependent protein kinase II, association-domain; CB, Chitin binding protein; CH, Chitinase; CL, C-type lectin-like; CS, Chitin synthase; COL, Collagenase; D, Voltage-dependent calcium channel; E, V-type proton ATPase; EN, Enolase; ENNP, Ectonucleotide pyrophosphatase/phosphodiesterase; EGF, EGF-like domain-containing protein; ER, Endoplasmic reticulum; F, Sodium/calcium exchanger; FBN, Fibrinogen related proteins; FBR, Fribronectins; G, Bicarbonate transporter; GPCR, G protein-coupled receptors; H, Magnesium transporter; HA, hydroxyapatite; Ig, Immunoglobulin; IP3, Inositol 1,4,5-trisphosphate; LOX, Lysyl oxidase-like-related; M/C, Macroglobulin/Complement; MMP, Matrix Metalloproteinase; MCU, Calcium uniporter protein; OTP, Otopetrin; PIC2, Mitochondrial phosphate carrier protein Pic2/Mir1-like; PCP, Purple acid phosphatase; PTH, Parathyroid hormone-responsive B1; TN, Tenascin; TyrPK, Tyrosine proteine kinase; TRP, Transient receptor potential channel; TSP, Thrombospondins; TSPN, Tetraspanin; SERCA, P-type ATPase, subfamily IIA, SERCA-type; SLC25; Solute carrier family 25; SLC34, Solute carrier family 34; VL, Vitellogenin; WF, von Willebrand factors.





3.4.1 Predicted enzymatic activities

Carbonic anhydrase (CA) is a metalloenzyme which catalyzes the reverse hydration of carbon dioxide during calcium carbonate formation, and it is a highly conserved enzyme throughout the metazoan clade (Le Roy et al., 2014; Murdock, 2020). Its role in biomineralization is well established throughout the Metazoa and it is part of the “basic evolutionary toolkit” (Robinson and King, 1963; Livingston et al., 2006; Drake et al., 2013; Ramos-Silva et al., 2013; Germer et al., 2015; Luo et al., 2015; Rose-Martel et al., 2015; Li et al., 2016; Arivalagan et al., 2017). Two genes encoding Alpha carbonic anhydrases were more highly expressed in young zooids (G1-G2 in Figure 3; Supplementary File 13). Specifically, one of the CA (G2) is predicted to have a low complexity region, a signal peptide and a non-cytoplasmic domain (Supplementary File 15). Multicopper oxidases and cupredoxin domains have been identified in the skeletal proteome of corals, and they are mainly involved in iron efflux (Ramos-Silva et al., 2013; Takeuchi et al., 2016). Laccase is a multicopper oxidase with cupredoxin domains. Two transcripts encoding Laccase 2, Isoform Gs were more expressed in the young compared to the old zooids (G15 in Figure 3; Supplementary File 13). One of the Laccase proteins encoded was predicted to have a signal peptide and a non-cytoplasmic region.

Tyrosine protein kinase has been identified to participate in biomineralization in several metazoans including molluscs and echinoderms (Mann et al., 2010; Malachowicz and Wenne, 2019), and it is involved in signal transduction. Two genes encoding tyrosine protein kinase were more highly expressed in the young zooids (G35-G36 in Figure 3 and Supplementary File 13). Ubiquitin may also play a role in biomineralization as has been detected in molluscs (Fang et al., 2012; Čadež et al., 2017). Specifically, one gene encoding ubiquitin carboxyl-terminal hydrolase 32-like protein was more highly expressed in the young zooids (G37 in Figure 3 and Supplementary File 13). This enzyme is responsible for removing the ubiquitin molecules from the peptides. Ubiquitin carboxyl-terminal hydrolases are also thought to participate in bone reformation (Guo et al., 2018). It is therefore unclear whether their role extends skeletal resorption and remodeling in this species.




