

[image: Long non-coding RNA LncMPEG1 responds to multiple environmental stressors by affecting biomineralization in pearl oyster Pinctada fucata martensii]
Long non-coding RNA LncMPEG1 responds to multiple environmental stressors by affecting biomineralization in pearl oyster Pinctada fucata martensii





ORIGINAL RESEARCH

published: 26 September 2022

doi: 10.3389/fmars.2022.1014810

[image: image2]


Long non-coding RNA LncMPEG1 responds to multiple environmental stressors by affecting biomineralization in pearl oyster Pinctada fucata martensii


Caixia Cai 1†, Qi He 1†, Bingyi Xie 1, Zhijie Xu 1, Cheng Wang 1, Chuangye Yang 1,2,3,4, Yongshan Liao 2,3,4 and Zhe Zheng 1,2,3,4*


1 Fisheries College, Guangdong Ocean University, Zhanjiang, China, 2 Development and Research Center for Biological Marine Resources, Southern Marine Science and Engineering Guangdong Laboratory (Zhanjiang), Zhanjiang, China, 3 Pearl Breeding and Processing Engineering Technology Research Centre of Guangdong Province, Zhanjiang, China, 4 Guangdong Provincial Engineering Laboratory for Mariculture Organism Breeding, Zhanjiang, China




Edited by 

Menghong Hu, Shanghai Ocean University, China

Reviewed by 

Xiaohui Cai, Beibu Gulf University, China

Xueying Wang, Institute of Oceanology, Chinese Academy of Sciences (CAS), China

*Correspondence 

Zhe Zheng
 zhengzhe@gdou.edu.cn












†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Marine Biology, a section of the journal Frontiers in Marine Science


Received: 09 August 2022

Accepted: 05 September 2022

Published: 26 September 2022

Citation:
Cai C, He Q, Xie B, Xu Z, Wang C, Yang C, Liao Y and Zheng Z (2022) Long non-coding RNA LncMPEG1 responds to multiple environmental stressors by affecting biomineralization in pearl oyster Pinctada fucata martensii. Front. Mar. Sci. 9:1014810. doi: 10.3389/fmars.2022.1014810



Marine environmental change directly affects bivalve growth and survival. Exoskeleton formation, the main energy dissipation in the physiological metabolism, typically reflects the body growth of the bivalve. However, how bivalves regulate the biomineralization of the exoskeleton under environmental stressors is not yet clear. Long non-coding RNA regulates various life processes through complex mechanisms in vertebrates and invertebrates. In this research, we cloned the complete sequence of a mantle-specific expressed long non-coding RNA (designated as LncMPEG1) from a pearl oyster, Pinctada fucata martensii. A quantitative real-time PCR analysis showed that LncMPEG1 expression was significantly high in early umbo larvae and juveniles, which would be the critical periods of shell development. LncMPEG1 was identified in the outer epithelium of the middle fold from the mantle edge, mantle pallial, and mantle center by using in situ hybridization. Additionally, the expression of LncMPEG1 was stimulated by shell damage, alien invasion, heat and cold temperature stress, and hypoxia stress. In the mantle, a decreased in LncMPEG1 expression was detected by RNA interference, which can cause the irregular growth of crystals on the inner surface of the prismatic layer and nacre in the shells. Therefore, we propose that LncMPEG1 could be a key regulator in biomineralization and responds to environmental stress in the mantle .
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Introduction

