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Monodonta labio is exposed to prolonged periods of air exposure due to the complexity and variability of the intertidal environment, particularly the cyclical rise and fall of the tides. However, current research tends to focus on changing temperature and salinity rather than atmospheric exposure. In this study, RNA sequencing (RNA-seq) was used to analyze gene expression levels at different times of air exposure in the intertidal mollusc M. labio. Transcriptome analysis of nine individuals yielded 420.81 Mb of clean data, and the number of clean reads mapped to the genome ranged from 62.91% to 90.96%. In comparison with the control group, the 2 days and 5 days air exposure stress group groups showed 50 and 940 differentially expressed genes (DEGs), respectively. Gene Ontology (GO) enrichment analysis revealed that the DEGs were significantly enriched in enzyme activity, catalytic activity. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment revealed that the DEGs were significantly enriched in immune response, Apoptosis. Several key genes (BRAF, RAN, COL6A, DNAJA1) were related to air exposure. Among them, RAN, COL6A, DNAJA1 were differentially expressed on 2 day air exposure compared to 5 day air exposure, and BRAF was differentially expressed in all three groups. Eight differentially expressed genes were randomly selected for qRT-PCR validation, and the results showed that the transcriptomic data were of high confidence.
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1 Introduction

One of the environmental stress factors that intertidal organisms often face is air exposure (Weinrauch and Blewett, 2019). It is a condition in which aquatic animals leave the body of water for a short or long period and remain in a medium such as air, sand, or soil, mainly including water loss, hypoxia, and starvation stress (Zhang et al., 2022a). The intracellular and extracellular water balance is disrupted by the gradual evaporation of water from the organism, resulting in cell shrinkage due to water loss and damage to tissue structure (Abele et al., 2007; Paital, 2013). Aquatic organisms are unable to obtain sufficient oxygen directly from the environment and excrete carbon dioxide through water loss, limiting aerobic respiration and leading to negative effects such as oxidative/antioxidative stress damage; cellular apoptosis; water loss from tissue cells.; growth retardation; poor muscle mass; and in severe cases, even death (Li et al., 2017; Yin et al., 2017; de Andrade et al., 2021; Guan et al., 2021; Lei et al., 2023). Some genes and signaling pathways, such as the HSP gene family, antioxidant genes, and immune-related genes, are developed to adapt to air exposure conditions (Bao et al., 2019; Guan et al., 2021; Zhang et al., 2022c). So far, domestic and foreign scholars have found that organisms subjected to air exposure mainly focus on fish, crustaceans, and shellfish, and no studies have been conducted on M. labio-related adaptive molecular mechanisms (Aguilar Vitorino et al., 2019; Chhor et al., 2022; Barrios-Figueroa and Urbina, 2023).

Monodonta labio, belonging to the family Trochidae (Gastropoda, Mollusca), is a small intertidal economic mollusk commonly known as sesame snail (Tan et al., 2021). The species is widespread in the Indo-Pacific region and in intertidal areas along the coasts of East Asia, including rocky intertidal zones, gravelly intertidal zones, rocky shores and mangrove forests (Yamazaki et al., 2017; Zhao et al., 2019; Cong et al., 2020; Chiu et al., 2023). As the dominant species with the largest intertidal distribution, it is capable of adapting to large temperature (0°C-28°C) and salinity (13.23-34.95psu) variations (Nan and Cao, 2012). M. labio feed on benthic algae, their meat is tasty and rich in nutrients, favored by coastal residents, and is a common featured seafood in Zhoushan area (Jian-she et al., 2011). Currently, research on M. labio has focused on physiological characterization (Ai-yi et al., 2007; Zhao et al., 2019), genetic and cryptic species diversity (Yamazaki et al., 2017; Zhao et al., 2017; Cong et al., 2020), and analysis of metal enrichment (Yuanming, 2008).

As a dominant species in the intertidal zone, M. labio needs to be exposed to air for a long period of time during the ebb tide, which makes it vulnerable to environmental stresses such as air exposure. However, its molecular adaptation mechanism to air exposure is still unclear. Previous experiments have shown that this species can survive for at least 7 days under artificial air exposure conditions at a constant temperature of 23.5°C and humidity of 80-90% (Yinong Wang, 1994). For this reason, in this study, we compared the gene expression differences between the un-air exposure, 2 day air exposure group and 5 day air exposure group by RNA-Seq technique to reveal the mechanism of its adaptation to air exposure.




