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Abstract


C-type lectins belong to a widely conserved family of lectins characterized in Metazoa. They show important functional diversity and immune implications, mainly as pathogen recognition receptors. In this work, C-type lectin-like proteins (CTLs) of a set of metazoan species were analyzed, revealing an important expansion in bivalve mollusks, which contrasted with the reduced repertoires of other mollusks, such as cephalopods. Orthology relationships demonstrated that these expanded repertoires consisted of CTL subfamilies conserved within Mollusca or Bivalvia and of lineage-specific subfamilies with orthology only between closely related species. Transcriptomic analyses revealed the importance of the bivalve subfamilies in mucosal immunity, as they were mainly expressed in the digestive gland and gills and modulated with specific stimuli. CTL domain-containing proteins that had additional domains (CTLDcps) were also studied, revealing interesting gene families with different conservation degrees of the CTL domain across orthologs from different taxa. Unique bivalve CTLDcps with specific domain architectures were revealed, corresponding to uncharacterized bivalve proteins with putative immune function according to their transcriptomic modulation, which could constitute interesting targets for functional characterization.
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1. Introduction


The innate immune system, present both in vertebrates and invertebrates [1], is able to discriminate between self and nonself and to generate a rapid response to infections. This response is mediated by molecules known as pattern-recognition receptors (PRRs), which recognize microbial molecules known as pathogen-associated molecular patterns (PAMPs), such as lipoproteins, bacterial or viral nucleic acids, and carbohydrates [2].



Lectins are a well-characterized family of PRRs capable of reversibly binding to carbohydrates and glycoconjugates [3,4]. These proteins are conserved through evolution, present in viruses, bacteria, plants, fungi, invertebrates and vertebrates, and play key roles in several processes involving self and nonself recognition [5,6]. Because of their ubiquitous, abundant, and diverse nature, lectin classification can follow different criteria [7,8]. They can be studied according to the carbohydrate for which they show the highest specificity: glucose/mannose, galactose/N-acetylgalactosamine, N-acetylglucosamine, fucose, and N-acetylneuraminic acid [9]. The other classification system is based on defining features such as their structure and domains [10,11,12]. C-type lectin-like proteins (CTLs) are a superfamily of lectins characterized by a domain conserved across all Metazoa [13]. These lectins are crucial in the innate immunity of invertebrates and vertebrates, as they function as pattern recognition receptors, binding carbohydrates on the cell surfaces of pathogens through their Ca2+-dependent carbohydrate recognition domains (CRDs) [14,15]. CTLs play key roles in the complement system, activating the central component “C3” and binding to the surface of pathogens, helping to eliminate them by their binding to specific complement receptors on immune cells, lysis, or opsonization [16]. In addition, CTLs are also involved in tissue homeostasis and clearance of apoptotic and necrotic cells [17,18]. CTLs are composed of lectins with different specificity targets, such as galactose, mannose, or fucose, although their classification is usually based on their domain organization, which is the criteria followed for the different groups defined in vertebrates [19]. Metazoans usually have very large CTL gene families, in contrast to the very low numbers found in plants and microbes [7,19]. These proteins have undergone lineage-specific expansions throughout the evolution of different metazoan phyla [19,20,21], causing a usual lack of homology between distant species, with each phylum developing its own CTL repertoires.



Mollusks are a large phylum of invertebrate animals present in terrestrial, freshwater, and marine environments throughout the world. As invertebrates, they depend solely on an innate immune system, which has been proven to be highly efficient in these species. The Bivalvia class is constituted mainly of sessile marine filter feeders that constantly filter the surrounding water, incorporating nutrients and pathogens. These species are characterized by immune gene families that have large lineage-specific expansions and presence/absence variation [22,23,24]. Diversity in these gene families is driven by functional diversification to adapt their innate immune system to the wide range of pathogens present in the marine medium [25,26]. Expansions have been described in complement-related immune proteins implicated in pathogen binding, such as C1q proteins [27,28] and fibrinogen-related proteins [29,30]. In lectins, there are also indications that point to an expansion [31], although the phenomenon has not yet been studied in detail. CTLs have been described in these species, presenting the conserved domain structure, although calcium dependency does not happen in all cases [32,33]. It has been described that CTLs present greater variability in mollusks than in vertebrates; for example, in mollusks, there are more than 10 variants in one particular site of the CRD domain, which remains unchanged in vertebrates [34]. Based on these indications, the variability and possible expansion of CTLs in these species was the study of this work.



