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The characterization of active compounds in Cnidaria sheds light on a large bank of substances against multiresistant bacteria related to diseases in humans, which makes it a cutting edge with a repertoire of antimicrobial molecules worthy of bioprospecting analysis. Thus, the main nabof this research was to characterize antimicrobial peptides (AMP) belonging to the defensin family in different species of Cnidarians through bioinformatic approaches. To this, an exhaustive search was carried out for sequences homologous to antimicrobial peptides belonging to the defensin family in genomes availables for Cnidarians. Also, 3D models of AMP were obtained by modeling based on homology, functional characterization of peptides found was performed with machine learning approaches. Characterization of twelve peptides derived from 11 Cnidarian species was possible due to 3D modeling, which showed structural similarity with defensins reported in several species such as Nasonia vitripennis, Pisum sativum, Solanum lycopersicum, and Aurelia aurita. Also, different physicochemical properties such as hydrophobic moment, hydrophobicity, net charge, amphiphilic index, and isoelectric point were evaluated. These peptides showed values ​​that are ideal for AMP. Further, functional characterization showed a bactericidal potential of 20 peptides against multiresistant bacteria Escherichia coli, Pseudomonas aeruginosa, and Klebsiella pneumoniae. These peptides with action potential were found in 17 species from Cnidarians and obtained by homology through the defensin Aurelin, described in the Cnidarian Aurelia aurita, and Mus musculus’ Beta-defensin 7. Finally, a phylogenetic tree was performed, it showed that defensins are distributed in all Cnidarians regardless of the taxonomic group. Thus, the origin of defensins in the Phylum Cnidaria is not monophyletic. Our results show that Cnidaria has AMP with structural and physicochemical characteristics similar to those described in defensins of insects, mammals, and plants. The structural characteristics of these peptides, their physicochemical properties, and their functional potential outline them as promising templates for the discovery of new antibiotics.
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Introduction

Cnidarians is a primitive phylum of invertebrates that emerged 700 million years ago. They are organisms with simple anatomy and a dysmorphic life cycle that allow them to use varied environments and resources (Calcagno, 2014). This phylum is represented by pelagic species, both freshwater (Technau and Steele, 2011) and marine (Cheng, 2021), and sessile benthic organisms such as hermatypic corals (Veron, 2001). Among its representatives are corals, hydras, jellyfish, sea anemones, Portuguese warships, sea pens, sea whips and sea fans (Veron, 2001).

The genomes of Cnidarians have a great complexity that is reflected in the repertoire of innate immune genes. Several researches have allowed the description of a variety of molecules involved in the immunological processes of innate immunity (Leal et al., 2022). One of these processes is immunological recognition, in which molecular patterns in a pathogen are recognized to induce a response that leads to its destruction. Among the receptors that have been studied the most are: Toll-like receptors (TLR), associated with the activation of transcription factors of the NF-κB family; NOD-like receptors, which have been attributed the ability to activate several immune pathways, such as the NF-κB pathway, interferon, mitogen-activated protein kinase (MAPK), and inflammasome (Yap and Hwang, 2018; Emery et al., 2021); lectins, carbohydrate-binding proteins involved in complement cascade activation and opsonization (Kimura et al., 2009; Poole et al., 2016); and RIG-I-like receptors (RLR), associated with the activation of the interferon system (Lewandowska et al., 2021). Also, signal translation mediators have been identified that activated immune responses such as phagocytosis, opsonization, lysis, and production of antimicrobial peptides (Lewandowska et al., 2021).

Among the innate defense systems, antimicrobial peptides (AMPs) are considered conserved mechanisms, since they are found in marine organisms, plants, and mammals, among others (Haney et al., 2017). Its mechanisms of action include the inhibition of organelles such as ribosomes, blockage of RNA synthesis or of important compounds for the cell membrane of pathogens (Bechinger and Gorr, 2017; Moravej et al., 2018). Organisms belonging to the phylum Cnidaria are exposed to various groups of infections, and although pathways of the innate immune system have been described (Miller et al., 2007; Augustin and Bosch, 2010), little is known about the role of AMPs in this group of marine organisms. Cnidarians are exposed to interactions with bacterial communities and viruses (Stabili et al., 2018; Lewandowska et al., 2020). This, added to climate change, means that the immune system of these organisms is subject to biological pressure, however, some components of the immune system of these organisms have been studied very little.