2 Materials and methods



2.1 Design of experiments and animals

Individuals of experimental M. labio were bought in Zhoushan seafood market, Zhejiang Province, GPS coordinates: N29°59′40″, E122°12′19″. After identification by morphology, M. labio of the same level of development, vigorous growth and equal individual size were selected as experimental material. After 24 h of temporary incubation in the laboratory, 20 M. labio were removed from the tank and stored in air exposure in a thermostatic incubator at a temperature of 23.5°C and wrapped in seawater-wetted cloths and sprayed regularly with seawater-wetted to maintain humidity at 80-90%. The individuals were taken before air exposure (t0) and after 2 days of air exposure (t1) and 5 days of air exposure (t2). As biological replicates, three M. labio were taken from each group. For subsequent sequencing and comparative analysis, whole tissue homogenate were extracted as experimental material and stored in an ultra-cold freezer.




2.2 Extraction of RNA

The total RNA from three sets of M. labio visceral mass individuals was extracted using the TRIzol kit (Invitrogen, Carlsbad, CA, USA). The quality of RNA was examined using agarose gel electrophoresis. RNA concentration was measured using a Qubit 2.0 Flurometer (Life Technologies, CA, USA) using the Qubit RNA Assay Kit. The purity and integrity of RNA were assessed using Nanodrop (OD 260/280) and Agilent 2100, respectively.




2.3 Construction of an Illumina cDNA library and second generation sequencing

RNA-seq transcriptome libraries were prepared following TruSeqTM RNA sample preparation Kit from Illumina (San Diego, CA), using 1μg of total RNA. Shortly, messenger RNA was isolated with polyA selection by oligo(dT) beads and fragmented using fragmentation buffer. cDNA synthesis, end repair, A-base addition and ligation of the Illumina-indexed adaptors were performed according to Illumina’s protocol. Libraries were then size selected for cDNA target fragments of 200–300 bp on 2% Low Range Ultra Agarose followed by PCR amplified using Phusion DNA polymerase (NEB) for 15 PCR cycles. Illumina Hiseq was then used to sequence the library. Raw data were uploaded to the National Centre for Biotechnology Information (NCBI) Sequence Read Archive database.




2.4 Raw data processing

The raw data in fastq format were quality controlled by fastp in fastqc software (Andrews, 2010; Chen et al., 2018). From the raw data, clean reads were obtained by removing reads containing adapters, ploy-N and low quality reads. Q20 and Q30 were calculated from the clean data. All of the downstream analyses were based on clean, high quality data.




2.5 Reference genome mapping

The reference genome was derived from the laboratory-assembled reference genome sequence of M. labio. Paired-end pure reads were aligned to the reference genome by using STAR (Dobin et al., 2012).




2.6 Differentially expressed genes (DEGs) and enrichment analysis

The reads mapped to each gene were counted using HTseq (Anders et al., 2014). To identify DEGs between the different samples, the expression level for each gene was calculated using the fragments per kilobase of exon per million mapped reads (FRKM) method. A individual correlation heatmap of gene expression was drawn in accordance with the FPKM values of genes in all individuals. Using the DESeq2 R package, differential expression analysis was carried out on subgroups (Love et al., 2014). Genes with an adjusted P-value < 0.05 and absolute log2FC > 1 according to DESeq2 were assigned as differentially expressed. Enrichment analysis of DEGs was performed in the Gene Ontology (GO) and KEGG pathways using the clusterProfiler R package (Yu et al., 2012).




2.7 Validation of transcriptomics data by qRT-PCR

The accuracy of Illumina RNA-Seq data was validated using qRT-PCR. Eight genes were selected for validation, and primers for target and internal reference genes (18s) were designed by NCBI primer-BLAST (Table 1). To determine the temporal gene expression levels, fluorescence real-time quantitative PCR with SYBR Green fluorescent dye was used. Three replicates were performed to improve the accuracy of the data. The melting curves were analyzed to determine a single curve amplification, and the temporal expression of the target gene was analyzed using the 2−ΔΔCt method (Livak and Schmittgen, 2001).


Table 1 | qRT-PCR-verified primer sequences of differentially expressed genes under air exposure stress.







3 Results



3.1 Transcriptome sequencing results and reference genome mapping

Nine cDNA libraries were obtained in this experiment, including air exposure stress groups (t1 and t2) and control group (t0), with three biological replicates in each group. After joints and low-quality sequences were removed, a total of 420.81 M clean reads were obtained, ranging from 44.93 M to 48.72 M. The quality analysis results showed that the Q20 values were more than 99% of the time, and the Q30 scores were over 97% (Table 2). The clean reads had a good randomness among the reference genes, and the number of clean reads mapped to the genome ranged from 62.91% to 90.96% (Table 3). And the nine sets of raw data obtained were saved to NCBI Sequence Read Archive (SRA) database under the sequence numbers SRR31938612 to SRR31938620 under biological item PRJNA1208224 and biological sample SAMN46169776.