As in metazoans, molluscan lectins have also been associated with self and nonself recognition, reproduction, tissue adhesion, and innate immunity [35]. C-type lectins in particular play a fundamental role in bivalve immunology, taking part in different processes such as PAMP recognition and binding [36], agglutination of various microbes [37], induction of phagocytosis [38], and even antibacterial activity [39]. CTLs also display nonimmune functions in mollusks, such as in the recognition of food particles in bivalves [40,41]. Because of this functional diversification, mollusk lectins have been explored in the biomedical and biotechnological industries. The great biodiversity found in marine organisms provides great potential targets for the identification, purification, and discovery of new drugs [35]. Several mollusk lectins have been functionally characterized, exhibiting antifungal [42,43], bacterial-binding, and antibacterial [44,45,46] or biomineralization [47] properties. More advanced biotechnological applications have used mollusk lectins for cancer diagnosis and treatment because of their specific binding and apoptosis-induction activity [48,49]. MytiLec-1 is a lectin from the bivalve mollusk Mytilus galloprovincialis with implications in cell death induction and bacteriostatic activity [50,51], and it has been used as a model for the design of an artificial lectin protein for novel cancer treatments and diagnostics [52].



Although CTLs have been described as a generally diverse and expanded gene family in metazoans, in previous evolutionary studies, mollusks were an underrepresented group [19,53]. The objectives of this work were to study and increase the knowledge on the diversity and evolution of C-type lectin-like domain-containing proteins in mollusks, with a special focus on bivalve species, and to study the overall metazoan diversity as context. This work aimed to characterize for the first time the CTL expansion that occurs in bivalve species so that specific subfamilies within this great diversity could be revealed, allowing the creation of classified repertoires. Phylogenetic and orthology analyses were employed to study CTLs in different species, which revealed the weight of intraphylum conservation and the degree of lineage-specific expansions in the origin of their repertoires. Expression analyses were conducted with the CTLs of a specific bivalve species using a large transcriptomic dataset that included experiments conducted with several stimuli, with the objective of identifying lectins with particular functional roles that could be targets for future functional characterization studies.




2. Results


2.1. Distribution of C-Type Lectin-like Proteins in Metazoa


The C-type lectin-like repertoire was studied in the genomes of different representative metazoan species, and two protein types could be identified: (a) proteins containing only C-type lectin-like domains (designated CTLs), whose distribution is shown in Figure 1A, and (b) proteins containing other domains in addition to the C-type lectin-like (designated CTL domain-containing proteins, or CTLDcps), shown in Figure 1B. Regarding the CTLs, their presence was detected in all metazoan species. Only one CTL protein was detected in each poriferan species, and generally small numbers of CTL genes were found in other ancient taxa, such as choanoflagellates, platyhelminths, priapulids, and most cnidarians. Regarding deuterostomes, while humans and other chordates presented gene families with approximately 50 CTL genes, expanded CTL repertories were found in some echinoderms and chordates, such as lancelets (Branchiostoma floridae) and avians (Gallus gallus), and especially in teleost fishes, such as Salmo salar and Oreochromis_niloticus, with over 200 and 300 CTL genes. Large variations between the repertoires of species from the same phyla were observed in Arthropoda and Annelida, and large families with approximately 100 CTLs were found in the analyzed nematods, brachiopods, and phoronids. Regarding mollusks, cephalopods had a very small number of CTLs, while gastropods had more than 100 CTLs for most cases, and bivalves had the largest repertoires, with approximately 200 CTLs and up to 300–500 CTLs in many species, especially mussels and oysters. With respect to CTLDcps, the repertoires were generally smaller, below 50 genes for most species and reaching the largest numbers in some bivalves, some cnidarians, chordates, and other less-represented phyla. A striking case was the chordate lancelet (Branchiostoma floridae), with 300 CTLDcp genes.