Defensins represent one of the largest families of AMPs (Rivas et al., 2006). They are low molecular weight cysteine-rich cationic peptides subdivided into three subfamilies (Dong et al., 2016): α-defensins, they have been widely identified in humans, monkeys, and several rodent species; β-defensins, a widely studied subfamily with the widest taxonomic distribution, including invertebrates and plants; and finally, θ-defensins, which have a circular structure and, this family is the less numerous in mammals. Currently, in Cnidaria only one antimicrobial peptide has been reported with characteristics similar to defensins (Ovchinnikova et al., 2006). Aurelin, is a peptide described in the jellyfish Aurelia aurita composed of 40 amino acid residues active against Gram-positive and Gram-negative bacteria (Ovchinnikova et al., 2006). Given the gap of knowledge about these AMPs belonging to the defensin family in Cnidaria, this research aimed to advance the understanding of the antimicrobial peptide system of this Phylum. Thus, in silico strategies were used to characterized peptides with functional and structural features of AMP and their possible antibiotic properties.



Methods

To achieve the aims proposed in this research, the methods were developed in four phases. First, an exhaustive search was carried out for sequences homologous to antimicrobial peptides belonging to the defensin family from genomes database for Cnidarians. Second, three-dimensional (3D) modeling was performed by sequence homology, which allowed the structural characterization of peptides. Third, a physicochemical characterization of the structurally modeled peptides was carried out. Also, 3D modeling of hydrophobic and hydrophilic surfaces was performed. Fourth, a functional characterization was addressed by computational analysis. Finally, the phylogenetic tree from structurally modeled peptides and peptides that showed putative bactericidal activity, was built by using the Maximum Likelihood method.


Local database

Several Antimicrobial peptide sequences from different vertebrates (Homo sapiens, Mus musculus), plants, insects and jellyfish Aurelia aurita (specifically, defensin Aurelin, already structurally and functionally characterized PDB: 2LG4_A) from the public Protein Data Bank (https://www.rcsb.org/) and NCBI (HTTPS://www.ncbi.nlm.nih.gov/) were used to search into the Cnidarian’s genomes database such as REEFGENOMICS (http://reefgenomics.org/), OIST Marine Genomics Unit (https://marinegenomics.oist.jp/gallery), National Human Genome Research Institute (NHGRI) (https://research.nhgri.nih.gov/hydra/), CassiopeaBase (https://cassiopeabase.org/resources/cxamachana-genome/), UniProt (https://www.uniprot.org/), via protein blast searches. We also use the following sequences from Nematostella vectensis and Hydra magnipapillata as a query: 1) jgi_Nemve1_206031 sequence, obtained from a first search using AMP Aurelin described in Aurelia aurita. 2) Hma2.232062 sequence, obtained from a first search for Beta-defensin 7 (mBD-7) described in Mus musculus. A total of 40 defensins with their secondary structure described, and with proven bactericidal action (Data Sheet 1. FASTA) were used to the search and built an AMP local database.



Peptides characterization

The 3D structure of the putatives peptides in Cnidarian was performed by homology-based modeling using the Swiss model server (Schwede et al., 2003). These models were optimized using the UCF Chimera software (Pettersen et al., 2004). In addition, the evaluation of the quality of the models was adressed through a Ramachandran plot analysis and the QMEANDisCo Global and GMQE estimators.

Also, the AMPs were characterized physicochemically. Physicochemical traits such as hydrophobicity, hydrophobic moment, net charge, amphiphilic index, isoelectric point, and weight were tested by the Property Calculation tool of the DBAASP database (Pirtskhalava et al., 2020). In addition, the antimicrobial potential of the AMPs obtained to Cnidaria was predicted using the PAASS tool in the DBAASP database (https://dbaasp.org/).



Analysis of phylogenetic relationships

For the phylogenetic analysis, a file in Fasta format (Data Sheet 2. FASTA) was created to perform multiple alignments with the MUSCLE tool in the MEGA X program (Tamura et al., 2021). The most likely evolutionary model was found, and a phylogenetic tree was built using the Maximum Likelihood (ML) method, with 1000 starting replicates and the Dayhoff model (Schwarz and Dayhoff, 1979). A discrete gamma distribution, calculated with the local base sequences constructed in this work, was used to model the different evolutionary rates between sites (+G, parameter = 5.0564).




