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The complement system comprises a large family of plasma proteins that play a central role in innate and adaptive immunity. To better understand the evolution of the complement system in vertebrates and the contribution of complement to fish immunity comprehensive in silico and expression analysis of the gene repertoire was made. Particular attention was given to C3 and the evolutionary related proteins C4 and C5 and to one of the main regulatory factors of C3b, factor H (Cfh). Phylogenetic and gene linkage analysis confirmed the standing hypothesis that the ancestral c3/c4/c5 gene duplicated early. The duplication of C3 (C3.1 and C3.2) and C4 (C4.1 and C4.2) was likely a consequence of the (1R and 2R) genome tetraploidization events at the origin of the vertebrates. In fish, gene number was not conserved and multiple c3 and cfh sequence related genes were encountered, and phylogenetic analysis of each gene generated two main clusters. Duplication of c3 and cfh genes occurred across the teleosts in a species-specific manner. In common, with other immune gene families the c3 gene expansion in fish emerged through a process of tandem gene duplication. Gilthead sea bream (Sparus aurata), had nine c3 gene transcripts highly expressed in liver although as reported in other fish, extra-hepatic expression also occurs. Differences in the sequence and protein domains of the nine deduced C3 proteins in the gilthead sea bream and the presence of specific cysteine and N-glycosylation residues within each isoform was indicative of functional diversity associated with structure. The diversity of C3 and other complement proteins as well as Cfh in teleosts suggests they may have an enhanced capacity to activate complement through direct interaction of C3 isoforms with pathogenic agents.
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Introduction

In vertebrates, the innate and adaptive immune response provides protection from pathogens. The innate immune system was the first defense mechanism to evolve and includes a range of non-specific mechanical and physiological barriers (e.g. skin, mucous, pH, lysozyme, etc), and granulocytes, macrophage and dendritic cells that are responsible for identification and elimination of pathogens (1–3). The adaptive immune response mediated by B and T lymphocytes, first emerged in vertebrates and is characterized by its specific recognition of pathogens and antigens, immunological memory and “self and non-self” recognition (4). In fish, innate immunity appears to have a dominant role in combatting pathogens (5).

The complement system is part of the innate immune system and consists of a group of plasma proteins produced by the liver that may also act as an effector and signaling mechanism for adaptive immunity (6). More than 30 components of the complement system have been identified in vertebrates and their expression is regulated by a range of stimuli including cytokines and hormones. The complement system can be activated by the antibody dependent-classical pathway, the mannose binding protein (MBP)-lectin pathway and the alternative pathway (7–9). The classical complement pathway is triggered by interaction between the antigen-antibody complex and complement 1q (C1q) and two other effector proteins, complement 4 (C4) and complement 2 (C2) (10). The MBP-lectin pathway is triggered by carbohydrates such as mannans or N-acetylglucosamine (GlcNAc) (11), which are found in the bacterial cell wall (12). The alternative pathway (AP) does not require specific molecular recognition and is activated by hydrolysis of complement 3 (C3) by factor B, factor D and properdin and this “C3 tick-over” mechanism forms the basis of the rapid activation of all the complement pathways (13, 14). Other complement components (C5, C6, C7, C8, and C9) form the membrane-attack complex (MAC) that causes cell lysis.

All three complement pathways converge at C3, which has a central role in complement system function. C3 when enzymatically cleaved generates two protein subunits C3a and C3b, with the latter attaching to the pathogen surface and activating the lytic pathway. C3b is required for the sequential junction of C5b, C6, C7, C8, and C9 proteins to form the membrane-attack complex (MAC), which provokes cell lysis (15). C3, C4, and C5 share sequence similarity and they belong to the α2-macroglobulin (α2M) family (16). The proteins possess a variable central region associated with pathogen recognition and a thioester motif for attachment of complement to the target cells (17). Several plasma and membrane-bound proteins or complement control proteins (CCP) regulate the activity of the complement system. In mammals, complement factor H (CFH) is an important complement system regulator that binds C3b and inhibits the alternative pathway (18, 19). In humans, five CFH-related plasma proteins exist (CFHR1 to 5) (20) and CFH and CFH-related proteins have also been described in a few teleost species (21, 22).

From teleost fish to mammals, the complement pathway appears to have been conserved, although in teleosts it functions at a lower temperatures and the titre of complement components of the alternative pathway in plasma is higher (23, 24). The complement pathway has been characterized in relatively few fish species (trout, Oncorhynchus mykiss; sea bream, Sparus aurata; carp, Cyprinus carpio; medaka, Oryzias latipes; two Antarctic teleosts, Trematomus bernacchii and Chionodraco hamatus; and zebrafish, Danio rerio), and studies mainly focused on the multiple copies of the c3 gene (25–32) and in zebrafish they were shown to have a different transcriptional response to LPS injection (30). There is even less information about complement regulatory factors and so far they have only been characterized in rainbow trout, yellow croaker (Larimichthys crocea) and zebrafish and in common with humans are present in multiple gene copies (21, 22, 33). Studies of immune challenged zebrafish, rainbow trout, yellow croaker, winter flounder (Pseudopleuronectes americanus) and Japanese flounder (Paralichthys olivaceus) indicate cfh responds (21, 22, 33–35).

It seems likely that the evolution of the immune system in fish was shaped by their contact with the greater number and diversity of microbes and viruses found in water compared to other vertebrates (36). The barrier function of epithelia such as the skin in vertebrates has a major role in protection and impedes the entry of pathogens. The complement system rapidly responds to pathogens that breach the damaged barrier or adsorb to and colonize the surface (37). To lay the foundation for a better understanding of the physiology of the complement system in teleosts the evolution of complement proteins and Cfh was studied in deuterostomes paying particular attention to the teleosts. The wealth of available fish genomes was exploited to pinpoint specific events in complement evolution by including in the analysis a diversity of phylogenetically informative vertebrate taxa. Considering the proposed importance of the alternative pathway in teleosts (38) and the key role of C3 in the lytic pathway the evolution of C3 isoforms was targeted. The results of the global analysis of the genes of the complement system in vertebrates indicate it was well conserved during evolution. Of note was the highly variable number of c3 genes in different fish and so this and the related c4 and c5 genes were examined in more detail. By conducting a multi-species analysis of c3/c4/c5 using evolutionary informative species, with particular emphasis on the most successful group of vertebrates, the teleosts, (39) a consensus evolutionary model was proposed. The model reveals that duplication of c3 is common across the fishes and that the complement system in fish has been under different evolutionary pressure compared to other vertebrates. Our data confirm that the c3 gene expansion previously identified (25–32) occurred across the teleosts and that the deduced proteins form two main clusters, C3.1 and C3.2. In common, with other immune gene families the c3 gene expansion in fish emerged through a process of tandem gene duplication, a process associated with an unstable genomic organization and the appearance of new genes (40, 41). Furthermore, retention of multiple c3 gene copies was not associated with specialization through tissue specific expression. However, analysis of the differences in the sequence and domains of the nine deduced C3 proteins in the gilthead sea bream (Sparus aurata), and the presence of specific cysteine and N-glycosylation residues within each isoform was indicative of potential functional diversity associated with structure. In vertebrates in which c3 gene expansion occurred, cfh-like the C3b regulatory factor also underwent expansion so that a species-specific gene repertoire emerged. Overall, the results indicate that in fish complement signaling and regulatory proteins shared common ancestry with the tetrapod homologues but evolved under distinct pressures.



Material and Methods


Screening for the Complement System and Complement Regulatory Factor H in Ray-Finned Fish

In order to analyze and understand the evolution of the complement system (C1-C9) in fish and its regulation, orthologues of human C1QA, C1QB, C1QC, C2, C3, C4 (C4A/C4B), C5, C6, C7, C8 (α/β/δ), and C9 genes and complement regulatory factor (CFH and CFHR) genes were procured in the genomes of several ray-finned fish using tBLASTn (Supplementary Table 1) (42). The species analyzed included, the spotted gar (Lepisosteus oculatus), a basal ray-finned fish that radiated prior to the teleost expansion, and 12 teleost genomes: the Amazon molly (Poecilia formosa), cave fish (Astyanax mexicanus), cod (Gadus morhua), Fugu (Takifugu rubripes), medaka (Oryzias latipes), platyfish (Xiphophorus maculatus), stickleback (Gasterosteus aculeatus), Tetraodon, (Tetraodon nigroviridis), tilapia (Oreochromis niloticus), European sea bass (Dicentrarchus labrax), Gilthead sea bream (Sparus aurata) and zebrafish (Danio rerio) (Supplementary Table 1). Sequences were identified based on their high sequence similarity (e-value ≤ 1e -40) with human homologues and in silico genome annotations. The zebrafish complement component and CFH/CFHL sequences retrieved were subsequently used to search against ray-finned fish genomes to retrieve missing/non-annotated hits. Sequence identity was confirmed by searching the NCBI non-redundant protein sequence database using the human filter (taxid:9606) and the isolated fish genes and also by phylogeny (see methods below). The results from the general analysis of the complement system in fish revealed the c3 genes and the c4 genes, which belong to the alpha-2 macroglobulin superfamily of thioester containing proteins, underwent a large expansion. For this reason, the members of the alpha-2 macroglobulin superfamily of thioester containing proteins, C3, C4, and C5 were selected for more in-depth analysis. The fish cfh and putative cfhr family genes, that encode complement regulator proteins, were also further analyzed as multiple genes were found. All searches were performed against the most recent annotated fish genome assemblies available from ENSEMBL or NCBI (Supplementary Table 1).



In Depth Analysis of c3, c4 and c5 and cfh Genes

The deduced proteins of human C3, C4, C5, CFH, and CFHRs were used as the bait for database searches which included the fish listed above and other teleost fish genomes; the flatfish, smooth tongue sole (Cynoglossus semilaevis) and Japanese flounder (Paralichthys olivaceus), Antarctic black rockcod (Notothenia coriiceps), and Atlantic salmon (Salmo salar). We also interrogated genomes of fish species that diverged earlier in the vertebrate radiation and thus are considered to possess less rearranged genomes: the lobe-finned coelacanth (Latimeria chalumnae), that diverged basal to the tetrapods; two cartilaginous fishes, the elephant shark (Callorhinchus milii) and whale shark (Rhincodon typus), that are basal to the bony vertebrates and two Agnathans (jawless fish), the sea lamprey (Petromyzon marinus) and the inshore hagfish (Eptatretus burgeri) which diverged prior to the gnathostomes (Supplementary Table 1). For comparative analysis the mouse (Mus musculus), the chicken (Gallus gallus), the reptile (Anolis carolinensis), and the amphibian clawed African toadfish (Xenopus tropicalis) were also included in the analysis as well as two basal deuterostomes, the urochordate Ciona (Ciona intestinalis) and the cephalochordate Amphioxus (Branchiostoma floridae) genomes to infer the likely evolutionary origin of the vertebrate complement proteins and CFH-family members (Supplementary Table 1).



Sequence Comparisons and Phylogenetic Analysis

Multiple sequence alignments were performed using the MUSCLE algorithm (43) in the Aliview platform (44) and conserved regions were identified. Searches in ray-finned fish genomes and transcriptomes identified many incomplete genes/transcripts that encoded for complement protein fragments. When multiple transcripts (of variable sizes) for the same gene were found they were aligned and sequences merged (> 98% sequence identity) to obtain a full-length protein sequence. GeneDoc (http://www.nrbsc.org/gfx/genedoc) was used to calculate identity/similarity between the sequences. Only the deduced protein sequences that encoded full-length C3 proteins were considered for phylogenetic analysis (Supplementary Table 1).

Phylogenetic trees were constructed based on alignments of the deduced amino acid (aa) sequence of the fish and tetrapod proteins including the invertebrate deuterostome genes (urochordate and cephalochordate). Sequences were aligned using the MUSCLE algorithm in the AliView platform and the alignment was edited to remove sequence gaps and poorly aligned regions. Phylogenetic trees were constructed using Maximum-Likelihood (ML) and Bayesian Inference (BI) methods and the models that best fit the data were calculated in model test-ng 0.1.5. ML and BI trees were constructed in the CIPRES Science Gateway V.3.3 (45) and run on XSEDE. ML trees were built with the RAxML v8.2.12 (46) method with a WAG matrix and 1000 bootstrap replicates and BI trees using MrBayes (47) with a WAG matrix and 1.000.000 generation sampling and probability values to support tree branching. For the fish Cfh tree a similar strategy to that for complement proteins (outlined above) was used, other Cfh related proteins, CFHR from human and Cfhl from zebrafish (21) were also included in the alignment; the sequence file was manually edited to delete gaps and misaligned sequences before tree building using the BI method with a VT matrix. All trees were displayed in FigTree (http://tree.bio.ed.ac.uk/software/figtree/). The C3/C4/C5 trees were rooted with the deduced protein sequences of human α-macroglobulin (A2M, ENST00000318602.12) and cluster of Differentiation 109 (CD109, ENST00000437994.6). The CFH/CFHR tree was rooted with the predicted protein sequence of human coagulation factor XIII B (ENST00000367412.1). Trees for the fish C1, C2/Cfb, C6, C7, C8, and C9 were also built to confirm sequence identity and were constructed using the BI method and default settings and they were rooted using the human orthologue.



Neighboring Gene Analysis 

To better characterize the evolution of the multiple gene copies of c3 and c4, the neighboring gene environment of these genes in teleosts along with c5 and cfh genes was characterized. Homologues of human C3, C4, and C5 neighboring genes were procured in the coelacanth, spotted gar, elephant shark and four teleost genomes (tetraodon, stickleback, medaka and zebrafish). The species selection was based on the quality of the available genomes and distinctive evolutionary patterns suggested by the number of genes identified. For comparison, the neighboring gene environment of the human, lizard or chicken were also characterized. Fifteen genes upstream and downstream of human C3, C4, and C5 gene loci were retrieved and homologues were identified in the other species analyzed using the genome annotations provided by Genomicus software (http://www.genomicus.biologie.ens.fr) and by homology sequence searches in the genomes available from ENSEMBL. The gene environment of the C4 gene in the chicken was characterized in-depth as phylogenetic analysis suggested that an extra gene copy exists.