2.2. Orthology and Phylogenetic Analyses of CTL Gene Families


Once all the CTLs shown in Figure 1A were identified, their orthology relationships were retrieved from an orthology analysis performed with all the analyzed metazoan species (Figure 2A). The heatmap clearly showed fragmented orthology results, indicating that each lineage of species had its own CTL gene family without clear orthologs in other phyla. However, the presence of some clusters in the heatmap indicated orthology conservation between CTLs of close species, especially in bivalves, which were overrepresented in the analysis. The PCA distribution showed low CTL conservation between different species and different phyla. However, as in the heatmap, the slight grouping observed in bivalves indicated that this clade could have a certain common repertoire. Therefore, the analysis was performed again but using only mollusk species to gain more resolution (Figure 2B). Even if some degree of fragmentation in the analysis was still clear, a cluster of orthology groups with different degrees of common conservation among mollusks was detected (and highlighted by a black square in the heatmap). Furthermore, clear orthology between close species was detected and indicated in the heatmap and in the PCA, namely, in mussels from the Mytilidae family (M. galloprovincialis, M. edulis, M. coruscus) (shown in green), in oysters from the Ostreidae family (Saccostrea glomerata, Crassostrea virginica, Magallana hongkongensis, C. hongkongensis, C. gigas) (shown in light blue), in scallops from the Pectinidae family (Argopecten irradians, A. purpuratus, Mizuhopecten yessoensis, Pecten maximus) (shown in pink), and in the small repertoires of cephalopods (Octopus bimaculoides, O. sianensis, Sepia pharaonis, Achiteuthis dux) (shown in orange).



Phylogenetic analyses were performed to further characterize these molluscan conserved repertoires using M. galloprovincialis as a representative of mussels (Figure 3A), Crassostrea gigas CTLs as a representative of oysters (Figure 3B), and cephalopod CTLs (Figure 3C). The structure of these CTLs was retrieved and indicated in the trees (presence of signal peptide or transmembrane domains and number of CTL domains). The main CTL subfamilies present in each group of species were annotated in each tree. The orthology conservation of these subfamilies with other species was also represented in additional heatmaps. Two CTL subfamilies (designated B and C) were conserved at the phylum level in mollusks, with orthologs in all bivalve and cephalopod species. Another CTL subfamily (designated A) was conserved in all bivalves but absent in cephalopods. This subfamily consisted of small secretable lectins and was quite expanded in both mussels and oysters (pink dots in the trees of Figure 3A,B). Three other CTL subfamilies (D, E, F) were present in both mussels and oysters, and their orthology study revealed partial conservation with other species of the Bivalvia class. The other subfamilies were specific to each lineage and conserved at the family level (present in mussel species or in the oyster species), while the detection of orthologs in other bivalves was rare.




2.3. C-Type Lectin-like Expression Data


To further infer the possible function of the expanded CTLs in bivalves, we retrieved expression data from the mussel Mytilus galloprovincialis and compared the pattern of CTL expression in different sample types (Figure 4). Interestingly, phylogenetic branches corresponding to CTLs from subfamily A, which was conserved at the Bivalvia level, showed high gene expression in the digestive gland and gill but not in other tissues. Only a few CTLs showed higher expression levels in hemocytes than in mucosal tissues, such as gills or digestive glands, which could indicate the particular importance of CTLs in mucosal immunity in mussels.



