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NHE and NKA are important regulators of ion transport in fish and play a pivotal role in maintaining osmotic balance and adapting to salinity changes. However, no systematic identification and functional analysis has been conducted for NHEs and NKAs in the cobia (Rachycentron canadum), a commercially important worldwide flatfish. Herein,12 NHE genes were found to be distributed on 10 chromosomes and 12 NKA genes were found to be distributed on 9 chromosomes were identified in the R. canadum at the genome-wide level. Histopathological examination of the gills demonstrated the response of gill lamellae and chloride cells to salinity, while the microstructure of the intestine and kidney exhibited changes associated with salinity. The findings show that members of the NHE and NKA gene families are widely distributed in gill, brain, and heart tissues. Specifically, NHE genes exhibited high expression levels in the gill, somatic kidney, and brain, whereas NKA genes displayed prominent expression in the gill, brain, and heart. Moreover, salinity adaptation experiments were conducted to examine the response of NHE and NKA genes. In the intestine, NHE1 expression was significantly upregulated following both high and low salt stimulation, while the somatic kidney exhibited a proportional response to changes in salinity. Notably, a significant downward trend in NHE2c expression was observed in the gill, intestine, and somatic kidney with increasing salinity. Following low-salt acclimation, NKAα1b and NKAβ3a were significantly down-regulated in the gill, whereas NKAα3a and NKAβ3a displayed significant up-regulation and down-regulation in the intestine, respectively. In the somatic kidney, NKAα1b, NKAα3a, and NKAβ3a were significantly up-regulated. During high-salt acclimation, the expression patterns of NKAα1b and NKAβ3a in the gill were consistent with those observed during low-salt acclimation, while NKAα3a and NKAβ1b exhibited significant upregulation. Our findings underscore the high conservation of NHE and NKA gene family members in R. canadum and highlight tissue-specific expression patterns and their responses to salinity changes. These results provide valuable insights into the molecular mechanisms governing ion transport and osmoregulation in R. canadum, contributing to the development of novel strategies for enhancing aquaculture practices of this species.
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1 Introduction

The cobia, Rachycentron canadum, is a euryhaline teleost known for its ability to tolerate a wide range of salinity levels, ranging from 22.5 to 44.5 ‰, and it exhibits excellent growth performance (Shaffer and Nakamura, 1989; Smith, 1995). In addition to its fast growth rate, R. canadum is a carnivorous fish species highly valued for its delicious meat, nutritional content, and robust resistance. As a result, R. canadum has become an important mariculture species in the southeast coast of China (Zhou et al., 2006; Chen et al., 2009). However, the culture of R. canadum in seawater nets is vulnerable to extreme weather conditions such as typhoons, heavy rains, and cold fronts. The churning of upwelling and surface seawater can lead to significant fluctuations in seawater salinity and temperature, which have a significant impact on the growth and survival of teleost (Benetti et al., 2021). Salinity is one of the key environmental factors that affect the growth and reproduction of fish (Zhang et al., 2017). Teleost can be classified into euryhaline and non-euryhaline species based on their salinity tolerance. Euryhaline teleost often have well-developed mechanisms of osmoregulation that activate osmoregulatory cells, ion channels, enzymes, and hormones in response to salinity stress, allowing them to survive and thrive in a wide range of salinity levels (Fiol and Kültz, 2007; Holmes et al., 2022). Therefore, studying the salinity adaptation mechanisms of euryhaline teleost can provide a theoretical basis for understanding how they maintain organismal homeostasis in different salinity environments.

Euryhaline teleosts are able to adapt to various salinity levels by regulating ion transport, neuroendocrine function, and energy metabolism through osmoregulatory organs such as the gills, intestines, and kidneys (Yamaguchi et al., 2018). At the molecular level, specific genes have been identified as playing a role in regulating salinity adaptation. These genes include ion transporters such as the sodium potassium pump (NKA), Na+/K+/2Cl- cotransporter 1 (NKCC1), Na+/H+ exchanger 3 (NHE3), Na+/Cl- cotransporters (NCC), and cystic fibrosis transmembrane conductance regulator (CFTR) (Marshall, 2011; Hwang et al., 2018). In addition, endocrine hormone genes such as growth hormone (GH), hydrocortisone (COR), prolactin (PRL), and insulin-like growth factor-1 (IGF-1) have also been implicated in the regulation of osmolarity (Jia and Lu, 2016).

NHE proteins are widely distributed ion transporter protein, that play a crucial role in regulating Na+ and H+ concentration gradients, which is important for physiological processes (Orlowski and Grinstein, 2004). Members of the NHE gene family are involved in a range of cellular processes, including intracellular acid-base homeostasis, cell volume regulation, and Na+ reabsorption in the kidney and gastrointestine (Counillon and Pouysségur, 2000). In studies on osmolarity in fish, NHE1, NHE2, and NHE3 are commonly considered as main candidate genes of the NHE family, with research primarily focused on exploring their relationship with dynamic pH balance, osmolarity homeostasis, and ammonia excretion activity (Edwards et al., 2005).