Protein Motif Annotation

To identify changes indicative of potential functional divergence between the vertebrate orthologues, the fish paralogues and the species-specific duplicates, the deduced protein sequence of selected fish C3, C4, and C5 and the multiple C3 isoforms from the gilthead sea bream were annotated and compared with the homologues in human and chicken. Sequence alignments were performed using the MUSCLE algorithm in the Aliview platform and edited in GeneDoc software (http://www.nrbsc.org/gfx/genedoc). The signal peptide was deduced using SignalP 4.1 Server (http://www.cbs.dtu.dk/services/SignalP/) identification of protein domains was carried out based on the crystallographic structure of the human C3 (48) and homology modelling of an Antarctic teleost C3 (32). Sequence alignments of the thioester-bound domain of fish C3 and C4 deduced proteins and the catalytic site for C4 were analyzed in detail. The amino acid residues associated with protein structure, conformation and signaling such as the cysteine residues responsible for disulphide bridges and N-glycosylation sites (N-X-T/S) were mapped in human C3 using Uniprot annotation (https://www.uniprot.org) and identified manually in the gilthead sea bream.



Transcriptome Analysis

To increase the number of teleost complement sequences available for analysis and to infer the importance and functional divergence of the complement components in teleost skin, expression data was analyzed. Databases of gene transcripts of the European sea bass and gilthead sea bream (Sparus aurata) (49) and RNA-seq transcriptome (Illumina platform) assemblies of the European sea bass skin (GFJW00000000) (50), Senegalese sole skin (PRJEB29449) (51) and the de novo transcriptome assemblies of the intestine, skin and head-kidney of two Antarctic fish, the black rockcod and marbled rockcod (Notothenia rossii, Supplementary Table 1), were interrogated. The nucleotide sequences (e-value ≤ 1e -30) were retrieved and translated into proteins using the Expasy translation tool (https://web.expasy.org/translate/) and annotation was assigned using blastp against the human (taxid:9606) and confirmed by phylogenetic analysis. Skin transcriptome data was complemented with data retrieved from previously published transcriptome and proteome studies of fish skin and mucous.



RNA Extraction and cDNA Synthesis

To further confirm c3 gene expression and extend understanding of the persistence in the genome of the multiple gene isoforms, total RNA (tRNA) from the gills, spleen and liver (n= 3) of gilthead sea bream (average weight = 87.09 ± 5.54 g) that was already available in the laboratory and stored at -80°C in the context of a previous study of skin regeneration was used (52). Reactions for cDNA synthesis contained 500 ng of the DNase treated tRNA (denatured at 65°C for 5 min), 10 ng of pd(N)6 random hexamers (Jena Bioscience, Germany), 2 mM dNTPs (ThermoScientific, USA), 100 U of RevertAid Reverse Transcriptase and 8 U Ribolock RNAse inhibitor (ThermoScientific) in a final reaction volume of 20 μl. The time and temperature cycle of the cDNA synthesis reaction was 10 min at 20°C; 50 min at 42°C and 5 min at 70°C. The integrity and quality of the synthetized cDNA was assessed by amplification of the sea bream ribosomal subunit 18s rRNA using the following thermocycle: 95°C for 10 min followed by 25 cycles of (95°C for 20 s; 60°C for 20 s; 72°C for 20 s) and a final cycle at 72°C for 5 min.



Quantitative Expression of Sea Bream c3 Isoforms 

Specific primers for each gilthead sea bream c3 gene isoform were designed and the amplified PCR products were sequenced to confirm their identity. Five of the nine identified gilthead sea bream c3 gene transcripts (c3.1.1, c3.1.2, c3.1.3, c3.1.4, and c3.2) were successfully amplified. Difficulties with design of specific and efficient qPCR primers meant that c3.1.5, c3.1.6, c3.1.7, and c3.1.8 were not quantified. The tissue distribution of the c3 gene transcripts was analyzed in the gill, spleen and liver (Table 1). Quantitative real-time PCR (qPCR) reactions were performed in duplicate (< 5% variation between replicates) using a BioRad CFX Connect Real Time System and SsoFast EvaGreen supermix (Bio-Rad, Portugal) and 96-well plates (Axygen). The gilthead sea bream 18S ribosomal subunit (18s) was used as the reference gene as it showed stable expression levels in all samples. The final qPCR reaction volume was 10 µl and contained 200 nM of each primer, 2 µl of the template cDNA (diluted 1:5 target gene, 1:5000 for 18s) and 8 µl of EvaGreen Supermix (Bio-Rad, Portugal). Thermocycling conditions were 95°C for 30 s and was followed by 39 cycles of (95°C for 5 s and 60°C for 10 s, Table 1). To detect non-specific amplification products and primer dimers melting curves were performed. Standard curves were included in PCR plates for each c3 gene isoform and prepared from serial dilutions of the sequenced and quantified amplicons. Control reactions were included in all runs to confirm the absence of qPCR or genomic contamination. qPCR reaction efficiencies and r2 (coefficient of determination) were all > 90% for each target gene transcript. Expression normalization was performed using 18s ribosomal RNA (Table 1).


Table 1 | List of primers used to amplify c3 and 18s ribosomal RNA genes in gilthead sea bream.






Results


Complement System and Regulatory Proteins in Ray-Finned Fish 

Initial screening for members of the complement cascade revealed that in ray-finned fish some genes of the signaling pathway have duplicated but a larger expansion of the complement 3 (c3) gene occurred when compared to human (Table 2). In fish, three c3 genes were retrieved from the spotted gar genome but the number of c3 genes varied across the analyzed teleost genomes (Figure 1). A large expansion of c3 genes was found in the sea bass genome and many hits corresponded to small incomplete genes. Duplicates of complement genes encoding c4 and c6 were identified in some fish genomes and in cod four c4 genes were found and in all the teleost genomes analyzed duplicate c7 genes (c7a, c7b) persisted (Figure 1, Table 2, Supplementary Figure 1). For other complement members the gene number was similar between ray-finned fish and human with some exceptions such as the identification of four c2/cfb in zebrafish (c2/cfb.1.1, c2/cfb.1.2, c2/cfb.1.3, c2/cfb.2) and two c9 (c9.1, c9.2) in the cod genome (Table 2, Supplementary Figure 1). The cfh gene family, in common with the c3 genes, underwent a large expansion in ray-finned fishes and gene number ranged from a single gene copy in the spotted gar, two copies in the sea bass to five copies in cavefish and six in the zebrafish and Atlantic salmon. This suggests that in addition to the expansion of the c3 gene, expansion of cfh its regulatory factor also occurred in teleosts (Table 2).


Table 2 | Number of genes of the complement system found in ray-finned fishes.






Figure 1 | Dendrogram showing the number of predicted C3, C4, C5, and CFH genes and transcripts identified in fish and other vertebrates. The number of full-length/complete C3, C4, and C5 sequences are indicated. Incomplete C3 sequences were also found for stickleback, sea bass, marbled rockcod, medaka, smooth tongue sole and Atlantic salmon (Supplementary Table 1). C4 incomplete sequences were found in the whale shark (Supplementary Table 1). ?, only incomplete sequences found. ψ, pseudogene; ni, not identified; TSGD, teleost specific genome duplication.





The c3, c4, c5, and cfh Family Genes in Fish


Agnathan and Cartilaginous Fishes

In the sea lamprey, two c3 genes (c3.x.1 and c3.x.2) were found and they mapped in tandem in chromosome 14 but in the inshore hagfish genome assembly four putative c3 genes were identified (Supplementary Table 1). The two predicted lamprey C3 proteins are likely to be complete but in hagfish the predicted proteins from the four genes are incomplete and one gene (c3.y1) encoded the transcript that was previously reported (53). In hagfish two of the duplicate c3 genes (c3.y1 and c3.y2) also mapped in close proximity in the same genome region (FYBX02010427.1) suggesting a similar genome structure to that found in the sea lamprey.

For cartilaginous fish, in the elephant shark a single c3 gene was retrieved but for the whale shark two genes were found (Figure 1, Supplementary Table 1C 3). In lamprey and hagfish, no gene homologues of human C4 or C5 were identified. In the elephant shark two c4 genes were found but in the whale shark three hits for putative c4 genes were obtained but only one (c4.1.1) coded for a full-length c4 protein (Figure 1). The remaining sequences (c4.1.2 and c4.1.3) were shorter and they aligned to different regions of the full-length C4 protein. It was not possible to establish if they correspond to different genes or are fragments of the same gene (Supplementary Table 1 C4). For c5 in cartilaginous fish only a single gene hit was obtained and the deduced protein was full-length (Supplementary Table 1 C5).

A homologue of the human CFH gene was retrieved from the elephant shark but not from the lamprey or whale shark genome assemblies.



Ray-Finned Fish 

Searches in ray-finned fish genomes identified multiple putative c3 genes. In spotted gar, three c3 genes and single c4 and c5 gene were retrieved, which were of a similar length to the human orthologues (Figure 1). In teleosts, the number of c3 genes varied from one in the marbled rockcod to nine in the gilthead sea bream. Sequence comparisons revealed that several of the deduced teleost c3 genes coded for incomplete C3 proteins and that most of them lacked the protein beta-chain domain. However, searches in the NCBI transcript database identified full-transcripts for some of the c3 genes that were incomplete in the genome assembly of the Amazon molly (c3.1.3, c3.1.4 and c3.1.5), cavefish (c3.1.2), medaka (c3.1.4), zebrafish (c3.1.5), and smooth tongue sole (c3.2) (Supplementary Table 1). In the Fugu genome c3.1.5 and c3.1.6 genes are annotated as pseudogenes, if the incomplete genes found in other teleosts are also pseudogenes or the result of poor sequence assembly remains to be established (Supplementary Table 1). In the sea bass genome only two full-length c3 genes were found (c3.1.1 and c3.2) and it is in this species that the largest number of incomplete c3 genes were retrieved. Searches in the sea bass transcriptome and NCBI database retrieved three full-length transcripts (Supplementary Table 1 C3) of which one is the transcript for one of the predicted full-length genes. The other two transcripts did not align (> 98% nucleotide identity) with any genome region suggesting there may be errors in the genome or transcriptome assemblies (Supplementary Table 1 C3).

For c4 and c5 a single gene was retrieved in most species except for tilapia, medaka, sea bass, cavefish and zebrafish where two c4 genes were identified and the salmon and cod that had three and four genes, respectively (Figure 1). In tetraodon, two putative genes for c4 (one that maps to chromosome 8 and another that maps to a non-annotated chromosome) were retrieved but sequence alignment of the translated proteins with the full-length C4 from human/fish revealed that they do not overlap and aligned to different regions. If they correspond to two independent genes or are fragments of the same gene remains to be established. In the Japanese flounder genome three hits for a putative c5 gene were retrieved that most likely represent fragments of a single gene since although they did not overlap, they aligned with different regions of the human/fish full-length homologue proteins.

In the ray-finned fish a single gene for a putative cfh family member was found in the spotted gar but in teleosts the gene number varied from two in fugu, medaka, sea bass and smooth tongue sole to five and six in cavefish and zebrafish genomes, respectively (Figure 1).



Lobe-Finned Fish and Tetrapods

Two c3 and a single c4 and c5 gene were found in the coelacanth but our sequence searches failed to retrieve a putative cfh gene from the lobe-finned fish genome. In tetrapods multiple C3 genes and Cfh genes exist. In the amphibian, Xenopus five full-length C3 genes and a single Cfh gene were found but for the reptile, the anole lizard four C3 gene copies were retrieved and three gene copies of Cfh also exist (Supplementary Table 1, Figure 1). In the chicken gene number was similar to human and single C3 and C5 genes and duplicate C4 genes were found but only a single Cfh family member was retrieved (Figure 1, Supplementary Table 1).




Phylogenetic Analysis


C3, C4, and C5 Phylogeny

Phylogenetic trees of C3, C4, and C5 suggest that they emerged prior to the vertebrate radiation from a common ancestral gene via gene duplications (Figures 2A, B and Supplementary Figure 2). According to the tree topology, C5 was the first member to diverge and vertebrate C3 and C4 emerged subsequently. The C3 clade possess the largest number of members (Figure 1). The C3 clade was rooted with the lamprey and hagfish C3 proteins and two main sequence clusters were found: one cluster contained C3 from tetrapods, coelacanth and sharks and included C3 from most of the teleosts and was designated C3.1 and the second cluster contained only ray-finned fish sequences and was named C3.2 (Figure 2A and Supplementary Figure 2). The two spotted gar C3 (C3.1.1 and C3.1.2) sequences clustered within the C3.1 clade and the third clustered within the C3.2 clade indicating that the C3 gene duplication that originated c.3.1 and c.3.2 genes occurred prior to the ray-finned fish radiation. The clustering of the multiple ray-finned fish sequences within the C3.1 and C3.2 clusters suggests that they arose through lineage or species-specific duplication events. The tree topology also suggests that the multiple c3 gene copies found in lizard and Xenopus and the tunicate c3/4/5 sequences also arose through species-specific duplication events.




Figure 2 | Phylogenetic tree of complement factors C3, C4, and C5 in fish and other vertebrates. The tree was built only with full-length (both β- and α-chain) sequences and homologues from a urochordate (Ciona intestinalis) and a cephalochordate (Branchiostoma floridae) were also included to understand the evolutionary context. The tree was built with the BI method and branch support values (posterior probability values) are shown. Two subsets of the same phylogenetic tree showing different family members: (A) C3 and (B) C4 and C5 are represented to facilitate interpretation. In (A) the two major C3 clades were named C3.1 (red) and C3.2 (pink). For (B) the two C4 clades were named C4.1 (dark blue) and C4.2 (light blue). The teleost C5 clade is boxed in purple. The C4 sequences of the coelacanth and cartilaginous fishes (elephant shark and whale shark) were named C4.1 based on the similarity of their gene environment with the other vertebrate C4.1 genome regions. Duplicated fish c3 and c4 genes are numbered arbitrarily. The tree was rooted with the deduced protein sequences from human α-macroglobulin (A2M, ENST00000318602.12) and cluster of Differentiation 109 (CD109, ENST00000437994.6). The species for which gene linkage analysis was performed (Figures 4–6) are indicated by an asterisk (*). Sequence accession numbers are available in Supplementary Table 1 and nototheniid deduced protein sequences are available as Supplementary Data. A similar tree built with the Maximum Likelihood (ML) method is presented as Supplementary Figure 2.



