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Background

In the past few decades, heat waves and seasonal variation linked with global warming are causing frequent fluctuations of water temperature in aquatic environments, resulting in further challenges for marine organisms. As a poikilothermic marine animal and a temperate species, sea cucumber A. japonicus is also very sensitive to temperature variation and shows a limited ability to adapt to environmental temperature changes. However, the molecular mechanisms by which A. japonicus perceives signals from such a diverse environment including the trigger of aestivation still remain unclear. TRP (transient receptor potential) superfamily, as the great potential “sentinel” of the organism in response to the changes of the external environment signals, perceived little attention and will be the future great candidates for sensory function research in echinoderm.





Methods

BLAST program was applied to identify the AjTRPs based on A. japonicus transcriptome database. Gene structure analysis of AjTRPs and phylogenetic analysis of TRPs were performed. The expression profiles of AjTRPs in different tissues and in response to different heat stress treatments (chronic/ acute) were measured using qRT-PCR.





Results

A total of 54 TRPs were identified in A. japonicus. Gene structure analysis showed that the exon numbers and the domains of AjTRPs varied greatly. Phylogenetic analysis indicated that AjTPRs were mainly grouped into six subfamilies: TRPA, TRPM, TRPC, TRPV, TRPML, and TRPP. Copy numbers of each TRP member in marine invertebrates including A. japonicus were more than those in vertebrates, however some TRP channel members were lost in invertebrates. Expression profile detection suggested that the representative 15 AjTRP genes belonging to 6 subfamilies were expressed in all tissues examined.





Conclusion

Our findings indicate that the plastic evolutionary history of TRP channel genes and suggest that TRPM2-1, TRPM2-2, TRPM3, and TRPC3-1 are potential thermo-TRP proteins involved in thermal regulation in A. japonicus. This work facilitates the knowledge of TRP-mediated sensory systems in echinoderms, provides new insights into the mechanisms of aestivation and global warming adaptation in marine invertebrates.
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1 Introduction

TRP (transient receptor potential) channels were first discovered in the visual conduction system of Drosophila in 1969 (Cosens and Manning, 1969). Minke et al. (1975) named these channels for the first time in 1975 based on their electrophysiological phenotype. In 1989, Montell and Rubin cloned and identified the TRP genes of Drosophila melanogaster and found that mutant DmTRP could rescue the defect of light response (Montell and Rubin, 1989). By 2014, the molecular characteristics, biophysical properties, and pathophysiological functions of the TRP superfamily members began to be extensively studied (Flockerzi and Nilius, 2014) and this work has increased exponentially in recent years.

TRP channels are cation-permeable six transmembrane (S1-S6) ion channels. There is a cation-permeable pore region between S5 and S6, and an amino (N) terminal and a carboxy (C) terminal that are located inside the cell (Clapham, 2003). Most TRP family members are activated in the form of a homo-tetramer (Hoenderop et al., 2003), but some studies have reported that hetero-tetramers can also be formed and activated (Hofmann et al., 2002; Hoenderop et al., 2003; Staruschenko et al., 2010). The overall structural features are highly conserved between different TRP channels, with the specificity of each member being localized to the N-terminal and C-terminal domains. The TRP channel superfamily is classified into seven subfamilies based on amino acid sequence homology rather than ligand function or ion selectivity. They are the TRPC (“canonical”), TRPM (“melastatin”), TRPV (“vanilloid”), TRPA (“ankyrin”), TRPML (“mucolipin”), TRPP (or PKD) (“polycystin”), and TRPN (no mechanoreceptor potential C, or NOMPC). Remarkably, TRPN has not been found in mammals (Walker et al., 2000; Corey et al., 2004; Clapham et al., 2005).

As an important multimodal receptor in cells, TRP channels are mainly involved in the perception processes of vision, smell, taste, temperature, and mechanical stimulation (Perraud et al., 2001; Perraud et al., 2003; Tracey et al., 2003; Kang et al., 2011; Zhan et al., 2016). These channels can be activated by compounds, messenger molecules, osmotic pressure, and temperature changes inside or outside cells. The activation of different TRP channels requires different types of stimuli, and may even be activated by multiple types of stimuli at the same time (Venkatachalam and Montell, 2007). Besides sensory functions, TRP channels are also involved in the regulation of physiological functions such as immunity, inflammation, kidney function, and bone development (Nilius and Owsianik, 2011). Accumulating studies have reported that a number of hereditary and acquired diseases are also related to the dysfunction of TRP channels (Nilius and Owsianik, 2011). In addition, two members of the SpREG (Receptor for Egg Jelly), belonging to TRPP subfamily of the sea urchin, Strongylocentrotus purpuratus, have been reported to be associated with the sperm acrosome reaction (Gunaratne et al., 2007).

Marine invertebrates account for the largest portion of marine animals and play an irreplaceable role in the material cycle and energy flow in marine ecosystems (Branch et al., 2013). In addition, most marine invertebrates are weak in mobility, vulnerable to environmental influences, simple in shape and structure, and lack obvious sensory organs. To date, studies of TRP channels in marine invertebrates are still very limited. Fu et al. (2021) compared the expression profile of TRPs under acute and chronic heat stress in two oyster species, Crassostrea gigas and C. angulata. Peng et al. (2021) systematically identified and characterized 17 TRPs in Zhikong scallop, Chlamys farreri, and analyzed the spatiotemporal expression profile of these sensors. Notably, TRPs were also suggested to be involved in functional phototransduction in squid, Doryteuthis pealei (Kingston et al., 2015), and early brachiopod embryos (Passamaneck and Martindale, 2013). In echinoderms, the studies of TRP channels have focused mainly on sea urchins and starfish. Gunaratne et al. (2007) identified 10 TRPP subfamily members in the sea urchin S. purpuratus and reported a low similarity of their genomic structures and distinct temporal and spatial expression profiles. Previous studies also suggested that TRPA1 could be activated by heat stimulation and was involved in positive thermotaxis in starfish Patiria pectinifera larvae (Saito et al., 2017). Ding et al. (2019) found that the expression levels of TRPA1 increased significantly under long-term low temperature stress in the sea urchin, S. intermedius. TRPs are also reported to play key roles in locomotion and are involved in pigment release by sea urchins, S. purpuratus (Shah et al., 2018). Overall, there is still much to be learned about the functions of TRP subfamily members and their roles in the sensory systems of marine invertebrates.