During salinity acclimation, euryhaline teleosts maintain intracellular homeostasis through the action of ion transport proteins and channels mediated by Na+/K+-ATPase (NKA) in the gills (Upling, 2020). NKA is a transmembrane protein composed of α and β subunits that are widely distributed in the gill filaments and body kidneys of fish (Han et al., 2022). It mainly relies on the energy generated by ATP hydrolysis to regulate ion concentration homeostasis in the body, achieve active transmembrane transport of Na+ and K+, maintain cellular ion homeostasis, and can be used as an important indicator of osmotic pressure regulation in fish(Jiang et al., 2022). In addition, a study on the salinity experiments of migratory Arctic charr(Salvelinus alpinus) suggested that inefficient regulation of osmolality may be due to the failure of NKAα1b expression (Bystriansky et al., 2007). NKA activity is closely related to environmental salinity (Yang et al., 2022). Generally, in teleost, NKA activity is positively correlated with increasing salinity. For instance, juvenile Turbot(Scophthalmus maximus) showed that gill filament NKA activity and plasma osmolality were highest at a salinity of 33.5 ‰ and lowest at 15 ‰ (Imsland et al., 2003). In Gadus morhua, NKAα expression in gill filaments and body kidneys significantly decreased in hypoosmotic acclimation experiments, while showing an increasing trend in hypertonic water bodies (Larsen et al., 2012). Furthermore, (Shi et al., 2017) investigated the effect of salinity gradient on Epinephelus moara and found that NKA activity initially increased and then decreased in all treatment groups (except the 9‰ group) with a sudden decrease in salinity, while the 9‰ group always showed a decrease in NKA enzyme activity, suggesting that very low salinity leads to a decrease in NKA activity, impaired ion transport efficiency in the gills, and prevents excessive ion loss. The pattern of changes in NKA enzyme activity in the gill filaments and liver of juvenile Amphiprion clarkii was consistent, with a constant increase within 24 h of low salt stress and a return to normal or slightly below normal enzyme activity at 48 h and 96 h (Hu et al., 2016). In a seawater desalination experiment with Lateolabrax japonicus, gill tissue NKA enzyme activity initially decreased and then increased, following a “U” shape. During the desalination adaptation phase, the activity gradually recovered and stabilized but remained lower than the control group (salinity 30), with a significant difference between the two groups (Zhang et al., 2018). However, the change pattern of NKA activity in teleost was inconsistent, affected by the intensity of salinity adaptation and could be divided into two contradictory types: positive and negative correlation of salinity change. The former, such as A. clarkii, Oreochromis mossambicus, and E. moara, and the latter, such as Cleisthenes herzensteini and Sparus macrocephlus, may be related to the strength of osmotic stress tolerance of the species (Lin et al., 2006). Additionally, it has been suggested that NKA activity reaches a minimum when the salinity of the water column reaches the isotonic point in fish (Wang et al., 2011). Differences in osmoregulatory capacity and regulation in different fish species, changes in NKA activity involving individual development (adults vs. juveniles) and salinity adaptation patterns (acute vs. chronic, long-term vs. short-term), are closely related to species evolution.

In this study, we conducted a comprehensive analysis of the NHE and NKA gene families in R. canadum to investigate their roles in osmoregulation. Our objectives included identifying and characterizing the members of these gene families using genomic data. We examined the conserved structures of the genes, established an evolutionary tree for the species, and performed transcriptome sequencing to explore the expression patterns of the NHE and NKA gene families in R. canadum under various salinity conditions. This research provides valuable insights into the involvement of these gene families in osmoregulation and contributes to our understanding of how R. canadum adapts to different salinity environments.




2 Materials and methods



2.1 Experimental fish and sampling

The fish used for the experiment were the juvenile fish artificially hatched and cultured by our group. The fish were temporarily kept in a bucket of 1.5 cubic meters of water in a salinity of 28-30‰, a water temperature of 26-28 °C, and a DO of not less than 6 mg·L-1. 180 fish of uniform size, healthy and vigorous with no damage on the body surface were selected for the salinity adaptation experiment after one week of temporary rearing, and the initial weight of the fish was 9.74 ± 0.85 g. The fish were divided into 10‰ salinity group, 30‰ salinity group and 35‰ salinity group with three biological replicates in each group. The fish were cultured in 9 buckets of 500 L size for 4 weeks, with 20 fish randomly placed in each bucket. The culture water salinity was adjusted downward by 4‰/d using fully aerated dechlorinated fresh water or upward by 4‰/d using sea crystals until the salinity of the experimental group reached the preset salinity and then the experiment was officially started. During the culture period, the water was fed twice daily with 6% body weight of commercial compound feed (46% crude protein and 8% crude lipid) without interruption of aeration and the water exchange rate was 30%.

Two sampling were conducted. In the first sampling, five R. canadum were randomly selected after seven days of culture, and eight tissues, including gill, intestine, body kidney, brain, stomach, muscle, spleen, and heart, were collected after anesthesia with eugenol (200 mg/L) for tissue distribution assay. In the second sampling, after four weeks of culture, five fish were randomly selected from each barrel, with a total of 15 fish. Among them,6 fish were anesthetized and three tissues of gill, intestine, and body kidney were taken for phenotypic analysis and qPCR detection, and 9 fish were mixed for transcriptome sequencing. All molecular samples were snap frozen in liquid nitrogen and stored at -80 °C after collection.




2.2 HE staining

The fresh tissue was fixed using paraformaldehyde (4%) for 24 h. Afterwards, the tissue was orderly dehydrated using gradient alcohol, and the wax-soaked tissue was embedded in the embedding machine. And further the tissue was cut into slices with its thickness 4 μm, and the paraffin sections were dewaxed and further washed by distilled water. Lastly, the nucleus and cytoplasm were stained by hematoxylin and eosin, respectively.




