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Introduction: Temperature affects organisms’ metabolism and ecological performance. Owing to climate change, sea warming constituting a severe source of environmental stress for marine organisms, since it increases at alarming rates. Rapid warming can exceed resilience of marine organisms leading to fitness loss and mortality. However, organisms can improve their thermal tolerance when briefly exposed to sublethal thermal stress (heat hardening), thus generating heat tolerant phenotypes.
Methods: We investigated the “stress memory” effect caused by heat hardening on M. galloprovincialis metabolite profile of in order to identify the underlying biochemical mechanisms, which enhance mussels’ thermal tolerance.
Results: The heat hardening led to accumulation of amino acids (e.g., leucine, isoleucine and valine), including osmolytes and cytoprotective agents with antioxidant and anti-inflammatory properties that can contribute to thermal protection of the mussels. Moreover, proteolysis was inhibited and protein turnover regulated by the heat hardening. Heat stress alters the metabolic profile of heat stressed mussels, benefiting the heat-hardened individuals in increasing their heat tolerance compared to the non-heat-hardened ones.
Discussion: These findings provide new insights in the metabolic mechanisms that may reinforce mussels’ tolerance against thermal stress providing both natural protection and potential manipulative tools (e.g., in aquaculture) against the devastating climate change effects on marine organisms.
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1 INTRODUCTION
Seawater temperature increase due to climate change is a source of severe environmental stress affecting marine organism’s physiology and fitness (Pörtner, 2012; 2021). Extreme and rapid warming can exceed the physiological resilience and adaptive capacity of marine organisms. The latter may undermine their potential to respond and adapt to environmental changes (Doney et al., 2012; Pörtner, 2012; 2021). During exposure to moderate thermal stress, the metabolic scope is reduced due to the increased cost for basal maintenance, while extreme thermal stress causes limitation of uptake and delivery of oxygen to tissues, insufficient aerobic production of ATP and onset of the anaerobic metabolism to compensate for the increased energy demands (Pörtner, 2012; Sokolova, 2013; Eymann et al., 2020; Pörtner, 2021). Furthermore, exposure of ectotherms to supraoptimal temperatures leads to the disturbances in energy turnover, decreased mitochondrial coupling and excess reactive oxygen species (ROS) generation (Sokolova, 2023). Elevated temperatures also increase protein denaturation necessitating energy investment into the production and activity of molecular chaperones as well as degradation and replacement of damaged cellular proteins (Hawkins, 1995). These cellular phenomena lead to increased oxidative and proteotoxic stress and result in cellular and systemic damages that eventually increase organisms’ morbidity and mortality (Sokolova, 2013; 2018).
Several studies revealed that repeated exposure of an organism to sublethal thermal stimuli might modulate its response to future environmental conditions. This can be achieved by the acquisition of this experience’s memory, since it can result to phenotypic and stimulus-dependent plasticity of response traits (Hilker et al., 2016), which leads to the adjustment of physiological or developmental phenotype to thermal stress (Agrawal, 2001; West-Eberhard, 2003). The latter allows faster and more efficient response of the organism to subsequent stress re-exposure (Ding et al., 2012). “Heat-hardening” is used to describe this beneficial and rapid response that improves the organism’s heat tolerance when briefly exposed to sublethal temperatures and produces phenotypes which are more thermal stress-resistant (Precht, 1973; Bowler, 2005; Bilyk, et al., 2012). The pioneering work by Hutchison (1961) on the eastern newt Notopthalmus viridescens was among the first to demonstrate the organisms’ ability to increase their maximum critical temperature after exposure to sublethal heat stress. Similar heat hardening effects on heat resistance has been reported in various other species including the Mediterranean seagrass Posidonia oceanica (Pazzaglia et al., 2022), frogs (Maness and Hutchison, 1980), fish (Menke and Claussen, 1982; Bilyk and DeVries, 2011; Bilyk, et al., 2012), insects (Huang et al., 2007; Marais et al., 2009), and bivalves such as Perna canaliculus (Dunphy et al., 2018), Perna viridis (Aleng et al., 2015) and Mytillus galloprovincialis (Georgoulis et al., 2021; Georgoulis et al., 2022).
The cellular mechanisms behind the enhanced organisms’ thermotolerance after heat hardening are not well known. Several studies reported that under stressful conditions (e.g., heat, cold or salt stress), organisms accumulate low-molecular-mass compounds, called organic osmolytes that help offset the potentially damaging stress effects (Rishi et al., 1998; Rabbani and Choi, 2018; Somero, 2022). Organic osmolytes (including methylamines, polyols and amino acids) can aid in thermal protection and stabilization of proteins through interactions with the protein surfaces that lead to regeneration of native protein forms from unfolded states (Hoffman et al., 2009; Rabbani and Choi, 2018). Furthermore, taurine, one of the most important organic osmolytes, contributes to the amelioration of thermal stress by protecting mitochondria, mitigating oxidative stress and ROS production and thereby contributing to macromolecular stability (Yancey, 2005; Sokolov and Sokolova, 2019). Studies on M. galloprovincialis have shown higher taurine levels associated with higher antioxidant defense in heat-hardened mussels, when comparing to the non-heat-hardened ones under elevated temperatures (Georgoulis et al., 2021; Georgoulis et al., 2022). The osmolyte pool’s modulation is relevant in both short-term and long-term acclimatization and therefore adaptive changes of osmolyte systems exhibit critical importance for rapid survival in warming (Somero, 2022).
Recent studies revealed that heat-hardened M. galloprovincialis displays improved cellular protection resulted from the metabolic reorganization and enhanced antioxidant capacity (Georgoulis et al., 2021; 2022). Specifically, heat-hardened mussels showed higher tricarboxylic acid (TCA) cycle activity, and at the same time diversification of upregulated metabolic pathways. The latter can be hypothesized to act as a mechanism increasing ATP production, in order to extend survival under heat stress (Sokolova, 2013). Moreover, taurine was accumulated, which may provide an antioxidant and cytoprotective role in mussels during hypoxia and thermal stress (Georgoulis et al., 2022), indicating that osmolytes might also be involved in cellular protection induced by the heat hardening. To examine the potential role of osmolytes in thermoprotection of the mussels, we examined the adaptive adjustments of the osmolytes in the heat hardened M. galloprovincialis compared to the non-heat-hardened individuals. To assess the relative shifts in osmolytes compared to other intermediary metabolic compounds, non-targeted metabolomic analyses was conducted using 1H-NMR spectroscopy.
2 MATERIALS AND METHODS
The animals used in the present study originate from the same exposures as described in earlier published studies (Georgoulis et al., 2021; Georgoulis et al., 2022). A brief description is provided in the following sections.
2.1 Animals
As described in Georgoulis et al. (2021), Georgoulis et al. (2022), M. galloprovincialis mussels with total mass 25.82 ± 4.62 g, shell length 6.42 ± 0.47 cm and shell width 3.2 ± 0.15 cm (mean ± SD) were collected in the end April 2021 from a mussel aquaculture farm which is located in Thermaikos Gulf, Greece. At the time of collection, the ambient sea water temperature was approximately 18°C. Thereafter, collected mussels were transferred to the Laboratory of Animal Physiology, Department of Zoology, School of Biology of the Aristotle University of Thessaloniki. There, they were transferred and kept in tanks with recirculating aerated natural sea water for 1 week. Temperature was kept at 18°C ± 0.5, salinity at 34‰ ± 2.85 and pH at 8.12 ± 0.05. Mussels were fed daily with cultured microalgae Tisochrysislutea (CCAP 927/14) at 0.5% dry mass of algae relative to the total mass of mussels.
2.2 Experimental procedures
Mussels were sequentially exposed to heat-hardening and acclimation phases as previously described in Georgoulis et al. (2021).
i Heat-hardening phase
The group of mussels which is later referred as a heat-hardened (H), was exposed to the heat-hardening conditions. The heat-hardening experimental design was based on Hutchison’s “Repeated—critical thermal maximum (CTM)” method (Hutchison, 1961). In brief, ∼300 randomly selected mussels were conditioned in three replicate aquaria. Each aquarium contained 100 L aerated sea water and the temperature was kept at 18°C for 1 week. Thereafter, water temperature was increased to 27°C and maintained at this level for 2.5 h. The rate of temperature increase was set to 1.5°C/min. Then, water temperature decreased again to the control temperature of 18°C (1.5°C/min). Mussels were left to recover at this temperature for 24 h. This heat-stress bout, both the thermal shock phase and the recovery phase, was repeated four times.
ii Acclimation phase
After the heat-hardening treatment, both non-hardened (group NH) and heat-hardened mussels (group H) were transferred to four 500 L tanks (50–60 individuals from each group per tank) with recirculating aerated natural sea water at 18°C and left to recover for 4 days. Within each tank, both groups (NH and H) were placed in separate baskets. Thereafter, water temperature of the three tanks was increased by a rate of 1°C/h to 24°C, 26°C, and 28°C, respectively. The choice of the aforementioned was based on the following: warming of M. galloprovincialis beyond 24°C resulted to increased oxidative stress, energy misbalance, metabolic depression and a shift to anaerobic metabolism (Feidantsis et al., 2020). Moreover, acclimation beyond 26°C activates the heat shock response and the antioxidant defence in the same species, while at the same time it leads to increased mortalities (Anestis et al., 2007; Feidantsis et al., 2020; 2021; Georgoulis et al., 2021). In general, previous studies have shown that M. galloprovincialis is thermally stressed when exposed to 26°C–27°C (Anestis et al., 2007; Feidantsis et al., 2020). Although the most extreme heat stress for intertidal species usually occurs during emersion, it should be pointed out that ambient sea surface water temperature recorded in Northern Greece during July–August varies between 27 and 28.5°C (Feidantsis et al., 2018).