In the past few decades, heat waves and seasonal variation linked with global warming are causing frequent fluctuations in water temperature in aquatic environments, causing further challenges for marine organisms, particularly those in shallow water locations (Frölicher et al., 2018; Oliver et al., 2018). The sea cucumber, Apostichopus japonicus (Echinodermata, Holothuroidea), is a key benthic organism (Wang, 2018) and plays an important role in the marine ecosystem with involvement in the carbon cycle, bioturbation, and nutrient regeneration (Kitchell et al, 1978; Uthicke, 2001; Schneider et al., 2011; Mactavish et al., 2012). Currently, this species is also getting much attention because of its high nutritional and economic values and special biological characteristics, including a pentamerous radial symmetrical structure, evisceration, autolysis, aestivation, and regeneration (Chen et al., 2021). However, little is known about the sensory system of echinoderm, especially in A. japonicus. And some limited research has suggested that the tube feet, tentacles, and papilla of A. japonicus may be the most important potential sensory organs in response to environmental signals like light (Liu et al., 2020a), chemical (Marquet et al., 2020), and mechanical stimulation (Lin et al., 2020). In addition, as a poikilothermic marine animal and a temperate species, A. japonicus is also very sensitive to temperature variation and shows a limited ability to adapt to environmental temperature changes (Xu et al., 2016). Furthermore, continuous extreme high temperatures (up to 30°C) are lethal to A. japonicus cultured in semi-open regions. Over a long evolutionary process, A. japonicus has acquired a high temperature-induced special physiological behavior, aestivation, to aid survival and reproduction (Yang et al., 2005). To date, the molecular mechanisms by which A. japonicus perceive these signals from their environment including the trigger of aestivation still remain unclear. Most of the research focus on the identification of G protein-coupled receptors (GPCRs) related to light (Liu et al., 2020b) and chemical stimulation (Marquet et al., 2020) at the transcriptional level. However, the TRP superfamily, as the great potential “sentinel” of the organism in response to the changes of the external environment signals, have received little attention and will be great future candidates for sensory function research in echinoderms. In order to better understand the functions of the TRP superfamily in echinoderms, in the present study we identified and characterized the TRP channels of A. japonicus. Expression profiles of AjTRP channels were investigated in different tissues and in response to chronic and acute heat stress. Our work provides a valuable profile on the TRP channels in A. japonicus that will lead to future studies of the TRP-mediated sensory system in echinoderms and offers new insights into global warming adaptation in marine invertebrates.




2 Materials and methods



2.1 BLAST-based identification of TRP superfamily members in A. japonicus

The full-length transcriptomes (NCBI accession number: PRJNA785124) (Wang et al., 2022a) and the larval transcriptomes (NCBI accession numbers: SRR6075435, SRR6075436, SRR6075437, and SRR6075438) (Boyko et al., 2019) of A. japonicus were generated previously and were applied for identification of TRP superfamily members. The full-length transcriptome was constructed based on pooled samples from control (15°C) and 48 h heat-stressed (30°C) A. japonicus coelomocytes. The larval transcriptome samples were from blastula (17-27 hours), gastrula (32-43 hours), dipleurula (88 hours), and pentactules (19 days) stages of development. Initially, 446 TRP gene sequences (Supplementary Table S1) including Acanthaster planci (Tu et al., 2012), Strongylocentrotus purpuratus (Hall et al., 2017), Asterias rubens (Hennebert et al., 2015), Patiria miniata (Accession: PRJNA597964) and Lytechinus variegatus (Bronstein and Kroh, 2019) were submitted as queries for BLAST (ncbi-blast-2.13.0) searches with e-value set to 0.01. Among them, the TRP gene sequences of echinoderms were performed with tBLASTn and used “blastn -query seq-in.fasta -db dbname -out seq-out1.blast -outfmt 6 -evalue 0.01 -num_threads 8” parameters. Other species were performed using BLASTp with “blastp -query seq-in.fasta -db dbname -out seq-out2.blast -outfmt 6 -evalue 0.01 -num_threads 8” parameters. Based on that, we further confirmed the results by BLASTp against NCBI non-redundant (Nr) protein sequence database. Finally, 54 TRPs were identified; detailed information is provided in Supplementary Table S2.




2.2 Sample collection

Adult A. japonicus (80–100g) were collected from an aquaculture farm in Weihai (Shandong, China) in June 2021. The animals were maintained in a seawater aquarium system at 18°C for at least one week and fed with commercial formulated diet once a day. After acclimation, 10 individuals were randomly selected at 18°C as the control (CO) group and different tissues (tube foot, tentacle, nerve ring, intestine, coelomocytes, and papilla) were collected immediately and rapidly frozen in liquid nitrogen, then stored at −80°C for subsequent analysis. A small opening about 1cm was made in the abdomen of A. japonicus, and 5ml of coelom fluid was sucked with a disposable sterile pipette and centrifuged at 1000rpm for 3 min at 4°C, and the supernatant was discarded to preserve the precipitation as coelomocytes. The front tissue of A. japonicus was cut off, the surrounding tentacles, water water-vascular system, and muscle tissue were removed, and the remaining tissue wrapped by a calcium ring as a nerve ring was collected. For the chronic heat stress group, the temperature was raised at a rate of 2°C every 3 days until it reached 26°C and then held at 26°C continuously. Animal tissues were collected at three time points: when the temperature was 22°C (chronic heat stress-1, CH-1), 26°C on first (chronic heat stress-2, CH-2), and sixteenth days (chronic heat stress-3, CH-3). Aestivation is a special physiological behavior for A. japonicus, mainly induced by high summer temperatures to aid survival and reproduction over a long evolutionary process. A previous study has verified that temperatures from 24.5 to 25.5°C were determined to be the threshold for entering into aestivation (EA) for such sized sea cucumbers (Yang et al., 2005). After maintaining this temperature range for at least 15 days, sea cucumbers were observed to stop feeding, and their movements, if any, were very limited, and sea cucumbers were seen to enter into deep aestivation stage (DA) (Zhao et al., 2014). In our present study, the sea cucumbers were slowly induced into aestivation basically following the protocol reported previously (Zhao et al., 2014). CH-2 and CH-3 correspond to EA and DA respectively. For the acute heat stress group (AH), water temperature was raised to 30°C at a rate of 2°C/h and held at 30°C for 48 hours. The tissues of CH-1, CH-2, CH-3, and AH groups were collected. For each group of heat stress, 10 individuals were sacrificed and the tissues were flash frozen in liquid nitrogen and then stored at −80°C. All animal protocols for care, experimentation, and sacrifice had the approval of the Experimental Animal Ethics Committee of the Ocean University of China.




