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Abstract

:

This study aimed to elucidate the effects of different photoperiods (0 L:24 D, 6 L:18 D, 12 L:12 D, 18 L:6 D, 24 L:0 D, “Light (L) and Dark (D)”) on the growth performance and physiological responses of the juvenile scalloped spiny lobster (Panulirus homarus). Over a period of 56 days, parameters such as growth rate, digestive enzyme, immune enzyme, and antioxidant enzyme were meticulously evaluated in 90 lobsters subjected to these varying light conditions. The present study found no significant differences in survival rate (SR), molting frequency (MF), and meat yield production (MYP) among the various photoperiod treatments (p > 0.05). Notably, the highest weight gain rate (WGR) and specific growth rate (SGR) were observed under a 12 L:12 D photoperiod. In the continuous dark phase (0 L:24 D), pepsin (PEP) activity remained high in gastric tissues, while trypsin (TRYP) and chymotrypsin (CHT) activities reached the highest in hepatopancreas tissues. The α-amylase (AMS) activity in the hepatopancreas was most elevated under 18 L:6 D, and the optimal lipase (LPS) activity was recorded under 12 L:12 D. The activity of acid phosphatase (ACP) in the hepatopancreas was highest in the absence of light (0 L:24 D), whereas the activities of alkaline phosphatase (AKP) and lysozyme (LZM) were most effective under the 12 L:12 D photoperiod. The total antioxidant capacity (T-AOC), along with catalase (CAT) and superoxide dismutase (SOD) activities of the hepatopancreas reached the highest at 12 L:12 D. The highest activity of glutathione peroxidase (GSH-Px) was seen under 18 L:6 D. The concentration of malondialdehyde (MDA), a marker of oxidative stress, was found to be highest under 12 L:12 D. Consequently, this specific photoperiod is essential for achieving optimal growth and maintaining appropriate physiological balance in the scalloped spiny lobster during aquaculture. These findings provide a foundational guideline for establishing the lighting environment in the farming of the juvenile scalloped spiny lobster.
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1. Introduction


The scalloped spiny lobster (Panulirus homarus Linnaeus, 1878), a large warm-water crustacean, inhabits tropical and subtropical coasts [1]. Its distribution and aquaculture are primarily concentrated in the Indo-West Pacific region [2,3]. Recognized as one of the most valuable seafood products [4], the scalloped spiny lobster is highly sought after in international markets due to its exquisite taste and rich nutritional profile [5]. However, with the development of fishery, the natural resources of lobsters have decreased dramatically [4,5,6,7,8,9,10,11]. In order to meet the market demand, larvae are captured from the wild and reared artificially [6,7,8,9,10,11]. Current research on this species encompasses a range of topics, including breeding practices [6], nutritional analysis [7], capture techniques [8,9], resource assessment [9,10,11], habitat studies [12], physiological characteristics [13,14,15], disease management [16,17], and genomics [18,19,20]. Despite these advancements, the impact of lighting conditions on scalloped spiny lobsters remains relatively underexplored. Presently, there is a notable gap in standardized breeding protocols that account for light conditions.



Light serves as a critical ecological factor within aquatic ecosystems [21]. It exerts a profound influence on various physiological processes and feeding behaviors in aquatic animals [22], modulating growth performance and developmental stages [23,24,25]. Notably, light impacts the growth and development of diverse species, including fish [26,27], shrimp [28], crabs [29], other crustaceans [22], and turtles [30], along with various physiological responses. As a pivotal environmental element, light is instrumental in regulating the circadian rhythms of these organisms [31]. Light possesses three fundamental characteristics: intensity, spectrum (or light quality), and photoperiod [21]. Among these, the photoperiod is particularly crucial for managing biological rhythms in aquatic life [32]. The diverse array of life on Earth is profoundly influenced by the varying light conditions resulting from the planet’s rotation around the Sun [32,33]. To cope with these consistent changes, terrestrial and aquatic organisms have developed intricate internal circadian rhythm systems [33]. Consequently, the photoperiod is recognized as a critical environmental cue impacting these biological rhythms [21]. In crustaceans, the photoperiod can directly or indirectly affect the circadian system, influencing growth, molting, and reproductive processes [34,35]. Optimizing photoperiods in aquaculture can enhance the growth and development rates of aquatic animals, thereby potentially shortening their production cycles [36].