Mussels maintained at 18°C were used as controls to evaluate possible temporal effects on the parameters of interest. All exposure conditions were run in triplicates.
2.3 Tissue sampling and water quality monitoring
Individuals (n = 8 at each time point) from H and NH groups were collected from each tank after the desired temperature (24°C, 26°C or 28°C) has been reached, at the following time points: 12 h and 1, 5, 10 and 15 days At 24°C, both H and NH mussels showed no mortality, while at 26°C the mortality of NH mussels reached 50% and that of H ones 40%. However, due to the 100% mortality of NH mussels by the 10th at 28°C, samplings on the 15th day were not performed. We have to underline that contrary to the above, the H mussels exhibited a 45% mortality by the 15th day (Georgoulis et al., 2021; 2022). After mussels dissection, mantle tissue was removed and immediately frozen in liquid nitrogen. Then, it was stored at −80°C for later analyses. Mantle was chosen for this study since it exhibits higher aerobic capacity and more intense physiological stress response compared to other tissues. Additionally, several previous studies in mussels examined this tissue and thus it provided us feasible comparisons (e.g., Feidantsis et al., 2020 and references therein). Physicochemical water parameters were measured daily including salinity (g L−1), O2 (mg L−1) and pH by using Consort C535, Multiparameter Analysis Systems (Consort, bvba, Turnhout, Belgium), and concentrations of NH3 (μg L−1), NO2− (μg L−1) and NO3− (μg L−1) using commercial kits (Tetra Werke, Melle, Germany) (Table 1) (Georgoulis et al., 2021).
TABLE 1 | Mean values of seawater parameters.
[image: Table 1]2.4 Tissue extraction
A methanol chloroform extraction protocol was used for the mantle tissue (Rebelein et al., 2018; Georgoulis et al., 2022) Briefly, homogenization of about 100 mg of the frozen mantle tissue was performed in a solution containing 400 μL ice-cold methanol and 125 μL ice-cold Milli-Q water. The samples were centrifuged (20 s, 6,000 rpm) and thereafter the addition of 400 μL ice cold chloroform and 400 μL ice-cold Milli-Q water followed. After mixing and incubation on ice (10 min), samples were centrifuged (10 min, 3,000 g, 4°C) resulting in three phases: the upper methanol layer with the polar metabolites (which was transferred to a new tube and dried in a vacuum centrifuge at room temperature overnight), the lower chloroform layer with the lipids (which was dried in a fume hood at room temperature) and a thin layer of proteins in the middle. The samples’ water-soluble fractions which contained the cytosolic metabolites were transferred to the AWI in Bremerhaven. There, for metabolomic studies, they were dried at room temperature using a rotational vacuum concentrator (RVC 2–18 HCl, Christ GmbH, Germany).
2.5 Metabolomic profiling based on1H-NMR spectroscopy
For the untargeted metabolite profiling, 8 preparations from heat-hardened (H) and non-heat-hardened (NH) groups of animals at each time point were employed. This profiling was based on NMR spectroscopy, and was performed according to previous studies (Götze et al., 2020; Georgoulis et al., 2022). The NMR spectroscopy measurements were carried out on a vertical 9.4T wide bore magnet operating at 400.13 MHz with Avance III HD electronics (Bruker GmbH, Germany). Deuterated water (D2O) containing 0.05% thrymethylsilyl propionate (TSP, Sigma-Aldrich, USA) was employed in order to dissolve the dried tissue extracts (internal standard with a 1:1 ratio) which were thereafter transferred into 1.7 mm NMR tubes. Samples were then placed in a 1.7 mm diameter triple tuned (1H-13C-15N) probe. Thereafter, measurement with the employment of a classical Carl-Purcell-Meiboom-Gill (Bruker protocol cpmgpr1d) sequence with water suppression at room temperature followed. Measurement parameters were as follows: acquisition time (AQ) 4.01 s, sweep width (SW) 8802 Hz (22 ppm), delay (D1) 4 s, dummy scan (DS) 4, number of scans (ns) 256.
Chenomx NMR suite 8.1 (ChenomxInc, Canada) was used to determine metabolite profiles and concentrations. Therefore, the 1H-NMR spectra were phase and baseline corrected and set to the chemical shift of the TSP standard (0.0 ppm). The TSP signal served as line width and concentration standard (2.3 mM). Metabolites were identified using their corresponding NMR signals from the Chenomx database and profiled to the NMR spectrum of each individual spectrum for quantification.
2.6 Statistics
Significant changes in metabolites’ levels between examined groups were tested using one-way analysis of variance (ANOVA) (GraphPadInstat 3.0) at the 5% level (p < 0.05). Two-way (GraphPad Prism 5.0) ANOVA was employed for testing the effects of exposure time and treatment (H and NH mussel groups) as fixed factors. Post-hoc comparisons were performed using the Bonferroni test. Values are presented as means ± S.D.
MetaboAnalyst 5.0 was employed to analyze the differences in metabolite profiles and concentrations (Chong et al., 2019). Metabolite concentrations were transformed and scaled in order to achieve normalization. ANOVA and multi-variate statistics including principal component analysis (PCA) implemented in MetaboAnalyst were used to test for differences in normalized concentrations. Heatmaps and dendograms were performed within Metaboanalyst for an overview of metabolite patterns and hierarchical clusters.
3 RESULTS
3.1 Branched-chain amino acids
The three examined BCAAs (valine, leucine and isoleucine) showed a sharp increase in their levels in the mantle tissues during 1–5 days of warming. The BCAA accumulation occurred earlier and reached higher levels in the H mussels compared to the NH ones. The elevated BCAA levels tended to persist longer in the H mussels compared to the NH ones, particularly at 24°C and 26°C (Figure 1).
[image: Figure 1]FIGURE 1 | Isoleucine (A), leucine (B) and valine levels in the mantle of heat-hardened (H) and non-heat-hardened (NH) Mytilus galloprovincialis mussels after exposure to 24°C (a), 26°C (b) and 28°C (c) in comparison to acclimated at 18°C individuals (control). Values depict means ± SD of n = 8. Asterisk (*) depicts statistically significant changes (p < 0.05) when compared to control mussels, while cross (+) depicts statistically significant changes (p < 0.05) when compared to non-heat-hardened (NH) mussels.
3.2 Aromatic amino acids
Warming at 24°C led to an increase in the tissue levels of phenylalanine, tyrosine and tryptophan in both NH and H mussels. The increase of phenylalanine and tyrosine concentrations was more pronounced in the H mussels, whereas in the case of tryptophan levels, no consistent differences were found between the experimental treatment groups (Figure 2Aa, Ba, Ca). At 26°C and 28°C, AAA levels transiently peaked after 1–5 days of exposure and then gradually decreased to the baseline (control) levels. We found no consistent differences in AAA concentrations between the H and NH mussels at 26°C and 28°C (Figure 2Ab; 2Ac; 2Bb; 2Bc; 2Cb; 2Cc).
[image: Figure 2]FIGURE 2 | Phenylalanine (A), tyrosine (B) and tryptophane (C) levels in the mantle of heat-hardened (H) and non-heat-hardened (NH) Mytilus galloprovincialis mussels after exposure to 24°C (a), 26°C (b) and 28°C (c) in comparison to acclimated at 18°C individuals (control). Values depict means ± SD of n = 8. Asterisk (*) depicts statistically significant changes (p < 0.05) when compared to control mussels, while cross (+) depicts statistically significant changes (p < 0.05) when compared to non-heat-hardened (NH) mussels.
3.3 Glutamine family amino acid metabolism
Glutamate and glutamine levels exhibited a significant increase within the first 5 days of warming (Figures 3A,Β). The H mussels showed greater accumulation of glutamate compared to the NH ones, whereas increase in the glutamine levels was similar in both experimental groups (Figure 3A). The only exception to the latter pattern was a peak in glutamine concentration in the H mussels after 1 day of exposure to 28°C that greatly exceeded levels found in the NH counterparts (Figure 3Β).
[image: Figure 3]FIGURE 3 | Glutamate (A), glutamine (B), arginine (C), ornithine (D) and proline (E) levels in the mantle of heat-hardened (H) and non-heat-hardened (NH) Mytilus galloprovincialis mussels after exposure to 24°C (a), 26°C (b) and 28°C (c) in comparison to acclimated at 18°C individuals (control). Values depict means ± SD of n = 8. Asterisk (*) depicts statistically significant changes (p < 0.05) when compared to control mussels, while cross (+) depicts statistically significant changes (p < 0.05) when compared to non-heat-hardened (NH) mussels.
Furthermore, experimental warming led to an increase in the concentrations of arginine, ornithine and proline in the mantle of mussels (Figures 3C–E). Generally, the concentrations of these amino acids reached peak values earlier with increasing temperatures [by 10–15 days at 24°C, 5 days at 26°C (except ornithine) and 1–5 days at 28°C]. Accumulation of ornithine was higher in the NH mussels than in the H groups, particularly at warmer temperatures and prolonged exposures (Figure 3D). In contrast, arginine concentrations reached higher levels in the H mussels than in their NH counterparts (Figure 3C). Proline concentrations in the mantle peaked earlier and at a higher level in the H mussels compared to the NH ones but were similar in the two experimental groups at other time points (Figure 3D).
3.4 Choline and related metabolites
Warming induced elevated levels of betaine, choline and homocysteine in the mussels’ mantle tissue peaking after 5 days of warming (except homocysteine at 24°C reaching the highest levels after 15 days). Levels of these metabolites were higher in the H mussels compared with the NH ones at 24°C and 28°C (Figure 4). At 26°C, the pattern of differences in betaine, choline and homocysteine concentrations between the H and NH mussels was less consistent (Figure 4).
[image: Figure 4]FIGURE 4 | Betaine (A), choline (B), homocysteine (C), N,N-dimethylglycine (D), O-acetylcholine (E), O-phosphocholine (F) and sn-glycero-3-phosphocholine (G) levels in the mantle of heat-hardened (H) and non-heat-hardened (NH) Mytilus galloprovincialis mussels after exposure to 24°C (a), 26°C (b) and 28°C (c) in comparison to acclimated at 18°C individuals (control). Values depict means ± SD of n = 8. Asterisk (*) depicts statistically significant changes (p < 0.05) when compared to control mussels, while cross (+) depicts statistically significant changes (p < 0.05) when compared to non-heat-hardened (NH) mussels.