For C4, the tree topology indicated that two distinct protein clusters existed, and they were designated C4.1 and C.4.2 (Figure 2B, Supplementary Figure 2). The C4.1 cluster contained sequences from tetrapods and most of the teleost C4 sequences including 4 cod members, C4.1.1, C4.1.2, C4.1.3, C4.1.4, which based on clustering probably arose from a species-specific duplication. The C4.2 cluster contained a C4 sequence from the chicken along with the spotted gar C4 and the deduced protein of one gene from zebrafish and cavefish and two genes from the Atlantic salmon (C4.2.1 and C4.2.2). The lobe-finned fish C4 and the two cartilaginous fish C4s tend to group within the C4.2 cluster but analysis of their neighboring gene environment suggests that they are c4.1 genes (see Short-Range Gene Linkage section). Clustering of the fish C4 sequences suggested that in common with the fish c3 genes they expanded by lineage and species-specific duplication events. The existence of two C4 genes in the chicken, which clustered independently in sister clades along with the teleost paralogues suggests that the C4.1 and C4.2 genes resulted from a gene duplication that occurred early in the vertebrate radiation and that the duplicate gene copies only persisted in the genomes of a few ray-finned fish species and in the chicken (Figure 2B).

Within the C5 cluster two main branches exist one containing C5 from ray-finned fishes and the other cluster containing C5 from the cartilaginous fish, the coelacanth and the tetrapods (Figure 2B, Supplementary Figure 2).



Cfh Family Member Phylogeny

The phylogenetic tree of the deduced proteins of fish Cfh-members suggested that they shared common ancestry with human CFH/CFHR. Fish Cfh-members grouped in two main teleost sequence clusters named, Cfha and Cfhb, that probably arose from the teleost genome duplication event (Figure 3). The distribution of the deduced fish Cfh proteins in the tree indicated that evolution of this protein family was complex and the arrangement of the sequences within each cluster suggested they evolved in a lineage and species-specific manner (Figure 3). All zebrafish sequences grouped in the Cfha cluster and some sequences clustered in close proximity suggesting they represent recent species-specific duplications. The deduced protein of the two medaka cfh genes clustered in the Cfhb clade but the stickleback, cavefish and Tetraodon had cfh genes in both clades.




Figure 3 | Phylogenetic tree of the fish and other vertebrate complement factor H (CFH). The tree was built with the BI method and branch support values (posterior probability values) are shown. The two major CFH clades in teleosts were named Cfha (light green) and Cfhb (green-blue) and arose from the teleost genome duplication event and the multiple genes found in each species were numbered arbitrarily. The tree was rooted with the predicted protein sequence of human coagulation factor XIII B (ENST00000367412.1). The species for which gene linkage analysis was performed are indicated with an asterisk (*). Accession numbers of the sequences that were used to build the tree are available in Supplementary Table 1. The sequence of the Xenopus Cfh was not included in the tree to simplify the analysis as clustering indicated its evolution was highly divergent from all other species.






Short-Range Gene Linkage

The gene environment of C3, C4, C5, and CFH genes in human was used as a reference to characterize the homologue genome regions in fish (Figures 4–7). 




Figure 4 | Gene synteny analysis of the C3 gene environment in tetrapods and fish. Genes predicted in the genome are represented by arrows and the arrowheads indicate the gene orientation. C3 genes are represented by full-colored arrows: C.3.1 in red and C.3.2 in pink. Neighboring gene families are represented by different colors and gene homologues are indicated in the same color. The genes are mapped on the chromosomes and their actual positions (Mega base pairs, Mbp) is indicated below. Only genes that were conserved in the homologous genome regions in all species compared are represented. Tumor necrosis factor 14 (TNFSF14), Tubulin beta-4A chain (TUBB4A), DENN domain-containing protein 1C (DENND1C), Solute carrier family 25 member 23 (SLCA25A), Far upstream element-binding protein 2 (KHSRP), General transcription factor IIF subunit 1 (GTF2F1), Persephin (PSPN), Protein GPR108 (GPR108), Cdc42-interacting protein 4 (TRIP10), SH2 domain-containing protein 3A (SH2D3A), Proto-oncogene-vav (VAV1).






Figure 5 | Gene synteny analysis of the C4 gene environment in tetrapods and fish. Genes predicted in the genome are represented by arrows and the arrowheads indicate the gene orientation. C4 genes are represented by full- colored arrows: C.4.1 in dark blue and C.4.2 in light blue. Neighboring genes families are represented in different colors and by continuous (C.4.1) and dashed (C.4.2) outlines and homologue genes are indicated in the same color. The genes are mapped on chromosomes based on their actual positions (Mbp) predicted in the genome assemblies. Only genes that were conserved in the homologous genome regions in all species compared are represented. No homologue genome region of human C.4 was found in the spotted gar genome. Steroid 21-hydroxylase (CYP21A2), Tenascin-X (TNXB), FRAS1-related extracellular matrix protein 2 (FREM2), Cyclic AMP-dependent transcription factor ATF-6 beta (ATF6B), FK506-binding protein-like (FKBPL), Epidermal growth factor-like protein 8 (EGFL8), 1-acyl-sn-glycerol-3-phosphate acyltransferase alpha (AGPAT1), Pre-B-cell leukemia transcription factor 2 (PBX2), G-protein-signaling modulator 3 (GPSM3). FRAS1-related extracellular matrix protein 2 (FREM2), Short transient receptor potential channel 4 (TRPC4), Periostin (POSTN), Dachsous cadherin-related 1a (DCHS1A), Arfaptin-2 (ARFIP2), Tripartite motif-containing protein 3 (TRIM3), Stomatin-like protein 3 (STOML3), LHFPL tetraspan subfamily member 6 protein (LHFPL6), Conserved oligomeric Golgi complex subunit 6 (COG6), and Forkhead box protein O1 (FOXO1).






Figure 6 | Gene synteny analysis of the C5 gene environment in tetrapod and fish. Genes predicted in the genome are represented by arrows and the arrowheads indicate the gene orientation. Neighboring genes families are represented by different colors and homologue genes are represented by the same color. The genes are mapped on the chromosomes according to their predicted positions (Mbp). Only genes that were conserved in the homologous genome regions in all species compared are represented. TNF receptor-associated factor 1 (TRAF1), PHD finger protein 19 (PHF19), 26S proteasome non-ATPase regulatory subunit 5 (PSMD5), Hexosyltransferase (B3GNT10), F-box/WD repeat-containing protein 2 (FBXW2), Multiple epidermal growth factor-like domains protein 9 (MEGF9), Centriolin (CNTRL), Ras-related protein Rab-14 (RAB14), Gelsolin (GSN), Erythrocyte band 7 integral membrane protein (STOM), Disabled homolog 2-interacting protein (DAB2IP), Tubulin polyglutamylase TTLL11 (TTLL11), LIM/homeobox protein Lhx6 (LHX6), Prostaglandin G/H synthase 1 (PTGS1).






Figure 7 | Gene synteny analysis of the CFH/CFHR gene environment in tetrapod and fish. Arrows represent genes predicted in the genome and arrowheads indicate the gene orientation. The vertebrate CFH genes are represented by full coloured arrows: tetrapod and spotted gar (olive-green) and the teleost duplicates, cfha (light-green), and cfhb (green-blue). Neighboring genes families are represented by different colours and homologue genes between species are represented by the same coloured arrow. The genes are mapped on chromosomes according to their predicted positions (Mbp). Only genes that were conserved in the homologous genome regions in all species are represented. Coagulation factor XIII B chain (F13B), abnormal spindle microtubule assembly (ASPM), zinc finger and BTB domain containing 41 (ZBTB41), crumbs cell polarity complex component 1 (CRB1), potassium sodium-activated channel subfamily T member 2 (KCNT2), cell division cycle 73 (CDC73), beta-1,3-galactosyltransferase 2 (B3GALT2), Ro60, Y RNA binding protein (TROVE), Ubiquitin C-Terminal Hydrolase L5 (UCHL5).




Complement Genes

In humans, C3 mapped to chromosome 19 and homologues of at least 11 neighboring genes were found in the genomes of several fish and in the lizard (Figure 4). In the human genome, a single C3 gene persisted but in the lizard four C3 gene copies were found and all genes mapped to chromosome 2, and three were in very close proximity suggesting that they resulted from a recent tandem duplication event. Many of the duplicate teleost c3 genes were also arranged in tandem suggesting that they were the result of recent species-specific duplication events (Figure 4). In the zebrafish, c3 genes were distributed on two chromosomes, the c3.1 genes mapped to chromosome 1 while the c3.2 genes mapped to chromosome 22. But in the tetraodon the three c3.1 genes and the single c3.2 gene mapped to chromosome 18 in close proximity and in stickleback c3.2.1 was localized on the same chromosome as the c3.1 genes (group IX). The results suggest that in the teleosts different genome rearrangements occurred for c3.1 and c3.2. The other stickleback c3.2 genes mapped to small genome fragments (scaffolds) that were poorly annotated.  In medaka, three out of the five c3.1 genes found map in tandem with c3.2 on chromosome 1 and the two remaining c3.1s are localized in other chromosomes. The absence of conserved gene linkage for the spotted gar c3.2 genome region (which maps to a short scaffold JH591472.1) meant gene origin could not be assigned.

The gene environment of C4 was also conserved across tetrapods and the fishes and CYP21A2 and TNXB genes mapped near to C4.1 (Figure 5). In human, the two C.4 genes (C4.1.1 and C4.1.2, known as C4A and C4B) mapped in tandem to chromosome 6 but in the chicken the two C4 genes were localized on different chromosomes and c4.1 mapped to chromosome 16 and c4.2, which mapped to chromosome 1 had a unique gene environment. In coelacanth, tetraodon and stickleback a single c4 gene copy existed and the neighboring gene environment was similar to that found in the human C4 genes (Figure 5). In the medaka, the duplicate c4 genes mapped in tandem (c4.1.1 and c4.1.2) but in zebrafish, c.4.1 and c4.2, mapped to different chromosomes. The spotted gar and zebrafish c4.2 genome regions shared no gene homologues with the flanking region of the human C4 genes or other teleost c4.1 genome regions but they were similar to the flanking region of chicken c4.2 (Figure 5). In human, although a homologue region of the vertebrate c4.2 gene environment was found on chromosome 13 and also in several fish, tetraodon chromosome 16, stickleback group I, medaka chromosome 13 and elephant shark scaffold KI635872.1 the c4.2 gene was not identified and was presumably deleted from their genomes (Figure 5).

The gene environment of C5 was conserved across the different species analyzed (Figure 6). A homologous gene environment and gene order for at least eight human C5 flanking genes on chromosome 9, TRAF1, PHF19, PSMD5, B3GNT10, CNTRL, RAB14, GSN, and STOM, was found in fish. Furthermore, the C5 gene was linked to the CNTRL gene in most of the genomes analyzed and this confirmed that in all vertebrates the C5 gene shared a common origin (Figure 6).




Complement Factor H Members

Comparisons of the gene environment of human CFH with ray-finned fish cfh regions revealed a conserved gene neighborhood and suggested they shared common ancestry (Figure 7). In human, the CFH gene mapped to chromosome 1 along with the five adjacent CFHR genes and formed a gene block. In fish a similar gene block was found on zebrafish chromosome 22 but in other teleost genomes the gene organization differed. In the tetraodon, three tandem cfh genes (cfha) were found on chromosome 1 but the fourth gene (cfhb) mapped to chromosome 15. In the stickleback the three cfh genes mapped to different genome regions. In medaka the two cfh genes (cfhb1 and cfhb2) mapped in tandem on chromosome 17 (Figure 7). In addition, the teleost cfha genes were in linkage with aspm, b3galt2, crb1 and glrx2 genes and the teleost cfhb genes mapped in closed proximity to trove, zbtb41 and cdc73, that neighbor human CFH/CFHR genes, and this provides further evidence that the extra copies of the cfh genes in teleosts resulted from the teleost specific whole genome duplication event (Figure 7).



Sequence Comparisons

Sequence comparison between the deduced complement proteins revealed that the fish proteins shared high sequence similarity and conserved functional and structural domains with human homologues (Figures 8–11 and Supplementary Figure 3–5). The fish complement proteins encoded by duplicate genes also shared a well conserved structure (Figure 10, Supplementary Figure 6).




Figure 8 | Structural comparison of the fish and tetrapod deduced C3 proteins. Thirteen protein domains were annotated according to the crystallographic structure of human C3 (48) and homology modelling of the predicted structure of an Antarctic teleost C3 (32) and they are represented by blocks with different colors. The two human chains, β- (residues 1–645 aa) and α- (residues 650–1641 aa) are indicated. The homologue regions in fish and chicken were identified using a multiple sequence alignment (Supplementary Figure 3). The localization of 13 disulphide bridges in the human C3 are indicated and the position of the 24 cysteine residues are generally conserved in other vertebrate C3’s with the exception of one disulphide bridge within MG8 (annotated in red) that was only maintained in chicken, the coelacanth C3’s, spotted gar C3.2 and in the lamprey C3 sequences (Supplementary Figure 3). The percent similarity between the human domains and the homologue regions in other vertebrates is indicated as well as the homologue residues of the four arginine motif (4ARG). The low sequence similarity of the sea bass C3.2 ANATO domain with human is due to the larger length of the fish sequence. The predicted total size (aa) of the different C3 proteins is indicated. SP, signal peptide, MG- macroglobulin domain (MG1-8); LNK, link domain; ANATO, anaphylatoxin domain; α-NT, N-terminal region of the cleaved α-chain; CUB, complement C1r/C1s, Uegf, Bmp1 domain; TED, thioester-containing domain; SAR, short anchor region; C345C, carboxy-terminal domain. A SP was not predicted in some of the sequences.