Marine benthic communities are subjected to changing environmental conditions (Couce et al., 2020). Mollusca is the second most bio-diverse extant molluscan phylum, in which shelled mollusks are distinguished by a vast array of biomineralization fabricated architectures (Williams, 2007). Since the Cambrian (543–490 mya), biomineralization has undergone significant diversification, resulting in the formation of mineralized skeletons in the majority of classes, such as Bivalvia and Gastropoda. These shelled mollusks successfully adapted to the oceanic environmental changes and continued to evolve after the Cambrian (Kouchinsky et al., 2012). Bivalves are primarily protected by their shells from predators, infections, and, to a lesser extent, adverse environmental factors such as drouth, wave action, and iceberg detriment. (Trussell, 2000; Wilke and Falniowski, 2001; Ji et al., 2018). Records in carbonate biominerals have shown the response of mollusks to climatic events through biological processes during active mineralization (Kennett and Voorhies, 1995). For example, the Mg/Ca ratio rises as the results of the increase of magnesium concentration to stabilize amorphous calcium carbonate, which is independent to the rise in sea surface temperature (Pérez-Huerta et al., 2013). Although marine biodiversity has undergone extensive evolution, anthropogenic-induced environmental change still has an impact on it, especially on mollusks and other creatures with calcified exoskeletons (Khan et al., 2020). This is made worse by the fact that these animals are having a harder time surviving in oceans due to changes in salinity, pH, and temperature (Zheng et al., 2020a). With rapid and frequently fluctuating environmental stresses, it may become more energy intensive to create marine skeletons, and the increasingly erosion conditions in seawater are anticipated to cause the corrosion of these exterior skeletons. Molluscan shell formation is regulated by gene expression and requires energy because of the ATP demand of physiological processes related to biomineralization, including mineral and ion transport and Extracellular matrix (ECM) protein biosynthesis, which are affected by changes in temperature, salinity, and pH (Ivanina et al., 2020). However, it remains unclear how shelled molluscs regulate gene expression patterns to a degree that alters biologic mineralization processes in response to biotic/abiotic environmental stress.

Long noncoding RNAs (LncRNAs) are defined as RNA genes that are greater than 200 bp, do not have protein-coding potential, and play an important role in regulating noncoding RNAs (Gong et al., 2012). LncRNAs are classified into sense, antisense, bidirectional, intergenic, and intronic LncRNAs based on their positions and transcription directions of LncRNAs and protein encoding genes on the genome (Rinn and Chang, 2012). According to the research, LncRNAs can regulate gene expression at the epigenetic, transcription, post-transcriptional levels and involved in many crucial regulatory processes, including transcriptional activation and suppression, chromatin modification, genomic imprinting, and nuclear transport (Qiu et al., 2013; Yoon et al., 2013). As signals, decoys, guides, and scaffolds, LncRNAs can not only regulate gene expression through interacting with RNA, DNA, and proteins as well as regulate post-transcriptional gene expression via regulating splicing, mRNA translation, and degradation as microRNA(miRNA) precursor molecules (Dykes and Emanueli, 2017). LncRNAs are predicted to be important functions in the response to environmental stressors and regulate body growth in mollusks including exoskeleton biomineralization. For example, differential LncRNA expression profiles reveal the regulatory roles of LncRNAs in the against viruses and bacteria immune response of abalones, oysters, and mussels via links to multiple immune-related pathways, for instance, the toll-like receptor, NF-kappaB signaling pathway, pattern recognition receptors, lectin immune-related pathways, fibrinogen, and O-glycan biosynthesis (Sun and Feng, 2018; Lu et al., 2021; Pereiro et al., 2021). Also, LncRNAs are reported to participate in controlling shell formation and body growth by affecting pigmentation, shell matrix gene expression, and glycogen accumulation (Sun and Feng, 2018). In addition, our previous study proposed that the biomineralization process and defense function of the mantle tissue are crosslinked and regulated by LncRNAs in the pearl oyster (Zheng et al., 2020b; Zheng et al., 2020c). As mentioned above, changes in environmental conditions could induce responses at multiple levels in mollusk species, including affecting the biomineralization process. Thus, crosslinked regulatory roles of LncRNAs between anti-environmental stress and biomineralization-related processes should be considered.

Pinctada fucata martensii is the main species that is cultured for production of marine pearls in China and Japan (Jiao et al., 2012). In this study, we cloned a novel LncRNA which was a mantle-specific expressed LncRNA, named LncMPEG1. We found that it not only participated in response to environmental stress, such as LPS stimulation but it also regulated the biomineralization of the shell. These findings can provide light on how anti-environmental stress and biomineralization in pearl oysters are regulated by LncRNAs in a cross-linked manner.



Methods and materials


Experimental animals and materials

Pearl oysters used in this research were breeding at the coastal area of Liushawan, Zhanjiang, Guangdong Province, China (20°25’ N, 109°57’ E). The two-year-old pearl oysters with a size of 5-6cm were selected as the experimental material. Before performing experiments, pearl oysters breed in seawater for 2 days at 25–27°C.

