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Gasdermin (GSDM) is a family of pore-forming proteins that induce pyroptosis. To date, the origin and evolution of GSDM in Metazoa remain elusive. Here, we found that GSDM emerged early in Placozoa but is absent in a large number of invertebrates. In the lower vertebrate, fish, three types of GSDME, i.e., GSDMEa, GSDMEb, and a previously unreported type (designated GSDMEc), were idenitied. Evolutionarily, the three GSDMEs are distinctly separated: GSDMEa is closely related to tetrapod GSDME; GSDMEb exists exclusively in fish; GSDMEc forms the lineage root of tetrapod GSDMA/B/C/D. GSDMEc shares conserved genomic features with and is probably the prototype of GSDMA, which we found existing in all tetrapod classes. GSDMEc displays fast evolutionary dynamics, likely as a result of genomic transposition. A cross-metazoan analysis of GSDME revealed that GSDMEa shares a conserved caspase recognition motif with the GSDME of tetrapods and cnidarians, whereas GSDMEb has a unique caspase recognition motif similar to that of mammalian GSDMD, and GSDMEc exhibits no apparent caspase recognition motif. Through functional test, four highly conserved residues in vertebrate GSDME proved to be essential to auto-inhibition. Together our results provide new insights into the origin, evolution, and function of metazoan GSDMs.
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INTRODUCTION
Pyroptosis is an inflammatory type of programmed cell death executed by unique pore-forming proteins belonging to the gasdermin (GSDM) family (Shi et al., 2017; Kesavardhana et al., 2020; Liu et al., 2021a). In humans, six GSDM family members have been identified, five of which are designated GSDMA to GSDME (DFNA5), and the sixth is a truncate GSDM named GSDMF (DFNB59 or PJVK) (Tamura et al., 2007; Zhang et al., 2020). GSDMA-E exhibit similar structural architectures containing a pore-forming N-terminal (NT) domain and an auto-inhibitory C-terminal (CT) domain connected by a linker region (Shi et al., 2015). Different from GSDMA-E, GSDMF is composed of a conserved NT domain and a very short CT domain. GSDMF exhibits no pyroptosis-inducing capacity, but was reported to be involved in peroxisome homeostasis (Defourny et al., 2019; Angosto-Bazarra et al., 2022). During pyroptosis, GSDM is cleaved by a protease, and the cleavage releases the NT fragment that induces cell death by forming pores on the plasma membrane (Ding et al., 2016; Evavold et al., 2018; Liu et al., 2020). Caspase is the most well studied protease involved in GSDM-mediated pyroptosis. In human, caspase-1/4/5/8 and neutrophil elastase cleave GSDMD, while caspase-3 cleaves GSDME, and all these cleavages occur in the inter-domain linker region (Kayagaki et al., 2015; Shi et al., 2015; Rogers et al., 2017; Wang et al., 2017; Kambara et al., 2018; Orning et al., 2018). In contrast, different cleavage modes exist in the lower vertebrate teleost, which comprise more than half of all living vertebrate species and possess only GSDME and GSDMF (Hofmann, 2020; Morimoto et al., 2021). In zebrafish Danio rerio, two GSDME orthologs, designated GSDMEa and GSDMEb, are cleaved by caspase-3 and caspy2 (caspase-4/5 homolog), respectively, to induce pyroptosis (Li et al., 2020; Wang et al., 2020), while in tongue sole Cynoglossus semilaevis, GSDME-mediated pyroptosis is activated by caspase-1/3/7 (Jiang et al., 2019). A recent study showed that in turbot Scophthalmus maximus, GSDMEa is cleaved by caspase-3/7 and caspase-6, which activate and inactivate, respectively, GSDMEa (Xu et al., 2022).
Phylogenetically, GSDME and GSDMF are categorized into a segregated GSDM cluster far from GSDMA-D, and evolutionary analysis supports the notion that GSDME/F represent the ancient members of vertebrate GSDM (Zhang and Lieberman, 2020; Daskalov and Glass, 2021). Recently, GSDME homologs were identified in the invertebrate Orbicella faveolata (Cnidaria, Anthozoa), Mollusca, Brachiopoda, and Cephalochordata (Jiang et al., 2020). O. faveolata GSDME was activated by caspase-3 and involved in pathogen-triggered coral necrotic death. Later, GSDM homologs were also identified in sea urchin and acorn worm by homologous sequence searching (De Schutter et al., 2021). These findings suggest that GSDM may have an extensive presence in invertebrate. However, the origin and evolution of GSDM through metazoan remain elusive.
Next to GSDME/F, GSDMA is also considered as an early form of GSDM that has been found to exist in Mammalia, Aves and Reptilia, but not in amphibians or Actinopterygii (De Schutter et al., 2021; Angosto-Bazarra et al., 2022). The generally accepted view is that gene duplication of GSDMA has resulted in the emergence of GSDMB/C/D in Mammalia (Angosto-Bazarra et al., 2022). Human has one copy of GSDMA locating together with GSDMB on chromosome 17, while mouse has three GSDMA paralogs locating tandemly on chromosome 11 (Zheng et al., 2020; Deng et al., 2022). The high variation of GSDMA in vertebrates raises the question about strong selective forces that may have driven gene amplification during evolution (De Schutter et al., 2021). However, the evolutionary path of GSDMA and its relationship with the ancient GSDME/F are unclear.
In the present study, by deep data mining, we investigated the primitive forms of GSDM through the entire metazoan phylogeny and explored their evolutionary fates and consequences. We also examined the conserved determinants essential to GSDME auto-inhibition and proteolytic activation. Our work provides new understandings of GSDM from the evolutionary and functional aspects.
MATERIALS AND METHODS
Sequence collection
A total of 284 GSDME reference sequences and 367 GSDMF reference sequences were downloaded from NCBI Orthologs. The sequences were used as queries to search against the non-redundant database and specialized databases such as OIST Marine Genomics Unit (https://marinegenomics.oist.jp/) (Luo et al., 2018) via TBLASTN with E-value set as 1e-5 to ensure accuracy. The sequences were next validated using the conserved domains database (https://www.ncbi.nlm.nih.gov/cdd/) (Lu et al., 2020), and filtered based on length (100–1,000 amino acids). The protein sequences of the putative GSDM homologs were further aligned using Clustal Omega (Madeira et al., 2019) to remove duplicates.