3.4.2 Calcium binding proteins

Calcium binding domains such as Calcium/calmodulin and EF-hand proteins play a role in sustaining the calcium signal and are often found at the biomineralizing front of other marine invertebrates (Sun et al., 2015; Le Roy et al., 2021). Here, one gene encoding a Calcium/calmodulin-dependent protein kinase II (CaMKII), and one a EF-hand calcium-binding domain-containing protein 7 and were highly expressed in the young zooids (G4, G9 in Figure 3; Supplementary File 13).




3.4.3 Ion homeostasis

Ion transport is a key part of the biomineralization process. Ion transportation between the intracellular and the extracellular space can be either passive or active, through transmembrane proteins (Sillanpää et al., 2020). The high expression of one gene encoding a Bicarbonate transporter, eukaryotic (G3 in Figure 3 and Supplementary File 13) suggests that the young zooids of C. immersa actively regulate the concentration of bicarbonate ions (HCO3-) in the extracellular space as it has also been observed in molluscs (Yarra et al., 2021). After the HCO3- is secreted in the extracellular space, it reacts with calcium ions to form calcium carbonate (Clark, 2020). However, the role of this transporter may extend further than that by also neutralizing the acidic environment created during calcium carbonate formation (Hu et al., 2018). Two genes encoding a sodium/potassium-dependent ATPase beta subunit were also more highly expressed in the young zooids (G25-G26 in Figure 3; Supplementary File 13), and may play a key role in ion regulation, which participates in skeletal formation by moving K+ against the ion gradient (Kahil et al., 2021; Yarra et al., 2021).




3.4.4 Immunity associated proteins

Immunity associated domains have been reported as part of the skeletal formation in several metazoans (Zhao et al., 2012; Ramos-Silva et al., 2013; Arivalagan et al., 2017; Malachowicz and Wenne, 2019; Song et al., 2019; Schwaner et al., 2022). One gene encoding members of the Immunoglobulin were only expressed in the young zooids (G12 in Figure 3; Supplementary File 13). Transcripts for other immunity associated proteins such as macroglobulin/complement were also more highly expressed in the young zooids (G17-G18 in Figure 3; Supplementary File 13). Alpha-2-macroglobulin is largely known for inhibiting the catalytic activity of peptidases and therefore its role could be related to both skeletal matrix formation and immune defense (Murphy and Nagase, 2009; Flores and Livingston, 2017; Le Roy et al., 2021). One encoded macroglobulin/complement (G18) had a signal peptide, and non-cytoplasmic and low complexity regions indicating its topology as a transmembrane protein. The second protein was also predicted with low complexity regions, and it is likely to have the same topology. Properdin is a glycoprotein of the complement system of the immune system (Lesher et al., 2013). Three genes encoding Properdin were more highly expressed in the young zooids and were predicted to have a signal peptide and non-cytoplasmic region (G20-G22 in Figure 3; Supplementary File 13). Acid phosphatases have been identified at the biomineralization site in molluscs, indicating a role in defense against pathogens (Malachowicz and Wenne, 2019; Zhang et al., 2019). However, in the pearl oyster Pinctada fucata acid phosphatase had an inhibitory activity on calcium carbonate precipitation (Zhang et al., 2019). One gene encoding a purple acid phosphatase was only expressed in the young zooids while the rest were expressed in both young and old zooids (G23 in Figure 3; Supplementary File 13). The encoded protein was predicted to have a cytoplasmic, transmembrane and a non-cytoplasmic region. Further studies will be required to determine if this enzyme also has a similar dual role in C. immersa.




