

[image: Genome-wide identification of the MAPK gene family in turbot and its involvement in abiotic and biotic stress responses]
Genome-wide identification of the MAPK gene family in turbot and its involvement in abiotic and biotic stress responses





ORIGINAL RESEARCH

published: 27 September 2022

doi: 10.3389/fmars.2022.1005401

[image: image2]


Genome-wide identification of the MAPK gene family in turbot and its involvement in abiotic and biotic stress responses


Weiwei Zheng 1,2†, Xi-wen Xu 2,3†, Zechen E 1,2, Yingjie Liu 1,4* and Songlin Chen 1,2,3*


1 College of Fisheries and Life Science, Shanghai Ocean University, Shanghai, China, 2 Laboratory for Marine Fisheries Science and Food Production Processes, Qingdao National Laboratory for Marine Science and Technology, Yellow Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences, Qingdao, China, 3 Key Laboratory of Sustainable Development of Marine Fisheries, Ministry of Agriculture and Rural Affairs, Qingdao, China, 4 Chinese Academy of Fishery Sciences (CAFS), Beijing, China




Edited by: 

Rui Jia, Freshwater Fisheries Research Center (CAFS), China

Reviewed by: 

Licao Cui, Jiangxi Agricultural University, China

Dahai Yang, East China University of Science and Technology, China

Yanjiao Zhang, Ocean University of China, China

*Correspondence: 

Yingjie Liu
 lyj@cafs.ac.cn

Songlin Chen
 chensl@ysfri.ac.cn













†These authors have contributed equally to this work


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


Received: 29 July 2022

Accepted: 25 August 2022

Published: 27 September 2022

Citation:
Zheng W, Xu X-w, E Z, Liu Y and Chen S (2022) Genome-wide identification of the MAPK gene family in turbot and its involvement in abiotic and biotic stress responses. Front. Mar. Sci. 9:1005401. doi: 10.3389/fmars.2022.1005401



The mitogen-activated protein kinase (MAPK) gene family performs crucial roles in cell division, migration, development, apoptosis, inflammatory response, and abiotic and biotic stress responses. However, very little information is available about the MAPKs in turbot (Scophthalmus maximus). In this study, 15 turbot MAPKs (SmMAPKs) were identified throughout the whole genome, and their basic chemical and physical properties and subcellular localization were illustrated. All SmMAPKs contained the serine/threonine protein kinases, catalytic domain (S_TKc, SMART00220). Phylogenetic analysis revealed that SmMAPKs were classified into three subfamilies, namely, c-Jun NH2-terminal kinase (JNK), extracellular signal-regulated kinase (ERK), and p38. Conserved motif and gene structure analysis revealed high levels of conservation within and between phylogenetic subfamilies. Expression patterns of MAPKs in distinct tissues and under diverse abiotic and biotic stresses were examined using the published available RNA-seq data sets. As a result, SmMAPKs showed obviously tissue-specific expression. Furthermore, 7 and 10 candidate stress-responsive MAPK genes were detected under abiotic and biotic stresses, respectively, among which five common MAPK genes, namely, SmMAPK4 (ERK4), SmMAPK6 (ERK3), SmMAPK11 (p38β), SmMAPK12b (p38γ), and SmMAPK15 (ERK7/8) showed extremely significant responses to both abiotic and biotic stresses, demonstrating their potential functions in comprehensive antistress. These results demonstrate that MAPKs might play vital roles in response to various abiotic and biotic stresses in turbot, which would contribute to making scientific preventive measures to environmental changes in the process of farming and promoting the development of selective breeding for comprehensive stress resistance in turbot.
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Introduction

Mitogen-activated protein kinase (MAPK) cascades are ubiquitous and highly evolutionarily conservative signal transduction pathways in all eukaryotes (Chang and Karin, 2001; Colcombet and Hirt, 2008; Kyriakis and Avruch, 2012), which respond to various extracellular stimuli to induce and regulate multiple cellular processes, such as proliferation, differentiation, development, stress response, survival, and apoptosis. (Keshet and Seger, 2010; Plotnikov et al., 2011). The canonical MAPK cascade is made up of three evolutionarily conserved sequentially acting kinases: MAPKKK (MAPK kinase kinase), MAPKK (MAPK kinase), and MAPK (Widmann et al., 1999). Among them, MAPKs, a cluster of serine/threonine protein kinases that play vital roles in signal transduction in response to variations in the cellular environment (Teramoto and Gutkind, 2013), are classified into three main subfamilies, namely, extracellular signal-regulated kinase (ERK), c-Jun NH2-terminal kinase (JNK), and p38 MAP kinases, which are based on the dual-phosphorylation site motif. In detail, ERKs, containing a TEY motif (Thr-Glu-Tyr), are coded by two genes, ERK1 (mapk3) and ERK2 (mapk1). Moreover, JNKs, having a TPY motif (Thr-Pro-Tyr), are coded by three genes, JNK1, 2, and 3, also called mapk8, 9, and 10, respectively, whereas, p38 MAPKs, comprising a TGY motif (Thr-Gly-Tyr), are encoded by mapk14 (p38α), 11 (p38β), 12 (p38γ), and 13 (p38δ) (L. and Razvan, 2002).

MAPKs can be activated by various stimuli (Zhang and Liu, 2002). In general, the ERK subfamily is preferentially activated by growth factors, cytokines, viruses, carcinogens, and pro-inflammatory stimuli (Kyriakis and Avruch, 2012). Activation of ERKs is involved in mediating cell division, migration, development, survival, innate immunity, and inflammation (Cowan and Storey, 2003; Raman et al., 2007). Furthermore, JNKs are more responsive to mitogens, pro-inflammatory cytokines, environmental stresses (ionizing radiation, heat shock, oxidants), genotoxins, pathogen-associated molecular patterns (PAMPs)/damage-associated molecular pattern (DAMPs), etc. (Kyriakis et al., 1994; Kyriakis and Avruch, 2012). Activation of JNK proteins participates in the inflammatory response, cytokine production, apoptosis, cell migration, and metabolism (Chen et al., 2001; Raman et al., 2007). Furthermore, p38 MAPKs can be activated by a variety of environmental stresses (such as UV radiation, hypoxia, and osmotic shock), pro-inflammatory cytokines, PAMPs, and DAMPs (Raman et al., 2007; Kyriakis and Avruch, 2012). Activation of p38 MAPKs mainly fulfills functions during the course of response to microbial infections, inflammatory responses, and environmental stresses (L. and Razvan, 2002).