Table 2 | Summary table of sequencing data quality.




Table 3 | Statistics of comparison between individual and reference genome.






3.2 Differentially expressed genes analysis

Expression of genes was selected to be expressed as FPKM values, and the box diagram shows the gene expression of each individual (Figure 1). Differences in expression levels were observed between different individuals with different air exposure times and the same air exposure time. The dependability of the experiment and the appropriateness of individual selection can be tested by correlating gene expression levels between individuals. The individual gene expression correlation map showed that the expression pattern similarity between individuals was high, indicating that the experiment is reliable and the individual selection is reasonable (Figure 2).




Figure 1 | Gene expression levels in different treatment group (Supplementary Table S1: Gene_fpkm) The X-axis is the sample name, the Y-axis is log10(FPKM), and the box-and-line plot for each region corresponds to five statistics (upper limit, upper quartile, median, lower quartile, and lower limit, from top to bottom).






Figure 2 | Individual correlation heatmap of gene expression.



Transcripts from different days of air exposure were analyzed, in which 33 genes were up-regulated and 17 genes were down-regulated in the 2d air exposure stress group (t1) compared with the control group (t0), with a total of 50 DEGs (Figure 3A). The air exposure stress 5d group (t2) had 368 genes up-regulated and 572 genes down-regulated in comparison with the control group (t0), totaling 940 genes (Figure 3B). The air exposure stress 2d group (t1) had 364 genes up-regulated and 331 genes down-regulated in comparison to the air exposure stress 5d group (t2), totaling 695 genes (Figure 3C; Table 4).




Figure 3 | Volcano plot of DEGs in different air exposure comparison groups. (A) t0 versus t1 volcano plot, (B) t0 versus t2 volcano plot, and (C) t1 versus t2 volcano plot.




Table 4 | Statistics on the number of differentially expressed genes.



As shown in the Venn diagram (Figure 4), there were 13 significantly differentially expressed genes on 2 day air exposure compared to 5 day air exposure, and in addition, a total of 3 differentially expressed genes were significantly expressed in all 3 groups. Four of the 13 significantly differentially expressed genes (BRAF, RAN, COL6A, and DNAJA1) and 1 of the 3 significantly differentially expressed genes (BRAF) were annotated to several specific KEGG pathways, and the expression of their differentially expressed genes also varied according to the dry dew stress (Table 5). Ribosome biogenesis in eukaryotes(ko03008), Protein processing in endoplasmic reticulum(ko04141) and immune-related signaling pathways were mainly involved in eukaryotes. It is suggested that the adaptive mechanisms of M. labio to air exposure include immune response and apoptosis.




Figure 4 | Venn diagram of DEGs.




Table 5 | Co-expressed DEGs.






3.3 GO enrichment analysis of DEGs

GO enrichment analyses were performed on the DEGs to identify the key functions affected by air exposure. The results of GO enrichment in air exposure 2d (t1) and air exposure 5d (t2) are shown in Figures 5A, B, respectively, relative to the undried dew (t0) group, and the results of GO enrichment in air exposure 5d (t2) compared with that in air exposure 2d (t1) are shown in Figure 5C. In the analysis of variance comparison between t0 versus t1 groups, catalytic activity (GO:0003824), protein kinase activity (GO:0004672), and protein phosphorylation (GO:0006468) were significantly enriched in the air exposure 2d (t1) group. In the analysis of variance comparison between t0 versus t2 groups, the air exposure 5d (t2) group showed significant enrichment in oxidoreductase activity (GO:0016491), extracellular region (GO:0005576), carbohydrate metabolism process (GO:0005975), RNA binding (GO:0003723), catalytic activity (GO:0003824), and proteolysis (GO:0006508). In the analysis of variance comparison between t1 versus t2 groups, the air exposure 5d (t2) group demonstrated significant enrichment for protein phosphorylation (GO:0006468), oxidoreductase activity (GO:0016491), protein kinase activity (GO:0004672), transmembrane transporter protein activity (GO:0022857), and calcium ion binding (GO:0005509).




Figure 5 | Enrichment of DEGs by GO terms (A–C) and KEGG pathways [(D–F), top 20].