In this study, we tested the expression pattern of LncMPEG1 in six tissues by qRT-PCR, including the mantle edge (ME), mantle pallial (MP), mantle center (MC), hepatopancreas (HE), adductor muscles (A), and gills (Gi). We also detected the expression trends of LncMPEG1 at different development stages, including unfertilized eggs (E), fertilized ovum at 30 min (Fe), blastocyst at 5 h (B), gastrula at 6 h (G), early trochelminth larva at 8 h (ET), trochelminth larva at 16 h (T), D-stage larvae at 19 h (D), D-stage larvae prior to feeding at 4 d (DF), early umbo larvae at 14 d (EU), eyed larvae at 28 d (EL), spat at 40 d (S), and juveniles at 90 d (J) after fertilization. All samples were drown in liquid nitrogen several minites and then kept in −80°C freezer for storage.

After being temporarily cultured at 22°C for 2 d, 96 normal P. f. martensii were randomly divided into three groups and cultured in three 300 L experimental buckets with water temperatures of 17°C (low temperature group), 22°C (control group), and 32°C (high temperature group) as stress treatments. The temperatures were monitored three times a day in all the aquaria and were adjusted if needed. During the culture process, the same amount of unicellular algae was fed and 50% of the water was changed every day. At 1 d, 3 d, 5 d, and 10 d after the beginning of the experimental culture, eight individuals were randomly selected from each experimental barrel, and the mantle tissues were used to detect gene expression.

Before the hypoxia treatment, 64 healthy and energetic pearl oysters were cultured in an aquaculture system with a controlled water temperature (32°C and 6.0 mg/L DO) for 7 d. The normoxic group (0 h) was set at 6.0 mg/L DO. In the hypoxia group, 2.0 mg/L DO was used for the hypoxia conditions. The oxygen concentration in the aquarium was continuously monitored during the experiment using an oxygen dissolving apparatus (Aqua TROLL@400 instrument, USA). The pearl oysters were suddenly exposed to the hypoxia treatment and the mantle tissues were collected at 12 h, 24 h, 2 d, 5 d, 10 d, 15 d, and 25 d after processing.

The shell powder was obtained by milling the pearl shell to a nano-scale, sterilized and added the disinfected filtered seawater to obtain a shell powder paste. The shellfish was placed face down to allow for the flow of the water to remove the impurities in the pearl shell, it was made sure that the mouth was open, and an appropriate amount of shell powder was injected into the side film at the junction of the pearl shell and the shell. The pearl shellfish that was injected with shell powder paste was placed upside down, kept aside, and placed in seawater for cultivation. The MP was harvested at 12 h, 1 d, 2 d, 5 d, and 10 d after stimulation. The mantle tissues from the pearl oyster withou injection treatments were used as blank control.

The shell damage assays were performed on 40 normal individuals with a V-shape notch breach cut in the shell down to the nacreous layer. The MPs of eight pearl oysters were collected at 6 h, 12 h, 24 h, 36h, and 48 h after shell damage respectively. The MPs from the untreated pearl oyster were considered as the negative control. Then, the expression profile of LncMPEG1 at the different notching times was detected by qRT-PCR.



RNA isolation and cDNA synthesis

The total RNA was isolated via the Trizol reagent (Thermo Fisher Scientific, USA) and managed to remove genomic DNA by DNase I (Promega, USA). Then, the integrities of the prepared RNA samples were tested by a 1.0% garose gel electrophoresis assay. RNA concentration was detected by NanoDrop ND 1000 Spectrophotometer (Thermo Fisher Scientific) and RNA purity was estimated via OD260/OD280. The cDNA templates for gene amplication and RACE were prepared by random primers using M-MLV reverse transcriptase (Promega) according to the manufacturer’s instruction. The cDNA template for rapid amplification of cDNA ends (RACE) was synthesized using the SMARTer RACE 5′/3′ kit (TaKaRa, China). All the cDNAs were stored at −20°C until use.