In the last decades, genome-wide identification and the biological roles of MAPKs have been studied extensively in various plants and mammals (Widmann et al., 1999; Liu et al., 2000; Colcombet and Hirt, 2008; Kyriakis and Avruch, 2012). However, to date, genome-wide identification of MAPKs only has been reported in several teleost fishes, including zebrafish (Danio rerio) (Fujii et al., 2000; Krens et al., 2006a), spotted sea bass (Lateolabrax maculatus) (Tian et al., 2019), Japanese flounder (Paralichthys olivaceus) (Qiao et al., 2021), and seahorse (Hippocampus erectus) (Wang et al., 2021), whereas, an increasing number of functional studies about MAPKs of teleost have been performed in recent years, especially in the aspect of functional characterizations in response to distinct stresses. For instance, transcriptional expression analyses under cold and heat temperature stresses and Edwardsiella tarda infection indicated that eight MAPK genes were involved in the regulation of biotic and abiotic stress resistance in Japanese flounder (Paralichthys olivaceus) (Qiao et al., 2021). Several MAPKs in the JNK and p38 subfamilies showed differential expression after salinity and hypoxia challenge, illustrating their underlying roles in osmotic pressure and hypoxia responses in Lateolabrax maculatus (Tian et al., 2019). Moreover, it was observed that p38 MAPK is phosphorylated, activated, and involved in the induction of Hsp70 in the thermally stressed red blood cells of Sparus aurata (Feidantsis et al., 2012). In Dicentrarchus labrax, starvation stress was shown to affect the phosphorylation and activation of p38 MAPK (Antonopoulou et al., 2013). The expression patterns of MAPKs in seahorse (Hippocampus erectus) were analyzed postinfection with Vibrio fortis, uncovering their upregulation pattern in the brood pouch and other immune tissues (Wang et al., 2021). Following ammonia stress, lipopolysaccharide, and Aeromonas hydrophila challenge, the study results proved that the p38 MAPK gene had antistress properties and played key roles in protection against bacterial infection and inflammation in blunt snout bream (Megalobrama amblycephala) (Zhang et al., 2019). In addition, studies in euryhaline fish, killifish (Fundulus heteroclitus), indicated that ERK1, JNK, and p38 MAPK were important components of salinity adaptation and participated in osmotic regulation (Kultz and Avila, 2001; Marshall et al., 2005). All the above studies emphasize the important functions of MAPKs in biotic and abiotic stress responses in teleost.

Turbot (Scophthalmus maximus, FishBase ID: 1348), a commercially important cold-water marine flatfish species, is considered a cosmopolitan marine-culture flatfish species with delicious taste, high nutritional value, and the highest annual aquaculture production (Lei et al., 2012). However, due to continuous expansion of the intensive breeding scale coupled with increased frequency of extreme weather events in recent years, turbot is subject to various biotic and abiotic stresses, such as pathogen invasion, heat, oxygen, and salinity stress, which greatly impede the healthy and sustainable development of the turbot industry (Ronza et al., 2016; Cui et al., 2019; Cui et al., 2020; Huang et al., 2020; Nie et al., 2020; Gao et al., 2021; Ronza et al., 2021). Given the roles of MAPKs in coping with various stresses, therefore, systematically identifying MAPKs and investigating their functions underlying abiotic and biotic stresses have important practical significance in turbot. To date, no systematic analysis of MAPKs has been conducted in turbot. Therefore, in this study, we carried out the systematic identification of MAPKs based on a genome-wide search against turbot genome assembly. Then, basic physical and chemical properties, phylogenetic analysis, gene structure, and conserved motifs were characterized. Furthermore, the expression patterns of MAPKs in diverse tissues and under various abiotic and biotic stresses were investigated based on multiple published RNA-seq data sets from turbot. These results provide new insights into the biological roles of MAPKs in turbot under various biotic and abiotic stresses and provide valuable information for elucidating the environmental adaptation of turbot.



Materials and methods


Identification and sequence analysis of MAPKs in turbot

To do a genome-wide identification of all MAPKs in turbot, a high-quality, chromosome-level turbot genome assembly (GCA_022379125.1) (Xu et al., 2022) and MAPK protein sequences of Danio rerio, Oryzias latipes, Lepisosteus oculatus were downloaded from NCBI and UniProt. Then, D. rerio MAPK protein sequences were selected as a query database to search against the turbot genome using TBLASTN (Gertz et al., 2006) with an E-value of < 1e-10 and a minimum identity of 50% as the threshold. Then, all candidate sequences were conducted to analyze conserved domains with the HMMER software (Potter et al., 2018) with an E-value of 10-4 and Batch SMART tool in the Tbtools software (Chen et al., 2020) with default parameters. Some genes without MAPK-specific S_TKc domains were rejected. Next, the putative MAPKs functionally annotated as MAPKs in the UniProt database were manually selected as the final identified turbot MAPKs (SmMAPKs). Furthermore, the ExPASy ProtParam tool (https://web.expasy.org/protparam/) was performed to analyze the chemical and physical properties of MAPKs, including the numbers of amino acids, molecular weight (MW), and theoretical isoelectric point (pI). Finally, the subcellular localization was detected by the WoLF PSORT tool (https://www.genscript.com/wolf-psort.html).



