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Introduction

Environmental factors, including light and salinity, influence fish growth. It has been hypothesized that optimizing environmental factors can activate the endocrine system and enhance the growth performance of fish. The aim of the present study was to understand how environmental factors affect the growth performance of juveniles of the Malabar grouper, Epinephelus malabaricus, a valuable species in Asian markets. The combined effects of light wavelength and salinity on growth performance were closely evaluated because each of them had a positive effect on growth stimulation in this species.





Methods

Juvenile Malabar groupers were reared under combined conditions of blue LED light (BL, 463 nm) and red LED light (RL, 623 nm) at low salinity (LS, 11psu) and high salinity (HS, 34 psu) for two weeks. Biometric parameters were quantified, and related gene expressions were analyzed via qPCR.





Results

Specific growth rate (SGR) was significantly higher in fish under BL/LS, followed by RL/LS and BL/HS. A higher condition factor (CF) was observed in fish under BL/LS, whereas a lower food conversion rate (FCR) was observed in fish under BL/LS and RL/LS. The transcript levels of acetyl-CoA carboxylase (acaca) and fatty acid synthase (fas) in the liver increased under BL/LS (vs. RL/LS). BL upregulated neuropeptide Y (npy), but not pro-opiomelanocortin (pomc), in the fish brain under both salinities. Transcript levels of growth hormone (gh) in the pituitary gland and insulin-like growth factor-1 (igf-1) in the liver were significantly lower in fish under BL/LS than in those under BL/HS. 





Discussion

The promotion of growth performance in juvenile Malabar groupers were attributable to the additive effects of light wavelength and salinity. Since we demonstrated the combined effects of blue light and isosmotic salinity on lipogenesis and somatic growth, optimization of light and salinity conditions can enhance the aquaculture productivity of Malabar groupers.
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1 Introduction

Fish growth is affected by aquatic environmental factors including light (photoperiod, intensity, and wavelength), temperature, and salinity (Brett, 1979). If fish are reared under their optimal conditions, it is expected that growth performance will be maximized in cultured fish and efficient aquaculture will be promoted. The manipulation of a single environmental factor has been extensively studied pertaining to availability of growth induction in certain fish (Boeuf and Le Bail, 1999; Bœuf and Payan, 2001). For example, growth is accelerated by the alteration of light intensity (Tian et al., 2015), photoperiod (Boeuf, 2001), or light wavelength (Ruchin, 2004), although the effect of light conditions on growth differs among species (Boeuf and Le Bail, 1999b). In addition, the availability of isotonic conditions—when internal and external solute concentrations are balanced— for growth induction has also been reported in certain fish species (Bœuf and Payan, 2001). Conversely, there are limited studies evaluating the synergic effect of multiple environmental factors on fish growth. Existing research was carried out in the turbot Scophthalmus maximus (Huang et al., 2014) and the Atlantic salmon Salmo salar (Imsland et al., 2014); the high growth performance in the former case was induced by the combination of temperature (20.88°C) and salinity (24.07‰), while that in the latter case was induced by the combination of temperature (12.7°C) and photoperiod (continuous light). These findings imply that fish concomitantly perceive changes under various environmental conditions and optimize their growth performance. However, to date, relatively few studies have been conducted on the combined effects of light (wavelength) and salinity in fish, although the effectiveness of light wavelengths has been found in many fishes (Sierra-Flores et al., 2016; Zou et al., 2022).

Fish growth is regulated internally by hormones and peptides (Bernier et al., 2009). The endocrine axis plays a crucial role in controlling fish growth, with the GH-IGF-1 axis. Circulating growth hormone (GH) which is secreted in the pituitary  gland binds to growth hormone receptors (GHRs) on liver cells, triggering the synthesis and secretion of insulin-like growth factor 1 (IGF-1) (Reinecke et al., 2005). The importance of the endocrine cascade in growth regulation has been demonstrated in several fish species (Moriyama et al., 1994; Pierce et al., 2004). Furthermore, some neuropeptides are involved in appetite in fish species (Delgado et al., 2017). Neuropeptide Y (NPY) is an orexigenic regulator (Kehoe and Volkoff, 2007; Assan et al., 2021) which highly expressed in the brain and stimulates food consumption (Hosomi et al., 2014; Ji et al., 2015). Conversely, pro-opiomelanocortin (POMC), an anorexigenic regulator (Lin et al., 2000), is synthesized in the brain and is suppressed by NPY (Garcia de Yebenes et al., 1995).