Extensive research illustrates the impact of the photoperiod on vital activities and physiological responses in various aquatic species. In eastern rock lobsters (Sagmariasus verreauxi), longer photoperiods (18 L:6 D and 24 L:0 D) significantly improved survival and growth rates during larval metamorphosis [37]. Photoperiods of 6 L:18 D, 12 L:12 D, and 18 L:6 D have been shown to promote early larval growth, molting, and feeding in spiny lobsters (Jasus edwardsii) [38]. In juvenile goldfish (Carassius auratus), a light duration exceeding 16 h enhanced fat formation, lipolysis, and fatty acid oxidation [33]. Long photoperiods (16 L:8 D) induced stress in blunt snout bream (Megalobrama amblycephala), increasing plasma cortisol levels and causing oxidative stress [39]. Similarly, long photoperiods (18 L:6 D) significantly elevated plasma gonadotropins in greater amberjack (Seriola dumerili) [40] and affected osmoregulation and hepatic energy metabolism in cultured olive flounder (Paralichthys olivaceus), triggering stress responses [41]. Shorter photoperiods (2 L:22 D and 4 L:20 D) enhanced innate immune and antioxidant responses in white leg shrimp (Penaeus vannamei), reducing mortality in adult white leg shrimp [34]. Continuous darkness (0 L:24 D) was found to increase reproductive efficiency and sperm production in male narrow-clawed crayfish (Pontastacus leptodactylus) [42] and to elevate molt frequency and growth rate in juvenile mud crabs (Scylla paramamosain) [29]. Persian sturgeon (Acipenser persicus) exhibited the lowest stress levels in a no-light environment (0 L:24 D) [43]. These findings underscore the importance of the photoperiod in influencing the growth and behavior of aquatic animals. Adjusting the photoperiod in aquacultural settings may offer a means to shorten production cycles and enhance overall production efficiency. However, the specific effects of the photoperiod on the growth, development, and physiology of the scalloped spiny lobster remain to be fully determined.



Altered photoperiods have been shown to significantly influence the functioning of digestive and non-specific immune enzymes in aquatic animals. Several studies have suggested that external environmental factors, including light, can modulate the activity of digestive enzymes, which are critical indicators of digestive performance in aquatic species [22]. For instance, a 13 L:11 D photoperiod significantly alters the activities of pepsin (PEP), lipase (LPS), α-amylase (AMS), trypsin (TRYP), and chymotrypsin (CHT) in the tiger shrimp (Macrobrachium tenellum) [44]. Total darkness (0 L:24 D) has been reported to maximize LPS and AMS activities in the fairy shrimp (Branchinecta orientalis) [45,46], while a prolonged photoperiod (18 L:6 D) affects LPS and TRYP activities in spotted sea bass (Lateolabrax maculatus) [23]. Similarly, the highest TRYP and LPS activities in the Chinese soft-shell turtle were observed in complete darkness (0 L:24 D) [30].



Key barrier enzymes like alkaline phosphatase (AKP), acid phosphatase (ACP), and lysozyme (LZM), which protect aquatic animals from pathogenic bacteria, are widely distributed in their organs and tissues, serving as vital indicators of immune levels [47,48,49]. LZM can release hydrolytic enzymes that break down pathogens, thus playing an immune defense role [48,49,50]. ACP can catalyze the hydrolysis of organophosphorus; participate in phagocytosis, nodules, and envelope formation; regulate the activity of immune cells; help the immune system to better recognize and remove foreign substances; and maintain health [47,49]. The role of AKP in the immune system is mainly reflected in promoting the activation and proliferation of immune cells and enhancing the intercellular immune response [47]. It can enhance immunity by promoting the activity of immune cells, helping cells to recognize and resist [47,50,51]. Optimal ACP and LZM activities were recorded in freshwater shrimp (Macrobrachium rosenbergii) under complete darkness [50] and in tiger puffer (Takifugu rubripes) larvae under a long photoperiod (16 L:8 D) [51]. In brown frogs (Rana dybowskii), the best LZM activity was noted under light-free conditions [52]. The activity level of total antioxidant capacity (T-AOC) reflects the aquatic organisms’ antioxidant enzymes and non-enzymatic antioxidants, crucial for stress resistance and overall health and growth [53]. Reactive oxygen species (ROS) overproduction can impair physiological functions and cause oxidative damage to essential biomolecules [39]. Enzymes like superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) form the core of the organism’s antioxidant system, scavenging ROS and playing a pivotal role in their elimination [54]. Malondialdehyde (MDA), a marker of ROS levels and a byproduct of lipid peroxidation, can indicate cellular and tissue damage [35]. In white leg shrimp, MDA levels increased with longer light durations [35], while blunt snout bream exhibited higher SOD, CAT, and GSH activities with light durations exceeding 12 h [39]. Additionally, abalones showed a gradual increase in T-AOC, SOD, GSH-Px activity, and GSH contents with increasing light duration [55]. These findings underscore the significance of the photoperiod in determining the activities of digestive and immune enzymes in aquatic animals. Regulating the photoperiod can, thus, enhance digestive and immune functions in these species. However, the specific impacts of the photoperiod on the digestive, immunological, and antioxidant enzymes in the scalloped spiny lobster remain to be elucidated.