Figure 9 | Comparison of the fish and human C3 thioester bond. (A) Schematic representation of the thirteen conserved domains of human C3. (B) Sequence comparison of the fish, human and chicken C3 thioester bond responsible for attaching the complement proteins to the surface of the pathogen. The six aa motif forming the thioester bond are colored and conserved aa are denoted in the same color. The C3.1 (red) and C3.2 (pink) sequences were grouped to better illustrate the differences within this region. SP, signal peptide; MG, macroglobulin domain (1-8); LNK, link domain; ANATO, anaphylatoxin domain; α-NT, N-terminal region of the cleaved α-chain; CUB, complement C1r/C1s, Uegf, Bmp1 domain; TED, thioester-containing domain; SAR, short anchor region; C345C, carboxy-terminal domain.






Figure 10 | Comparison of the gilthead sea bream C3 isoforms with the human C3. The protein domains in which most differences were found ANATO, TED, and C345C and may cause functional differences between the gilthead sea bream and human and within the gilthead sea bream C3 paralogues are represented. Symbol description is available in the legend of Figure 8. The multiple sequence alignment of the full protein is available as Supplementary Figure 6. Sequence conservation is denotated by background color gradient (black, total conservation; white, no conservation). The percent of similarity between the nine gilthead sea bream C3 isoforms with human C3.1 is indicated.






Figure 11 | (A) Schematic diagram of the thirteen conserved domains including the additional tetra-arginine (RRRR) processing site within MG8 in human C4. (B) sequence alignment of the fish, human and chicken C4 thioester bond that is responsible for attaching the complement proteins to the surface of pathogens. The six aa motif forming the thioester bond are colored and conserved aa are denoted in the same color. The C4.1 (dark blue) and C4.2 (light blue) sequences were grouped to better illustrate the differences within this region. The catalytic site is also represented as duplicate vertebrate C4 genes were previously classified based on the substitution of the normally conserved histidine (H) in C4.1 (named as c4-H-type) by an aspartic acid (D) in C4.2 (named as c4-D type) (54).



The cartilaginous fish C3, C4, and C5 shared 61%–65 %, 52%–54 %, and 65% aa similarity with the human homologues, respectively. The spotted gar C3s shared 64%–67% aa sequence similarity with human C3 while C4 and C5 were less conserved (53% and 58% aa similarity, respectively). Considering only the teleosts a common pattern of aa sequence similarity was found for complement isoforms and is exemplified by the stickleback. The stickleback C3s shared approximately 54% aa similarity with the homologue forms of human complement but the duplicate stickleback C3.1 and C3.2 were only 48% similar to each other, although the C3.1.1 and C3.1.2 isoforms were highly conserved (94% aa similar). The teleost C4 shared approximately 59% aa similarity with human C4 and the duplicate C4.1 and C4.2 isoforms in zebrafish shared 52% aa similarity. The C5 isoform in teleosts shared approximately 60% aa similarity.


The fish C3

Thirteen major domains (six within the β-chain, six within the α-chain and one shared between both chains) were characterized in human C3 (48) and homologue conserved regions were found in C3 across the fish (32) (Figure 8). The tetra-arginine motif (4ARG, RRRR) is a proteolytic cleavage site that is localized at the end of the β-chain and separates the β-chain from the α-chain during post-translational processing. In human C3, the β-chain consisted of five complete α2-macroglobulin domains (MG1-5) and an α-chain that included an anaphylotoxin-like domain (ANATO), two complete MG domains (MG7 and MG8), a thioester domain region (TED), two parts of a CUB domain (CUBI and CUBII) localized at both sides of the TED domain and the C345C domain which contains the netrin region at the C-terminus of the sequence (Figure 8). A sixth MG domain (MG6) was shared between the β-chain and the α-chain (MG6I and MG6II). The deduced fish C3.1 and C3.2 proteins had a similar organization and homologue domains of human C3 exist and they are relatively well conserved in terms of sequence. In general, between human and fish C3, the LNK, MG7 and TED domains are the most conserved domains and MG1, ANATO, and C345C domains are the most variable (Figure 8). The 3D structure of human C3 is stabilized by 13 disulphide bonds formed between 26 cysteines, 24 of which are located between MG6I and C345C and have been conserved in fish. The exception is for the cysteines in MG8 that form a disulphide bond in human (Figure 8 annotated in red, Supplementary Figure 3) and, which were only conserved in the coelacanth C3.1.1 and C3.1.2, spotted gar C3.2 and in the lamprey C3.x1 and C3.x2 sequences. A signal peptide was predicted in most of the sequences suggesting these are secreted but in others remain to be identified and they may have different cellular localizations. The TED domain contained a highly conserved thioester region that is responsible for attaching the complement proteins to the surface of the pathogen (17). In human, the thioester region contains a six aa motif, GCGEQN, which is totally conserved in the C3.1 proteins from cartilaginous fish, ray-finned fish and coelacanth (Figure 9). In C3.2 of the ray-finned fish, the third Gly (G) is mutated to Val (V), suggesting that functional divergence may have occurred between the gene duplicates (Figure 9). Moreover, zebrafish C3.1.5 contained two aa mutations and stickleback C3.1.2 contained a single aa modification suggesting that functional divergence may also occur between the species-specific duplicates.




The Gilthead Sea Bream C3 Isoforms

In the gilthead sea bream, the C3.1 forms are highly similar and C3.1.5 and C3.1.8 shared the highest aa similarity (97%). The C3.2 form in gilthead sea bream shared approximately 51.7% aa similarity with the C3.1 isoforms. The shortest C3.1 form was C3.1.6 (1507 aa) but all other C3 isoforms (C3.1 and C3.2) had a similar size to human C3 with the exception of C.3.2 which was longer (1772 aa).

For gilthead sea bream C3.1, in five isoforms, C3.1.1, C3.1.2, C3.1.3, C3.1.5, C3.1.6, and C3.1.8 the thioester region identified in human C3 was conserved, but C3.1.4 and C3.1.7 contained aa mutations and C3.2 differed and was identical to C3.2 in other ray-finned fish (Figure 10, Supplementary Figure 6). Differences within other domains were also identified; C3.1.6 and C3.1.7 lacked a full-length ANATO domain; C3.2 had a longer ANATO domain (81 aa longer) compared to C3.1 in human and other fish; the 4ARG region that precedes the ANATO domain in human was conserved in gilthead sea bream C3.2 but modified to RRKR or RKKR in C3.1; C3.2 had a longer MG1 domain compared to the human and other gilthead sea bream C3s (Supplementary Figure 6). Similar to other teleosts, 24 cysteines located between MG6I and C345C were also conserved in the gilthead sea bream C3s. Additional, cysteine residues only conserved in the gilthead sea bream C3s were within MG1, MG6II and TED (Figure 10, Supplementary Figure 6). N-glycosylation sites were identified in MG7, CUB2, and MG8 domains and were conserved in other fish but not human (Supplementary Figure 6).



Fish C4 and C5

Fish C4 had a similar protein organization to C3 and the predicted full-length C4 sequences were similar to human C4 (Figure 11A, Supplementary Figure 4). The deduced C4 proteins from cartilaginous fish through to tetrapods all possessed the thirteen major functional domains (Figure 11A, Supplementary Figure 4). The two homologue regions of the human C4 tetra-arginine (RRRR) processing sites, one after LINK domains and the other within the MG8 domains were also present in the fish sequences. In the teleost C4 proteins, a signal peptide sequence was predicted with the exception of the stickleback C4.1 (Supplementary Figure 4). The aa sequence of the C4 thioester domain, GCGEQT, in human was conserved in coelacanth and zebrafish C4.1. In other ray-finned fish and in the elephant shark the second Gly (G) was mutated to Ala (A) but more extensive changes existed in the stickleback C4.1 sequence (Figure 11B). The aa sequence of chicken C4.1 and C4.2 only differed at the last aa (S and T, respectively) and the C4.2 thioester motif was identical to the spotted gar and zebrafish C4.2. Within the catalytic domain the normally conserved C4.1 histidine (H), involved in the cleavage of the thioester to bind the target cells, was replaced by an aspartic acid (D) in C4.2. For C5 the deduced protein structure in fish and tetrapods was similar and no thioester domain existed (Supplementary Figure 5).



Expression of the Complement System in Teleost

To assess the specialization of the complement system in fish the expression of c3, c4, and c5 gene transcripts as well as other members of the complement system and cfh was assessed in teleost skin by analyzing available transcriptomes.

The sea bass (pelagic, temperate), rockcod (demersal, polar) and Senegalese sole (demersal, temperate) occupy different ecological niche presumably with different microbiota and it was hypothesized that this might be reflected by differences in complement expression in the skin. Analysis of available transcriptome data for sea bass, Senegalese sole and black rockcod and other fish species revealed that fewer components of the complement system were expressed in the sea bass skin relative to the other two species, although this is most likely linked to sequence coverage (Table 3). All three species expressed complement transcripts and c4.1, c6, and c7b were present in all the explored skin transcriptomes. Transcripts for c3, c5, c8, and cfh were found in the black rockcod and Senegalese sole. In the sea bass transcripts for c1q and c1s were identified and in the black rockcod only c1s was identified and in the sole only c1q was detected. Transcripts for several different c3 genes were detected in the skin of the rockcod. Different transcripts of cfh, cfh.1, and cfh.2 were detected in rockcod skin and a single form, cfh.1, was found in Senegalese sole skin and no cfh transcripts were found in sea bass skin (Table 3).


Table 3 | Expression of complement system in teleost skin.



To assess if multiple gene isoforms of c3 were retained due to functional specialization linked to divergent tissue distribution, their expression pattern in immune-related tissue of the gilthead sea bream was characterized. Overall, c3.1.1, c3.1.2, c3.1.3, c3.1.4, and c3.2 expression was mainly restricted to the liver and they were of very low abundance or undetectable in the spleen, gills or skin of the gilthead sea bream (Figure 12). In liver, c3.1.1 and c3.2 were most abundant and the least abundant was c3.1.4. Low but detectable levels of c3.1.2 and c3.1.3 transcripts were detected in the spleen.




Figure 12 | Tissue distribution of the c3 transcripts in the gilthead sea bream (Sparus aurata). Gene expression levels were determined by quantitative PCR and normalized using 18s as the reference. The results are represented as the mean ± SEM of three (n= 3) biological replicates. One-way Anova and Tukey’s multiple comparison test was used to identify significant differences in transcript abundance using Prism GraphPad v5 software. Bars with different letters are significantly different (p < 0.05).






Discussion

The immune system in fish is proposed to have contributed to their evolutionary success in the face of innumerable aquatic pathogens (55). The expansion of c3 and cfh genes in teleosts suggests that the alternative complement pathway was favored during evolution. The direct activation of c3 by pathogens in the environment and the protection this confers may partly explain why teleosts are the most successful of the extant vertebrates (39). Overall, the results suggest that a more complex complement system and innate response evolved in the fish that inhabit a microbial rich aquatic environment compared to terrestrial vertebrates (56, 57) and this potentially increased their capacity to recognize a broader spectrum of pathogens.

The evolution of vertebrates was preceded by two successive major genome tetraploidization events 1R and 2R (57, 58) which contributed to increase gene diversity and genome complexity. These genome duplication events occurred very early at the vertebrate origin and most likely before the cyclostome-gnathostome divergence (59–61). Our phylogenetic and gene neighborhood analysis suggests the fish c3 genes shared a common ancestral origin with the human and other tetrapod genes. The identification in the spotted gar (c3.2) of the duplicate family members previously proposed to be teleost specific (30) suggests that c3 gene duplication occurred earlier than previously thought potentially at the root of the vertebrate radiation and only persisted in the ray-finned fish (Figure 13). In teleost genomes both c3.1 and c3.2 genes were found and the larger number of c3.1 genes retrieved in relation to c3.2 suggests they evolved at different rates within each species. The evolution of the duplicate c3 genes is currently difficult to resolve due to their species-specific evolution and lack of conserved gene linkage. In lamprey and hagfish duplicate c3 genes were also found and our phylogenetic analysis revealed that they radiated basal to c3.1 and c3.2 in the ray-finned fish. However, gene orthology between cyclostomes and gnathostome genes is uncertain due to the selective pressure under which lamprey and hagfish genomes have been evolving especially within the gene coding regions (62, 63).




Figure 13 | Proposed model for the evolution of the vertebrate C3, C4, and C5 genes. The number of full-length c3 (c3.1 in red; c3.2 in pink), c4 (c4.1 in dark-blue; c4.2 in light-blue), and c5 (purple) genes are presented with colored circles. Open circles indicate incomplete sequences. The cross within the circle signifies absence or elimination during evolution. The reconstruction model suggests that vertebrate c3, c4, and c5 evolved from two independent ancestral molecules prior to the vertebrate radiation and that the duplicate vertebrate c3 and c4 genes resulted from the two rounds of genome tetraploidization (1R and 2R). The teleost specific genome duplication is indicated by 3R. The lamprey c3 sequences are represented by a dashed orange circle as homology for gnathostome c3.1 and c3.2 is uncertain. The existence in tunicate (basal deuterostome) of c3/c4/c5-like molecules suggest that duplication of c3/c4 and c5 ancestral molecules occurred prior to the 1R and 2R.



The multiple gene copies of the teleost c3.1 are arranged in tandem in the genomes of some species or in different chromosome region in others, suggesting gene evolution was distinct and probably a consequence of species-specific chromosome rearrangements (64). In zebrafish, in which the c3 duplicates have previously been characterized the two c3.2 proteins were associated with the regulation of the proinflammatory response, while the six c3.1 copies had a different response (30). In general the predicted C3 proteins in teleosts are of a similar size to human C3, as revealed by the c3 transcripts previously isolated from the rainbow trout and zebrafish and in the present study from gilthead sea bream (25, 26, 30). In the common carp (Cyprinus carpio) where multiple C3 isoforms have also been described functional divergence of their catalytic activities was reported (27). One C3 variant (C3-Q2) lacks most of the beta-chain and is not functional (27) and this phenomenon may be common in teleosts since many of the species analyzed in the present study had incomplete c3 genes. Further work will be required to better characterize the incomplete c3 genes (pseudogenes or genome assembly errors) and to better establish the functional diversity of the c3 gene and protein complex in teleosts.