Phylogenetic and syntenic analysis
The phylogenetic tree containing the major metazoan phyla was collected from the public knowledge-base TimeTree (http://timetree.org/) (Kumar et al., 2017). The phyla icon shown in the phylogenetic tree were downloaded from the PhyloPic (http://www.phylopic.org/), with the detailed credentials provided in the Supplementary Table S3. Phylogenetic analyses were based on the identified GSDME and GSDMF sequences. Multiple alignments of the sequences were conducted with Clustal Omega (Madeira et al., 2019). The phylogenetic tree was constructed using the maximum likelihood method with the IQTREE2 software (Minh et al., 2020) with the best substitution model. The bootstrap of 1,000 replications was conducted to evaluate the phylogenetic tree. The final presented tree was visualized with iTOL (https://itol.embl.de/) (Letunic and Bork, 2021). The phylogenetic distance was calculated with Mega7 (Kumar et al., 2016). The conserved syntenic blocks near the GSDME genes in common carp (Cyprinus carpio) were based on the information from Genomicus (https://www.genomicus.bio.ens.psl.eu/genomicus-100.01/) (Louis et al., 2012; Louis et al., 2015), NCBI database (http://www.ncbi.nlm.nih.gov/) and ENSEMBL genome browser (http://www.ensembl.org/).
Repetitive element analysis
To explore the influence of the genome repetitive elements on the copy number variation of GSDME in Perciformes species. The Poecilia formosa (Amazon molly) genome generated by Wesley Warren and The Genome Institute, Washington University School of Medicine, was retrieved from NCBI Genome. The repetitive elements were identified using RepeatModeler 1.0.8 containing RECON (Bao and Eddy, 2002) and RepeatScout with default parameters (Price et al., 2005). The derived repetitive sequences were searched against Repbase (Bao et al., 2015). The total repetitive elements on the P. formosa scaffold 1,076 (Accession: NW_006801015.1) was subtotaled and collected in a 1,000 bp bin. The gene structure was plotted using R package “gggenes”, a ggplot2 extension (Hadley, 2016; R.Core.Team, 2018).
The evolutionary analysis of GSDME in actinopterygii
The GSDME sequences were aligned via Clustal Omega (Madeira et al., 2019). Eleven sites with less than one mismatch in mammals, birds, and >80% consensus in teleost were considered conservative sites. These sites were visualized via Weblogo3 (Crooks et al., 2004). To compare the selection pressures in different clades, the GSDMEs from phyla Cnidaria and Mollusca were selected. The CDS sequences of the GSDMEs were first codon aligned via MUSCLE (Edgar, 2004). The Ka/Ks ratio of each gene was calculated using the KaKs calculator (Zhang et al., 2006) with the following setting: genetic code Table 1 (standard code); method of calculation: YN (Yang and Nielsen, 2000). The boxplot and violin plot were plotted via R package “ggplot2” and “plotly” (Hadley, 2016; R.Core.Team, 2018; Sievert, 2020). The pair-wise comparison of full-length GSDME from GSDMEc containing species (Supplementary Table S4) with 228 tetrapod GSDME and GSDMA was conducted via EMBOSS Needle (Madeira et al., 2022).
Gene cloning and mutagenesis
The CDS of human GSDME was synthesized by Sangon Biotech (Shanghai, China). GSDME N-terminal (NT) and full length were sub-cloned from the synthesized sequence. Mutations of Phe2 to Ala (F2A), Ala5 to Asp (A5D), Gly17 to Asp (G17D), Trp44 to Ala (W44A), Gln47 to Ala (Q47A), Tyr51 to Ala (Y51A), Pro70 to Ala (P70A), Glu223 to Arg (E223R), Leu327 to Asp (L327D), Leu451 to Asp (L451D), Gly487 to Asp(G487D), and Leu491 to Asp (L491D) were performed using a Site-Directed Mutagenesis Kit (New England Biolabs, Beverly, MA, United States) according to the manufacturer’s instruction. The primers used for the mutagenesis are listed in the Supplementary Table S5. The CDS were subcloned into pmCherry-N1 or pCMV-c-Myc expression vector (Clontech, Mountain View, CA, United States).
Confocal microscopy
The microscopic analysis of GSDME-induced pyroptosis was performed as described previously (Jiang et al., 2020). Briefly, HEK293T cells were plated on 35-mm culture dishes (Nest Scientific, Rahway, NJ, United States), and incubated at 37°C in 5% CO2 overnight. The cells were transfected with pmCherry-N1 or pmCherry-N1 expressing indicated GSDME variants using PlyJet transfection reagent (SignaGen Laboratories, Ijamsville, MD, United States). After 48 h transfection, Sytox green (Thermo Fisher Scientific, Oregon, United States) was used to stain the cells according to the manufacturer’s instructions. The images of the cells were recorded with a Carl Zeiss LSM 710 confocal microscope (Carl Zeiss, Jena, Germany).
Lactate dehydrogenase assay
HEK293T cells were seeded in 96-well plates (Costar, Corning, NY, United States) and incubated at 37°C in 5% CO2 overnight. The cells were transfected with the indicated plasmid (0.1 μg per well) expressing GSDME variants using PlyJet transfection reagent (SignaGen Laboratories, Ijamsville, MD, United States). The medium was replaced by fresh Opti-modified Eagle’s medium (Opti-MEM; Thermo Fisher Scientific, Waltham, MA, United States) after 6 h, and the cells were incubated as above. After 48 h, the release of LDH from the transfected cells was measured by CytoTox-ONE homogeneous membrane integrity assay (Promega, Leiden, Netherlands).
Statistical analysis
Statistical analysis of the differences in Ka/Ks ratio between different clades was performed with Wilcoxon rank test function in R (R.Core.Team, 2018). For experiments, the two-sample student t-test was used for comparison between groups with GraphPad Prism seven software (https://www.graphpad.com/), and statistical significance was defined as p-value < 0.05.
RESULTS
GSDM emerged early in invertebrate metazoan and underwent varied evolutionary selections