The primary objective of this study was to examine the physiological responses of the scalloped spiny lobster to various photoperiods (0 L:24 D, 6 L:18 D, 12 L:12 D, 18 L:6 D, 24 L:0 D). Specifically, the research focused on assessing the impact of these photoperiods on the lobster’s digestive performance, immune function, and antioxidant capacity. The outcomes of this study aim to establish an optimal photoperiod for the scalloped spiny lobster aquaculture. This would not only contribute to formulating a standardized system for regulating light duration in lobster farming but also optimize the production cycle and enhance the economic efficiency of this valuable seafood resource.




2. Materials and Methods


2.1. Experimental Materials


Scallop spiny lobsters are lobsters that have been farmed for six months after being caught in the wild. The experiment was conducted in the circulating water system of an indoor factory in Lingshui Experimental Station, Sanya Tropical Fisheries Research Institute (Sanya, China). For the experiment, ninety healthy lobsters of uniform size were selected, each averaging a weight of 171.28 ± 23.12 g. Initially, six samples were randomly placed in fifteen 15-L fiberglass canisters for a week of domestication under experimental photoperiodic conditions. Feeding was conducted every evening at 18:00 using the satiation method, where 8 to 12% of the lobsters’ body mass in chilled crab bait was provided. Subsequently, at approximately 8:00 am the following day, tank maintenance involved cleaning the bottom of the tanks to remove residual feed and feces.




2.2. Experimental Design


The scalloped spiny lobsters were accurately weighed and allocated into fifteen 15-L experimental tanks, part of a recirculating water system. Each treatment group consisted of three replicates, with six lobsters per replicate. The experiment utilized natural seawater, which was sedimented, sand-filtered, and continuously aerated for 24 h. To ensure optimal water quality, a daily 100% water change was implemented. Monitored water quality parameters included the following: temperature between 28 and 32 °C, salinity from 28 to 32‰, pH levels ranging from 7.5 to 8.5, dissolved oxygen concentration of at least 7.0 mg/L, ammonia nitrogen concentration below 0.02 mg/L, and nitrite levels not exceeding 0.02 mg/L. Based on previous studies [21,56], five photoperiod groups were established: 24 L:0 D, 18 L:6 D, 12 L:12 D, 6 L:18 D, and 0 L:24 D (L: light, D: dark). Photoperiods were controlled using a programmable timer (Gongniu Group Co., Ltd., Ningbo, China). The experiment spanned 56 days, with a maintained light intensity of 100 lx and a spectrum range of white light (λ = 400–770 nm) (Opple Lighting Co., Ltd., Shanghai, China). Shade cloths were employed to achieve total darkness in each experimental group, with lights scheduled to turn on daily at 6:30 am.




2.3. Calculation of Growth Performance


Growth indicators such as weight gain rate (WGR), specific growth rate (SGR), survival rate (SR), molting frequency (MF), hepatopancreatic index (HSI), and meat yield production (MYP) of the scalloped spiny lobster were measured and calculated using the following equations:


WGR = (Wt − W0)/W0 × 100%

SGR = (lnWt − lnW0)/t × 100%

SR = Nf/Ni × 100%

MF = (Nm/Ns) × 100%

HSI = (Wg/W0) × 100%

MYP = (WS/Wt) × 100%








where WGR is weight gain rate (%), SGR is specific growth rate (%/d), SR is survival rate (%), MF is molting frequency (%), HSI is hepatopancreas index (%), and MYP is meat yield production (%). W0 is the initial body mass of the experimental lobster (g), Wt is the final body mass of the experimental lobster (g), t is the experimental time (d), Nf is the initial number of experimental lobsters (only), Ni is the final number of experimental lobsters (only), Nm is the number of molted experimental lobsters in a single bucket (only), Ns is the total number of experimental lobsters in a single bucket (only), Ws is the net meat weight (g), and Wt is the final body mass of the experimental lobster (g).