The gilthead sea bream had nine c3 gene transcripts highly expressed in liver although as reported in other species, extra-hepatic expression also occurs (30, 65, 66). Sequence comparison of the gilthead sea bream c3 isoforms revealed they have a similar length and structure, although C3.1.7 lacked the anaphylatoxin domain and C3.1.6 lacked both the anaphylatoxin domain and had a shorter C345C domain. These characteristics taken together with the different number of conserved cysteine residues and N-glycosylation sites in C3 isotypes emphasizes their potentially different structure and function. This idea is reinforced by studies of C3 proteins in gilthead sea bream plasma and five C3 isotypes were reported that were functionally and structurally divergent (67). Comparison of the gene transcripts identified in the present study with the short N-terminal sequence for the C3 plasma protein previously reported indicated they are likely to correspond to C3.1.1 (C3-3) and C3.1.2 (C3-4) and the remaining three proteins, which included the most abundant, C3-1 and C3-2 proteins, had in general the greatest similarity with our C3.1.3, C3.1.5 and C3.1.8 transcripts and it was not possible to assigned sequence correspondence. Previously published c3 gene expression studies in immune challenged sea bream (Table 4) have assessed sea bream c3.1.5 (HM543456 and CB184637) and c3.1.8 (CX734936), that were not analyzed in our study. The sometimes-contradictory results reported for c3 gene transcripts may be explained by differences in the c3 gene amplified. The number of c3 isoforms with distinct structures and expression in gilthead sea bream as well as in other teleost species highlights the need for further in-depth studies of c3 in fish.


Table 4 | Expression pattern determined by qPCR of the different gilthead sea bream c3 isoforms obtained in the present study compared with previous studies.



The variable number of c3 genes identified in our study and their different organization in teleost genomes suggests that they probably evolved under different pressures. The results of our study indicate that maintenance in the genome of multiple c3 gene copies in teleosts is unlikely to be due to their divergent tissue distribution. However, variation in the sequence and structure of the deduced teleost C3 proteins and the functional diversity demonstrated in previous studies has presumably favored their maintenance in the genome. Furthermore, since the bacterial cell wall triggers the hydrolysis of C3 and activation of the alternative complement pathway, we hypothesize that the high diversity of microorganisms in aquatic systems potentially increased the pressure on c3 isoform evolution in fish (78–83).

The existence of duplicate c4 genes in fish and chicken suggests that gene duplication occurred prior to their divergence but that the duplicate c4.2 gene did not persist in all fish species (Figure 13). Duplicate C4 genes have previously been described in vertebrates including fish (54, 84) and were named C4 H-type and C4 D-type based on the replacement within the catalytic site of the conserved histidine (H) by an aspartic acid (D) (54). Both genes were proposed to result from two independent duplications: one in the cartilaginous fish lineage and a second in the bony vertebrate lineage that was followed by species-specific duplications in mammals (54). By analyzing the C4 gene environment from cartilaginous fish to human, an alternative evolutionary scenario was established in which C4.1 (previously known C4-type H) and C4.2 (previously known C4-type D) arose from a single gene/genome duplication that occurred early during the vertebrate radiation and prior to the gnathostome divergence (Figure 13). In the present study the persistence of both C4 genes occurred in the genome of very few species and generally only the C4.1 gene copy was retained and subsequently duplicated in a species-specific manner.

The insightful study of toll-like receptor (Tlr) evolution in cod (85), proposed that the acquisition of multiple isoforms was related to paleoclimatic events. By mapping the Tlr repertoire of 76 teleosts onto a time calibrated species phylogeny it was found that in Gadiformes, selection was towards a higher copy number optima for some, but not all the Tlrs. It was proposed that highly variable paleoclimatic arctic conditions and variable pathogen loads and pathogen community composition might explain Tlr gene evolution in Gadiformes. In contrast to the Tlr analysis, in our study the c3 genes from Arctic Atlantic cod and Antarctic marbled and black rockcods, did not undergo large copy number expansion as occurred in other teleosts. Instead c3 gene copy number tended to be higher in teleosts from warmer waters (tropical and subtropical regions). Based on our results it was difficult to identify a clear association between temperature and complement system evolution in the fish unlike was proposed for TLR evolution in Gadiformes. Nonetheless, in general the ectotherms had multiple c3 genes (e.g. ray-finned fish, amphibians and reptile) compared to the single c3 genes retrieved from the chicken and human genomes and further studies will be required to explain the basis of this difference. The other complement system members do not appear to be under the same evolutionary pressure as c3 since gene copy number was similar between the different fish species analyzed (Figure 1). The alternative complement pathway is reported to be at least 60 times more active in teleosts than in mammals (38) and we hypothesize that this may be explained by the multiple c3 genes and their protein products present in fish. The high C3 gene family expansion in fish relative to other vertebrates was also accompanied by an expansion of the regulatory protein Cfh and it will be of interest in the future to establish if specific partnerships between C3 forms and regulatory Cfh isoforms have arisen.

The importance of innate immunity in teleosts is not only associated with c3 duplications but also with the expansion of other innate immune related genes including the toll-like receptors, NOD-like receptors (NLRs), RIG-I like receptors (RLRs), antimicrobial peptides (AMPs), lectin proteins, and interferons (INFs) (86–88). The functional significance of the species-specific c3 gene duplication events identified in teleosts was not established but may be linked to the dominant role of the innate immune response (86). This notion seems to be supported by the less abundant c3 species-specific duplications in cartilaginous fish (only two c3 duplicates were found in whale shark and a single gene was retrieved from the elephant shark genome) in which alternative adaptive immune strategies have evolved (89). In fact, the elasmobranchs have a 10-times higher immunoglobulin repertoire, associated, in part, with the process of affinity maturation, when compared with teleosts, which have a relatively minor secondary antibody response (90–92). We hypothesize that the large expansion of the c3 genes in teleosts may have compensated for their weaker secondary antibody response. This also presumably explains why the titre of the alternative complement pathway is several orders of magnitude higher in teleosts than in mammals (78, 93). Furthermore, the broad spectrum of recognition and activation of teleost C3 by red blood cells from a diversity of organisms has been linked to the differing specificity of the multiple C3 isoforms (93). The higher number of c4 genes in cartilaginous fish relative to teleosts is intriguing. Multiple C4 genes also exist in human and chicken that only have a single C3 gene and it may be that in these species the classical or MBP-lectin complement pathways is of greater importance.

Adaptation of fish to multiple environments favors their contact with a diversity of pathogens and fish skin plays an important role in maintaining physiological homeostasis as it is the first physical barrier that protects against pathogens. Many immune factors including immunoglobulins (94, 95), lectins (96), antimicrobial peptides (97, 98), C-reactive proteins (98), proteases (100, 101), lysozymes (102), transferrin (TF) (95) and also several components of the complement system (95, 103–110) are secreted into the skin mucous and establish a specific chemical barrier (111–113). The contribution of complement to the protective function of the skin is clear and previously published studies aimed at characterizing the overall contribution of fish skin and mucous to immunity and the pathogen response revealed that members of the alternative (C3), classical (C1, C2, C4), and lytic (C5, C6, C7) pathways in skin are modulated by parasites, microorganisms and stressful conditions (Table 5). The control skin transcriptome data used in the present study revealed differences in complement pathway representation in adult sea bass, rockcod and sole (demersal, mud dwelling). However, the lower complement gene representation (e.g. c3, c5, c8, c9 were missing) in the sea bass skin transcriptome is unlikely to be of biological relevance and is most likely due to the characteristics of the sequencing dataset, particularly since c3 has previously been reported in the sea bass skin proteome (107). The generalized presence of the three complement cascade pathways in fish skin suggests they may be relevant biomarkers to assess the impact of the environment on teleost immune physiology.


Table 5 | Complement system members in published transcriptome and proteome data available for teleost skin.





Conclusion

Herein we provide a comprehensive evolutionary analysis of the complement system in teleosts compared to other vertebrates. Our phylogenetic analysis corroborates and extends previous in silico studies in which the early radiation of C5 and the later divergence of C3 and C4 was proposed based on a limited number of vertebrate species and the resemblance of the hagfish sequence to vertebrate C3/C4 (117). Our study confirmed that c3 and c4 shared common ancestry prior to the vertebrate radiation and that the duplicate c3 and c4 genes identified potentially arose during the two rounds of vertebrate genome duplications. In basal deuterostomes and other invertebrates putative c3/c4/c5 genes exist that diverged from the same ancestral molecule as the vertebrate members (118–120). Our results based on sequence clustering confirm the standing hypothesis that the ancestral c3/c4/c5 gene duplicated prior to the origin of the vertebrates which led to the emergence of the vertebrate c5 ancestral gene and c3/c4 ancestral genes (Figure 13). Both molecules expanded during the two rounds of genome tetraploidization (1R and 2R) and one originated the vertebrate c5 and the other the c3 (c3.1 and c3.2) and c4 (c4.1 and c4.2) gene members which subsequently underwent distinct lineage and species-specific gene duplication and deletion events. In our analysis the previously identified hagfish and lamprey sequences grouped within the vertebrate C3 cluster suggesting C4 and C5-related forms do not exist (121).

A large expansion of the c3 genes as well as the main regulatory factor of the alternative pathway, cfh was identified in all ray-finned fish genomes probably associated with lineage and species-specific duplications suggesting that the complement cascade in teleosts is more complex than in terrestrial vertebrates and that a variety of parallel pathways may exist probably to compensate for the less developed acquired immune response. Tissue expression of complement in the gilthead sea bream indicated that in common with other vertebrates duplicate c3 genes are primarily expressed in the liver. The common tissue distribution of the c3 gene transcripts in sea bream suggests that their maintenance in the genome is probably due to functional divergence as revealed by differences in their sequence and structure. The expression of multiple gene transcripts for the c3 gene in teleosts, highlights the need for new studies to evaluate the response and role of the multiple genes in fish. To conclude, our study is the first comprehensive study that provides a detailed description and comparative evolutionary analysis of C3/C4/C5 and a regulatory factor of the alternative pathway, cfh, in deuterostomes with specific attention to fish. Furthermore, the expression and sequence analysis of the multiple C3 isoforms in teleosts highlights the need for functional studies to understand their role and explain why they persisted in the genome.
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Supplementary Table 1 | Species names, accession numbers and genome localization of the fish and other vertebrate C3, C4, C5, and C1, C2, C6–C9 genes. Genes were named based on phylogenetic clustering (Supplementary Figures 1-3) and conservation of the gene environment (Figures 4-6 and annotations available from the species genome assemblies).

Supplementary Figure 1 | Phylogenetic trees of the fish C1, C2, C6-C9 genes. Accession numbers of the sequences are available in Supplementary Table 1. The trees were built with the BI method and posterior probability values are shown.

Supplementary Figure 2 | Phylogenetic tree of the fish C3, C4 and C5 members with other vertebrates. The tree was built with the ML method and bootstrap branch support values are shown. The two major C3 clades were named C3.1 and C3.2 and duplicated genes for each species were numbered. The two C4 forms were named C4.1 and C4.2. Tree was rooted with the deduced protein sequences from human α-macroglobulin (A2M, ENST00000318602.12) and cluster of Differentiation 109 (CD109, ENST00000437994.6). Sequence accession numbers are available in Supplementary Table 1.

Supplementary Figure 3 |     Multiple sequence alignment of the vertebrate C3 deduced proteins. The thirteen protein domains were annotated according to the crystallographic structure of human C3 (48) and homology modelling of the predicted structure of an Antarctic teleost C3 (32). SP- signal peptide (highlighted in bold), MG- macroglobulin domain (MG1-MG8); LNK-link domain; ANATO- anaphylatoxin domain; α-NT- N-terminal region of the cleaved α-chain, CUB- complement C1r/C1s, Uegf, Bmp1 domain; TED- thioester-containing domain; SAR- short anchor region; C345C- carboxy-terminal domain. The cysteine residues are highlighted in yellow and the small, colored triangles of the same color represent a predicted disulphide bond for human C3.1 available from Uniprot. The conserved position of putative N-glycosylation sites (N-x-T/S, where x represents any amino acid) are highlighted in green. Sequence conservation is denotated by background color gradient: black- total conserved; white- no conservation. A schematic representation is available in Figure 2.

Supplementary Figure 4 | Schematic representation of the predicted structural domains of C4 proteins (full-length and incomplete) from selected fish (spotted gar; three teleost’s the stickleback, sea bass, zebrafish; coelacanth; whale shark). The human and chicken sequences were included for comparisons. The thirteen conserved protein domains are annotated based on the crystallographic structure of the human C3 and represented by boxes with different colors (48). The chicken and fish domains were predicted based on a multiple sequence alignment and conserved aa position. The consensus aa sequence of the thioester motif involved in attachment of complement to the target cells (17) is indicated. The size (aa) of the sequences represented is indicated as well as the two four arginine residue processing sites at the end of the β- and α-chain. Full-length sequences include β-, α- and γ-chains. The signal peptide (SP) was predicted for some full-length sequences. MG- macroglobulin domain (1–8); LNK- link domain; ANATO- anaphylatoxin domain; α-NT- N-terminal region of the cleaved α-chain; CUB- complement C1r/C1s, Uegf, Bmp1 domain; TED- thioester-containing domain; SAR- short anchor region; C345C- carboxy-terminal domain.

Supplementary Figure 5 | Schematic representation of the predicted structural domains of C5 proteins (full-length and incomplete) from selected fish (spotted gar; three teleost’s the stickleback, sea bass and zebrafish; coelacanth; whale shark). The human and chicken sequences were included for comparisons. Twelve conserved protein domains were predicted and are represented by boxes with different colors. The thioester-containing domain is absent from C5. The size (aa) of the sequences represented is indicated as well as the four arginine residue processing sites at the end of the β-chain. Full-length sequences include both β- and α-chains. The signal peptide (SP) was predicted for some full-length sequences. MG- macroglobulin domain (1-8); LNK- link domain; ANATO- anaphylatoxin domain; α-NT- N-terminal region of the cleaved α-chain; CUB- complement C1r/C1s, Uegf, Bmp1 domain; TED- thioester-containing domain; SAR- short anchor region; C345C- carboxy-terminal domain.