The effectiveness of light or salinity on the artificial induction of growth performance has been previously reported in the Malabar grouper Epinephelus malabaricus, an important aquaculture species in the countries of East- and South-East Asia (Zhu et al., 2022, 2023). In this study, the juveniles of this species were used to investigate these combined effects. Rearing juveniles of this species under long-day conditions (14-hour light and 10-hour darkness) with blue light (465 nm) enhanced their growth performance and increased the transcript levels of growth-related genes in the endocrine axis including the orexigenic gene npy. Additionally, maintaining the juveniles under lower salinity conditions (11 psu) than seawater (34 psu) resulted in improved growth performance, which was attributed to the reduction in energy consumption and the activation of the GH–IGF-1 system, rather than changes in appetite. If these growth-inducing factors were simultaneously administered to the fish, much higher growth would be expected. Therefore, the present study aimed to explore the combined effects of light wavelength and salinity on growth performance and the transcript levels of genes related to growth, appetite, and lipogenesis in juvenile Malabar groupers. After the fish were reared under a combination of light wavelengths (463 and 623 nm) and salinities (34 and 11 psu), the growth performance was compared among the four groups: blue LED light/high salinity (BL/HS, 463 nm and 34 psu), blue LED light/low salinity (BL/LS, 463 nm and 11 psu), red LED light/high salinity (RL/HS, 623 nm and 34 psu), and red LED light/low salinity (RL/LS, 623 nm and 11 psu). Transcript levels of genes associated with photo perception (rh1, rh2, sws2, and lws), growth (gh, ghr, and igf-1), and appetite regulation (npy and pomc) were evaluated; additionally, acetyl-CoA carboxylase alpha (acaca) and fatty acid synthase (fas) were compared among the experimental groups because they are lipogenesis-related enzymes that are essential for providing the energy necessary for fish growth (Fauconneau et al., 1995) and are pivotal in driving the synthesis of fatty acids from carbohydrates (Batchuluun et al., 2022), respectively.




2 Materials and methods



2.1 Ethics declaration

This study adhered to the guidelines set forth by the Animal Care and Use Committee of the University of the Ryukyus and comply with the regulations governing the care and use of laboratory animals in Japan.




2.2 Experimental design

Juveniles of the Malabar grouper used herein, weighing 102 ± 6 g (body weight; BW) and measuring 192 ± 6 mm (total length; TL), were acquired from the Okinawa Prefectural Sea Farming Center, Okinawa, Japan. Then all experiments were carried out in the Nakagusuku Aquaculture Innovation Center (NAICe), Okinawa, Japan. Ninety-six individuals were acclimated in 500-liter with flowing seawater and continuous aeration for one week, and were fed commercial pellets (Marubeni Nisshin Feed, Tokyo, Japan) daily at 1000 h.

Aquariums (75 liter each) with four different conditions were set in triplicates in the dark room. The experimental conditions were as follows: (1) LED light (463 nm) and seawater (34 psu) (BL/HS), (2) LED light (463 nm) and diluted seawater (11 psu) (BL/LS), (3) LED light (623 nm) and seawater (34 psu) (RL/HS), and (4) LED light (623 nm) and diluted seawater (11 psu) (RL/LS). LED arrays were made by NC LED VINA, Vietnam. The light intensity on the surface of water was set around 24.3 ± 0.2 μmol·m−²·s−¹, which was measured by a spectrometer (Sekonic C-7000 Spectrometer). Seawater and diluted seawater were separately filtered and aerated and one-third of the water was changed daily. Throughout the experiment, the water temperature was maintained at 26 ± 1°C, and the photoperiod was set at LD = 14:10 (light-on at 0530 h and light-off at 1930 h).

Eight fish were maintained in each aquarium and fed pellets daily at 1000 h. Fish were fed to apparent satiation (cessation of feeding activity >1 min) with uneaten feed collected 30 min post-feeding, residual pellets were dried to calculation of actual consumption. The amount of feed consumed was recorded. After two weeks, BW and TL of the fish were measured following anesthesia with 0.01% 2-phenoxyethanol (Kanto Kagaku, Tokyo, Japan) and subsequent decapitation. The brain (diencephalon), pituitary gland, and liver were collected. Tissue samples were frozen in liquid nitrogen after placed in the TriPure Isolation Reagent (Roche Diagnostics, Indianapolis, IN, USA), then preserved at –80°C.