3.4.5 Chitin related proteins

Chitin and chitin-binding domains are also part of the “basic evolutionary toolkit” and have often been reported in metazoans. They appear to play a key role in providing an organic framework and controlling the growth of bio-crystals (Shen and Jacobs-Lorena, 1999; Inoue et al., 2003; Marin et al., 2013; Luo et al., 2015; Li et al., 2016; Arivalagan et al., 2017; Feng et al., 2017; Arroyo-Loranca et al., 2020; Fan et al., 2020; Sun et al., 2020). Chitin has been identified in other marine and freshwater bryozoans (Schafer et al., 2006; Kaya et al., 2015; Lombardi et al., 2023), indicating that chitin is a major structural component of the skeletal matrix in this phylum. Schafer et al. (2006) suggested that the rhizoids in Cellaria species consist mainly of chitin, which could also be the case for C. immersa. One gene encoding an invertebrate chitin-binding protein (PS50940, type-2 profile) was more highly expressed in the young zooids (G14 in Figure 3; Supplementary File 13) and were equally expressed in both young and old zooids. All chitin related proteins were predicted as transmembrane by our annotation.




3.4.6 Transmembrane and extracellular proteins

Collagens are some of the most common proteins found among animals and they are involved in the organic matrix network in all metazoans (Domart-Coulon et al., 2004; Livingston et al., 2006; Drake et al., 2013; Ramos-Silva et al., 2013; Germer et al., 2015; Luo et al., 2015; Rose-Martel et al., 2015; Flores and Livingston, 2017; Malachowicz and Wenne, 2019; Mao et al., 2019; Le Roy et al., 2021). Four genes encoding collagen related proteins were highly expressed in the young zooids (G5-G8 in Figure 3; Supplementary File 13). Other collagen family members were equally well-expressed in young and old zooids. The strength of the collagen network relies on the formation of the cross-links between fibrils, formed by the enzyme lysyl oxidase (Rodriguez-Pascual and Slatter, 2016) which was also expressed in both young and old zooids. While all the encoded collagens were predicted to have low complexity regions, two (G5, G8) were also predicted with a transmembrane region.

Other large and complex extracellular glycoproteins participating in fibril formation (a common aspect of biomineralization) are encoded by our transcriptome. Fibrinogen related proteins (fibrinogen/tenascin/angiopoietin) and fibronectin are common components of the extracellular matrix in other metazoans (Ramos-Silva et al., 2013; Germer et al., 2015; Rose-Martel et al., 2015; Takeuchi et al., 2016; Arivalagan et al., 2017; Feng et al., 2017; Flores and Livingston, 2017; Li et al., 2017a; Malachowicz and Wenne, 2019; Shimizu et al., 2020; Le Roy et al., 2021). Both fibronectins and fibrinogen have a significant role in matrix assembly by binding to other extracellular proteins such as Collagen, Thrombospondin type 1 and von Willebrand factor domains (Halper and Kjaer, 2014). One gene encoding a Fibrinogen, alpha/beta/gamma chain domain with low complexity regions was more highly expressed in the young zooids (G11 in Figure 3; Supplementary File 13). This fibrinogen domain was predicted as transmembrane with a large cytoplasmic region. Other proteins participating in the fibril formation such as fibronectins and Willebrand factor proteins were expressed in both young and old zooids. Tenascin is a large oligomeric extracellular matrix glycoprotein found in the skeletal matrix (Gorski, 2011; Hemond et al., 2014; Arivalagan et al., 2017; Flores and Livingston, 2017; Malachowicz and Wenne, 2019). Members of this protein family are known to modulate adhesion and protein interaction and may also have a regulatory effect on fibronectins (Halper and Kjaer, 2014). The expression of tenascin in adult tissues is generally low, and it is often upregulated during tissue repair (Halper and Kjaer, 2014). Here, one gene annotated as encoding Tenascin with EGF-like domain was more highly expressed in the young zooids (G28 in Figure 3; Supplementary File 13).