Phylogenetic analysis

To investigate the phylogenetic relationships of MAPK proteins among different teleost species, a phylogenetic tree was constructed based on the amino acid sequences of MAPKs from turbot, D. rerio, O. latipes, and L. oculatus. Multiple sequence alignments were first carried out through the ClustalW program with default parameters. Then, the phylogenetic tree was constructed using the MEGA 11.0 (Tamura et al., 2021) software by the neighbor-joining (NJ) method with the Jones-Taylor-Thornton (JTT) substitution model and 1,000 bootstrap replications. Finally, EvolView (2.0) (He et al., 2016) (https://www.evolgenius.info/evolview/) was used to visualize the phylogenetic tree.



Chromosomal distribution, conserved motif, and gene structure analysis

To better understand the chromosomal distribution of MAPKs in turbot, the sequences of SmMAPKs were aligned to the 22 turbot chromosomes based on the Generic Transfer Format (GTF) file. Then, the alignment results were visualized using the gene location visualization function in TBtools (Chen et al., 2020). Moreover, to analyze the conserved motifs of the SmMAPKs, MEME (5.4.1) (Bailey et al., 2015) (http://meme-suite.org/tools/meme) was used, with the number of motifs being 10 and the other parameters set to default. Meanwhile, multiple sequence alignment was also conducted to survey the conserved dual-phosphorylation site motif in SmMAPKs using the DNAMAN 10.3.3.126 software. Furthermore, the GTF file and phylogenetic tree of SmMAPKs constructed by MEGA 11.0 were submitted to the Gene Structure Display Server (GSDS, http://gsds.cbi.pku.edu.cn) to show the gene structure with the length and position of exons and introns. Finally, the combination of the phylogenetic tree, conserved motifs, and intron-exons structure was generated.



RNA-seq data sets for the tissue expression of MAPKs

To illustrate the expression patterns of MAPKs in distinct tissues of turbot, multiple RNA-seq data sets of 12 different tissues from healthy turbot in the control group (under normal conditions), specifically, testis, ovary, gill, liver, intestine, blood, kidney, muscle, spleen, thymus, brain, and pyloric caeca, were collected from the NCBI Sequence Read Archive (SRA) database. Detailed information of these RNA-seq data sets are provided in Supplementary Table 1.



RNA-seq data sets under abiotic stress

To investigate the expression patterns of MAPKs under abiotic stress in turbot, six published abiotic stress (heat, oxygen, salinity)-related RNA-seq data sets (Supplementary Table 2) were downloaded from the NCBI SRA database. In detail, for heat-stress expression analysis, two RNA-seq data sets were used. In the SRA study of SRP152627, kidney tissue in turbot exposed to heat stress (23°C, 25°C, and 28°C) for 24 h and kidney tissue in the control group maintained at 14°C was used for RNA-seq (Huang et al., 2020). In the SRA study of SRP273870, RNA-seq was conducted on liver tissue in the treatment group under heat stress (20°C, 24°C, and 28°C) for 24 h and in the control group maintained at 14°C (Zhao et al., 2021). The SRA study of SRP167318 was used for oxygen-stress expression analysis, in which gill tissues in turbot subjected to waterless treatment under different oxygen conditions (6.5 mg/L (water, control group), 300 mg/L (waterless, air group), and 1430 mg/L (waterless, oxygen)) were used for RNA-seq (Nie et al., 2020). For salinity-stress expression analysis, we downloaded three low- and high-salinity stress-related RNA-seq data sets. In the SRA study of SRP238143 and SRP153594, gill and kidney tissue samples under different salinity stresses [low salinity (5‰), natural seawater (30‰), and high salinity (50‰)] for 24 h were collected, respectively, for RNA-seq (Cui et al., 2019; Cui et al., 2020). In the SRA study of SRP277001, liver tissues subjected to low salinity and natural seawater were collected at 24 h and used for RNA-seq (Liu et al., 2021).



RNA-seq data sets under biotic stress

To elaborate the expression patterns of MAPKs under biotic stress in turbot, publicly available RNA-seq data sets correlated to pathogen stresses, encompassing parasite (Enteromyxum scophthalmi), bacteria (Vibrio anguillarum), and virus (Megalocytivirus) infection, were downloaded from the NCBI SRA database (Supplementary Table 2). For E. scophthalmi infection, four RNA-seq data sets focusing on five distinct tissues in healthy and parasitized turbot were acquired. In the SRA study of SRP065375 and SRP050607, head kidney, pyloric caeca, and spleen tissues at 24 and 42 days postinfection (dpi) with E. scophthalmi were obtained for RNA-seq (Robledo et al., 2014; Ronza et al., 2016). In the SRA study of SRP308109, RNA-seq was performed on blood in four levels of infected (incipient, slight, moderate, and severe) and not infected turbot (Ronza et al., 2021). In the SRA study of SRP255305, thymus tissues from control and infected turbot at 24 and 42 dpi were selected for RNA-seq (Ronza et al., 2020). In addition, five SRA studies were conducted under V. anguillarum challenge. For the SRA study of SRP191266, intestine tissues 0, 1, 4, and 12 h after injection with V. anguillarum were sampled for RNA-seq (Gao et al., 2021). In the SRA studies of SRP319434, SRP320422, SRP335896, and SRP336094, spleen, gill, head kidney, and liver tissues were collected, respectively, under V. anguillarum infection for RNA-seq (Song et al., 2022).



Expression analyses of SmMAPKs

To perform expression analyses of SmMAPKs, raw reads of the above RNA-seq data sets were first aligned to the turbot genome using the STAR software with default parameters (Dobin et al., 2013). Following this, we used the featureCounts (Liao et al., 2014) software program in the Subread (Liao et al., 2013) package to construct reads count matrixes. Next, significant and differentially expressed (DE) (P < 0.05) SmMAPKs and extremely significant DE (false discovery rate (FDR) < 0.05 and |log2 fold change (FC)| > 1) SmMAPKs were identified using the edgeR software (Robinson et al., 2010). Then, expression patterns of SmMAPKs in diverse tissues and under biotic and abiotic stresses were analyzed based on the reads per kilobase per million mapped reads (RPKM) values. Finally, heat maps of expression patterns of MAPKs were visualized using the TBtools package (Chen et al., 2020) with normalized RPKM [log2 (RPKM + 1)].