The following formulae were used to evaluate growth performance and feed behavior:

	

	

	

where  ,  , t, and   are the final body weight (g), initial body weight (g), time (d), and food intake (g), respectively.




2.3 Molecular preparation of genetic material

Tissue samples from the diencephalon, pituitary gland, and liver were first homogenized by tissue grinder (Coyote Bioscience, Jiangsu, China). Total RNA extraction was performed utilizing the TriPure Isolation Reagent (Roche Diagnostics, Indianapolis, IN, USA following the manufacturer’s established protocol. RNA quantification was carried out using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), while RNA quality was evaluated through electrophoresis on 2% agarose gel (TaKaRa Bio, Kusatsu, Japan). The PrimeScript TM RT Reagent Kit with gDNA Eraser (TaKaRa Bio) used to transform the extracted total RNA into cDNA templates. The resulting cDNA was prepared to a concentration of 1000 ng/μL following the manufacturer’s recommended protocol, and then stored at −30°C.




2.4 Real-time quantitative polymerase chain reaction

Gene expression analysis was performed by quantitative real-time PCR (qPCR) using the CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories) with SYBR Green Premix PCR kit (TaKaRa Bio). The study examined the mRNA levels of opsins (rh1, rh2, sws2, and lws), pomc, and npy in the diencephalon, gh in the pituitary gland, and ghr, igf-1, fas, and acaca in the liver. Primer sets referenced from previous studies by Zhu et al. (2023, 2022) were utilized, as detailed in Table 1. The quantitative PCR (qPCR) reaction mixture, with a total volume of 10 μL, consisted of 5 μL SYBR Premix Ex Taq II (Tli RNase H Plus) from TaKaRa Bio, 0.3 μL each of forward and reverse primers (0.3 M concentration), 2.4 μL nuclease-free water, and 2 μL cDNA template. The thermal cycling protocol included an initial denaturation at 95°C for 2 minutes, followed by 39 cycles of 15-second denaturation at 95°C and 1-minute annealing/extension at 60°C, concluding with a melt-curve analysis ranging from 65°C to 95°C, incrementing 0.5°C every 5 seconds. Technical duplicates were used for each sample, with amplification efficiencies approaching 100% verified through serial dilutions of brain, pituitary, and liver cDNA. Target gene mRNA levels were normalized using two reference genes: Malabar grouper ef1α and β-actin, with primers sourced from Yamashina et al. (2019) and Imamura et al. (2017), respectively (Supplementary Table 1).


Table 1 | Primers for real-time PCR utilized in this study.






2.5 Statistical analysis

The research results were expressed as means accompanied by standard errors. Statistical evaluations were conducted using Prism 9 (GraphPad Software, San Diego, CA, USA), with statistical significance determined at P < 0.05. Bartlett’s test was employed to examine variance homogeneity, while the Shapiro–Wilk test confirmed the normality of data distribution. Depending on the data’s characteristics, the team utilized either one-way analysis of variance (ANOVA) or the non-parametric Kruskal–Wallis test to identify statistically significant differences. When multiple comparisons were necessary, these initial tests were followed by post-hoc analyses using Tukey’s test or Dunn’s test. For more complex experimental designs involving two or more groups, a two-way ANOVA with Geisser–Greenhouse correction was implemented, with Tukey’s test subsequently applied to conduct multiple comparative analyses.





3 Results



3.1 Biometric parameters

No mortality was observed in fish from any group during the experiment, indicating that this combination of environmental factors was not lethal to juvenile Malabar groupers. Table 2 shows the influence of different light wavelengths and salinity conditions on the biometric parameters of the fish. BW significantly increased under all conditions (P < 0.05), while TL did not show a significant change within two weeks of the study. Comparisons among the experimental groups revealed that BW was significantly higher (P < 0.05) in the BL/LS group than that in the RL/HS group. A significant increase in CF (P < 0.05) was observed in the BL/LS group (vs. the RL/HS and RL/LS groups).


Table 2 | Body weight, total length, and condition factor of the Malabar grouper juveniles reared under different salinities with LEDs (BL/LS; blue 463 nm - 11 psu, BL/HS; blue 463 nm - 34 psu, RL/LS; red 623 nm - 11 psu, and RL/HS; red 623 nm - 34 psu) for 2weeks.