2.3 RNA extraction

Total RNA was isolated from different tissues using Trizol RNA isolation reagent (R401-01; Vazyme, China) according to the manufacturer’s instructions. RNA degradation and contamination were monitored using 1% agarose gels. The purity and concentration of RNA were measured using NanoDrop ND1000 spectrophotometer (NanoDrop Technologies, Rockland, DE, United States) with OD 260/280 reading, and then RNA was stored at −80°C until use.




2.4 cDNA cloning and expression profiles of TRP genes

Two potential temperature sensitive AjTRPM2-1 and AjTRPM2-2 channels and one temperature insensitive AjTRPML3-1 channel were randomly chosen to clone. Specific primers for AjTRPM2-1, AjTRPM2-2, and AjTRPML3-1 were designed using Primer3Plus (https://www.primer3plus.com/index.html ) based on the sequences of AjTRP genes from the results by tBLASTn (Supplementary Table S3). The RNA for SMARTer RACE cDNA came from the intestine tissue of the control group. The SMARTer RACE 5’/3’ Kit (634858; TAKARA, Japan) was used to clone the full-length cDNA sequences following the manufacturer’s instructions. PCR amplification was carried out using ApexHF HS DNA Polymerase CL (AG12204; Accurate, China). The RACE PCR conditions were described as follows: (1) 95°C for 5 min; (2) 5 cycles of 94°C for 30s, 68°C for 30s, and 72°C for 3 min; (3) 5 cycles of 94°C for 30s, 68°C for 30s, and 72°C for 3 min; (4) 5 cycles of 94°C for 30s, 66°C for 30s, and 72°C for 3 min; (5) 20 cycles of 94°C for 30s, 64°C for 30s, and 72°C for 3 min; followed by a final cycle of (6) 72°C for 10 min. The PCR products were purified and eluted by 1% agarose gel, then ligated to the Lineareized pRACE vector (provided with the SMARTer RACE 5’/3’ Kit) and transformed into E. coli DH5α competent cells (9057; TAKARA, Japan). Positive recombinant clones were sequenced by BGI-Qingdao (BGI-Qingdao, China). The sequences and peak maps were analyzed and assembled using DNAStar software (DNAStar Inc., USA) to confirm the accuracy of predicted sequences.

cDNA was synthesized using Hifair III 1st Strand cDNA Synthesis Super Mix (YEASEN; Cat No. 11141ES60) and qRT PCR (Quantitative Real-time PCR) was performed using Hieff UNICON Universal Blue qPCR SYBR Green Master Mix (11184ES08; YEASEN, China) with the TRP gene specific primer pairs (Supplementary Table S3). The cDNA used for qRT-PCR was diluted by 5, 10, 20, 40, and 80 times for evaluating amplification efficiencies of the primers. Standard curves were made with the log value of the dilution multiple being the independent variable and the Ct value being the dependent variable; the slope (k) was then acquired. The formula of the standard curves (E):

	

Xiao and Xu (2021) have summarized that TRPA1, TRPM2-5, TRPM8, and TRPV1-4 were temperature sensitive molecules in different systems. TRPC3 was reported to be involved in thermal regulation in oysters (Fu et al., 2021). So AjTRPA1, TRPM2, TRPM3, and TRPC3 identified in A. japonicus were selected as potential temperature-sensitive TRP channels. β-actin and β-tubulin were selected as internal controls as previously reported (Zhao et al., 2014; Xu et al., 2018; Huo et al., 2019). Each sample was run in triplicate and melt-curve analysis of the amplification products was performed to confirm specificity. The 2−ΔΔCT method was applied to analyze the comparative expression levels, and the data were subjected to one-way analysis of variance (ANOVA) followed by a Tukey post hoc test (SPSS 25.0 software, Chicago, IL, USA). All results are shown as mean ± S.E.M. (n = 5). Different lowercase letters indicate significant differences (p< 0.05).




2.5 Sequence analysis and number comparisons of TRP genes and phylogenetic analysis

TBtools software was applied to predict structural information about the protein domains (Chen et al., 2020). Isoelectric points and mass fractions of the protein were estimated using the Prot-Param online tool (https://web.org/protparam/) (Swain, 2015). The motifs were predicted by MEME Suite (https://meme-suite.org/meme/tools/meme). BLASTn was applied for aligning the TRP gene sequences with the whole-genome sequences for genomic structure analysis. Then the exon and intron architectures of TRPs were structured based on the website of GSDS v2.0 (http://gsds.gao-lab.org/) (Hu et al., 2015). The number of transmembrane domains of AjTRPs were predicted by Protter (http://wlab.ethz.ch/protter/start http://wlab.ethz.ch/protter/start/). The positions of TRP genes on the chromosomes were determined by annotations based on the genome database (China National GeneBank DataBase (CNGBdb) under BioProject Accession No. CNP0002776) and mapped by TBtools software (Chen et al., 2020; Wang et al., 2022b). To further investigate the relationship of AjTRPs with those from other representative species, ClustalW was used to make multiple sequence alignments of full-length proteins and the phylogenetic analysis based on the Maximum Likelihood method were performed using MEGA 11 with WAG+G+I+F model and then edited with EvolView (https://evolgenius.info//evolview-v2/). All sequence ID numbers used for analysis are listed in Supplementary Table S1.

