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The circadian rhythm is one of the most crucial and universal biological rhythms in living organisms. As a typical nocturnal creature, the Pacific abalone (Haliotis discus hannai) exhibits rhythmic behaviors in terms of passively selecting whether to avoid predators or to forage, and active adaptation to light cycle changes is regulated by the biological clock. However, no basic data are available to help us to understand these rhythmic behaviors in the abalone species. In the present study, quantification of behavioral data for the abalone and its predator swimming crab Portunus trituberculatus in short-term (24 h) and long-term (40 days) polyculture scenarios suggests that the distance and duration of movement, percentage of feeding individuals, and cumulative duration of feeding of the abalone individuals were significantly lower under the short-term predation risk than the long-term predation risk. The concentrations of 5-hydroxytryptamine (5-HT), cyclic adenosine monophosphate (cAMP), protein kinase A (PKA), and hexokinase (HK) in hemolymph, and expression levels of 5-HT1A receptor and 5-HT2 receptor in cerebral ganglion were significantly higher under the long-term predation risk than the short-term predation risk. The concentration of lactate dehydrogenase (LDH) and glycogen content in adductor muscle of the abalone was significantly higher under the short-term predation risk than the long-term predation risk, thereby implying their role in anaerobic metabolism and aerobic metabolism as primary energy sources under the short-term and long-term predation risk, respectively. The concentrations of 5-HT and cAMP, and the expression levels of Bmal1 and 5-HT2 receptor exhibited no significant signs of cosine rhythmicity under the short-term predation risk, but changes in the movement and feeding behaviors of the abalone still occurred at the night only. Correlation analysis shows that the expression levels of Bmal1 and Clock had significantly positive correlations with the circadian changes in the movement parameters of the abalone, thereby suggesting a dominant role in the rhythmic expression of endogenous circadian clock genes regulating the rhythmic behavior of the abalone. These findings provide new insights into the origin and evolution of biological rhythms in nocturnal marine animals and a reference for developing rational stock enhancement plans, and would improve protection for marine benthic biodiversity.
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1 Introduction

All organisms are exposed to predation risk and prey animals must frequently trade off fitness-related behaviors such as foraging against the risk of predation. Predators may directly affect animals by killing prey, or indirectly affect prey through chemical or visual cues (non-consumption effects), thereby resulting in behavioral, physiological, or morphological changes in the prey (Clinchy et al., 2013; Sheriff et al., 2020). In the presence of predators, feeding activity of prey is often accompanied by a high risk of predation, so it is necessary to assess the feeding cost under predation risk and any consequent changes in feeding activities due to hiding or avoiding detection by predators (Brown and Kotler, 2004). For example, prey may adjust the foraging time, reduce or change the feeding time (Macleod et al., 2005; Strobbe et al., 2011), or choose a safer feeding mode to reduce the level of predation risk, e.g., by feeding in a place closer to shelter or adopting additional cautious behaviors while feeding (Biesinger et al., 2011). However, anti-predation behaviors often lead to lower energy acquisition. In addition, prey may exhibit various physiological responses to enhance the defense level to support escape and remain highly alert, thereby boosting the likelihood of survival (Briceno et al., 2018; Tigreros et al., 2018). According to the general stress paradigm, it is accepted that the presence of a predator would lead to physiological changes in prey. The physiological stress responses of prey include higher respiration and metabolic rates, as well as the catabolism of energy storage molecules such as glycogen and triglycerides. These physiological responses incur additional energy costs which affect the growth and normal physiology of prey (Hawlena and Schmitz, 2010). Decreased energy intake and increased energy expenditure lead to an energy deficit, thereby turn stimulating a greater desire for foraging and increasing the possibility of mortality due to the future predation risk (Hernandez et al., 2019). Thus, a trade-off must be made by prey between the effect of starvation and the predation risk.

The anti-predation behaviors of animals are connected with the temporal pattern of predation risk. The risk allocation hypothesis predicts that the anti-predation behavior of an animal is considered to follow the threat sensitivity rule, which means that the anti-predation behavior and feeding behavior are allocated according to the level of risk present in the environment (Helfman, 1989). The feeding activity level diminishes under high risk, whereas additional time would be allocated to feeding activity under low risk condition. However, the anti-predation behavior of prey would change with the duration under predation risk. In particular, if predation risk is present for a long period and the safe period is shorter, prey would reduce the defense cost while increase its feeding activity to the greatest extent possible to maintain the energy required for moving (Lima and Bednekoff, 1999). Many models and experiments have confirmed the risk allocation hypothesis but some findings do not fully support this theory. For example, the foraging activity of the dogwhelk (Nucella lapillus) declines during periods of danger. A longer period under predation risk results in a shorter safe period and a gradual increase in feeding activity, but this only occurs when N. lapillus is starved (Matassa and Trussell, 2014). In addition, prey may experience chronic stress under long-term risk, and a delay in the stress response may have adverse consequences, such as retarded growth, the consumption of stored energy, and accumulation of toxic compounds. As a result, prey may readjust its physiological functions and utilize physiological compensation mechanisms (e.g., improving assimilation efficiency) to avoid the losses due to a long-term predation stress (Thaler et al., 2012; Jermacz et al., 2020). For example, the energy cost may increase if a high metabolic rate is maintained. To decrease the costs, an individual prey may reduce its metabolic levels under long-term predation risk (Handelsman et al., 2013). Compared with short-term predation risk, the growth rate of the common blue damselfly (Enallagma cyathigerum) did not decrease under long-term predation risk but decreased in the glycogen content, indicating the redistribution of energy during growth (Van Dievel et al., 2016).