Mantle levels of N,N-dimethylglycine, O-acetylcholine and sn-glycero-3-phosphocholine showed a significant increase during warming. With a few exceptions, the levels of N-dimethylglycine, O-acetylcholine and sn-glycero-3-phosphocholine were higher in the H mussels compared with their NH counterparts. The mantle levels of these three metabolites reached the peak values earlier at the high temperatures (26°C and 28°C) than at 24°C (Figure 4D; 4E; 4G).
Concentrations of O-phosphocholine decreased during warming, particularly at the two higher exposure temperatures (26°C and 28°C) (Figures 4Fb, Fc). No consistent differences in the warming-induced shifts in O-phosphocholine concentrations were found between the H and NH mussels (Figure 4F).
3.5 Organic osmolytes and cytoprotective compounds
At 24°C, levels oftrimethylamine-N-oxide (TMAO), β-alanine, n-acetylcysteine (NAC), hypotaurine increased throughout the exposure in the mantle of NH and H mussels. The concentrations of TMAO, β-alanine and hypotaurine were higher in the H mussels compared to the NH ones, particularly at the later stages (10–15 days) of exposure (Figures 5A–D). The levels of NAC did not consistently differ between the NH and H groups (Figure 5C).
[image: Figure 5]FIGURE 5 | TMAO(A), β-alanine (B), n-acetylcysteine (C), hypotaurine (D), glycine (E), threonine (F), homarine (G) and lysine (H) levels in the mantle of heat-hardened (H) and non-heat-hardened (NH) Mytilus galloprovincialis mussels after exposure to 24°C (a), 26°C (b) and 28°C (c) in comparison to acclimated at 18°C individuals (control). Values depict means ± SD of n = 8. Asterisk (*) depicts statistically significant changes (p < 0.05) when compared to control mussels, while cross (+) depicts statistically significant changes (p < 0.05) when compared to non-heat-hardened (NH) mussels.
At 26°C and 28°C the concentrations of TMAO, β-alanine, NAC and hypotaurine increased early on during warming and gradually declined after 5–10 days of exposure. Levels of TMAO were higher in the mantle of H mussels compared to the NH ones at 26°C and 28°C (Figures 5Cb, Cc). The concentrations of β-alanine and NAC tended were higher in the NH mussels compared to the H ones after prolonged (10–15 days) of exposure, with little difference between the groups observed at the earlier time points (Figures 5B,C). Mantle levels of hypotaurine were similar in the NH and H mussels throughout the exposure to 26°C and 28°C (Figures 5Db, 5Dc).
Glycine concentrations increased during warming in the NH mussels but remained near the baseline (control) levels in the H ones (Figure 5E). The warming-induced changes in threonine and homarine concentrations depended on the temperature with an increase throughout the exposure at 24°C and a transient peak after 1–5 days followed by a gradual decline at 26°C and 28°C (Figures 5F,G). A similar pattern was found for lysine concentrations except for the NH mussels at 28°C (Figure 5H). No consistent differences between the NH and H mussels in the concentrations of threonine, homarine and lysine were found.
3.6 Other metabolites
Concentrations of UDP-glucose in the mantle tissues increased during warming with higher levels observed in the H compared to the NH mussels (Figure 6A). The UDP-glucose levels peaked after 1–5 days of exposure and remained stable (24°C) (Figure 6Aa) or gradually decreased (26°C and 28°C) afterwards (Figures 6Ab, Ac).
[image: Figure 6]FIGURE 6 | UDP-glucose(A), acetoacetate (B), 4-aminobutyrate (C), malonate (D), uracil (E) and imidazole (F) levels in the mantle of heat-hardened (H) and non-heat-hardened (NH) Mytilus galloprovincialis mussels after exposure to 24°C (a), 26°C (b) and 28°C (c) in comparison to acclimated at 18°C individuals (control). Values depict means ± SD of n = 8. Asterisk (*) depicts statistically significant changes (p < 0.05) when compared to control mussels, while cross (+) depicts statistically significant changes (p < 0.05) when compared to non-heat-hardened (NH) mussels.
Mantle levels of acetoacetate increased during the early (1–5 days) stages of warming and generally declined after 10–15 days, without any consistent differences between the NH and H groups (Figure 6B). Concentrations of 4-aminobutyrate increased during warming, with higher levels attained in the NH than in the H group after 10–15 days of exposure (Figure 6C). Tissue levels of malonate transiently peaked during warming, reaching higher peak levels in the NH than in the H mussels, and returned to the baseline (control) levels at 24°C or even lower values at 26°C and 28°C after 10–15 days of exposure (Figure 6D).
Mantle levels of uracil decreased during warming below the baseline (control) levels (Figure 6E). Concentrations of imidazole levels transiently increased after 1–5 days of exposure and decreased at the later time points reaching the baseline (control) levels after 10–15 days in most groups (Figure 6F).
3.7 Multivariate analyses of metabolite profiles
The heatmaps in Figure 7 show the differences in the metabolome shifts between the non-heat-hardened (group NH) and heat-hardened (group H) mussels as well as between the different exposure temperatures. At 24°C, three groups of metabolites, showing correlated patterns of change, were identified based on the corresponding dendrograms. The first group included metabolites that increased towards mid-exposure in the H mussels (acetoacetate, glutamate, malonate, O-acetylcholine, choline, N,N-dimethylglycine, betaine, O-phosphocholine, β-alanine, glycine and uracil). The second group included metabolites peaking during the late exposure in both H and NH group (ornithine, hypotaurine, N-acetylcysteine, lysine, homocysteine and proline). The third group of metabolites increased during mid- and late exposure exclusively in the H group (UDP-glucose, leucine, phenylalanine, arginine, glutamine, tyrosine, 4-aminobutyrate, isoleucine, threonine, valine, tryptophan, sn-glycero-phosphate, trimethylamine, homarine and imidazole).
[image: Figure 7]FIGURE 7 | Heatmap depicting fold change of metabolites in the mantle of heat-hardened (H) and non-heat-hardened (NH) Mytilus galloprovincialis mussels after exposure to 24°C, 26°C and 28°C (dendrograms indicate the correlation between metabolites) and Correlations of metabolites with each of the first two principal components (PCs) in the multivariate analysis. (c_18_1: 18°C 1st day, h_24_1: hardening 24°C 1st day, h_24_5: hardening 24°C 5th day, h_24_10: hardening 24°C 10th day, h_24_15: hardening 24°C 15th day, nh_24_1: non-hardening 24°C 1st day, nh_24_5: non-hardening 24°C 5th day, nh_24_10: non-hardening 24°C 10th day, nh_24_15: non-hardening 24°C 15th day). (c_18_1: 18°C 1st day, h_26_1: hardening 26°C 1st day, h_26_5: hardening 26°C 5th day, h_26_10: hardening 26°C 10th day, h_26_15: hardening 26°C 15th day, nh_26_1: non-hardening 26°C 1st day, nh_26_5: non-hardening 26°C 5th day, nh_26_10: non-hardening 26°C 10th day, nh_26_15: non-hardening 26°C 15th day). (c_18_1: 18°C 1st day, h_28_1: hardening 28°C 1st day, h_28_5: hardening 28°C 5th day, h_28_10: hardening 28°C 10th day, nh_28_1: non-hardening 24°C 1st day, nh_28_5: non-hardening 28°C 5th day, nh_28_10: non-hardening 28°C 10th day).
At 26°C, four groups of metabolites were identified. The first group showed a concentration increase during the first days of exposure in the H mussels (arginine, O-acetylcholine, homocysteine, isoleucine, leucine, phenylalanine, threonine), while those in the second group increased in both H and NH mussels (sn-glycero-phosphate, UDP-glucose, tyrosine, glutamate, tryptophan, N,N-dimethylglycine, glutamine and thimethylamine). Additionally, O-phosphocholine and uracil levels increased in the first days of exposure in the mantle tissue of the H group. The fourth group included metabolites peaking during the mid-exposure at both groups (4-aminobutyrate, choline, proline, imidazole, homarine, hypotaurine, acetoacetate, betaine, glycine, ornithine, n-acetylcysteine, b-alanine, malonate, lysine and valine).
At 28°C, the comparison between differently treated mussels revealed a group of metabolites (leucine, phosphocholine, N-acetylcysteine, glutamate, tryptophan, imidazole, malonate, hypotaurine, O-acetylcholine, sn-glycero-phosphate, isoleucine, UDP-glucose, glutamine, homocysteine, proline, trimethylamine, homarine, valine, betaine, threonine, N,N-dimethylglycine, choline, tyrosine, arginine, phenylalanine) that were elevated during the first day of exposure in the H group and during mid-exposure in the NH mussels, and a second group (acetoacetate, lysine, β-alanine, 4-aminobutyrate, uracile, glycine, ornithine) enriched at the mid- and late exposure in the NH group mussels.
(c_18_1: 18°C 1stday, h_24_1: hardening 24°C 1st day, h_24_5: hardening 24°C 5thday, h_24_10: hardening 24°C 10th day, h_24_15: hardening 24°C 15th day, nh_24_1: non-hardening 24°C 1st day, nh_24_5: non-hardening 24°C 5th day, nh_24_10: non-hardening 24°C 10th day, nh_24_15: non-hardening 24°C 15th day).
(c_18_1: 18°C 1stday, h_26_1: hardening 26°C 1st day, h_26_5: hardening 26°C 5thday, h_26_10: hardening 26°C 10th day, h_26_15: hardening 26°C 15th day, nh_26_1: non-hardening 26°C 1st day, nh_26_5: non-hardening 26°C 5thday, nh_26_10: non-hardening 26°C 10th day, nh_26_15: non-hardening 26°C 15th day).
(c_18_1: 18°C 1stday, h_28_1: hardening 28°C 1st day, h_28_5: hardening 28°C 5thday, h_28_10: hardening 28°C 10th day, nh_28_1: non-hardening 24°C 1st day, nh_28_5: non-hardening 28°C 5th day, nh_28_10: non-hardening 28°C 10th day).
PCA analysis was applied to statistically determine the differences in metabolite responses examined herein. According to the results for the different acclimation temperatures (24, 26, and 28°C), it seems that group H individuals were diverted in different clusters from both control and group NH individuals (Figure 7 right), mainly at 24 and 28°C, as well as at the first days (1-5) at 26°C. Specifically, at 24°C, PC1 explained 31.6% of the variance, while PC2 explained 10% (Figure 7A). At 26°C, PC1 explained 35.6% of the variance, while PC2 explained 8.2% (Figure 7B). Finally, at 28°C, PC1 explained 36.6% of the variance, while PC2 explained 12.4% (Figure 7C).
Finally, Figure 8 summarizes the trends of metabolite changes in the naïve and heat hardened mussels during exposure to different temperatures.
[image: Figure 8]FIGURE 8 | Trends and patterns of the accumulation of metabolites in non-heat-hardened (NH) and heat-hardened (H) Mytilus galloprovincialis mussels after exposure to different temperatures (24°C, 26°C and 28°C).
4 DISCUSSION
4.1 Branched-chain amino acids