Supplementary Figure 6 | Multiple sequence alignment of the gilthead sea bream deduced C3 isoforms with the human C3. The 13 identified protein domains were annotated according to the crystal structure of human C3 (48) and homology modelling of the predicted structure of Antarctic teleost C3 (32). The two C3 chains β- (residues 1–645 aa) and α- (residues 650–1641) are indicated. SP- signal peptide, MG- macroglobulin domain (MG1-MG8); LNK-link domain; ANATO- anaphylatoxin domain; α-NT- N-terminal region of the cleaved α-chain, CUB- complement C1r/C1s, Uegf, Bmp1 domain; TED- thioester-containing domain; SAR- short anchor region; C345C- carboxy-terminal domain. The cysteine residues are highlighted in yellow and the small, colored triangles of the same color represent a predicted disulphide bond in human C3.1 available from Uniprot. N-glycosylation sites (N-x-T/S, where x represents any amino acid) are highlighted in green.

Supplementary Data | Nototheniid complement and Cfh deduced protein sequences used in the construction of the phylogenetic trees.



References

1. Netea, MG, Brown, GD, Kullberg, BJ, and Gow, NAR. An integrated model of the recognition of Candida albicans by the innate immune system. Nat Rev Microbiol (2008) 6:67–78. doi: 10.1038/nrmicro1815

2. Medzhitov, R, and Janeway, C. Innate Immunity. N Engl J Med (2000) 343:338–44. doi: 10.1056/NEJM200008033430506

3. Dzik, JM. The ancestry and cumulative evolution of immune reactions. Acta Biochim Pol (2010) 57:443–66. doi: 10.18388/abp.2010_2431

4. Flajnik, MF, and Kasahara, M. Origin and evolution of the adaptive immune system: genetic events and selective pressures. Nat Rev Genet (2010) 11:47–59. doi: 10.1038/nrg2703

5. Bergljot, M. Innate immunity of fish (overview). Fish Shellfish Immunol (2006) 20:137–51. doi: 10.1016/j.fsi.2004.09.006

6. Riera Romo, M, Pérez-Martínez, D, and Castillo Ferrer, C. Innate immunity in vertebrates: an overview. Immunology (2016) 148:125–39. doi: 10.1111/imm.12597

7. Whaley, K, Loos, M, and Weiler, JM. Complement in Health and Disease. Netherlands: Springer (1993).

8. Ricklin, D, Hajishengallis, G, Yang, K, and Lambris, JD. Complement: a key system for immune surveillance and homeostasis. Nat Immunol (2010) 11:785–97. doi: 10.1038/ni.1923

9. Merle, NS, Church, SE, Fremeaux-Bacchi, V, and Roumenina, LT. Complement System Part I Molecular Mechanisms of Activation and Regulation. Front Immunol (2015) 6:262:262. doi: 10.3389/fimmu.2015.00262

10. Petersen, SV, Thiel, S, Jensen, L, Vorup-Jensen, T, Koch, C, and Jensenius, JC. Control of the classical and the MBL pathway of complement activation. Mol Immunol (2000) 37:803–11. doi: 10.1016/S0161-5890(01)00004-9

11. Sunyer, JO, Boshra, H, Lorenzo, G, Parra, D, Freedman, B, and Bosch, N. Evolution of Complement as an Effector System in Innate and Adaptive Immunity. Immunol Res (2003) 27:549–64. doi: 10.1385/IR:27:2-3:549

12. Sakai, DK. Repertoire of complement in immunological defense mechanisms of fish. Annu Rev Fish Dis (1992) 2:223–47. doi: 10.1016/0959-8030(92)90065-6

13. Harboe, M, Ulvund, G, Vien, L, Fung, M, and Mollnes, TE. The quantitative role of alternative pathway amplification in classical pathway induced terminal complement activation. Clin Exp Immunol (2004) 138:439–46. doi: 10.1111/j.1365-2249.2004.02627.x

14. Harboe, M, Garred, P, Karlstrøm, E, Lindstad, JK, Stahl, GL, and Mollnes, TE. The down-stream effects of mannan-induced lectin complement pathway activation depend quantitatively on alternative pathway amplification. Mol Immunol (2009) 47:373–80. doi: 10.1016/j.molimm.2009.09.005

15. Sarma, JV, and Ward, PA. The complement system. Cell Tissue Res (2011) 343:227–35. doi: 10.1007/s00441-010-1034-0

16. Sottrup-Jensen, L, Stepanik, TM, Kristensen, T, Lønblad, PB, Jones, CM, Wierzbicki, DM, et al. Common evolutionary origin of alpha 2-macroglobulin and complement components C3 and C4. Proc Natl Acad Sci USA (1985) 82:9–13. doi: 10.1073/PNAS.82.1.9

17. Levine, RP, and Dodds, AW. The Thioester Bond of C3. Berlin, Heidelberg: Springer (1990). p. 73–82. doi: 10.1007/978-3-642-74977-3_4

18. Ferreira, VP, Pangburn, MK, and Cortés, C. Complement control protein factor H: The good, the bad, and the inadequate. Mol Immunol (2010) 47:2187–97. doi: 10.1016/j.molimm.2010.05.007

19. Rebl, A, and Goldammer, T. Under control: The innate immunity of fish from the inhibitors’ perspective. Fish Shellfish Immunol (2018) 77:328–49. doi: 10.1016/j.fsi.2018.04.016

20. Skerka, C, Chen, Q, Fremeaux-Bacchi, V, and Roumenina, LT. Complement factor H related proteins (CFHRs). Mol Immunol (2013) 56:170–80. doi: 10.1016/j.molimm.2013.06.001

21. Sun, G, Li, H, Wang, Y, Zhang, B, and Zhang, S. Zebrafish complement factor H and its related genes: identification, evolution, and expression. Funct Integr Genomics (2010) 10:577–87. doi: 10.1007/s10142-010-0182-3

22. Qi, P, Wu, B, Guo, B, Zhang, C, and Xu, K. The complement factor H (CFH) and its related protein 2 (CFHR2) mediating immune response in large yellow croaker Larimichthys crocea. Dev Comp Immunol (2018) 84:241–9. doi: 10.1016/j.dci.2018.02.017

23. Hawlisch, H, and Köhl, J. Complement and Toll-like receptors: Key regulators of adaptive immune responses. Mol Immunol (2006) 43:13–21. doi: 10.1016/j.molimm.2005.06.028

24. Boshra, H, Li, J, and Sunyer, JO. Recent advances on the complement system of teleost fish. Fish Shellfish Immunol (2006) 20:239–62. doi: 10.1016/J.FSI.2005.04.004

25. Sunyer, JO, Zarkadis, IK, Sahu, A, and Lambris, JD. Multiple forms of complement C3 in trout that differ in binding to complement activators. Proc Natl Acad Sci USA (1996) 93:8546–51. doi: 10.1073/PNAS.93.16.8546

26. Sunyer, JO, Tort, L, and Lambris, JD. Structural C3 diversity in fish: characterization of five forms of C3 in the diploid fish Sparus aurata. J Immunol (1997) 158:2813–21.

27. Nakao, M, Mutsuro, J, Obo, R, Fujiki, K, Nonaka, M, and Yano, T. Molecular cloning and protein analysis of divergent forms of the complement component C3 from a bony fish, the common carp (Cyprinus carpio): presence of variants lacking the catalytic histidine. Eur J Immunol (2000) 30:858–66. doi: 10.1002/1521-4141(200003)30:3<858::AID-IMMU858>3.0.CO;2-M

28. Kuroda, N, Naruse, K, Shima, A, Nonaka, M, Sasaki, M, and Nonaka, M. Molecular cloning and linkage analysis of complement C3 and C4 genes of the Japanese medaka fish. Immunogenetics (2000) 51:117–28. doi: 10.1007/s002510050020

29. Mauri, I, Romero, A, Acerete, L, MacKenzie, S, Roher, N, Callol, A, et al. Changes in complement responses in Gilthead seabream (Sparus aurata) and European seabass (Dicentrarchus labrax) under crowding stress, plus viral and bacterial challenges. Fish Shellfish Immunol (2011) 30:182–8. doi: 10.1016/j.fsi.2010.10.006

30. Forn-Cuní, G, Reis, ES, Dios, S, Posada, D, Lambris, JD, Figueras, A, et al. The Evolution and Appearance of C3 Duplications in Fish Originate an Exclusive Teleost c3 Gene Form with Anti-Inflammatory Activity. PloS One (2014) 9:e99673. doi: 10.1371/journal.pone.0099673

31. Zhang, S, and Cui, P. Complement system in zebrafish. Dev Comp Immunol (2014) 46:3–10. doi: 10.1016/j.dci.2014.01.010

32. Melillo, D, Varriale, S, Giacomelli, S, Natale, L, Bargelloni, L, Oreste, U, et al. Evolution of the complement system C3 gene in Antarctic teleosts. Mol Immunol (2015) 66:299–309. doi: 10.1016/j.molimm.2015.03.247

33. Anastasiou, V, Mikrou, A, Papanastasiou, AD, and Zarkadis, IK. The molecular identification of factor H and factor I molecules in rainbow trout provides insights into complement C3 regulation. Fish Shellfish Immunol (2011) 491–99. doi: 10.1016/j.fsi.2011.06.008

34. Straub, PF, Higham, ML, Tanguy, A, Landau, BJ, Phoel, WC, Hales, LS, et al. Suppression subtractive hybridization cDNA libraries to identify differentially expressed genes from contrasting fish habitats. Mar Biotechnol (2004) 386–99. doi: 10.1007/s10126-004-3146-6

35. Wang, L, Shao, C, Xu, W, Zhou, Q, Wang, N, and Chen, S. Proteome profiling reveals immune responses in Japanese flounder (Paralichthys olivaceus) infected with Edwardsiella tarda by iTRAQ analysis. Fish Shellfish Immunol (2017) 325–33. doi: 10.1016/j.fsi.2017.05.022

36. Groff, JM. Cutaneous Biology and Diseases of Fish. Vet Clin North Am Exot Anim Pract (2001) 4:321–411. doi: 10.1016/S1094-9194(17)30037-3

37. Dovezenski, N, Billetta, R, and Gigli, I. Expression and localization of proteins of the complement system in human skin. J Clin Invest (1992) 90:2000–12. doi: 10.1172/JCI116080

38. Yano, T, Hatayama, Y, Matsuyama, H, and Nakao, M. Titration of the alternative complement pathway activity of representative cultured fishes. Nippon SUISAN GAKKAISHI (1988) 54:1049–54. doi: 10.2331/suisan.54.1049

39. Nelson, JS, Grande, TC, and Wilson, MVH. Fishes of the World: Fifth Edition. John Wiley & Sons (2016). doi: 10.1002/9781119174844.

40. Gemayel, R, Vinces, MD, Legendre, M, and Verstrepen, KJ. Variable tandem repeats accelerate evolution of coding and regulatory sequences. Annu Rev Genet (2010) 44:445–77. doi: 10.1146/annurev-genet-072610-155046

41. Nydam, ML, and DeTomaso, AW. Creation and maintenance of variation in allorecognition loci: Molecular analysis in various model systems. Front Immunol (2011) 2:79. doi: 10.3389/fimmu.2011.00079

42. Altschul, SF, Gish, W, Miller, W, Myers, EW, and Lipman, DJ. Basic local alignment search tool. J Mol Biol (1990) 215:403–10. doi: 10.1016/S0022-2836(05)80360-2

43. Edgar, RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res (2004) 32:1792–7. doi: 10.1093/nar/gkh340

44. Larsson, A. AliView: a fast and lightweight alignment viewer and editor for large datasets. Bioinformatics (2014) 30:3276–8. doi: 10.1093/bioinformatics/btu531

45. Miller, MA, Pfeiffer, W, and Schwartz, T. Creating the CIPRES Science Gateway for inference of large phylogenetic trees. In: 2010 Gateway Computing Environments Workshop. New Orleans: GCE (2010). doi: 10.1109/GCE.2010.5676129

46. Stamatakis, A. RAxML version 8: A tool for phylogenetic analysis and post-analysis of large phylogenies. Bioinformatics (2014) 30:1312–3. doi: 10.1093/bioinformatics/btu033

47. Ronquist, F, Teslenko, M, van der Mark, P, Ayres, DL, Darling, A, Höhna, S, et al. MrBayes 3.2: efficient Bayesian phylogenetic inference and model Choice across a Large model space. Syst Biol (2012) 61:539–42. doi: 10.1093/sysbio/sys029

48. Janssen, BJC, Huizinga, EG, Raaijmakers, HCA, Roos, A, Daha, MR, Nilsson-Ekdahl, K, et al. Structures of complement component C3 provide insights into the function and evolution of immunity. Nature (2005) 437:505–11. doi: 10.1038/nature04005

49. Louro, B, Marques, JP, Power, DM, and Canário, AVM. Having a BLAST: Searchable transcriptome resources for the gilthead sea bream and the European sea bass. Mar Genomics (2016) 30:67–71. doi: 10.1016/j.margen.2016.10.004

50. Pinto, PIS, Thorne, MAS, and Power, DM. European sea bass (Dicentrarchus labrax) skin and scale transcriptomes. Mar Genomics (2017) 35–7. doi: 10.1016/j.margen.2017.05.002

51. Pinto, PIS, Guerreiro, CC, Costa, RA, Martinez-Blanch, JF, Carballo, C, Codoñer, FM, et al. Understanding pseudo-albinism in sole (Solea senegalensis): a transcriptomics and metagenomics approach. Sci Rep (2019) 9:1–16. doi: 10.1038/s41598-019-49501-6

52. Mateus, AP, Anjos, L, Cardoso, JR, and Power, DM. Chronic stress impairs the local immune response during cutaneous repair in gilthead sea bream (Sparus aurata, L.). Mol Immunol (2017) 87:267–83. doi: 10.1016/j.molimm.2017.04.008

53. Ishiguro, H, Kobayashi, K, Suzuki, M, Titani, K, Tomonaga, S, and Kurosawa, Y. Isolation of a hagfish gene that encodes a complement component. EMBO J (1992) 11:829–37. doi: 10.1002/j.1460-2075.1992.tb05120.x