Results


Identification and characteristics of MAPKs in turbot

In the present study, a total of 15 turbot MAPKs (named SmMAPKs) (Table 1 and Supplementary Table 3) were identified in the genome of S. maximus after detecting and validating the conserved domains of all candidate MAPKs. The detailed results of domain validation using the Batch SMART tool and HMMER software are provided in Supplementary Table 4 and Supplementary Table 5. All SmMAPKs were predicted to contain the serine/threonine protein kinases, catalytic domain (S_TKc, SMART00220) (Supplementary Figure 1). The characteristics of SmMAPKs are summarized in Table 1. In detail, the length of encoded proteins varied from 360 (SmMAPK12b) to 1,116 (SmMAPK7) amino acids with predicted MWs ranging from 41,577.52 Da (SmMAPK11) to 122,595.13 Da (SmMAPK7) and theoretical pI ranging from 4.92 (SmMAPK6) to 9.1 (SmMAPK15). Subcellular localization indicated SmMAPK proteins were universally located in the cytosol and nucleus except for SmMAPK3 in the cytoskeleton and SmMAPK10 in the mitochondrion.


Table 1 | Summary of the sequence characteristics of MAPK genes in Scophthalmus maximus.





Phylogenetic analysis of MAPK genes

To clarify the evolutionary relationships of MAPKs in a distinct teleost, an NJ phylogenetic tree was constructed utilizing the protein sequences of 15 SmMAPKs and 43 other teleost MAPKs. As shown in Figure 1, the tree shows that the 58 MAPKs were classified into three subfamilies, comprising ERK, JNK, and p38, and further divided into 13 distinct clades. The ERK subfamily contained 23 MAPKs, and the JNK subfamily included 15 MAPKs, whereas the p38 subfamily comprised 20 MAPKs. For turbot, the ERK subfamily consisted of six MAPKs (MAPK1, 3, 4, 6, 7, 15), and the JNK subfamily was composed of four MAPKs (MAPK 8a, 8b, 9, 10), whereas five MAPKs (11, 12a, 12b, 13, 14a, 15) were included in the p38 MAPK subfamily. In addition, not all teleost species had MAPKs from each clade, meanwhile, the numbers of MAPKs in each clade were varied. For example, L. oculatus did not include members in the MAPK11 and MAPK3 clades. D. rerio and O. latipes contained two members in the clade of MAPK14, whereas L. oculatus and S. maximus only had one member.




Figure 1 | Phylogenetic analysis of mitogen-activated protein kinases (MAPKs) in diverse teleost species. A total of 58 MAPK protein sequences from four teleost species were used to create the neighbor-joining (NJ) tree using MEGA 11.0 with the JTT model and 1,000 bootstrap replications. Three subfamilies are labeled extracellular signal-regulated kinase (ERK), c-Jun NH2-terminal kinase (JNK), and p38. Thirteen clades are discriminated by different colors, and the MAPKs of Scophthalmus maximus are marked with a red asterisk. Dr, Danio rerio; Ol, Oryzias latipes; and Lo, Lepisosteus oculatus.





Chromosomal distribution, gene structure, and motif analysis

As shown in Figure 2, 15 SmMAPKs were unevenly distributed on 10 S. maximus chromosomes. In detail, three MAPK genes, namely, SmMAPK 12a, 13, and 14a, were located on chr7. There were two MAPK genes observed on chr 12, chr16, and chr 19, respectively. Moreover, only one SmMAPK was distributed on chr 4, chr 9, chr 10, chr 17, chr 20, and chr 22. In addition, gene structure analysis indicated that SmMAPKs are variable in length, ranging from 4,896 to 33,625 bp (Table 1 and Figure 3). Furthermore, the exon numbers of the SmMAPKs varied from 7 to 14 (Figure 3). On the whole, the numbers of exons in the ERK subfamily were fewer than the JNK and p38 MAPK subfamilies, whereas most members within the same subfamily shared similar numbers of exons. Among them, SmMAPK7 in the ERK subfamily had the fewest exons with only seven, whereas SmMAPK10 in the JNK subfamily, the longest MAPK (33,625 bp) in turbot, had the largest number of exons (14). The motif analysis results revealed a total of 10 motifs detected using the MEME tool (Figure 3), and the sequence logos of 10 motifs from the results of MEME are provided in Supplementary Figure 2. Therefore, motifs 1, 2, 4, 5, and 7 exist in all SmMAPKs, whereas motif 8 could only be observed in members of the JNK subfamily, and motif 10 could only be found in the p38 and ERK subfamilies. The motif numbers among MAPKs varied from 7 to 10, and most of SmMAPKs had nine motifs, demonstrating the similar protein structures and functions among SmMAPKs. Furthermore, multiple sequence alignment showed that all SmMAPKs contained the correct amino acid residue within the specific dual-phosphorylation site (Table 1 and Supplementary Figure 3). In detail, the ERK subfamily had a TEY (Thr-Glu-Tyr) activation motif, among which ERK3 (MAPK6) and ERK4 (MAPK4) contained the SEG (Ser-Glu-Gly) motif, and the p38 MAPK subfamily contained TGY (Thr-Gly-Tyr) conserved structures, and the JNKs have a TPY (Thr-Pro-Tyr) activation motif.




Figure 2 | Chromosomal distribution of Scophthalmus maximus mitogen-activated protein kinase (MAPK) genes. The MAPK genes and chromosomes are highlighted in red and yellow, respectively.