Tetraspanins are membrane organizers and have been identified in the skeletal matrix of echinoderms (Matranga et al., 2013; Flores and Livingston, 2017). Among the proteins they regulate are the Disintegrin and Metalloprotease family (Charrin et al., 2014; Termini and Gillette, 2017). Here, one gene encoding Tetraspanin-31 was only expressed in the young zooids, and it was indicated as a transmembrane protein by our annotation (G29 in Figure 3; Supplementary File 13). Thrombospondins are considered the “adhesion-modulating” components of the extracellular matrix, and they participate in collagen assembly as well as interacting with other structural components (Halper and Kjaer, 2014; Le Roy et al., 2021). The involvement of thrombospondin in skeletal formation is well established throughout the metazoan clade (Domart-Coulon et al., 2004; Ramos-Silva et al., 2013; Takeuchi et al., 2016; Flores and Livingston, 2017; Malachowicz and Wenne, 2019; Le Roy et al., 2021). Five genes encoding Thrombospondin type 1 family members were highly expressed in the young zooids compared to older zooids (G30-G34 in Figure 3; Supplementary File 13). Topology prediction indicates their location to be transmembrane. Epidermal growth factors (EGFs) have been detected at the biomineralization site in other metazoans (Takeuchi et al., 2016; Flores and Livingston, 2017; Malachowicz and Wenne, 2019; Le Roy et al., 2021). One gene encoding multiple EGF like domains 6 was more highly expressed in the young compared to the old zooids (G10 in Figure 3; Supplementary File 13).





3.5 Skeletal resorption and remodeling

Skeletal resorption is the controlled dissolution and removal of skeletal parts by an animal on itself. It occurs in all biomineralizers, and although it was documented for bryozoans as early as the 19th century, it has only been reported in detail in this phylum by Batson et al. (2020). The authors suggested that the formation of the nodes in Cellaria species occurs by resorption (i.e., abscission) oriented perpendicular to the skeleton. Skeletal resorption or remodeling likely takes place throughout the colony, such as the fragmentation of the extracellular matrix at the mineralization site in the young zooids for the incorporation of the minerals, or the formation of the brooding chambers (i.e., ovicells) in the old zooids by window resorption (Anderson, 2003; Batson et al., 2020). Here, we identified transcripts encoding twelve proteins that may be involved in skeletal resorption and remodeling in C. immersa, which can be found in Supplementary File 7.

Skeletal resorption likely occurs through a combination of mechanisms that involve several biochemical mechanisms. (i) Ion regulation: Secretion of protons at the extracellular space can lead to the acidification of the area and carbonate dissolution (Batson et al., 2020; Everts et al., 2022). Proton production and transportation may occur through the activity of carbonic anhydrase and proton transmembrane channels identified in our transcriptome. For example, V-type proton ATPases are thought to play a role in skeletal resorption as they can increase the acidity of the environment in the extracellular space (Batson et al., 2020). Here, one gene encoding a V-type ATPase 116kDa subunit family was only expressed in the young zooids while the rest were expressed throughout the colony (G38 in Figure 3; Supplementary File 13). It is likely that G38 has a role in skeletal remodeling during primary calcification. Also, one gene annotated as encoding a Sodium/Hydrogen Exchanger 8, was also more highly expressed in the young zooids compared to the old zooids (G24 in Figure 3; Supplementary File 13). This exchanger is known to be involved in pH regulation in molluscs (Ramesh et al., 2020). The freed calcium ions can then be transported from the area by calcium binding proteins such as Regucalcin (Yamaguchi, 2014). (ii) Extracellular matrix degradation: This step is the process of the matrix fragmentation mostly through enzymatic activity. Metallopeptidases and Chitinase are common enzymes involved in matrix degradation (Krane and Inada, 2008; Batson et al., 2020; Everts et al., 2022). Here, two genes encoding matrix metalloproteinases (MMPs) with collagenase catalytic domain (G18-G19 in Figure 3; Supplementary File 13) were found to be more highly expressed in the young zooids, likely involved in the remodeling of the growing margin during primary calcification. MMP-28 was predicted to have a signal peptide, a non-cytoplasmic region and a low complexity region. MMP-21 was predicted with a low complexity region by InterProScan, and it is likely to have the same topology as MMP-28. Genes encoding chitinase were expressed equally in both growing and old zooids of the colony suggesting its role in this process. Alpha-2-macroglobulin’s regulatory role related to endopeptidases could also potentially be associated with skeletal resorption control (Murphy and Nagase, 2009). Tenascin has been commonly found in skeletal remodeling sites with matrix metallopeptidases, participating in the fragmentation of the matrix (Halper and Kjaer, 2014). (iii) Hormonal regulation: Parathyroid hormone (PTH) is one of the major regulators of mineral metabolism and biomineralization and does this by controlling calcium levels (Arnold et al., 2021). Collagenase is also known to be linked to PTH activity (Zhao et al., 1999). G-protein coupled receptors are part of the endocrine process regulating biomineralization and may have a regulatory effect on PTH in C. immersa (Cardoso et al., 2020).