The copy numbers of TRPs of Homo sapiens, Mus musculus, Danio rerio, Xenopus tropicalis, Branchiostoma belcheri, Drosophila melanogaster, Caenorhabditis elegans, Ciona intestinalis, Exaiptasia pallida, Crassostrea gigas, Crassostrea virginica, Mizuhopecten yessoensi, S. purpuratus, A. planci, and A. japonicus were counted to explore the evolution of TRP genes. The numbers of H. sapiens, M. musculus, D. rerio, X. tropicalis, C. intestinalis, M. yessoensi, C. virginica, and C. gigas were obtained from Fu et al. (2021). The information of TRP genes of D. melanogaster, C. elegans, and E. pallida were obtained from Peng et al. (2021) and B. belcheri, S. purpuratus, and A. planci were retrieved from NCBI database.





3 Results



3.1 Molecular cloning and expression profile of TRPs in different tissues

A total of 54 TRP genes were identified in A. japonicus. The full-length cDNA of TRPM2-1, TRPM2-2, and TRPML3-1 were verified and the sequences were highly consistent with predicted sequences. All sequences were deposited in the NCBI database (accession numbers: OP470643 - OP470696). Among them, TRPA subfamily contained one member, AjTRPA1; TRPC subfamily contained five members, AjTRPC3, AjTRPC4, AjTRPC5, AjTRPC6, and TRP-gamma; TRPM subfamily contained four members, AjTRPM1, AjTRPM2, AjTRPM3, and AjTRPM6; TRPML subfamily contained one member, AjTRPML3; TRPV subfamily contained two members, AjTRPV5 and AjTRPV6; and TRPP subfamily contained six members, AjTRPP1, AjTRPP2, receptor for egg jelly 4, receptor for egg jelly 5, receptor for egg jelly 7, and receptor for egg jelly 9. In our study, for most of the AjTRP members, we selected the longest isoform for qRT-PCR analysis. In addition, for TRPA1-2 and TRPC3-1, we selected the isoforms containing the most comprehensive domains and for TRPM2, we selected the TRPM2-1 for which the complete CDS has been verified. The amplification efficiencies of the primers for qRT-PCR were within 90% - 110% (r2 ≥ 0.95) and shown in Supplementary Table S3. The expression profiles of 15 AjTRP members were measured in various tissues, including tube foot, coelomocytes, tentacle, nerve ring, papilla, and intestine. And the schematic diagram of these organism’s anatomy has been shown in Supplementary Figure S1. We compared the expression levels of the same gene in different tissues. The qRT PCR results showed that these AjTRPs were expressed in all tissues examined (Figure 1). Among them, AjTRPC4-2, AjTRPM1-1, AjTRPM2-1, and AjTRPML3-1 were mainly expressed in tube foot compared with other tissues, and the expression levels of AjTRPML3-1 in tube foot were ten times higher than in other tissues. Expression levels of AjTRPC3-1 and AjTRPV6 were highest in coelomocytes compared with other tissues. The highest expression levels of AjTRPA1-2 and AjTRPC5-2 were observed in tentacles. Nerve ring was the tissue with the highest expression levels of several TRP genes, including AjTRPM3, AjTRPM6, and AjTRPP2. In addition, the expression levels of AjTRPC4-2 and AjTRPML3-1 in nerve ring were approximately ten times higher than in other tissues except for tube foot. The expression levels of AjTRPC6, AjTRPV5, receptor for egg jelly7-2, and AjTRP-gamma-2 were highest in papilla. All AjTRPs assessed in this study were expressed in intestine, but the expression levels were relatively low.




Figure 1 | The relative expression levels of TRPs in different tissues. Expression profiles of TRPs in different tissues including tube foot, coelomocytes, tentacle, nerve ring, papilla, and intestine. Data are presented as the mean ± S.E.M. (n = 5). egg_Jelly: receptor for egg jelly, belonging to the TRPP subfamily.






3.2 Sequence analysis

The physicochemical properties of TRP channels showed that the size of TRP superfamily members differed greatly (Supplementary Table S2). The predicted isoelectric points (pI) of the AjTRPs ranged from 4.19 to 9.37 and the mean pI was 6.38. The protein encoding TRPA1-1 was the shortest with only 114 amino acids and the lowest molecular weight (12.35 kDa). The protein encoding the receptor for egg jelly 4 was the longest with 3363 amino acids and the highest molecular weight (376.61 kDa).

Gene structure analysis showed that the exon numbers of AjTRPs varied greatly (Figure 2 and Supplementary Table S2). Among them, TRPP2-2 contained only one exon, TRPA1-1, TRPA1-9, and receptor for egg jelly 5-2 contained 3 exons, while receptor for egg jelly 4 contained 37 exons which contained the largest exon number.




Figure 2 | Gene structures of TRPs in A. japonicus. The blue square represents the exon region and the black line represents the intron.



As shown in Figure 3, the structural domains of AjTRPs were complex and there were significant differences among them. Almost all TRPA subfamily members and TRPC3-3, TRPC5-2, TRPC6, TRPV5, and TRPV6 contained multiple ANK domains which were a repetitive sequence containing 33 amino acids and activated non-selective cationic channels through covalent modification of key cysteine residues (Hinman et al., 2006). Among them, TRPA1-3 and TRPA1-6 have the largest number of ANK domains (16 and 15, respectively). The ion_trans, low_complexity_region, transmembrane_domain, and TRP_2 domains were ubiquitous in most TRP channels. TRP_2 domains were mainly distributed in TRPC subfamily. Notably, PKD has an IG-like fold and functions as a ligand binding site in protein-protein or protein-carbohydrate interactions (Bycroft et al., 1999) and REJ domains exist specifically in TRPP and TRPML subfamilies. REJ domain contained 600 amino acids, PKD-like domains, and six conserved cysteine residues that may form disulphide bridges (Moy et al., 1996).




Figure 3 | The conserved domains of the TRP proteins. Domains that have been identified are represented in color; the lines indicate that the domain is not recognized.



