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Viviparity has originated independently more than 150 times in vertebrates, while the male pregnancy only emerged in Syngnathidae fishes, such as seahorses. The typical male pregnancy seahorses have closed sophisticated brood pouch that act as both uterus and placenta, representing an excellent model system for studying the evolutionary process of paternal immune protection. Phylogenetic analysis indicated that the hampII gene family has multiple tandem duplicated genes and shows independent lineage-specific expansion in seahorses, and they had the highest ratio of nonsynonymous substitutions to synonymous substitutions (dN/dS) in the seahorse phylogenetic branch. The expression levels of hampIIs in the brood pouch placenta were significantly higher during pregnancy than non-pregnancy. Both LPS stimulation test in vivo and cytotoxicity test in vitro proved the immunological protection function of hampIIs against pathogen infection in seahorse. Besides, seahorse hampII peptides exhibit weaker antibacterial function, but stronger agglutination and free endotoxin inhibition. We assumed that the modified immunological function seemed to be a trade-off between the resistance to microbial attack and offspring protection. In brief, this study suggests that the rapid co-option of hampIIs contributes to the evolutionary adaption to paternal immune care during male pregnancy.
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Introduction

In viviparous animals, maternal immune protection of offspring is common during pregnancy, while the paternal immune protection is negligible in most vertebrates (1–3). Viviparity has an independent origin and appears more than 150 times in vertebrates, while male pregnancy only emerges once in Syngnathidae fishes (4). Seahorses, the iconic species in the Syngnathid family with typical male pregnancy, have males with closed sophisticated brood pouch that act as the uterus during pregnancy, which provide protection, osmoregulation, gas exchange, and nutrition to the embryos (5, 6). The brood pouch of male seahorse undergoes remodeling and even develop placenta during pregnancy (5, 7). Previous studies had figured the trade-off between immunological tolerance and embryo rejection along with the evolution of unique male pregnancy in the Syngnathid family (8, 9). Therefore, we assumed that the seahorses may serve as an excellent model system for studying the evolutionary process of paternal immune protection.

It is especially critical to maintain the parent’s immunological vigilance towards invading pathogens to protect both parents and infirm embryos of seahorse during pregnancy. The non-sterile sea water always filled into the brood pouch along with female’s eggs during mating, and male seahorses have to prevent bacteria burst in the nutrient-rich environment in the closed brood pouch during pregnancy (5, 10). A pathogen-limited environment in the closed seahorse brood pouches was speculated to be maintained by a balance between the paternal immune molecules and commensal microbiota (Figure 1A) (10, 11). Compared to mammal’s placenta, the thin tissue of placenta in seahorse’s brood pouch seems be weak in functioning as an immunological barrier between the father and offspring (5, 11), so, the excessive immune response might recognize and attack the embryos as foreign, leading to abortion or death (12). Therefore, we speculated that a trade-off between microbial attack and offspring protection in the brood pouch should be critical for male seahorse’s successful pregnancy.




Figure 1 | HampII gene co-option in male pregnancy in seahorse. (A) Seahorses have a sophisticated brood pouch with a placenta structure inside, which is functionally similar to the uterus and placenta in mammals, and plays an important role in preventing uncontrolled bacterial growth in the closed nutrient-rich environment, without damaging the developing embryos during pregnancy. (B) Phylogenetic analysis (Bayesian tree) showed taxonomic- or lineage- specific expansions in hampII genes (left), and synteny analysis demonstrated that hampII genes contained tandem duplicated sequences in the same scaffold (right). HampIIs in Syngnathidae were highlighted in blue background, seahorse hampIIs in red line, and other Syngnathidae hampIIs in blue line. (C) The dN/dS value of the seahorse branch of the hampII genes was the highest amongst all the antimicrobial peptides. Seahorse hampIIs were denoted in red. (D) The pairwise dN/dS values between hampII gene pairs was significantly higher in seahorses than other Syngnathidae (H, seahorses; D, Syngnathidae but not seahorse; O, other teleost species) (*, p <0.05).



Previous studies have figured that prominent antimicrobial peptides (AMPs) in seahorse brood pouches have positive immunoprotective effects and might contribute to successful embryo incubation during pregnancy, similar to those in mammalian mothers (13–15). Hepcidin is a small cysteine-rich antimicrobial peptide, including two types: hepcidin I and II. The hepcidin I (HampI) is a key regulator of iron metabolism for vertebrates, while hepcidin II (HampII) is considered to mainly function as immune defence in fish (16, 17). HampII only present in teleost fishes with multiple copies, which is a result of genome duplications and tandem duplications (18, 19). HampIIs are thought to play essential roles in evolutionary response to extreme and diverse water environments through gene co-option (19). Gene co-option, mostly via gene duplication and functional divergence of paralogs, changes the expression patterns and functions of the encoding proteins, contributing to developmental and physiological novelties (20–22). For instance, duplication and diversification of hampII genes play important roles in evolutionary response to the cold and oxygen-rich water in Antarctic notothenioid fishes (23). And immunological function diversity among hampII gene copies, have allowed large yellow croaker to adapt to diverse environmental conditions (19). We assume that gene co-option of hampIIs might occur in seahorse so as to play unique immune roles in the brood pouch during male pregnancy.

In the present study, we found that the recent lineage-specific gene expansion and rapid molecular diversification of newly acquired hampII copies, led to novel spatiotemporal expression profiles and modified antibacterial functions, thereby contributing to the evolutionary adaptation to specific paternal immune care in seahorses during male pregnancy.



Results and Discussion


Genomic Evolution of HampII Gene Families in Seahorses

Four hampII genes (HehampII-1,2,3,4) were identified from the lined seahorse genome and cloned from the cDNA. We also searched for homologous hampIIs from the genome of five other Syngnathidae and five other teleost species (Figure 1B and Table S1). Although the largest hampII families (11 genes) were found in fugu, and the hampII families in seahorses (Hippocampus genus) are more than those in other Syngnathidae fishes (Figure S1). All the structures of hampII precursor proteins are conserved, including the signal peptide, prodomain, and mature peptide, while the sequences of seahorse hampIIs mature peptides varied remarkably from other teleost fishes including their Syngnathidae relatives (Figure S2). What’s more, the molecular evolution analysis based on a total of 246 antimicrobial peptide genes among two seahorse species and other eight teleost fishes figured that the hampII gene family had the highest ratio of nonsynonymous substitutions to synonymous substitutions (dN/dS) in the seahorses’ most recent common ancestor (MRCA), indicating rapid sequence evolution rates in seahorses’ hampII genes compared to other antimicrobial peptides (Figure 1C and Table S2).