BCAAs, including leucine, isoleucine, and valine, are essential amino acids in mollusks and other animals (Fitzgerald and Szmant, 1997) and they play critical roles in cellular metabolism, growth, and stress signaling (Lynch and Adams, 2014). Moreover, BCAAs exert stimulatory effects on protein synthesis and inhibitory effects on proteolysis aiding protein deposition (Francesco and Enzo, 2017; Holeček, 2018). In addition to regulating protein turnover, leucine and isoleucine also play important roles in energy metabolism and redox homeostasis (D’Antona et al., 2010). Leucine increases the efficiency of mitochondrial ATP synthesis, which helps to mitigate oxidative stress (Wu et al., 2022). It also activates the mammalian target of rapamycin complex 1 (mTORC1), which stimulates biosynthesis, cell survival, and proliferation (Lynch and Adams, 2014). Isoleucine, on the other hand, protects against oxidative stress by regulating the peroxisome pathway and promoting acetyl-coenzyme A (acetyl-CoA) production (Wu et al., 2022). Thus the rapid and robust accumulation of BCAAs in H mussels during warming may have cytoprotective and enhanced thermotolerance observed in H mussels by improving ATP supply, protein synthesis (including heat shock proteins), and redox balance. On the other hand, BCAA accumulation was delayed in NH mussels and did not reach similar high levels as in the H mussels. Given that the mollusks cannot synthesize BCAAs (Fitzgerald and Szmant, 1997), the warming-induced accumulation of BCAAs in the mussels must reflect increased transport and retention of these amino acids from the dietary or waterborne sources (Wright and Pajor, 1989), or stimulation of BCAA production by associated microbiome (Lin et al., 2017).
The H mussels’ ability to maintain high BCAA levels was found to be dependent on the degree of thermal stress they were exposed to. When exposed to mild thermal stress (24°C), the H mussels were able to increase their BCAA levels throughout the 15 days of exposure. However, under more severe warming (26°C and 28°C), the capacity to retain high BCAA levels appeared compromised and the levels decreased to near-baseline levels after 10 or 15 days of exposure. The NH mussels showed a similar time course of BCAA changes at 26°C and 28°C (indicating that same regulatory mechanisms might be involved), albeit with lower absolute BCAA concentrations in the mantle tissues compared to the H group. The decline in the levels of BCAAs after prolonged and severe warming can make the cells of mussels more susceptible to oxidative stress and energetic imbalance (Flores et al., 1989; Nawabi et al., 1990). This vulnerability seems more pronounced in NH mussels that are less protected by BCAAs to begin with.
4.2 Aromatic amino acids
Aromatic amino acids (AAAs) like phenylalanine, tyrosine, and tryptophan are essential for mollusks, which cannot synthesize them and must acquire AAAs through their diet or from symbiotic organisms (Fitzgerald and Szmant, 1997; Parthasarathy et al., 2018). AAAs play a crucial role in stress tolerance as they serve as precursors for the biosynthesis of hormones and neurotransmitters (Han et al., 2019). Tyrosine and phenylalanine are involved in the biosynthesis of neurotransmitters and hormones such as dopamine, norepinephrine, and adrenaline, while tryptophan is involved in the biosynthesis of serotonin, melatonin, and kynurenic acid, which protects neurons from overstimulation (Lieberman et al., 2005; Zehra and Khan, 2014; Han et al., 2019). Heat hardening induced earlier and stronger accumulation of AAAs during warming in the mantle compared to findings in mantle tissue of the NH mussels. Like BCAAs, accumulation of AAAs cannot be due to the de novo synthesis and must reflect increased uptake from external sources or acquisition through protein recycling.
Generally, under mild thermal stress (24°C), H mussels showed earlier signs of AAAs accumulation and eventually reached higher levels of AAAs in the mantle tissues than the NH mussels. Under more severe thermal stress (26°C and 28°C), the main difference between the H and NH mussels was in the earlier onset of AAAs accumulation in the former group. After prolonged exposures at 26°C and 28°C, the AAAs concentrations converged on similar levels in both H and NH groups and declined towards the end (10–15 days) of exposures. At the highest studied temperature (28°C), the rate of this decline was faster in the H mussels compared with the NH counterparts. These trends indicate that the balance between the AAAs influx and their conversion to the secondary compounds like neurotransmitters and hormones is positive under the mild thermal stress allowing for a gradual increase of the pool of these essential amino acids, particularly in the H mussels. Given the important protective roles of AAAs and their derived secondary metabolites in regulation of redox balance, immunity and osmotic homeostasis (Lopez-Patino et al., 2013; Maitra and Hasan, 2016), robust accumulation of AAAs at 24°C might contribute to stress tolerance of H mussels. However, the capacity of the mussel tissues to balance supply and demand of AAAs appears to be exhausted after the prolonged exposures to severe thermal stress (26°C and 28°C). High rates of conversion of AAAs into the protective secondary metabolites (Georgoulis et al., 2021) apparently exceed the AAAs influx from diet and protein breakdown and indicates high cost of thermoprotection in mussels as the severity and duration of the thermal stress increases.
4.3 Glutamine family amino acid metabolism
The pathways involving amino acids of the glutamine family (arginine, glutamate, glutamine and proline) and their derivatives (like ornithine) play an important role in nitrogen metabolism, amino acid biosynthesis and production of signaling molecules like 4-aminobutyric acid (GABA) and nitric oxide (NO) (Newsholme et al., 2003; Zhang et al., 2017). Glutamine serves as a vital amino acid precursor and a non-toxic carrier of circulating ammonia (Yoo et al., 2020). In non-proliferating cells, glutamine is primarily used for protein synthesis or converted to glutamate, which serves as a precursor for α-ketoacids that fuel mitochondrial ATP production. Additionally, glutamate plays a role in synthesizing glutathione as well as non-essential amino acids like alanine, proline, aspartate, asparagine, and arginine (Yoo et al., 2020). Highly proliferative cells rely on glutamine for biosynthesis to generate precursors for amino acids, nucleotides, and fatty acids (Zhang et al., 2017; Yoo et al., 2020). The glutamine to glutamate ratio is a key indicator of cellular metabolic activity, as it decreases with increased glutamine consumption (as in highly proliferative cells), and increases with suppressed glutamine metabolism.
During warming, the concentration of certain amino acids from the glutamine family increased in the mantle of mussels of both groups. Glutamate, glutamine, arginine, and proline were all affected, but glutamate, compared to glutamine, saw a particularly strong accumulation relative to the baseline especially in H mussels. Strong glutamate accumulation in H mussels during warming might be due to the elevated pool of glutamine and BCAAs that can be converted in glutamate (Tamanna and Mahmood, 2014). High levels of glutamate accumulation indicates that warming-induced metabolic reprogramming is shifted toward enhanced ATP synthesis rather than proliferation (Zhang et al., 2017; Yoo et al., 2020). Moreover, high levels of glutamate support protection against oxidative stress by stimulating the synthesis of glutathione, particularly when combined with elevated levels of NAC, another GSH precursor, as found in our present study. This indicates activation of glutathione system and is consistent with an earlier report of upregulated glutathione reductase activity during thermal stress in M. galloprovincialis, with a particularly strong response shown by the H mussels (Georgoulis et al., 2021). Similar findings were reported in a sea cucumber Apostichopus japonicus, where elevated levels of glutamate were also observed during heat stress, along with the upregulation of proteins involved in glutathione metabolism (Xu et al., 2016).
The high glutamate pool in the warming-exposed mussels was associated with the accumulation of an important glutamate-derived metabolite, 4-aminobutyrate (GABA). GABA is a vital neurotransmitter in the central nervous system of invertebrates, including mollusks (Nguyen et al., 2021). Furthermore, the H group of mussels had significantly higher levels of GABA compared to the NH ones. This observation aligns with Dunphy et al.'s (2018) study, which also found higher levels of GABA in H than NH green-lipped mussels (Perna canaliculus). This increase in GABA levels suggests that the GABAergic synapse pathway is enhanced during the heat-hardening process, thereby retaining neural function and providing better endurance against thermal stress. Furthermore, the higher levels of glutamate in H mussels could potentially supply additional energy sources to the TCA cycle, thereby increasing GABA production through the GABA shunt (Bouche and Fromm, 2004; Singh and Roychoudhury, 2020).
The exposure of NH mussels at temperatures beyond 24°C resulted in accumulation of arginine and its downstream metabolites, ornithine and proline. The latter suggests that heat stress promotes activity of the arginine—ornithine—proline metabolic pathway, by increasing the activity of ornithine aminotransferase to generate D1-l-pyrroline-5-carboxylate (P5C) (O'Quinn et al., 2002). The increased levels of intracellular ornithine promote production of P5C, which can be used for proline biosynthesis (Ginguay et al., 2017). Irrespective of temperature exposure, in H mussels, no accumulation of ornithine was observed in the mantle tissue, despite accumulation of arginine and proline. Since the flux from ornithine to P5C is not favored under low intracellular concentrations of ornithine (Albaugh et al., 2017), it appears more likely that glutamate rather than ornithine serve as a source for proline synthesis in the H mussels. Proline accumulation can contribute to cytoprotection during warming stress since this amino acid can stabilize proteins and prevent their aggregation (Csonka, 1989; Liang et al., 2013). High levels of proline can also support the antioxidant defense of the H mussels during warming by scavenging ROS and increasing GSH pool (Zablocki et al., 1991; Ling et al., 2013). Accumulation of arginine in the H mussels, on the other hand, may be due to activation of the urea cycle for ammonium detoxification and as a source of fumarate it can fuel the TCA cycle (Georgoulis et al., 2022).
4.4 Choline and related metabolites