A total of 15 conserved motifs were identified in AjTRPs using the MEME online website (Supplementary Figures S2, 3). Motif 4 contained TRP box 1 and motif 12 contained TRP box 2. They were part of the TRP domains and mainly distributed in the TRPC and TRPM subfamilies, indicating that the TRP domain plays an important role in the TRP family. Motif 1, motif 3, and motif 13 were the most widely distributed motifs, existing in more than 20 TRPs. As shown in Supplementary Figure S4, TRP domain was mainly distributed among members of the TRPC and TRPM subfamilies. TRPA1-6, TRPA1-7, and TRPV5 also had TRP domain. The conserved amino acid sequences of TRP box1 and TRP box2 were mainly WKFQR and PPPF respectively. In addition, we found some conserved residues named by Cabezas-Bratesco et al. (2022) distributed in AjTRPA1-6, AjTRPA1-7, AjTRPC4-2, AjTRPM1-1, AjTRPM1-2, AjTRPM1-3, AjTRPM2-1, AjTRPM2-2, AjTRPV5, and AjTRPV6; the identities of 434, 441, and 666 residues (according to rTRPV1 numbering) were relatively low in A. japonicus.




3.3 TRPs distribution across chromosomes of A. japonicus

Chromosome localization of TRP genes in A. japonicus was analyzed using TBtools (Supplementary Figure S5). The results showed that 54 TRP genes were distributed on 16 chromosomes, and the distribution was not uniform in quantity. TRPA subfamily members were mainly distributed on chromosomes 8 and 12. TRPP subfamily members were mainly found on chromosomes 3 and 22. The receptor for egg jelly mapped to five chromosomes (2, 5, 7, 14, and 22). TRPM subfamily members were mainly distributed on chromosomes 3 and 5. No TRP genes were found on chromosomes 1, 11, 13, 15, 16, 18, or 23. Chromosomes 12 and 22 had the most TRP members (7) followed by chromosome 14 (6).




3.4 Phylogenetic analysis of TRPs

Phylogenetic analysis was conducted combining TRPs identified from A. japonicus and several other representative species. WAG+G+I+F model was used for maximum likelihood. As shown in Figure 4, a total of 54 TRPs were mainly divided into six subfamilies, namely TRPA, TRPM, TRPC, TRPV, TRPML, and TRPP. Overall, most TRPs were clustered into their corresponding subfamilies. The TRP subfamily members of A. japonicus were firstly clustered with the corresponding subfamilies of other echinoderms including S. purpuratus and A. planci. TRPPs and receptors for egg jelly were in the branch of TRPP subfamily. The bootstrap support value in most nodes was ≥ 70, which shows that the clustering results of the phylogenetic tree are reliable.




Figure 4 | Phylogenetic analysis of TRP genes. AjTRPs are highlighted with red branches and enlarged font. Sodium channel protein of A. japonicus and S. purpuratus and calcium channel protein of A. japonicus and S. purpuratus sequences were included as outgroups. Accession numbers for all sequences are provided in Supplementary Table S1. Hsp, Homo sapiens; Mmu, Mus musculus; Dre, Danio rerio; Cel, Caenorhabditis elegans; Bbe, Branchiostoma belcheri; Apl, Acanthaster planci; Spu, Strongylocentrotus purpuratus; Nve, Nematostella vectensis; Ajp, Apostichopus japonicus.



In order to compare the difference in TRPs copy numbers between invertebrates and vertebrates, we counted the copy numbers of TRPs in a variety of vertebrates and invertebrates. We found that the copy numbers of TRP in invertebrates were larger than in higher vertebrates and this phenomenon was most obvious in marine invertebrates (Table 1). For example, S. purpuratus TRPA1 had 39 copies, E. pallida TRPA1 had 33 copies, C. gigas TRPM2 had 21 copies, and C. virginica TRPM2 had 18 copies. Notably, most TRPs in vertebrates had only one copy. For A. japonicus, many AjTRPs had multiple copies except for AjTRPC6, AjTRPM3, AjTRPM6, AjTRPV5, and AjTRPV6.


Table 1 | Copy Numbers of TRP Genes in A. japonicus and other representative species.






3.5 Relative expression of AjTRPs in response to heat stress

The pictures of A. japonicus intestine kept at control conditions and chronic heat stress (CH)-3 are shown in Supplementary Figure S4. Once A. japonicus entered aestivation, the gradual degeneration of the intestine was observed, the mucous epithelium and muscular layer were significantly thinner than that in control group, the volume of respiratory tree became smaller, and the tissue structure did not deteriorate obviously. Histological description of intestine and respiratory tree of the sea cucumbers kept at the different heat conditions have been reported previously (Li and Wang, 2007; Su et al., 2012). The expression profiles of potential temperature-sensitive AjTRP genes in coelomocytes, nerve ring, and intestine under different heat stress treatments were examined by qRT-PCR (Figure 5). As shown in Figure 5, different AjTRPs have different reactions to temperature changes. Under acute heat stress (AH), the expression levels of AjTRPM2-1 were up-regulated significantly (p<0.05) in coelomocytes, nerve ring, and intestine. Notably, the expression levels of AjTRPM2-1 in AH were about 30 times that in the control group (CO) in coelomocytes. And the expression levels of AjTRPM2-1 in CH-3 were significantly higher than the control, CH-1, and CH-2 groups (p<0.05) in nerve ring and intestine. AjTRPM3 showed the highest expression levels in coelomocytes in the CH-3 group (p<0.05), which suggested that AjTRPM2-1 and AjTRPM3 are potential thermo TRPs of A. japonicus. The expression levels of AjTRPM2-2 and AjTRPC3-1 were also up-regulated significantly (p<0.05) in nerve ring in AH. In addition, the expression levels of AjTRPM2-2 and AjTRPC3-1 down-regulated significantly (p<0.05) in CH-1 in coelomocytes. AjTRPA1-2 was down-regulated significantly (p<0.05) in the CH-1 and CH-3 group in coelomocytes. AjTRPA1-2 showed the lowest expression levels in nerve ring in the CH-1 group (p<0.05). The expression levels of AjTRPM3 in nerve ring and intestine and AjTRPA1-2 and AjTRPC3-1 in intestine have no significant difference (p≥0.05) and showed an irregular change.




Figure 5 | The relative expression level of TRPs in response to different temperature treatments. CO: control group, CH-1: chronic heat stress-1 group (temperature was 22°C), CH-2: chronic heat stress-2 group (maintained at 26°C for 1 day), CH-3: chronic heat stress-3 group (maintained at 26°C for 16 days), AH: acute heat stress group (temperature was raised with the rate of 2°C/h to 30°C for 48 hours). The relative expression levels as vertical coordinate. Data are presented as the mean ± S.E.M. (n = 5). β-actin and β-tubulin were selected as housekeeping genes. Significance testing used one-way ANOVA with Tukey’s Multiple Range Test and p<0.05 accepted as a significant difference. Significant differences are indicated on the bar with different lower-case letters.