Figure 3 | The combination of phylogenetic relationship, conserved motif, and exon–intron structure. The left of the graph shows the phylogenetic relationships. The middle of the graph shows the distribution of conserved motifs, and each colored rectangular box represents a motif. The right of the graph shows the exon–intron structure, and the lengths of introns in each SmMAPK are displayed in the same length.





Expression patterns of SmMAPKs in different tissues

The expression patterns of all SmMAPK members in 12 different tissues are shown in Figure 4. The expression data of SmMAPKs are provided in Supplementary Table 6. On the whole, MAPKs were widely expressed in all 12 tissues and, meanwhile, differentially expressed in some tissues. In detail, MAPKs showed the highest global expression levels in the brain, relatively higher global expression levels in the thymus and kidney, and the lowest global expression levels in the liver and muscle. Moreover, the global expression levels of SmMAPK3, 6, and 14a were higher than other members in almost all tissues. In addition, some genes presented obviously tissue-specific expression patterns; for instance, the expression of SmMAPK10, 4, and 8a was almost only detected in the brain. SmMAPK7, 15, 12a, and 12b showed higher expression levels than other members in the testis, ovary, thymus, and kidney, respectively.




Figure 4 | Heat map of mitogen-activated protein kinase (MAPK) expression in 12 different tissues in S. maximus. Each cell with a different color corresponds to a different expression level, which was normalized into log2 (RPKM + 1).





Expression patterns of SmMAPKs under heat stress

The expression patterns of SmMAPKs in the kidney and liver under heat stress were detected based on RNA-seq data sets related to heat stress (Figure 5A). The expression data are provided in Supplementary Table 7. On the whole, nearly all MAPKs exhibited obviously higher expression levels in the kidney than in the liver in both the control and heat treatment groups except for SmMAPK4, 10, and 8a. In the head kidney, five MAPK genes showed significant differential expression, among which SmMAPK6, 12b, and 15 showed extremely significant differential expression (Figure 5A). In detail, SmMAPK6 was first downregulated continuously at 23°C and 25°C and then extremely significantly upregulated at 28°C compared to 25°C. SmMAPK12b was extremely significantly downregulated at 28°C compared to 23°C. SmMAPK15 was significantly upregulated at 25°C and then extremely significantly 28°C compared to 25°C. In the liver, only SmMAPK13 showed extremely significant differential expression (Figure 5A). SmMAPK13 was significantly downregulated under all heat treatments, and extremely significantly downregulated in the groups with 20°C vs. 14°C and 28°C vs. 14°C. To sum up, SmMAPK6 and SmMAPK15 (both in the head kidney) in the ERK subfamily and SmMAPK12b (in the head kidney) and SmMAPK13 (in the liver) in the p38 subfamily were extremely sensitive in response to heat stress in turbot.




Figure 5 | Heat map of mitogen-activated protein kinase (MAPK) expression in Scophthalmus maximus under three abiotic stresses. (A) Expression of MAPKs in kidney and liver tissues under heat stress: 14 °C: control group; 20 °C, 23 °C, 24 °C, 25 °C, and 28 °C: heat stress group. (B) Expression of MAPKs in gill tissues under oxygen stress: Control: 6.5 mg/L of O2, water; Air: 300 mg/L of O2, waterless; and oxygen: 1,430 mg/L of O2, waterless. (C) Expression of MAPKs in kidney, gill, and liver tissues under salinity stress: Control: 30‰ salinity (natural seawater); 50: 50‰ salinity; 5: 5‰ salinity; and 0: fresh water. Each cell with a different color corresponds to a different expression level, which was normalized into log2 (FPKM + 1). *Significantly differentially expressed MAPKs with P < 0.05. **Extremely significant differential expression of MAPKs with false discovery rate (FDR) < 0.01 and |log2 fold change (FC)| > 1.





Expression patterns of SmMAPKs under heat stress

The expression patterns of SmMAPKs in the kidney and liver under heat stress were detected based on RNA-seq data sets related to heat stress (Figure 5A). The expression data are provided in Supplementary Table 7. On the whole, nearly all MAPKs exhibited obviously higher expression levels in the kidney than in the liver in both the control and heat treatment groups except for SmMAPK4, 10, and 8a. In the head kidney, five MAPK genes showed significant differential expression, among which SmMAPK6, 12b, and 15 showed extremely significant differential expression (Figure 5A). In detail, SmMAPK6 was first downregulated continuously at 23°C and 25°C and then extremely significantly upregulated at 28°C compared to 25°C. SmMAPK12b was extremely significantly downregulated at 28°C compared to downregulation at 23°C. SmMAPK15 was significantly upregulated at 25°C and then extremely significantly 28°C compared to 25°C. In the liver, only SmMAPK13 showed extremely significant differential expression (Figure 5A). SmMAPK13 was significantly downregulated under all heat treatments, and extremely significantly downregulated in the groups with 20°C vs. 14°C and 28°C vs. 14°C. To sum up, SmMAPK6 and SmMAPK15 (both in the head kidney) in the ERK subfamily and SmMAPK12b (in the head kidney) and SmMAPK13 (in the liver) in the p38 subfamily were extremely sensitive in response to heat stress in turbot.



Expression patterns of MAPK genes under oxygen stress

To illustrate the expression patterns of MAPKs in turbot under oxygen stress, one RNA-seq data set of gill tissues under different oxygen conditions was used. The expression data are provided in Supplementary Table 8. As shown in Figure 5B, all MAPKs are shown obviously upregulated or downregulated under different oxygen conditions except for SmMAPK4 and 10. In detail, five genes showed significant differential expression, of which SmMAPK15 showed extremely significant differential expression (Figure 5B). First, SmMAPK15 was extremely significantly downregulated in the air vs. control groups, and then significantly upregulated in the oxygen vs. air groups. In conclusion, MAPKs in the air group showed more significant differential expression than in the oxygen group when compared to the control group, among which SmMAPK15 was extremely susceptible to air exposure stress.