Choline plays a crucial role in maintaining cell volume, supporting nutrient metabolism, balancing osmotic conditions, and enhancing antioxidant capacity, thereby potentially mitigating the impacts of heat stress (Zablocki et al., 1991). In animals, choline can be obtained from phosphatidylcholine (PC) through phosphatidylethanolamine (PE) methylation (Reo et al., 2002). Exposure of mussels to heat stress resulted in increased choline levels. When faced with stressful conditions, the recycling of choline from PC breakdown is enhanced, allowing the organism to prevent complete choline deprivation (Li et al., 2005). Moreover, the elevated levels of related metabolites during heat stress, such as betaine, homocysteine, acetylcholine, and dimethylglycine, suggest that choline undergoes acetylation to form acetylcholine, a crucial neurotransmitter in animals (Wu and Hersh, 1994), and oxidation to betaine (Pritchard and Vance, 1981), instead of phosphorylation to PC, which leads to decreased PC concentrations. Betaine supports cellular stability and is vital for maintaining cellular function in stressed mussels (Sokolov and Sokolova, 2019). It also serves as a methyl group donor, directing methionine toward protein synthesis, and regulates gene expression through DNA or histones methylation (Zeisel, 2017; Alagawany et al., 2022). Additionally, betaine transfers a methyl group to homocysteine, resulting in the production of dimethylglycine and methionine, thereby sustaining the transmethylation cycle (Kidd et al., 1997).
The warming temperatures have led to an increase in homocysteine and dimethylglycine levels, indicating an upregulation of the transmethylation pathway that potentially contributes to increased methylation during heat stress. Within the transmethylation cycle, methionine produces S-adenosylmethionine (SAM), which acts as a methyl donor for the conversion of phosphatidylethanolamine (PE) to phosphatidylcholine (PC) catalyzed by phosphatidylethanolamine N-methyltransferase (PEMT) (Bremer and Greenberg, 1961; Li and Vance, 2008). This process generates three molecules of S-adenosylhomocysteine (AdoHcy) through the PEMT reaction, which are then hydrolyzed to adenosine and subsequently converted back to homocysteine (Kidd et al., 1997), while PC can be catabolized back to choline.
In the case of H mussels, exposure resulted in a faster accumulation of choline, betaine, acetylcholine, dimethylglycine, and homocysteine compared to NH. These metabolites reach higher levels at 24°C and on the first day of exposure above 26°C. The accelerated and stronger activation of these metabolic pathways appears to benefit the H individuals by enhancing neurotransmitter functions, improving cellular stability, maintaining osmotic balance, providing thermoprotection, boosting antioxidant capacity, and increasing methylation levels. Furthermore, during warming, H mussels significantly accumulated glycero-3-phosphocholine, whereas NH mussels showed no substantial increases in this metabolite except at lower levels at 26°C. Glycero-3-phosphocholine can be synthesized from PC and acts as an organic osmolyte, protecting cells against high concentrations of NaCl and urea (Gallazzini and Burg, 2009). This finding supports the hypothesis of an enhanced urea cycle in H mussels during heat stress. While the elevated levels of choline and its related metabolites were sustained through the entire 15 days exposure at 24°C in both H and NH mussels, exposure to higher temperatures (26°C and 28°C) curtailed this response after 5 days.
4.5 Organic osmolytes and cytoprotective compounds
Organic osmolytes, such as TMAO, NAC, hypotaurine, lysine, and β-alanine, play a crucial role in protecting the cellular structures of marine organisms, including mussels, from harsh environmental conditions such as warming (Mello and Barrick, 2003; Yancey, 2005; Rahman et al., 2016; Somero, 2022). In particular, TMAO and glycerylphosphorylcholine (GPC) act as effective protectants, enhancing protein stabilization and reducing protein denaturation caused by heat or chaotropic compounds like urea (Mello and Barrick, 2003; Yancey, 2005; Rahman et al., 2016; Somero, 2022). Likewise, lysine contributes to protein stabilization by binding to denatured proteins (Lin and Timasheff, 1996), while β-alanine supports redox balance, further aiding in protein stabilization (Bishop et al., 1983). The accumulation of hypotaurine and NAC enhances cellular cytoprotection in mussels by acting as antioxidants. Hypotaurine scavenges harmful radicals, such as HOCl and OH radicals, thereby yielding taurine (Aruoma et al., 1988) that accumulates during heat stress in M. galloprovincialis (Georgoulis et al., 2022). NAC improves the activity of oxidative stress enzymes, bolstering oxidative defense mechanisms under elevated temperatures (Maksimchik et al., 2008) and helps prevent DNA damage and resists apoptosis (Zhao et al., 2021). NAC also serves as a precursor of glutathione, enhancing detoxification mechanisms (Peña-Llopis et al., 2014). Therefore, a faster and more pronounced accumulation of these protective compounds in the H mussels could enhance their ability to stabilize the proteome and reduce protein denaturation caused by heat stress and urea accumulation. Furthermore, preferential accumulation of these protein-stabilizing osmolytes at the expense of the less compatible amino acids like glycine may enhance this effect (Somero, 2022).
The continuous accumulation of organic osmolytes at 24°C until the 15th day of exposure contributed to the cellular cytoprotection of H mussels. However, prolonged exposure to higher temperatures, 26°C and 28°C, led to depletion of the osmolyte pool after the 5th and 1st day, respectively, resulting in a decrease in the mussels’ cytoprotective capacity. At these severe thermal stress levels, the stabilizing effects on macromolecules and antioxidant mechanisms were superseded by stronger mechanisms like heat shock proteins (HSPs) and antioxidant enzymes, which remaind elevated throughout the exposure to severe thermal stress (Georgoulis et al., 2021).
4.6 Other metabolites
In both H and NH mussels, temperature increase has led to increased levels of acetoacetate, a ketone body synthesized from acetyl-CoA as the end product of fatty acid metabolism (Laffel, 1999). Heat-stressed mussels may stimulate lipid metabolism, which can serve as an energy source when glucose availability is limited (Laffel, 1999; Tian et al., 2015; Fan et al., 2019). In the present study, acetoacetate levels increased without significant differences between H and NH mussels at 24°C and 26°C. At 28°C, however, H mussels exhibited a faster increase in ketone metabolism compared to NH individuals suggesting a stronger stimulation of lipid metabolism in mantle.
Heat stress also caused the accumulation of malonate in mussels. Malonate acts as a competitive inhibitor of the enzyme succinate dehydrogenase, a key molecule in the tricarboxylic acid (TCA) cycle and electron transport chain (Kim, 2002). Increased malonate levels can negatively impact energy production by reducing the activity of the TCA cycle and limiting cellular respiration capacity (Zampiga et al., 2021). The accumulation of malonate, particularly in NH mussels at all elevated temperatures, indicates a restriction of energy production during heat stress, contrasting with H mussels that exhibited a significant increase in malonate only on the 5th day at 24°C. This observation is closely related to the metabolic depression observed in M. galloprovincialis when acclimated to 24°C, accompanied by extended periods of valve closure (Anestis et al., 2007). Additionally, the increased concentrations of succinate and fumarate in NH mussels support the hypothesis of anaerobic succinate metabolism, as malonate inhibits the activity of succinate dehydrogenase. In contrast, the lower concentrations of malonate in H mussels at 26°C and 28°C, compared to NH ones, align with previous findings that demonstrated no elevation of succinate and fumarate, indicating a more robust aerobic pathway in the TCA cycle and a delayed switch to anaerobiosis (Georgoulis et al., 2021).
UDP-glucose (UDP-Glc) exhibited increased concentrations at temperatures beyond 24°C. UDP-Glc is produced through glycogenesis and participates in the biosynthesis of glycogen, glycoproteins, glycosaminoglycans, and glycosphingolipids (Durrant et al., 2020). Under stressful conditions, bivalves prioritize carbohydrates as their primary energy source, with fatty acids serving as a secondary source (Erk et al., 2011). The accumulation of UDP-Glc in thermally stressed mussels indicates higher demands for glycogen production during warming, which has been attributed as a metabolic adaptive strategy against heat stress (Maazouzi et al., 2011). Specifically, this phenomenon was particularly pronounced in H mussels compared to NH ones, with significantly higher UDP-glucose levels at all elevated temperatures, indicating enhanced glycogenesis rates and increased production of energy sources like glycogen to withstand acute thermal stress.
5 CONCLUSION
Our study provides insights in the metabolic mechanisms that may lead to increased tolerance of M. galloprovincialis against increased seawater temperatures. Specifically, metabolic rearrangement induced by heat hardening appears to enhance the thermal protection via increase of particular metabolites. Most notably, these metabolites included BCAAs, AAAs, and compounds with protein stabilizing and antioxidant properties. However, metabolites exhibited different patterns of accumulation at different temperatures indicating the interplay of several metabolic pathways during heat stress. As temperature rose, the distinction between the responses of H and NH mussels decreased progressively. This was demonstrated by hierarchical clustering analysis, which revealed that at 24°C, 26 metabolites were preferentially enriched in the H mussels, while at 26°C, this number reduced to 9 only. At 28°C, a sizable group of 24 metabolites increased in both treatment groups, albeit with an earlier onset in the H mussels. These findings suggest that with increasing thermal stress, similar protective metabolic mechanisms are activated in both groups. However, the H mussels exhibited an earlier and stronger activation of this conserved protective response, contributing to enhanced thermal protection. The latter is clearly depicted by the fact that the NH mussels exhibit a 100% mortality at 28°C by the 10th day of exposure, in comparison to the H individuals. Notably, the majority of metabolites exhibited a biphasic response peaking within 5 days of warming in H and NH mussels. We propose that the initial increase in metabolite levels during the first 5 days serves as a preemptive defense mechanism to safeguard the structure and functionality of proteins, prior to the sufficient expression of molecular chaperones like HSPs that provide protection during the later phase. This highlights the potential of heat hardening as a highly promising approach in combating the impacts of global warming on cultivated and economically valuable bivalves, providing increased endurance to thermal stress. However, the energy costs associated with this response and its potential benefit on mussels’ thermotolerance during prolonged exposure to elevated temperatures remain uncertain.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