To understand the origin and evolution of GSDM across the metazoan, we screened 34 phyla with available genomic sequences. We found that, besides Vertebrata and Cephalochordata, GSDM homologs also exist in 11 invertebrate clades (Figure 1A, Supplementary Table S1). The 23 invertebrate phyla that lack GSDM include Ecdysozoa, a major animal clade represented by fruit fly Drosophila melanogaster (Arthropoda) and nematode worm Caenorhabditis elegans (Nematoda). GSDM homologs in invertebrate share low identities (average 26.7%) with vertebrate GSDM and are phylogenetically segregated from the vertebrate GSDM clade. We therefore designated the invertebrate GSDM homologs GSDMin (“in” for “invertebrate”). GSDMin emerged as early as in Placozoa Trichoplax adhaerens, one of the most primitive multicellular metazoan (Figures 1A–C, Supplementary Figures S1–S11). GSDMin is most abundant in Cnidaria and Mollusca, which formed two major clusters in the phylogenetic tree (Figure 1B). However, Cnidaria and Mollusca differ considerably in the sequence conservedness of GSDMin. The GSDMin of Mollusca exhibit a much lower average identity (25.6%) than that of Cnidaria (54.5%) (Supplementary Figures S12, S13). Consistently, the pairwise Ka/Ks value of Mollusca GSDMin is significantly higher than that of Cnidarian GSDMin (p-value of 2.17e-10) (Figure 1D), suggesting stronger positive selection pressures on Mollusca GSDMin. Pair-wise genetic distance analysis showed that GSDMin is relatively more closely related to vertebrate GSDME and GSDMF (Figure 1E).
[image: Figure 1]FIGURE 1 | The identification and phylogenetic analysis of invertebrate GSDM. (A) The phylogenetic tree of the major metazoan phyla with GSDM distribution. Orange and black icons indicate GSDM-positive and negative phyla, respectively. (B) The phylogenetic analysis of GSDM in invertebrate and vertebrate. The different categories of GSDM and metazoan clades are presented in different colors. The vertebrate and invertebrate GSDM are shaded with yellow and blue, respectively. (C) A micrograph of Trichoplax adhaerens (phylum: Placozoa). (D) The violin plot showing the Ka/Ks ratios of GSDMin in Cnidaria and Mollusca. (E) The genetic distance between invertebrate GSDMin and vertebrate GSDMA/B/C/D/E/F. The color from blue to red indicates decreasing genetic distance.
Fish GSDME diversified into three distinct lineages and formed the root of tetrapod GSDMA/B/C/D lineages
We next investigated the evolution of GSDM in fish. Fish are representative organisms of lower vertebrate and comprise more than half of all living vertebrate species. Owing to their extensive genetic variations, fish are important models for studying gene evolution and function. Jawed fish, including Actinoperygii (accounting for 95% of the extant fish species), Sarcopterygii, and Chondrichthyes, contain the ancient GSDM family members, GSDME and GSDMF. However, in jawless fish, only GSDMF was found, which occurs in lamprey (Cyclostomata). GSDMF is highly conserved in fish and formed one phylogenetic clade with tetrapod GSDMF (Figure 2A, Supplementary Figure S14). By contrast, fish GSDME displays marked diversity in copy number and genetic variation. Both Sarcopterygii and Chondrichthyes have one GSDME ortholog, which are most closely related to tetrapod GSDME. The Sarcopterygii GSDME forms the phylogenetic basis for the tetrapod GSDME, and together they constitute a cluster that shares a common origin with the clade of Chondrichthyes GSDME. In contrast to Sarcopterygii and Chondrichthyes, Actinoperygii generally possess two GSDME orthologs, GSDMEa and GSDMEb, which have been observed previously in zebrafish (Broz et al., 2020). GSDMEa is highly diversified in Actinoperygii and has a close relationship with the GSDME of Chondrichthyes, Sarcopterygii, and Tetrapoda, while GSDMEb forms a clade of its own, which is constituted exclusively by teleost. In addition to GSDMEa and GSDMEb, we unexpectedly found a novel type of GSDM in Actinoperygii, mainly from the freshwater living perch-like species (Perciformes) and some primitive ray-finned fish, the latter including European eel Anguilla and reedfish Erpetoichthys calabaricus. This newly identified GSDM differs markedly from GSDMEa/b in sequence (average 25.4% identity) and was designated GSDMEc. GSDMEc forms a unique lineage distinctly separated from that of GSDMEb and GSDMF, but is clustered together with higher vertebrate GSDMA/B/C/D into one clade, which parallels the clade of some Actinoperygii GSDMEa (Figure 2A, Supplementary Figure S15). GSDMEc has a much higher Ka/Ks than GSDMEa and GSDMEb, suggesting rapid evolution of GSDMEc (Figure 2B). In P. formosa, two tandem copies of GSDMEc were found on Scaffold1076, which are flanked by repetitive elements including long interspersed nuclear element (LINE) sequences. These repetitive elements occur in much higher densities (over 80% in hot spots) than the genome background density (∼25%) (Figure 2C, Supplementary Table S2), suggesting a role of transposable elements in GSDMEc duplication.
[image: Figure 2]FIGURE 2 | The phylogeny and evolutionary dynamics of GSDM in Actinopterygii. (A) The phylogenetic relationship between the GSDM of Actinopterygii and other vertebrate were conducted via JTT + F + R7 method with bootstrap of 1,000. Different clades are indicated by different colors. (B) The Ka/Ks ratios of GSDMEa, GSDMEb and GSDMEc in Actinopterygii. The black line represents Ka/Ks = 1. (C) The locations of the two GSDMEc copies and the density of the adjacent transposons in the Poecilia formosa reference genome scaffold 1,076 in a 1,000 bp bin. The Y-axis represents the percentage of repetitive elements.
Actinoperygii GSDMEc and tetrapod GSDMA exhibit strong genomic collinearity
Different from GSDMEa and GSDMEb, which exist as a single copy in most Actinoperygii, GSDMEc exists generally in several duplicated copies that locate tandemly on the same chromosome. It is interesting that tandem duplications were also observed with GSDMA in tetrapod including reptile, birds, and mammals. It is believed that GSDMA has diverged into the mammalian GSDMB/C/D through gene duplication. These observations led us to examine the evolutionary relationship between GSDMEc and GSDMA. A large-scale pairwise sequence alignment of GSDM sequences from 228 species revealed that GSDMEc was closely and almost equally related to tetrapod GSDMA (average similarity 33.5%) and GSDME (average similarity 35.2%) (Figures 3A–C). In contrast, GSDMEa and GSDMEb were much more closely related to GSDME than to GSDMA. To date, the earliest emergence of GSDMA was documented in Reptilia, and no GSDMA was identified in Amphibia. In the present study, we detected no GSDMA in Xenopus