Most animals follow a circadian rhythm with a cycle of about 24 h. In general, the circadian rhythm of physiology and behavior is a strategy for adapting to periodic change in environmental conditions, but this does not mean that the activities of animals should follow a rhythm precisely. Avoiding predators is considered one of the reasons for the origin and change in an animal’s circadian rhythm (Vaze and Sharma, 2013). For example, the feeding rhythm of a marine zooplankter, Acartia hudsonica, involves consuming food at the night as a strategy for avoiding diurnal foraging predators (Bollens and Stearns, 1992). After a few months of culture without exposure to predation risk, the diurnal feeding rhythm of a marine protozoan, Strombidium arenicola, is lost, but reintroducing predators leads to the reappearance of this circadian rhythm (Arias et al., 2021). The Pacific abalone, Haliotis discus hannai, is an economically important marine shellfish in China with an output of 203,500 tons in 2020, which was about 90% of the world’s gross output of abalones. Despite increases in outputs from artificial culture each year, the wild resources had declined drastically. To enhance the natural populations, stock enhancement is expected to rapidly restore declining populations and maintain the sustainability of fishery activities (Aspe et al., 2019; Chauvaud et al., 2021). Increasing the success of stock enhancement requires assessments of how well the hatchery-bred individuals adapt to wild conditions. In particular, abalones are a group of typical nocturnal animals that stay away from light and hide in dark areas in the daytime, with a feeding peak at the night (Lyu et al., 2021). Olfaction cues are widely used by aquatic gastropods to detect and avoid predators, as well as to search for food (Manriquez et al., 2021). It is not clear whether the circadian behavior of abalones is a passive response to avoid predators or an active adaptation to light cycle change regulated by the circadian clock. In the present study, we employed the swimming crab, Portunus trituberculatus (a common species found in shallow seas), as a predator, and observed the circadian changes in the behavior and physiology of the Pacific abalone under short-term and long-term predation pressure to obtain new insights into the mechanism associated with the rhythmic behavioral patterns of the abalone. Based on the risk allocation hypothesis, we predicted that: (1) under the short-term predation risk, the abalone would reduce its feeding activity and exhibit stress responses, thereby increase its metabolic rate to boost levels of caution and responsiveness, and thus incur increased energy consumption; (2) to compensate for decreased energy intake and the resultant risk of starvation, the abalone would intensify its level of feeding activity under the long-term predation risk, or exhibit compensatory physiological responses with an enhanced aerobic metabolic capacity to utilize energy more effectively, and thus offset the adverse effects of energy consumption under long-term stress; and (3) the presence of predation risk would change the feeding rhythm of the abalone, with a shift in the peak feeding period.



2 Materials and methods


2.1 Collection and acclimation of abalones

The abalone of a shell length of 4.93 ± 0.18 cm and weight of 16.59 ± 1.96 g used in the experiments were purchased from Fuda Abalone Co., Ltd. They had not been co-cultured with any other organism prior to the experiment. The abalone were evenly assigned to the following three groups to investigate the effects of short-term and long-term predation risk on their rhythmic behavior: zero predation risk group (control) where 90 abalones were acclimated in three aquaria; short-term predation risk group (90 abalones were acclimated in three aquaria) where the abalone were only co-cultured with the crab for 24 h after the start of the experiment; and a long-term predation risk group where one cage was hung in each of the three aquaria and one P. trituberculatus (body weight: 192.15 ± 22.06 g) was introduced into each cage as a predator, and 90 abalones were acclimated for 40 days in three aquaria. During the course of acclimation, the ambient conditions were maintained at a water temperature of 19.1 ± 0.5°C, salinity of 30 ± 1, pH of 8.2, dissolved oxygen concentration > 6 mg L−1, with the natural light cycle, and entire seawater was exchanged once a day. Fresh Gracilaria lemaneiformis were provided as food daily at 16:00 pm at a feeding rate of approximately 3% of the wet weight of an abalone to ensure that each abalone was fully fed. Fresh abalones were collected as a food source for crabs and the feeding frequency was once each day.