Lectin gene modulation was also studied in transcriptomes under different stimuli and/or biotic or abiotic stress (Figure 5). CTLs from subfamily A, which were specifically expressed in the digestive gland and gills, were modulated with several toxic stimulations in the digestive gland with the toxin-producing species Alexandrium minutum and Pseudonitzschia australis. Stimulations with chemicals or contaminants also modulated CTLs in the digestive gland. Several modulated lectins were also detected in hemocytes, especially after stimulation with pathogenic bacteria, although viral stimulation also induced certain regulation of expression.




2.4. CTL Domain-Containing Proteins (CTLDcps)


The set of proteins that contained C-type lectin-like domains in combination with different additional domains was also studied in the metazoan genomes (Figure 1B). As in the case of CTLs, an orthology analysis was used to study the metazoan CTLDcps. In Figure 6, several orthogroups are represented for a subset of those species. In this figure, each column of data corresponds to an orthogroup containing CTLDcps, and for each species, it is indicated whether their orthologous proteins have the C-type lectin-like domain or not. Three main types of orthogroups were identified: (A) proteins that conserved the same domain architecture, with the CTL domain generally found in all species; (B) proteins that were only present in the CTL domain in bivalves, some deuterostomes and other invertebrates, while the CTL was absent in orthologs from most species, especially vertebrates; and (C) proteins that did not show general orthology outside bivalves, which therefore constituted bivalve-specific CTLDcps. The most extreme changes were observed in chordates: all species showed the CTL domain in orthologous proteins from group “A”, while the CTL domain was absent from all chordates in the “B” orthology groups, and they did not show any orthology with bivalve proteins from group “C”.



Therefore, two reference species were selected, M. galloprovincialis for bivalves and Homo sapiens for chordates, and used in Figure 7A to exemplify specific proteins from the three categories. It can be observed how category “A” proteins could share the same domain structure between orthologs from chordates and bivalves, as occurred with the “FRAS1-related extracellular matrix protein” orthologs (A.1), or could even lose the CTL in bivalves while conserving it in chordates, as with the “Polycystic kidney disease protein” orthologs (A.3). “B” proteins behaved in the opposite manner. Orthologous proteins with similar domain architectures did not show the CTL domain in chordates, while it was found in bivalves. Some of these proteins were unannotated or unknown in bivalves, while others were known for their chordate ortholog. Finally, category “C” included CTLDcps specific to bivalves, all of which are uncharacterized. Modulation was observed for some of these bivalve CTLDcps in the mussel expression dataset (Figure 7B), including the uncharacterized mussel proteins of the “C” category, with C.2 and C.5 following the same modulation after DSP toxin stimulation in the gill and digestive gland or with C.1 upregulated only with Alexandrium minutum toxin stimulation.





3. Discussion


CTLs are ubiquitously found in the tree of life and are present even in bacteria, although with different domain structures [19]. Among eukaryotes, CTLs are scarce in plants and, as our results showed, highly abundant and globally distributed in metazoans, demonstrating that massive expansions took place in the metazoan lineages [7,53]. We observed consistent patterns among the studied animal clades. The few CTL genes found in Porifera are in agreement with previous findings [53], and they were shown to act as aggregation factors [54,55]. These reduced repertoires may have been caused by gene loss, since larger repertoires were found in the choanoflagellate metazoan ancestor Monosiga brevicollis and in other ancestral metazoans such as ctenophores, placozoans, and cnidarians. In bilaterians, CTL repertoires were generally larger both among protostomes and deuterostomes. Lineage-specific expansions and specializations drove CTL evolution, as reflected in the changing size of the gene family, the lack of orthology, and the variable domain architectures found among the CTLDcps of different lineages [19,56]. This evolutionary history shows evidence of its being directly related to functional diversification needs. The specificity of innate immunity has been demonstrated to be generated and maintained by the expanded CTL repertoires of several invertebrates, such as insects, crustaceans, and nematodes [53]. In particular, nematodes represent a good example of the relationship between the CTL gene family and the functional needs of the lifestyle of each species, as the size and domain diversity of CTL repertoires in insect-vectored nematodes was dramatically reduced compared to free-living species [57].