2.3 Identification of NHE and NKA gene family members in R. canadum

For the complete identification of NHE and NKA gene family members in R. canadum, this study was based on the whole genome data of R. canadum (PRJNA634421) obtained in our laboratory and the NCBI public database, blast identification of NHE and NKA gene family members, recorded as the first round of screening results. The NHE and NKA gene family features were obtained from the Pfam database (http://pfam.xfam.org/) as PF00999 (Sodium/hydrogen exchanger family), PF00287 (Sodium/potassium ATPase beta chain), and PF00690 (Cation transporter/ATPase, N-terminus), respectively. The Hidden Markov Models (HMM) were used to obtain the features of the gene family. The HMMER 3.0 software was used to retrieve the whole-genome data, and the results of the second round of screening were tallied. Integrate the results, delete the mutilated or duplicate sequences and upload to SMART website and NCBI database for duplicate checks. The naming of NHE and NKA gene family members was based on reference comparisons and NCBI search results.




2.4 Structural analysis and genomic localization of the NHE and NKA gene families in R. canadum

In order to further investigate the NHE and NKA gene family members, we conducted several analyses. Firstly, we determined the intron and exon length information, as well as the genomic localization, based on the genome annotation file gff. Additionally, we predicted the molecular weight (MW) and isoelectric point (PI) of the family members using the ExPasy website (http://web.expasy.org/). Moreover, we employed the MEME (Bailey et al., 2015) website (http://meme-suite.org/) to predict amino acid conserved motifs. Furthermore, we predicted the protein structural domains of NHE and NKA gene family members using the SMATR website. Finally, we utilized the TBtools software to map the NHE and NKA gene family structures and genomic localization.




2.5 Evolutionary analysis of the NHE and NKA gene families in R. canadum

The NHE and NKA family members from Homo sapiens, Mus musculus, zebrafish (Danio rerio), S. maximus, Rainbow Trout (Oncorhynchus mykiss), and L. japonicus were retrieved from the NCBI database. These sequences served as references for multiple amino acid sequence comparisons and homology analyses, which were performed using ClustalX1.83. The resulting phylogenetic tree was constructed by applying the neighbor-joining method (NJ) through MEGA-X (Kumar et al., 2016) software.




2.6 RNA-seq of NHE and NKA gene families in R. canadum

To investigate the impact of different salinity acclimation conditions on the expression patterns of NHE and NKA, RNA was extracted from the gills, intestine, and body kidney of R. canadum following 4 weeks of culture in salinities of 10‰, 30‰, and 35‰. RNA from nine fish in each salinity group was pooled to obtain one sample, and Illumina Hiseq™2000 was used to sequence the transcriptome. The raw mRNA sequencing data has been deposited in the NCBI Sequence Read Archive (SRA) under the accession number SRP202920 (published by our research groups) (Cao et al., 2020).

The raw mRNA sequencing data was processed using fastp (Chen et al., 2018) to remove low-quality data, and the remaining clean reads were mapped to the R. canadum genome (PRJNA634421) using HISAT2 software (Kim et al., 2015). StringTie software (Pertea et al., 2015) was then used to assemble the mapped reads. The expression of all genes in each sample (FPKM and reads count) was then calculated using RSEM (Li and Dewey, 2011), and the read count was normalized and analyzed for differentially expressed genes using edgeR (Robinson et al., 2010) (P<0.05 for significantly differentially expressed genes, FDR<0.05 and |log2FC|> 1 for highly significant differentially expressed genes).The resulting expression data (log2FPKM) were utilized to generate a gene expression heat map using TBtools, and correlation analysis was performed.




2.7 Analysis of qPCR expression of NHE and NKA genes in R. canadum

Gene-specific primers were designed based on the cDNA sequences for NHE and NKA gene family members, resulting in the amplification of fragments ranging from 100-230 bp (Table 1). β-actin was chosen as the reference gene. qRT-PCR was performed using a Roche Light Cycler™ 96 real-time PCR machine and SYBR®Select Master Mix. The expression levels of the three genes in 9 tissues and the expression levels of the genes in osmoregulatory organs such as gills, intestines, and kidneys after salinity adaptation were determined.


Table 1 | Primers for qPCR of gene families.



The amplification program consisted of an initial denaturation step at 95°C for 10 min followed by 40 cycles of denaturation at 95°C for 10 s, annealing at 60°C for 20 s, and extension at 72°C for 20 s. To minimize errors, three different R. canadum individuals were sampled for each salt treatment, and qPCR was repeated three times for each individual. The expression levels of NHE1, NHE2a, NHE2c, NHE5, NKAα1b, NKAα3a, NKAβ1b, and NKAβ3a genes were analyzed using the 2-ΔΔCt method, and one-way ANOVA (LSD, Duncan) was performed using SPSS22.0 software.





3 Results



3.1 Analysis of organizational structure of R. canadum after salinity adaptation

After 30 days of domestication in low salinity water (10 ppt), the length (width) of gill filaments and gill lamellae of R. canadum increased significantly. The spacing between gill lamellae decreased, and the cells of gill lamellae were rounded and full. The number of chloride-secreting cells on gill filaments and gill lamellae decreased significantly. In the high salinity group (35 ppt), the number of chloride-secreting cells on gill filaments and gill lamellae increased slightly but not significantly. The width of gill filaments, gill lamellae, and cartilage tissues decreased significantly, and the spacing of gill lamellae increased (Figure 1A).




