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Abstract

:

Salinity is an important ecological factor affecting the osmolality of aquatic animals. Solenaia oleivora is an endemic and economically important freshwater shellfish in China. However, its osmotic response and osmoregulatory mechanisms under high salinity stress are still unclear. In this study, S. oleivora was exposed to saline water (salinity: 2.2‰) for 3 h, 6 h, 12 h, 24 h, and 48 h, and then the changes in osmolality, ion concentrations, free amino acid (FAA) content, Na+/K+-ATPase (NKA) activity, and gill histology were analyzed. The hemolymph osmolality increased from 3 h after salinity stress and stabilized between 24–48 h. Na+ in the hemolymph increased from 24 h after salinity stress, and Cl− increased from 3 h. The content of total FAAs in the hemolymph increased after salinity stress. The content of alanine, glycine, glutamine, proline, and other FAAs increased after salinity stress. NKA activity in the gill, hepatopancreases, adductor muscle, and axe foot decreased during 3–48 h of salinity stress. The gill filament space increased and the number of gill cilia decreased after salinity stress. Principal component analysis (PCA) showed that the first two principal components (PC1 and PC2) cumulatively explained 77.6% of the total variation. The NKA activity was positively associated with PC1, while the ion concentration and most FAAs were negatively associated with PC1. Thus, these results indicated that S. oleivora is an osmoconformer, and inorganic ions, FAA, NKA, and gill structure changes play an important role in its osmoregulation.
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1. Introduction


Salinity is an important ecological factor in aquatic ecosystems, and it affects the behavior, growth performance, metabolism, osmoregulation, and circadian rhythm of aquatic organisms, determining their natural distribution [1,2,3]. As the global climate change, aquatic ecosystems are being threatened by many kinds of pollution, acidification, and changes in temperature and salinity. A series of natural factors, such as the weathering of rocks, wind, rain depositing salt, and saltwater intrusion, as well as many artificial factors, such as salt mining, industrial discharges, or road de-icing, lead to increased salinity in the freshwater ecosystems [4,5]. The increased salinity in the ambient aquatic environment directly influences the osmotic pressure of aquatic animals, regulating their growth, reproduction, and survival [6,7,8].



Mollusks have poor mobility and must adapt to salinity fluctuations in their natural habitat through multiple strategies, including osmoregulation. When entering a hypotonic or hypertonic environment, mollusks regulate hemolymph osmolality to remain it in line with the ambient environment [9]. As an important organ responsible for osmoregulation, the gill directly contacts ambient water and is thus the main site of osmotic water loss and salt diffusion gain [10,11]. The histological structures of gills are altered under low or high salinity stress in mollusks, such as Sinonovacula constricta [12] and Saxidomus purpurata [13]. Additionally, inorganic ions are the main osmotic effectors in the hemolymph of mollusks. Previous studies reported that Na+, Cl–, and other ions are involved in osmotic adjustment in Pinctada fucata [14], Haliotis Discus [15], and Meretrix lusoria [16]. Likewise, organic substances are also important osmolytes for the osmoregulation of mollusks. Among many organic osmotic osmolytes, free amino acids (FAA) have been proven to play an important role in the osmoregulation of mollusks in coping with salinity challenges [17,18]. Furthermore, Na+-K+-ATPase (NKA), a transmembrane ion transporter, can drive the active transport of ions across the membrane, which is important for osmotic regulation in mollusks and other aquatic animals [19,20,21]. Although many studies have explored osmoregulation mechanisms in mollusks under salinity stress, most studies have focused on marine species, and only a few studies have focused on freshwater species.



Solenaia oleivora (Bivalvia, Unionidae, Gonideinae), a unique rare freshwater bivalve in China, is a type of economically important freshwater mussel, with a high growth rate and high nutritional value [22,23]. This species was previously distributed in relatively large ranges, including Hebei province, Anhui province, Jiangsu province, Jiangxi province, Hubei province, and Zhejiang province [24]. In recent years, the wide population of S. oleivora has declined dramatically, and it is becoming endangered due to water pollution, habitat destruction, and increasing capture pressure [25,26]. Thus, elucidating the responses of S. oleivora to various environmental factors is of great significance for its resource conservation and artificial aquaculture. Our previous study found that S. oleivora is less tolerant to salinity and that high salinity stress affects its survival, physiology, and transcriptome [27]. Therefore, the question of how hemolymph osmolality changes in S. oleivora under salinity stress is of great importance, as it the underlying mechanism of osmoregulation in S. oleivora.