tropicalis. However, we identified GSDMA in the Caecilian amphibians Geotrypetes seraphini (Family: Dermophiidae), Microcaecilia unicolor (Family: Siphonopidae) and Rhinatrema bivittatum (Family: Rhinatrematidae). Hence, GSDMA is present in all four tetrapod classes, implying the emergence of GSDMA in the common ancestor of tetrapod. With these findings, we then performed synteny analysis to further examine the evolutionary relationship between Actinopterygii GSDMEc and representative GSDMA from all tetrapod classes. We found markedly conserved genomic synteny proximal to GSDMEc and tetrapod GSDMA. For example, MYO1D and CDK5R1 was highly conserved around GSDMEc and the GSDMA of amphibia G. seraphini, reptile Anolis carolinensis, bird Gallus, and mammal Homo sapiens (Figure 3D). Collectively, these results, combined with that of phylogenetic analysis, suggest that Actinopterygii GSDMEc is the linkage root of higher vertebrate GSDMA/B/C/D.
[image: Figure 3]FIGURE 3 | Sequence and synteny analysis of Actinopterygii GSDME in comparison with other vertebrate GSDM. (A–C). Heatmap showing the sequence similarity between Actinopterygii GSDMEa (A), GSDMEb (B), and GSDMEc (C) and the GSDM from other vertebrates. (D). Schematic diagrams showing the conserved neighbor genes of a representative Actinopterygii (Anguilla) GSDMEc in comparison with the conserved neighbor genes of GSDMA in Mammalia (Homo sapiens), Aves (Gallus), Reptilia (Anolis carolinensis), and Amphibia (Geotrypetes seraphini).
Functionally essential molecular patterns of GSDME are conserved across vertebrate and yet distinct in teleost
GSDME is a conserved pore-forming member of the GSDM family existing across the vertebrate phyla. By comparing the GSDME sequences from Mammalia, Aves, Reptilia, Amphibia, and Actinopterygii, 11 residues that are top-ranked in conservedness were identified, and their functional importance in the pyroptotic activity of GSDME was examined (Figure 4A). Of these residues, A5, G17, W44, Q47, Y51, P70 and E223 are located in the NT domain, while L327, L451, G487 and L491 are located in the CT domain (Figure 4B). Unlike the wild type GSDME, which did not induce pyroptosis when expressed in HEK293T cells, GSDME mutants bearing L327D, L451D, G487D, and L491D substitutions exerted rigorous pyroptosis-inducing activity, despite their extremely low levels of expression (Figure 4C). Consistently, these cells released significant amounts of lactate dehydrogenase (LDH) and were stained positive by Sytox Green (Figures 4C,E). In contrast, GSDME mutants bearing A5D, G17D, W44A, Q47A, Y51A, P70A, and E223R substitutions failed to induce pyroptosis, despite their high levels of expression. Furthermore, introducing each of these mutations into GSDME-NT, the pyroptosis-inducing domain of GSDME, had no effect on the pyroptotic activity of GSDME-NT (Figures 4D,F). It is known that cleavage at the inter-domain linker region to release the NT fragment is essential for GSDM to execute pyroptosis. Analysis of the GSDME sequences from different vertebrate animals revealed a conserved tetrapeptide motif P4DxxDP1 (x represents any amino acid), which is well fitted to the consensus recognition site of the caspase-3/7, in Mammalia, Aves, Reptilia and Amphibia (Figure 4G). In Actinopterygii, this caspase-3/7 recognition motif is conserved in GSDMEa; however, a caspase-1 recognition consensus motif, P4FxxDP1, is prevalent in GSDMEb (Figure 4G), whereas no apparent caspase recognition motif was identified in the linker region of GSDMEc. In invertebrate, as shown in Figure 1, Cnidaria and Mollusca are the two phyla from which most of the GSDMin were identified. Cnidaria GSDMin display the caspase-3/7 recognition tetrapeptide, P4DxxDP1, as two adjacent motifs in the linker region (Figure 4G). In contrary to Cnidaria, Mollusca GSDMin exhibit no evident caspase recognition site in the linker region.
[image: Figure 4]FIGURE 4 | The identification and analysis of conserved GSDME motifs in vertebrate. (A) The 11 most conserved amino acid residues in Mammalia, Aves, Reptilia, Amphibia and Actinopterygii. The X-axis represents the position of the residue corresponding to that in human GSDME. The Y-axis represents probability. (B) The three dimensional structural model of human GSDME predicted by AlphaFold2. The 11 conserved residues, as well as Phe2, in the N and C terminal domains are labeled. (C) Pyroptosis analysis of full length GSDME (FL) with/without mutation at the 11 conserved residues. Images were captured with a confocal microscope under red (mCherry), green (Sytox Green), and bright field. (D) The analysis of the pyroptosis-inducing ability of GSDME N-terminal (NT) with/without mutation at seven conserved residues. Images were captured as above. (E,F) LDH release from the cells of (C) and (D) was measured and shown in (E) and (F), respectively. Data are the means ± standard deviation of triplicate experiments. ***, p < 0.001. (G) The caspase consensus tetrapeptide motifs in the linker region of vertebrate GSDME. The motifs are represented by the amino acids in the P4–P1 and P1′ positions, with Asp set as P1.
DISCUSSION
Study of GSDM in keystone species is vital to the understanding of the evolution of pyroptosis (De Schutter et al., 2021). In this work, we conducted a systematic analysis of GSDM across over 30 major metazoan phyla. We found that GSDMin occurs in 12 phyla, and the earliest form of GSDMin was detected in Placozoa T. adhaerens, indicating an ancient nature of GSDM in metazoan. Absences of GSDMin were observed across the invertebrate phyla, especially in the Ecdysozoa group, which includes some largest animal phyla such as Arthropoda and Nematoda. It is possible that in these species, GSDM-mediated function may have lost during evolution or been effected through alternative mechanisms involving no GSDM. Of the identified GSDMin, most were derived from Cnidaria and Mollusca, the latter exhibiting much higher Ka/Ks ratios, which could be the result of stronger positive selections. Since Mollusca is the second largest animal phylum, its high species diversity may also have a contribution to the high genetic variation of GSDMEin (Liu et al., 2021b). Apart from Metazoa, GSDM-like proteins were recently reported to exist in fungi and bacteria (Daskalov et al., 2020; Johnson et al., 2022). However, these proteins share extraordinarily low sequence identities with metazoan GSDM and are completely separated from metazoan GSDM in phylogeny, supporting the notion that GSDM and GSDM-like pore-forming proteins have diverse evolutionary origins (Dal Peraro and Van Der Goot, 2016).