Sequence validation and bioinformatics analysis of the genes and the quantitative real-time polymerase chain reaction assay

The reference sequence of LncMPEG1 for RACE, qRT-PCR and template preparation of dsRNA was obtained by Strand-specific transcriptome sequencing (unpublished). The primers used for gene amplification were shown in table gene-specific primers for amplification which are shown in Table S1. The coding ability of the sequence that was obtained with validation was predicted via the online software coding potential assessment tool that refers to the zebrafish (CPAT; http://lilab.research.bcm.edu/cpat/index.php). And the CPAT refers to the zebrafish model. Furthermore, the secondary structure prediction was performed by the online MFOLD (http://mfold.rna.albany.edu/?q=mfold/RNA-Folding-Form).

In this research, the expression level detection of LncMPEG1 by qRT-PCR was performed using the LnRcute LncRNA SYBR Green qPCR Kit (TIANGEN, China) according to its protocol. The cDNA template used for LncMPEG1 amplification was synthesed by LnRcute LncRNA First-Strand cDNA Synthesis Kit (TIANGEN, China). In addition, amplification and fluorescence detection was performed using the Applied Biosystems 7500/7500 Fast Real-Time System (Applied Biosystems, USA). The relative expression level of LncMPEG1 was calculated using the 2-△ct or 2-△△ct method, with GAPDH as the reference gene. The differential expression analysis was performed using SPSS 22.0 software.



In situ hybridization experiment and signal detection

To localize the expression of LncMPEG1 in the mantle of P. f. martensii, in situ hybridization (ISH) was performed. The RNA probes for ISH were synthesized in vitro using T7 High Efficiency Transcription Kit (Tansgene, Beijing) and digoxigenin RNA Labeling Mix (Roche, USA). The mantle tissue samples were fixed using paraformaldehyde containing 0.1% diethyl dicarbonate (Sigma-Aldrich, USA) for approximately 1.5 h and were embedded in paraffin. Then, the embedded compound was sliced into 7 μm sections. Finally, the obtained tissue sections were constructed for ISH after being dewaxed and rehydrated. The detailed experimental operation procedures are detailed in Zheng et al. (2020c).



RNA interference experiment of LncMPEG1

The RNA interference (RNAi) experiment was set for the experimental and control groups. The test group was injected with dsRNA-LncMPEG1. The control group was injected with dsRNA red fluorescent protein. For muscle injection, pearl oystersper group were injected with a dose of 100 μL per shell, and the concentration of dsRNA in test group was 600 ng/μL. After 6 d, the detected tissues including ME, mantle pallial (MP), and MC were cut to test gene expression of LncMPEG1. The shells collected from each groups were washed and dried, and then cutted into small pieces. The inner surface of shells was observed by using scanning electron microscope (SEM) to analyze the ultrastructure of novel nacreous layer and prismatic layer.




Results


Cloning, identification, and structural analysis of LncMPEG1

The full length of LncMPEG1 was obtained using RACE, and was 2735 bp (Figure 1A). The encoding ability of LncMPEG1 was predicted using the CPAT. The total coding probability was about 0.0057 (Figure 1B), without the coding tag, indicating that LncMPEG1 does not have the potential to encode proteins. Increasing evidence suggests that RNA-protein interactions are related to the secondary structure of RNA. To explore whether LncMPEG1 has a specific secondary structure, we predicted the secondary structure of LncMPEG1 using MFOLD online and found that there were three main branches folded into a clover-leaf secondary structure (Figure 2).




Figure 1 | The full-length sequence and prediction encoding capability of LncMPEG1 in the pearl oyster P. (f.) martensi. (A), the full-length sequence of LncMPEG1. (B), the prediction of the LncMPEG1 encoding capability using the coding potential assessment tool.






Figure 2 | The secondary structure prediction for LncMPEG1.





LncMPEG1 expression and distribution patterns in the different tissues and different development stages of the pearl sacs and larvae

The LncMPEG1 expression level in the ME, MC, A, HE, and Gi of P. f. martensii was detected using qRT-PCR. The results showed that the expression level of LncMPEG1 in the MC was significantly higher than that in the other tissues (P < 0.05; Figure 3A). The expression of LncMPEG1 was also detected at different development stages. The results have shown that LncMPEG1 could be tested at all the development stages and exhibited three peaks in the gastrula stage at early development, eyed larvae stage before metamorphosis, and juvenile stage (Figure 3B).