Conceptualization: BM; validation: BM; resources: BM; project administration: BM; methodology: IGe, CB, GL, KF, and IGi; formal analysis: IGe, KF, and IGi; visualization: IGe, KF, IGi, and BM; funding acquisition: IGe; software: IGe, CB, GL, KF, and IGi; investigation: IGe, KF, and IGi; data curation: IGe, KF, and IGi; writing—original draft: IGe, KF, IGi, and BM; writing—review and editing: IGe, CB, GL, HP, KF, IGi, IS, and BM; Supervision: BM. All authors contributed to the article and approved the submitted version.
FUNDING
The implementation of the doctoral thesis was co-financed by Greece and the European Union (European Social Fund) through the Operational Program “Human Resource Development, Education and Lifelong Learning,” 2014-2020, in the context of the Action “Strengthening of human resources through the implementation of the Ph.D. research Sub-Action 2: IKY Scholarships Program for Ph.D. Candidates of Greek Universities.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Agrawal A. A. (2001). Phenotypic plasticity in the interactions and evolution of species. Science 294, 321–326. doi:10.1126/science.1060701
 Alagawany M., Elnesr S. S., Farag M. R., El-Naggar K., Taha A. E. Khafaga A. F., et al. (2022). Betaine and related compounds: chemistry, metabolism and role in mitigating heat stress in poultry. J. Therm. Biol. 104, 103168. doi:10.1016/j.jtherbio.2021.103168
 Albaugh V. L., Mukherjee K., Barbul A. (2017). Proline precursors and collagen synthesis: biochemical challenges of nutrient supplementation and wound healing. J. Nutr. 147 (11), 2011–2017. doi:10.3945/jn.117.256404
 Aleng N. A., Sung Y. Y., MacRae T. H., Wahid M. E. A. (2015). Non-lethal heat shock of the asian green mussel, Perna viridis, promotes Hsp70 synthesis, induces thermotolerance and protects against Vibrio infection. Plos One 10 (8), e0135603. doi:10.1371/journal.pone.0135603
 Anestis A., Lazou A., Portner H. O., Michaelidis B. (2007). Behavioral and metabolic, and molecular stress responses of marine bivalve Mytilus galloprovincialis during long-term acclimation at increasing ambient temperature. Am. J. Physiol. Regul. Integr. Comp. Physiol. 293, R911–R921. doi:10.1152/ajpregu.00124.2007
 Aruoma O. I., Halliwell B., Hoey B. M., Butler J. (1988). The antioxidant action of taurine, hypotaurine and their metabolic precursors. Biochem. J. 256, 251–255. doi:10.1042/bj2560251
 Bilyk K. T., Clive W. E., DeVries A. L. (2012). Heat hardening in Antarctic notothenioid fishes. Pol. Biol. 35, 1447–1451. doi:10.1007/s00300-012-1189-0
 Bilyk K. T., DeVries A. L. (2011). Heat tolerance and its plasticity in Antarctic fishes. Comp. Biochem. Physiol. A 158, 382–390. doi:10.1016/j.cbpa.2010.12.010
 Bishop S. H., Ellis L. L., Burcham J. M. (1983). “Amino acid metabolism in molluscs,”. The Mollusca ed . Editor P. W. Hochachka (New York, NY, USA: Academic Press), 1, 275–279. 
 Bouche N., Fromm H. (2004). GABA in plants: just a metabolite?Trends Plant. Sci. 9 (3), 110–115. doi:10.1016/j.tplants.2004.01.006
 Bowler K. (2005). Acclimation, heat shock and hardening. J. Therm. Biol. 30, 125–130. doi:10.1016/j.jtherbio.2004.09.001
 Bremer J., Greenberg D. M. (1961). Methyltransfering enzyme system of microsomes in the biosynthesis of lecithin (phosphatidylcholine). Biochim. Biophys. Acta. 46, 205–216. doi:10.1016/0006-3002(61)90745-4
 Chong J., Wishart D. S., Xia J. (2019). Using MetaboAnalyst 4.0 for comprehensive and integrative metabolomics data analysis. Curr. Protoc. Bioinform. 68 (1), e86. doi:10.1002/cpbi.86
 Csonka L. N. (1989). Physiological and genetic responses of bacteria to osmotic stress. Microbiol. Rev. 53 (1), 121–147. doi:10.1128/mr.53.1.121-147.1989
 D'Antona G., Ragni M., Cardile A., Tedesco L., Dossena M. Bruttini F., et al. (2010). Branched-chain amino acid supplementation promotes survival and supports cardiac and skeletal muscle mitochondrial biogenesis in middle-aged mice. Cell Metabol. 12 (4), 362–372. doi:10.1016/j.cmet.2010.08.016
 Ding Y., Fromm M., Avramova Z. (2012). Multiple exposures to drought ‘train’ transcriptional responses in Arabidopsis. Nat. Commun. 3, 740–749. doi:10.1038/ncomms1732
 Doney S. C., Ruckelshaus M., Duffy J. E., Barry J. P., Chan F. English C. A., et al. (2012). Climate change impacts on marine ecosystems. Ann. Rev. Mar. Sci. 4 (1), 11–37. doi:10.1146/annurev-marine-041911-111611
 Dunphy B. J., Ruggiero K., Zamora L. N., Ragg N. L. C. (2018). Metabolomic analysis of heat-hardening in adult green-lipped mussel (Perna canaliculus): A key role for succinic acid and the GABAergic synapse pathway. J. Therm. Biol. 74, 37–46. doi:10.1016/j.jtherbio.2018.03.006
 Durrant C., Fuehring J. I., Willemetz A., Chrétien D., Sala G. Ghidoni R., et al. (2020). Defects in galactose metabolism and glycoconjugate biosynthesis in a UDP-glucose pyrophosphorylase-deficient cell line are reversed by adding galactose to the growth medium. Int. J. Mol. Sci. 21 (6), 2028. doi:10.3390/ijms21062028
 Erk M., Ivanković D., Strižak Z. (2011). Cellular energy allocation in mussels (Mytilus galloprovincialis) from the stratified estuary as a physiological biomarker. Mar. Pollut. Bull. 62, 1124–1129. doi:10.1016/j.marpolbul.2011.02.056
 Eymann C., Götze S., Bock C., Guderley H., Knoll A. H. Lannig G., et al. (2020). Thermal performance of the European flat oyster, Ostrea edulis (linnaeus, 1758)—Explaining ecological findings under climate change. Mar. Biol. 167, 17. doi:10.1007/s00227-019-3620-3
 Fan C., Su D., Tian H., Hu R., Ran L. Yang Y., et al. (2019). Milk production and composition and metabolic alterations in the mammary gland of heat-stressed lactating dairy cows. J. Integr. Agric. 18 (12), 2844–2853. doi:10.1016/S2095-3119(19)62834-0
 Feidantsis K., Giantsis I. A., Vratsistas A., Makri S., Pappa A. Z. Drosopoulou E., et al. (2020). Correlation between intermediary metabolism, Hsp gene expression, and oxidative stress-related proteins in long-term thermal-stressed Mytilus galloprovincialis. Am. J. Physiol. 319, R264–R281. doi:10.1152/ajpregu.00066.2020
 Feidantsis K., Georgoulis I., Giantsis I. A., Michaelidis B. (2021). Treatment with ascorbic acid normalizes the aerobic capacity, antioxidant defense, and cell death pathways in thermally stressed Mytilus galloprovincialis. Comp. Biochem. Physiol. B 255, 110611. doi:10.1016/j.cbpb.2021.110611
 Feidantsis K., Pörtner H. O., Vlachonikola E., Antonopoulou E., Michaelidis B. (2018). Seasonal changes in metabolism and cellular stress phenomena in the gilthead sea bream (Sparus aurata). Physiol. Biochem. Zool. 91 (3), 878–895. doi:10.1086/697170
 Fitzgerald L. M., Szmant A. M. (1997). Biosynthesis of ‘essential’ amino acids by scleractinian corals. Biochem. J. 322 (1), 213–221. doi:10.1042/bj3220213
 Flores E. A., Bistrian B. R., Pomposelli J. J., Dinarello C. A., Blackburn G. L., Istfan N. W. (1989). Infusion of tumor necrosis factor/cachectin promotes muscle catabolism in the rat. A synergistic effect with interleukin 1. J. Clin. Inv. 83 (5), 1614–1622. doi:10.1172/JCI114059
 Francesco B., Enzo N. (2017). Branched-chain amino acids differently modulate catabolic and anabolic states in mammals: A pharmacological point of view. Brit. J. Pharmacol. 174, 1366–1377. doi:10.1111/bph.13624
 Gallazzini M., Burg M. B. (2009). What's new about osmotic regulation of glycerophosphocholine. Physiol. (Bethesda, Md 24, 245–249. doi:10.1152/physiol.00009.2009
 Georgoulis I., Bock C., Lannig G., Pörtner H. O., Feidantsis K. Giantsis I. A., et al. (2022). Metabolic remodeling caused by heat hardening in the Mediterranean mussel Mytilus galloprovincialis. J. Exp. Biol. 225 (24), jeb244795. doi:10.1242/jeb.244795
 Georgoulis I., Feidantsis K., Giantsis I. A., Kakale A., Bock C. Pörtner H. O., et al. (2021). Heat hardening enhances mitochondrial potential for respiration and oxidative defense capacity in the mantle of thermally stressed Mytilus galloprovincialis. Sci. Rep. 11 (1), 17098. doi:10.1038/s41598-021-96617-9
 Ginguay A., Cynober L., Curis E., Nicolis I. (2017). Ornithine aminotransferase, an important glutamate-metabolizing enzyme at the crossroads of multiple metabolic pathways. Biology 6 (1), 18. doi:10.3390/biology6010018
 Götze S., Bock C., Eymann C., Lannig G., Steffen J. B. M., Pörtner H. O. (2020). Single and combined effects of the “Deadly trio” hypoxia, hypercapnia and warming on the cellular metabolism of the great scallop Pecten maximus. Comp. Biochem. Physiol. B 243–244, 110438. doi:10.1016/j.cbpb.2020.110438
 Han Q., Phillips R. S., Li J. (2019). Editorial: aromatic amino acid metabolism. Front. Mol. Biosci. 6, 22. doi:10.3389/fmolb.2019.00022
 Hawkins A. J. (1995). Effects of temperature change on ectotherm metabolism and evolution: metabolic and physiological interrelations underlying the superiority of multi-locus heterozygotes in heterogeneous environments. J. Therm. Biol. 20 (1-2), 23–33. doi:10.1016/0306-4565(94)00023-C
 Hilker M., Schwachtje J., Baier M., Balazadeh S., Bäurle I. Geiselhardt S., et al. (2016). Priming and memory of stress responses in organisms lacking a nervous system. Biol. Rev. Camb. Philos. Soc. 91 (4), 1118–1133. doi:10.1111/brv.12215
 Hoffman E. K., Lambert I. H., Pedersen S. F. (2009). Physiology of cell volume regulation in vertebrates. Physiol. Rev. 89 (1), 193–277. doi:10.1152/physrev.00037.2007
 Holeček M. (2018). Branched-chain amino acids in health and disease: metabolism, alterations in blood plasma, and as supplements. Nutr. Metabol. 15, 33. doi:10.1186/s12986-018-0271-1
 Huang L. H., Chen B., Kang L. (2007). Impact of mild temperature hardening on thermotolerance, fecundity, and Hsp gene expression in Liriomyza huidobrensis. J. Insect. Physiol. 53 (12), 1199–1205. doi:10.1016/j.jinsphys.2007.06.011
 Hutchison V. H. (1961). Critical thermal maxima in salamanders. Physiol. Biochem. Zool. 34, 92–125. doi:10.1086/physzool.34.2.30152688
 Kidd M. T., Ferket P. R., Garlich J. D. (1997). Nutritional and osmoregulatory functions of betaine. World's Poult. Sci. J. 53 (2), 125–139. doi:10.1079/WPS19970013
 Kim Y. S. (2002). Malonate metabolism: biochemistry, molecular biology, physiology, and industrial application. BMB Rep. 35, 443–451. doi:10.5483/bmbrep.2002.35.5.443
 Laffel L. (1999). Ketone bodies: A review of physiology, pathophysiology and application of monitoring to diabetes. Diabetes Metab. Res. Rev. 15 (6), 412–426. doi:10.1002/(sici)1520-7560(199911/12)15:6<412::aid-dmrr72>3.0.co;2-8