Figure 1 shows the SGR of fish reared under different light wavelengths and salinities for two weeks. The SGR was significantly higher (P < 0.05) in the BL/LS group, followed by the RL/LS and BL/HS groups. The lowest SGR was observed for the RL/HS group. In contrast, the FCR of the BL/LS and RL/LS groups was significantly lower than that of the RL/HS group (P < 0.05) (Figure 2).




Figure 1 | Specific growth rate (SGR) of Malabar grouper juveniles reared under different experimental conditions. Fish were reared under different salinities with LEDs (BL/LS; blue 463 nm - 11 psu, RL/LS; red 623 nm - 11 psu, BL/HS; blue 463 nm - 34 psu, and RL/HS; red 623 nm - 34 psu) for 2weeks. Each value represents mean value ± SEM. Different letters indicate statistically significant differences at P <0.05 by ANOVA/Tukey’s test.






Figure 2 | Feed conversion ratio (FCR) of Malabar grouper juveniles reared under different salinities. Fish were reared under different salinities with LEDs (BL/LS; blue 463 nm - 11 psu, RL/LS; red 623 nm - 11 psu, BL/HS; blue 463 nm - 34 psu, and RL/HS; red 623 nm - 34 psu) for 2weeks. Each value represents mean value ± SEM. Different letters indicate statistically significant differences at P <0.05 by Kruskal-Wallis/Dunn’s test.






3.2 Gene expression

The mRNA levels of visual opsins in the diencephalon were compared in fish under experimental conditions (Figure 3). The transcript levels of rh1 and rh2 exhibited no significant difference among the four groups (Figures 3a, b). The BL/HS group showed significantly higher transcription level of sws2 compared to the BL/LS and RL/LS groups (P < 0.05; Figure 3c). Additionally, in the RL/LS group, lws expression was elevated relative to the BL/LS group (P < 0.05; Figure 3d).




Figure 3 | Transcript levels of visual opsin [rh1 (a), rh2 (b), sws2 (c), lws (d)] in the diencephalon of Malabar grouper juveniles under varied conditions using LEDs (BL/LS; blue 463 nm - 11 psu, RL/LS; red 623 nm - 11 psu, BL/HS; blue 463 nm - 34 psu, and RL/HS; red 623 nm - 34 psu). Statistical significances for sws2 and for rh1 rh2 and lws were accepted at P < 0.05 by Kruskal-Wallis/Dunn’s test and by ANOVA/Tukey’s test, respectively. Each value represents mean value ± SEM. Different letters indicate statistically significant differences.



The transcript levels of acaca were significantly higher in the BL/LS group (P < 0.05) than in the RL/LS group (Figure 4a). Similar salinity effects were observed on the transcript levels of fas in the liver (Figure 4b).




Figure 4 | Transcript levels level of acaca (a) and fas (b) in the liver of Malabar grouper juveniles reared under varied conditions using LEDs (BL/LS; blue 463 nm - 11 psu, RL/LS; red 623 nm - 11 psu, BL/HS; blue 463 nm - 34 psu, and RL/HS; red 623 nm - 34 psu). Statistical significance was accepted at P < 0.05 by Kruskal-Wallis/Dunn’s test. Each value represents mean value ± SEM. Different letters indicate statistically significant differences.



Figure 5 shows the transcript levels of pomc and npy in the diencephalons of fish under experimental conditions. The transcript levels of pomc were significantly higher (P < 0.05) in the RL/HS group than in the RL/LS group. The transcript levels of npy were significantly higher (P < 0.05) in the BL/HS group than in the RL/LS group. 




Figure 5 | Transcript levels of pomc (a) and npy (b) in the diencephalon of Malabar grouper juveniles reared under varied conditions using LEDs (BL/LS; blue 463 nm - 11 psu, RL/LS; red 623 nm - 11 psu, BL/HS; blue 463 nm - 34 psu, and RL/HS; red 623 nm - 34 psu). Statistical significance was accepted at P < 0.05 by ANOVA/Tukey’s test. Each value represents mean value ± SEM. Different letters indicate statistically significant differences.