2.2 Experimental design

Movement behavior of the abalone was continuously observed in a purpose-built rectangular tank (105 cm × 35 cm × 30 cm). The rectangular tank was divided into three zones by two perforated (hole diameter: 1 cm) partition boards, thereby allowing the abalone and crabs to be placed separately in different parts, but water could still flow throughout between the different parts (Figure 1). An infrared camera placed above the tank was connected to a hard disk recorder to record behavior of the abalone. To observe behavior of the abalone under zero predation risk, six abalones were introduced from the zero predation risk group into the middle part of the unit at 16: 00 every day. Food was provided and the abalone were observed continuously for 24 h. All of the seawater was exchanged on day 2 and six abalones were introduced from the zero predation risk group again. Six replicates were observed. In the short-term predation risk experiment (in which the The abalone had no previous contact with the crab prior to the experiment), six abalones from the short-term predation risk group were introduced into the middle part of the tank at 16:00 every day and a crab was then randomly placed in either left or right part of the tank to eliminate a bias effect of the position where the predator was present. Observations were conducted continuously for 24 h, with six replicates. In the long-term predation risk assessment, six abalones from the acclimated long-term predation risk group were introduced into the middle part of the tank at 16: 00 every day and a crab was randomly placed in either left or right part of the tank. Observation procedure was the same as mentioned above. No abalone or crab was reused in the experiment.




Figure 1 | Moving behavior determined by real-time monitoring for Pacific abalone and crab under short-term (24 h) and long-term (40 days) polyculture in a rectangular water tank.



To determine the effect of predation risk on physiology of the abalone, after acclimation for 40 days six abalones were collected randomly from the three groups (for the short-term predation risk group, the cage loaded with the crab was not placed into the tank until the experiment commenced) and dissected at 16: 00 (ZT0), 20: 00 (ZT4), 00: 00 (ZT8), 04: 00 (ZT12), 08: 00 At 00 (ZT16), 12: 00 (ZT20), and 16: 00 (ZT24). The hemolymph, adductor muscle, and cerebral ganglion were placed into 2 mL centrifuge tubes, before immediately storing in liquid ammonia and transferring to a freezer at –80°C for subsequent determinations of the hormone contents, enzyme activities, and expression levels of related genes.



2.3 Behavioral observations

Behavioral parameters were analyzed with EthoVision XT 9.0 Behavioral Analysis Software (Noldus Information Technology, Wageningen, Netherlands). The distance moved (DM), cumulative duration of movement (CDM), and mean velocity of moving (MVM) of the abalone were recorded continuously for 24 h. We observed whether the abalone consumed food at specific location in the tank and the reduction of the food amount to derive the cumulative duration of feeding (CDF), and calculated the ratio of feeding individual relative to all individuals (PTSF) in different periods. Clustering was represented as the mean individual-to-individual distance (IID), where the coordinate points per frame for each abalone were acquired from the recordings to calculate the IID. The video settings comprised a total recording time of 24 h, time interval of 5 s, AVI video format, video resolution of 680 × 480 pixels, and frame speed of 10 fps. IID was calculated as:

	

where. xt ., yt denote the horizontal and vertical coordinates of an abalone at time t, respectively.



2.4 Sample analyses


2.4.1 Determination of 5-hydroxytryptamine, cyclic adenosine monophosphate, and protein kinase A concentrations

Fluid on the surfaces of the abalone was absorbed with blotting paper and the surfaces of their feet were sterilized with alcohol, before removing the blood sinusoids using a sterilized scalpel and collecting the hemolymph with a pipette. Each sample was transferred to a centrifuge tube and kept at room temperature for 20 min, before centrifuging at 3000 × g for 10 min and collecting the supernatant. The samples were analyzed using an ELISA kit (Shanghai Chuntest Biotechnology Co. Ltd, China). The concentrations of 5-HT (Code CS-00E96322), cAMP (CS-00E985211), and PKA (CS-00E985210) were determined using the double antibody sandwich method. Purified 5-HT, cAMP, and PKA antibodies were used to coat microtiter plate wells to prepare solid-phase antibodies. Next, 5-HT, cAMP, and PKA were added to the microwells in order to bind to the detection antibody labeled with horseradish peroxidase until the antibody–antigen-enzyme labeled antibody complex formed. To separate the antibody–antigen-enzyme labeled antibody complex fixed to the bottom of the microwells from the rest of the liquid, the supernatant was discarded and the microwells was rinsed five times with the washing fluid. Then adding 3,3′,5,5′-tetramethylbenzidine for color development, which changed to blue under catalysis by horseradish peroxidase and finally to yellow under the action of sulfuric acid solution. The color strength was positively correlated with the 5-HT, cAMP, and PKA concentrations in the samples. The absorbance (optical density) was measured with a microplate reader at 450 nm to build standard curves, the 5-HT, cAMP, and PKA concentrations in the samples were determined from the standard curves.



