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The milkfish, Chanos chanos, is an important aquaculture species that can be cultured in freshwater (FW) and seawater (SW) ponds because of its high euryhalinity. In winter, cold snap leading to high mortality of this tropical species is a critical issue for the aquaculture industry in Taiwan. Under hypothermal stress, however, changes in energy supply for osmoregulation of this euryhaline species is intriguing. In this study, we used an antibody against glycogen phosphorylase (GP) to identify glycogen-rich (GR) cells distributed adjacent to the mitochondria-rich (MR) ionocytes in milkfish gills. Glucose transporter 1 (GLUT1), which plays a major role in energy supply, was also identified and localized in GR cells. Moreover, the expression of indicators of aerobic metabolism and energy production, citrate synthase (CS) and cytochrome c oxidase (COX), were analyzed in gills of FW- and SW-acclimated milkfish to reveal different strategies of energy utilization under hypothermal stress. When exposed to a low-temperature environment, SW individuals used branchial glycogen and lactate to match the energy demands of aerobic metabolism in ionocytes, and elevated aerobic capacity to support and maintain normal functions in gills. However, branchial glycogen mainly localized in the GR cells of FW milkfish was not utilized under hypothermal stress. Meanwhile, a similar level of branchial COX activity and COXIV protein abundance at low temperatures between FW and SW milkfish indicated similar energy requirements in gills. This suggested that another source, but not branchial glycogen, maintained the energy demand in FW milkfish. The present study illustrated differential energy supply strategies in gills between SW- and FW-acclimated milkfish for osmoregulation under low temperatures.
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Introduction

Environmental temperatures and salinities are two critical abiotic factors that affect the physiological responses and behavior of aquatic organisms. Under optimal temperature and salinity conditions, individuals have reduced energy needs to satisfy normal physiological demands and demonstrate high growth performance (Jana et al., 2006; Kang et al., 2015; Dahlke et al., 2020). According to different salinity environments, energetic costs for ionic homeostasis, appetite and absorption ability, and swimming behavior are important factors affecting the growth rate of fishes. Studies on several euryhaline teleosts have suggested that improved growth performance was found in brackish water conditions (8–20‰) because the ingestion of feed with some external water affects the appetite and energy absorption in fishes (Boeuf and Payan, 2001; Deane and Woo, 2009). Additionally, fishes are aquatic ectotherms; therefore, water temperature fluctuations directly affect the activities of metabolic enzymes, which leads to physiological responses in the whole individual (Barnes et al., 2014). Responses to temperature changes also affect the appetite and hormone secretion, which are the major factors that affect the energy obtained (Donaldson et al., 2008; Deane and Woo, 2009).

Gills, a specialized organ in aquatic species, have several important roles, including osmoregulation, acid-base regulation, nitrogen extraction, and gas exchange. The ionocytes distributed widely in the gill epithelium are mitochondria-rich (MR) cells that contain a large abundance of Na+, K+-ATPase (NKA), which is the primary driving force for other transporters to maintain osmotic homeostasis in fishes (Hiroi and McCormick, 2012; Yan and Hwang, 2019). In euryhaline fishes, acclimation to biotic or abiotic fluctuations should utilize large amounts of energy to maintain several ion transporters in gills for normal physiological responses (De Boeck et al., 2013; Chang et al., 2016; Roa and Tresguerres, 2019). The glycogen-rich (GR) cell is an accessory cell for the acute energy supply to ionocytes in teleosts. Branchial glycogen is predominantly stored in GR cells and is utilized under acute salinity treatment (Chang et al., 2007; Tseng et al., 2007; Hwang et al., 2011). Glycogen phosphorylase is a rate-limiting enzyme in glycogenolysis and an ideal indicator for identifying the localization of GR cells in the gill epithelium (Tseng et al., 2007). Branchial glycogen utilization has been studied in other fish species under different stress conditions, including Amazonian oscars (Astronotus ocellatus) under hypoxia, (De Boeck et al., 2013), blue-spotted mudskippers (Boleophthalmus pectinirostris) under low-salinity conditions (Guo et al., 2020), leopard shark (Triakis semifasciata) during starvation (Roa and Tresguerres, 2019), and tilapia (Oreochromis mossambicus) during seawater acclimation (Chang et al., 2007) or under cadmium exposure (Lin et al., 2011). In addition, glucose transporters have an energy supply function from circulating plasma glucose to support GR cells for glycogen storage and energy demands of ion homeostasis of mitochondria-rich ionocytes (Tseng et al., 2008; Tseng and Hwang, 2008; Balmaceda-Aguilera et al., 2012). In zebrafish, glucose transporter isoforms, including GLUT1a, GLUT6, and GLUT13.1, have been identified in NKA-, GR-, and H+-ATPase-rich (HR)-immunoreactive cells, respectively. These glucose transporters play different physiological roles in energy metabolism in the gills (Tseng et al., 2011). Furthermore, GR cells produce lactate as an acute-phase energy source for ionocytes through monocarboxylate cotransporters (MCTs) (Hwang et al., 2011; Tresguerres et al., 2020).