Figure 1 | Structural changes of gill (A), intestine (B) and body kidney (C) of juvenile of R. canadum. 10, salinity 10 ‰; 30, salinity 30 ‰; 35, salinity 35 ‰. GF, gill filaments; GL, gill small pieces; CC, chlorinated cells; CT, cartilage tissue; SCE, monolayer columnar epithelium; SB, striatum; GC, goblet cells; CM, ring muscle; G, glomerulus; BC, renal capsule; P, renal tubule.



The microstructure of the intestine of juvenile R. canadum in the control group (30 ppt) showed that the single layer of columnar epithelium on the intestinal villi of juvenile R. canadum in the low salinity group became thicker, and the number of cupped cells decreased significantly. The size of the cupped cells did not change significantly. In the high-salinity group, the cytosol of the cup-shaped cells was enlarged, and the thickness of the unilamellar columnar epithelium and the number of cup-shaped cells on the intestinal villi did not change significantly (Figure 1B).

In the low salinity group, the tubular diameter of all levels of renal tubules of R. canadum increased, and the glomerulus was enlarged, full, and filled. The lumen of its capsule was small. In the high salinity group, the glomerulus atrophied, the lumen of the glomerular capsule increased, and the tubular diameter of all levels of renal tubules decreased slightly (Figure 1C).




3.2 Identification of NHE and NKA gene family members in R. canadum

In this study, the NHE and NKA families were characterized using genome−wide data and an HMM model. The analysis identified a total of 12 NHE family members and 12 NKA family members, including both single-copy and multi-copy genes. Specifically, NHE2 and NHE6 were found to be multi-copy genes, while NKA1, NKA3, and NKAβ1~3 were also identified as multi-copy genes. The coding sequence (CDS) of NHE genes ranged from 1818 to 2940 bp in length, with amino acid sizes ranging from 606 to 980 aa. The PI ranged from 5.5 to 9.45, and the Mw ranged from 67.04 kD to 107.53 kD. Similarly, the CDS of NKA genes ranged from 837 to 3099 bp in length, with amino acid sizes ranging from 279 to 1033 aa. The PI ranged from 5.01 to 8.09, and the Mw ranged from 32.67 kD to 113.47 kD (Table 2).


Table 2 | Sequence characteristic of NHE and NKA gene families.






3.3 Structural analysis and genomic localization of the NHE and NKA gene families in R. canadum

The NHE family members of R. canadum had 2 to 16 Coding DNA Sequence (CDS), with NHE3, NHE7, NHE8, and NHE9 having 16 CDS, and NHEβ having the least number of CDS with only 2, which might be attributed to genome assembly issues. In contrast, NHE1 had the highest number of CDS with 15 (Figure 2A). The number of CDS of NKA family members ranged from 5 to 23, with NKAα members and NKAβ members showing polarized CDS numbers, where none of the former had less than 21 and all of the latter had less than 10 CDS, implying a correlation between CDS numbers and subtype classification (Figure 2B).




Figure 2 | Gene structure of NHE (A) and NKA (B) gene families.



The present study aimed to analyze the motif composition of NHE and NKA genes in R. canadum using the MEME website. The results showed that both gene families contained 10 motifs arranged in an organized and regular manner. Most motifs of NHE genes were associated with Na+/H+ exchanger structural domains, except for motif4, while all motifs identified in NKA were associated with Cation transporter/ATPase and Hydrolase structural domains. Further analysis revealed that NHE motif1 and motif4 were mainly identified in NHE1~5, and motif 8 appeared only twice in NHE8 and once in all other members. In contrast, motif4 appeared in the anterior segment of the NHE9 sequence. Furthermore, NHEβ lacked motif7 and had more motif10 compared to NHE1(Figure 3A). Concerning the NKA gene family, motif10 was found only in the NKAβ isoform, while the remaining nine motifs were ordered in the NKAα isoform (Figure 3B). The only difference was that motif4 was missing in NKAα1b.




Figure 3 | Motif of NHE (A) and NKA (B) gene families and domain of NHE(C) and NKA(D) gene families.



The domain information of NHE and NKA genes in R. canadum was predicted using the SMART website, which revealed that NHE genes contained CPA1 and NHE structural domains (Figure 3C), and NKA genes contained NKA and CPA-N/C structural domains (Figure 3D).

Genomic localization shows that members of the NHE and NKA gene families of R. canadum localize to 10 and 9 superscaffolds, respectively (Figure 4). Specifically, NHE2b and NHE6a were present simultaneously on superscaffold16 and superscaffold3, respectively, while the remaining eight members of NHE family were distributed randomly on a single superscaffold (Figure 4A). Similarly, 2-3 members of NKA family (NKAβ1b, NKAα1b, and NKAα1a; NKAα2 and NKAβ3) were simultaneously present on superscaffold24 and superscaffold14, respectively. In contrast, the remaining eight members of NKA family were randomly distributed on a single superscaffold (Figure 4B). Moreover, the multi-copy members of NHE family, NHE2a-c, were localized to the 9th, 3rd, and 24th superscaffold, respectively, whereas NHE6a and NHE6b were localized to the 3rd and 12th superscaffold, respectively (Figure 4A) multi-copy. Additionally, the multi-copy members of NKA family, NKAβ1-3 and NKAα3a and NKAα3b, were identified in the 7th, 24th, 23rd, 12th, 5th, and 14th superscaffold, respectively, and NKAα1a and NKAα1b were localized in both superscaffold 24 (Figure 4B).