3.4 KEGG enrichment analysis of DEGs

The results of KEGG analysis showed the degree of gene enrichment of the signaling pathway by gene ratio, p.adjust value, and the number of genes enriched on the relevant pathway. The smaller the p.adjust is, the more significant the value. Figures 5D–F show the KEGG pathway enrichment results. Compared with the no air exposure (t0) group, the DEG in the air exposure 2d (t1) group was mainly involved in the regulation of prolactin signaling pathway (ko04917), FoxO signaling pathway (ko04068), chemokine signaling pathway (ko04062), protein processing in endoplasmic reticulum (ko04141), neurotrophic factor signaling pathway (ko04722), mitogen-activated protein kinase (MAPK) signaling pathway (ko04010), PI3K-Akt signaling pathway (ko04151), focused adhesion (ko04510), and multispecies regulation of longevity (ko04213). Compared with the no air exposure (t0) group, the DEG in the air exposure 5d (t2) group was mainly involved in the regulatory pathways of lysosome (ko04142), spliceosome (ko03040), ribosome synthesis in eukaryotes (ko03008), protein processing in the endoplasmic reticulum (ko04141), and phagosome (ko04145). The DEG in the air exposure 2d (t1) group was mainly involved in the regulation of the cell cycle (ko04110) compared with the air exposure 5d (t2) group.




3.5 qRT-PCR validation of transcriptomics results

Eight genes were selected from the DEGs obtained from the sequencing results, and the visceral mass tissues of M. labio without air exposure, with 2d of air exposure, and with 5d of air exposure were used as templates to test the precision of the transcriptome data by using qRT-PCR. The results found that the expressive tendencies of the eight genes were consistent with those in the transcriptome data (Figure 6), proving that the results of this sequencing are accurate and reliable.




Figure 6 | qRT-PCR validation of DEGs in RNA-Seq. (A) t1 groups and (B) t2 groups.







4 Discussion

In recent years, the molecular tolerance mechanisms of intertidal shellfish to environmental stresses have received increasing attention from researchers (Diederich et al., 2015). Air exposure is considered to be a major stressor affecting the survival of shellfish, considerably influencing their survival rate, growth, and development, and habitats. During air exposure stress, shellfish are subjected to water deprivation, oxygen deprivation, increased ambient temperature, food deprivation, sunlight radiation, and abrupt changes in body pH, all of which can cause severe tissue damage and even death, resulting in high economic losses (McMahon, 1988; Lesser, 2006; Freire et al., 2011). As a result, a portion of shellfish evolved multiple regulatory mechanisms to deal with the stress of air exposure. Previous studies have reported that air exposure stress affects immune, metabolic, and other systems of Ruditapes philippinearum and causes elicits oxidative stress; affects physiological and tissue-level functions of river clams; and affects apoptosis and redox and tissues and hemolymph in oysters (Kawabe et al., 2010; Dong et al., 2017; Nie et al., 2020; Zhang et al., 2022b). In the present study, air exposure stress in M. labio affected immunity, apoptosis. Actually, a number of functional genes regulate these cellular physiological pathways. As a result, genes associated with immunity, apoptosis have received much attention (Table 6).


Table 6 | Enriched pathways that may be related to immunity, apoptosis.





4.1 Genes involved in immunity

The prolongation of air exposure disrupts the immune system, which leads to a weakening of defenses against bacteria and disease. The immune response plays an important role in the adaptation to air exposure changes in M. labio. The immune response was found to be regulated by the expression of the immune-related PI3K-Akt signaling pathway (ko04151), the MAPK signaling pathway (ko04010), and the genes BRAF, MAPK8IP1, MAP2K3, MAPKAPK2, GADD45, CACNA1A, EGFR,VWF, PHLPP, and COL6A.