Figure 6 shows the transcript levels of gh in the pituitary gland, as well as those of ghr and igf-1 in the liver. There was an effect of salinity on the transcript levels of gh and igf-1, but not ghr; fish reared in high salinity (BL/HS group) had significantly higher transcript levels of gh than fish reared in low salinity (BL/LS and RS/LS groups, Figure 6a), and the transcript levels of igf-1 were significantly higher in the BL/HS group than in the BL/LS group (Figure 6c).




Figure 6 | Transcript levels of gh (a) in the pituitary gland and ghr (b) and igf-1 (c) in the liver of Malabar grouper juveniles under varied conditions using LEDs (BL/LS; blue 463 nm - 11 psu, RL/LS; red 623 nm - 11 psu, BL/HS; blue 463 nm - 34 psu, and RL/HS; red 623 nm - 34 psu). Statistical significance for gh and for ghr and igf-1 was accepted at P < 0.05 by Kruskal-Wallis/Dunn’s test and by ANOVA/Tukey’s test. Each value represents mean value ± SEM. Different letters indicate statistically significant differences.







4 Discussion

Light wavelength detection is mediated by visual opsins in vertebrates (Yokoyama, 2000). These visual opsins of the Malabar grouper were previously cloned and characterized, and the transcript levels of sws2 and lws increased in the eyes and/or diencephalon after exposure to blue light and red light, respectively (Zhu et al., 2022). Similar results were obtained in the present study when the transcript levels of sws2 and lws were measured in the diencephalons of the Malabar grouper. Interestingly, their expression appeared to be affected by a combination of light wavelength and salinity. The mRNA abundance of sws, which is sensitive to blue light (Nam et al., 2011; Valen et al., 2014; Patel et al., 2020), increased in the diencephalons of fish reared under the combined conditions of blue light and high salinity. In contrast, the mRNA abundance of lws, which is sensitive to red light (Smith et al., 2012; Shao et al., 2014), increased in the diencephalons of fish reared under the combined conditions of red light and low salinity. These results suggest that the transcription of these opsins in the brain is influenced by the alteration of environments in which fish are accommodated in their habitats. Because visual opsins are involved in the activation and/or inactivation of growth and appetite networks (Yamanome et al., 2009; Takeuchi et al., 2011; Byun et al., 2020; Zhu et al., 2022), it is likely that the synthesis and release of growth- and appetite-related hormones/peptides are altered by changes in light and salinity.

The present study investigated the combined effects of light wavelength and salinity on the growth performance of Malabar groupers and found that some combinations of these two factors could induce higher growth in juveniles and alter the mRNA abundance of appetite- and growth-related genes, as well as lipogenesis-related genes. It is possible that physiological actions stimulating growth performance synergically and simultaneously occurs in various tissues including the liver and muscle because the involvement in the endocrine control may be different among tissues. Under long-day conditions (LD = 14:10), the combination of two light wavelengths (463 and 623 nm) and two salinities (11 and 34 psu) was studied herein because the effectiveness of these light wavelengths and salinities has been clarified separately in previous studies (Zhu et al., 2022, 2023). When juvenile Malabar groupers were reared under four sets of conditions (BL/LS; blue 463 nm - 11 psu, RL/LS; red 623 nm - 11 psu, BL/HS; blue 463 nm - 34 psu, and RL/HS; red 623 nm - 34 psu), BW increased in the fish of all groups. High CF—a marker of healthier body condition— was recorded only in fish reared under blue light (BL/LS and BL/HS). In the case of Malabar grouper juveniles, rearing under a combination of shorter wavelengths of light and lower salinity is likely to stimulate lipid accumulation because the transcript levels of lipogenesis-related genes, including acaca and fas, were upregulated in the liver of juveniles reared under these conditions. Because ACACA and FAS are the major enzymes that convert citrate into fatty acids in the cytosol (Batchuluun et al., 2022), it is likely that lipogenesis is activated by the alternation of salinity and/or light wavelength. For example, fas was upregulated in the liver of the spotted scat Scatophagus argus, which was reared under low salinity (5 ppt) (Chen et al., 2023), whereas the lipid metabolism pathway, including acaca mRNA, was downregulated in the liver of the turbot Scophthalmus maximus, which was reared under hypoosmotic conditions (Liu et al., 2021). In general, rearing fish under salinity around isotonic conditions reduces the energy demand for osmoregulation and is expected to promote other physiological processes, including growth performance, using the saved energy (Vargas-Chacoff et al., 2015). A similar mechanism is probable in the Malabar grouper, because low oxygen consumption was recorded in fish reared at 11psu (Zhu et al., 2022). In addition to the juveniles of the Malabar grouper (Zhu et al., 2023), superior growth performance at isotonic salinity has been reported in other groupers, including the longtooth grouper Epinephelus bruneus and the hybrid grouper E. fuscoguttatus × E. lanceolattus (Inoue et al., 2015; Noor et al., 2019). As suggested in the present study, some of the energy saved may be related to the activation of metabolic processes, including lipogenesis. However, relatively few studies have shown the effectiveness of light wavelengths on lipogenesis in fish, although exposure to blue light promotes lipid accumulation in the liver of mice (Guan et al., 2022, 2024). The present study showed the effectiveness of blue light on lipogenesis in fish because the transcript levels of both fas and acaca increased under BL/LS and BL/HS conditions. Therefore, it is worth mentioning that, herein, there was a combined effect of light wavelength and salinity on lipogenesis in fish. A combined effect of these two factors was also observed on the SGR because the BL/LS group had the highest SGR. Conversely, a potent effect of salinity, rather than light wavelength, was observed in FCR, where a lower value indicates better feed efficiency, because there was little difference in FCR under both blue-light and red-light conditions.