In this study, the hemolymph osmotic response of S. oleivora under salinity stress was investigated. Additionally, the changes in ion concentrations, FAA content, NKA activity, and gill histology were analyzed after high salinity stress. Our results elucidated the osmotic response and osmoregulatory mechanisms of S. oleivora under hypertonic conditions. These findings indicated that S. oleivora has a system to cope with hypertonic stress, which can adjust its osmotic pressure to a certain extent to adapt to changes in environmental salinity. This study fills the gap regarding the study of the osmotic pressure of S. oleivora, accumulated data for the study of the environmental adaptability of S. oleivora, and provided a theoretical basis for its habitat protection and artificial breeding.




2. Materials and Methods


2.1. Experimental Mussels and Rearing Conditions


S. oleivora (wet weight: 2.50 ± 0.4 g; shell length: 4.79 ± 0.55 cm; shell height: 0.97 ± 0.16 cm) were obtained from the Freshwater Fisheries Research Center, Chinese Academy of Fishery Sciences. They were acclimated for 1 week in freshwater with dissolved oxygen >8 mg/L, ammonium nitrogen < 0.06 mg/L, pH 8.07 ± 0.04, and temperature 20 ± 1 °C. During the acclimation period, they were fed with mechanical wall-breaking Nannochloropsis (Reed Mariculture Inc., Watsonville, CA, USA) twice a day.




2.2. Salinity Challenge and Sampling


After 1 week of acclimation, 54 S. oleivora were randomly divided into six groups (0 h, 3 h, 6 h, 12 h, 24 h, and 48 h) with 9 individuals and triplicates in each group. The 0 h group was not subjected to salinity stress and was used as the control group. S. oleivora in the other five groups was transferred to water with a salinity of 2.2‰ (50% of 96 h-LC50) to undergo 3 h, 6 h, 12 h, 24 h, and 48 h of salinity treatment, respectively. The salinity in the water was adjusted by NaCl (AR ≥ 99.5%) and measured with a salinity meter (Smart, China). The gills, hepatopancreas, adductor muscle, axe foot, and hemolymph of S. oleivora (2 individuals from each replicate and 6 individuals in each group) were collected for the detection of hemolymph osmotic pressure, ion concentration, enzyme activity, and FAAs. The gill tissue of the remaining 3 individuals in each group was collected for histological examination. The hemolymph samples were collected from the adductor muscle in the shell posterior using syringes. All samples except those used for histological observation were immediately frozen in liquid nitrogen and then stored at −80 °C.




2.3. Measurement of Hemolymph Osmolality


Hemolymph samples were centrifuged at 14,000× g for 10 min at 4 °C. After that, the supernatant was collected for the measurement of osmolality using the Osmomat 030 Cryoscopic Osmometer (Gonotec, Berlin, Germany).




2.4. Detection of Ion Concentrations and Enzyme Activity


The hepatopancreas, gills, adductor muscle, and axe foot samples were homogenized by adding sterile 0.6% saline solution to prepare 10% (w:v) homogenates and then centrifuged at 4000× g for 10 min at 4 °C. After each tissue was homogenized separately, homogenates of two tissues per replicate in the same group were mixed proportionally. There were three mixed tissue homogenates in each group used for physiological and biochemical detection. The activity of NKA and the concentrations of Na+ and Cl− were measured using commercially available kits (NKA: A070-2-2; Na+: C002-1-1; Cl−: C003-2-1) (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s instructions. The concentration of protein was detected using a Bradford Protein Assay Kit (Beyotime, Shanghai, China). The activity of NKA was normalized by protein concentration.




2.5. Detection of FAA Content in Hemolymph


The FAA in the hemolymph was quantified by an amino acid analyzer (Hitachi Model 835) according to the previously described method [28].