Expression patterns of SmMAPKs under salinity stress

The expression patterns of SmMAPKs under salinity stress in the head kidney, gill, and liver of turbot were illuminated using low- and high-salinity-related RNA-seq data sets (Figure 5C). The expression data are provided in Supplementary Table 9. On the whole, all SmMAPKs exhibited obviously distinct expression levels in the kidney, gill, and liver except for SmMAPK10 that had the highest holistic expression levels in the kidney, relatively higher in the gill, and lowest in the liver. For low-salinity stress, no MAPK genes showed significant differential expression in the head kidney. In the gill, two genes were significantly upregulated, of which SmMAPK11 was extremely significantly upregulated (Figure 5C). In the liver, two MAPK genes were significantly upregulated, among which SmMAPK6 was extremely significantly upregulated (Figure 5C). Under high-salinity stress, 3 and 11 MAPK genes showed significant differential expression in the kidney and gill, respectively, of which one and five genes showed extremely significant differential expression (Figure 5C). In the head kidney, SmMAPK8a was extremely significantly downregulated and upregulated, respectively. In the gill, SmMAPK4, 6, 8a, 12b, and 15 were extremely significantly upregulated. SmMAPK11 and SmMAPK12b (both in the gill) in the p38 MAPK subfamily; SmMAPK6 (in the gill and liver) and SmMAPK15 and SmMAPK4 (both in the gill) in the ERK subfamily; and SmMAPK8a (in the head kidney and gill) in the JNK subfamily were extremely impressible in response to salinity stress.



Expression patterns of SmMAPKs under pathogen stress

Using pathogen (parasite, bacteria, and virus) challenged RNA-seq data sets, the involvement of SmMAPKs in different tissues under distinct pathogen infections is elucidated in Figure 6. The expression data are provided in Supplementary Table 10. Under E. scophthalmi infection, expression patterns of SmMAPKs in five different tissues were elaborated. In detail, in the head kidney, three MAPK genes were significantly influenced by E. scophthalmi infection, among which SmMAPK6 was extremely significantly upregulated at 42 dpi (Figure 6). In the pyloric caeca, two MAPK genes showed significant differential expression, of which SmMAPK14a was extremely significantly downregulated at 42 dpi (Figure 6). In the spleen, five MAPK genes in response to E. scophthalmi infection were detected, among which SmMAPK4 and 10 were extremely significantly upregulated and downregulated at 24 dpi, respectively (Figure 6). In the thymus, three significantly DE MAPK genes were determined (Figure 6). In the blood, eight significantly DE MAPK genes were only detected in the moderate and severe infection groups, of which four extremely significant DE MAPK genes were detected in the severe infection group (Figure 6). Specifically, SmMAPK12a, 12b, and 11 were extremely significantly upregulated in severe infection. SmMAPK15 was extremely significantly downregulated in severe infection. Collectively, SmMAPK11, 12a, 12b, and 14a in the p38 MAPK subfamily; SmMAPK4, 6, and 15 in the ERK subfamily; and SmMAPK10 in the JNK subfamily were extremely prone to E. scophthalmi infection.




Figure 6 | Heat map of mitogen-activated protein kinases (MAPK) expression in Scophthalmus maximus under pathogen (Enteromyxum scophthalmi, Vibrio anguillarum, and Megalocytivirus) infection. Ki, Pc, Sp, Th, Bl, In, Gi, and Li represent the head kidney, pyloric caeca, spleen, thymus, blood, intestine, gill, and liver, respectively. C represents the control group, V represents the V. anguillarum infection, and M represents the Megalocytivirus infection. Each cell with a different color corresponds to a different expression level, which was normalized into log2 (FPKM + 1). *Significantly differentially expressed of MAPK genes with P < 0.05. **Extremely significant differential expression of MAPK genes with false discovery rate (FDR) < 0.01 and |log2 fold change (FC)| > 1.



Using bacteria (V. anguillarum) infected RNA-seq data sets, the involvement of SmMAPKs in five distinct tissues was expounded. In the intestine, spleen, and gill, there were four, one, and zero significantly affected MAPK genes detected (Figure 6), respectively, whereas no extremely significant DE MAPK genes were found. In the head kidney, two genes showed significant differential expression, of which SmMAPK15 showed extremely significant differential expression (Figure 6). In the liver, three MAPK genes that were significantly upregulated were identified among which SmMAPK6 and 14a were extremely significantly upregulated (Figure 6). Given the above, SmMAPK14a in the p38 MAPK subfamily and SmMAPK6 and 15 in the ERK subfamily showed an extremely significant response to V. anguillarum infection.

In addition, to investigate the expression patterns of SmMAPKs under virus infection, an RNA-seq data set of the head kidney under Megalocytivirus infection was used. Based on the results, nine MAPK genes showed significant differential expression and four MAPK genes showed extremely significant differential expression (Figure 6). In detail, SmMAPK4 and 12b were extremely significantly downregulated at 9 dpi. SmMAPK3 was extremely significantly downregulated at 6 and 9 dpi. SmMAPK9 was extremely significantly upregulated at 9 dpi. SmMAPK9 in the JNK subfamily, SmMAPK3 and 4 in the ERK subfamily, and SmMAPK12b in the p38 MAPK subfamily were extremely significantly affected by Megalocytivirus challenge.




Discussion

MAPKs, a series of mitogen-activated protein kinases lying within the MAPK cascade, are unique to eukaryotes, which play key roles in transducing upstream signals to the target proteins, and thus, induce various cellular responses (Teramoto and Gutkind, 2013). Recently, an increasing number of studies have shown that MAPKs participate in various biological processes in teleost, including embryogenesis and cell death as well as response to environmental stresses (toxicant, heat, hypoxia, oxidative, salinity, and pathogen infection) (Krens et al., 2006a; Urushibara et al., 2009; Shi and Zhou, 2010; Tian et al., 2019; Wang et al., 2021). However, systematic identification and functional investigation of MAPKs have not been reported in turbot up to now. In the present study, we first identified and characterized SmMAPKs at a genome-wide level systematically and then we performed phylogenetic analysis and gene structure and conserved motif analysis. Finally, we investigated their expression patterns in diverse tissues and divergent functions on abiotic and biotic stress responses based on multiple RNA-seq data sets.