Fish of various groups account for more than half of all vertebrate species and have been used widely as important models to study evolutionary transitions from invertebrate to vertebrate (Bi et al., 2021; Vernaz et al., 2021). In our study, only the most primitive forms of GSDM, GSDME and GSDMF, were found in fish. GSDMF is remarkably conserved in fish and most closely related to tetrapod GSDMF, implying highly conserved evolution of GSDMF in vertebrate. Actinopterygii, the largest clade of fish, exhibit dynamic evolution of GSDME. Previous reports showed that zebrafish has two forms of GSDME named GSDMEa and GSDMEb (Wang et al., 2017), probably due to the fish-specific whole genome duplication (Meyer and Van de Peer, 2005; Kasahara et al., 2007). In this study, we found that the occurrence of GSDMEa and GSDMEb is a general genetic feature of Actinopterygii. These two orthologs were classified into two widely separated phylogenic groups, suggesting an early divergence of GSDME in fish. Unexpectedly, in addition to GSDMEa and GSDMEb, we also identified a third type of GSDME, named GSDMEc, mainly in freshwater perch-like species and some primitive ray-finned fishes. Phylogenetically, GSDMEc is distinctly separated from GSDMEa/b, and closely related to higher vertebrate GSDMA/B/C/D. This discovery suggests that GSDMEc and the advanced forms of tetrapod GSDM may have descended from a common ancestor of Euteleostomi and evolved independently over time. Compared to GSDMEa and GSDMEb, GSDMEc exhibits much higher Ka/Ks ratios and, in some species of Poeciliini, exists in tandem duplication on the same chromosome. A similar pattern of gene duplication was also observed with the GSDMA in mammals (Tamura et al., 2007). As the ancestor type of GSDMB/C/D, GSDMA was previously reported to be formed after the divergence of Lissamphibians based on the evolutionary analysis using the Anura species Xenopus laevis as the model organism (De Schutter et al., 2021; Angosto-Bazarra et al., 2022). In our study, we traced the earlier form of GSDMA in some Gymnophiona species including M. unicolor, R. bivittatum and G. seraphini, thus indicating the ubiquitous presence of GSDMA in all tetrapod classes. This finding fills the gap of GSDMA evolution in tetrapod and suggests the occurrence of GSDMA in the common ancestor of tetrapods. In line with these results, we found marked syntenic conservation between Actinopterygii GSDMEc and tetrapod GSDMA. Together, our results suggest that GSDMEc is probably the prototype of GSDMA, and also lend support to the current belief that GSDMA has diverged into GSDMB/C/D.
Transposable elements are believed to be the driving force of genetic diversification and generation of new genes (Cerbin and Jiang, 2018; Yuan et al., 2018; Shao et al., 2019; Cosby et al., 2021). In the reference genome of the well-studied model organism P. formosa (Lampert and Schartl, 2008), we found high densities of transposable elements around the two adjacent GSDMEc on scaffold 1,076, suggesting that transposable elements may be one of the evolutionary propelling forces that have driven the duplication of GSDMEc in P. formosa. Previous studies indicated that in fish, the proportion of repetitive elements is general positively correlates with genome size (Shao et al., 2019). Consistently, in the present study, we found that GSDMEc-harboring species are predominately fresh-water species with relatively complex genomes and large genome sizes (Average 946.5 MB). The fresh-water species are known to be rich in repetitive elements in the genomes, which lead to fast evolution to adapt to the drastic changing environments (Streelman et al., 1998; Wei et al., 2014). In contrast, Actinopterygii with small genomes, such as the Tetraodontiformes species, which have genome sizes around 400 MB (Neafsey and Palumbi, 2003), lack GSDMEc.
As an ancient member of GSDM, GSDME possesses genetic sites highly conserved in vertebrate (Xia et al., 2019). In this study, we identified 11 top-ranked conserved amino acid residues in vertebrates. Although the structure of GSDME remains elusive, the structures of other GSDM members reveal that the auto-inhibition of GSDM is mainly achieved by the CT domain (Ding et al., 2016). In agreement, our results showed that the CT domain was essential to auto-inhibition. Based on the structural models of GSDMA3 and GSDMD (Ruan et al., 2018; Xia et al., 2021), the main function of the GSDM-NT domain is pore forming by adopting transmembrane β-strands. We found that the highly conserved residues in the GSDME NT domain (A5, G17, W44, Q47, Y51, P70 and E223) are probably not located within the transmembrane β-strands, and therefore may be not involved in the pore-forming activity. These results are useful for future studies on the structure and function of GSDME, especially concerning the CT region. In addition, we also observed conserved caspase recognition patterns in the linker region of GSDME in higher and lower vertebrates. Caspase-3 is known to cleave after the tetrapeptide motifs DMPD and DMLD in human and mouse GSDME, respectively (Rogers et al., 2017; Wang et al., 2017). Accordingly, we found that there exists a highly conserved caspase-3 recognition motif, DxxD, in the linker region of mammalian GSDME, indicating that caspase-3 activated GSDME-mediated pyroptosis is likely conserved in mammal. Although the function of GSDME in bird, reptile and amphibian is unknown, we found a conserved DxxD motif in the linker region of GSDME in these animals, suggesting the existence of a caspase-3-mediated GSDME cleavage mode of pyroptosis activation in tetrapod. In fish, the DxxD motif is also conserved, but only in GSDMEa. Different from all other GSDME, GSDMEb exhibits a unique conserved FxxD motif in the linker region, which is similar to the caspase-1 consensus recognition motif (FLTD) in human GSMD (Shi et al., 2015). This observation indicates that caspase-1 may play an important role in fish GSDMEb