 Li Z., Agellon L. B., Vance D. E. (2005). Phosphatidylcholine homeostasis and liver failure. J. Biol. Chem. 280 (45), 37798–37802. doi:10.1074/jbc.M508575200
 Li Z., Vance D. E. (2008). Phosphatidylcholine and choline homeostasis. J. Lipid Res. 49 (6), 1187–1194. doi:10.1194/jlr.R700019-JLR200
 Liang X., Zhang L., Natarajan S. K., Becker D. F. (2013). Proline mechanisms of stress survival. Antioxid. Redox Signal 19 (9), 998–1011. doi:10.1089/ars.2012.5074
 Lieberman H. R., Georgelis J. H., Maher T. J., Yeghiayan S. K. (2005). Tyrosine prevents effects of hyperthermia on behavior and increases norepinephrine. Physiol. Behav. 84 (1), 33–38. doi:10.1016/j.physbeh.2004.10.023
 Lin R., Liu W., Piao M., Zhu H. (2017). A review of the relationship between the gut microbiota and amino acid metabolism. Amino Acids 49, 2083–2090. doi:10.1007/s00726-017-2493-3
 Lin T. Y., Timasheff S. N. (1996). On the role of surface tension in the stabilization of globular proteins. Protein Sci. 5, 372–381. doi:10.1002/pro.5560050222
 Lopez-Patino M. A., Conde-Sieira M., Gesto M., Libran-Perez M., Soengas J. L., Mıguez J. M. (2013). Melatonin partially minimizes the adverse stress effects in Senegalese sole (Solea senegalensis). Aquaculture 388, 165–172. doi:10.1016/j.aquaculture.2013.01.023
 Lynch C. J., Adams S. H. (2014). Branched-chain amino acids in metabolic signalling and insulin resistance. Nat. Rev. Endocrinol. 10 (12), 723–736. doi:10.1038/nrendo.2014.171
 Maazouzi C., Piscart C., Legier F., Hervant F. (2011). Ecophysiological responses to temperature of the “killer shrimp” Dikerogamma rusvillosus: is the invader really stronger than the native Gamma ruspulex?Comp. Biochem. Physiol. A 159, 268–274. doi:10.1016/j.cbpa.2011.03.019
 Maitra S. K., Hasan K. N. (2016). The role of melatonin as a hormone and an antioxidant in the control of fish reproduction. Front. Endocrinol. 7, 38. doi:10.3389/fendo.2016.00038
 Maksimchik Y. Z., Lapshina E. A., Sudnikovich E. Y., Zabrodskaya S. V., Zavodnik I. B. (2008). Protective effects of N-acetyl-L-cysteine against acute carbon tetrachloride hepatotoxicity in rats. Cell. biochem. Funct. 26 (1), 11–18. doi:10.1002/cbf.1382
 Maness J. D., Hutchison V. H. (1980). Acute adjustment of thermal tolerance in vertebrate ectotherms following exposure to critical thermal maxima. J. Therm. Biol. 5, 225–233. doi:10.1016/0306-4565(80)90026-1
 Marais E., Terblanche J. S., Chown S. L. (2009). Life stage-related differences in hardening and acclimation of thermal tolerance traits in the kept fly, Paractora dreuxi (Diptera, Helcomyzidae). J. Insect. Physiol. 55, 336–343. doi:10.1016/j.jinsphys.2008.11.016
 Mello C. C., Barrick D. (2003). Measuring the stability of partly folded proteins using TMAO. Protein Sci. 12 (7), 1522–1529. doi:10.1110/ps.0372903
 Menke M. E., Claussen D. L. (1982). Thermal acclimation and hardening in tadpoles of the bullfrog, Rana catesbeiana. J. Therm. Biol. 7, 215–219. doi:10.1016/0306-4565(82)90027-4
 Nawabi M. D., Block K. P., Chakrabarti M. C., Buse M. G. (1990). Administration of endotoxin, tumor necrosis factor, or interleukin 1 to rats activates skeletal muscle branched-chain α-keto acid dehydrogenase. J. Clin. Investig. 85 (1), 256–263. doi:10.1172/JCI114421
 Newsholme P., Lima M. M. R., Procópio J., Pithon-Curi T. C., Bazotte R. B. Curi R., et al. (2003). Glutamine and glutamate as vital metabolites. Braz. J. Med. Biol. Res. 36, 153–163. doi:10.1590/S0100-879X2003000200002
 Nguyen T. V., Alfaro A. C., Arroyo B. B., Leon J. A. R., Sonnenholzner S. (2021). Metabolic responses of penaeid shrimp to acute hepatopancreatic necrosis disease caused by Vibrio parahaemolyticus. Aquaculture 533, 736174. doi:10.1016/j.aquaculture.2020.736174
 O'Quinn P. R., Knabe D. A., Wu G. (2002). Arginine catabolism in lactating porcine mammary tissue. J. Anim. Sci. 80 (2), 467–474. doi:10.2527/2002.802467x
 Parthasarathy A., Cross P. J., Dobson R. C. J., Adams L. E., Savka M. A., Hudson A. O. A. (2018). A three-ring Circus: metabolism of the three proteogenic aromatic amino acids and their role in the health of plants and animals. Front. Mol. Biosci. 5, 29. doi:10.3389/fmolb.2018.00029
 Pazzaglia J., Badalamenti F., Bernardeau-Esteller J. M., Ruiz J., Giacalone V. M. Procaccini G., et al. (2022). Thermo-priming increases heat-stress tolerance in seedlings of the Mediterranean seagrass P. oceanica. Mar. Pollut. Bull. 174, 113164. doi:10.1016/j.marpolbul.2021.113164
 Peña-Llopis S., Serrano R., Pitarch E., Beltrán E., Ibáñez M. Hernández F., et al. (2014). N-Acetylcysteine boosts xenobiotic detoxification in shellfish. Aquat. Toxicol. 154, 131–140. doi:10.1016/j.aquatox.2014.05.006
 Pörtner H. O. (2021). Climate impacts on organisms, ecosystems and human societies: integrating OCLTT into a wider context. J. Exp. Biol. 224, jeb238360. doi:10.1242/jeb.238360
 Pörtner H. O. (2012). Integrating climate-related stressor effects on marine organisms: unifying principles linking molecule to ecosystem-level changes. Mar. Ecol. Prog. Ser. 470, 273–290. doi:10.3354/meps10123
 Precht H. (1973). in Temperature and life ed . Editor H. Precht, 302–348.
 Pritchard P. H., Vance D. E. (1981). Choline metabolism and phosphatidylcholine biosynthesis in cultured rat hepatocytes. Biochem. J. 196 (1), 261–267. doi:10.1042/bj1960261
 Rabbani G., Choi I. (2018). Roles of osmolytes in protein folding and aggregation in cells and their biotechnological applications. Int. J. Biol. Macromol. 109, 483–491. doi:10.1016/j.ijbiomac.2017.12.100
 Rahman S., Ali S. A., Islam A., Hassan M. I., Ahmad F. (2016). Data on the role of accessible surface area on osmolytes-induced protein stabilization. Data Brief. 10, 47–56. doi:10.1016/j.dib.2016.11.055
 Rebelein A., Pörtner H. O., Bock C. (2018). Untargeted metabolic profiling reveals distinct patterns of thermal sensitivity in two related notothenioids. Comp. Biochem. Physiol. A 217, 43–54. doi:10.1016/j.cbpa.2017.12.012
 Reo N. V., Adinehzadeh M., Foy B. D. (2002). Kinetic analyses of liver phosphatidylcholine and phosphatidylethanolamine biosynthesis using (13)C NMR spectroscopy. Biochim. Biophys. Act. 1580 (2-3), 171–188. doi:10.1016/s1388-1981(01)00202-5
 Rishi V., Anjum F., Ahmad F., Pfeil W. (1998). Role of non-compatible osmolytes in the stabilization of proteins during heat stress. Biochem. J. 329 (1), 137–143. doi:10.1042/bj3290137
 Singh A., Roychoudhury A. (2020). Silicon-regulated antioxidant and osmolyte defense and methylglyoxal detoxification functions co-ordinately in attenuating fluoride toxicity and conferring protection to rice seedlings. Plant Physiol. biochem. 154, 758–769. doi:10.1016/j.plaphy.2020.06.023
 Sokolov E. P., Sokolova I. M. (2019). Compatible osmolytes modulate mitochondrial function in a marine osmoconformer Crassostrea gigas (Thunberg, 1793). Mitochondrion 4 (5), 29–37. doi:10.1016/j.mito.2018.02.002
 Sokolova I. M. (2023). Ectotherm mitochondrial economy and responses to global warming. Acta Physiol. 237 (4), e13950. doi:10.1111/apha.13950
 Sokolova I. M. (2013). Energy-limited tolerance to stress as a conceptual framework to integrate the effects of multiple stressors. Integr. Comp. Biol. 53 (4), 597–608. doi:10.1093/icb/ict028
 Sokolova I. M. (2018). Mitochondrial adaptations to variable environments and their role in animals’ stress tolerance. Integr. Comp. Biol. 58 (3), 519–531. doi:10.1093/icb/icy017
 Somero G. N. (2022). Solutions: how adaptive changes in cellular fluids enable marine life to cope with abiotic stressors. Mar. Life Sci. Technol. 4, 389–413. doi:10.1007/s42995-022-00140-3
 Tamanna N., Mahmood N. (2014). Emerging roles of branched-chain amino acid supplementation in human diseases. Int. Sch. Res. Not. 2014, 235619. doi:10.1155/2014/235619
 Tian H., Wang W., Zheng N., Cheng J., Li S. Zhang Y., et al. (2015). Identification of diagnostic biomarkers and metabolic pathway shifts of heat-stressed lactating dairy cows. J. Proteom. 125, 17–28. doi:10.1016/j.jprot.2015.04.014
 West-Eberhard M. J. (2003). Developmental plasticity and evolution. New York: Oxford University Press. 
 Wright S. H., Pajor A. M. (1989). Mechanisms of integumental amino acid transport in marine bivalves. Am. J. Physiol. 257 (3), R473–R483. doi:10.1152/ajpregu.1989.257.3.R473
 Wu D., Hersh L. B. (1994). Choline acetyltransferase: celebrating its fiftieth year. J. Neurochem. 62 (5), 1653–1663. doi:10.1046/j.1471-4159.1994.62051653.x
 Wu S., Liu X., Cheng L., Wang D., Qin G. Zhang X., et al. (2022). Protective mechanism of leucine and isoleucine against H2O2-induced oxidative damage in bovine mammary epithelial cells. Oxid. Med. Cell. Longev. 2022, 4013575. doi:10.1155/2022/4013575
 Xu D., Sun L., Liu S., Zhang L., Yang H. (2016). Understanding the heat shock response in the sea cucumber Apostichopus japonicus, using iTRAQ-based proteomics. Int. J. Mol. Sci. 17 (2), 150. doi:10.3390/ijms17020150
 Yancey P. H. (2005). Organic osmolytes as compatible, metabolic and counteracting cytoprotectants in high osmolarity and other stresses. J. Exp. Biol. 208, 2819–2830. doi:10.1242/jeb.01730
 Yoo H. C., Yu Y. C., Sung Y., Han J. M. (2020). Glutamine reliance in cell metabolism. Exp. Mol. Med. 52 (9), 1496–1516. doi:10.1038/s12276-020-00504-8
 Zablocki K., Miller S. P., Garcia-Perez A., Burg M. B. (1991). Accumulation of glycerophosphocholine (GPC) by renal cells: osmotic regulation of GPC: choline phosphodiesterase. Proc. Natl. Acad. Sci. U. S. A. 88 (17), 7820–7824. doi:10.1073/pnas.88.17.7820
 Zampiga M., Laghi L., Zhu C., Cartoni Mancinelli A., Mattioli S., Sirri F. (2021). Breast muscle and plasma metabolomics profile of broiler chickens exposed to chronic heat stress conditions. Animal 15 (7), 100275. doi:10.1016/j.animal.2021.100275
 Zehra S., Khan M. A. (2014). Dietary phenylalanine requirement and tyrosine replacement value for phenylalanine for fingerling Catla catla (Hamilton). Aquaculture 433, 256–265. doi:10.1016/j.aquaculture.2014.06.023
 Zeisel S. (2017). Choline, other methyl-donors and epigenetics. Nutrients 9 (5), 445. doi:10.3390/nu9050445
 Zhang J., Pavlova N. N., Thompson C. B. (2017). Cancer cell metabolism: the essential role of the nonessential amino acid, glutamine. EMBO J. 36 (10), 1302–1315. doi:10.15252/embj.201696151
 Zhao Y., Zhuang Y., Shi Y., Xu Z., Zhou C. Guo L., et al. (2021). Effects of N-acetyl-l-cysteine on heat stress-induced oxidative stress and inflammation in the hypothalamus of hens. J. Therm. Biol. 98, 102927. doi:10.1016/j.jtherbio.2021.102927
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Georgoulis, Bock, Lannig, Pörtner, Sokolova, Feidantsis, Giantsis and Michaelidis. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-14-1244314-g005.gif