2.4.3 Enzyme activity and glycogen content analyses

Approximately 0.2–0.4 g of hepatopancreas was removed and ground with 1.8 mL of 0.86% normal saline in an ice-water bath, before centrifuged at 3,500 × g for 10 min to prepare 10% tissue homogenate for metabolic enzyme activity assays. Hexokinase (HK), lactate dehydrogenase (LDH), and glycogen were determined using a kit (Beijing Solarbio Science & Technology Co., Ltd) following the method described by Gao et al. (2016). The HK (Code BC0740) activity was determined based on the coupling reaction with glucose-6-phosphate dehydrogenase at 37°C and pH 7.6, where the amount of tissue protein per 1 g that generated 1 mmol NADPH every 1 min (i.e., 1 enzyme activity unit) was calculated. One LDH (BC0740) activity unit was determined as that required to produce 1 μmol pyruvic acid from the entire chemical reaction system (4 mol/L NaOH, 2,4-dinitrophenylhydrazine, 2 mmol/L sodium pyruvate, and coenzyme I) with 1 mg of tissue protein. The glycogen content was determined using the anthrone method. In particular, glycogen was extracted with strong alkaline extraction solution and measured with anthrone chromogenic reagent under strong acidic conditions. The protein content of the homogenate was determined using Coomassie blue staining, as described by Bradford (1976), with bovine serum albumin as the protein marker.



2.4.4 Assays of expression levels of 5-HT1A receptor, 5-HT2 receptor, Clock, and Bmal1 in the day and night

The cerebral ganglion samples were stored in liquid nitrogen, ground, and then rapidly mixed with 1mL TRIzol (Invitrogen, USA) to extract the total RNA. The primer sequences (Table 1) were designed for fluorescent quantification of 5-HT1A receptor, 5-HT2 receptor, Clock, and Bmal1 using primer3 (v0.4.0; http://bioinfo.ut.ee/primer3-0.4.0/primer3/) by referring to the genome sequencing data that we obtained for H. discus hannai (unpublished) and published sequence information for the 5-HT receptor (Kim et al., 2019). Each sample was evenly mixed in a PCR tube and then placed in a PCR plate (Roche Diagnostics, Indianapolis, IN, USA). PCR amplification was performed after transient centrifugation. The PCR reaction conditions comprised initial denaturation at 94°C for 30 s, followed by cycling at 94°C for 5 s and 60°C for 30 s, with 40 cycles in total. Melting curve analysis was conducted at the end of the experiment. For each RNA sample and gene, three replicates were analyzed by PCR. The mRNA levels of the target genes were calibrated using the real-time PCR Ct (2–ΔΔCt) relative quantitative method, with the 18S gene reference as the quantitative standard.


Table 1 | Gene specific primers used for qRT-PCR.






2.5 Data analysis

Results were expressed as the mean ± standard deviation. A two-factor analysis of variance (ANOVA) was performed using IBM SPSS Statistics 26 to determine the statistical significance of differences in the main effects of time and predation risk. Before analyzing the data, their conformance to a normal distribution and the homogeneity of variance assumption were validated using the Kolmogorov–Smirnov test and Levene’s test, respectively. Data that did not conform to the homogeneity of variance assumption were analyzed using Dunnett’s T3 test. If two-way ANOVA results are significant, Tukey test was applied to within group comparisons. Because time point in the present study is not a real effective variable, the interaction between risk and time point was ignored.

Pearson’s correlation coefficients were calculated between the behavioral parameters, hormone enzyme activities, and gene expression levels using IBM SPSS Statistics 26. The intrinsic relationships were identified between behavioral characteristics and the circadian expression of hormones and circadian clock genes to elucidate the mechanisms associated with the rhythmic behavior of the abalone.

Cosine fitting was performed based on the data using the Cosinor program package in Matlab. M (MESO) represents the median value of the fitted cosine curve, A, and Φ represents the amplitude and peak value of the cosine fit (Nelson et al., 1979). The F-test was used in the zero-amplitude test to analyze the significance of the circadian rhythm. P-values lower than 0.05 were considered significant.