Interestingly, phylogenetic analysis indicated that the hampII family has multiple tandem duplicated genes and shows independent lineage-specific expansion in most teleost species, as well as during the evolution of Syngnathidae (Figure 1B, Figure S1 and Figure S3). Synteny analysis demonstrated that all hampII genes were tandem duplicated at the same genomic locus in all species. The duplicated copies, freed from purifying selection, are expected to evolve rapidly. It’s worth noting that evolutionary rates of Syngnathidae hampIIs were faster than that of other teleosts (Figure 1B and Figure S3), a recent expansion occurred in the ancestor of the seahorse but not in those of the other Syngnathidae (Figure 1B and Figure S3), and the dN/dS values between the seahorse hampII genes were significantly higher than those between other Syngnathidae (Figure 1D). These high variations in seahorse HehampII genes, especially located in the mature peptide region (Figure S2), might be conducive to new functions (24). Previous studies had figured that the frequent species or lineage-specific expansion of hampII genes in marine fishes were in line with evolutionary adaptation to the complexity and challenges of environmental conditions the fish encounters and copes with during its life history (19, 24). For example, the reduction to four cysteines from commonly eight cysteines in the Antarctic notothenioid hamp genes were supposed to increase the flexibility of the hairpin structure so as to adapt to the cold temperature (23). The hampII genes of large yellow croaker (Larimichthys crocea) were functionally diverse, involving in antibacterial or antiviral activity, so as to adapt to diverse environmental conditions (19). Therefore, the lineage-specific expansion and rapid evolution of the hampII genes in the seahorses might have promoted gene co-option and associated trait novelty, namely the immunological function.



Gene Expression Patterns of HehampII Family During Seahorse’s Breeding Cycle

In order to verify whether HehampII genes play a role during male seahorse pregnancy, we detected the gene expression patterns during seahorse’s breeding cycle. Firstly, the qPCR results showed that all HehampII genes are widely expressed in most organs of lined sehaorse, although the highest expression were detected in the liver (Figure S4). It is inconsistent with previous report in large yellow croaker, in which five hampII genes had dramatically different expression patterns (19). Interestingly, we found that the expressions of HehampII genes were dynamic in both the father’s brood pouch placenta and offspring during pregnancy. During pregnancy, the expression levels of all HehampII genes in the brood pouch placenta significantly increased, peaked at about 20-30 times than pre-pregnancy period, and then decreased sharply after parturition (Figure 2A). Meanwhile, the expression levels of all HehampII genes in the offspring began to rise until the late pregnancy period, and then increased quickly in the newborn neonate when they were just released from the closed brood pouch to the water environment (Figure 2B). In contrast, no significant changes were observed in seahorse liver during seahorse’s breeding cycle (Figure 2C). These specific expression profiles of HehampII genes during male pregnancy, which are similar to some other immune genes reported before, such as TLR2 (25), α2M (26), and C-type lectin (13), strongly suggest that HehampII genes play some roles in the brood pouch during male pregnancy.




Figure 2 | The expression of HehampII genes in the brood pouch placenta (A) of lined seahorse (Hippocampus erectus) was higher during pregnancy, whereas the highest expression in the offspring (B) was observed at the post pregnancy period when the new-borns were just released from the closed brood pouch to the water environment (n ≥ 5, mean ± SEM). (C) No significant differences were detected in the expression of any seahorse HehampIIs in the liver between pregnant (p) and non-pregnant seahorses (non-p). Different lowercase letters indicate significant differences between them (p < 0.05).





Immunoprotective Effects of Seahorse Hehamp In Vitro and In Vivo

Hepcidins including both HampI and HampIIs were supposed to mainly perform an antimicrobial role in fish (27). LPS is a component of the outer wall of gram-negative bacteria and can activate a number of immune-related genes and signaling pathways (28). Hepcidins from the redbanded seabream (Pagrus auriga) (29) and mudskipper (Boleophthalmus pectinirostris) (30) were increased post LPS challenge, suggested their immune protective role in fish. Hepcidin from caspian trout (Salmo caspius) upragulated after LPS stimulation, and it’s synthetic mature peptide exhibited antibacterial activity to several strains (31). To verify the function of HehampIIs in the brood pouch of seahorse, Lipopolysaccharide (LPS), a common pathogen-associated molecular pattern (PAMP) used for mimicking pathogenic infection, were injected into the brood pouch. The in vivo test showed significantly upregulated expression of all the HehampII genes in response to LPS challenge at 24 hours post injection (dpi) in the seahorse brood pouch, meanwhile, similar gene expression responses were also observed in the liver at earlier time point (12 h) (Figure 3A). These results proved that HehampII genes are indeed involved with the immune response in the brood pouch of seahorses.




Figure 3 | (A) In vivo, relative expression of seahorse HehampIIs in the placenta of the brood pouch and liver were upregulated in response to the lipopolysaccharides (LPS) challenge, PBS: phosphate-buffered saline. (mean ± SEM, n=5; *, p <0.05; **, p <0.01) (B) In vitro, the two seahorse HehampII mature peptides could rescue the death of seahorse embryonic cell caused by supernatant of Vibrio. Different lowercase letters indicate significant differences between them (mean ± SEM, n=3; p < 0.05).



Considering the close contact between the simple-structured placenta and thin-chorion embryos (11), these almost perfect transform of HehampII expression levels between the brood pouch and the incubated embryos implied that seahorse father might produce HehampII peptides as immune substances to protect the early embryos lack of complete immunity (Figures 2A, B). In order to test this assumption, cytotoxicity test in vitro were finished using the synthesised mature polypeptides of HehampII-2 and HehampII-4, respectively, encoding by the two seahorse lineage-specific hampII genes (HehampII-2, HehampII-4), which were also the most highly expressed hampII genes in the brood pouch during pregnancy (Table S4 and Figure 2). During the cytotoxicity test in vitro, the HehampII peptides at different concentration (12 μM and 24 μM) were added into the seahorse embryonic cells along with supernate of pathogenic Vibrio parahaemolyticus, one of the most common pathogens of seahorses (32, 33). This bacterial supernatant contains a large amount of harmful substances such as endotoxin (also known as LPS), which could cause cell death (34, 35). We found that both HehampII mature peptides at a minimum concentration of 12 μM could rescue seahorse embryonic cells from the death caused by pathogenic Vibrio supernate, respectively (Figure 3B), confirmed HehampII peptide’s immunological protection in seahorse. It was reported that Tilapia hepcidin could enhanced the survival rate of Chinook salmon embryo (CHSE)-214 cells infected with infectious pancreatic necrosis virus (IPNV) (36), and also, hepcidin mitigated LPS-induced inflammatory response to protect the mouse macrophage cells (37). However, much more evidences are necessary so as to receive some solid conclusion about father’s HehampII peptides functioning in protecting the incubating embryos.