OPS/images/fphys-14-1244314-g006.gif





OPS/images/fphys-14-1244314-g003.gif





OPS/images/fphys-14-1244314-g004.gif





OPS/images/fphys-14-1244314-t001.jpg
(O  TEMPERATURE (Q)  Salinity (G™) 0, (MGLY)  NH; (MG NO> (MG L) NO*~ (MG L)

18 1801 33.2+003 804 £ 002 7.9+ 006 02 +001 02 +001 <125

2 24£03 33.4 £ 003 [ 803 £ 002 7.8 £ 007 02 +001 [ 03£002 14£06
26+ 04 33.3 £ 001 802 £ 001 7.8 £ 005 02 +002 03 £001 14+03
28403 332+ 004 | 802 £ 001 7.8 £ 007 03 +002 02£002 1305






OPS/images/fphys-14-1244314-g007.gif





OPS/images/fphys-14-1244314-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Heat hardening enhances metabolite-driven thermoprotection in the Mediterranean mussel Mytilus galloprovincialis		1 Introduction

		2 Materials and methods		2.1 Animals

		2.2 Experimental procedures

		2.3 Tissue sampling and water quality monitoring

		2.4 Tissue extraction

		2.5 Metabolomic profiling based on1H-NMR spectroscopy

		2.6 Statistics





		3 Results		3.1 Branched-chain amino acids

		3.2 Aromatic amino acids

		3.3 Glutamine family amino acid metabolism

		3.4 Choline and related metabolites

		3.5 Organic osmolytes and cytoprotective compounds

		3.6 Other metabolites

		3.7 Multivariate analyses of metabolite profiles





		4 Discussion		4.1 Branched-chain amino acids

		4.2 Aromatic amino acids

		4.3 Glutamine family amino acid metabolism

		4.4 Choline and related metabolites

		4.5 Organic osmolytes and cytoprotective compounds

		4.6 Other metabolites





		5 Conclusion

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-14-1244314-g001.gif
~

Lo FRNE
3333323 s3szaana: Breere

< O ——c Gejeemmanan . op—






OPS/images/fphys-14-1244314-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