3 Results


3.1 Comparative analysis of behavioral parameters

ANOVA results indicate that the presence of predation risk significantly (Table 2, P< 0.05) affected all measured behavioral parameters which are significantly (Table 2, P< 0.05) differed at different time points. In contrast to the control group, the presence of the long-term and short-term predation risks had significant effect on the duration and velocity of movement, and distance of moving by the abalone (Table 2, P< 0.05). Under the long-term predation risk, the duration and distance of movement by the abalone were significantly higher than those under the short-term predation risk (Figures 2A, B, P< 0.05). At the ZT0, ZT4, ZT8, ZT12, and ZT24 time points, the durations of moving were significantly shorter under the short-term predation risk compared with the control group. Except at ZT4, the distances of moving at all other time points were significantly less than those in the control group (P< 0.05). The mean velocities of moving at ZT0 and ZT24 were significantly higher in the short-term predation risk group than the control group. Except at ZT4, the mean velocities of moving at all time points were significantly higher in the long-term predation risk group than the control group (Figure 2C, P< 0.05). Observations of the clustering behavior of the abalone show that the predation risk had a significant effect on IID (Figure 2D, P< 0.05). Compared with the control group, exposure to predation risk significantly decreased the IID values at ZT0, ZT4, ZT8, and ZT24. The IID values in the long-term predation risk group were significantly higher at ZT12, ZT16, and ZT20 compared with those in the control and short-term predation risk groups (P< 0.05). Cosine rhythm analysis shows that the distance of moving had no cosine rhythm in the control group, whereas significant cosine rhythms were found in the other groups (Table 3). The peak for the duration of moving in the control group occurred at ZT04:49, which was almost 2 h after the peaks in the long-term and short-term predation risk groups at ZT02:28 and ZT02:30, respectively. The maximum mean velocities of moving in the control group and long-term predation risk group occurred at ZT05:40 and ZT05:30, respectively, but at ZT03:42 in the short-term predation risk group.


Table 2 | Results of the two-way ANOVA conducted to test the effect of different predation risks and times on the behavioral parameters.






Figure 2 | Distance moved (A), cumulative duration of movement (B), mean velocity of movement (C), proportion of time spent feeding (D), cumulative duration of feeding (E), and inter-individual distance (F) under different predation risks: Long-term (long-term predation risk), Short-term (short-term predation risk), and Control (no predation risk). Values are expressed as mean ± SD (n = 6). Different lowercase letters indicate significant differences in the behavioral parameters of abalones among different groups at the same sampling time (P< 0.05).




Table 3 | Cosinor analysis results obtained based on the behavioral parameters.



Predation risk also had significant effects on the percentage of feeding individuals and the cumulative duration of feeding (Table 2, P< 0.05). The percentages of feeding individuals in the long-term predation risk group and control group were significantly higher than that in the short-term predation risk group (Figure 2E, P< 0.05). The cumulative duration of feeding was significantly longer in the long-term predation risk group than the control group (Figure 2F, P< 0.05). At ZT0, ZT4, ZT8, ZT12, and ZT24, the percentages of feeding individuals were significantly lower in the short-term predation risk group than the control group. Except at ZT12, no significant differences were found in the percentages of feeding individuals in the long-term predation risk group and control group at all time points. Cosine rhythm analysis showed that the maximum percentages of feeding individuals and cumulative durations of feeding occurred at similar time points in the control group and long-term predation risk group, but the peak values for these two parameters occurred almost 2 h earlier in the short-term predation risk group at ZT01:27 and ZT02:26, respectively (Table 3).



3.2 Differences in blood biochemical indexes and cosine rhythm analysis

The presence of predation risk did not significantly affect the 5-HT concentration (Table 4, P > 0.05)but significantly (Table 4, P< 0.05) effect cAMP, PKA and glycogen contents, as well as HK and LDH activities, however, all measured blood biochemical indexes differed significantly at different time points (Table 4, P< 0.05). At ZT0 and ZT24, the 5-HT concentration was significantly higher in the control group than the short-term predation risk group (Figure 3A). At ZT20, the 5-HT concentration was significantly higher in the short-term predation risk group than the long-term predation risk group (P< 0.05). According to cosine rhythm analysis, cosine rhythms were found in terms of the variations in the 5-HT concentration in the control group and long-term predation risk group, but not in the short-term predation risk group (Table 5). The cAMP and PKA contents were significantly higher in the long-term predation risk group than the short-term predation risk group (Figures 3B, C, P< 0.05). At ZT4 and ZT8, the cAMP contents were significantly higher in the long-term predation risk group than the short-term predation risk group, but no significant differences were identified at any other time points. Except at ZT0, ZT20, and ZT24, the PKA concentrations were significantly lower in the short-term predation risk group than the long-term predation risk group at all time points. Under long-term predation risk, significant cosine rhythms were identified in terms of the variations in the cAMP and PKA contents (Table 5, P< 0.05).


Table 4 | Results of the two-way ANOVA conducted to test the effect of different predation risks and times on the contents of hormones and glycogen, and enzyme activities.






BAFigure 3 | 5-HT (A), cAMP (B), PKA (C), and glycogen (D) contents, as well as HK (E) and LDH (F) enzyme activities under different predation risks: Long-term (long-term predation risk), Short-term (short-term predation risk), and Control (no predation risk). Values are expressed as mean ± SD (n = 6). Different lowercase letters indicate significant differences among different groups at the same sampling time (P< 0.05).




Table 5 | Cosinor analysis results obtained based on the concentrations of hormones and glycogen, and enzyme activities.