Biological Activity Detection of Seahorse HehampII Peptides

Lastly, we tested whether the proteins encoded by HehampII genes evolved new functions that adapt to the paternal care behaviour. To detect the detailed biological activity, we carried out antibacterial experiments and microbial agglutination assays on the mature peptides of HehampII-2 and HehampII-4. Interestingly, antimicrobial assays showed that neither HehampII-2 nor HehampII-4 peptides exhibited remarkable bactericidal activity against all the bacterial strains even at special higher concentrations of 96 μM (272 μg/mL of HeHampII-2, 294 μg/mL of HeHampII-4, respecitively) (Table 1 and Table S5). While the encoding peptide (PC-hepc) by the hampII of large yellow croaker could kill all tested gram-positive and gram-negative bacteria at very low concentrations (Table 1). It has been reported that most fish hampIIs have a potent broad-spectrum antibacterial activity (16, 17, 27, 31, 38). For example, the HampII peptides from Dicentrarchus labrax, could significantly inhibited the growth of Photobacterium damselae, Streptococcus parauberis and Lactococcus garviae at a low protein concentration of 1 μM (16). The minimal effective concentrations of pufferfish (Takifugu pardalis) HampII peptide to all the ten strains tested were less than 40 μg/mL (17).


Table 1 | Antimicrobial activity of seahorse HampII mature peptides.



Interestingly, we found that HehampII mature peptides possessed remarkable concentration-dependent agglutination effects on the bacteria (Figure 4A and Table S5). Both HehampII-2 and HehampII-4 mature peptides exhibit microbial agglutination to all the tested strains at a low concentration of 3 μM. Compare to the strong broad-spectrum microbial agglutination activity of HehampIIs, few reports on microbial agglutination of hampII in other teleost species were identified so far. Besides, the previous study on tiger-tail seahorse H. comes identified novel C-type lectins (CTLs), which were highly expressed in the brood pouch and caused erythrocyte agglutination, and were supposed to help to repress bacterial growth (13).




Figure 4 | The two seahorse HampII mature peptides (A) showed remarkable agglutination (green triangle points to the agglutinating bacteria), and (B) inhibited the release of bacterial endotoxin significantly (mean ± SEM, n=3; **, indicate significant difference compared with control, p < 0.01).



In addition, we measured the neutralization of the endotoxin activity of LPS from three gram-negative bacteria (Vibrio parahaemolyticus, Escherichia coli, Acinetobacter baumannii) by two seahorse hampII peptides. We found that both two seahorse hampII peptides performed significant neutralization ability of the endotoxin activity. The endotoxin values in the control test are almost one hundred times more than that in any hampII peptide- incubating test (Figure 4B). Free endotoxin released from bacteria are harmful for mammal’s pregnancy and could lead to abortion and death of embryos (39, 40). Antimicrobial proteins such as human histones H2A and H2B were highly expressed in placenta and possessing dose-dependent inhibition of the endotoxin, empower the placenta an immune-privileged site with an antimicrobial and endotoxin-neutralizing barrier against microorganisms (41). Therefore, the strong neutralization abilities of endotoxin by seahorse HehampIIs suggest their protective effect on embryonic cells from microorganisms.

The closed brood pouch of seahorse provides the ideal conditions for bacterial proliferation (filled with non-sterile seawater and the nutrient-rich pouch fluid), therefore, it is essential to balance the paternal immune molecules and commensal microbiota and maintain a pathogen-limited environment in seahorse brood pouches during pregnancy (10, 11). We supposed that these modified antibacterial functions of HampII peptides might be a kind of adaptation to reduce the lethality of embryos during pregnancy and facilitate paternal immune protection. The HehampII peptides released into the brood pouch inhabit the bacterial boom by agglutination, and also protect the embryos by avoiding the toxic effects from the free endotoxins accumulation especially in the enclosed environment of the pregnant brood pouch. In addition, one possible explanation to the loss of antibacterial activity in HehampIIs is that the antibacterial activity might also result into damage to the incubated embryos. For example, IL-37 has a strong antibacterial effect on most Gram-negative and Gram-positive bacteria, but it is also toxic to a series of host cells and tissues (42–44). Therefore, a trade-off between antibacterial function and protection of the offspring during evolution lead to the loss of the common crude sterilization function of HampIIs. Similar functional diversity of antimicrobial peptides were also found in some teolost (45). For example, HampII peptides of large yellow croaker were functionally diverse, involving in antibacterial activity, antiviral activity, and also regulation of intracellular iron metabolism. Another interesting phenomenon is that, although four hehampII genes varied a lot among each other and with the highest ratio of dN/dS, their expression pattern and function are still quite similar. In contrast, substantial variation in expression pattern and biological function were observed in line with lineage-specific gene duplication of hampIIs in other teleost species (19).

In summary, our study demonstrated that the rapid co-option of hampII genes, which is complemented with a weaker gene expansion but rapid variation in the seahorse ancestor, promotes the high expression of hampII genes in the brood pouch during male pregnancy and their function alteration. The rapid co-option reduces the major antibacterial function of the hampII genes, which might be an evolutionary adaptation to maintain a balance between antibacterial function and embryo-protection during male pregnancy of seahorse.




Methods


Fish Husbandry and Sample Preparation

All the lined seahorses (Hippocampus erectus) are captive-bred individuals collected from the Zhangzhou Seahorse Breeding Farm, Fujian Province, China. Seahorses were acclimated for 7 d before the experiments. Fish were maintained in seawater circulation tanks under a light-dark cycle (light: dark, 16:8 h). The salinity, light intensity, temperature, pH, and dissolved oxygen were maintained at (mean ± SD) 25 ± 1.0 ‰, 2000 ± 500 lx, 22 ± 0.5°C, 7.9 ± 0.4, and 6.5 ± 0.5 mg L−1, respectively. Fish were fed with frozen Mysis twice daily. All fish were anaesthetised with 0.05% MS222 prior to dissection. All experiments were performed in accordance with the Animal Research and Ethics Committees of the Chinese Academy of Sciences (approval number: SCSIO-IACUC-2019-000137).



Cloning and Sequence Analysis of HampIIs

Four hepcidins identified from lined seahorse genome database (46) were cloned. All the reagents, consumables and anatomy tools were RNase free. Total RNA of seahorse liver was extracted following the instructions coming with the TRIzol Ragent (Invitrogen, Waltham, MA, USA). According to the operating steps of ReverAce qPCR RT Master Mix with gDNA Remover (Toyobo, Osaka, Japan), 1 μg of total RNA was used to synthesize first-strand cDNA. All the total RNA and cDNA were stored at -80°C. The specific PCR primers of hampIIs were used to amplify and verify the coding sequences (Table S3). The parameters of specific polymerase chain reaction (PCR) were as follow: denaturation at 98°C for 5 min, followed by 36 cycles at 98°C for 30 min, 60°C for 30 s, and 72°C for 30 s, and finally extension for 10 min at 72°C. The DNA product were sequenced by Sangon Biotech Co., Ltd. (Shanghai, China). Sequence alignments of HampII mature peptides were performed using MEGA.