54. Nonaka, MI, Terado, T, Kimura, H, and Nonaka, M. Evolutionary analysis of two complement C4 genes: Ancient duplication and conservation during jawed vertebrate evolution. Dev Comp Immunol (2017) 68:1–11. doi: 10.1016/j.dci.2016.11.009

55. Anderson, D, and Zeeman, M. Immunotoxicology in fish.In: Gray M.(ed) Fundamentals of Aquatic Toxicology: Effects, Environmental Fate, and Risk Assessment. In: 2nd ed Taylor Fr. Washington, DC: CRC Press (1995). p. 371–404. doi: 10.1177/109158189601500514

56. Kato, Y, Nakao, M, Mutsuro, J, Zarkadis, IK, and Yano, T. The complement component C5 of the common carp (Cyprinus carpio): cDNA cloning of two distinct isotypes that differ in a functional site. Immunogenetics (2003) 54:807–15. doi: 10.1007/s00251-002-0528-7

57. Papanastasiou, AD, and Zarkadis, IK. Gene duplication of the seventh component of complement in rainbow trout. Immunogenetics (2005) 57:703–8. doi: 10.1007/s00251-005-0028-7

58. Nakatani, Y, Takeda, H, Kohara, Y, and Morishita, S. Reconstruction of the vertebrate ancestral genome reveals dynamic genome reorganization in early vertebrates. Genome Res (2007) 17:1254–65. doi: 10.1101/gr.6316407

59. Putnam, NH, Butts, T, Ferrier, DEK, Furlong, RF, Hellsten, U, Kawashima, T, et al. The amphioxus genome and the evolution of the chordate karyotype. Nature (2008) 453:1064–71. doi: 10.1038/nature06967

60. Sacerdot, C, Louis, A, Bon, C, Berthelot, C, and Roest Crollius, H. Chromosome evolution at the origin of the ancestral vertebrate genome. Genome Biol (2018) 19:166. doi: 10.1186/s13059-018-1559-1

61. Cardoso, JCR, Bergqvist, CA, and Larhammar, D. Corticotropin-Releasing Hormone (CRH) Gene Family Duplications in Lampreys Correlate With Two Early Vertebrate Genome Doublings. Front Neurosci (2020) 14:672. doi: 10.3389/fnins.2020.00672

62. Kuraku, S, and Kuratani, S. Time Scale for Cyclostome Evolution Inferred with a Phylogenetic Diagnosis of Hagfish and Lamprey cDNA Sequences. Zoolog Sci (2006) 23:1053–64. doi: 10.2108/zsj.23.1053

63. Smith, JJ, Kuraku, S, Holt, C, Sauka-Spengler, T, Jiang, N, Campbell, MS, et al. Sequencing of the sea lamprey (Petromyzon marinus) genome provides insights into vertebrate evolution. Nat Genet (2013) 45:415–21. doi: 10.1038/ng.2568

64. Warren, IA, Naville, M, Chalopin, D, Levin, P, Berger, CS, Galiana, D, et al. Evolutionary impact of transposable elements on genomic diversity and lineage-specific innovation in vertebrates. Chromosome Res (2015) 23:505–31. doi: 10.1007/s10577-015-9493-5

65. Qi, ZH, Liu, YF, Wang, WN, Wu, X, Xin, Y, Lu, YF, et al. Molecular characterization and functional analysis of a complement C3 molecule in the orange-spotted grouper (Epinephelus coioides). Fish Shellfish Immunol (2011) 31:1284–90. doi: 10.1016/j.fsi.2011.09.018

66. Khansari, AR, Balasch, JC, Vallejos-Vidal, E, Parra, D, Reyes-López, FE, and Tort, L. Comparative immune- and stress-related transcript response induced by air exposure and Vibrio anguillarum bacterin in rainbow trout (Oncorhynchus mykiss) and gilthead seabream (Sparus aurata) mucosal surfaces. Front Immunol (2018) 9:856. doi: 10.3389/fimmu.2018.00856

67. Sunyer, JO, Tort, L, and Lambris, JD. Diversity of the third form of complement, C3, in fish: Functional characterization of five forms of C3 in the diploid fish Sparus aurata. Biochem J (1997) 326:877–81. doi: 10.1042/bj3260877

68. Reyes-Becerril, M, Salinas, I, Cuesta, A, Meseguer, J, Tovar-Ramirez, D, Ascencio-Valle, F, et al. Oral delivery of live yeast Debaryomyces hansenii modulates the main innate immune parameters and the expression of immune-relevant genes in the gilthead seabream (Sparus aurata L.). Fish Shellfish Immunol (2008) 25:731–9. doi: 10.1016/j.fsi.2008.02.010

69. Chaves-Pozo, E, Liarte, S, Fernández-Alacid, L, Abellán, E, Meseguer, J, Mulero, V, et al. Pattern of expression of immune-relevant genes in the gonad of a teleost, the gilthead seabream (Sparus aurata L.). Mol Immunol (2008) 45:2998–3011. doi: 10.1016/j.molimm.2008.01.018

70. Reyes-Becerril, M, López-Medina, T, Ascencio-Valle, F, and Esteban, MÁ. Immune response of gilthead seabream (Sparus aurata) following experimental infection with Aeromonas hydrophila. Fish Shellfish Immunol (2011) 31:564–70. doi: 10.1016/j.fsi.2011.07.006

71. Mauri, I, Roher, N, MacKenzie, S, Romero, A, Manchado, M, Balasch, JC, et al. Molecular cloning and characterization of European seabass (Dicentrarchus labrax) and Gilthead seabream (Sparus aurata) complement component C3. Fish Shellfish Immunol (2011) 30:1310–22. doi: 10.1016/j.fsi.2011.03.013

72. Reyes-Becerril, M, Ascencio-Valle, F, Meseguer, J, Tapia-Paniagua, ST, Moriñigo, MA, and Esteban, MÁ. Debaryomyces hansenii L2-enriched diet enhances the immunity status, gene expression and intestine functionality in gilthead seabream (Sparus aurata L.). Aquac Res (2012) 43:1107–18. doi: 10.1111/j.1365-2109.2011.02914.x

73. Guardiola, FA, Cerezuela, R, Meseguer, J, and Esteban, MA. Modulation of the immune parameters and expression of genes of gilthead seabream (Sparus aurata L.) by dietary administration of oxytetracycline. Aquaculture (2012) 334–337:51–7. doi: 10.1016/j.aquaculture.2012.01.003

74. Valero, Y, García-Alcázar, A, Esteban, MÁ, Cuesta, A, and Chaves-Pozo, E. Antimicrobial response is increased in the testis of European sea bass, but not in gilthead seabream, upon nodavirus infection. Fish Shellfish Immunol (2015) 44:203–13. doi: 10.1016/j.fsi.2015.02.015

75. Reyes-Becerril, M, Guluarte, C, Ceballos-Francisco, D, Angulo, C, and Esteban, MÁ. Enhancing gilthead seabream immune status and protection against bacterial challenge by means of antigens derived from Vibrio parahaemolyticus. Fish Shellfish Immunol (2017) 60:205–18. doi: 10.1016/j.fsi.2016.11.053

76. Khansari, AR, Balasch, JC, Vallejos-Vidal, E, Teles, M, Fierro-Castro, C, Tort, L, et al. Comparative study of stress and immune-related transcript outcomes triggered by Vibrio anguillarum bacterin and air exposure stress in liver and spleen of gilthead seabream (Sparus aurata), zebrafish (Danio rerio) and rainbow trout (Oncorhynchus mykiss). Fish Shellfish Immunol (2019) 86:436–48. doi: 10.1016/j.fsi.2018.11.063

77. Leiva-Rebollo, R, Labella, AM, Borrego, JJ, and Castro, D. Immune gene expression in gilthead seabream ( Sparus aurata ) after Lymphocystis disease virus (LCDV-Sa) challenge resulting in asymptomatic infection. J Appl Microbiol (2020) 128:41–53. doi: 10.1111/jam.14454

78. Sunyer, JO, Zarkadis, IK, and Lambris, JD. Complement diversity: a mechanism for generating immune diversity? Immunol Today (1998) 19:519–23. doi: 10.1016/S0167-5699(98)01341-3

79. Meng, F, Sun, Y, Liu, X, Wang, J, Xu, T, and Wang, R. Analysis of C3 suggests three periods of positive selection events and different evolutionary patterns between fish and mammals. PloS One (2012) 7:e37489. doi: 10.1371/journal.pone.0037489

80. Santoro, F, Lachmann, PJ, Capron, A, and Capron, M. Activation of complement by Schistosoma mansoni schistosomula: killing of parasites by the alternative pathway and requirement of IgG for classical pathway activation. J Immunol (1979) 123:1551–7.

81. Schreiber, RD, Morrison, DC, Podack, ER, and Müller-Eberhard, HJ. Bactericidal activity of the alternative complement pathway generated from 11 isolated plasma proteins. J Exp Med (1979) 149:870–82. doi: 10.1084/JEM.149.4.870

82. Grossman, N, and Leive, L. Complement activation via the alternative pathway by purified Salmonella lipopolysaccharide is affected by its structure but not its O-antigen length. J Immunol (1984) 132:376–85.

83. Li, M, Sun, L, and Li, J. Edwardsiella tarda evades serum killing by preventing complement activation via the alternative pathway. Fish Shellfish Immunol (2015) 43:325–9. doi: 10.1016/J.FSI.2014.12.037

84. Nakao, M, Tsujikura, M, Ichiki, S, Vo, TK, and Somamoto, T. The complement system in teleost fish: Progress of post-homolog-hunting researches. Dev Comp Immunol (2011) 35:1296–308. doi: 10.1016/j.dci.2011.03.003

85. Solbakken, MH, Tørresen, OK, Nederbragt, AJ, Seppola, M, Gregers, TF, Jakobsen, KS, et al. Evolutionary redesign of the Atlantic cod (Gadus morhua L.) Toll-like receptor repertoire by gene losses and expansions. Sci Rep (2016) 6:25211. doi: 10.1038/srep25211

86. Solbakken, MH, Voje, KL, Jakobsen, KS, and Jentoft, S. Linking species habitat and past palaeoclimatic events to evolution of the teleost innate immune system. Proc R Soc B Biol Sci (2017) 284:20162810. doi: 10.1098/rspb.2016.2810

87. Zhu, L, Nie, L, Zhu, G, Xiang, L, and Shao, J. Advances in research of fish immune-relevant genes: A comparative overview of innate and adaptive immunity in teleosts. Dev Comp Immunol (2013) 39:39–62. doi: 10.1016/J.DCI.2012.04.001

88. Zhang, L, Li, L, Guo, X, Litman, GW, Dishaw, LJ, and Zhang, G. Massive expansion and functional divergence of innate immune genes in a protostome. Sci Rep (2015) 5:8693. doi: 10.1038/srep08693

89. Buonocore, F, and Gerdol, M. Alternative adaptive immunity strategies: coelacanth, cod and shark immunity. Mol Immunol (2016) 69:157–69. doi: 10.1016/j.molimm.2015.09.003

90. Voss, EW, and Sigel, MM. Valence and temporal change in affinity of purified 7S and 18S nurse shark anti-2,4 dinitrophenyl antibodies. J Immunol (1972) 109:665–73.

91. Watts, M, Munday, BL, and Burke, CM. Immune responses of teleost fish. Aust Vet J (2001) 79:570–4. doi: 10.1111/j.1751-0813.2001.tb10753.x

92. Bengtén, E, and Wilson, M. Antibody Repertoires in Fish. Cham: Springer (2015). p. 193–234. doi: 10.1007/978-3-319-20819-0_9

93. Sunyer, JO, and Tort, L. Natural hemolytic and bactericidal activities of sea bream Sparus aurata serum are effected by the alternative complement pathway. Vet Immunol Immunopathol (1995) 45:333–45. doi: 10.1016/0165-2427(94)05430-Z

94. Salinas, I, Zhang, Y-A, and Sunyer, JO. Mucosal immunoglobulins and B cells of teleost fish. Dev Comp Immunol (2011) 35:1346–65. doi: 10.1016/J.DCI.2011.11.009

95. Ibarz, A, Pinto, PIS, and Power, DM. Proteomic Approach to Skin Regeneration in a Marine Teleost: Modulation by Oestradiol-17β. Mar Biotechnol (2013) 15:629–46. doi: 10.1007/s10126-013-9513-4

96. Tsutsui, S, Komatsu, Y, Sugiura, T, Araki, K, and Nakamura, O. A unique epidermal mucus lectin identified from catfish (Silurus asotus): first evidence of intelectin in fish skin slime. J Biochem (2011) 150:501–14. doi: 10.1093/jb/mvr085

97. Cole, AM, Weis, P, and Diamond, G. Isolation and characterization of pleurocidin, an antimicrobial peptide in the skin secretions of winter flounder. J Biol Chem (1997) 272:12008–13. doi: 10.1074/JBC.272.18.12008

98. Bergsson, G, Agerberth, B, Jörnvall, H, and Gudmundsson, GH. Isolation and identification of antimicrobial components from the epidermal mucus of Atlantic cod (Gadus morhua). FEBS J (2005) 272:4960–9. doi: 10.1111/j.1742-4658.2005.04906.x

99. Alexander, JB, and Ingram, GA. Noncellular nonspecific defence mechanisms of fish. Annu Rev Fish Dis (1992) 2:249–79. doi: 10.1016/0959-8030(92)90066-7

100. Aranishi, F, and Nakane, M. Epidermal proteases of the Japanese eel. Fish Physiol Biochem (1997) 16:471–8. doi: 10.1023/A:1007736804243

101. Salles, CMC, Gagliano, P, Leitão, SAT, Salles, JB, Guedes, HLM, Cassano, VPF, et al. Identification and characterization of proteases from skin mucus of tambacu, a Neotropical hybrid fish. Fish Physiol Biochem (2007) 33:173–9. doi: 10.1007/s10695-007-9128-7

102. Hikima, J, Hirono, I, and Aoki, T. The lysozyme gene in fish Aquatic Genomics. Tokyo: Springer Japan (2003). p. 301–9. doi: 10.1007/978-4-431-65938-9_27