2.6. Gill Histology


The gills were fixed in Bouin’s solution for 24 h, embedded into paraffin according to routine procedures, and then cut into slices with a thickness of 5 μm. Next, the paraffin slices were stained with hematoxylin/eosin (H & E) and sealed with neutral gum. Finally, the slices were observed under light microscopy (Olympus, Tokyo, Japan).




2.7. Data Analysis


Data were presented as means ± standard deviation (SD) and analyzed using one-way analysis of variance (ANOVA) in SPSS 17.0. Differences were analyzed via Duncan’s multiple range test when ANOVA identified differences among the groups. The level of significance was set to p < 0.05. The principal component analysis (PCA) of indicators with the significant difference among groups was conformed using an online platform for data analysis and visualization (https://www.bioinformatics.com.cn, accessed on 31 October 2022).





3. Results


3.1. Effects of Salinity Stress on Hemolymph Osmolality and Ion Concentrations


As shown in Figure 1A, the hemolymph osmolality of S. oleivora significantly increased from 3 h after salinity stress and stabilized between 24–48 h. The concentration of Na+ was significantly elevated between 24–48 h of salinity stress (Figure 1B). The concentration of Cl− significantly increased during 12–48 h of salinity stress (Figure 1C).




3.2. Effects of Salinity Stress on NKA Activity


The changes in NKA activity in different tissues are shown in Figure 2. In the gill, hepatopancreas, and axe foot, the activity of NKA decreased during 3 h to 48 h of salinity stress (Figure 2A,B,D). In the adductor muscle, NKA activity decreased during 6–48 h of salinity stress (Figure 2C).




3.3. Effects of Salinity Stress on FAA Contents


As shown in Figure 3A, the contents of total FAA (TFAA) significantly increased from 3 h to 48 h of salinity stress. The content of essential amino acids (EAA) increased during 3–48 h of salinity stress (Figure 3B). The content of nonessential amino acids (NEAA) started to increase from 6 h after salinity stress (Figure 3C). The content alterations of 17 FAA in the hemolymph are shown in Table 1. In the control (0 h) group, the content of glutamic acid (42.23 ± 2.34 mg/L) was the highest, followed by threonine (25.10 ± 1.99 mg/L), while the content of cysteine (1.34 ± 0.26 mg/L) was the lowest. Except for cysteine, isoleucine, phenylalanine, and histidine, the contents of the other 13 FAAs changed after salinity stress. After salinity stress, methionine content reduced at 48 h, and aspartate, threonine, glutamine, valine, leucine, glycine, proline, serine, lysine, arginine, tyrosine, and alanine contents increased during 3–48 h.




3.4. Effects of Salinity Stress on Gill Histomorphology


The results showed salinity stress-induced alterations of the gill histomorphology (Figure 4 and Figure S1). In the control group (0 h), the gill filaments of S. oleivora were closely arranged, and the top of the gills expanded into a rod shape. After 3 h of salinity stress, the gill filament space increased and the gill cilia decreased.




3.5. PCA Analysis


Regarding PCA (Figure 5), the first two principal components (PC1 and PC2) cumulatively explained 77.6% of the total variation. The NKA activities in the four tissues were positively associated with PC1. Ion concentration and most FAAs were negatively associated with PC1. Furthermore, all salinity stress groups were clearly separated from the control group. The distance between the control group and the 4 salinity stress groups (6 h, 12 h, 24 h, and 48 h) was greater than that between the control group and the 3 h group. The 0 h and 3 h groups were close to the NKA, and the other groups were close to the FFAs and the inorganic ions.





4. Discussion


Osmoregulation is the basic physiological process of salinity adaptation in most aquatic animals, and the mechanisms of osmoregulation are different in different species [29]. Most marine mollusks are osmoconformers, and their osmolality of body fluid changes in the same direction as the environmental salinity [30]. Interestingly, two previous studies reported that the freshwater mollusks Corbicula fluminea and Corbicula sandai are also osmoconformers [31,32]. In this study, the hemolymph osmolality of freshwater mollusk S. oleivora increased from 3 h after salinity stress and stabilized between 24–48 h, which was consistent with the characteristics of the osmoconformer. Thus, this valuable evidence suggests that, like most marine mollusks, freshwater mollusks are also osmoconformers. Of course, this still needs to be confirmed in more freshwater mollusks.