activation. It has been suggested that zebrafish GSDMEb might act as a functional homologue of mammalian GSDMD if it could be cleaved by caspase-1 homologue (Broz et al., 2020). In zebrafish, IL-1β secretion was reported to be associated with GSDMEb-mediated pyroptosis, suggesting that GSDMEb-formed transmembrane channels may serve as the secretion path of intracellular cytokines (Li et al., 2020). Our results indicated that indeed, GSDMEb might function as a GSDMD homologue, however, since GSDMEb is far separated from GSDMD in phylogeny, the evolutionary paths that led to the caspase-1 recognition feature in GSDMEb and GSDMD may be different. In contrast to GSDMEa and GSDMEb, GSDMEc exhibits no obvious caspase recognition site in the linker region, implying that there may exist an unknown cleavage mechanism of GSDMEc activation. Based on these findings, as well as the previous reports that GSDMEa was cleaved by caspase-3 and GSDMEb (or its equivalent) was cleaved by caspase-1 (or its functional analog) in zebrafish and tongue sole (Wang et al., 2017; Jiang et al., 2019; Li et al., 2020; Wang et al., 2020), it is conceivable that complicated scenarios of GSDME cleavage and pyroptosis activation exist in fish. In invertebrate, we found that coral possess two tandem DxxD motifs in the linker region of GSDM, which have been shown to be specifically cleaved by caspase-3 (Jiang et al., 2020). Collectively, our observations in invertebrate and vertebrate indicate that caspase-3-mediated GSDME activation is probably an evolutionarily conserved event in the pathway of pyroptosis.
In conclusion, in this study we demonstrated that GSDM emerged early in invertebrate Metazoan and has undergone dynamic evolution. Teleost GSDME duplicated and diversified into three orthologs that have evolved separately into distinct lineages. A previously unidentified fish GSDME, GSDMEc, forms the lineage root of higher vertebrate GSDMA/B/C/D and is probably the prototype of tetrapod GSDMA. We also provided evidences that GSDMA had emerged in the common ancestor of all four, rather than three, tetrapod classes. In addition, our study identified both conserved and unique function-essential genetic patterns of GSDME in different vertebrate clades. Together, these results shed new light on the origin, evolution and function of GSDM.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.
AUTHOR CONTRIBUTIONS
ZY, SJ, and LS conceived the study, ZY and SJ performed the bioinformatics analysis and experiments, KQ conducted the mutagenesis, ZY, SJ, and LS wrote the manuscript, LS and SJ obtained the fundings.
FUNDING
This work was supported by the funding of the Marine S&T Fund of Shandong Province for Pilot National Laboratory for Marine Science and Technology (Qingdao) (No. 2022QNLM050101), the National Natural Science Foundation of China (41876175), the Youth Innovation Promotion Association CAS (2021204), and the Taishan Scholar Program of Shandong Province.
ACKNOWLEDGMENTS
The authors would like to thank Dr. Angelo Fortunato from Arizona State University for providing the micrograph of Trichoplax adhaerens. The authors acknowledge the Oceanographic Data Center, Institute of Oceanology, Chinese Academy of Sciences and Center for High Performance Computing and System Simulation, Pilot National Laboratory for Marine Science and Technology (Qingdao) for providing the computing resources.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.952015/full#supplementary-material
REFERENCES
 Angosto-Bazarra, D., Alarcon-Vila, C., Hurtado-Navarro, L., Banos, M. C., Rivers-Auty, J., Pelegrin, P., et al. (2022). Evolutionary analyses of the gasdermin family suggest conserved roles in infection response despite loss of pore-forming functionality. BMC Biol. 20 (1), 9. doi:10.1186/s12915-021-01220-z
 Bao, W., Kojima, K. K., and Kohany, O. (2015). Repbase update, a database of repetitive elements in eukaryotic genomes. Mob. DNA 6 (1), 11. doi:10.1186/s13100-015-0041-9
 Bao, Z., and Eddy, S. R. (2002). Automated de novo identification of repeat sequence families in sequenced genomes. Genome Res. 12 (8), 1269–1276. doi:10.1101/gr.88502
 Bi, X., Wang, K., Yang, L., Pan, H., Jiang, H., Wei, Q., et al. (2021). Tracing the genetic footprints of vertebrate landing in non-teleost ray-finned fishes. Cell. 184 (5), 1377–1391.e14. e14. doi:10.1016/j.cell.2021.01.046
 Broz, P., Pelegrin, P., and Shao, F. (2020). The gasdermins, a protein family executing cell death and inflammation. Nat. Rev. Immunol. 20 (3), 143–157. doi:10.1038/s41577-019-0228-2
 Cerbin, S., and Jiang, N. (2018). Duplication of host genes by transposable elements. Curr. Opin. Genet. Dev. 49, 63–69. doi:10.1016/j.gde.2018.03.005
 Cosby, R. L., Judd, J., Zhang, R., Zhong, A., Garry, N., Pritham, E. J., et al. (2021). Recurrent evolution of vertebrate transcription factors by transposase capture. Science 371 (6531), eabc6405. doi:10.1126/science.abc6405
 Crooks, G. E., Hon, G., Chandonia, J-M., and Brenner, S. E. (2004). Weblogo: A sequence logo generator. Genome Res. 14 (6), 1188–1190. doi:10.1101/gr.849004
 Dal Peraro, M., and Van Der Goot, F. G. (2016). Pore-forming toxins: Ancient, but never really out of fashion. Nat. Rev. Microbiol. 14 (2), 77–92. doi:10.1038/nrmicro.2015.3
 Daskalov, A., and Glass, N. L. (2021). Gasdermin and gasdermin-like pore-forming proteins in invertebrates, fungi and bacteria. J. Mol. Biol. 434, 167273. doi:10.1016/j.jmb.2021.167273
 Daskalov, A., Mitchell, P. S., Sandstrom, A., Vance, R. E., and Glass, N. L. (2020). Molecular characterization of a fungal gasdermin-like protein. Proc. Natl. Acad. Sci. U. S. A. 117 (31), 18600–18607. doi:10.1073/pnas.2004876117
 De Schutter, E., Roelandt, R., Riquet, F. B., Van Camp, G., Wullaert, A., Vandenabeele, P., et al. (2021). Punching holes in cellular membranes: Biology and evolution of gasdermins. Trends Cell. Biol. 31 (6), 500–513. doi:10.1016/j.tcb.2021.03.004
 Defourny, J., Aghaie, A., Perfettini, I., Avan, P., Delmaghani, S., Petit, C., et al. (2019). Pejvakin-mediated pexophagy protects auditory hair cells against noise-induced damage. Proc. Natl. Acad. Sci. U. S. A. 116 (16), 8010–8017. doi:10.1073/pnas.1821844116
 Deng, W., Bai, Y., Deng, F., Pan, Y., Mei, S., Zheng, Z., et al. (2022). Streptococcal pyrogenic exotoxin B cleaves gsdma and triggers pyroptosis. Nature 602 (7897), 496–502. doi:10.1038/s41586-021-04384-4