Aerobic metabolism in mitochondria requires an oxygen supply for optimal energy release. Citrate synthase (CS) and cytochrome c oxidase (COX) are two important factors for assessing the aerobic capacity in the citrate acid cycle (CAC) and the electron transport chain, respectively. Because ionocytes are MR cells, the abundance of these aerobic markers is high in these cells. CS is the first and rate-limiting enzyme in the citric acid cycle in mitochondria matrix and relative to provide intermediate for electron transporter chain and precursors of certain amino acids. COX is the complex IV of the electron transport chain located in the mitochondrial membrane. Moreover, CS requires oxygen to generate a proton electrochemical potential, in order to supply ATP synthase for ATP synthesis (Gagnon and Holdway, 1999; Webb et al., 2005). Studies have reported the existence of an energy supply system for ionocytes in stenohaline zebrafish and euryhaline tilapia (Chang et al., 2007; Tseng et al., 2008). The energy supply system plays an important role via aerobic metabolism to be the major source of energy for ionic homeostasis in branchial ionocytes of fishes upon adverse environmental temperature and salinity conditions.

Milkfish (Chanos chanos), an important aquaculture species in Southeast Asia, can be cultured in environments ranging from fresh water (FW) to seawater (SW). The optimal culture temperature in milkfish ranges from 20°C to 33°C, with the best results observed at 28°C (Martinez et al., 2006). In Taiwan, a large number of milkfish die during cold snap in winter, leading to enormous economic losses (Liao, 1991). The cold-tolerance ability of SW-acclimated milkfish was found to be better than that of FW-acclimated milkfish (Kang et al., 2015). Previous studies have reported that under hypothermal stress (18°C), branchial NKA activity of FW- and SW-acclimated milkfish was significantly decreased, leading to an imbalance in plasma chloride and sodium concentrations (Kang et al., 2015). Hepatic glycogen depletion and hepatocyte apoptosis occurring in hypothermal FW-acclimated milkfish might be the reasons why FW-acclimated milkfish exhibit lower tolerance to cold than SW-acclimated milkfish (Chang et al., 2018; Chang et al., 2021). Therefore, the energy supply system in milkfish is critical to support the energy demands of ionocytes in gills for osmoregulation under hypothermal stress, even though ionic homeostasis also includes several cellular physiological requirements. In this study, the localization of GR and MR cells in milkfish gills was specifically identified, and differential strategies for energy supply in gills between FW- and SW-acclimated milkfish under hypothermal stress were described.