4 Discussion



4.1 The characterization and numbers of AjTRPs

The sea cucumber A. japonicus represents a group of important marine invertebrates found in coastal and marine ecosystems (Uthicke, 2001), and is mainly distributed in temperate waters between 35°N and 44°N of the Northwest Pacific Ocean (Liao, 1997). Their ability to survive in frequently changeable marine environments and their special behavior of aestivation make them an ideal model for studying the molecular mechanism of perceiving and adapting to the changes in the marine environment. As molecular sensors, TRPs help animals to perceive external environmental signals and can be activated by sight, heat, touch, smell, and hearing (Perraud et al., 2001; Perraud et al., 2003; Tracey et al., 2003; Kang et al., 2011; Zhan et al., 2016). These channels have been reported to play essential roles in diverse physiological process such as embryonic development, intestinal peristalsis, blood pressure regulation, body fluid balance, cell growth, and apoptosis (Miller, 2006; Dadon and Minke, 2010). However, studies of TRPs in marine invertebrates are very rare and so far are focused mainly on molluscan species such as oysters and scallops and their responses to changeable temperatures (Fu et al., 2021; Peng et al., 2021).

In the present study, a total of 54 TRPs were identified in the sea cucumber A. japonicus. The common features of TRP superfamily members include six transmembrane segments, varying degrees of sequence homology, and permeability to cations. The classification of TRP superfamily is mainly based on the differences of amino acid sequences and topological structures (Dadon and Minke, 2010). TRPC, TRPV, TRPM, TRPN, and TRPA bear the strongest sequence homology to the founding member of the superfamily in Drosophila TRP (Montell and Rubin, 1989). With the exception of the TRPM channels, these subfamilies all have multiple N-terminal ankyrin repeats (Li, 2017). TRPP and TRPML share sequence homology over the transmembrane segments and contain a large loop separating the first two transmembrane domains (Venkatachalam and Montell, 2007). Most of the AjTRPs were clustered together with their orthologs in other echinoderms, the topological structure of the phylogenetic tree being consistent with previous studies (Fu et al., 2021; Peng et al., 2021). Lengths of these 54 TRP proteins ranged from 114 to 3363 amino acids and molecular mass ranged from 12.35 kDa to 376.61 kDa, which is consistent with findings for other marine invertebrates such as C. gigas (Fu et al., 2021) and C. farreri (Peng et al., 2021). AjTRP channels are mainly contained in the transmembrane domain and ion-trans domains reflecting the basic characteristics of transmembrane ion channels. The ANK domain is mainly distributed in the TRPA subfamily and the PKD domain is mainly found in the TRPP subfamily. This suggests the conservation of structure and function of AjTRP channels. The TRP box is very important for ligand activation of TRPs (Taberner et al., 2014; Mori et al., 2022). Aligning multiple sequences in this study showed that the TRP box is mainly distributed in the TRPA, TRPC, and TRPM subfamilies, although certain key amino acids were different. These key amino acids may change the conformation of the TRP channels through hydrogen bonding and further change the stability of the opening state (Taberner et al., 2014; Mori et al., 2022). Cabezas-Bratesco et al. (2022) reported that conserved fingerprint composed of 12 residues in TRP channels played an important role in maintaining proper channel activity. The sequence alignment showed that the fingerprint was distributed in AjTRPA1-6, AjTRPA1-7, AjTRPC4-2, AjTRPM1-1, AjTRPM1-2, AjTRPM1-3, AjTRPM2-1, AjTRPM2-2, AjTRPV5, and AjTRPV6. Interestingly, we found Nudix domain as an important domain for TRPM2 to function was lost in one isoform but existed in others. This phenomenon was also observed in other echinoderm species. Interesting to note, we found that some domains existed specifically in echinoderm TRP channels. For example, A. planci TRPC4 contained Smc (Losada and Hirano, 2005) and Spc7 (Kerres et al., 2004) domains that were usually present in cell cycle. A Lebercilin domain related to light response (Boldt et al., 2011) suggested that the TRPC subfamily may work as a light receptor in echinoderms. TRPC7 of A. planci not only had Smc and Spc7 domains, but also contained a Cast domain that is involved in determining the site of synaptic vesicle fusion (Deguchi-Tawarada et al., 2004) and a dapto-LiaX domain involved in the process of the innate immune response (Khan et al., 2019). However, we did not find these domains in AjTRPs. AjTRPA1-2 contained an Atrophin-1 domain that is related to neurodegenerative disorders (Nucifora et al., 2001). The specific existence of these domains in echinoderms suggested that TRPs might have some potential special functions in these animals.

The TRP superfamily members and copy numbers of each TRP channel are highly variable. In vertebrates, the TRP superfamily consists of more members and each TRP member has only one copy (Wes et al., 1995; Montell, 2005; Venkatachalam and Montell, 2007) whereas in invertebrates each TRP member has multiple copies, but more TRP members were lost as compared with vertebrates. In addition, compared with terrestrial animals, aquatic animals have more copies of TRP members. For example, M. musculus has 30 TRP family members and each member only has one copy, whereas A. japonicus only has 15 TRP family members, most of which have multiple copies: AjTRPA1 had 11 copies, AjTRPP1 seven, AjTRPC3 four, and AjTRPC4 four. This phenomenon was also observed in other invertebrates including marine species (Hu et al., 2019). The number of TRPs in different species showed the plastic evolutionary history of TRP genes. And some TRPs have undergone the expansion or loss in marine invertebrates (Peng et al., 2015). For the invertebrates, especially marine invertebrates, diverse strategies including increased numbers of TRP copies are important for dealing with a highly variable marine environment.