 Ding, J., Wang, K., Liu, W., She, Y., Sun, Q., Shi, J., et al. (2016). Pore-forming activity and structural autoinhibition of the gasdermin family. Nature 535 (7610), 111–116. doi:10.1038/nature18590
 Edgar, R. C. (2004). Muscle: A multiple sequence alignment method with reduced time and space complexity. BMC Bioinforma. 5 (1), 113. doi:10.1186/1471-2105-5-113
 Evavold, C. L., Ruan, J., Tan, Y., Xia, S., Wu, H., Kagan, J. C., et al. (2018). The pore-forming protein gasdermin D regulates interleukin-1 secretion from living macrophages. Immunity 48 (1), 35–44. e6. doi:10.1016/j.immuni.2017.11.013
 Hadley, W. (2016). Ggplot2: Elegrant graphics for data analysis. New York, NY: Springer. 
 Hofmann, K. (2020). The evolutionary origins of programmed cell death signaling. Cold Spring Harb. Perspect. Biol. 12 (9), a036442. doi:10.1101/cshperspect.a036442
 Jiang, S., Gu, H., Zhao, Y., and Sun, L. (2019). Teleost gasdermin E is cleaved by caspase 1, 3, and 7 and induces pyroptosis. J. Immunol. 203 (5), 1369–1382. doi:10.4049/jimmunol.1900383
 Jiang, S., Zhou, Z., Sun, Y., Zhang, T., and Sun, L. (2020). Coral gasdermin triggers pyroptosis. Sci. Immunol. 5 (54), eabd2591. doi:10.1126/sciimmunol.abd2591
 Johnson, A. G., Wein, T., Mayer, M. L., Duncan-Lowey, B., Yirmiya, E., Oppenheimer-Shaanan, Y., et al. (2022). Bacterial gasdermins reveal an ancient mechanism of cell death. Science 375 (6577), 221–225. doi:10.1126/science.abj8432
 Kambara, H., Liu, F., Zhang, X., Liu, P., Bajrami, B., Teng, Y., et al. (2018). Gasdermin D exerts anti-inflammatory effects by promoting neutrophil death. Cell. Rep. 22 (11), 2924–2936. doi:10.1016/j.celrep.2018.02.067
 Kasahara, M., Naruse, K., Sasaki, S., Nakatani, Y., Qu, W., Ahsan, B., et al. (2007). The medaka draft genome and insights into vertebrate genome evolution. Nature 447 (7145), 714–719. doi:10.1038/nature05846
 Kayagaki, N., Stowe, I. B., Lee, B. L., O'Rourke, K., Anderson, K., Warming, S., et al. (2015). Caspase-11 cleaves gasdermin D for non-canonical inflammasome signalling. Nature 526 (7575), 666–671. doi:10.1038/nature15541
 Kesavardhana, S., Malireddi, R. S., and Kanneganti, T-D. (2020). Caspases in cell death, inflammation, and pyroptosis. Annu. Rev. Immunol. 38, 567–595. doi:10.1146/annurev-immunol-073119-095439
 Kumar, S., Stecher, G., Suleski, M., and Hedges, S. B. (2017). Timetree: A resource for timelines, timetrees, and divergence times. Mol. Biol. Evol. 34 (7), 1812–1819. doi:10.1093/molbev/msx116
 Kumar, S., Stecher, G., and Tamura, K. (2016). Mega7: Molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33 (7), 1870–1874. doi:10.1093/molbev/msw054
 Lampert, K., and Schartl, M. (2008). The origin and evolution of a unisexual hybrid: Poecilia formosa. Philos. Trans. R. Soc. Lond. B Biol. Sci. 363 (1505), 2901–2909. doi:10.1098/rstb.2008.0040
 Letunic, I., and Bork, P. (2021). Interactive tree of life (itol) V5: An online tool for phylogenetic tree display and annotation. Nucleic Acids Res. 49 (W1), W293–W296. doi:10.1093/nar/gkab301
 Li, J. Y., Wang, Y. Y., Shao, T., Fan, D. D., Lin, A. F., Xiang, L. X., et al. (2020). The zebrafish Nlrp3 inflammasome has functional roles in asc-dependent interleukin-1β maturation and gasdermin E–mediated pyroptosis. J. Biol. Chem. 295 (4), 1120–1141. doi:10.1074/jbc.RA119.011751
 Liu, F., Li, Y., Yu, H., Zhang, L., Hu, J., Bao, Z., et al. (2021). Molluscdb: An integrated functional and evolutionary genomics database for the hyper-diverse animal phylum Mollusca. Nucleic Acids Res. 49 (D1), D1556. doi:10.1093/nar/gkaa1166
 Liu, X., Xia, S., Zhang, Z., Wu, H., and Lieberman, J. (2021). Channelling inflammation: Gasdermins in physiology and disease. Nat. Rev. Drug Discov. 20 (5), 384–405. doi:10.1038/s41573-021-00154-z
 Liu, Y., Fang, Y., Chen, X., Wang, Z., Liang, X., Zhang, T., et al. (2020). Gasdermin E–mediated target cell pyroptosis by car T cells triggers cytokine release syndrome. Sci. Immunol. 5 (43), eaax7969. doi:10.1126/sciimmunol.aax7969
 Louis, A., Muffato, M., and Roest Crollius, H. (2012). Genomicus: Five genome browsers for comparative genomics in eukaryota. Nucleic Acids Res. 41 (D1), D700–D705. doi:10.1093/nar/gks1156
 Louis, A., Nguyen, N. T. T., Muffato, M., and Roest Crollius, H. (2015). Genomicus update 2015: Karyoview and matrixview provide a genome-wide perspective to multispecies comparative genomics. Nucleic Acids Res. 43 (D1), D682–D689. doi:10.1093/nar/gku1112
 Lu, S., Wang, J., Chitsaz, F., Derbyshire, M. K., Geer, R. C., Gonzales, N. R., et al. (2020). Cdd/Sparcle: The conserved domain database in 2020. Nucleic Acids Res. 48 (D1), D265–D268. doi:10.1093/nar/gkz991
 Luo, Y-J., Kanda, M., Koyanagi, R., Hisata, K., Akiyama, T., Sakamoto, H., et al. (2018). Nemertean and phoronid genomes reveal lophotrochozoan evolution and the origin of bilaterian heads. Nat. Ecol. Evol. 2 (1), 141–151. doi:10.1038/s41559-017-0389-y
 Madeira, F., Park, Y. M., Lee, J., Buso, N., Gur, T., Madhusoodanan, N., et al. (2019). The embl-ebi search and sequence analysis tools Apis in 2019. Nucleic Acids Res. 47 (W1), W636–W641. doi:10.1093/nar/gkz268
 Madeira, F., Pearce, M., Tivey, A., Basutkar, P., Lee, J., Edbali, O., et al. (2022). Search and sequence analysis tools services from embl-ebi in 2022. Nucleic Acids Res. 50, W276–W279. doi:10.1093/nar/gkac240
 Meyer, A., and Van de Peer, Y. (2005). From 2r to 3r: Evidence for a fish‐specific genome duplication (fsgd). Bioessays. 27 (9), 937–945. doi:10.1002/bies.20293
 Minh, B. Q., Schmidt, H. A., Chernomor, O., Schrempf, D., Woodhams, M. D., Von Haeseler, A., et al. (2020). Iq-tree 2: New models and efficient methods for phylogenetic inference in the genomic era. Mol. Biol. Evol. 37 (5), 1530–1534. doi:10.1093/molbev/msaa015
 Morimoto, N., Kono, T., Sakai, M., and Hikima, J. I. (2021). Inflammasomes in teleosts: Structures and mechanisms that induce pyroptosis during bacterial infection. Int. J. Mol. Sci. 22 (9), 4389. doi:10.3390/ijms22094389
 Neafsey, D. E., and Palumbi, S. R. (2003). Genome size evolution in pufferfish: A comparative analysis of diodontid and tetraodontid pufferfish genomes. Genome Res. 13 (5), 821–830. doi:10.1101/gr.841703