Inorganic ions, such as Na+, and Cl−, are the main osmotic effectors in the hemolymph of mollusks [14,15]. The contribution of Na+ and Cl− to hemolymph osmolality is as high as 88.6–90.0%, and the concentrations of these two ions in the hemolymph showed a positive correlation with the hemolymph osmolality in Haliotis diversicolor supertexta [33]. Under hyperosmotic salinity conditions, the passive influx of Na+ and Cl− was automatic in the mollusk, which is a defense reaction to protect the stabilization of cell volume [34]. In many species of mollusks, such as the marine mollusks P. fucata and M. lusoria, as well as the freshwater mollusk C. fluminea, the concentration changes of these two ions in the hemolymph were in accordance with the alteration in their ambient water salinity [14,16,31]. In this study, the concentration of Na+ and Cl− in the hemolymph of S. oleivora increased after salinity stress, which is consistent with the previously mentioned reports. In addition, in this study, the concentration of Cl− increased earlier than that of Na+, indicating that Cl− was involved in the osmoregulation of S. oleivora earlier than Na+ under high salt stress.



NKA is a transmembrane protein that drives the extrusion of three Na+ and the uptake of two K+ against their electrochemical gradients to maintain the membrane potential by using energy derived from ATP hydrolysis, which is crucial for osmoregulation [35]. To understand the osmoregulation mechanisms of aquatic organisms in coping with environmental salinity, many studies have investigated the changes in NKA activity in different organs. The changes of NKA in the gills are relatively more frequently reported, but some studies have shown that the kidney, hepatopancreas, and intestine of aquatic organisms are also important sites for NKA function [1,36]. In this study, the activity of NKA was detected in the different tissues, including the gill, hepatopancreas, adductor muscle, and axe foot. In the normal S. oleivora, the highest NKA activity was found in the gill, followed by the hepatopancreas, suggesting a tissue specificity for NKA activity. Many studies have reported the alteration trend of NKA activity in mollusks under osmotic stress. For instance, the activity of NKA in the gill of the freshwater mollusk C. fluminea was decreased within 48 h of salinity (5‰) stress; salinity (35‰ and 40‰) stress decreased NKA activity in the gill of Anadara broughtonii [1]; P. fucata with black shell color showed decreased NKA activity in the gills after 24 or 48 h of salinity (50‰) stress [14]. In the current study, the NKA activity decreased in the gill within 48 h of salinity stress, which was consistent with the results of previous studies. Additionally, NKA activity was also reduced in the other three tissues, including the hepatopancreas, axe foot, and adductor muscle. This suggests that NKA activity in these three tissues may play an important role in osmolality regulation. Given the important role of NKA in ion transport, we hypothesized that the decrease in NKA activity might be a negative reaction to the increase in ion concentrations in the hemolymph. Under hyperosmotic stress, the concentration of ions in the hemolymph increases, and the decreased NKA activity can reduce the cationic transport capacity on the cell membrane.



Organic substances are considered important osmolytes for the osmoregulation of marine invertebrates [37]. The regulation of organic osmolyte content is an important strategy for the adaptation of organisms to hypotonic and hypertonic conditions because of the low effect on cell physiology [37]. As important organic osmolytes, FAAs have been proven to participate in osmoregulation in many marine mollusks under salinity stress, such as Crassostrea gigas [38], M. lusoria [16], and S. constricta [12]. Likewise, a previous study reported that a freshwater mollusk C. sandai uses FAAs as osmolytes under hyperosmotic conditions [38]. In the freshwater clam Lampsilis teres, the FAA content in the gill increased during the acclimation period to hyperosmotic stress [39]. In another freshwater mollusk, Corbicula manilensis, the FAA content in the axe foot increased after being exposed to saline water for 72 h [40]. In the current study, the contents of hemolymph TFAA, EAA, and NEAA increased during 3–48 h of salinity stress, suggesting the vital roles of EAA and NEAA in the osmoregulation of S. oleivora. Moreover, several FAAs, such as alanine, glycine, proline, arginine, and glutamine are the main FAAs that contribute to the osmoconforming process in marine, brackish, and freshwater mollusks, including C. gigas [38], Corbicula japonica [41], and C. sandai [32]. In this study, the content of these five FAAs increased during 3–48 h of salinity stress in S. oleivora, indicating that, similar to their effect in other mollusks, these FAAs played an important role in the osmoregulation of S. oleivora. Different from previous studies, in addition to the above mentioned five free amino acids, in this study, the content of other nine FAAs, including aspartate, threonine, serine, glycine, valine, methionine, leucine, tyrosine, and lysine, also increased after 3–48 of salinity stress. Therefore, these findings suggest that compared to other molluscs, more kinds of FAAs are involved in osmoregulation in S. oleivora under salinity stress.