4.2 TRPA subfamily

TRPA1 is generally activated by nociceptive hypothermia as a cold receptor, but is heat-activated in a few animals such as the rattlesnake and is heat-insensitive in humans (Chen et al., 2013). In addition, the electrophilic substances produced by light could inhibit the feeding behavior of insects when combined with TRPA1 (Du et al., 2016). The function of TRPA1 is species-dependent. It has been reported that echinoderm TRPA1 was involved in thermosensing and regulation of ingestion and digestion behaviors (Saito et al., 2017; Ding et al., 2022). TRPA1 positive nociceptive receptors further activated downstream receptors such as tachykinin, neurokinin A, and calcitonin-related peptide to trigger pain and mediate inflammation (Bu et al., 2021). In the present study, AjTRPA1-2 expression levels were only significantly down-regulated in nerve ring under CH-1 and coelomocytes under CH-1 and CH-3, and no significant change was detected in the intestine, which suggested that AjTRPA1-2 had no obvious response to heat stress. One possibility is that the heat sensing function of AjTRPA1 may be performed by other isoforms. Differences in thermal sensitivity of TRPA1 isoforms also existed in D. melanogaster (Du et al., 2016). Another possibility is that AjTRPA1 is activated by nociceptive hypothermia as a cold receptor as in rats and mice (Ding et al., 2022).




4.3 TRPC subfamily

In vertebrates, the TRPC subfamily members are related to the activation of transcription factors (Heineke and Molkentin, 2006), cell proliferation and death (Asghar et al., 2015; Faouzi et al., 2016), synaptic formation and neurotransmitter release (Sukumaran et al., 2017), and other important physiological and pathological regulatory processes. In the present study, we observed the highest expression of TRPC4-2 in tube foot, TRPC5-2 in tentacles, and TRPC6 in papilla, suggesting their potential functions are related to sensory activities. This is also supported by research on the Zhikong scallop C. farreriy that identified the expression of TRPC in eyes and suggested a potential light perception function for this channel (Peng et al., 2021). AjTRPC3-1, which is mainly distributed in coelomocytes in sea cucumbers and up-regulated significantly under CH-2 and CH-3, may be related to immunity in A. japonicus, just like TRPC participates in T lymphocyte apoptosis through the PLC-IP3 signaling pathway in rats (Wu et al., 2015). AjTRPC4-2 was detected as highly expressed in the nerve ring, suggesting that AjTRPC4-2 might be involved in neurophysiological functions. Previous studies also reported that TRPC contributed to neuronal cell death (Sun et al., 2018). In addition, the expression levels of AjTRPC3-1 in nerve ring were low under normal physiological conditions, but up-regulated significantly under acute heat stress. Therefore, the high expression of AjTRPC3 may be related to temperature sensing by regulating neuronal functions (Chrétien et al., 2017).




4.4 TRPM subfamily

The TRPM subfamily including TRPM1-8 is involved in a variety of physiological and pathological processes (Bae et al., 2018). It has been reported that TRPM2, TRPM3, TRPM4, TRPM5, and TRPM8 participate in biological thermoregulation as classical thermoreceptors (Pertusa et al., 2012). TRPM2 and TRPM8 as warm/cold temperature sensors respectively were extensively studied in H. sapiens and M. musculus. Temperature thresholds for TRPM8 are synergistically increased by the activator menthol (McKemy et al., 2002). In addition, several endogenous factors including redox signaling, cytosolic Ca2+, adenosine diphosphate ribose (ADPR), and exogenous H2O2 are reported to be involved in regulating the activity of TRPM2 (Kashio and Tominaga, 2017). In the present study, we identified two thermo TRPM members, TRPM2 and TRPM3, in A. japonicus; TRPM2 had multiple copies. The relative expression levels of AjTRPM2-1 were found to be very sensitive to acute heat stress. The expression levels of AjTRPM2-2 in nerve ring and AjTRPM2-1 in coelomocytes, nerve ring, and intestine were all up-regulated with an increase in environmental temperature. The expression levels of AjTRPM3 were up-regulated in coelomocytes under chronic heat stress. Therefore, we speculated that AjTRPM2 and AjTRPM3 may work as thermoreceptors for temperature perception of A. japonicus, which would also provide a unique perspective for sea cucumber aestivation research. The photoreceptor proteins of the sea urchin S. purpuratus and other echinoderms are mainly distributed in the tube foot. Similarly, the highest expression of A. japonicus TRPM1-1 was in the tube foot and this indicates that A. japonicus TRPM1 may have a potential function in light perception, which is consistent with a previous study that linked TRPM1 to vision (Audo et al., 2009).




4.5 TRPV subfamily

The TRPV subfamily includes six members. TRPV1, -V2, -V3, and -V4 are regulated by physical factors such as hypotonicity, stretch, and temperature (Yin and Kuebler, 2010; Kuipers et al., 2012). TRPV1 is a founding member of TRP channels, directly activated by temperatures greater than 43°C, acidic pH less than 6.0, capsaicin, and a variety of endogenous lipid metabolic products in Rattus norregicus (Venkatachalam and Montell, 2007). TRPV channels are polymodally activated and are capable of integrating various stimuli (Venkatachalam and Montell, 2007). TRPV5 and TRPV6 are essential for osteoclastic bone resorption and Ca2+ reabsorption and are activated by fluid flow (van der Eerden et al., 2005). In the present study, only TRPV5 and TRPV6 were identified as highly expressed in papilla and coelomocytes of A. japonicus. It has been reported that papilla of A. japonicus are located on the back of the body-wall and are involved in connecting the water-vascular system to the outside world (Zhou et al., 2016). Based on this information, we speculate that AjTRPV5 and AjTRPV6 may be involved in pH (Hoenderop et al., 1999) and/or fluid flow perception (Cha et al., 2013).




4.6 TRPN subfamily

TRPN channels were reported to be mechanosensation molecules and mainly play a role in hearing and touching in invertebrates (Göpfert et al., 2006). However, in the present study, we did not find this family in echinoderms. We presume that the mechanosensation of TRPN in A. japonicus may be replaced by another TRP channel. Potential candidates may include TRPA1 (Lennertz et al., 2011), the TRPV subfamily (Yin and Kuebler, 2010), the TRPP subfamily (Nauli et al., 2003), or TRPML3 (Cuajungco and Samie, 2008).