The analyzed set of species was enriched in mollusks, which allowed us to reveal the highest levels of expansion of C-type lectin-like proteins in this group when compared with all the remaining species. Bivalves in particular showed the most general and largest expansion, with more than 200 genes for most species, with sometimes more than 400 or even 500 genes. Only one bivalve had fewer than 100 CTL genes, Archivesica marissinica, which could be due to a massive loss or most likely to a genomic artifact. The largest repertoire was retrieved from the mussel Mytilus galloprovincialis, which was chosen to perform expression analyses in search of evidence of CTL functional specialization. The bivalve expansion contrasts with the strikingly reduced repertoires of the Cephalopoda class. Significant differences in the expansion magnitude of different gene families, including CTLs, have been observed between bivalves and other mollusks [24,31]. Bivalves are characterized by the general expansion of several immune gene families, gaining an immunological specificity that is needed to address the great diversity of the potential marine pathogens that they face during their constant filtration of sea water [24,27,58,59]. Bivalve genomes possess high levels of hemizygosity that act as reservoirs of genetic diversity, increasing the number and diversity of genes at the population level [22]. The fact that these hemizygous regions are enriched in immune genes is one of the mechanisms that can drive the important diversification in these gene families in bivalves [23]. Despite the common general expansion, bivalves present high levels of CTL diversity among themselves, with extensive orthology conservation occurring only inside specific lineages of close species such as mussels (Mytilidae), oysters (Ostreidae), or scallops (Pectinidae). Only three CTL subfamilies showed orthology among all bivalve species (with the Archivesica exception mentioned before), and two of those (B and C) were conserved at the Mollusca level, being found in the reduced repertoires of cephalopods as well. Therefore, subfamilies B and C would be the most ancestral mollusk CTL subfamilies, from which the other diverse forms emerged throughout the specialization of the different lineages. The bivalve-specific CTL subfamily A, shared by all bivalves, was of particular interest since it consisted of small secreted (signal peptide) single-domain CTLs with a specific expression pattern in Mytilus galloprovincialis, mainly expressed in mucosal tissues such as gills and digestive glands. The modulation of several of these proteins with different transcriptomic stimuli is in line with the importance of CTLs as recognition receptors in the mucosal tissues of bivalves [60].



Diversity related to the C-type lectin-like gene families was also observed in the domain architectures of CTLDcps. Most plant lectins are multidomain proteins that originated by modular rearrangement of protein domains during evolution [61]. Vertebrate CTLDcps are classified by their additional domains, some of which are conserved in invertebrates, indicating ancestral domain functions in a common ancestor. However, most metazoan CTLDcps are generated by species-specific domain arrangements [19,62]. Our data revealed orthologous groups of CTLDcps that conserved the same domain structure, while in other cases, clear domain rearrangements were observed in the orthologs of certain species. Groups of bivalve proteins with unique CTLDcp architectures and without orthologs outside of bivalves were also revealed. Evolutionary mechanisms such as duplication, fusion, fission, domain gain, and domain loss drive protein domain rearrangements, which are generally associated with environmental adaptation [63]. The combination of CTLs with different additional domains is implicated in the generation of new protein functions involved in defense, signaling, or development processes and in increasing the functional diversification capacity of these lectins [60,64]. The unique domain architectures found in bivalves included domains of known immune importance, such as the cell wall integrity and stress response component domain or WSC (which is a carbohydrate binding domain), sushi domains (related to complement system control), scavenger receptors (pathogen binding), apextrin or immunoglobulins, among others, indicating novel functions related to immunological specificity [65,66,67,68]. However, other domains are likely implicated in different functions that are not alien to CTLs, such as CUB, which is related to developmentally regulated proteins [69]. Bivalve CTLDcps deserve further investigation, not only those uncharacterized bivalve proteins from category “C” but also CTLDcps from categories “A” and “B”, to determine how domain rearrangements affect their function in comparison to their vertebrate orthologs.