The gill is an important organ responsible for osmoregulation, and its histopathological changes can be used as markers of salinity adaptation [42]. In S. constricta, the salinity (30‰ and 40‰) stress induced the shrinkage of the gill filaments and decreased gill thickness [12]. In S. purpurata, salinity (35‰) stress resulted in shrunken gill filaments and increased filament spacing [13]. In this study, the gill filament space increased and the gill cilia decreased after salinity stress. These changes in gill tissue structure may help to reduce the contact area between the gills and the hypertonic ambient water, thereby maintaining body water and fluid osmolality.



The PCA analysis showed that NKA activity was positively associated with PC1, and ion concentration, as well as most FAAs, were negatively associated with PC1, suggesting again that NKA, inorganic ions, and FAAs played an important role in the osmoregulation of S. oleivora. The distance between the control group and the 4 salinity stress groups (6 h, 12 h, 24 h, and 48 h) was greater than that between the control group and the 3 h group. This result indicated that with the extension of stress time, the difference between the salinity stress group and the control group was greater. Furthermore, the 0 h and 3 h groups were close to the NKA, and other groups were close to the FFAs and inorganic ions. This finding implied that at the initial stage (0–3 h) of salinity stress, NKA was mainly involved in the osmoregulation of S. oleivora, but with the extension of stress time, inorganic ions and FAAs were mainly responsible for the osmoregulation. In general, the osmoregulation mechanism of S. oleivora in a hypertonic environment is multidimensional.




5. Conclusions


In summary, this study showed that the freshwater mollusk S. oleivora is an osmoconformer, with the hemolymph osmolality varying with alterations in the ambient salinity. Our findings also demonstrated that the osmoregulatory mechanisms of S. oleivora in a hypertonic environment were multidimensional. Specifically, under high salinity stress, S. oleivora regulated hemolymph osmolality by using inorganic ions and potent amino acids as osmotic substances, inhibiting NKA activity in various tissues, and changing the histological structure of gill. This study enhanced the understanding of the osmoregulatory mechanisms of S. oleivora under high salinity stress and provided useful data for conservation and cultivation.
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Figure 1. Effects of salinity stress on hemolymph and ion concentrations. (A) Hemolymph osmolality; (B) Na+ concentration in the hemolymph; (C) Cl− concentration in the hemolymph. Data were expressed as mean ± SD (n = 6). Different letters indicate statistical differences (p < 0.05) between groups. 
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Figure 2. Effects of salinity stress on NKA activity in different tissues: (A) gill; (B) hepatopancreas; (C) adductor muscle; (D) axe foot. Data were expressed as mean ± SD (n = 6). Different letters indicate statistical differences (p < 0.05) between groups. 
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Figure 3. Effects salinity stress on hemolymph protein and FAA contents: (A) total free amino acid (TFAA) content in hemolymph; (B) essential amino acid (EAA) content in hemolymph; (C) Non-essential amino acid content in the hemolymph. Data were expressed as mean ± SD (n = 6). Different letters indicate statistical differences (p < 0.05) between the groups. 
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Figure 4. Effects of salinity on gill histomorphology. GF: gill filament; GC: gill cilium. The asterisks represent increased gill filament space, and the triangles represent the decrease in gill cilium number. Scale bars = 50 μm; magnification: 400×. 
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Figure 5. PCA analysis of indicators with a significant difference among groups. NKA-G: NKA activity in the gill; NKA-M: NKA activity in the adductor muscle; NKA-F: NKA activity in the axe foot; NKA-H: NKA activity in the hepatopancreas; Lys: lysine; Leu: leucine; Asp: aspartate; Pro: proline; Glu: glutamine; Thr: threonine; Tyr: tyrosine; Ser: serine; Gly: glycine; Arg: arginine; Val: valine; Ala: Alanine; Met: methionine. 
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Table 1. Content of 17 free amino acids in the hemolymph (mg/L) of S. oleivora.
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	Group
	0 h
	3 h
	6 h
	12 h
	24 h
	48 h