Phylogenetic Analysis of HampIIs

Synteny analysis of hampIIs were performed based on the genome assemblies of all the ten teleost species (Table S1). Search gff files showing the order of genes and fna files containing genome sequence from the project accessions or genome assemblies of target fish. We find hampIIs and their upstream and downstream genes through gff files by gene name, and confirmed the presence and order of them by BLAST (e-value = 1 × 10−5) based on fna files.

Phylogenetic tree was constructed according to the homologous genes of hampIIs from the published genome data including five Syngnathidae species and other five teleost species, and use the hamp gene from spotted gar (Lepisosteus oculatus) as outgroup (Table S1). The coding protein sequences of hampIIs were aligned using MAFFT v7.475 after removing sequences with frame-shifts or missing exons. Sites with less than five gaps were kept for phylogenetic analysis. Aligned coding protein sequences were transform back to nucleotide sequences using ‘tranalign’ in the EMBOSS toolkit. The best-fitting nucleotide and amino acid substitution model based on Akaike’s information criterion (AICc) was chosen using Mega X. The best-fit model was K80+G for nucleotide and JTT+G+I for amino acid. Bayes phylogenetic tree was constructed using MrBayes parallel 3.2.6 with 4 chains of 500,000,000 generations and 20% burn-in. Maximum likelihood phylogenetic tree was also constructed using RAxML 8.2.12 (-f a) with 1000 bootstraps. All the phylogenetic trees produced were conducted with the coding protein sequences.

The pairwise dN/dS ratios were calculated. All hampII was classified into three groups according to the species: group H: seahorses, group D: sea dragon (Syngnathidae) without seahorses, and group O: other species. The pairwise dN/dS ratios between any two hampIIs, either within group or between different groups, were calculated using PAML 4.9j (runmode = -2, model = 1, NSsites = 0). The Wilcox rank test on dN/dS values between different group pairs (like DD vs. HH) was performed using ‘wilcox.test’ in R.



Molecular Evolution of Antimicrobial Peptides

Referring to the antimicrobial peptide database (APD3, http://aps.unmc.edu/AP/main.php) and published articles on antimicrobial peptides in fish, we focused on 25 antimicrobial peptide families: thrombin, histone, galectin, c-type lectin, collectin, ubiquitin, cyclin-dependent protein kinases (CDK-like), bovine pancreatic trypsin inhibitor (BPTI), chemokine, neuropeptide, phospholipase A2 (PLA2), transferrin, hemoglobin, defensin, actinoporin, liver-expressed antimicrobial peptide 2 (LEAP-2), beta2-microglobulin, thymosin, amyloid, enhancers of rudimentary (ERH), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), saposin, hepcidin, mannose-binding lectin and lysozyme (47–51). The lined seahorse genome database was downloaded from PRJNA347499 (46), and the homologous genes of antimicrobial peptides were searched by gene names mentioned above in the annotation file, and ascertained by BLAST (e-value = 1 × 10−5) based on amino acid sequences in cds file. Maximum likelihood phylogenetic tree (species involved are listed in Table S1) was constructed by RAxML 8.2.12 (-f a) using Jones’ JTT+G amino acid substitution model with 1000 bootstraps. The dN/dS ratios of all branches, include the seahorse ancestor branch, were calculated under the free-ratios model (model=1, NSsites=0) of PAML 4.9j. The estimated dN/dS of the branch leading to the seahorse ancestor were fetched for comparison.



Gene Expression Patterns of HehampII Family During Seahorse’s Breeding Cycle

In order to collect the placenta tissue of brood pouches of seahorses at different pregnancy stages, reproductively mature non-pregnancy male and female lined seahorses derived from breeding farm were maintained together (males = 60; female = 60; body length 12-15 cm, wet weight 3-6 g) in the seawater circulation system, and all fish were allowed to mate freely. The male pregnant seahorses were sampled at certain stage, then anesthetized and dissected to collect the brood pouch placenta, liver, and offspring (or embryos). The brood pouch inner layers from the non-pregnant but courtship-active male seahorses were defined as pre-pregnancy stage (n = 8). The pregnancy seahorses were sampled at three sub-stages according to the number of day post mating: Early Pregnancy (less than 4 d; n = 7), Middle Pregnancy (approximately 4–10 d; n = 8), and Late Pregnancy (approximately 11–15 d; n = 8). And the males at one day post-delivery were termed to be in the Post-Pregnancy period (52). In addition, the livers from seahorse were sampled too, it should be mentioned that the livers from the early, middle and late pregnancy seahorse serves as a mixed sample. All the collected tissues were surgically sampled and immediately frozen in liquid nitrogen and stored at -80°C for further analysis.



Real-Time Quantitative PCR

The expression levels of seahorse hampIIs were detected using quantitative real-time PCR (qPCR). All specific primers for qPCR are listed in Table S3. According to the instructions provided with the SYBR Green I kit (Toyobo, Japan), qPCR was conducted on a Roche Light-Cycler 480 real-time PCR system. The qPCR amplification system was listed in Table S6. The primer efficiency of all the HehampIIs was measured using the standard curves generated by a series of plasmid constructs (Figure S5). β-actin was used as the reference genes. The qPCR cycling parameters were as follows: 95°C for 3 min, followed by 40 cycles at 95°C for 30 s, 60°C for 30 s, and 72°C for 20 s. The melting curve was checked to exclude nonspecific amplification products (Figure S6). Gene expression levels were determined using the threshold cycle (Ct) values converted using fluorescence data.



Expression of Seahorse HampII Genes in Response to Lipopolysaccharide Stimulation In Vivo

The sidewall tissue of the brood pouch of male seahorses (12.7 ± 0.45 g) was injected with 100 μL of either LPS (2 μg/μL, Sigma Aldrich, Escherichia coli O111: B4) in phosphate-buffered saline (PBS), or with only sterile PBS in the sham control. Seahorses were collected at each sampling time point, including at 6, 12, and 24 h post injection (hpi) (n = 5 each group). The liver and placenta tissue of the brood pouch were surgically sampled and immediately frozen in liquid nitrogen and stored at -80°C for further analysis.



Cytotoxicity Test In Vitro

Two HampII mature peptides of lined seahorse (HehampII-2 and HehampII-4), of which the amino acid sequences, molecular mass, and purity are summarised in Table S4, were synthesised by GenScript Biotech (Nanjing, China) using the solid-phase peptide synthesis method.