Figure 4 | Genomic mapping of NHE (A) and NKA (B) gene families.






3.4 Phylogenetic analysis of the NHE and NKA gene families in R. canadum

The NHE and NKA gene family members of six species, including Homo sapiens, Mus musculus, D. rerio, S. maximus, O. mykiss, and Lateolabrax maculatus, were used as references to construct a phylogenetic evolutionary tree, which further verified the accuracy of the annotation of the NHE and NKA genes of R. canadum and revealed the variation of these genes during species evolution (Figure 5). The analysis indicated that NHE1~9 of R. canadum were most closely related to teleost and furthest from mammals. NHE1 and NHEβ were clustered into a single clade with teleost such as D. rerio and S. maximus, respectively, before merging into one clade; NHE3 and NHE5 of R. canadum were merged into one clade, while H. sapiens and M. musculus were separate clades. The multi-copy genes NHE2a~c were clustered with other species and re-clustered with mammalian NHE4, respectively; NHE6a and NHE6b were alone, and their closest relatives were L. japonicus, S. maximus, D. rerio and O. mykiss (Figure 5A). Additionally, the NKAα subtype gene and NKAβ subtype gene of R. canadum were separately divided into the same branch with other species and were most closely located with teleost. Among them, NKAα4 of H. sapiens and M. musculus were separately merged with NKAβ1a of R. canadum. Moreover, NKAα1a~b and NKAα2 of R. canadum were closest together and merged into one branch, and NKAα1 and NKAα2 of H. sapiens and M. musculus were independently into one branch (Figure 5B).




Figure 5 | Phylogenetic analysis trees of R. canadum NHE (A) and NKA (B) gene families. Rc, R. canadum; Dr, D. rerio; Sm, S. maximus; Lm, L. maculatus; Hs, H. sapiens; Mm, M. musculus.






3.5 Analysis of the expression patterns of NHE and NKA gene families in R. canadum

To investigate the expression patterns of the NHE and NKA gene families in various tissues of R. canadum under normal seawater salinity, qRT-PCR was used to determine the gene expression abundance in nine different tissues. The results demonstrated that the NHE and NKA family members of R. canadum were widely expressed in all tissues, including the gill, brain, heart, intestine, kidney, liver, spleen, stomach and muscle(Figure 6). Specifically, the tissues with high expression of NHE were the gill, somatic kidney, and brain, while NKA was highly expressed in the gill, brain, and heart.




Figure 6 | Heat map of tissue expression of NHEs (A) and NKAs (B) in R. canadum. G, gill; I:intestine; K,Kidney; L, Liver; H, Heart; B, Brain; Sp, Spleen; St, Stomach; M, Muscle.



Of the single-copy genes, NHE1 and NHE3 showed similar expression patterns and were mainly concentrated in the gill and somatic kidney. On the other hand, NHE5 and NHE7 were highly expressed in the liver and brain, respectively. The highest expression signals of multi-copy genes NHE2a and NHE2b were detected in the brain and muscle, respectively, while the highest expression tissues were the gill and liver for NHE6a, and the somatic kidney and brain for NHE6b multi-copy. Furthermore, NHEβ and NHE1 expression patterns were inconsistent, with high expression detected only in the brain and trace expression in other tissues (Figure 6A).

The NKA family members NKAα1a, NKAβ1b, NKAβ2a, and NKAβ3a were highly expressed in osmolarity-regulating organs, such as the gill, intestine, and somatic kidney, respectively. Among them, NKAα1a was the most highly expressed in the gill. NKAα2 was expressed only in the brain and muscle, while NKAβ4 was highly expressed in the brain, with lower expression levels in other tissues. Most of the multi-copy genes (NKAα1b, NKAα3a, NKAα3b, NKAβ1a, NKAβ2a, NKAβ2b, NKAβ3a, and NKAβ3b) were highly expressed in brain tissues, with NKAα1b only detected as a fluorescent signal in brain tissues, not consistent with NKAα1a. NKAα3a and NKAα3b showed similar expression patterns, with high expression in the brain, heart, somatic kidney, and gill in descending order. NKAβ1a was highly expressed in several tissues, mainly in the brain, stomach, and muscle, while NKAβ1b was highly expressed mainly in the somatic kidney. NKAβ2a was highly expressed in the gill, intestine, brain, stomach, and muscle, while NKAβ2b was hardly expressed except in the brain and muscle. The expression pattern difference of NKAβ3a-NKAβ3b was similar to that of NKAβ2a-NKAβ2b. Additionally, fluorescent signals of other members were less frequently detected in the liver, spleen, and stomach, except for NKAα1a, NKAβ1a, and NKAβ2a, which showed expression (Figure 6B).