3.6 Matrix vesicle biogenesis

The characterization of the epithelial cells in bryozoans has been greatly neglected. The skeletal cells of bryozoans may vary between species but are characterized by a nucleus, a large nucleolus, heterochromatin and a Golgi body or Golgi complexes that dominate the cell (Tavener-Smith and Williams, 1972; Tamberg et al., 2022). However, the cells are mainly characterized by endoplasmic reticulum in both cheilostomata and cyclostomata (Tavener-Smith and Williams, 1972; Tamberg et al., 2022), and mitochondria and small secretory vesicles in cheilostomata (Tavener-Smith and Williams, 1972). The location of “the mineral nucleation site” in bryozoans and how it is embedded in the extracellular matrix remains unknown. Here, we discuss two possible pathways for the biogenesis of matrix vesicles based on mechanisms proposed in other metazoans, and the gene annotation in our transcriptome (Figure 4; Supplementary File 7).

Matrix vesicles (MVs) are naturally secreted from the cells and selectively transported to the mineralization site (Anderson, 2003; Ansari et al., 2021). The biogenesis mechanism of these matrix vesicles remains a challenge, but the similarities between MVs and the vesicles released by non-skeletal cells suggests that the mechanism of their biogenesis may be in part conserved (Anderson, 2003; Ansari et al., 2021). There are two possible mechanisms of MVs biogenesis that may be involved in the mineral nucleation and deposition in C. immersa:

	1) Exosome-Like MVs, are formed intracellularly through an exosome-like mechanism likely involving mitochondria and are believed to participate in primary and secondary calcification (Ansari et al., 2021; Yan et al., 2023). Calcium influx in the endoplasmic reticulum (ER) through sarco-endoplasmic reticulum ATPase and efflux through inositol 1,4,5-trisphosphate (IP3; G13 in Figure 3 and Supplementary File 13) eventually reaches the mitochondrial matrix through the calcium uniporter protein (Yan et al., 2023). Phosphate (Pi) is transported through the ER and enters the mitochondria through the solute carrier family 25, a mitochondrial phosphate carrier (SLC25; G27 in Figure 3; Supplementary File 13), which also promotes the influx of protons in the mitochondria (Yan et al., 2023). The accumulation of these ions in the mitochondria likely initiates the pre-nucleation of mineral complexes, resulting in the mitochondria becoming swollen and rendered dysfunctional, eventually fusing with a lysosome which breaks down the mitochondria leaving the mineral complexes in the MV (Ansari et al., 2021; Yan et al., 2023). During this process, mineral nucleation continues through enzymes and transporters on their plasma membrane. Such proteins include Alkaline Phosphatase which hydrolyses pyrophosphate (PPi) to Pi, Annexins for Ca2+ transportation and a sodium-dependent phosphate symporter (solute carrier family 34) for the Pi transportation inside the vesicle (Anderson, 2003; Yan et al., 2023). It is unclear if these vesicles are secreted from the cells as such and transported to the extracellular matrix, or whether the mineral complexes are simply discharged via exocytosis to the extracellular space and assimilated into the matrix within the collagen gaps (Yan et al., 2023). In the case that the vesicle is selectively transported to the matrix, mineral nucleation may continue, resulting in needle-like hydroxyapatite which disrupts the MV’s membrane, and is embedded in the extracellular matrix by the activity of metallopeptidases (Anderson, 2003; Ansari et al., 2021; Yan et al., 2023). Ectonucleotide pyrophosphatase/phosphodiesterase (ENNP) is also likely to be involved by generating PPi locally (Yan et al., 2023).