Results

Fifty sequences were obtained from different Cnidarian species that showed a similarity above 25% with AMP belonging to the family of defensins described in higher organisms (Supplementary Table 1) (Data Sheet 3. FASTA). These 50 sequences were subjected to different analyzes to find putative antimicrobial peptides structurally similar to defensins, with putative action against particular microbial species.


Structural modeling

Of fifty putative antimicrobial peptide sequences, only twelve sequences (from 11 species of Cnidarians) met the minimum criteria to solve their 3D structure. Five peptides presented α-helical conformations, and seven antiparallel α-helical and β-sheet conformations (Figure 1; Table 1). Three peptides (1N, 2N, 3N) were modeled through the defensin nasonin-1 (PDB ID: 2KP0) from Nasonia vitripennis. Two other peptides (4P, 5P) were modeled through Defensin-1 (Psd1; PDB ID: 1JKZ) described from Pisum sativum. While defensin gamma-thionin (TPP3; PDB ID: 4uj0), described from Solanum lycopersicum, served as a template to obtain 2 more peptides (6S, 7S). Finally, five peptide structures (8A, 9A, 10A, 11A, 12A) were built using as a template the defensin Aurelin (PDB ID: 2LG4_A) from Aurelia aurita. The alignment of the sequences of the different structural models obtained from Cnidaria, with the defensin sequences used as templates (Supplementary Figure 2).




Figure 1 | 3D structure of peptides from 11 species of Cnidarians (shown in Table 1) with putative antimicrobial action.




Table 1 | Putative antimicrobial peptides from Cnidaria with minimum criteria to obtain a 3D structure.





AMP’s models quality

Ramachandran plots allowed visualized both amino acids present in energetically favored regions for dihedral angles, as well as amino acids in questionable regions for each of the 3D models (Supplementary Figure 1). The structure that presented the largest number of amino acids (Leal et al., 2022) with dihedral angles “not allowed” was that of peptide 8A described in the species Discosoma sp. On the other hand, the 5P peptide described in Goniastrea aspera showed that all its amino acids have dihedral angle conformations for forming α-helix and β-sheet structures. The peptides that showed the most favorable values for this analysis were those described in the species Goniastrea aspera (5P), Montipora cactus (6S), Montipora efflorescens (7S) and Cassiopea xamachana (12A), with Ramachandran values of 96.55%, 92.59%, 92.59%, and 93.33%, respectively (Table 2).


Table 2 | Assessment of models’ quality.



Using the GMQE and QMEANDisCo estimators, we were found that the models generally had a quality that ranges between 0 and 1. These estimators are based on different geometric properties where the expected similarity of the model with the native structure is evaluated. In general, scores below 0.5 indicate a low-quality model (Studer et al., 2020). The peptides with the most favorable values for this analysis were 3N (Goniastrea aspera), 6s (Montipora cactus), 7S (Montipora efflorescens), and 12A (Cassiopea xamachana). On the other hand, the peptides that showed low-quality values were: 8A (Discosoma sp), 9A (Orbicella faveolata), and 10A (Pocillopora damicornis) (Table 2).



Physicochemical characterization of peptides

Different physicochemical features from the 12 structurally modeled peptides, were obtained (Table 3). Hydrophobicity profiles between -3 and 5 in the Wimley-White scale were obtained; where positive values represent greater hydrophobicity (White and Wimley, 1998). Also, hydrophobic moment values ranging between 0.01 and 0.63 were obtained, with higher values in peptides 12A, 9A, and 8A. Regarding the general hydrophobicity of the peptide, peptides with values between 0.39 and 0.83 were obtained. The peptides 7S, 8A, 11A, and 12A were the most favored for this trait. The net charge for all peptides was positive, ranging from +1 to +8. Isoelectric point values ranged from 6.61 to 9.89, with higher values for peptides 9A, 10A, 11A, and 12A. Moreover, the amphiphilic index values ranged between 0.21 and 1.49. Values greater than zero indicate amphiphilic (Mitaku et al., 2002), peptides 4P, 11A, 9A, and 8A showed the highest values for this feature. Finally, the 3D structure of hydrophobic and hydrophilic surfaces of the 12 structurally characterized peptides are represented (Figure 2).