MAPKs are widespread in all eukaryotes, whereas the numbers of MAPKs vary greatly among species. In the plant genome, different numbers of MAPKs have been found, such as 10 in Ziziphus jujuba Mill. (Liu et al., 2017), 21 in Manihot esculenta Crantz (Yan et al., 2016), 32 in Glycine max (McNeece et al., 2019), and 54 in Triticum aestivum L. (Zhan et al., 2017), whereas only 13 MAPKs were detected in mammal species, such as mouse and human (Widmann et al., 1999). In the present study, a total of 15 MAPKs were identified in the S. maximus genome, which is similar to the numbers of identified MAPKs in other teleost species, such as P. olivaceus (14) (Qiao et al., 2021) and L. maculatus (14) (Tian et al., 2019). Previous studies also showed that the total numbers of MAPKs ranged from 13 to 16 in teleost, which might be a reflection of evolutionary conservation of MAPKs in teleost. In addition, the gene copy number of MAPKs also showed variation among teleost based on the phylogenetic analysis of four representative teleost species. For example, no MAPK members of L. oculatus were included in the MAPK11 and MAPK3 clades. Moreover, D. rerio and O. latipes included two members in the clade of MAPK14, whereas L. oculatus and S. maximus only had one member. A varied gene copy number might be the result of gene gain or loss in the process of evolution. Furthermore, except for MAPK8, 12, 14 containing two copies, most MAPKs in the species of this study had only a single copy. Although members in each subfamily varied in distinct teleost, they were more similar to each other than to other subfamilies, indicating that MAPKs were highly conserved during evolutionary history (Qiao et al., 2021).

Gene structure can also provide evidence for assessing evolutionary relationships within the gene family (Wang et al., 2015). In the present study, gene structures and conserved motifs of SmMAPKs were in keeping with the subfamily classification. In detail, the number of exons in the ERK subfamily, with an average of nine, was fewer than the JNK (with 13) and p38 subfamilies (with 12), and most of the members within the same subfamily shared similar numbers of exons and introns. Furthermore, motif analysis showed that all members in the JNK subfamily contained motif 8, whereas motif 10 could only be observed in almost all members in the p38 and ERK subfamilies. In addition, multiple sequence alignment indicated that the same subfamily contained the same TXY (Thr-X-Tyr) dual-phosphorylation site motif except for ERK3 and ERK4 that contained an alternative dual-phosphorylation motif SEG; even so, the SEG motif still contains an intermediate glutamic acid (E) residue, which is in accord with zebrafish and other vertebrates (Krens et al., 2006a; Krens et al., 2006b). SmMAPKs showed similar exon–intron distribution patterns, conserved motif constitution, and the same dual-phosphorylation site motif within members in the same subfamilies, demonstrating that they were highly evolutionarily conserved in gene structure and might represent highly similar features and functions. This might be the consequence of gene duplication and expansion and also provides dependable support for the identification and classification of MAPKs.

According to the expression patterns of SmMAPKs in different tissues, we concluded that SmMAPKs were expressed in a tissue-specific manner. For example, SmMAPK4, 8a, and 10 are almost only expressed in the brain, and global expression levels were lower in the liver and muscle than in other tissues. Studies in Japanese flounder also demonstrate that MAPKs showed obviously tissue-specific expression patterns; meanwhile, hardly any MAPKs were expressed in liver tissues, which is in accord with our results (Qiao et al., 2021). In addition, nearly all MAPKs in both control and treatment groups under all stresses exhibited the highest global expression levels in the head kidney. As is well known, the head kidney is an essential organ which comprises cortisol-producing inter-renal cells (Best and Gilmour, 2022), whereas cortisol is the primary glucocorticoid released when teleosts are exposed to stress and it plays key roles in the stress response of teleosts (Bordin and Freire, 2021). Hence, we hold the opinion that the head kidney should be selected as the main tissue for stress studies in teleosts.

In recent years, an increasing number of studies have demonstrated that MAPKs have enormous effects on the response of teleosts to cope with abiotic stresses (Marshall et al., 2005; Feidantsis et al., 2012; Tian et al., 2019; Wen et al., 2019; Qiao et al., 2021). In our study, SmMAPK6 (ERK3), 15 (ERK7/8), 12b (p38γ), and 13 (p38δ) were extremely and significantly affected by heat stress. A similar result was also found that the activation of p38 MAPK was indispensable for adaptation to thermal stress in the red blood cells of S. aurata through the induction of Hsp70 (Feidantsis et al., 2012). Moreover, heat stress increased the expression of p38 MAPK in Argyrosomus regius (Antonopoulou et al., 2020). Furthermore, it was reported that gene CGA1 was implicated in the regulation of resistance to heat or salinity stress via HSP70A and MAPK6 in Chlamydomonas reinhardtii (Lee et al., 2017). SmMAPK15 was also extremely and significantly influenced by air exposure in our study. A previous study in humans indicated that MAPK15 could protect from oxidative stress-dependent cellular senescence by inducing the mitophagic process (Franci et al., 2022). In addition, six DE SmMAPKs in response to salinity stress were identified, namely, SmMAPK4, 6, 8a, 11, 12b, and 15. Among them, MAPK8 (JNKl) and 11 (p38β) were demonstrated to be significantly sensitive to salinity challenge (Tian et al., 2019). Furthermore, transcriptome analysis showed that MAPK6 (ERK3) played a crucial role in salt acclimation in Arabidopsis (Shen et al., 2014). Moreover, MAPK4 (ERK4) overexpressed transgenic soybean and showed significantly increased tolerance to salt stress. In addition, phosphorylated JNK and p38 obviously increased under hypertonic shock and hypotonic stress in Fundulus heteroclitus (Marshall et al., 2005). The activity of the three subgroups of MAPK (ERK1, JNK1, and p38) significantly decreased and increased in response to high- and low-salinity stress in gill epithelium cells of F. heteroclitus, respectively, indicating that MAPKs were key components of salinity adaptation and involved in osmosensory signaling pathways in euryhaline fish (Kultz and Avila, 2001). Combining our results with other available evidence, we detected seven candidate MAPK genes (SmMAPK4, 6, 8a, 11, 12b, 13, and 15) responsive to abiotic stress.