2.4. Sample Collection and Processing


At the end of the experiment, lobsters were anesthetized in an ice bath for two minutes. Before dissection, their body surfaces were carefully dried using absorbent paper. The dissection was conducted using sterilized tools and performed in a consistently cold environment to preserve tissue integrity. Appropriate amounts of lobster stomach and hepatopancreas tissues were collected in 2 mL freezing tubes, frozen in liquid nitrogen, and stored at −80 °C in a refrigerator. To minimize sampling error, samples from each treatment group were stored separately, and then samples with different duplicates from the same treatment group were mixed and extracted.



For tissue analysis, a 10% homogenized tissue solution was prepared. Specified amounts of tissue samples were weighed and added to a pre-cooled homogenization medium, followed by thorough grinding. The resulting tissue homogenate was then transferred to a high-speed centrifuge, maintained at 4 °C, and centrifuged at 3500 rpm for 10 min. Post-centrifugation, the supernatant of the homogenized tissue was collected and stored at −80 °C for subsequent analysis.



Prior to enzyme activity assays, the supernatant was diluted to the optimal concentration as per the requirements of each specific enzyme assay. Enzyme activities were then quantitatively determined according to the standardized procedures provided in the respective assay kits.




2.5. Determination of Indicators of Enzyme Activity


All biochemical assays were conducted using kits provided by the Nanjing Jiancheng Institute of Biological Engineering (Nanjing, China), strictly following the manufacturer’s instructions. For the analysis of digestive enzymes and related indicators, gastric tissues were specifically harvested to measure PEP activity and total protein (TP) content. Similarly, hepatopancreatic tissues were collected for a comprehensive assessment of various enzymes and biochemical markers. These included LPS, AMS, TRYP, and CHT activities, alongside assays for ACP, AKP, and LZM activities. Additionally, key oxidative stress markers and antioxidant enzymes were quantified in hepatopancreas, including MDA content, SOD, CAT, GSH-Px, and T-AOC. Concurrently, protein TP was also performed on these samples.



The protein content was determined using the Coomassie Brilliant Blue method with bovine serum protein as the standard used in the protein quantitative kit (Catalog No. A045-4, Nanjing, China), incubated at 37 °C for 30 min at 562 nm wavelength, and the protein concentration was measured using microplate colorimetry. A PEP detection kit (catalog No. A080-1-1, Nanjing, China) was used to determine the activity of PEP in animal tissue samples. PEP can hydrolyze protein to produce phenol-containing amino acids, and phenol reagents can be reduced to blue substances by phenol-containing amino acids. The absorbance value at the zero setting point of distilled water at a 37 °C water bath for 20 min was determined via colorimetry. The unit of activity is defined as follows: 1 μg tyrosine generated by decomposing protein per milligram at 37 °C per minute is equivalent to 1 unit of enzyme activity (U/mgprot). A TRYP assay kit (Catalog No. A080-2-2, Nanjing, China) was used to determine the activity of TRYP in the animal tissue samples. TRYP can catalyze the hydrolysis of the ester chain of ethyl arginine and increase its absorbance at 253 nm. The activity of the enzyme can be calculated according to the change in absorbance. The activity unit was defined as follows: under the condition of pH 8.0, 37 °C, the absorbance change of 0.003 per minute by TRYP contained in each milliliter of serum (pulp) is an enzyme activity unit (U/mgprot). The AMS assay kit (catalog No. C016-1-1, Nanjing, China) was used to determine the activity of AMS in animal tissue samples. AMS can hydrolyze starch to produce glucose, maltose, and dextrin. When the concentration of a substrate was known and excessive, iodine solution was added to combine with unhydrolyzed starch to form a blue complex. The amount of hydrolyzed starch was calculated according to the depth of blue, so as to calculate the activity of AMS. The unit of activity was defined as follows: each milligram of protein in the tissue reacted with the substrate at 37 °C for 30 min, and hydrolyzed 10 mg of starch was defined as 1 unit of amylase activity (U/mgprot). A CHT assay kit (Catalog No. A080-3-1, Nanjing, China) was used to determine CHT activity in animal tissue samples. Using casein as a substrate, CHT hydrolyzed protein to produce phenol-containing amino acids, phenol reagents were reduced to blue substances by phenol-containing amino acids, and CHT activity was determined via colorimetry. The unit of activity was defined as follows: 1μg amino acid generated by decomposing protein per milligram at 37 °C per minute was equivalent to 1 unit of enzyme activity (U/mgprot). The activity of LPS in animal tissue samples was determined with an LPS detection kit (catalog No. A054-2-1, Nanjing, China). 1, 2-o-dilaurin-racemic glycerol-3-valerate-(6-methylhalide) ester +H2O→1, 2-o-dilaurin-racemic glycerol + valerate-(6-methylhalide) ester, valerate-(6-methylhalide) ester→valerate + 6-methylhalide (color development), at 580 nm wavelength. The activity of LPS was determined according to the production rate of the red product. The activity unit was defined as follows: at 37 °C, each gram of hiprotein reacted with the substrate in this reaction system for 1 min, and each consumption of 1 μmol of the substrate was an enzyme activity unit (U/gprot).