Host-pathogen interactions have driven the evolution of immune receptors. In each species, C-type lectins evolved according to their pathogenic context, for example, with specificity toward deep-sea bacteria as in deep-sea hydrothermal vent animals such as the tubeworm Alaysia [70,71]. Gene families related to stress and immune response are generally expanded in bivalves as a conserved adaptation to their life strategy, providing them with a functional diversity in key genes to respond specifically to the challenges of their sessile life strategy as seawater filter feeders [24]. The expression analyses performed in the current work demonstrated distinct modulation of mussel C-type lectin-like proteins with abiotic and pathogenic stimuli, indicating the expected functional diversification in bivalve repertoires. CTLs with hemocyte expression can be related to roles as immune effectors, agglutinating pathogens and promoting phagocytosis by defensive cells [38,39]. In this sense, we detected CTLs modulated with bacterial or viral stimuli that could be implicated in their recognition or opsonization [34,72]. Several CTLs were modulated with two successive Vibrio splendidus infections (graphs 19–20 in Figure 5), in accordance to the specific recognition and agglutination of Vibrio bacteria that has been demonstrated in CTLs from different mollusks [73,74]. In bivalves, CTLs are of great importance in mucosal functions, implicated in both immune and digestive processes [60]. The fact that a bivalve-specific expanded CTL subfamily was expressed mainly in mucosal tissues points toward a conservation of these important mucosal functions in bivalve species. These mucosal CTLs presented strong modulation with different toxins in our data (graphs 14–18 in Figure 5) and would correspond to the CTLs that are normally modulated in bivalve mucosal tissues stimulated with toxin-producing organisms [75,76]. The capacity to recognize and bind different compounds and pathogens has been demonstrated for bivalve CTLs [34], and mucosal tissues, such as gills, are of key importance in the first steps of the immune response by recognizing incoming pathogens and triggering the defensive response [59]. Particle selection and recognition have been demonstrated in the binding of ligands by mucus CTLs [41]. Since mucosal tissues are the first barrier encountered by filtered particles, the conserved CTL subfamily with mucosal expression identified in this work could be related to the specific recognition of ligands in these barriers, discerning harmful particles that must be eliminated.



This work studied in detail for the first time the CTL repertoires of bivalves, the most expanded ones in all metazoans, revealing evidence of the functional specialization directing their expansions in a lineage-specific manner. Specific subfamilies with different degrees of conservation were also described, building an evolutionary history for these genes. Due to the information derived from their evolutionary information and transcriptomic modulation, specific CTL subfamilies and CTLDcps revealed in this work could be of interest for future characterization studies.




4. Materials and Methods


4.1. Screening of C-Type Lectin-like Proteins in Metazoan Genomes


Genomes from different metazoan species were downloaded, and their proteins were retrieved. Accession IDs from each genome are found in Supplementary File S1. These proteins were filtered with the agat toolkit scripts to keep only the longest isoform per gene [77]. The completeness of each genome was tested with BUSCO analyses using the metazoa_odb10 database [78].



Domains encoded in the filtered proteins of each genome were analyzed using Pfamscan and the Pfam database [79]. All proteins containing a C-type lectin-like domain (accession number PF00059.21) were retrieved. This approach was used to quantify the number of C-type lectin-like proteins in each species, differentiating between the proteins that contained only C-type lectin-like domains (CTLs) and the proteins that contained C-type lectin-like domains and other domains (CTLDcps).