The HK activity was significantly lower in the short-term predation risk group than the control group, but not significantly different between the long-term predation risk group and control group (Figure 3D). The LDH activity was significantly higher in the short-term predation risk group than those in the control group and long-term predation risk group (Figure 3E, P< 0.05). At ZT4, ZT8, and ZT12, the LDH activities were significantly higher in the short-term predation risk group than the long-term predation risk group (P< 0.05), but no significant differences were found at other time points. Significant cosine rhythms were identified in terms of the variations in the LDH activities in the control group and long-term predation risk group, but not in the short-term predation risk group. No significant differences in the glycogen contents were found between the short-term predation risk group and control group, but the glycogen content was significantly higher in the short-term predation risk group than the long-term predation risk group (Figure 3F). Significant cosine rhythms were identified in terms of the variations in the glycogen contents in the long-term predation risk and short-term predation risk groups (P< 0.05).



3.3 Expression of rhythm-related genes

The presence of predation risk had significant effects on the expression levels of Clock, Bmal1, 5-HT1A receptor and 5-HT2 receptor (Table 6, P< 0.05) which are significantly (Table 6, P< 0.05) differed at different time points. The expression levels of Clock were significantly lower in the control group than the long-term predation risk group, but significantly higher in the control group than the short-term predation risk group (Figure 4A). Compared with the control group, the presence of predation risk significantly reduced the expression levels of Bmal1 (Figure 4B). No significant difference in the expression level of Bmal1 was found in the long-term predation risk group and the control group. Except at ZT4 and ZT16, the expression levels of Clock and Bmal1 were significantly lower in the short-term predation risk group compared with the control group, but no significant differences were found at any other time points between these two treatment groups. At ZT0, ZT4, and ZT8, the expression levels of Clock were significantly higher in the long-term predation risk group than the control group. At ZT16 and ZT20, the expression levels of Clock were significantly lower in the long-term predation risk group than the control group. At ZT0, ZT4, and ZT8, the expression levels of Bmal1 were higher in the long-term predation risk group than the control group, but the difference was only significant at ZT4 (P< 0.05). At ZT16 and ZT20, the expression level of Bmal1 was lower in the long-term predation risk group than the control group. The presence of predation risk did not change the rhythmic variations in terms of the expression levels of Clock. The cosine rhythm in terms of the expression levels of Bmal1 was not detected under the short-term predation risk. However, the expression levels of Bmal1 had a significant cosine rhythm under the long-term predation risk (Table 7).


Table 6 | Results of the two-way ANOVA conducted to test the effect of different predation risks and times on the expression levels of rhythm-related genes.






Figure 4 | Expression levels of Clock (A), Bmal1 (B), 5-HT1A receptor (C), 5-HT2 receptor (D) in the cerebral ganglion of abalones under different predation risks: Long-term (long-term predation risk), Short-term (short-term predation risk), and Control (no predation risk).




Table 7 | Cosinor analysis results obtained based on the expression levels of rhythm-related genes.



The expression levels of 5-HT1A receptor and 5-HT2 receptor were significantly higher in the control group than the short-term predation risk group, but the expression levels in the control group were significantly lower than those in the long-term predation risk group (Figures 4C, D, P< 0.05). At ZT8, ZT12, and ZT24, the expression levels of 5-HT1A receptor were significantly lower in the short-term predation risk group than the control group, but not significantly different at other time points. At ZT4, the expression level of 5-HT1A was significantly higher in the long-term predation risk group than the control group. Under the long-term predation risk, the peak (ZT02:39) expression levels of 5-HT1A occurred nearly 1 h before those in the control group (ZT03:21) and short-term risk group (ZT03:25). At ZT4, the expression level of 5-HT2 receptor was significantly lower in the short-term predation risk group than the control group, but no significant differences were found at other time points. At ZT8, the expression level of 5-HT2 receptor was significantly higher in the long-term predation risk group than the control group. At ZT4 and ZT8, the expression levels of 5-HT2 were significantly higher in the long-term predation risk group than the short-term predation risk group. The expression levels of 5-HT2 receptor had no significant rhythm under the short-term predation risk (Table 7). Compared with the control group, the peak expression level of 5-HT2 receptor was delayed by 3.5 h in the long-term predation risk group and it occurred at ZT06:37.



3.4 Correlation analysis

In the control group, the cumulative duration of moving had no significant correlation with the 5-HT concentration but it had significant correlations with the variations in the cAMP concentration and the expression levels of 5-HT1A receptor, 5-HT2 receptor, Clock, and Bmal1 (Figure 5, P< 0.05). In the short-term and long-term predation risk groups, significant correlations were not found between the variations in the cumulative duration of moving and cAMP concentration with the expression levels of 5-HT2 receptor, Clock, and Bmal1. In the control group, the mean velocity of moving had significant positive correlations with the variations in the 5-HT concentration and expression levels of 5-HT1A receptor, Clock, and Bmal1 (P< 0.05), In the short-term predation risk group, no correlation was found between the mean velocity of moving and the expression level of Bmal1. In the long-term predation risk group, a significant positive correlation was found between the mean velocity of moving and the expression level of Bmal1 (P< 0.05).