 Orning, P., Weng, D., Starheim, K., Ratner, D., Best, Z., Lee, B., et al. (2018). Pathogen blockade of Tak1 triggers caspase-8–dependent cleavage of gasdermin D and cell death. Science 362 (6418), 1064–1069. doi:10.1126/science.aau2818
 Price, A. L., Jones, N. C., and Pevzner, P. A. (2005). De novo identification of repeat families in large genomes. Bioinformatics 21 (Suppl. l_1), i351–i358. doi:10.1093/bioinformatics/bti1018
 R.Core.Team (2018). R core team R: A language and environment for statistical computing. Austria, Vienna: R Foundation for Statistical Computing. 
 Rogers, C., Fernandes-Alnemri, T., Mayes, L., Alnemri, D., Cingolani, G., Alnemri, E. S., et al. (2017). Cleavage of dfna5 by caspase-3 during apoptosis mediates progression to secondary necrotic/pyroptotic cell death. Nat. Commun. 8 (1), 14128. doi:10.1038/ncomms14128
 Ruan, J., Xia, S., Liu, X., Lieberman, J., and Wu, H. (2018). Cryo-em structure of the gasdermin A3 membrane pore. Nature 557 (7703), 62–67. doi:10.1038/s41586-018-0058-6
 Shao, F., Han, M., and Peng, Z. (2019). Evolution and diversity of transposable elements in fish genomes. Sci. Rep. 9 (1), 15399. doi:10.1038/s41598-019-51888-1
 Shi, J., Gao, W., and Shao, F. (2017). Pyroptosis: Gasdermin-Mediated programmed necrotic cell death. Trends biochem. Sci. 42 (4), 245–254. doi:10.1016/j.tibs.2016.10.004
 Shi, J., Zhao, Y., Wang, K., Shi, X., Wang, Y., Huang, H., et al. (2015). Cleavage of gsdmd by inflammatory caspases determines pyroptotic cell death. Nature 526 (7575), 660–665. doi:10.1038/nature15514
 Sievert, C. (2020). Interactive web-based data visualization with R, plotly, and shiny. Boca Raton, FL: CRC Press, Taylor and Francis Group. 
 Streelman, J. T., Zardoya, R., Meyer, A., and Karl, S. A. (1998). Multilocus phylogeny of cichlid fishes (pisces: Perciformes): Evolutionary comparison of microsatellite and single-copy nuclear loci. Mol. Biol. Evol. 15 (7), 798–808. doi:10.1093/oxfordjournals.molbev.a025985
 Tamura, M., Tanaka, S., Fujii, T., Aoki, A., Komiyama, H., Ezawa, K., et al. (2007). Members of a novel gene family, gsdm, are expressed exclusively in the epithelium of the skin and gastrointestinal tract in a highly tissue-specific manner. Genomics 89 (5), 618–629. doi:10.1016/j.ygeno.2007.01.003
 Vernaz, G., Malinsky, M., Svardal, H., Du, M., Tyers, A. M., Santos, M. E., et al. (2021). Mapping epigenetic divergence in the massive radiation of lake Malawi cichlid fishes. Nat. Commun. 12 (1), 5870. doi:10.1038/s41467-021-26166-2
 Wang, Y., Gao, W., Shi, X., Ding, J., Liu, W., He, H., et al. (2017). Chemotherapy drugs induce pyroptosis through caspase-3 cleavage of a gasdermin. Nature 547 (7661), 99–103. doi:10.1038/nature22393
 Wang, Z., Gu, Z., Hou, Q., Chen, W., Mu, D., Zhang, Y., et al. (2020). Zebrafish gsdmeb cleavage-gated pyroptosis drives septic acute kidney injury in vivo. J. Immunol. 204 (7), 1929–1942. doi:10.4049/jimmunol.1901456
 Wei, T., Sun, Y., Zhang, B., Wang, R., and Xu, T. (2014). A mitogenomic perspective on the phylogenetic position of the hapalogenys genus (acanthopterygii: Perciformes) and the evolutionary origin of Perciformes. PloS one 9 (7), e103011. doi:10.1371/journal.pone.0103011
 Xia, S., Zhang, Z., Magupalli, V. G., Pablo, J. L., Dong, Y., Vora, S. M., et al. (2021). Gasdermin D pore structure reveals preferential release of mature interleukin-1. Nature 593 (7860), 607–611. doi:10.1038/s41586-021-03478-3
 Xia, S. Y., Ruan, J. B., Fu, T. M., and Wu, H. (2019). Insights into gasdermin pore formation from the structure of a pre-pore. FASEB J. 33, 779–849. doi:10.1096/fasebj.2019.33.1_supplement.779.49
 Xu, H., Jiang, S., Yu, C., Yuan, Z., and Sun, L. (2022). Gsdmea-mediated pyroptosis is Bi-directionally regulated by caspase and required for effective bacterial clearance in teleost. Cell. Death Dis. 13 (5), 1–13. doi:10.1038/s41419-022-04896-5
 Yang, Z., and Nielsen, R. (2000). Estimating synonymous and nonsynonymous substitution rates under realistic evolutionary models. Mol. Biol. Evol. 17 (1), 32–43. doi:10.1093/oxfordjournals.molbev.a026236
 Yuan, Z., Liu, S., Zhou, T., Tian, C., Bao, L., Dunham, R., et al. (2018). Comparative genome analysis of 52 fish species suggests differential associations of repetitive elements with their living aquatic environments. BMC genomics 19 (1), 141. doi:10.1186/s12864-018-4516-1
 Zhang, Z., Li, J., Zhao, X-Q., Wang, J., Wong, G. K-S., Yu, J., et al. (2006). Kaks_Calculator: Calculating Ka and ks through model selection and model averaging. Genomics Proteomics Bioinforma. 4 (4), 259–263. doi:10.1016/S1672-0229(07)60007-2
 Zhang, Z., and Lieberman, J. (2020). Lighting a fire on the reef. Sci. Immunol. 5 (54), eabf0905. doi:10.1126/sciimmunol.abf0905
 Zhang, Z., Zhang, Y., Xia, S., Kong, Q., Li, S., Liu, X., et al. (2020). Gasdermin E suppresses tumour growth by activating anti-tumour immunity. Nature 579 (7799), 415–420. doi:10.1038/s41586-020-2071-9
 Zheng, Z., Deng, W., Lou, X., Bai, Y., Wang, J., Zeng, H., et al. (2020). Gasdermins: Pore-Forming activities and beyond. Acta Biochim. Biophys. Sin. 52 (5), 467–474. doi:10.1093/abbs/gmaa016
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 © 2022 Yuan, Jiang, Qin and Sun. 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.
OPS/images/fcell-10-952015-g003.gif





OPS/images/fcell-10-952015-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		New insights into the evolutionary dynamic and lineage divergence of gasdermin E in metazoa		Introduction

		Materials and methods		Sequence collection

		Phylogenetic and syntenic analysis

		Repetitive element analysis

		The evolutionary analysis of GSDME in actinopterygii

		Gene cloning and mutagenesis

		Confocal microscopy

		Lactate dehydrogenase assay

		Statistical analysis





		Results		GSDM emerged early in invertebrate metazoan and underwent varied evolutionary selections

		Fish GSDME diversified into three distinct lineages and formed the root of tetrapod GSDMA/B/C/D lineages

		Actinoperygii GSDMEc and tetrapod GSDMA exhibit strong genomic collinearity

		Functionally essential molecular patterns of GSDME are conserved across vertebrate and yet distinct in teleost





		Discussion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-10-952015-g001.gif
R ”'”“I““






OPS/images/fcell-10-952015-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