103. Gonzalez, SF, Buchmann, K, and Nielsen, ME. Complement expression in common carp (Cyprinus carpio L.) during infection with Ichthyophthirius multifiliis. Dev Comp Immunol (2007) 31:576–86. doi: 10.1016/j.dci.2006.08.010

104. Easy, RH, and Ross, NW. Changes in Atlantic salmon (Salmo salar) epidermal mucus protein composition profiles following infection with sea lice (Lepeophtheirus salmonis). Comp Biochem Physiol Part D Genomics Proteomics (2009) 4:159–67. doi: 10.1016/j.cbd.2009.02.001

105. Provan, F, Jensen, LB, Uleberg, KE, Larssen, E, Rajalahti, T, Mullins, J, et al. Proteomic analysis of epidermal mucus from sea lice-infected Atlantic salmon, Salmo salar L. J Fish Dis (2013) 36:311–21. doi: 10.1111/jfd.12064

106. Valdenegro-Vega, VA, Crosbie, P, Bridle, A, Leef, M, Wilson, R, and Nowak, BF. Differentially expressed proteins in gill and skin mucus of Atlantic salmon (Salmo salar) affected by amoebic gill disease. Fish Shellfish Immunol (2014) 40:69–77. doi: 10.1016/j.fsi.2014.06.025

107. Cordero, H, Brinchmann, MF, Cuesta, A, Meseguer, J, and Esteban, MA. Skin mucus proteome map of European sea bass (Dicentrarchus labrax). Proteomics (2015) 15:4007–20. doi: 10.1002/pmic.201500120

108. Ao, J, Mu, Y, Xiang, L-X, Fan, D, Feng, M, Zhang, S, et al. Genome sequencing of the perciform fish Larimichthys crocea provides insights into molecular and genetic mechanisms of stress adaptation. PloS Genet (2015) 11:e1005118. doi: 10.1371/journal.pgen.1005118

109. Sanahuja, I, and Ibarz, A. Skin mucus proteome of gilthead sea bream: A non-invasive method to screen for welfare indicators. Fish Shellfish Immunol (2015) 46:426–35. doi: 10.1016/j.fsi.2015.05.056

110. Malachowicz, M, Wenne, R, and Burzynski, A. De novo assembly of the sea trout (Salmo trutta m. trutta) skin transcriptome to identify putative genes involved in the immune response and epidermal mucus secretion. PloS One (2017) 12:e0172282. doi: 10.1371/journal.pone.0172282

111. Raj, V, Fournier, G, Rakus, K, Ronsmans, M, Ouyang, P, Michel, B, et al. Skin mucus of Cyprinus carpio inhibits cyprinid herpesvirus 3 binding to epidermal cells. Vet Res (2011) 42:92. doi: 10.1186/1297-9716-42-92

112. Nigam, AK, Kumari, U, Mittal, S, and Mittal, AK. Comparative analysis of innate immune parameters of the skin mucous secretions from certain freshwater teleosts, inhabiting different ecological niches. Fish Physiol Biochem (2012) 38:1245–56. doi: 10.1007/s10695-012-9613-5

113. Ángeles Esteban, M. An Overview of the immunological defenses in fish skin. ISRN Immunol (2012) 2012:1–29. doi: 10.5402/2012/853470

114. Gomez, D, Sunyer, JO, and Salinas, I. The mucosal immune system of fish: The evolution of tolerating commensals while fighting pathogens. Fish Shellfish Immunol (2013) 35:1729–39. doi: 10.1016/j.fsi.2013.09.032

115. Hu, Y, Li, A, Xu, Y, Jiang, B, Lu, G, and Luo, X. Transcriptomic variation of locally-infected skin of Epinephelus coioides reveals the mucosal immune mechanism against Cryptocaryon irritans. Fish Shellfish Immunol (2017) 66:398–410. doi: 10.1016/j.fsi.2017.05.042

116. Cordero, H, Morcillo, P, Cuesta, A, Brinchmann, MF, and Esteban, MA. Differential proteome profile of skin mucus of gilthead seabream (Sparus aurata) after probiotic intake and/or overcrowding stress. J Proteomics (2016) 132:41–50. doi: 10.1016/j.jprot.2015.11.017

117. Hughes, AL. Phylogeny of the C3/C4/C5 complement-component gene family indicates that C5 diverged first. Mol Biol Evol (1994) 11:417–25. doi: 10.1093/oxfordjournals.molbev.a040123

118. Marino, R, Kimura, Y, De Santis, R, Lambris, JD, and Pinto, M. Complement in urochordates: cloning and characterization of two C3-like genes in the ascidian Ciona intestinalis. Immunogenetics (2002) 53:1055–64. doi: 10.1007/s00251-001-0421-9

119. Peng, M, Niu, D, Chen, Z, Lan, T, Dong, Z, Tran, T-N, et al. Expression of a novel complement C3 gene in the razor clam Sinonovacula constricta and its role in innate immune response and hemolysis. Dev Comp Immunol (2017) 73:184–92. doi: 10.1016/j.dci.2017.03.027

120. Chen, Y, Xu, K, Li, J, Wang, X, Ye, Y, and Qi, P. Molecular characterization of complement component 3 (C3) in Mytilus coruscus improves our understanding of bivalve complement system. Fish Shellfish Immunol (2018) 76:41–7. doi: 10.1016/j.fsi.2018.02.044

121. Matsushita, M. The complement system of agnathans. Front Immunol (2018) 9:1405. doi: 10.3389/fimmu.2018.01405



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Najafpour, Cardoso, Canário and Power. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-11-568631-g001.jpg
TsGD) e
@ Pt
.

——

[Full-length sequence|

o

1

ca

2

2

s

1

CFH-.
Imembers






OEBPS/Images/fimmu-11-568631-g010.jpg
|
il






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Specific Evolution and Gene Family Expansion of Complement 3 and Regulatory Factor H in Fish

      

        		

          Introduction

        



        		

          Material and Methods

        

          		

            Screening for the Complement System and Complement Regulatory Factor H in Ray-Finned Fish

          



          		

            In Depth Analysis of c3, c4 and c5 and cfh Genes

          



          		

            Sequence Comparisons and Phylogenetic Analysis

          



          		

            Neighboring Gene Analysis 

          



          		

            Protein Motif Annotation

          



          		

            Transcriptome Analysis

          



          		

            RNA Extraction and cDNA Synthesis

          



          		

            Quantitative Expression of Sea Bream c3 Isoforms 

          



        



        



        		

          Results

        

          		

            Complement System and Regulatory Proteins in Ray-Finned Fish 

          



          		

            The c3, c4, c5, and cfh Family Genes in Fish

          

            		

              Agnathan and Cartilaginous Fishes

            



            		

              Ray-Finned Fish 

            



            		

              Lobe-Finned Fish and Tetrapods

            



          



          



          		

            Phylogenetic Analysis

          

            		

              C3, C4, and C5 Phylogeny

            



            		

              Cfh Family Member Phylogeny

            



          



          



          		

            Short-Range Gene Linkage

          

            		

              Complement Genes

            



          



          



          		

            Complement Factor H Members

          



          		

            Sequence Comparisons

          

            		

              The fish C3

            



          



          



          		

            The Gilthead Sea Bream C3 Isoforms

          



          		

            Fish C4 and C5

          



          		

            Expression of the Complement System in Teleost

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-11-568631-g007.jpg
Spotted gar

Tetraodon

cm.a.1
cm.a.2

a1

—— = o
b AJRCATAS,_ g
£ ¢
L— -
ey RRODEE

2ebrafich

cm.b

s

Peraz

o sin [ oo

Doz





OEBPS/Images/fimmu-11-568631-g005.jpg
o R
pred % G
K llovs @unor

@a! Tamanre

i

) et






OEBPS/Images/table4.jpg
Gitthead sea bream c3 isoforms

cats | carz | ear3  eans s s ez w18 w2z Rt
i us s u nd nd nd nd u Prosont study
- - - - = - - Ui - ©
- - - - G - - - - ©
- - - - - - - U.5p . e - I
- - - - g - - - - I
y @ = = 3 = - Ui He S - 2
) = = = = = . Hohn - (39
) B B B - B B o - P
- - - - - - - o - 5
- - = = n.G. S - - N - o
. , , - use - - - - 9)
In bk I Hk o

Cormesprndonca bawsen th pimersusedto ampity 3 1 provusly pubished st e 19000 hoed S0 bream Saquances nted o hopessent sty Tssues o whih POR
ampitcaon o 3 wro dotcto e (1o (S0, nestn ), heck oy (H), gonad (G0) bain (81, s (5. 61 G1

p—

o rstment i pay 1C.

yecton wih st and T

aer biotic (Vo angularum bactek), abio a exposur) o Combiaton of b0t sssors,

Mt saos SN bt A EE S R 1R






OEBPS/Images/table3.jpg
Complement Sea bass Black rockcod  Senegalese sole

component (Dicentrarchus (Notothenia (Solea
labrax) coriceps)  senogalensis)

cla@bi.  clap,ofs ois ciaa

cis,

cir

2 = o2 -

c3 (1/2) = ©3.1,¢82 <31

itz ot cat cit

s - - s

6 o % %

cTam o c7a,c7> c7a,c7p

by - o8y c8a cof 8y

” = 2 z

chan - ca, o> oo

pssombied 31,858 si6752 50118

contigs

RNA-seq transcriplome (imina platorm) assembies of the Euopean sea bass i
(GRMO0000000) (50), Senegalese sole skin (PRIEB29449) (51) and the de novo
vanscriptome assembly of the Antarctc back rockood (Nolothenia corioaps) were
Sk e TN b or 7 sabadsbioet cocios B aikch Bk dkkn





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-11-568631-g013.jpg
5000 000 00 © 0

©f
floco 666 66 6 ;
ek b3 -

[PE——





OEBPS/Images/fimmu-11-568631-g008.jpg
T
] 3 |
RN
.an,‘ 3 ﬂ, «, H i3

i i






OEBPS/Images/fimmu-11-568631-g004.jpg





OEBPS/Images/fimmu.2020.568631_cover.jpg
, frontiers
in Immunology

Specific Evolution and Gene Family
Expansion of Complement 3 and
Regulatory Factor H in Fish





OEBPS/Images/fimmu-11-568631-g012.jpg
c3.1.1

c3.1.3

et

w07

i

w0

210

c3.1.2






OEBPS/Images/fimmu-11-568631-g003.jpg
e ymwot-veaey

L T mm—






OEBPS/Images/fimmu-11-568631-g009.jpg
» e T
SHngy,

Eind
[k R

T

i

i
s i
3 i
i i
g i
3 i
i i
i i
s i
3 i
3 i
i i

P
il

)
3
3
3
3
)
{

) DETASLINMPOSCVEMIASTTLFLIASLY |





OEBPS/Images/table2.jpg
ciomB,¢)  cacaices

b
i
N
g
=
=
2
§

Spoted gar

{
i

Stckleback 1
Tataodon

Tispia

zebrafisn

Seabass

Seaream

T centid hman gone copies areincaled forcomparson, The e of ncomplte C3enes e {860st ganomes s XCaled i Xacks. SSarchs e 19 gones o
e thee chalns of C10 (A, 8, C) and of C8 (e & . Phwiogenetic swes for the flsh C1a, CHCH, €8, C7, C8, and C9 are svalebis i Supplementary Flours 1.

B K
casga

vesuegoseen

i





OEBPS/Images/fimmu-11-568631-g011.jpg
T
¢
Coalacmmncen
e
¢

¢

¢

¢

poriniy Yommvo
Sagni Sewe (.
Selcktamier co.1 PERVTSLIOLPRCCLOU TLRLAFTLONVR (| ) BV (
lepnant amack c4.1 {11} oCTNRLIRVPRGEL TS TLAAPRVTAVE (||} PRV
Crioren c 2 ) OTEXLIGVPTC SOV TINTE PR )
Spoteed () aovome TR EoevINPATINR () UV (1)
EebratienCA.2 (.. .)AGIDRLIGLPCCARTWIMSOATIAR . ) PBLID(. . .)






OEBPS/Images/fimmu-11-568631-g002.jpg
cs

= ca.






OEBPS/Images/table1.jpg
Name

Sequence (5"

Complement gene

c3.1.1Fwd.
c3.1.1Rev
c3.1.2Fud
c3.1.2R00
c3.1.5Fwd.
c3.1.9Rev
c3.1.4Fwd.
c3.1.4Re0
c3.2Fwd

c3.2R0

GATCAGGTTGGAGAACCCAG
‘GACCCTGTCTCCTICAGAAG
GTTAAGGTCACTGAGTGATGC
GCTCACTAMGTGCCTTTACTC
GOTTTGAAACATAAGAACTGCACA
TOCATTTGCCAGAGGTTARTTTGT
GATGAACAGAGTCAGGCGTAC
CATCCGTGTIGCGTGTACTTC
GACCTGAGBGACACAGTCAG
CACGGTGGACTIGCTGAAGT

Reference gene

185 Furd
165 e

TGACGBAAGGGCACCACCAG
AATCGCTCCACCAACTAAGAACGG

Tomp
o)

2 8 8 8 8

&

Efficiency
[2)

1014
a7
a6
9

076

03

R2

The aneaing temperature, pimer pais ffcency () and the neaity R of the starciard
s sy





OEBPS/Images/table5.jpg
Complement

G5, BiIC?.
C . 5, C3, C48, G5, C7, C8 (¢, B, . C9
ca,Cla

s

802, 63,05, O8, Factor 8

ca, 6o

s’

Cts G2, 63, G4, C5. C7, C8la, B . C9
Cla

C1,63, &4, G5, G5, C7, C8

c3

‘Teleost species.

Cyprins caio
Larmtys croce
Dicenrarchus sbrax
Saio saor

‘Saio saor

Saimo saer
Oncortynchus myliss
Epinepheus coiodes
‘Spas aurata
Saimo tntta
Spanss aurata

Conditions.
A oxposire

Infected wih sea Ko (Lepeophtheius samons)
Infected wih seaice (Lepeophiheius saimonis)
Infocted wh amostic g1 dsease

nfected with Cryptocaryon intans.

Reference

(10
(106
«on
(109
(105)
(108
(119
(1)
(109
(119
(116
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