Figure 5 | Heat maps showing Pearson correlation between different variables among different groups, long-term predation risk (A), short-term predation risk (B), no predation risk (C). Positive correlations are blue, while negative correlations are pink, P > 0.05 is not listed. CDM: distance of moving; DM: cumulative duration of moving; MVM: mean velocity of moving; PTSF: proportion of time spent feeding; CDF: cumulative duration of feeding.



No significant correlations were found between the percentage of feeding individuals relative to all individuals and the expression levels of Clock and Bmal1 in the control group. However, in the long-term predation risk group, the percentage of feeding individuals relative to all individuals had significant positive correlations with the expression levels of Clock and Bmal1 (Figure 5, P< 0.05). In the control group, the cumulative duration of feeding had significant positive correlations with the variations in the cAMP concentration, HK activity, and expression levels of 5-HT1A receptor and 5-HT2 receptor (P< 0.05). In the short-term predation risk group, no correlations were found between the cumulative duration of feeding and the expression levels of 5-HT2 receptor, Clock, and Bmal1. By contrast, in the long-term predation risk group, the cumulative duration of feeding had significant positive correlations with the variations in the expression levels of Clock and Bmal1 (P< 0.05).




4 Discussion

Predation risk leads to anti-predation strategies in prey. These strategies can then protect prey from predation but they also cause the prey to consume more energy, which adversely impacts their growth and productivity. If the predator persists, the prey must make a trade-off between the advantages and disadvantages of anti-predation behaviors. In the present study, we found that the Pacific abalone displayed responses to the predator in a scenario with adequate food. Under the short-term predation stress, the cumulative duration of feeding and IID decreased significantly in the abalone. A shorter duration of feeding may reduce the likelihood of encountering predators (Thaler et al., 2012; Norin et al., 2021). Under the long-term predation risk, the diel duration of feeding was obviously longer in the abalone, which conforms to the risk allocation hypothesis. Under exposure to predation risk, prey must balance the risk of starvation against the risk of predation due to decreased food intake. Under long-term predation risk, the energy deficit due to decreased food intake will reduce the anti-predation behavior by prey and increase the food intake in order to protect against the risk of starvation (Lima and Bednekoff, 1999). Norin et al. (2021) found that juvenile corkwing wrasse (Symphodus melops) tended to be more active under long-term stress due to predator exposure than short-term predation exposure. We found that the duration of moving and cumulative duration of feeding were significantly higher in the abalone under the long-term predation risk than the short-term predation risk, possibly due to an increased risk of starvation because of reduced energy storage, and thus the behavior of the abalone was “bolder” under the risk of predation. Living in groups (reduced IID) is a response to the predation risk by prey because the per capita predation risk may be inversely related to the size of the group due to the decreased chance of predation (dilution effect), increased vigilance, or predator confusion (Peacor, 2003). Under the risk of predation, changes in the movement and feeding behaviors of the abalone only occurred at night, and little movement occurred during the day, which was probably due to the type of predation risk. Another study showed that after the octopus (Octopus vulgaris) introduced chemical stimuli into an aquarium, the shore crab (Gaetice depressus)moved less in the principal active period (night) but no reduction occurred in the inactive period (daytime). When chemical stimuli were introduced from crushed G. depressus, the activity of the crabs increased in the inactive period whereas the stimuli decreased the activity in the active period (Sakamoto et al., 2006). As a typical nocturnal animal, abalone rarely moves in the daytime and remaining still may be an anti-predation strategy. Clearly, it is also possible to determine whether the abalone exhibit other anti-predation behaviors by changing the type of predator or introducing other chemical signals (such as warning signals), thereby showing whether the presence of a predator would affect anti-predation behavior in the daytime (in the inactive period for abalone).