Materials And Methods


Experimental Animals

The juvenile milkfish (C. chanos; standard length, 10.2 ± 0.3 cm; body weight, 13.7 ± 1.2 g) were purchased from a local fish farm in Tainan, Taiwan. Milkfish (N=40) were raised in FW and SW (35‰) (20 individuals in each environment) at 28.0 ± 0.5°C with a 12 h light/12 h dark photoperiod for at least four weeks. SW was prepared from local tap water with the Reef Sea Salts (Blue Treasure, New South Wales, Australia). The water in the experimental tanks was continuously re-circulated through fabric-floss filters and was partially renewed every two weeks. All fishes were fed daily with commercial pellets (Fwuso Industry, Taichung, Taiwan) to satiation at 15:00–16:00 during acclimation period. The hypothermal treatment was equipped with a cooling system (PF-225 M, PRINCE, Tainan, Taiwan) with an electric controller. The experimental milkfish (N=40) were transferred to two FW and two SW tanks holding 10 fish in each tank and acclimated for at least two days to reduce handling stress. The experimental groups were cooled down at a constant rate (2°C h-1) from 28°C to 18°C and subsequently maintained at 18°C for one week. The experimental individuals were fasted for one day before sampling. All surgical procedures were performed after anesthesia with 0.5% 2-phenoxyethanol, and all effects were made to minimize suffering and distress. The protocol for the experimental fish was reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of the National Chung Hsing University, Taiwan (IACUC Approval No. 107-165 to T.H.L.).



Antibodies

The following primary antibodies were used in this study: (1) Na+, K+-ATPase α1 subunit (α6F, DSHB, Iowa City, IA, USA); (2) Na+, K+-ATPase α subunit (α5, DSHB, Iowa City, IA, USA); (3) citrate synthase (sc-390693, Santa Cruz Biotechnology, Dallas, TX, USA); (4) COX IV (#4850, Cell Signaling, Beverly, MA, USA); (5) β-actin (GTX109639, Genetex, Irvine, CA, USA); (6) glycogen phosphorylase (GTX124390, Genetex); and (7) glucose transporter 1 (ab128033, Abcam; Figure S1).



Cryosectioning and Immunofluorescence Staining

The gills were fixed in 10% formalin overnight at 4°C. Subsequently, samples were washed with phosphate-buffered saline (PBS) and fixed with methanol for 2 h at 4°C. Samples were embedded in OCT compound-embedding medium (Leica Biosystems, Richmond, IL, USA) at –20°C. Cryosections (5 μm) were prepared using a cryostat (CM3050 S, Leica Biosystems, Nussloch, Germany) and were placed on poly l-lysine-coated slides (P8920, Sigma, St. Louis, MO, USA). The slides were blocked with 1% bovine serum albumin (BSA; Sigma) for 30 min. The slides were incubated first with primary antibody (diluted 1:100–1:200) overnight at 4°C and then incubated with second primary antibody (diluted 1:100–1:200) for 2 h at room temperature (26°C). Then, the slides were incubated with Alexa Fluor secondary antibodies (Alexa Fluor-488, Alexa Fluor-546, Invitrogen, Carlsbad, CA, USA) for 1 h at room temperature. Finally, samples were mounted in DAPI Fluoromount-G (SouthernBiotech, Birmingham, AL, USA) and examined using an optical microscope (Olympus BX50, Tokyo, Japan). Micrographs were taken using a cooling charge-coupled device (CCD) camera (DP72, Olympus) and cellSens software (Olympus).



Protein Extraction and Immunoblotting

The gills of milkfish were sampled, and the branchial arches were removed. Sampled gills were dissected quickly, immersed in liquid nitrogen, and stored at –80°C. The samples were then placed in SEID solution (150 mM sucrose, 10 mM EDTA, 50 mM imidazole, 0.1% sodium deoxycholate, pH 7.5) containing proteinase inhibitor (vol/vol: 25:1; Roche, Mannheim, Germany) and homogenized with a Polytron PT1200E homogenizer (Lucerne, Switzerland) at maximum speed on ice. The protein concentration was determined using reagents from the Protein Assay Kit (Bio-Rad, Hercules, CA, USA) using BSA (Sigma) as a standard.