4.2. Orthology Analyses


Orthology analyses were performed with Orthofinder [80,81] using proteins from each genome filtered for the longest isoform per gene. One orthology analysis was performed using all metazoan species indicated in Supplementary File S1, and another one was performed using species from the Mollusca phylum. From these analyses, orthology groups (orthogroups) including proteins that contained only C-type lectin-like domains (CTLs) and proteins containing a C-type lectin-like and other domains were selected. To analyze the differences and similarities in the orthology distribution of CTLs among species, a presence/absence matrix was constructed with data regarding the presence of CTLs in a particular orthogroup for each species. To visualize these data, heatmaps were made using pheatmap (version 1.0.12), and PCAs were performed using ggplot (version 3.3.6) [82].




4.3. Phylogenetic Analyses of Mollusk CTLs


Proteins encoded in the Mytilus galloprovincialis genome were filtered to select those that contained only C-type lectin-like domains (CTLs) using seqkit (version 2.3.0) [83]. Using these sequences, a multiple alignment was performed with MAFFT (version 7) [84]. AliView (version 1.28) [85] was used for alignment visualization. Afterward, PhyML [86] was used to build the phylogenetic tree. The phylogenetic analysis was performed using automatic evolutionary model selection [87]. The same analysis was performed for Crassostrea gigas and for the four cephalopod species analyzed in this work, Octopus bimaculoides, O. sianensis, Sepia pharaonis, and Architeuthis dux, due to the significantly low number of C-type lectin-like proteins present in cephalopods. The obtained phylogenetic trees were annotated in iTOL [88], indicating the main CTL subfamilies in each species. Heatmaps were constructed to show the conservation degree of such subfamilies, revealing which ones were shared between both mollusk classes and which were class or genus specific. The presence of signal peptides and transmembrane domains in these lectins was analyzed with Phobius [89].