Table 3 | Physicochemical characteristics of putative AMPs in cnidarians.






Figure 2 | 3D structure of hydrophobic and hydrophilic regions of peptides with antimicrobial potential modeled in 11 Cnidarian species (Table 3). The blue color represents hydrophilic regions and the orange hydrophobic regions.





Prediction of activity antimicrobial against specific species

Using the PASS tool, the putative antimicrobial action of all 50 peptides (Supplementary Table 1) against specific microbial species was analyzed. After analysis, we found that 20 peptides showed a potential antimicrobial activity against species such as Escherichia coli, Pseudomonas aeruginosa, and Klebsiella pneumoniae (Table 4). Eleven peptides showed putative antimicrobial action against Klebsiella pneumoniae; three peptides against Pseudomonas aeruginosa; one peptide against Escherichia coli and Pseudomonas aeruginosa; and five peptides against Pseudomonas aeruginosa and Klebsiella pneumoniae. Only a peptide from the species Porites lutea showed putative antimicrobial activity against human erythrocytes. These peptides were obtained by homology through the defensin Aurelin described in the Cnidarian Aurelia aurita, and Beta-defensin 7 (mBD-7) described in Mus musculus.


Table 4 | Putative activity antimicrobial of the Cnidarian’s AMPs.





Analysis of phylogenetic relationships

A total of 33 sequences, including peptides structurally and functionally characterized as AMP, and different defensins used as a template for their characterization, in addition to a Homo sapiens defensin, were analyzed to find a phylogenetic relationship between the peptides from the taxonomic groups different.

The phylogenetic tree showed that some proteins with putative antimicrobial activity characterized in Cnidaria are closely related to AMPs described in other organisms (Figure 3). A node with resampling support of 43% can be seen, which groups different peptides characterized in Cnidarians with the defensins Aurelin and Nuetrophil. This random resampling percentage is close to the ideal (≥50) for validating nodes in the tree. Also, a close relationship is show between the peptide characterized in Nematostella vectensis (Table 4) and the Neutrophil AMP described in Homo sapiens with resampling support of 29%. In another node, with resampling support of 31%, are the defensin Psd1 described in Pisum Sativum, TPP3 described in Solanum lycopersicum, and Beta-defensin 7 (mBD-7) described in Mus musculus. Also, it is show that the peptides described in Montipora cactus and Montipora efflorescens share a close common ancestor with the defensins Psd1 and TPP3.




Figure 3 | Phylogenetic tree with putative sequences for AMPs from Cnidaria. The bootstrap consensus tree unrooted inferred from 1000 replicates using the Maximum Likelihood method and the model based on the Dayhoff matrix (Schwarz and Dayhoff, 1979). This analysis involved 33 amino acid sequences. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches. Initial tree(s) for the heuristic search were obtained automatically by applying the Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Dayhoff model and then selecting the topology with a higher log-likelihood value. A discrete Gamma distribution was used to model the evolutionary rate differences between sites (5 categories (+G, parameter = 5.6968)). There was a total of 56 positions in the final data set. Blue circles represent peptides that showed putative antimicrobial activity against multiresistant bacteria, orange circles represent peptides that showed putative antimicrobial activity and were structurally characterized; and green circles represent peptides that were only structurally characterized. Evolutionary analyzes were performed in MEGA11 (Tamura et al., 2021).