An ACP assay kit (Catalog No. A060-2-2, Nanjing, China) was used to determine the activity of ACP in the animal tissue samples. ACP decomposes disodium phenyl phosphate to produce free phenol and phosphoric acid. Phenol reacts with 4-amino-antipyrine in alkaline solution to oxidize red quinone derivatives by potassium ferricyanide. The activity of enzyme was measured according to the red intensity. The unit of activity was defined as follows: 100 mL of serum or liquid at 37 °C with the matrix for 30 min to produce 1 mg of phenol as 1 Gold unit/mgprot. An AKP assay kit (Catalog No. A059-2-2, Nanjing, China) was used to determine AKP activity in the animal tissue samples. AKP decomposed phenylene disodium phosphate to produce free phenol and phosphoric acid. Phenol reacted with 4-amino-antipyrine in alkaline solution to oxidize red quinone derivatives by potassium ferricyanide. The activity of enzyme was measured according to the red intensity. The activity unit was defined as one Gold unit/mgprot for 1 mg of phenol produced per gram of hiprotein interacting with the matrix at 37 °C for 15 min. The LZM assay kit (Catalog No. A050-1-1, Nanjing, China) was used to determine the activity of LZM in the animal tissue samples. LZM can hydrolyze peptidoglycan on the cell wall of bacteria, resulting in bacterial lysation with decreased concentration and increased transmittance, so the content of LZM was estimated according to the change in transmittance. The activity unit was defined as follows: accurate water bath for 15 min per milliliter of liquid at 37 °C, ice water bath for 3 min below 0 °C, removed tube-by-tube, poured into the light diameter of a 1 cm colorimetric dish, at a 530 nm wavelength, double steaming water regulation light transmission rate of 100%, and the colorimetric determination of the light value of each tube is a unit of vitality (U/mL).



A T-AOC assay kit (Catalog No. A015-1, Nanjing, China) was used to determine the activity of T-AOC in the animal tissue samples. Under the action of appropriate oxidants, ABTS is oxidized to green ABTS+, and in the presence of antioxidants, the production of ABTS·+ is inhibited. The T-AOC of the samples was determined by measuring the absorbance of ABTS+ at 405 nm. The activity unit was defined as follows: reaction at room temperature for 6 min, wavelength of 405 nm, and absorbance (OD) value of the reaction system could be directly used as T-AOC activity unit (mM). A CAT test kit (Catalog No.:A007-1-1, Nanjing, China) was used to determine the activity of CAT in the animal tissue samples. The decomposition reaction of H2O2 by CAT could be quickly stopped by adding ammonium molybdate. The remaining H2O2 reacted with ammonium molybdate to produce a light-yellow complex. The activity of CAT was calculated by measuring its change at 405 nm. The unit is defined as the decomposition of 1 µmol of H2O2 per milligram of histone per second as one unit of activity (U/gHb). The GSH-Px activity in the tissues was measured with a GSH-Px determination kit (Catalog No. A005-1, Nanjing, China). The GSH-Px activity was expressed by the consumption rate of GSH in the enzymatic reaction, while the more stable yellow substance formed by GSH and dithiodinitrobenzoic acid was determined through colorimetry to calculate the GSH-Px activity. Through the colorimetric method, a 1 cm optical path cuvette was used at a 412 nm wavelength, the distilled water was adjusted to zero, the absorbance value was measured, and its activity was calculated. The activity unit U indicates that the GSH concentration in the reaction system is reduced by 1% per milligram of protein per minute by deducting a non-enzymatic reaction in μmol·L−1. The SOD test kit (Catalog No. A001-3, Nanjing, China) was used to measure the activity of the SOD in the animal tissue samples. The activity of the SOD was determined using the xanthine oxidase method. The absorbance value was measured at the wavelength of 550 nm through colorimetry to calculate its activity. The activity unit was defined as follows: when the SOD inhibition rate reached 50% per milligram of tissue protein in 1 mL of the reaction solution, the corresponding amount of SOD was 1 SOD activity unit (U·mgprot−1). The MDA determination kit (Catalog No. A003-1, Nanjing, China) was used to measure the content of MDA in the animal tissues. The MDA was condensed with thiobarbituric acid to form a red substance, and MDA was determined through colorimetry at 532 nm. All samples were processed in triplicate.