The seahorse embryo cell line established previously in our lab were used for cytotoxicity test in vitro (53). The cells were cultivated in the Dulbecco’s modified eagle medium (DMEM): Ham’s nutrient mixture F-12 (1:1) medium (DMEM/F12) supplemented with antibiotics (penicillin, 400 U/mL; streptomycin, 400 µg/mL; Gibco BRL) and fetal bovine serum (FBS, 20%). Embryo cells were transferred into 6-well cell culture plates containing 6 ml DMEM per well. V. parahaemolyticus was centrifuged at 4,000 × g after cultured for 12 h, and the supernate was filtered with a 0.22 μm filter. During experiment, several reagents were involved: DMEM (without antibiotics and FBS), PBS (containing 1‰ DMSO), Vibrio supernate, HehampIIs (192 μM; dissolved in PBS with 1‰ DMSO). And several groups were set up this experiment: normal group (5.25 mL DMEM + 0.75 mL PBS), sham control group (4.95 mL DMEM + 0.375 mL PBS + 0.375 mL HehampIIs + 0.3 mL Vibrio supernate), two 12 μM HehampIIs groups (5.325 mL DMEM + 0.375 mL HehampIIs + 0.3 mL Vibrio supernate) and two 24 μM HehampIIs groups (4.95 mL DMEM + 0.75 mL HehampIIs + 0.3 mL Vibrio supernate). The cell viability was detected using Cell Counting Kit-8 (MCE, USA) after 12 h-incubation.



Biological Activity Detection of Seahorse HampII Mature Peptides


Antimicrobial Assay

Antibacterial assay was performed following the liquid growth inhibition assay protocol reported previously (54). And the synthetic mature peptide from the large yellow croaker (Pseudosciaena crocea) HampII (PC-hepc) was also synthesised and used as a reference in this study (Table S4) (38). The purity of all three synthetic polypeptides was over 95%, making the biological activity detection assay possible. These peptides were stored in dry powder form at -80°C before use. To evaluate the antibacterial activity of these synthetic peptides, a variety of fish pathogenic strains (Acinetobacter baumannii, Bacillus subtilis, Bacillus thuringiensis, Candida albicans, Escherichia coli, Enterococcus faecalis, Klebsiella pneumoniae, Micrococcus luteus, methicillin-resistant Staphylococcus aureus (MRSA), methicillin-Resistant Staphylococcus epidermidis (MRSE), Staphylococcus aureus, Salmonella typhimurium, and Vibrio parahaemolyticus) were cultured and tested in this study. These bacteria, marine bacteria, or fungi were cultivated in nutrient broth (NB), Mueller Hinton broth (MH broth), 2216E and YPD medium, respectively. Microbial cells were collected by centrifugation at 4000 × g at room temperature for 5 min when cultured to the logarithmic phase, and then resuspended in the corresponding medium. Bacteria (104 CFU/well) and fungi (103 CFU/well) were cultured using a serial dilution of polypeptides in a 96-well microbe culture plate at their optimum temperature for 48 h. HehampII peptides were dissolved in sterile water with 1‰ DMSO to obtain final protein concentrations of 96, 48, 24, 12, 6, 3, and 1.5 μM by serial dilution with sterilised water. Minimum inhibitory concentration (MIC) is defined as the lowest protein concentration that can inhibit the visible growth of microorganisms. Based on the MIC, the mixture with no visible growth was inoculated into the corresponding agar plates and cultured at an optimal temperature for 48 h. The minimum bactericidal concentration (MBC) is defined as the concentration of protein that prevents microbial growth of more than 99.9%. All assays were performed in triplicate.



Microbial Agglutination Assay

Three typical strains (gram-negative bacterium: E. coli, Gram-positive bacterium: S. aureus, Fungus: C. albicans) were used to test the microbial agglutination of seahorse HampII peptides. The strains were centrifuged at 4000 × g for 5 min to collect the bacterial cells, and then inoculated into the corresponding medium and cultured for 12–18 h. The strains were washed three times with TBS buffer (10 mM Tris-HCl, 150 mM NaCl, pH 7.4) and then resuspended in TBS buffer to ensure that the OD600 reached 0.6. In the agglutination experiment, 10 mM CaCl2 was added, and the final OD600 value of the bacterial solution was 0.3 by mixing with the peptides. HehampIIs dissolved in 1‰ DMSO were diluted with sterilised water to a final concentration of 96, 48, 24, 12, 6, and 3 μM. Bovine serum albumin (BSA) (2 mg mL−1) with 1‰ DMSO was used as the control. The agglutination reactions were observed using an optical microscope. The free bacterial cells were sucked out, diluted, and then coated on agar plate with corresponding media, and the CFU were calculated after incubated at optimum temperature for 24-48 h. The percentage of CFU of free bacterial cells in the test to that in the control was evaluated, so the degree of microbial agglutination was measured. All assays were performed in triplicate.



Endotoxin Neutralization Test

Three gram-negative bacteria (A. baumannii, E. coli, and V. parahaemolyticus) were used to test the neutralization ability of two seahorse HehampII peptides, respectively. The pellets of strains were collected after overnight incubation at the optimal temperature, washed three times with PBS, and resuspended to 105 CFU mL−1 with PBS. The bacterial suspensions were mixed with HeHampII-2 peptide and HeHampII-4 peptide (at a final concentration of 6 μM), respectively, and the sterile water with 1‰ DMSO were used as a control. After incubation for 0.5, 1.5, and 3 h at the optimum temperature, the mixture was filtered with a 0.22 μm filter, and the endotoxin value was determined according to the instructions of the Bioendo KC Endotoxin Test Kit (Kinetic Chromogenic Assay) (BIOENDO, China). All assays were performed in triplicate. All reagents and consumables used in this experiment were sterile and free of endotoxins.




Statistical Analysis

All data were analysed using GraphPad 6 software and presented as the mean ± standard error of the mean (SEM). Unpaired Student’s t-tests or one-way ANOVAs followed by Tukey’s tests were used to analyse the statistical differences, and differences were considered statistically significant at p < 0.05.




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.



Ethics Statement

The animal study was reviewed and approved by Animal Research and Ethics Committees of the Chinese Academy of Sciences (approval number: SCSIO-IACUC-2019-000137).



Author Contributions

QL and GQ supervised the project and designed the research. ZC & WX. performed the genome and genetic analyses; WX, YW, HZ, HJ, and YZ. performed qPCR & biological activity detection; WX, GQ, ZC and MQ performed original draft writing and drawing figures; QL & YZ reviewed the writing. All authors contributed to the article and approved the submitted version.