Herein, functions of MAPKs in response to biotic stress were also investigated by examining the expression patterns of SmMAPKs under diverse pathogen infections. Based on the expression analysis, we concluded that SmMAPKs could show apparent differentially expressed patterns in distinct tissues under the same pathogen infection, and the expression would vary in a time-dependent manner. For instance, under E. scophthalmi infection, SmMAPK4 and 10 were detected differentially expressed at 24 dpi in the spleen, and DE SmMAPK15 were detected at 24 and 42 dpi in the spleen, whereas DE SmMAPK6 in the head kidney and SmMAPK14a in the pyloric caeca were only detected at 42 dpi, and no DE SmMAPKs were identified in the thymus. In addition, four DE SmMAPKs, namely, SmMAPK11, 12a, 12b, and 15, were identified in severely infected blood. Furthermore, following V. anguillarum challenge, DE SmMAPKs were only found in the liver and head kidney. Postinoculation with Megalocytivirus, 0, 1, and 4 DE SmMAPKs were identified at 3, 6, and 9 dpi, respectively. Moreover, among all of the above DE SmMAPKs, SmMAPK6, 4, 12b, 14a, and 15 were extremely significant differentially expressed under at least two pathogens’ infection, manifesting their important functions in preventing invasions of different pathogens.

Currently, many previous studies have demonstrated the functions of the above DE MAPK genes identified under diverse biotic stresses. For instance, a study in Takifugu rubripies showed that MAPK6 (ERK6) was located at the center of the regulatory networks conferred by interferon gamma, which was critical for innate and adaptive immunity in fish (Kong et al., 2018). MAPK6 (ERK6), 11 (p38β), and 14a (p38α) were reported as significantly influenced following Edwardsiella tarda challenge in Japanese flounder (Qiao et al., 2021). It was also proved that the mRNA levels of MAPK11 (p38β) and 14 (p38α) in the head kidney of Oplegnathus fasciatus were all upregulated under the PAMPs challenge (Umasuthan et al., 2015). Moreover, infection with Vibrio fortis led to significant upregulation of MAPK9 (JNK2) and 10 (JNK3) in different tissues of the lined seahorse (Wang et al., 2021). Furthermore, MAPK4-silenced plants of Glycine max were more resistant to Soybean mosaic virus and downy mildew in contrast to vector control plants, revealing that MAPK4 (ERK4) negatively regulated defense response (Liu et al., 2011). For the intestine transcriptomic profiling of the grass carp treated with Bacillus subtilis H2, MAPK12b (p38γ) was significantly upregulated, which showed the effect of MAPK12b in response to B. subtilis infection. Based on the results in our study coupled with findings of the abovementioned studies, we concluded that SmMAPK3, 4, 6, 9, 10, 11, 12a, 12b, 14a, and 15 might play crucial roles in responding to pathogen infection.

It is worth noting that SmMAPK11 and 12b in the p38 MAPK subfamily and SmMAPK4, 6, and 15 in the ERK subfamily showed extremely significant differential expression under both biotic and abiotic stresses. Among them, SmMAPK15 (ERK7/8) showed differential expression under all stresses (heat, oxygen, salinity, and parasitic and bacterial infections) except for viral infection. The above results demonstrate that these MAPK genes, especially SmMAPK15 (ERK7/8), might play crucial antistress roles in response to both biotic and abiotic challenges. MAPK15, originally also known as ERK7/8, was the atypical MAPK identified recently and the least studied to date (Lau and Xu, 2019). Recent studies show that MAPK15 participated in multifarious cellular activities, such as regulating cell proliferation and division, promoting cell transformation and apoptosis, maintaining genome stability, responding to heat and oxygen stresses, and so on (Colecchia et al., 2012; Yang et al., 2013; Kazatskaya et al., 2017; Lau and Xu, 2019). In addition, using Entamoeba invadens, a reptilian parasite as a model organism, a stress-responsive MAPK15 that was upregulated under different stress conditions was identified (Singh et al., 2018), whereas functions of MAPK15 in response to various stresses acting on teleosts deserve more experiments and validations.



Conclusions

In this study, we identified MAPKs in turbot at a genome-wide level and investigated their functions in response to abiotic and biotic stresses. A total of 15 MAPK gene family members were identified in turbot and were divided into three subfamilies. Furthermore, phylogenetic relationship, motif compositions, and gene structure analysis illustrated that the MAPKs were highly evolutionarily conservative across various teleost species. Based on the expression profiles, 7 and 10 candidate stress-responsive MAPK genes were identified under abiotic (heat, oxygen, and salinity) and biotic (parasitic (E. scophthalmi), bacterial (V. anguillarum), and viral (Megalocytivirus) infections) stresses. It is particularly necessary to point out that SmMAPK11 and 12b in the p38 MAPK subfamily and SmMAPK4, 6, and 15 in the ERK subfamily were common MAPK genes in response to both biotic and abiotic stresses, of which MAPK15 (ERK7/8) was in response to all stresses except for Megalocytivirus infection. This study provides the first systematic analysis of MAPKs in turbot, which not only improves our understanding of the functions of MAPKs in response to abiotic and biotic stresses in turbot, but also lays the foundation for research on the molecular adaptation mechanisms of turbot under environmental stress.
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