Invertebrates have only innate immunity and are very sensitive to various biotic or abiotic stimuli (Guo et al., 2015). They adapt to changes in the external environment by modulating Immune genes and pathways in the face of external stimuli (Manfredi et al., 2008; Huang et al., 2013; Thornton et al., 2017). Involvement of VWF, CACNA1A, PHLPP and COL6A in the PI3K-Akt signaling pathway, which enables the organism’s immune response to combat air exposure stress. PHLPPs can act as immune activators or inhibitors in immune cells (Kawashima et al., 2021). When expression is upregulated, the immune response of cells is activated to maintain homeostasis in the body. Elevated plasma VWF levels are associated with cardiovascular disease, but there is growing evidence that VWF is involved in innate immunity (Jager et al., 1999; Drakeford et al., 2022). Calcium signaling is coordinated by CACNA1A (voltage-gated calcium channel), which is involved in regulation by ca2+ dependent effectors such as calmodulin (CaM) and NFAT. In aquatic organisms, the MAPK signaling pathway plays an important role in mediating cellular functions such as adaptation to various stresses. Studies have shown that the MAPK signaling pathway helps to make in a range of cellular processes such as activation by oxidative stress, inflammation, apoptosis, autophagy, and thus, it is a key regulator of immunity (Canesi et al., 2006; Geest and Coffer, 2009; Kim and Choi, 2015). In Turbo cornutus, TVE activates the MAPK signaling pathway to enhance antioxidant effects (Lee et al., 2023). The MAPK pathway regulates glycogen metabolism through the transmission of hrIGF-I signaling in Pinctada fucata (Shi and He, 2016). In this study, the expression of BRAF, MAPK8IP1, MAP2K3, MAPKAPK2, GADD45, and EGFR associated with the MAPK signaling pathway involved in the immune system’s response to resist air exposure stress. Rapid activation of the MAPK signaling pathway (ko04010) by high BRAF expression is the main defense mechanism during acute air exposure (2 days). This pathway initiates a multipronged response: clearance of ROS; enhancement of innate immunity; and GADD45 driven DNA damage repair to mitigate genotoxic stress. As the air exposure is prolonged into the chronic phase (5 days), the initial dominance of rapid activation of the MAPK signaling pathway by BRAF expression is diminished due to a decline in BRAF expression. MAPK dephosphorylates and PHLPP inactivates Akt, inhibiting glycolysis and shifting energy production to fatty acid oxidation and autophagy.




4.2 Genes involved in apoptosis

Transcriptomic data suggest that the expression of many apoptosis-related genes(BIRC2_3, XIAP, CASP8, ERN1, RAN, DNAJA1) is altered after air exposure. Similarly, Crassostrea Virginica showed changes in many genes involved in apoptosis after 7 days of exposure to air (Li et al., 2022). This proof proposes that apoptosis plays role in the response of mollusks to air exposure. Apoptosis, is a process of physiological cellular self-destruction determined by their own in-built programs (Feig and Peter, 2007; AnvariFar et al., 2016). The family of cysteinyl aspartate specific proteinases (Caspases) are mediators and executors of programmed death (Marani et al., 2002). ERN1 gene involved in endoplasmic reticulum stress-induced apoptosis and autophagosome formation [ (Babu et al., 2014). In the current study, the expression of cysteine protease CASP8, ERN1 was upregulated after air exposure. CASP8, ERN1 is a key gene on the apoptotic signaling pathway, and its upregulation could lead to an increase in the level of apoptosis as an adaptation to air exposure stress. The anti-apoptotic system antagonizes the onset of apoptosis to protect cells. Therefore, this system may be an adaptive response evolved by the organism to cope with stress, and inhibitors of apoptosis (IAPs) protect cells from massive apoptotic cell death (Deveraux et al., 1997; Dumétier et al., 2020). Upregulation of IAP is associated with cell survival and prevents apoptosis-mediated tissue damage, whereas downregulation of IAP reduces the organism’s ability to resist apoptosis (Mahalingam et al., 2009; Lu et al., 2014). In the present study, XIAP, BIRC2_3 expression was upregulated at 5 days of air exposure. This finding is compatible with the results from a transcriptome study on Ruditapes philippinarum after exposure to air and reoxygenation (Nie et al., 2020), suggesting the importance of the anti-apoptotic system in the adaptation and survival of the organism in response to air exposure stress. Ran (RAS-associated nuclear protein) is a member of the RAS superfamily of small GTPases, and disruption of Ran expression has been associated with cancer at various levels (Boudhraa et al., 2020). DNAJA1 has been shown to bind to unfolded polypeptide chains and prevent their aggregation, to import proteins into mitochondria, and to be involved in the inhibition of anti-apoptosis in cancer cells (Kanazawa et al., 1997; Terada and Oike, 2010; Stark et al., 2014). At 5 days of air exposure, the expression of RAN, DNAJA1 was down-regulated, and we speculate that it was difficult for the organism to inhibit the cancer cells from undergoing apoptosis, and that prolonged air exposure was more detrimental in M. labio.





5 Conclusion

In this study, we analyzed the transcriptome changes of M. labio under different air exposure durations to reveal the molecular regulatory network of its tolerance to air exposure stress. It was found that the duration of air exposure could significantly affect the signaling pathways related to immune stress and apoptosis. Predicting population survival risk boundaries due to climate change based on the expression of key genes can be used as a field population health assessment tool. Early warning of structural impacts of environmental stresses on M. labio populations through real-time monitoring of gene expression fluctuations. This study not only elucidates the effects of air exposure stress on mollusks, provides key data support for theoretical models of intertidal shellfish adaptation to heterogeneous environments, but also lays a scientific foundation for the development of conservation strategies based on molecular ecology.
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