Funding

This research was supported by the Key Special Project for Introduced Talents Team of Southern Marine Science and Engineering Guangdong Laboratory (Guangzhou) (GML2019ZD0407 and GML2019ZD0401), the National Natural Science Foundation of China (42076131, 42176120), the Strategic Priority Research Program of the Chinese Academy of Sciences (XDB42030204), the Hainan Province Science and Technology Special Fund (ZDYF2021SHFZ109), the Key Deployment Project of Centre for Ocean Mega-Research of Science, Chinese Academy of Sciences (COMS2020Q14), and the Hainan Provincial Science and Technology Plan Sanya Yazhou Bay Science and Technology City Joint Project (320LH046).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.884417/full#supplementary-material

Original datasets to this article can be found in the electronic Supplementary files (https://doi.org/10.6084/m9.figshare.19404554.v1) (55)

  

References

1. Chucri, TM, Monteiro, JM, Lima, AR, Salvadori, MLB, Kfoury Junior, JR, Miglino, MA, et al. A Review of Immune Transfer by the Placenta. J Reprod Immunol (2010) 87(1-2):14–20. doi: 10.1016/j.jri.2010.08.062

2. Gillespie, MJ, Haring, VR, McColl, KA, Monaghan, P, Donald, JA, Nicholas, KR, et al. Histological and Global Gene Expression Analysis of The’lactating’pigeon Crop. BMC Genomics (2011) 12(1):1–9. doi: 10.1186/1471-2164-12-452

3. Buckley, J, Maunder, RJ, Foey, A, Pearce, J, Val, AL, and Sloman, KA. Biparental Mucus Feeding: A Unique Example of Parental Care in an Amazonian Cichlid. J Exp Biol (2010) 213(22):3787–95. doi: 10.1242/jeb.042929

4. Blackburn, DG. Evolution of Vertebrate Viviparity and Specializations for Fetal Nutrition: A Quantitative and Qualitative Analysis. J Morphol (2015) 276(8):961–90. doi: 10.1002/jmor.20272

5. Stölting, KN, and Wilson, AB. Male Pregnancy in Seahorses and Pipefish: Beyond the Mammalian Model. BioEssays (2007) 29(9):884–96. doi: 10.1002/bies.20626

6. Li, CY, Li, YX, Qin, G, Chen, ZL, Qu, M, Zhang, B, et al. Regulatory Role of Retinoic Acid in Male Pregnancy of the Seahorse. Innovation (2020) 1(3):100052. doi: 10.1016/j.xinn.2020.100052

7. Laksanawimol, P, Damrongphol, P, and Kruatrachue, M. Alteration of the Brood Pouch Morphology During Gestation of Male Seahorses, Hippocampus Kuda. Marine Freshwater Res (2006) 57(5):497–502. doi: 10.1071/MF05112

8. Roth, O, Solbakken, MH, Tørresen, OK, and Jentoft, S. Evolution of Male Pregnancy Associated With Remodeling of Canonical Vertebrate Immunity in Seahorses and Pipefishes. Proc Natl Acad Sci (2020) 117(17):9431–9. doi: 10.1073/pnas.1916251117

9. Parker, J, Dubin, A, Schneider, R, Wagner, KS, Jentoft, S, Böhne, A, et al. Immunological Tolerance in the Evolution of Male Pregnancy. Mol Ecol (2022) 00:1–22. doi: 10.1111/mec.16333

10. Beemelmanns, A, Poirier, M, Bayer, T, Kuenzel, S, and Roth, O. Microbial Embryonal Colonization During Pipefish Male Pregnancy. Sci Rep (2019) 9(1):1–14. doi: 10.1038/s41598-018-37026-3

11. Whittington, CM, and Friesen, CR. The Evolution and Physiology of Male Pregnancy in Syngnathid Fishes. Biol Rev (2020) 95(5):1252–72. doi: 10.1111/brv.12607

12. Entrican, G. Immune Regulation During Pregnancy and Host–Pathogen Interactions in Infectious Abortion. J Comp Pathol (2002) 126(2-3):79–94. doi: 10.1053/jcpa.2001.0539

13. Melamed, P, Xue, Y, Poon, JFD, Wu, Q, Xie, H, Yeo, J, et al. The Male Seahorse Synthesizes and Secretes a Novel C-Type Lectin Into the Brood Pouch During Early Pregnancy. FEBS J (2005) 272(5):1221–35. doi: 10.1111/j.1742-4658.2005.04556.x

14. Frew, L, and Stock, SJ. Antimicrobial Peptides and Pregnancy. Reproduction (2011) 141(6):725. doi: 10.1530/REP-10-0537

15. Yarbrough, VL, Winkle, S, and Herbst-Kralovetz, MM. Antimicrobial Peptides in the Female Reproductive Tract: A Critical Component of the Mucosal Immune Barrier With Physiological and Clinical Implications. Hum Reprod Update (2015) 21(3):353–77. doi: 10.1093/humupd/dmu065

16. Neves, JV, Caldas, C, Vieira, I, Ramos, MF, and Rodrigues, PNS. Multiple Hepcidins in a Teleost Fish, Dicentrarchus Labrax: Different Hepcidins for Different Roles. J Immunol (2015) 195(6):2696–709. doi: 10.4049/jimmunol.1501153

17. Go, HJ, Kim, CH, Park, JB, Kim, TY, Lee, TK, Oh, HY, et al. Biochemical and Molecular Identification of a Novel Hepcidin Type 2-Like Antimicrobial Peptide in the Skin Mucus of the Pufferfish Takifugu Pardalis. Fish Shellfish Immunol (2019) 93:683–93. doi: 10.1016/j.fsi.2019.08.017

18. Pasquier, J, Cabau, C, Nguyen, T, Jouanno, E, Severac, D, Braasch, I, et al. Gene Evolution and Gene Expression After Whole Genome Duplication in Fish: The PhyloFish Database. BMC Genomics (2016) 17(1):1–10. doi: 10.1186/s12864-016-2709-z

19. Mu, Y, Huo, J, Guan, Y, Fan, D, Xiao, X, Wei, J, et al. An Improved Genome Assembly for Larimichthys Crocea Reveals Hepcidin Gene Expansion With Diversified Regulation and Function. Commun Biol (2018) 1(1):1–12. doi: 10.1038/s42003-018-0207-3

20. Conant, GC, and Wolfe, KH. Turning a Hobby Into a Job: How Duplicated Genes Find New Functions. Nat Rev Genet (2008) 9(12):938–50. doi: 10.1038/nrg2482

21. Lin, Q, Fan, S, Zhang, Y, Xu, M, Zhang, H, Yang, Y, et al. The Seahorse Genome and the Evolution of its Specialized Morphology. Nature (2016) 540(7633):395–9. doi: 10.1038/nature20595

22. True, JR, and Carroll, SB. Gene Co-Option in Physiological and Morphological Evolution. Annu Rev Cell Dev Biol (2002) 18(1):53–80. doi: 10.1146/annurev.cellbio.18.020402.140619

23. Xu, Q, Cheng, CHC, Hu, P, Ye, H, Chen, Z, Cao, L, et al. Adaptive Evolution of Hepcidin Genes in Antarctic Notothenioid Fishes. Mol Biol Evol (2008) 25(6):1099–112. doi: 10.1093/molbev/msn056

24. Boumaiza, M, and Abidi, S. Hepcidin cDNA Evolution in Vertebrates Vitamins and Hormones. Acad Press (2019) 110:1–16. doi: 10.1016/bs.vh.2019.01.001