Immunoblotting was performed according to the method of Chang et al. (2016). Aliquots containing 40 µg of hepatic homogenates were heated at 95°C for 5 min with 6× sample buffer. They were then fractionated by electrophoresis on sodium dodecyl sulphate (SDS) containing 14% polyacrylamide gel. Pre-stained protein molecular weight marker (#26616, Termo Fisher Scientific, Waltham, MA, USA) was applied in the electrophoresis. The fractionated proteins were transferred to 0.45-µm polyvinylidene difluoride (PVDF) blotting membranes (Millipore, Bedford, MA, USA). Membranes were pre-incubated for 1 h in phosphate-buffered saline with Tween-20 (PBST) with 5% (w/v) nonfat dried milk to minimize nonspecific binding. Blots were incubated overnight at 4°C with primary antibodies including citrate synthase (1:3000 dilution), COX IV (1:3000 dilution), glycogen phosphorylase (1:10000 dilution), glucose transporter 1 (1:5000 dilution), and β-actin (1:5000 dilution). They were then incubated at 28°C for 1 h with HRP-conjugated secondary antibody goat anti-rabbit IgG (1:10000; GTX23110-01; GeneTex). The Western chemiluminescent HRP substrate (EMD Millipore, Billerica, MA, USA) was used to develop the immunoblots. Images were photographed with a cool-charge-coupled device (CCD) camera (ChemiDoc XRS+; Bio-Rad) and analyzed with Image Lab v. 3.0 (Bio-Rad) to compare the numerical values with the relative immunoreactive band intensities.



Determination of Carbohydrate Contents in Gills

To determine the glucose content in gills, 10 mg of fresh gills were used and assayed using the Glucose Colorimetric/Fluorometric Assay Kit (K606-100, BioVision, Milpitas, CA, USA) following the manufacturer’s instructions. The gill samples were homogenized in a glucose assay buffer (K606-100-1, BioVision) on ice. The absorbance was measured using a VersaMax microplate reader (Molecular Devices, San Jose, CA, USA) at 570 nm and measured by serial dilution of the glucose standard (100 nmol/μL; BioVision).

For quantification of glycogen, 10 mg of fresh gills were homogenized in ddH2O and boiled for 10 min to inactivate all enzyme activities. The boiled samples were homogenized on ice and centrifuged at 13,000 × g for 10 min at 4°C to remove insoluble materials. The glycogen content was determined using the Glycogen Colorimetric/Fluorometric Assay Kit (K646-100, BioVision) following the manufacturer’s instructions. Four microliters of boiled gill homogenates were added to each well of a 96-well microplate, and the volume was adjusted to 50 μL with the hydrolysis buffer. Then, samples were incubated with the hydrolysis enzyme mix at 28°C for 30 min. Then, 50 μL of the reaction mix buffer was added to each well containing the samples and then incubated at 28°C for 30 min. The absorbance (OD570) was measured using the VersaMax microplate reader (Molecular Devices), and the glycogen content was calculated according to the standard curve prepared by serial dilution of glycogen (0.04, 0.08, 0.12, 0.16, and 0.20 μg in 50 μL of hydrolysis buffer; K646-100-1).

The lactate content of milkfish gills was determined using the Lactate Colorimetric/Fluorometric Assay Kit (K607-100, BioVision) according to the manufacturer’s instructions. Gill samples (10 mg) were homogenized in lactate assay buffer (K607-100-1, BioVision). The absorbance (OD570) was measured using the VersaMax microplate reader (Molecular Devices), and the lactate content was calculated according to the standard curve prepared by serial dilution of l-lactate standard (100 nmol/μL; BioVision).



Determination of Enzymatic Activity

The gills from each milkfish were dissected quickly, immersed in liquid nitrogen, and stored at –80°C for analysis of CS and COX activities. The CS activity (EC 2.3.3.1) of milkfish gills was determined using the Citrate Synthase Activity Colorimetric Assay Kit (K318-100, BioVision) following the manufacturer’s instructions. One hundred milligrams of milkfish gill was homogenized in 500 μL of CS assay buffer (K318-100-1, BioVision). The protein concentration of the gills was determined using the Protein Assay Kit (Bio-Rad) following the manufacturer’s instructions. The gill samples were assayed following the formula compared with the GSH standard (K318-100-4, BioVision). A 96-well microplate was analyzed in kinetic mode at 28°C and 18°C for 20 min using a VersaMax microplate reader (Molecular Devices) at OD412. The formula for calculating the CS activity was (U/mg of protein) = (B/ΔT·V)·D, where B is the number of nanomoles of the S-H group from the standard curve, ΔT is the reaction time (min), V is the sample protein added to the reaction well (mg), and D is the dilution factor.