4.7 TRPP subfamily

Mutations in TRPP1 and TRPP2 have been reported to lead to polycystic kidney disease in adult mammals (Hofherr and Köttgen, 2011). In the present study, we also identified eight A. japonicus orthologs of SpREG which were named as receptors for egg jelly. Previous studies have also reported that TRPP can form acid-sensitive channel receptors (Ishimaru et al., 2006) and plays an important role in the development of retina and hair cells (Steigelman et al., 2011). The high expression of TRPP in the nerve ring (around the mouth and tentacles which is related to ingestion) found in our study also suggest that TRPP2 has potential functions in taste sensation or the formation of ciliated cells.




4.8 TRPML subfamily

The mechanosensation function of TRPML3 is still disputed. Cuajungco and Samie (2008) demonstrated that loss of TRPML3 caused deafness in mice whereas Jörs et al. (2010) reported that its loss did not cause deafness or other obvious change. TRPML3 as a salty taste receptor and other physiological roles were reported by Castiglioni et al. (2011) but still with an absence of convincing evidence. In the present study, we observed the highest expression levels of TRPML3 in tube foot and nerve ring but further study is needed to confirm the potential function of AjTRPML3.





5 Conclusions

In this study, we identified 54 AjTRP genes and investigated the expression profiles of different AjTRP members. We found that the representative 15 AjTRP genes belonging to six subfamilies were expressed in the six selected tissues and differed in their expression levels. In addition, we found that AjTRPM2-1, AjTRPM2-2, TRPM3, and AjTRPC3-1 may be heat inducible according to the expression levels of these genes under control, chronic, or acute heat stress. Compared with vertebrate species, each invertebrate TRP member contained multiple copies, but some TRP members were lost. In the future, we need to explore the activation characteristics of AjTRP by combining Calcium Imaging and Patch-clamp Techniques, and further verify the results by behavioral observation. In addition, TRPs can form homo- and heterotetramers. One TRP member mutant could affect cation entry mediated by other TRPs (Hofmann et al., 2002; Staruschenko et al., 2010). The interactions between TRPs could give rise to a novel function that is different from the functions of a single TRP (Hofmann et al., 2002). Therefore, the potential interactions between TRPs should not be ignored. In conclusion, this study enriches the knowledge of TRP-mediated sensory systems in echinoderms and provides a new research perspective for clarifying the mechanism of aestivation of A. japonicus.
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Supplementary Figure 1 | (A) Diagram showing the anatomy of A. japonicus. CN, nerve ring; T, tentacle; TF, tube foot; IN, intestine; PA, papilla. (B) The enlarged drawing of tentacle, papilla, and tube foot. (C) The intestine anatomy of A. japonicus. (D) The anatomy of A. japonicus without intestine.

Supplementary Figure 2 | Protein motifs of TRP superfamily members in A. japonicus. Conserved amino acid sequences of motif 1, motif 3, motif 4, motif 12, and motif 13. The size of letters indicates the degree of amino acid conservation at this site. The larger the letter, the more conservative the amino acid at this site.

Supplementary Figure 3 | Distribution of conserved motifs in A. japonicus TRPs.

Supplementary Figure 4 | Multi-sequence comparison of the TRPs domain and fingerprint residues of AjTRPs. (A) Multi-sequence comparison of the TRPs domain. (B) Multi-sequence comparison of the fingerprint residues. Φ denotes six carbon aromatic residues (i.e., Tyr or Phe). X denotes any amino acid residue. rTRPV1, transient receptor potential cation channel, subfamily V, member 1 [Rattus norvegicus (Norway rat)]. The conserved residues in box 1, box 2, and fingerprint residues are shown in black and gray shadows.

Supplementary Figure 5 | Distribution of TRP genes across the chromosomes of A. japonicus. The scale on the left is in million bases (Mb). Chromosome numbers are shown at the top of each vertical bar. Genomic locations of TRP genes are marked with the black lines.

Supplementary Figure 6 | Intestinal anatomy of A. japonicus in (A) control group and (B) chronic heat stress-3.
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Gene Hsp  Mmu  Dre Xtr Bbe Dre Cel Epa Mye Cfa  Spu  Apl
TRPAL 1 1 2 1 12 3 2 9 33 3 6 5 2 39 14
TRPCI 1 1 1 1 2 2
TRPC2 1 1 1
TRPC3 1 1 2 1 1 5
TRPC4 1 1 2 1 4 1 3 7 6 1 5 1 4
3 3 4
TRPCS 1 1 1 1 3 3 1 6 7 4
TRPC6 1 1 2 1 3 2 3 2
TRPC7 1 1 2 1 1 1
TRPM1 1 1 3 1 3 1
TRPM2 1 1 1 3 1 1 5 3 2 1 1 2
TRPM3 1 1 1 1 2 1 3 21 18 5 2 % 5 2
TRPM4 1 1 3 1 1 1 5 5 1 3 2 1
TRPMS 1 1 1 1 1 1
1 3
TRPM6 1 1 1 1 1 6 3
TRPM7 1 1 1 2 1 2 1 1 1
TRPMS 1 1 1 1
TRPV1 1 1 1 1 5 5 1 1
TRPV2 1 1 1 4 2
TRPV3 1 1 1
TRPV4 1 1 1 3 1 2
2 5 14
TRPVS 1 1 1 3 1 8 7
TRPV6 1 1 1 2 2 1 1 6 5 1 1 1 1
TRPV6 1 1 1 2 2 1 1 1 1 1
TRPN 1 1 1 4 1 1
TRPML
3 3 3 3 1 1 1 1 1 2 1 5 1 1 1 2
subfamily
total TRP 24 25 31 26 12 11 15 14 65 63 58 44 16 72 29 32

Hsp, Homo sapiens, Mmu, Mus musculus, Dre, Danio rerio, Xtr, Xenopus tropicalis, Bbe, Branchiostoma belcheri, Dme, Drosophila melanogaster, Cel, Caenorhabditis elegans, Cin, Ciona
intestinalis, Epa, Exaiptasia pallida, Cgi, Crassostrea gigas, Cvi, Crassostrea virginica, Mye, Mizuhopecten yessoensi, Cfa, Chlamys farreri, Spu, Strongylocentrotus purpuratus, Apl, Acanthaster
planci and Ajp, Apostichopus japonicus. The number of total TRP not including the members of TRPP subfamily. This is because the TRPP subfamily has been so poorly studied for most species
that it is hard to make a comprehensive count.

The number of TRP members in A. japonicus are bold values.