The present study showed that the transcript levels of npy increased in the brain of the juveniles of the BL/LS and BL/HS groups, suggesting that, as expected from previous studies (Zhu et al., 2022, 2023), its transcription is affected by light wavelength but not by salinity. As this orexigenic neuropeptide is produced in the hypothalamus and affects the feeding behavior of fish (Assan et al., 2021), it is likely that the appetite of the Malabar grouper was promoted under blue-light conditions. In contrast, the transcript levels of pomc increased in the brain of the RL/HS group. This result was different from that of previous studies, in which rearing under growth-promoting light conditions resulted in the upregulation of pomc in the brain of the juveniles of the Maraber grouper (Zhu et al., 2022) and in the barfin flounder Verasper moseri (Takahashi et al., 2016). POMC is an anorexigenic neuropeptide produced in the hypothalamus. In this regard, the reduction in food intake of rainbow trout associated with increase in hypothalamic POMC levels (Pérez-Maceira et al., 2016). Therefore, it is likely that high salinity and red light combined exert an inhibitory effect on the upregulation of pomc in the fish brain because low growth performance in the fish of the RL/HS group may be attributable to limited feeding behavior caused by low appetite.

It was previously reported that the transcript levels of gh and igf-1 increased in the pituitary gland and liver of juvenile Malabar groupers reared under blue light (Zhu et al., 2022) or isotonic conditions at 11 psu (Zhu et al., 2023). These results suggested that the GH-IGF-1 axis is stimulated by suitable light wavelengths and/or salinity conditions. Regarding light wavelength, upregulation of IGF-1 was reported in the barfin flounder, when fish were irradiated with green LED light for four weeks under an average water temperature of 6.6°C (Takahashi et al., 2016). A similar effect of specific light wavelengths on IGF-1 mRNA abundance was also observed in the larvae of the turbot Scophthalmus maximus, which were exposed to orange light at 595 nm and blue light at 450 nm (Wu et al., 2020, 2021). In contrast, the transcript levels of igf-1 increased in the liver of the Mediterranean meager Argyrosomus regius under isotonic conditions at 12 psu (Mohammed-Geba et al., 2017). Unlike in previous studies, rearing fish under both conditions failed to enhance igf-1 expression in the liver. This contrasting result implies that there is little combined effect on the GH–IGF-1 axis. Alternatively, concomitant with an increase in gh transcripts in the pituitary gland of fish reared in seawater, igf-1 seemed to be upregulated. GH is involved in seawater acclimation (Varsamos et al., 2006; Tine et al., 2007) and enhances Na+,K+-ATPase activity in the gills (Mancera and McCormick, 1998). Therefore, it is possible that the expression profiles of the GH-IGF-1 pathway are affected by seawater adaptivity. Notably, the transcript levels of gh in the pituitary gland were enhanced at both 12 psu (isosmotic conditions) and 55 psu (extremely hyperosmotic conditions) (Mohammed-Geba et al., 2017). Our results indicated that there is an additional pathway that accelerates the combined effects of light wavelength and salinity. One possibility is that thyroid hormones (THs) play a role in controlling the synergic effect, because the transcript levels of iodothyronine deiodinase 2 (dio2), the rate-limiting enzyme of conversion from thyroxine (T4) to triiodothyronine (T3), increased during the photophase and treatment with T3 increased hepatic igf-1 levels in the liver of the sapphire devil Chrysiptera cyanea (Rizky et al., 2024). In addition, cortisol seems to lower the circulating IGF-1 and alter the transcript levels of IGF-1 binding proteins (igfbps) in the blue rockfish Sebastes mystinus (Mapes et al., 2025), suggesting that stress is involved in the growth performance in fish. Therefore, it is possible that multiple endocrine pathways exist in controlling the growth in fish (Mapes et al., 2025).