3.6 Transcriptome analysis of the NHE and NKA gene families in R. canadum

The effects of salinity acclimation on the expression patterns of NHE and NKA gene families in different tissues of R. canadum was investigated using a reference transcriptome sequencing approach and validated by qRT-PCR. The results demonstrated that the expression patterns of NHE and NKA genes were influenced by salinity and exhibited tissue-specific characteristics (Figure 7). In gill tissues, the expression of NHE3 was significantly down-regulated under salinity 10 and 35 acclimation conditions compared to the control group acclimated at salinity 30. Additionally, NHE6b and NHE8 were significantly down-regulated under salinity 35 acclimation conditions, while NHE2a was significantly down-regulated under salinity 10 acclimation conditions. However, the experimental group exhibited significant upregulation in NHE2c expression, and NHE7 showed significant upregulation under salinity 35 acclimation conditions. In intestinal tissues, the expression levels of NHE genes were significantly increased under experimental conditions (salinity 10 and 35) compared to the salinity 30 control. Specifically, NHE7 was significantly upregulated under both low (10) and high (35) salinity acclimation conditions, while NHE1 and NHE6a-b were only significantly upregulated under salinity 35 acclimation conditions. NHE9 exhibited significant upregulation under salinity 10 acclimation conditions. In kidney tissues, NHE3 expression increased with higher salinity and showed highly significant upregulation at salinity 35, along with significant downregulation at salinity 10 compared to the salinity 30 control. NHE6a exhibited significant upregulation at salinity 35, whereas NHE2a showed significant downregulation at salinity 10. NHE5 and NHEβ expression levels remained relatively stable across all three salinity acclimation conditions in all tissues, while NHE2b and NHE5 expression levels were comparatively low under all conditions (Figure 7A).




Figure 7 | Transcriptome expression patterns of NHEs (A) and NKAs (B) of R. canadum under different salinity acclimation. Relative expression level (C) and linear regression (D) of RNA-Seq and qRT-PCR data that are expressed as a log2 fold change. 10, salinity 10 ‰; 30, salinity 30 ‰; 35, salinity 35 ‰; G, gill; I, intestine; K, kidney.



In gill tissues, NKAα3a, NKAα3b, and NKAβ1a expression levels were significantly upregulated under salinity acclimation conditions of 10 and 35, with NKAα3a displaying particularly highly significant upregulation at salinity 10 compared to the control group at salinity 30. Conversely, NKAα1b expression was significantly downregulated at both salinities 10 and 35. In gill, intestinal, and kidney tissues, the expression levels of NKAα1a and NKAβ1b showed significant increases with increasing salinity. In intestinal tissues, NKAβ2a and NKAβ4 expression levels were significantly upregulated at salinity acclimation condition of 10, and exhibited highly significant upregulation at salinity acclimation condition of 35. Additionally, NKAα1b, NKAα3b, NKAβ1a, and NKAβ3a were significantly upregulated at salinity acclimation condition of 35 compared to the control. In kidney tissues, NKAβ1a expression was significantly downregulated at salinity 35, while NKAα3b showed significant upregulation at salinity 10 compared to the control group. However, the expression levels of NKAα2, NKAα3a, and NKAβ2b were relatively low under all conditions (Figure 7B). The qRT-PCR validation and RNA-seq were in general agreement in terms of the fold change in differential expression (Figure 7C). In the linear regression analysis of trend changes, R2 = 0.8959 (Figure 7D). The results indicate that the gene expression analysis based on RNA-Seq data is reliable.




3.7 Salinity-adapted qPCR expression analysis of the NHE and NKA gene families of R. canadum

To investigate the differences in the expression patterns of some members of the NHE and NKA gene families of R. canadum under salinity acclimation, qPCR was performed on R. canadum acclimated to salinities of 10‰, 30‰ and 35‰ for 4 weeks in this study. The results showed that the relative expression of NHE1 was significantly up-regulated in the intestine and down-regulated in the kidney after increasing or decreasing salinity, while the expression was not significantly increased in the gills after decreasing salinity (Figure 8A). In addition, NHE2a expression in the gill did not change significantly in low-salt acclimation, while it was significantly down-regulated in high-salt acclimation (Figure 8B). NHE2c was significantly down-regulated in gill, intestine and somatic kidney with increasing salinity (Figure 8C), and NHE5 was also significantly down-regulated in somatic kidney. In addition, the expression pattern of NHE5 in both gill and intestine was significantly different in a “U” pattern (Figure 8D).




Figure 8 | Relative expression of R. canadum NHE1 (A), NHE2a (B), NHE2 (C), NHE5 (D), NKAα1b(E), NKAα3a(F), NKAβ1b (G) and NKAβ3a (H) in different tissue after salinity adaption. 10, salinity 10 ‰; 30, salinity 30 ‰; 35, salinity 35 ‰. * and* * indicated that the expression of each gene was significantly different from that of the control group, and the significance levels were P < 0.05,0.01, respectively.



Following low-salt acclimation, significant down-regulation of NKAα1b and NKAβ3a was observed in the gills of R. canadum (Figures 8E, H), while NKAα3a and NKAβ1b did not exhibit significant changes (Figures 8F, G). In the intestine, NKAα1b and NKAβ1b did not exhibit significant changes (Figures 8E, G), whereas NKAα3a and NKAβ3a were significantly up-regulated and down-regulated, respectively (Figures 8F, H). In the somatic kidney, NKAα1b, NKAα3a, and NKAβ3a showed significant up-regulation (Figures 8E, F, H), while NKAβ1b did not change significantly (Figure 8G). Upon high-salt acclimation, the expression of NKAα1b and NKAβ3a in the gills remained consistent with low-salt acclimation (Figures 8E, H), while NKAα3a and NKAβ1b exhibited significant up-regulation (Figures 8F, G). In the intestine, the expression levels of NKAα1b, NKAα3a, and NKAβ1b were significantly increased (Figures 8E, F, G), while NKAβ3a expression levels were significantly decreased (Figure 8H). The expression pattern of NKAα3a and NKAβ3a in the somatic kidney was consistent with low-salt adaptation (Figures 8F, H), while NKAα1b and NKAβ1b expression were unaffected by salinity (Figures 8E, G).