25. Zhang, B, Zhang, H, Qin, G, Liu, Y, Han, X, Yin, J, et al. TLR2 Gene in Seahorse Brood Pouch Plays Key Functional Roles in LPS-Induced Antibacterial Responses. J Fish Dis (2019) 42(7):1085–9. doi: 10.1111/jfd.13006

26. Wu, Y, Liu, Y, Zhang, H, Wang, X, and Lin, Q. Expression Patterns of Alpha-2 Macroglobulin Reveal Potential Immune Functions in Brood Pouch of the Lined Seahorse Hippocampus Erectus. Aquaculture (2021) 533:736064. doi: 10.1016/j.aquaculture.2020.736064

27. Chen, J, Nie, L, and Chen, J. Mudskipper (Boleophthalmus Pectinirostris) Hepcidin-1 and Hepcidin-2 Present Different Gene Expression Profile and Antibacterial Activity and Possess Distinct Protective Effect Against Edwardsiella Tarda Infection. Probiot Antimicrob Proteins (2018) 10(2):176–85. doi: 10.1007/s12602-017-9352-0

28. Pålsson-McDermott, EM, and O’Neill, LAJ. Signal Transduction by the Lipopolysaccharide Receptor, Toll-Like Receptor-4. Immunology (2004) 113(2):153–62. doi: 10.1111/j.1365-2567.2004.01976.x

29. Martin-Antonio, B, Jiménez-Cantizano, RM, Salas-Leiton, E, Infante, C, and Manchad, M. Genomic Characterization and Gene Expression Analysis of Four Hepcidin Genes in the Redbanded Seabream (Pagrus Auriga). Fish Shellfish Immunol (2009) 26(3):483–91. doi: 10.1016/j.fsi.2009.01.012

30. Li, Z, Hong, WS, Qiu, HT, Zhang, YT, Yang, MS, You, XX, et al. Cloning and Expression of Two Hepcidin Genes in the Mudskipper (Boleophthalmus Pectinirostris) Provides Insights Into Their Roles in Male Reproductive Immunity. Fish Shellfish Immunol (2016) 56:239–47. doi: 10.1016/j.fsi.2016.07.025

31. Shirdel, I, Kalbassi, MR, Hosseinkhani, S, Paknejad, H, and Wink, M. Cloning, Characterization and Tissue-Specific Expression of the Antimicrobial Peptide Hepcidin From Caspian Trout (Salmo Caspius) and the Antibacterial Activity of the Synthetic Peptide. Fish Shellfish Immunol (2019) 90:288–96. doi: 10.1016/j.fsi.2019.05.010

32. Lin, T, Zhang, D, Liu, X, and Xiao, D. Variations of Immune Parameters in the Lined Seahorse Hippocampus Erectus After Infection With Enteritis Pathogen of Vibrio Parahaemolyticus. Fish Shellfish Immunol (2016) 50:247–54. doi: 10.1016/j.fsi.2016.01.039

33. Li, F, Wang, K, Luo, W, Huang, L, and Lin, Q. Comparison of the Intestinal Bacterial Flora in Healthy and Intestinal-Diseased Seahorses Hippocampus Trimaculatus, Hippocampus Erectus, and Hippocampus Spinosissimus. J World Aquacult Soc (2015) 46(3):263–72. doi: 10.1111/jwas.12189

34. Hurley, JC. Antibiotic-Induced Release of Endotoxin: A Reappraisal. Clin Infect Dis (1992) 15(5):840–54. doi: 10.1093/clind/15.5.840

35. Sarvari, S, Seyedjafari, E, Amoozgar, MA, and Bakhshandeh, B. The Effect of Moderately Halophilic Bacteria Supernatant on Proliferation and Apoptosis of Cancer Cells and Mesenchymal Stem Cells. Cell Mol Biol (2015) 61(3):30–4.

36. Rajanbabu, V, and Chen, JY. Antiviral Function of Tilapia Hepcidin 1–5 and its Modulation of Immune-Related Gene Expressions Against Infectious Pancreatic Necrosis Virus (IPNV) in Chinook Salmon Embryo (CHSE)-214 Cells. Fish Shellfish Immunol (2011) 30(1):39–44. doi: 10.1016/j.fsi.2010.09.005

37. Scindia, Y, Wlazlo, E, Leeds, J, Loi, V, Ledesma, J, Cechova, S, et al. Protective Role of Hepcidin in Polymicrobial Sepsis and Acute Kidney Injury. Front Pharmacol (2019) 10:615. doi: 10.3389/fphar.2019.00615

38. Wang, KJ, Cai, JJ, Cai, L, Qu, HD, Yang, M, and Zhang, M. Cloning and Expression of a Hepcidin Gene From a Marine Fish (Pseudosciaena Crocea) and the Antimicrobial Activity of its Synthetic Peptide. Peptides (2009) 30(4):638–46. doi: 10.1016/j.peptides.2008.12.014

39. Silver, RM, Edwin, SS, Trautman, MS, Simmons, DL, Branch, DW, Dudley, DJ, et al. Bacterial Lipopolysaccharide-Mediated Fetal Death. Production of a Newly Recognized Form of Inducible Cyclooxygenase (COX-2) in Murine Decidua in Response to Lipopolysaccharide. J Clin Invest (1995) 95(2):725–31. doi: 10.1172/JCI117719

40. Xu, DX, Wang, H, Zhao, L, Ning, H, Chen, YH, and Zhang, C. Effects of Low-Dose Lipopolysaccharide (LPS) Pretreatment on LPS-Induced Intra-Uterine Fetal Death and Preterm Labor. Toxicology (2007) 234(3):167–75. doi: 10.1016/j.tox.2007.02.010

41. Kim, HS, Cho, JH, Park, HW, Yoon, H, Kim, MS, and Kim, SC. Endotoxin-Neutralizing Antimicrobial Proteins of the Human Placenta. J Immunol (2002) 168(5):2356–64. doi: 10.4049/jimmunol.168.5.2356

42. Bjorstad, A, Askarieh, G, Brown, KL, Christenson, K, Forsman, H, Onnheim, K, et al. The Host Defense Peptide LL-37 Selectively Permeabilizes Apoptotic Leukocytes. Antimicrob Agents Chemother (2009) 53(3):1027–38. doi: 10.1128/AAC.01310-08

43. Lee, M, Shi, X, Barron, AE, McGeer, E, and McGeer, PL. Human Antimicrobial Peptide LL-37 Induces Glial-Mediated Neuroinflammation. Biochem Pharmacol (2015) 94(2):130–41. doi: 10.1016/j.bcp.2015.02.003

44. Piktel, E, Niemirowicz, K, Wnorowska, U, Wątek, M, Wollny, T, Głuszek, K, et al. The Role of Cathelicidin LL-37 in Cancer Development. Archivum Immunol Therap Experimentalis (2016) 64(1):33–46. doi: 10.1007/s00005-015-0359-5