The COX activity (EC 1.9.3.1) was calculated by a cytochrome c oxidation reaction according to the decrease in OD550 value using the Cytochrome Oxidase Activity Colorimetric Assay Kit (K287-100, BioVision). All subsequent steps were performed according to the manufacturer’s instructions. The gill samples were homogenized in the COX assay buffer (K287-100-1, BioVision). A 96-well microplate was analyzed in kinetic mode at 28°C and 18°C using a VersaMax microplate reader (Molecular Devices). COX activity (U/mg) = ΔOD550/Time (ΔT)/(7.04·mg protein).



Statistical Analysis

The quantitative values from the hypothermal and control groups were compared using two-way analysis of variance followed by Tukey’s honestly significant difference (HSD) post-hoc method in R software (version 3.4.2). The values were expressed as the mean ± standard error of the mean (SEM), and statistical significance was set at P < 0.05.




Results


Detection of Mitochondria-Rich Cells (Ionocytes) and Glycogen-Rich Cells in Gills of Milkfish

Immunofluorescent staining was performed to identify MR cells (ionocytes) and GR cells in the gill filaments of SW-acclimated milkfish. Two mitochondrial indicators, COX and CS, were found co-localized in the basolateral membrane (Figures 1A–C). The signal patterns of COXIV immunoreaction in the gill filaments were detected in the basolateral membrane of NKA-immunoreactive cells (MR cells and ionocytes) (Figures 1D–H). Notably, GP, as a marker of GR cells, was detected in GR cells near MR cells (Figure 1G). Furthermore, serial cryosectioning revealed that GLUT1, a marker of glucose availability in the gills, was identified and shown to be situated between MR cells (Figure 1H).




Figure 1 | Immunofluorescence staining of gill filaments of milkfish stained with anti-cytochrome c oxidase (COX IV, green; (A, D), citrate synthase (CS, red; (B), sodium-potassium ATPase α1 subunit (NKAα1, red; (E), glycogen phosphorylase (GP, red; (G), sodium-potassium ATPase α subunit (NKA, green; (G, H), and glucose transporter 1 (GLUT1, red; (H) antibodies. Immunoreactions for the merged images (C) and (F) are shown from COX IV (A) with CS (B), and COX IV (D) with NKAα1 (E), respectively. F, filament; L, lamella. Scale bar, 50 μm.





Indicators of Energetic Supply Under Low-Temperature Treatment

To investigate the effect of low-temperature stress on the energy supply of milkfish gills, FW- and SW-acclimated milkfish were subjected to hypothermal treatment (18°C). GLUT1 and GP were used as indicators of glucose supply and glycogen utilization, respectively. The protein abundance of GLUT1 in both FW- and SW-acclimated milkfish gills was increased under hypothermal treatment (Figure 2A). Notably, compared to the FW group, the SW group exhibited significantly higher expression of GLUT1 at 18°C, whereas there was no obvious difference at 28°C. Under hypothermal treatment, the relative protein abundance of GP was upregulated in SW-acclimated milkfish gills; however, there was no significant change in FW-acclimated fish (Figure 2B).




Figure 2 | Relative protein abundance of branchial glucose transporter 1 (GLUT1) and glycogen phosphorylase (GP) in freshwater (FW)- and seawater (SW)-acclimated milkfish at 28°C (white bar) and 18°C (striped bar). Representative immunoblots of GLUT1 (A) and GP (B) show a single immunoreactive band. The single immunoreactive band of β-actin at 42 kDa was used as the loading control. Different letters in the FW milkfish (a, b) and SW milkfish (a’, b’) indicate significant differences between the normal and low-temperature groups. The x and y indicate significant differences between the FW and SW groups at 28°C or 18°C. Values represent the mean ± standard error of the mean (SEM), n = 9, P < 0.05.