4.4. Expression Analyses


An expression dataset constructed with 252 M. galloprovincialis transcriptomic samples (Supplementary File S2) mapped with salmon [90] against the “mg3” assembly of the mussel reference genome [23] was used to study the expression of the C-type lectin-like gene family. The expression levels in five different sample types (digestive gland, gill, hemocytes, mid-trochophore larvae, and mantle) were analyzed, as well as the modulation with the different transcriptomic stimuli included in the dataset, to search for interesting expression patterns in the M. galloprovincialis proteins. For the study of transcriptomic modulation, samples from the dataset belonging to specific experiments of interest (Supplementary File S3) were separated, and their counts were input into DESeq2 [91] to find differentially expressed genes. The resulting data were filtered using a p value threshold below 0.05.
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Figure 1. Distribution of C-type lectin-like proteins across the analyzed metazoan species. (A): Number of genes encoding proteins with only C-type lectin-like domains (CTLs). (B): Number of genes encoding proteins containing C-type lectin-like domains in addition to other domains (CTLDcps). 
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Figure 2. Orthology analyses of genes encoding only C-type lectin-like domains (CTLs). (A): Orthology analysis of CTLs across the analyzed metazoan species. The heatmap displays all CTL orthology groups and the degree of conservation between all species for each one. The PCA distributes all species according to the similarity of their CTL repertoires based on the orthology relationships displayed above. The color legend is indicated in the heatmap. Certain fragmentation could be observed, indicating lineage-specific repertoires with orthology relationships only between close species, particularly in bivalves (highlighted). (B): The same results are shown for a phylum-level orthology analysis performed only with mollusk species. General conservation across all mollusks is highlighted in black, while clear clusterization is shown for some groups of species, particularly Mytilidae, Ostreidae, and Pectinidae bivalves and cephalopods, indicating conserved linage-specific CTL repertoires. 
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Figure 3. C-type lectin-like (CTL) subfamilies and their conservation across mollusks in three lineage-specific repertoires. (A): Phylogenetic analysis of C-type lectin-like proteins (CTLs) in Mytilus galloprovincialis and CTL subfamilies shared by Mytilidae mussel species. CTL orthology groups shared by the three Mytilidae species are shown, along with their conservation degree at the class level among bivalves. In the phylogenetic tree, these CTL orthology subfamilies are indicated by each color. The presence of a single peptide (green bars), the presence of a transmembrane domain (orange bars), and the number of CTL domains (outer cyan bars) are indicated for each CTL protein in the phylogenetic tree. (B): Phylogenetic analysis of CTL proteins in Crassostrea gigas and CTL subfamilies shared by all Ostreidae oyster species. Distribution in the phylogenetic tree and orthology conservation of such subfamilies between bivalves is indicated. The presence of a single peptide, the presence of transmembrane domains, and the number of CTL domains are also shown. (C): Phylogenetic analysis of CTL proteins encoded in all the analyzed cephalopod species and orthology conservation of such CTLs. The presence of a single peptide, the presences of transmembrane domains, and the number of CTL domains are also shown. By comparing the orthology conservation of each lineage-specific repertoire, two orthology subfamilies conserved at the mollusk level could be identified (B, C), as well as an additional subfamily conserved between all bivalves (A). Additionally, other subfamilies were shared between the two bivalve lineage-specific repertoires of mussels and oysters (D, E, F). 
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Figure 4. Expression of the mussel (Mytilus galloprovincialis) CTL gene family. The same phylogenetic analysis of Mytilus galloprovincialis C-type lectin-like proteins (CTLs) shown in Figure 3A is included here, along with the expression level of each CTL protein. The maximum level of expression that each protein reached in the digestive gland (DG), gills (G), hemocytes (H), mid-trochophore larvae (L), and mantle (M) across the analyzed SRA transcriptomic datasets (Supplementary File S2) is shown. Colors in the phylogenetic analysis show the orthology subfamilies identified in Figure 3. For example, subfamily “A”, conserved at the Bivalvia level, was mainly expressed in digestive glands and gills with almost no expression outside of mucosal tissues. 
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Figure 5. Modulation of specific mussel CTL genes with different transcriptomic stimuli. The phylogenetic tree of Mytilus galloprovincialis CTLs is included along stacked histograms indicating the modulation (p value < 0.05) of specific CTLs with different transcriptomic stimuli (Supplementary File S3). 
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Figure 6. Orthology analysis of proteins containing C-type lectin-like domains in addition to other domains (CTLDcps). For a subset of the analyzed metazoan species, the conservation of several CTLDcps orthology groups is indicated: blue: orthologs including the CTL domain; gray: orthologs without the CTL domain. Three large categories were revealed: (A) orthology groups/gene families containing CTL domains across all metazoans and conserved in vertebrates; (B) gene families containing CTL domains in some metazoans (especially bivalves) while the CTL domains were lost from the ortholog genes of other species (completely lost in vertebrates); (C) CTLDcps gene families unique in bivalves, without clear orthology in other metazoan clades. 
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Figure 7. Domain architecture and transcriptomic modulation of some C-type lectin-like domain-containing protein (CTLDcp) bivalve gene families. (A): To exemplify the obtained results, several gene families were chosen as examples for the three categories of CTLDcps presented in Figure 6. The annotation of each gene family is indicated, along with the domain architecture found in mussels (as an example of bivalves) and in human orthologs (as an example of vertebrates). The general conservation of CTL domains in both orthologs could be observed in category “A” CTLDcps, while the lectin domain was lost from the vertebrate orthologs of category “B”. CTLDcps from categories “B” and “C” included unique domain architectures found in bivalves and corresponded mainly to uncharacterized proteins that could be of interest for future research. (B): The transcriptomic modulation (p value < 0.05) found for the mussel CTLDcps collected in Panel A is shown. Samples corresponding to each transcriptomic experiment are indicated in Supplementary File S3. *, Gal-lectin domain instead of C-type lectin domain; ↑, up-modulated expression; ↓, down-modulated expression. 
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