	2) Ectosome-Like MVs are formed by budding and pinching off from the plasma membrane of skeletal cells and are likely involved in secondary calcification (Ansari et al., 2021). Similarly, to exosome-Like MVs, these vesicles accumulate calcium and phosphate ions through Alkaline phosphatase, Annexins and Sodium-dependent phosphate symporter proteins, which are located on their plasma membrane (Ansari et al., 2021). Mineral nucleation continues until the formation of needle-like hydroxyapatite, disruption of the MV membrane and incorporation in the extracellular matrix (Anderson, 2003; Ansari et al., 2021).



Alkaline phosphatase is largely involved with the formation of calcium phosphate (Anderson et al., 2005), but bryozoan skeletons are generally calcitic, aragonitic or bimineralic with a variety of levels of Mg (Smith et al., 2006; Smith and Lawton, 2010; Loxton et al., 2018). Specifically, C. immersa’s skeletal carbonate is calcite with low Mg content (Smith et al., 2006). However, calcium carbonate depositors may manipulate aspects of their biomineralization pathways with phosphate (Kahil et al., 2021). In the European abalone Haliotis tuberculata, phosphate is responsible for the stability of the transient amorphous calcium carbonate (Ajili et al., 2022). While the formation of hydroxyapatite was predominant at the very early stages of mineralization, the same hydroxyapatite crystals vanished at later stages with the conversion of calcium phosphate into carbonate (Ajili et al., 2022). This shift occurred through the activity of carbonic anhydrase (Ajili et al., 2022). A similar mineral shift may happen in C. immersa if the mineral nucleation occurs through exosome-like or ectosome-like MVs. Alternatively, another role of alkaline phosphatase may simply be to hydrolyse PPi, as increase of PPi inhibits biomineralization (Golub, 2009).

The mechanisms discussed here for the formation of the matrix vesicles and the mineral nucleation in C. immersa should only be considered a hypothesis at this stage. Most of the transcripts encoding proteins involved in these pathways, excluding IP3 and SLC25, were not highly expressed in the young zooids but were equally expressed throughout the colony. This could be due to old zooids using the same pathways for secondary calcification, or as these proteins are involved in other secretory pathways not related to the biomineralization process. Nevertheless, this catalogue will be of utility as a hypothesis generation tool and for comparison with novel resources in the future.





4 Conclusion

Bryozoans are among the primary marine biomineralizers and are important ecosystem engineers, especially in the Southern Hemisphere. However, the molecular machinery responsible for the formation of their skeleton has to date remained unknown and largely limited to proteomic data from a few studies. The assembly of the complete transcriptome in the marine bryozoan C. immersa has added considerably to the transcriptome resources available for Bryozoa and provides for the first time an extensive list of potential proteins involved in biomineralization. Transcripts encoding over 50 proteins were identified as candidates which could be involved in biomineralization in this species, including transmembrane transporters, signaling, and secretory proteins. The proteins predicted in C. immersa are similar to those seen in other metazoans, particularly molluscs and brachiopods. This similarity between bryozoans and molluscs may indicate that they calcify in similar ways, or it may simply indicate the amount of information we have for molluscs, compared to less-well studied animals. Candidate proteins involved in skeletal resorption and remodeling are also predicted here for the first time for this phylum. Finally, the mechanisms for the biogenesis of matrix vesicles and mineral nucleation are also discussed for the first time for this phylum, but these represent hypotheses to be investigated in future studies. The journey to learn about the bryozoan “biomineralization toolkit” is still in its infancy, but alongside further transcriptome studies, especially of other heavily calcified bryozoans, this work will provide the basis for comparative analysis.
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