To further confirm the hypothermal effects on glucose supply and glycogen utilization in gills of milkfish acclimated to different salinities, glycogen and glucose contents in gills were determined. The glucose content of SW-acclimated milkfish was increased under hypothermal stress, but no apparent change was observed in FW individuals (Figure 3A). Glycogen content was decreased in SW-acclimated milkfish under hypothermal stress but had no apparent effect on FW individuals (Figure 3B). Furthermore, we analyzed the lactate content in gills, which is another factor involved in energy supply and delivery under stressful conditions, according to a previous study (Chang et al., 2020). The lactate content in gills was downregulated in both FW and SW individuals under hypothermal stress (Figure 3C).




Figure 3 | The contents of glucose (A), glycogen (B), and lactate (C) in freshwater (FW) and seawater (SW)-acclimated milkfish at 28°C (white bar) and 18°C (striped bar). Different letters in the FW milkfish (a, b) and SW milkfish (a’, b’) indicate significant differences between the normal and low-temperature groups. The x and y indicate significant differences between the FW and SW groups at 28°C or 18°C. Values represent the mean ± standard error of the mean (SEM), n = 9, P < 0.05.





Branchial Aerobic Metabolism

CS and COX were used as indicators of aerobic metabolism in the CAC cycle and the electron transporter chain of mitochondria, respectively. To investigate whether changes in energy supply were caused by branchial aerobic metabolism, the protein expression and activity of CS and COX in gills were analyzed. The protein abundance of CS was upregulated in FW-acclimated milkfish under hypothermal acclimation; however, CS levels were unchanged in SW individuals (Figure 4A). In addition, compared to the SW/18°C group, the FW/18°C group had a significantly higher expression level of CS. Nevertheless, the CS activity in FW-acclimated milkfish was downregulated under hypothermal stress, whereas no significant difference was found in SW individuals (Figure 5A). In both FW- and SW-acclimated milkfish, the protein abundance of COX IV was upregulated under hypothermal acclimation (Figure 4B). Meanwhile, the COX activity in FW-acclimated milkfish was higher than that in SW individuals at normal temperatures (28°C) (Figure 5B). However, COX activity in SW-acclimated milkfish was increased under hypothermal treatment, but that of FW-acclimated milkfish showed no apparent change (Figure 5B).




Figure 4 | Relative protein abundance of branchial citrate synthase (CS) and cytochrome c oxidase IV (COX IV) in freshwater (FW)- and seawater (SW)-acclimated milkfish at 28°C (white bar) and 18°C (striped bar). Representative immunoblots of CS (A) and COX IV (B) show a single immunoreactive band. The single immunoreactive band of β-actin at 42 kDa was used as the loading control. Different letters in the FW milkfish (a, b) and SW milkfish (a’, b’) indicate significant differences between the normal and low-temperature groups. The x and y indicate significant differences between the FW and SW groups at 28°C or 18°C. Values represent the mean ± standard error of the mean (SEM), n = 9, P < 0.05.






Figure 5 | Activity levels of citrate synthase (CS) (A) and cytochrome c oxidase IV (COX IV) (B) in the gills of milkfish acclimated to 28°C (white bar) and 18°C (striped bar). Different letters in the FW milkfish (a, b) and SW milkfish (a’, b’) indicate significant differences between the normal and low-temperature groups. The x and y indicate significant differences between the FW and SW groups at 28°C or 18°C. Values represent the mean ± standard error of the mean (SEM), n = 9, P < 0.05.






Discussion

In this study, several indicators were used to identify MR and GR cells in milkfish gills. Among them, NKA is a traditional marker for MR cells (ionocytes). The mitochondrial markers COX and CS were co-localized with NKA in the gill filaments of milkfish. Immunolocalization of GP, a marker of GR cells, revealed that GR cells were localized next to the ionocytes. Notably, similar studies on immunostaining of glycogen particles in sharks showed that the content of glycogen was high in branchial NKA- and H+-ATPase-immunoreactive cells, indicating that glycogen was stored in MR cells in elasmobranch gills (Roa and Tresguerres, 2019). Compared to the findings in sharks, the accessory GR cells were found to supply energy to ionocytes in milkfish, zebrafish, and tilapia, which may be specific to teleostean gills (Chang et al., 2007; Tseng et al., 2011).