Figure 3 | The normal expression profile of LncMPEG1 in the different tissues (A) and at different development stages (B) of P. (f.) martensii. a: ME, mantle edge; MC, mantle center; A, adductor muscle; HE, hepatopancreas; and Gi, gill. b: the expression pattern of LncMPEG1 during the larvae development of P. f. martensii. E, egg; Fe, fertilized ovum; B, blastocyst; G, gastrula; ET, early trochelminth larva; T, trochelminth larva, D, D-stage larvae; DF, D-stage larvae prior to feeding; EU, early umbo larvae; EL, eyed larvae; S, spat; and J, juvenile; different letters indicate significant differences (P < 0.05).



In this study, we used ISH technology to detect the localization of LncMPEG1 in the mantle tissue. In the experimental group (Figure 4C), the outer epithelium of the MP and MC displayed strong positive hybridization signals, while the outer epithelium of the middle fold displayed weak positive hybridization signals (Figures 4D, E). In the control group (Figure 4A), there was no red fluorescence hybridization signal and only a blue fluorescence nuclear staining signal (Figure 4B).




Figure 4 | The in situ hybridization results of LncMPEG1 in the outer epidermal cells of the mantle. (A, B) control group; (C, D) experiment group; (E) the local enlarged mantle tissue of the experiment group; (A, C) general observation; (B, D, E) fluorescence observation; ME, mantle edge; MP, mantle pallial; MC, mantle center; MF, middle fold; and oe, outer epithelium. The red fluorescence and arrow indicate the in situ hybridization signal of LncMPEG1; the blue fluorescence indicates the nucleus.





The effect of LncMPEG1 on the prismatic layer and nacre formation was detected using RNA interference

The LncMPEG1 expression level in the ME, MP, and MC was investigated by using real-time PCR after RNAi.In the tested group, the expression level of LncMPEG1 in the ME, MP, and MC of was significantly down-regulated as compared to the control group (P < 0.05, Figures 5A–C). This indicates that LncMPEG1-dsRNA significantly inhibited the expression level of the LncMPEG1 gene in mantle of P. f. martensii. Moreover, the SEM observation of the ultrastructure of the shell after RNAi showed that the control group’s crystal surface was smooth and had a regular arrangement. However, in the tested group, the crystal growth was disordered the crystal plate became smaller, and the surface was rough and hollow (Figure 5D).




Figure 5 | The expression level of LncMPEG1 in the mantle tissue (A–C) and the ultrastructure of the inner surface of the shell (D) after RNAi. The negative control group: red fluorescent protein (RFP); The experimental group: LncMPEG1-dsRNA,; ME, mantle edge; MP, mantle pallial; and MC, mantle center; the mean values with different letters indicate significant difference (P < 0.05); A–C the prismatic layer of the control and experiment group, respectively; B–D, the nacreous layer of the control and experimental group, respectively.



The control group: red fluorescent protein (RFP); The tested group: LncMPEG1-dsRNA,; Abbreviations: ME, mantle edge; MP, mantle pallial; and MC, mantle center; the mean values with different letters indicate significant difference (P < 0.05); A, C: the prismatic layer of the control and tested group, respectively; B, D: the nacreous layer of the control and tested group, respectively.



LncMPEG1 response to abiotic stressors in mantle

We detected the pattern of LncMPEG1 expression in mantle under abiotic stressors including heat and cold temperature stress and hypoxia stress. The changes in LncMPEG1 in the mantle under low temperature (17°C) and high temperature (32°C) stress were investigated using qRT-PCR; LncMPEG1 significantly increased after 3 d and 5 d in the low temperature group (Figure 6A). Additionally, the expression of LncMPEG1 was significantly up-regulated after 1 d and 3 d (Figure 6B). This finding indicates that LncMPEG1 responded to heat and cold stress in the mantle tissue. In addition, we found that there was an upward trend in LncMPEG1 after 5 d and it was significantly up-regulated after 25 d under hypoxic stress (P < 0.05; Figure 6C).




Figure 6 | The relative expression of LncMPEG1 in the mantle tissue after the temperature treatment and hypoxic stress. The expression pattern of LncMPEG1 in the mantle tissue of P. f. martensii under 17°C stress (A), under 32°C stress (B), and under hypoxia treatment at a high temperature (C). The mean values with * indicate significantly different (P < 0.05). The mean values with different letters indicate significant differences (P < 0.05).