Discussion


Structural modeling of peptides

Three dimensional models of twelve peptides with antimicrobial potential were obtained by comparative modeling. The three models obtained from the defensin nasonin-1 showed values for the Ramachandran analysis close to the ideal percentage for this measure (>98%) (Table 2). The GMQE and QMEANDisCo estimators showed favorable values that indicate structural similarity between the modeled peptide and the native structure, which allows an approximation of the possible secondary structure for these peptides. After modeling, the typical CSαβ fold (cysteine-stabilized αβ fold) was confirmed in the three peptides (Figure 1), characteristic of insect defensins (Kovaleva et al., 2020), made up of an α-helix and a two-chain β-sheet. Also, the alignment of 6 cysteine residues in the conserved domain in nasonin-1 was evidenced (Supplementary Figure 2). These residues are related to the formation of disulfide bonds that give stability to the α-helix and β-sheet structure (Rivas et al., 2006). The similarity in sequence and the structural similarity of these peptides with the defensin nasonin-1, together with the presence of conserved cysteine residues, are indications that these peptides possibly have antimicrobial properties similar to those displayed by this defensin. Studies have shown that nasonin-1 is an AMP with bactericidal activity against two species of Gram-negative bacteria with lethal concentrations of 1.52 μM for Stenotrophomonus sp. LZ-1 and 15.4 μM for Escherichia coli ATCC 25922 (Tian et al., 2010).

Models from defensins described in plants, specifically in the species Pisum sativum (Psd1) and Solanum lycopersicum (TPP3), showed the following: All peptides showed a structure with a CSαβ fold (Figure 1), and GMQE and QMEANDisCo values indicating structural similarity between the modeled peptide and the native structure. For peptide 5P, the most favorable value was obtained for the Ramachandran analysis, with 96.55%, thus being the model that came closest to the ideal score for its validation. In terms of sequence similarity, unlike the defensins described in plants, which have 8 cysteine residues that stabilize the CSαβ structure (Kovaleva et al., 2020), the peptides modeled from these defensins showed 5 to 6 residues. However, alignment of some of these residues within the α-helical and β-sheet structures is observed (Supplementary Figure 2).

Defensins with the CSαβ structure are widely distributed in different insect species and show activity mainly against Gram-positive bacteria (Manniello et al., 2021). For example, the AMP Sapecin described in Sarcophaga peregrina, has the ability to inhibit the growth of the Gram-positive bacteria Staphylococcus aureus, through the permeabilization of the plasma membrane (Takeuchi et al., 2004). In the case of plants, defensins with this folding have been reported to be active against fungal species such as Fusarium Oxysporum, Fusarium Graminearum, and Botrytis cinerea (Kovaleva et al., 2020). This type of structure is also present in serine protease inhibitor peptides, amylase inhibitors, and scorpion toxins, suggesting that the CSαβ motif has emerged during evolution as a polyvalent structure used in peptides with different functions (Dimarcq et al., 1998).

All peptides modeled after the defensin Aurelin showed the typical 6-cysteine domain and a structure composed of α-helix regions (Figure 1). Peptide 12A described in Cassiopea xamachana was the one that showed the greatest structural similarity with this AMP. It has been determined that Aurelin is an AMP with defensin characteristics since it has a secondary structure composed of two α-helix regions crossed by three disulfide bonds, formed from 6 cysteine residues (Ovchinnikova et al., 2006). This antimicrobial peptide has shown activity against Gram-positive and Gram-negative bacteria such as Listeria monocytogenes, with a minimum inhibitory concentration (MIC) of 22.6 µg*mL-1, and Escherichia coli with a MIC of 7.6 µg*mL-1 (Ovchinnikova et al., 2006). It should be noted that all Cnidarian peptides obtained from AMP Aurelin show putative action against 3 microbial species: Escherichia coli, Pseudomonas aeruginosa, and Klebsiella pneumoniae (Table 4). This allows us to propose these peptides as possible bactericidal agents and supports that AMP belonging to the defensin family could be widely distributed in this Phylum.