2.6. Data Analysis


All collected data underwent a normality test to confirm their distribution patterns. Subsequent statistical analyses were conducted using one-way ANOVA, followed by Duncan’s multiple range test to identify significant differences among the groups. The levels of significance were set at p < 0.05 for significant differences and p < 0.01 for highly significant differences. These analyses were performed using the SPSS 26.0 (SPSS, Chicago, IL, USA) statistical software package. For data presentation, all values were expressed as mean ± standard deviation (mean ± SD). Graphical representations of the data were generated using Origin 2022 (OriginLab Corporation, Northampton, MA, USA) software.





3. Results


3.1. Growth Performance


According to the data in Table 1 and the ANOVA results in Table 2, the WGR and SGR were significantly higher in lobsters exposed to a 12 h light and 12 h dark cycle (12 L:12 D) compared to those under 6 L:18 D and continuous darkness (0 L:24 D) conditions. While longer photoperiods (24 L:0 D and 18 L:6 D) facilitated faster growth than shorter ones (6 L:18 D and 0 L:24 D), the differences between these longer photoperiod groups were not statistically significant. Notably, the HSI was significantly greater in the 6 L:18 D group than in other experimental conditions. However, the photoperiod did not significantly influence (p > 0.05) the SR, MF, and MYP of the scalloped spiny lobsters, as detailed in Table 1.




3.2. Digestive Properties


According to the results of the variance analysis shown in Figure 1 and Table 3, PEP activity was found to be significantly higher (p < 0.05) in the 0 L:24 D (10.71 ± 0.56 U·mgprot−1), 6 L:18 D (9.49 ± 0.56 U·mgprot−1), and 18 L:6 D (10.23 ± 0.99 U·mgprot−1) photoperiod groups compared to the 24 L:0 D (7.04 ± 0.35 U·mgprot−1) and 12 L:12 D (7.47 ± 0.43 U·mgprot−1) groups, as shown in Figure 1A. Similarly, TRYP and CHT activities were significantly elevated (p < 0.05) in the 0 L:24 D (1173.83 ± 536.76 U·mgprot−1 and 3.15 ± 0.18 U·mgprot−1) group relative to the other experimental groups, as depicted in Figure 1B,D, respectively. For AMS activity, the highest levels were observed in the 24 L:0 D (11.70 ± 2.15 U·mgprot−1) and 18 L:6 D (13.86 ± 2.77 U·mgprot−1) groups, significantly surpassing those in other groups (p < 0.05), as indicated in Figure 1C. Additionally, LPS activity was significantly higher (p < 0.05) in the 0 L:24 D (0.70 ± 0.09 U·gprot−1) and 12 L:12 D (1.07 ± 0.18 U·gprot−1) photoperiod groups compared to the rest, as illustrated in Figure 1E.




3.3. Immune Function


According to the results of variance analysis in Figure 2 and Table 4, ACP activity showed no significant difference between the 0 L:24 D (0.16 ± 0.02 gold unit·gprot−1) and 12 L:12 D (0.12 ± 0.02 gold unit·gprot−1) photoperiods (p > 0.05). However, its activity was significantly higher in the 0 L:24 D photoperiods compared to 18 L:6 D (0.10 ± 0.01 gold unit·gprot−1), 24 L:0 D (0.12 ± 0.02 gold unit·gprot−1), and 6 L:18 D (0.11 ± 0.02 gold unit·gprot−1) (p < 0.05), as shown in Figure 2A. In terms of AKP activity, the levels of the 18 L:6 D group (0.04 ± 0.00 gold unit·gprot−1) and 12 L:12 D group (0.04 ± 0.00 gold unit·gprot −1) were significantly higher than other groups, as shown in Figure 2B. For LZM activity, the 12 L:12 D (76.77 ± 7.01 U·mL−1) and 6 L:18 D (85.30 ± 5.64 U·mL−1) groups had significantly higher activity compared to the 0 L:24 D (58.4 ± 3.71 U·mL−1), 18 L:6 D (67.59 ± 6.50 U·mL−1), and 24 L:0 D (64.96 ± 1.61 U·mL−1) groups (p < 0.05). However, there was no significant difference in LZM activity between the 12 L:12 D and 6 L:18 D groups (p > 0.05), as indicated in Figure 2C.