In conclusion, a high growth performance of Malabar grouper juveniles can be induced by selecting the optimal light wavelength (blue-light condition) and salinity (11psu). This combined effect on growth performance is related to the activation of appetite and lipogenic activity in the liver, although the involvement of the GH-IGF-1 axis in this combined effect remains unclear. Therefore, the adoption of simultaneous and multiple environmental controls provides new insights into aquaculture. Further studies are required to clarify whether the combined effects of certain environments promote growth performance in other fish species.
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Parameters

Experiment conditions

Body weight (g)

Total length (mm)

Condition factor %

0 weeks

2 weeks

0 weeks

2 weeks

0 weeks

2 weeks

RL/LS
1027 £ 6.7 1025 +7.2° 1026 +6.1°
1383 + 15.6° 1221 + 13.4% 124.5 £ 9.6
191.0 + 7.0° 193.0 + 6.9 194.1 £ 4.0%
2011 + 7.5% 197.1 £ 7.3% 2029 +4.2°
147 +0.08" 1.42 £ 0,05 140 + 0.04°
1.69 + 0.07° 1.58 + 0.08" 148 + 0.03*

1025+ 7.1°
109.0 +9.4°
1920 + 62
1957 + 5.7
145 + 0.08°

145 +0.07*

Different letters represent statistically significant differences at P < 0.05, as determined by a two-way ANOVA with Geisser-Greenhouse correction, with Tukey's test subsequently applied to

conduct multiple comparative analyses.
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Primer Sequence Accession no.

rh1-Forward 5-TGAACACCACCGGGATTGTC-3' KM077949.1

rh1-Reverse 5-AGGTGGTGATCATGCAGTGG-3'

rh2-Forward 5-GGCACAGAGGGCAAGAACTT-3' = LC726485

rh2-Reverse 5-TGGAGAGCATGCAGTTACGG-3'
sws2-Forward 5-TCCCTCTGGATACGGACAAC-3' | LC726486

sws2-Reverse 5-TGAGCGGAACTGTTTGTTGA-3'

Iws-Forward 5-CAGGCGGTACAATGAAGAGA-3' = LC726487

Iws-Reverse 5-AGGAGCCACAGAGGAGACCT-3'

pomc-Forward | 5-GTCAAGTCTGAGGGCAGCAT-3' LC726490
pomc-Reverse 5-GAGGAACAGGTTGGAGGTGG-3'
npy-Forward 5-GGACACACTGGTCTCAGAGC-3' LC726491

npy-Reverse 5'-TCACCACAATGATGGGTCGT-3'

gh-Forward 5'-ACATCTCCACCTGCTTGCTC-3' LC726488

gh-Reverse 5'-CAACAGCTTCAACACGGAGC-3'

ghr-Forward 5'-CTCCTGGATCAGCGTTTCTC-3' LC768792
ghr-Reverse 5-GCTTGGTAGCTTTCCACGTC-3'

igf-1-Forward 5-GAATGGACAAATGCCCAGCG-3' | LC726489

igf-1-Reverse 5'-CGGACCTTTGTCAGCATCCT-3'

fas-Forward 5-GGAAAGCAAGCCATTGATGT-3' LC817412

fas-Reverse 5-GACTCTGCTGCTGCTGTCTG-3'
acaca-Forward | 5'-AACGGCTTCTGTCTTCCTGA-3' LC817416

acaca-Reverse 5-GGAGCTCCAGTAGAGGCAAA-3'

Primers were designed based on the cloned sequence of the Malabar grouper using
bioinformatics methods (Zhu et al., 2022, 2023).
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