Physicochemical properties of peptides

Physicochemical characteristics such as hydrophobic moment, hydrophobicity, net charge, amphiphilic index, and isoelectric point were determined for all structurally modeled peptides in different Cnidaria species. These properties are specific to AMPs and are critical to their mechanisms of action (Kumar et al., 2018; Vélez et al., 2021). Regarding the net charge, all peptides showed a positive charge (Table 3). It has been determined that the initial binding of AMP with bacterial and fungal membranes is based on the electrostatic interaction between the cationic charge of the peptides and different negatively charged components of the cell membrane of the pathogen (Zhang et al., 2021). Also, variation in peptide charge has been reported to correlate with antimicrobial activity (Kumar et al., 2018). This was evidenced in a study carried out on AMP magainin II, where increasing the load from +3 to +5 improved activity and selectivity against Gram-positive and Gram-negative bacteria, and decreased hemolytic activity. Likewise, a load greater than +5 led to an increase in hemolytic activity and loss of antimicrobial activity (Dathe et al., 2001). In this investigation, peptides 6S, 7S, 8A, and 9A presented charges that ranged between +3 and +5, which could indicate greater selectivity and antimicrobial activity. Normalized hydrophobicity (Overall Peptide Hydrophobicity) showed values above zero for all peptides (Table 3). This scale represents the free energy transfer of amino acids from water to the interface of a lipid bilayer (White and Wimley, 1998). It has been suggested that the increase in the hydrophobicity of the peptide favors its insertion into the membrane. However, excessive levels of hydrophobicity can cause a loss of microbial selectivity (Chen et al., 2007). For this property, values were obtained that ranged between 0.13 and 0.83, optimal values for antimicrobial activity. Favorable values were also obtained for the hydrophobic moment, this property refers to the hydrophobicity of the peptide in the α helix approximation (Pirtskhalava et al., 2020), and is indicative of the formation of an amphipathic α helix structure (Vélez et al., 2021). Similarly, positive values were obtained for the amphiphilic index, this characteristic is common in all AMPs with α helix regions since it allows the formation of two faces, the polar and non-polar face that facilitate interaction with the bacterial membrane. (3. 4).

The values obtained for these physicochemical characteristics and the structure of the peptides found here reflect contact capacity and adherence to the cell membrane of bacteria, a crucial process in the mechanisms of action of AMPs. Also, the isoelectric point values were between 8 and 9 feature which guarantees that these peptides can bind to the cell membrane of bacteria in physiological pH conditions. In this investigation, 7 peptides were obtained with values that oscillated in this range (Table 3).



Prediction of antimicrobial activity against specific microbial species

Fifty sequences obtained from Cnidaria showing similarity with defensins described in different organisms, their specific antimicrobial action was evaluated. In total, 20 peptides obtained from the defensins Aurelin and β-defensin 7 (mBD-7) showed potential action against Gram-negative bacteria Escherichia coli, Pseudomonas aeruginosa, and Klebsiella pneumoniae (Table 4). Several peptides showed putative bactericidal activity against the bacterium Klebsiella pneumoniae, a microorganism of pharmaceutical interest that causes a wide range of infections, including pneumonia, urinary tract infections, bacteremia, and liver abscesses (Paczosa and Mecsas, 2016). Similarly, a significant number of peptides showed potential activity against the bacterium Pseudomonas aeruginosa, which is responsible of several infections in immunocompromised patients (Paz-Zarza et al., 2019). Only one peptide showed a putative activity against Escherichia coli, a microorganism that can be pathogenic and cause damage, producing different clinical pictures (Rodríguez-Angeles, 2002). These microorganisms are opportunistic and are related to nosocomial infections, with one characteristic in common, their high resistance to antibiotics, a circumstance that is worrying due to the increase in serious infections caused by these pathogens (Rodríguez-Angeles, 2002; Paczosa and Mecsas, 2016; Paz-Zarza et al., 2019). In addition to the putative bactericidal activity of these peptides, they showed inactivity against human erythrocytes, a property that increases their value for bioprospecting studies. Other types of peptides found in Cnidaria have shown these characteristics through in vitro tests; for example, the AMP Arminin 1a described in Hydra magnipapillata exhibits potent activity against the multidrug-resistant bacterium Staphylococcus aureus without affecting human erythrocyte membranes (Augustin et al., 2009). Likewise, synthetic peptides predicted from the transcriptome of Hydractinia symbiolongicarpus showed activity against Staphylococcus aureus, Staphylococcus epidermidis, Pseudomonas aeruginosa, Acinetobacter baumannii, and Enterobacter aerogenes bacteria, without producing hemolytic effects on animal cells (Martínez Mondragón, 2019).

In vitro characterization studies have demonstrated the effectiveness of the tool (PAASS) used for this analysis. The characterization of AMPs through this algorithm has allowed the prediction of active peptides against strains of Escherichia coli ATCC 25922, with a prediction of biological activity in 93% of the 15 cases analyzed. In this same study, all peptides showed antimicrobial activity against 8 strains out of 16 tested (Vishnepolsky et al., 2019).