Glucose transporters (GLUTs) have glucose uptake capacity, as well as other functions that play a critical role in the energy supply system. Several isoforms of GLUTs are expressed in different cell types, such as NKA, HR, and GR cells, in gills. In zebrafish, the isoform GLUT6 identified in branchial GR cells had higher values of Michaelis constant (Km) and maximal velocity (Vmax) compared to those of the GLUT isoforms in ionocytes, GLUT1α and GLUT13.1. This result indicates that GLUT6 exhibits lower glucose absorption affinity to avoid competing with GLUT1α and GLUT13.1 for the energy substrate in ionocytes (Tseng et al., 2011). In this study, serial cryosectioning revealed the presence of the isoform GLUT1 in the gills of milkfish. GLUT1 was co-localized with GP and distributed in branchial GR cells (Figure S1A). In situ hybridization of glut1 in gill filaments was used to confirm the expression of GLUT1, and the results showed that glut1 mRNA was localized near NKA-IR cells (Figure S1B). Isoforms of GLUT have different distribution patterns in different species of teleosts. Interestingly, in mice, the Km and Vmax values of GLUT1 were higher than those of other GLUTs (Zhao and Keating, 2007). Further research is needed to assess if the isoforms of GLUTs in milkfish branchial cells have variable enzyme kinetics (Km and Vmax), indicating specific physiological importance.

Energy supply is required to support metabolic costs in the gills of teleosts when exposed to environmental fluctuations. Upon salinity challenge, glycogen utilization for energy demands of osmoregulation was identified in the gills of tilapia (Oreochromis mossambicus) and blue-spotted mudskippers (Boleophthalmus pectinirostris) (Chang et al., 2007; Tseng et al., 2007; Guo et al., 2020). Increasing requirements for glucose uptake and glycogen utilization in gills have been reported in moonlight gourami (Trichogaster microlepis), largemouth bass (Micropterus salmoides), and white shrimp (Litopenaeus vannamei) during the acute response to hypoxia (Martínez-Quintana et al., 2014; Hu et al., 2015; Yang et al., 2017). In this study, the increase in GLUT1 expression and glucose content in gills (Figures 2A and 3A) implied that branchial glucose uptake capacity in both FW- and SW-acclimated milkfish was upregulated under hypothermal stress. Moreover, the findings indicated that the branchial glucose uptake capacity in SW milkfish was greater than that in FW milkfish. Meanwhile, the increased expression of GP and degradation of branchial glycogen identified in SW-acclimated milkfish indicated that branchial glycogen was utilized in SW individuals, but not in FW individuals (Figures 2B, 3B). On the other hand, our previous study indicated that only FW individuals were found to utilize hepatic glycogen to maintain normal energy demands for the whole body under hypothermal stress (Chang et al., 2018). Taken together, these results suggested that when exposed to low-temperature condition, branchial and hepatic glycogen might be the source of energy supply for gills in SW-acclimated milkfish and FW-acclimated milkfish, respectively. Different environmental salinities could lead to diverse metabolic requirements of milkfish against hypothermal stress, thereby triggering different energy utilization strategies. Chang et al. (2018) also revealed that different environmental salinities did not influence the feed intake, which of both FW- and SW-acclimated milkfish was reduced under hypothermal stress, indicating that different energy utilization strategies between FW- and SW-acclimated milkfish were not induced by dietary intake. Meanwhile, this study showed that the lactate content in both FW and SW individuals under hypothermal stress was downregulated, suggesting that lactate was also used as an energy source in the branchial cells of milkfish. Moreover, Tseng et al. (Tseng et al., 2008) reported that lactate could be used as a fuel to maintain aerobic metabolism in the branchial ionocytes of tilapia upon salinity challenge. These findings with similar evidence illustrate that lactate is the form of energy transported to ionocytes from GR cells to supply energy demands for ionic homeostasis (Tseng and Hwang, 2008).