LncMPEG1 response to biotic stressors in mantle

We performed shell damage and simulated the biotic stressors of body damage and alien invasion. Shell damage causes mantle exposure to the seawater environment and fluid loss. The expression of LncMPEG1 was significantly up-regulated at 12 h after shell damage (P < 0.05), and the expression level remained relatively stable from 12 h to 36 h, with the highest expression level at 48 h (Figure 7A). The expression of LncMPEG1 significantly increased at 1 d (P < 0.05), remained relatively stable until 5 d, and fell back to the initial level at 10 d (Figure 7B).




Figure 7 | The relative expression of LncMPEG1 due to powder stimulation and shell damage. (A) the sequential expression of LncMPEG1 in the mantle with injected shell powder in EPS. (B) the sequential expression of LncMPEG1 in the mantle of Pinctada fucata martensii after shell damage. The mean values with different letters indicate significant differences (P < 0.05).






Discussion

Biomineralization is one of the most important actions in shelled mollusks. Shell formation is controlled by the organic matrix via cellular-mediated complex regulation mechanisms. Then, LncRNA is a cluster of epigenetic regulators that have an important role in biomineralization, immunity, and stress resistance (Yu et al., 2016; Feng et al., 2018; Huang et al., 2018; Zheng et al., 2019). Previously, LncRNAs had been reported to play a role in biomineralization of pearl oysters, such as LncMSEN1, LncMSEN2, and LncRunt (Zheng et al., 2019; Zheng et al., 2020a; Zheng et al., 2020b). In this study, we cloned a novel LncRNA that is highly expressed in the mantle epidermis cells of P. f. martensii. Bioinformatics predicted the encoding ability of LncMPEG1 using CPAT, with a total encoding probability of about 0.0057, without a coding tag. This indicated that LncMPEG1 did not have the potential to encode proteins. Long noncoding RNA can perform biological functions by folding to form secondary structures, and it could produce specific binding, allosteric and catalytic effects (Novikova et al., 2012). Multiple stem-loop structures of LncMPEG1 indicated the potential interactions with proteins may depend on the specific RNA secondary structure.

The mantle is recognized as a biomineralization-related tissue in shelled mollusks (Suzuki and Nagasawa, 2013). Numerous genes or protiens involved in biomineralization directly (including temptin gene and chitinase) were proved to expressed in high levels in the mantle and demonstrated have a vitro mineralization function (Weiner and Addadi, 2011; Liao et al., 2021). Therefore, it is possible to assume that LncMPEG1 is connected to shell formation based on its high expression in the MC and ME. In bivalves, Shell formation begins early in the larval stage. The trochelminth larva, D-shaped, umbonal, eyespot, and spat stages, where the calcium carbonate crystal polymorphism and shell structure change significantly, are the five stages that contribute to early shell formation. And the shell gland starts secreting organic shell components in the late trochophore stage (Rose and Baker, 1994; Fujimura et al., 1995; Andres Aranda-Burgos et al., 2014; Zhao et al., 2018). The highest expression of LncMPEG1 in the early umbo larvae and juveniles indicates that LncMPEG1 participates in dissoconch and shell formation. The mantle is an important organ that is responsible for shell mineralization. Different regions of the mantle form different shell structures (Nakahara and Bevelander, 1971; Kinoshita et al., 2011). The ME is mainly responsible for the shell prismatic layer formation, while the MP and MC are mainly responsible for the shell nacre formation (Awaji and Machii, 2011). The ISH demonstrated that LncMPEG1 was located in the outer epithelium of the middle fold from the ME, MP, and MC. To further verify its functions of shell mineralization, we reduced the expression of LncMPEG1 using RNAi and found obviously disordered growth in both the prismatic and nacre layers of the shell. These findings suggested that LncMPEG1 is important for the regulation of biomineralization in P. f. martensii.