	Aspartate
	13.47 ± 0.83 d
	13.23 ± 0.93 d
	16.77 ± 1.27 c
	23.55 ± 0.87 b
	25.66 ± 1.38 a
	24.06 ± 1.15 a,b



	Threonine
	25.10 ± 1.99 c
	26.41 ± 2.07 b,c
	30.45 ± 2.53 b
	41.82 ± 2.37 a
	44.29 ± 2.30 a
	46.12 ± 3.35 a



	Serine
	10.14 ± 1.33 b
	12.12 ± 1.48 b
	9.76 ± 0.93 b
	11.99 ± 0.99 b
	20.25 ± 2.06 a
	22.21 ± 1.76 a



	Glutamine
	42.23 ± 2.34 e
	39.06 ± 2.69 e
	52.15 ± 2.93 d
	58.40 ± 2.66 c
	72.27 ± 4.43 a
	65.84 ± 2.94 b



	Glycine
	14.87 ± 1.73 d
	18.98 ± 1.75 c
	24.55 ± 1.92 b
	23.48 ± 1.63 b
	30.12 ± 2.01 a
	31.81 ± 1.70 a



	Alanine
	11.56 ± 1.37 c
	11.17 ± 1.19 c
	13.59 ± 1.09 b,c
	17.77 ± 1.16 a
	15.55 ± 1.68 a,b
	13.02 ± 1.60 b,c



	Cysteine
	1.34 ± 0.26
	0.99 ± 0.17
	1.06 ± 0.21
	1.43 ± 0.15
	1.24 ± 0.17
	1.33 ± 0.23



	Proline
	12.47 ± 0.41 e
	15.98 ± 0.95 d
	23.39 ± 1.38 c
	29.00 ± 2.77 b
	36.38 ± 1.61 a
	34.69 ± 2.29 a



	Valine
	7.89 ± 1.08 c
	9.93 ± 1.05 b,c
	11.73 ± 0.89 a,b
	13.51 ± 0.96 a
	11.63 ± 1.38 a,b
	11.65 ± 1.83 a,b



	Methionine
	6.78 ± 0.70 a,b
	5.67 ± 0.53 b,c
	7.27 ± 0.77 a
	6.51 ± 0.58 a,b
	6.21 ± 0.59 a,b,c
	5.53 ± 0.59 c



	Isoleucine
	6.15 ± 0.33
	5.97 ± 0.45
	6.27 ± 0.95
	5.25 ± 0.86
	5.33 ± 0.39
	6.24 ± 0.64



	Leucine
	16.85 ± 0.98 c
	16.93 ± 0.78 c
	20.98 ± 0.61 b
	21.62 ± 1.06 b
	24.53 ± 1.39 a
	22.59 ± 1.22 b



	Tyrosine
	5.19 ± 0.45 c
	5.02 ± 0.53 c
	5.67 ± 0.44 c
	7.21 ± 1.20 b
	5.28 ± 0.20 c
	11.18 ± 0.48 a



	Phenylalanine
	7.05 ± 0.61
	7.16 ± 0.68
	7.60 ± 0.35
	7.85 ± 0.77
	7.42 ± 0.59
	7.07 ± 0.52



	Histidine
	3.69 ± 0.34
	4.78 ± 0.35
	4.34 ± 0.27
	4.57 ± 0.88
	4.01 ± 0.42
	4.65 ± 0.53



	Lysine
	10.24 ± 0.45 c
	13.27 ± 0.84 a
	11.96 ± 0.50 a,b
	11.36 ± 1.07 b,c
	10.16 ± 0.71 c
	10.21 ± 0.69 c



	Arginine
	10.75 ± 0.52 b
	10.98 ± 0.68 b
	9.93 ± 0.66 b
	12.97 ± 0.90 a
	12.64 ± 0.83 a
	10.84 ± 0.88 b







Notes: Different lower-case letters indicate significant differences (p < 0.05).
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