4 Discussions

The process of salinity adaptation in fish can be divided into two stages: passive adaptation to the external environment and active osmoregulation (Li et al., 2022). The key to salinity adaptation in fish is ion transport, and this regulation is primarily performed by osmoregulatory organs such as the gills, kidneys, and intestines (Whittamore, 2012; Dawood et al., 2021; Ali et al., 2022). The gills are the major organ of osmoregulation in fish and play an important role in maintaining the balance between the internal and external environment of the fish, which is closely related to the ion transport gene sodium/potassium pump (NKA) on the cell membrane (Dawood et al., 2021). In this study, the gill filaments and gill lamellae of juvenile R. canadum in the low salinity group were more round and full, and wider than those in the control group. On L. japonicus, Acipenser schrenckii and Gymnocypris przewalskii, gill tissues underwent similar adaptive changes in order to maintain osmoregulatory homeostasis (Hou et al., 2006; Wang and Hu, 2009; Huang et al., 2022). This is because the gill filaments and gill lamellae of juvenile fish living in a desalinated environment tend to change to wider and longer to facilitate sufficient contact with the water column and thus take up inorganic ions in the water to adapt to the hypotonic environment (Yu et al., 2012; Li et al., 2014). Conversely, gill filament cells shrank, and gill lamellae spacing increased at high salinity. These changes increased water and oxygen exchange between the fish and the external environment, which promoted better survival of fish under high salinity conditions (Yang et al., 2014). In this experiment, the number of chloride-secreting cells in R. canadum decreased at low salinity and increased at high salinity. Chloride-secreting cells are important regulatory cells that adapt to different salinities in euryhaline fish, and they have abundant Na+/K+-ATPase on the microtubule system in their cytoplasm (Sakamoto et al., 2001). During salinity changes, chloride-secreting cells secrete Cl- in hypotonic regulation and absorb Na+ and Cl- in hypertonic regulation to regulate osmotic pressure homeostasis (Foskett et al., 1983; Marshall, 2011). This shows that the gills of R. canadum have certain adaptability when the external salinity changes.

The intestine of fish plays a smaller role in osmoregulation, but it has slao been shown that the intestinal epithelial cell membrane can be involved in active transmembrane transport of Na+, K+ and Cl- inside and outside the cell through ion channel transporter proteins, combined with passive transport of water to maintain osmotic pressure homeostasis in the body (Li et al., 2011). In our study, we observed changes in the intestinal villi structure of juvenile R. canadum in the low salinity group, where the monolayer columnar epithelium of intestinal villi became thicker. These results are consistent with the speculation of Sun et al. (2016). who hypothesized that low salinity has a detrimental effect on the intestine of Takifugu rubripes. We also observed changes in cupped cells, which secrete mucus to lubricate the epithelial surface and remove waste (Kibenge and Strange, 2021). The number of cupped cells decreased at low salinity, while the cytosol of cupped cells became larger at high salinity. Further research is necessary to determine whether these changes in cupped cells are related to salinity adaptation in juvenile R. canadum. The kidney is another important organ in the regulation of osmotic pressure in fish, as the glomerulus filters blood cells and macromolecular proteins from the blood, and the renal tubules reabsorb water, glucose and amino acids (Smith, 1932; Gonzalez, 2012). In this study, the tubular diameter of all levels of renal tubules in the low-salinity group became larger, the glomeruli were expanded, full and filled, and the gap in the inner wall of the renal capsule was reduced; in the high-salinity group, the glomeruli were atrophied and the gap in the inner wall of the renal capsule was increased. This structural change was beneficial to the filtration and reabsorption of nutrients in the blood of juvenile R. canadum.

Changes in water salinity have a significant impact on the osmotic pressure of fish organisms, and fish have developed various mechanisms to counteract the negative effects of salinity by activating activities such as their own water-salt regulation (Gonzalez, 2012). Sodium hydrogen exchanger (NHE) is a class of ion channel proteins present in most species, involved in the intracellular and extracellular transport of Na+ and H+ ions, and plays a critical role in cellular acid-base homeostasis, cell volume regulation, and osmotic pressure regulatory networks in fish, such as Na+ reabsorption in the kidney, stomach, and intestine (Edwards et al., 2005). NHE3, one of the NHE family members, also forms an ion regulatory network in teleost with NKA, NKCC1, NCC, and CFTR, which together maintain salt secretion and ion transport of Na+, K+, and Cl- in and out of the membrane (Marshall, 2011). Current studies in fish osmoregulation have focused on NHE2 and NHE3. For example, Yan et al. (2007) reported that D. rerio treated with soft water had increased expression of DrNHE2 and DrNHE3 genes in the gills and were enriched in mitochondrion-rich cells(MRCs). The gill of LjNHE3 expression level of L. japonicus was upregulated after low salt stress (Inokuchi et al., 2017). The number of NHE family members varies somewhat among species; for instance, NHEβ4 is identified in mammals such as H. sapiens and M. musculus, but not in teleost such as D. rerio, Oryzias latipes, and Dicentrarchus labrax (Tine et al., 2014). Sodium/potassium-transporting ATPase (NKA), the main active pump in the gill, is responsible for Na+ ion transport as well as NHE, except that it empowers the ion transport system of multiple osmolarity-regulated epithelial cells by hydrolyzing ATP (Lin et al., 2003). It is now known that in teleosts, NKA exists in both α and β subunits and is classified as such (Zhang et al., 2019). Among them, the former is responsible for adenosine triphosphatase catalysis and Na+ and K+ transport activities, while the latter is mainly responsible for auxiliary α-subunit folding (Sundh et al., 2014). A variety of NKAα isoforms are expressed in fish osmoregulatory organs, and their expression levels are positively or negatively correlated with salinity changes, indicating that different NKA isoforms are involved in osmoregulatory processes and have different roles (Yang et al., 2016; Hu et al., 2017).Further studies on the NHE and NKA gene families may provide insights into the potential functions of the remaining members and enhance our understanding of osmoregulation in fish.