Peptide sequences obtained from AMP β-defensin 7 (mBD-7) only had two cysteine residues. On the other hand, all the peptides obtained from AMP Aurelin showed the 6 typical cysteine residues characteristic of mammalian and insect defensins. Aditionally, 5 of the 11 peptides with action potential showed structural homology, which allowed their structure to be predicted.



Phylogenetic relationships between AMPs defensin-type from Cnidaria

Phylogenetic analyzes performed between the putative AMPs found in Cnidaria indicate a close relationship with different defensins (Figure 3). Peptide described in Nematostella vectensis, which showed activity against Pseudomonas aeruginosa and Klebsiella pneumoniae (Table 4), is closely related to the Neutrophil AMP from Homo sapiens. The common ancestry between these two peptides, the six conserved cysteine residues, and the functional similarity, support the homology between these two proteins. Also, defensins Aurelin and Nuetrophil share a close common ancestor with different peptides described in Cnidarian species. In addition, many of the sequences share a high similarity, which indicates that the diversification of these peptides is possibly due to gene duplication (Vargas and Zardoya, 2012) or convergence events (Gallardo, 2017). The defensin nasonin-1 did not show a close phylogenetic relationship with the peptides described in Cnidaria. The peptides modeled from this defensin (1N, 2N, 3N) clustered at distant nodes, which could indicate a case of convergent evolution (Gallardo, 2017). Also, a close phylogenetic relationship was found between defensins Psd1 and TPP3 with structurally characterized peptides from Montipora cactus (6S) and Montipora efflorescens (7S). Finally, the peptides predicted from the defensin mBD-7 (Table 4) are grouped with this AMP, without sharing a close common ancestor, which may be due to the absence of the 6 typical cysteine residues present in defensins from mammals. All together, we can conclude that the AMPs described for Cnidaria do not describe a monophyletic relationship at the taxonomic level.



Advances and limitations

Although we performed an intensive search for peptides using structurally and functionally characterized defensin-type AMPs from different organisms as queries, perhaps we lost information about potential genes encoding this type of peptide because we relied on protein blast searches. However, the databases such as REEFGENOMICS and OIST Marine Genomics Unit used in this study support their information in genetic models with gene annotation updated.

Peptides with characteristics of defensins from different Cnidarian species with desirable physicochemical and structural features were obtained. Twenty of these peptides showed putative antimicrobial activity against different multiresistant pathogenic bacteria of pharmaceutical interest, and inactivity against human erythrocytes. The above, outlines them as candidates for therapeutic applications. These peptides with putative antibiotic properties could be evaluated to be used to treat corals that face threats of an infectious nature, such as the white band disease that affects acroporid corals (Aronson and Precht, 2001) or the devastating Stony Coral Tissue Loss Disease (SCTLD) that currently affecting the integrity of the Mesoamerican reef (Camacho-Vite et al., 2022). This type of method was tested on the species Montastraea cavernosa, where different antibiotics were used to treat diseased corals (Shilling et al., 2021). In this way, it was possible to show that the treatment had a success rate of 95% in the healing of individual lesions caused by the disease (Shilling et al., 2021). It is possible that the treatment of diseases in corals with AMPs obtained from different Cnidarians shows greater efficiency since cytotoxicity problems would be avoided.

Given the importance of the results obtained, it is pertinent to carry out future research through in vitro tests that allow them to be validated. In this sense, here we present an efficient methodology for the in-silico characterization of antimicrobial peptides for therapeutic purposes, because we were able to reduce the bank of possible defensin-type AMPs that could be characterized experimentally. However, it will have to be ratified by experimental methods.

On the other hand, phylogenetic analyzes indicate that defensins are a primitive family of AMPs that have been conserved throughout evolution, which outlines these molecules as important candidates for studies on innate immune evolution.




Conclusions

One of the main effector mechanisms of innate immunity is AMPs. In this research, we found several putative AMPs with structural characteristics of defensins from different species of Cnidarians. Also, many of these peptides showed putative antimicrobial activity against multiresistant pathogenic bacteria, which allows us to propose them to be profiled as promising templates for the discovery of new antibiotics. Moreover, these putative defensins are a family of AMPs with a high degree of conservation, which prevents them from being differentiated by taxonomic level.
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