Shell formation in bivalves reflects their body growth and living conditions. Shell mineralization is extremely energetically expensive. Mantle cells need to transcribe and translate shell matrix proteins and synthesize other matrices such as glycosaminoglycan to induce and control the extracellular biomineralization of the shell. In the environment, marine bivalves can suffer from multiple environmental stressors, affecting the energy and protein metabolism of the mantle cells and depressing shell growth. High or low water temperatures deeply influence shell growth and its microstructure (MacDonald and Thompson, 1986; Wilson, 1987). Furthermore, temperature elevation also damage the microstructure of abalone via expression changes in the crystal induction genes in Haliotis discus hannai (Zheng et al., 2020a). In this study, we found the expression pattern of LncMPEG1 obviously induced under low temperature and inhibited under high temperature, which is an indicator of regulator under temperature stress. As mentioned above, LncMPEG1 could significantly regulated the formation of novel calficied layer of shell. So we proposed that the regulation roles of LncMPEG1 to temperature stress may be mediated by biocalfication related pathway. Temperature always coupled to dissolved oxygen to affeact aquatic animals’ survival (Joos et al., 2003). Oyster could adapt hypoxia stress via metabolism depression and anaerobic glycolysis metabolism (Meng et al., 2018). In sea cucumbers LncRNA such as MSTRG.34610 and MSTRG.10941 could regulated HIF-1α gene and responed to hypoxia stress (Huo et al., 2020). In this study, we also dected LncMPEG1 in hypoxia stress under hight temperature and found that LncMPEG1 significant increase after 15d. Therefore, we proposed that expression changes of LncMPEG1 under environment stresses results in the coupled regulation roles of biomineralization and the stress response in the mantle of pearl oyster.

Beyond fabricating shells to control body growth, the mantle has a screening function as the epidermis and mucosa. Shell damage, sandy or particulate matter (PM) insertion, and bacteria and parasite invasion can cause a serious rejection reaction and immune response by the mantle cells. It has been reported that LncMSEN1 and LncMSEN2 participate in biomineralization and the immune response in mantle of the pearl oyster (Zheng et al., 2020a; Zheng et al., 2020b). In this study, we injected shell powder to simulate sandy or PM insertion in EPS and found that LncMPEG1 responded to the shell powder with a high expression pattern. Shell damage also induced LncMPEG1 expression after 12 h. These two stressors are part of the immune defense against pathogenic microorganism invasion after the exoskeleton is damaged, and the subsequent shell reconstruction is mediated by biomineralization. Thus, LncMPEG1 may be a core regulator in response to environmental stressors by changing the gene expression of the mantle tissue during biomineralization or controlling the expression of stress-related proteins, therefore, affecting the dominant energy for biomineralization and the stress response.

In conclusion, we cloned the novel LncRNA, LncMPEG1, from the pearl oyster, P. f. martensii. It was highly expressed in mantle and widely observed in all the detected development stages. LncMPEG1 repression caused the disordered growth of the shell. LncMPEG1 also participated in multiple abiotic and biotic stressors by changing its expression pattern, which indicates a vital regulation role in mediating biomineralization and anti-environmental stress in the pearl oyster.
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CCTCGOGTGAAGTTCATATARRATTCACG TAAGAT TTATGTGACAAATAT T T TACATGAT TTTCACAT TARTTTACT ICATACAAATTTCACATGS
ATTTTTCTTTIGTGACTTTIG TG TCAGAAACT TCAAATGART T TATGCAARAAAAAGCATGTARATTTCATTTTCGTGCTCTTTTCACATARATAT
CATATGAACTTTCATGCAAAGTTCATGCTAACT TCACATGARTTTCATATGAGGCACAAT TGGCTGTGTATTTTACT ICTGGTCAAGGATTCGTTG
GCCGANACATGTATGTCGGGTGTATCACATICAGATT TG TT TG TCAAGAGTGCTGETCTCCGATCACAGAGTCGGACACT TCGTTTTTCTCCEACA
ATACGTGTAAACTTCTTACATACTGTCTTCTTCAGT T TTACARACTTCGTGTATGTCT TCCTCATGGTCOCTATTTCGARGGCCGCTGCARRATAA
ATTAAGATCTTGTTTACATTTTGGACTTATTTTCCACAACAGTCCTTTTGTTTTCACGTTGGCARGTT TACARTT TTTACTACATGTACT TATATG.
CATCACACACACTAGAAAAGCGGACTATCTCTCARTTTARART TGCAAACATCOGCART TCTAAAGATGGGGCACTCTACGGAAGCOGGTTCGAGT
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