A total of 12 NHE genes and 12 NKA genes were identified in R. canadum. These genes were found to be distributed randomly on 10 and 9 superscaffolds, respectively, which is consistent with the findings reported by Zhang et al. (2019). The gene sequences of NHE and NKA gene family members were compared with those of O. mykiss, L. japonicus and S. maximus to name them and analyze the conserved motifs and structural domain characteristics (Berthelot et al., 2014; Figueras et al., 2016; Gao et al., 2022). The results revealed that the motifs and domains of the NHE genes were concentrated in the Na+/H+ exchanger domains, which the identification of the NKA also showed that they closely association with Cation transporter/ATPase and Hydrolase domains, and the motifs and domains of different members were arranged in different patterns. This indicates that the sequence characteristics of NHE and NKA members are closely related to their taxonomy and functions. In other teleost fishes, NHE4 is commonly missing and NHEβ is only found in teleost fishes (Kasahara et al., 2007; Howe et al., 2013; Tine et al., 2014). In this study, NHE4 was lost but NHEβ was identified by phylogenetic analysis. The results shown that NHE and NKA genes were the closest to teleosts in taxonomic status and the farthest from mammals, indicating that the protein sequences of the two family members were highly conserved in species evolution. The results of qRT-PCR showed that NHE and NKA family members were widely distributed in nine tissues such as heart, liver and spleen, and the expression patterns of NHE multi-copy gene members were different, such as NHE2a and NHE2b high expression tissues. However, the expression patterns of NKA multi-copy gene members are partially similar, all of which are highly expressed in brain tissue, but NKAβ1a and NKAβ1b are highly expressed in stomach, muscle and body kidney, respectively. There are significant differences between the two, indicating that multi-copy genes are functionally different.

The expression patterns of NHE and NKA gene families in R. canadum differed significantly in different salinities. Significant up-regulation of gill NHE2c and NHE5 expression in R. canadum occurred after low-salt acclimation, while no significant changes were found in NHE2a, and similar results were found in L. maculatus, suggesting that NHE2c and NHE5 may play an important role in the gill tissue of R. canadum in low-salt acclimation (Zhang et al., 2019). Studies have reported that NHE1 expression trends in S. maximus gill, intestine and somatic kidney were negatively correlated with salinity changes and showed low salt adaptation (Zhang et al., 2020). In the present study, significant upregulation of NHE1 in the intestine and somatic kidney of R. canadum was similarly identified during hyposalinity acclimation, suggesting that NHE1 can be involved in hyposalinity acclimation in R. canadum through the intestine and somatic kidney. Meanwhile, the expression of NHE1 and NHE2a increased in gill with decreasing salinity, but the degree of difference was not significant, and a significant down-regulation was observed in high-salt acclimation. It is speculated that the reduced expression of NHE1 and NHE2a in high salt is to reduce the ion transport efficiency of gill epithelial cells and prevent the decrease of osmotic pressure in vivo.

Few studies related to NKAα3a have been reported, and it has been suggested that its role in osmolarity regulation is relatively weak compared to NKAα1a (Nilsen et al., 2007). In the present study, the expression of NKAα3a and NKAβ1b in the gills of R. canadum decreased significantly with increasing salinity. Similar results could be found in O. mossambicus (Feng et al., 2002). As multi-copy genes, NKAα1a and NKAα1b are often compared together. In the present study, NKAα1b was found to be significantly downregulated in both high and low salt suits, in contrast to NKAα1a expression pattern. NKAα1b was similarly found to be strongly affected by salinity in O. mossambicus and Galaxias rostratus, similar to NKAα1a, further suggesting that NKAα1 isoforms appear to differ in function (Tipsmark et al., 2011; Urbina et al., 2013). In addition, two NKAα isoforms (NKAα1a and NKAα3b) were highly expressed in the gills after high salt domestication in L. maculatus, indicating the importance of NKAα isoform genes in the salt stress response of fish (Zhang et al., 2019).




5 Conclusion

In the present study,12 NHE genes and 12 NKA genes were systematically identified from R. canadum genome. These genes were found to be distributed across 10 and 9 superscaffolds. NHE and NKA members of R. canadum are closest in taxonomic position to teleosts and furthest from mammals, indicating that the protein sequences of both family members are highly conserved in species evolution. The histology of the gills, intestine and kidneys exhibited changes associated with salinity adaptation. Different expression patterns of R. canadum NHE genes and NKA genes were displayed in multiple tissues. At the same time, transcriptome sequencing and qPCR results showed that there were differences in the expression patterns of NHE and NKA gene families under different salinities, which provided research data for the osmotic pressure regulation mechanism of R. canadum.
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