Changes in ambient temperatures affect the enzymatic activity of ectothermic teleosts. According to the Q10 temperature coefficient of the chemical reaction, enzyme activity should be reduced by half when the ambient temperature decreases by 10°C (Lefevre, 2016). Therefore, compensatory responses in protein abundance or enzyme activity are crucial for teleosts to maintain normal physiological functions and individual behavior upon hypothermal challenge (Hardewig et al., 1999). To enhance aerobic capacity in response to low-temperature stress, several species exhibit an increase in the mitochondrial density or aerobic enzyme content (Hardewig et al., 1999; Orczewska et al., 2010; Strobel et al., 2013). In addition, fluctuations in environmental salinities also affect aerobic metabolism and oxygen consumption of teleosts because less energy is required for the osmoregulation of various creatures under optimal habitat environments (Ern et al., 2014; Li et al., 2019). Our previous studies reported that although the oxygen consumption rate in SW milkfish exposed to 28°C was higher than that in FW individuals, SW milkfish exhibited lower branchial NKA protein expression and activity, which could reflect the energetic requirement for maintaining ionic homeostasis (Kang et al., 2015; Chang et al., 2019). In this study, CS and COX activities as indicators of aerobic metabolism and energy production were analyzed in the gills of milkfish under hypothermal stress. The branchial COX activity in gills of milkfish exposed to 28°C revealed similar patterns to NKA activity, indicating that the energy demands of ion regulation were lower in SW milkfish than in FW milkfish at normal temperature. The branchial COX protein abundance of both FW and SW milkfish was increased under hypothermal stress, whereas the branchial COX activity of SW milkfish was elevated to a similar capacity as that of FW milkfish, revealing that milkfish have compensatory responses in gills to increase the energy supply. However, a significant decrease in NKA activity was found in the gills of both FW and SW milkfish under hypothermal stress (Kang et al., 2015). The results reflected insufficient energy supply for ion regulation, which might be due to the enhanced energy requirement of gills to maintain other normal physiological functions, including antioxidant responses against low temperature-induced damages (Orczewska et al., 2010; Kang et al., 2015; Wu et al., 2015). Notably, in our previous study (Chang et al., 2019), we performed a similar analysis in the liver of milkfish and revealed different trends compared to those in gills. First, unlike in the gills of SW milkfish, COX activity and protein content in the liver remained stable under hypothermal stress. Next, in contrast to the stabilized CS protein abundance in livers of FW milkfish under hypothermal stress, CS protein abundance in FW milkfish gills was increased as a compensatory response to support activity in gills of hypothermal milkfish, despite its CS activity being slightly reduced. Furthermore, the CS : COX activity ratio, which reflects anabolic demand in mitochondria, increased in hypothermal FW milkfish livers but did not change in gills. Previous studies revealed that CS activity was upregulated in different tissues of teleosts at low temperatures, playing an important role in the biosynthesis of amino acids and lipids as well as maintaining aerobic metabolism to stabilize physiological mechanisms (McClelland et al., 2006; Orczewska et al., 2010; Strobel et al., 2013; Chang et al., 2019). Lipids and amino acids may be considered as supplementary fuels to support the normal demands of aerobic metabolism (Soengas et al., 2007; Speers-Roesch et al., 2016).

In conclusion, the present results suggested that compared to SW milkfish, FW milkfish have higher energy demands to maintain morphological features, mitochondria biosynthesis, and physiological functions in gills under hypothermal stress. The glycogen stored in livers and gills were found to be the source to support energy demands. However, under hypothermal stress, FW milkfish mainly used hepatic glycogen while SW milkfish used branchial glycogen for energy supply. The responses differed between FW and SW milkfish implied that FW- and SW-acclimated milkfish performed different energy utilization strategies under hypothermal stress. Notably, the muscle reserves in milkfish might be the other source of energy supply which was not analyzed under different conditions yet. Hence, more investigations are needed to check if the other source in milkfish, such as muscle reserves, was also involved in energy supply of gills.
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