45. Hanson, MA, Lemaitre, B, and Unckless, RL. Dynamic Evolution of Antimicrobial Peptides Underscores Trade-Offs Between Immunity and Ecological Fitness. Front Immunol (2019) 2620. doi: 10.3389/fimmu.2019.02620

46. Lin, Q, Qiu, Y, Gu, R, Xu, M, Li, J, Bian, C, et al. Draft Genome of the Lined Seahorse, Hippocampus Erectus. Gigascience (2017) 6(6):gix030. doi: 10.1093/gigascience/gix030

47. Chen, X, Yi, Y, You, X, Liu, J, and Shi, Q. High-Throughput Identification of Putative Antimicrobial Peptides From Multi-Omics Data of the Lined Seahorse (Hippocampus Erectus). Marine Drugs (2019) 18(1):30. doi: 10.3390/md18010030

48. Fedorov, S, Dyshlovoy, S, Monastyrnaya, M, Shubina, L, Leychenko, E, Kozlovskaya, E, et al. The Anticancer Effects of Actinoporin RTX-A From the Sea Anemone Heteractis Crispa (= Radianthus Macrodactylus). Toxicon (2010) 55(4):811–7. doi: 10.1016/j.toxicon.2009.11.016

49. Dang, Y, Meng, X, Wang, S, Li, L, Zhang, M, Hu, M, et al. Mannose-Binding Lectin and its Roles in Immune Responses in Grass Carp (Ctenopharyngodon Idella) Against Aeromonas Hydrophila. Fish Shellfish Immunol (2018) 72:367–76. doi: 10.1016/j.fsi.2017.11.013

50. Huang, L, Bai, L, Chen, Y, Wang, Q, and Sha, Z. Identification, Expression Profile and Analysis of the Antimicrobial Activity of Collectin 11 (CL-11, CL-K1), a Novel Complement-Associated Pattern Recognition Molecule, in Half-Smooth Tongue Sole (Cynoglossus Semilaevis). Fish Shellfish Immunol (2019) 95:679–87. doi: 10.1016/j.fsi.2019.10.058

51. Zhang, T, Jiang, S, and Sun, L. A Fish Galectin-8 Possesses Direct Bactericidal Activity.  Int J Mol Sci (2020) 22(1):376. doi: 10.3390/ijms22010376

52. Whittington, CM, Griffith, OW, Qi, W, Thompson, MB, and Wilson, AB. Seahorse Brood Pouch Transcriptome Reveals Common Genes Associated With Vertebrate Pregnancy. Mol Biol Evol (2015) 32(12):3114–31. doi: 10.1093/molbev/msv177

53. Zhang, B, Qin, G, Qu, L, Zhang, Y, Li, C, and Cang, C. Wnt8a is One of the Candidate Genes That Play Essential Roles in the Elongation of the Seahorse Prehensile Tail. Marine Life Sci Technol (2021) 3(4):416–26. doi: 10.1007/s42995-021-00099-7

54. Shan, Z, Zhu, K, Peng, H, Chen, B, Liu, J, Chen, F, et al. The New Antimicrobial Peptide SpHyastatin From the Mud Crab Scylla Paramamosain With Multiple Antimicrobial Mechanisms and High Effect on Bacterial Infection. Front Microbiol (2016) 7:1140. doi: 10.3389/fmicb.2016.01140

55. Xiao,, and Wanghong,. Electronic Supplementary Material From “Hepcidin Gene Co-Option Balancing Paternal Immune Protection and Male Pregnancy”. J Contribution (2022). doi: 10.6084/m9.figshare.19404554.v1




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.


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.

Copyright © 2022 Xiao, Chen, Zhang, Wu, Jiang, Zhang, Qu, Lin and Qin. 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.2022.884417_cover.jpg
’ frontiers l Frontiers in Immunology

Hepcidin Gene Co-Option Balancing
Paternal Immune Protection and
Male Pregnancy





OEBPS/Images/fimmu-13-884417-g003.jpg
o,

0.

RN IR S ——
nthe brood pouch

pos
= trs

@ vz
Honampii1

o= trs

S i 2

vz

pas
= ps

@
Honampi2

@
Hohampia

pas.
- 1ps

@ i
Hehampiss

Cell Viability(100%)

Pos
- rs

@ i

vz





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Hepcidin Gene Co-Option Balancing Paternal Immune Protection and Male Pregnancy

      

        		

          Introduction

        



        		

          Results and Discussion

        

          		

            Genomic Evolution of HampII Gene Families in Seahorses

          



          		

            Gene Expression Patterns of HehampII Family During Seahorse’s Breeding Cycle

          



          		

            Immunoprotective Effects of Seahorse Hehamp In Vitro and In Vivo

          



          		

            Biological Activity Detection of Seahorse HehampII Peptides

          



        



        



        		

          Methods

        

          		

            Fish Husbandry and Sample Preparation

          



          		

            Cloning and Sequence Analysis of HampIIs

          



          		

            Phylogenetic Analysis of HampIIs

          



          		

            Molecular Evolution of Antimicrobial Peptides

          



          		

            Gene Expression Patterns of HehampII Family During Seahorse’s Breeding Cycle

          



          		

            Real-Time Quantitative PCR

          



          		

            Expression of Seahorse HampII Genes in Response to Lipopolysaccharide Stimulation In Vivo

          



          		

            Cytotoxicity Test In Vitro

          



          		

            Biological Activity Detection of Seahorse HampII Mature Peptides

          

            		

              Antimicrobial Assay

            



            		

              Microbial Agglutination Assay

            



            		

              Endotoxin Neutralization Test

            



          



          



          		

            Statistical Analysis

          



        



        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-884417-g001.jpg





OEBPS/Images/fimmu-13-884417-g004.jpg
3
£
s
8

g
2
b 4
H
2
coli G*  S.aureus G* C.albicans Fungus
PR —p—" PR
E
g
£
H
&

oin 1in an ain 1en an oin tin an
T A Kl e





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-884417-g002.jpg
peTmey






OEBPS/Images/table1.jpg
Peptides
Strains

Gram-posi
Bacillus subtilis

Bacillus thuringiensis

Micrococcus luteus

Staphylococcus aureus

Enterococcus faecalis

Methicillin-resistant Staphylococcus aureus (MRSA)
Methicillin-Resistant Staphylococcus epidermidis (MRSE)
Gram-negative bacterium

Vibrio parahaemolyticus

Escherichia coli

Acinetobacter baumannii

Klebsiella pneumoniae

Salmonella typhimurium

Fungi

Candida albicans

bacteria

HehamplI-2

MIC (uM)

MBC (uM)

Hehampll-4

MIC (uM)

MBC (uM)

Control (PC-hepc*)

MIC (uM)

1.5-3
3-6
1.5-3
3-6
3-6
3-6
6-12

3-6
12-24
3-6
1.5-8
3-6

MBC (uM)

158
3-6
1.5-3
6-12
3-6
3-6
12-24

12-24
12-24
6-12

3-6