3.4. Antioxidant Capacity


According to the results of the variance analysis shown in Figure 3 and Table 5, the activities of SOD were significantly higher in the 24 L:0 D (15.69 ± 1.91 U·mgprot−1), 18 L:6 D (18.85 ± 3.38 U·mgprot−1), and 12 L:12 D (17.87 ± 3.67 U·mgprot−1) groups compared to the 0 L:24 D (8.12 ± 2.17 U·mgprot −1) group (p < 0.05). However, these SOD levels did not show a significant difference from those in the 6 L:18 D group (p > 0.05), as illustrated in Figure 3A. In terms of CAT activity, 18 L:6 D (0.01 ± 0.00 U·gHb−1) was significantly lower than other experimental groups (p < 0.05) (p < 0.05), as shown in Figure 3B. The GSH-Px activity was significantly greater in the 18 L:6 D (404.20 ± 13.70 activity unit) group compared to all other experimental groups (p < 0.05), as depicted in Figure 3C. Additionally, the T-AOC activity and MDA content were notably higher in the 12 L:12 D (0.12 ± 0.00 mM and 2.02 ± 0.10 nmol·mgprot−1) group than in the other groups (p < 0.05), as indicated in Figure 3D,E, respectively.





4. Discussion


4.1. Effects of the Photoperiod on the Growth Performance of the Animals


In this study, the scalloped spiny lobster exhibited optimal WGR and SGR under 12 L:12 D. Although no significant difference was observed in WGR and SGR between long (>12 L) and short (<12 L) photoperiods, lobsters under longer photoperiods showed higher growth rates, suggesting that extended light periods may more effectively promote growth in aquatic animals. This finding aligns with observations in other species, including larval coconut crabs (Birgus latro) [57], mud crabs [21], narrow-clawed crayfish (Astacus leptodactylus) [46], blue swimming crab (Portunus pelagicus) [58], and juvenile winter flounder (Pseudopleuronectes americanus) [59]. Contrarily, horsehair crab (Erimacrus isenbeckii) larvae showed optimal survival and growth under continuous darkness (0 L:24 D) [60].



Similarly, short photoperiods have been found to enhance growth in other species, such as the African catfish (Clarias gariepinus) [61], abalone (Haliotis discus hannai) [61,62], and largemouth bass (Micropterus salmoides) [36], all of which displayed improved growth rates under limited light conditions. These differences in photoperiod adaptation across species may be attributed to their unique species characteristics and ecological behaviors. Comparative analysis with other aquatic species such as spiny lobster [63], swimming crab (Portunus trituberculatus) [64], spanner crab (Ranina ranina) [65], neotropical fish (Hoplias intermedius) [66], and banded cichlid (Heros severus) [67] revealed similar optimal growth under a 12 L:12 D photoperiod. This suggests the possibility of a universal optimal photoperiod for different species, likely influenced by their ecological habits. Consequently, for scalloped spiny lobster aquaculture, 12 L:12 D is recommended to enhance growth performance, shorten production cycles, and improve economic efficiency.




4.2. Effects on the Digestive Performance of Animals Due to the Photoperiod


In this study, the activities of PEP, TRYP, and CHT in scalloped spiny lobsters were highest under continuous darkness (0 L:24 D). This finding suggests that scalloped spiny lobsters are more efficient at protein digestion and absorption in a dark environment. Conversely, LPS and AMS activities peaked in 12 L:12 D and 18 L:6 D light conditions, respectively. This pattern indicates a shift from protein digestion to the utilization of stored nutrients in the hepatopancreas after protein sources are consumed.



The observed differences in enzyme activities may be attributed to the unique ecological and feeding habits of scalloped spiny lobsters. Being nocturnal marine crustaceans, they predominantly feed at night [68] and exhibit a distinct behavior of burrowing and hiding in coral crevices or reefs during the day [69]. Post feeding, the lobsters retreat to their burrows, aiding in the digestion and absorption of proteins. In the absence of daytime feeding, the stored nutrients in the hepatopancreas are utilized [70]. Consequently, photoperiods exceeding 12 h appear to favor the breakdown of fats and starches. Previous research indicates that specific photoperiods can stimulate or inhibit the activity of certain digestive enzymes [71]. Thus, in aquacultural practices, adjusting the photoperiod can be a strategic approach to facilitate the digestion and absorption of specific nutrients in scalloped spiny lobsters.




4.3. Effects of Photoperiod on Animals’ Immune Function


In this study, ACP activity in scalloped spiny lobsters was found to be optimal under continuous darkness (0 L:24 D). This suggests that ACP secretion is more favorable in such light conditions, aligning with observations in freshwater shrimp [50]. In contrast, the highest AKP activity in scalloped spiny lobsters was recorded under 12 L:12 D. This difference implies distinct immune response mechanisms to photoperiods in the two types of phosphatases.



The variation in phosphatase activities might be associated with the lobsters’ nocturnal feeding behavior [5,68]. Post feeding at night, the lobsters generate energy, which, in turn, could promote the production of these phosphatases, thereby enhancing their immune function [47]. LZM activity reached its peak at 6 L:18 D, and an increase in LZM activity was noted under photoperiods longer than 6 h (24 L:0 D, 18 L:6 D, 12 L:12 D, and 6 L:18 D). This pattern indicates that light exposure positively influences LZM secretion in scalloped spiny lobsters, a finding consistent with studies on tiger puffer [51].



The increased LZM activity under certain photoperiods might be indicative of a photoperiod-induced innate immune response in scalloped spiny lobsters. Therefore, a 12 L:12 D photoperiod is recommended in aquacultural practices to boost their immune function. Such immune enhancement, through the suppression of pathogenic bacteria, could lead to heightened specific immunity in these organisms [72]. The results of this study are in line with findings in white leg shrimp [34], freshwater prawn [50], and red claw crayfish (Cherax quadricarinatus) [56], suggesting that an appropriate photoperiod (12 L:12 D) can effectively improve the immune function of scalloped spiny lobsters.




4.4. Effect of Photoperiod on Animals’ Antioxidant Capacity


In this study, T-AOC activity and MDA levels in scalloped spiny lobsters were observed to be highest under 12 L:12 D. Similarly, the activities of SOD and CAT were also elevated under these light conditions. These results indicate that the antioxidant capacity of scalloped spiny lobsters is responsive to varying levels of oxidative stress in the external environment. Under the 12 L:12 D photoperiod, the lobsters are likely exposed to external stressors that generate a significant amount of ROS, potentially causing damage to the organisms. MDA is a crucial biomarker for assessing ROS levels in aquatic animals [35], and the activity of T-AOC reflects the overall level of antioxidant enzymes and non-enzymatic antioxidants in an organism, which are vital for combating oxidative stress [53]. Therefore, the activities of T-AOC, SOD, and CAT may fluctuate in response to the changes in MDA levels induced by external stressors. These findings align with research conducted on South American white shrimp [35], bluntmouth bream [39], and abalone [55].



Interestingly, the GSH-Px activity in scalloped spiny lobsters was found to be optimal under a longer photoperiod of 18 L:6 D. This may suggest that the antioxidant system of the lobsters under excessively long or short photoperiods struggles to effectively scavenge excess ROS, resulting in increased GSH-Px activity. In practical aquaculture settings, adjusting the photoperiod could be a strategic measure to mitigate oxidative stress and enhance the antioxidant capacity in scalloped spiny lobsters.





5. Conclusions


This study explored the impact of five different light–dark cycles (0 L:24 D, 6 L:18 D, 12 L:12 D, 18 L:6 D, and 24 L:0 D) on the growth and physiological aspects of scalloped spiny lobsters. Notably, under a 12 L:12 D light–dark cycle, the lobsters demonstrated optimal growth performance, along with enhanced levels of digestive and immune enzymes, and improved antioxidant capacity. These findings suggest that adopting a 12 L:12 D lighting regimen could effectively boost the growth rate and shorten the production cycle in scalloped spiny lobster aquaculture. This research provides valuable insights for creating an ideal lighting environment, contributing significantly to the optimization and enhancement of scalloped spiny lobster cultivation.
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Figure 1. Effect of photoperiod on digestive enzyme activities in scalloped spiny lobsters (n = 18). Pepsin (A), trypsin (B), amylase (C), chymotrypsin (D), and lipase (E). Different superscripts letters indicate statistically significant differences between treatments (p < 0.05). 
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Figure 2. Effect of photoperiod on the immune enzyme activity of scalloped spiny lobsters (n = 18). Acid phosphatase (A), alkaline phosphatase (B), lysozyme (C). Different superscripts letters indicate statistically significant differences between treatments (p < 0.05). 
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Figure 3. Effect of photoperiod on antioxidant capacity of scalloped spiny lobsters (n = 18). Superoxide dismutase (A), peroxidase (B), glutathione peroxidase (C), total antioxidant capacity (D), malondialdehyde (E). Different superscripts letters indicate statistically significant differences between treatments (p < 0.05). 
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