Predation risk may also lead to changes in the physiological state of prey. We found that the glycogen content and LDH activity were significantly higher under the short-term predation risk than the long-term predation risk. The HK activity was higher under the long-term predation risk than the short-term predation risk, thereby indicating that the abalone exposed to the short-term predation risk mainly depended on anaerobic metabolism to supply energy to the body. The LDH activity is related to the anaerobic metabolism of glucose. Anaerobic glycolysis is a relatively inefficient way of utilizing energy (Lumb, 2017). In the presence of a predator, prey must enhance its aerobic capacity and fully utilize energy in order to improve the usage of energy and enhance the capacity to escape or remain alert (Jermacz et al., 2022). After adapting to the persistent presence of a predator, aerobic metabolism became the principal energy source for the abalone instead of anaerobic metabolism. A previous study also showed that prey can use energy more efficiently by enhancing the aerobic capacity under the long-term predation risk. The duration of movement shortened dramatically in the abalone following the introduction of the predator, thereby indicating that the abalone employed an “energy-saving” strategy in order to reduce energy consumption in response to a high risk situation (e.g., active attack by the predator). In spiny lobster Jasus edwardsii, metabolic rate declined following exposure to predation risk, which may have been due to the adoption of a “stand still” anti-predation strategy against the predator (Briceno et al., 2018). In addition to decreased movement, prey may exhibit a physiological stress response, which increases the respiratory metabolism level and consumes energy in order to remain highly alert (Hawlena and Schmitz, 2010). However, this type of stress response is connected to the “vulnerability” of prey in the presence of predators. Based on comparisons with the body types of prey that are vulnerable to predation, a predator may determine a preferred prey body type for successful feeding, but other prey may then reduce its respiratory oxygen consumption in the presence of the predator because of a decreased predation risk, and thus the predator may favor smaller prey to enhance the success of predation (Karythis et al., 2020). The selection of an anti-predation strategy may depend on the type of predation risk sensed by abalone. In the presence of slow-moving predators such as starfish Coscinasterias calama, abalone may choose to escape, whereas in the presence of predators such as the velvet crab Necora puber, abalone may prefer to stay put and retract the epipodial tentacles beneath the broad shell in order to avoid this type of predation risk (Chauvaud et al., 2021). In the present study, we also found that the abalone preferred to retract beneath their shells in the presence of the predator, thereby giving the crab little chance of success.

5-HT can affect a range of behaviors and physiological responses in fishes, including attacking, spontaneous swimming, feeding, and stress responses. The release and conversion of 5-HT can be induced by various stressors. 5-HT is involved in the regulation of stress, endocrine, and emotional responses in animals by mediating specific receptors (Backstrom and Winberg, 2017). 5-HT signaling leads to changes in the concentrations of intracellular secondary messengers by activating downstream G protein-coupled receptors such as cAMP. The cAMP/PKA signaling pathway is one of the key pathways for glycogen degradation and synthesis, where cAMP can regulate the metabolism of glycogen via the action of protein kinase. Increasing the cAMP concentration will boost the decomposition of glycogen, which then increases the glucose content of muscle cells to the greatest extent possible in order to meet the ongoing energy needs of the body (Yang and Yang, 2016). Under the long-term predation risk, we found that the variations in the 5-HT, cAMP, and PKA concentrations, and the expression levels of 5-HT1A receptor and 5-HT2 receptor had significant cosine rhythms. However, under the short-term predation risk, we found no cosine rhythms in terms of the 5-HT and cAMP contents, and the expression levels of 5-HT2 receptor, thereby indicating that the presence of short-term predation stress led to changes in the physiological state of the abalone, as well as directly affecting the rhythm of their movement behavior (which was confirmed by correlation analysis). Thus, as an exogenous factor, the presence of the predator in the short term triggered a change in the movement peak for the abalone. By contrast, the physiological and behavioral rhythms detected in the long-term predation stress group and control group can be attributed to changes in the light period and regulation by endogenous circadian clock genes resulting in a stable “reciprocating” mechanism.

Biological rhythms comprise intrinsic rhythms in the body and synchronize with the environment, and thus they are affected by changes in the natural environment. The circadian rhythm refers to regular oscillations driven cyclically by the Clock gene and Clock-controlled genes with a cycle of about 24 h, which are evident in physiological, biochemical, behavioral, and other activities. To adapt to cyclical changes in the circadian environment, various animals have evolved biological clocks, which can signal different tissues and organs modulating their adaption to changes in the circadian rhythm (Karatsoreos et al., 2011). Light is a key factor that affects the circadian rhythm, including the neuroendocrine system and neurobehavior, and it has critical effects on the health and well-being of all animals (Tan et al., 2014). In particular, a change in the light period will have an immediate effect on abalone because it is a nocturnal marine animal. The cumulative distance moved and cumulative duration of movement were significantly higher in abalones with a 0 h light:24 h dark photoperiod than 12 h light:12 h dark and 24 h light:0 h dark photoperiods (Gao et al., 2020). CLOCK is a core regulatory protein with specific effects on the circadian rhythm that is expressed in various organs and tissues, where it can catalyze the acetylation of brain and muscle aryl hydrocarbon receptor nuclear translocator-like protein 1 (BMAL1). BMAL1 is a key transcription factor that regulates biological rhythms and it plays a pivotal part in the clock system, where it can bind to the CLOCK protein to form the BMAL1/CLOCK heterodimer, thereby activating the transcription of downstream CLOCK-controlled genes (Trott and Menet, 2018; Zhuang et al., 2019). We found that the expression levels of Clock and Bmal1 were significantly higher under the long-term predation risk than the short-term predation risk. The expression levels of Clock had a cosine rhythm under the long-term or the short-term predation risk, but the expression level of Bmal1 had no cosine rhythm under the short-term predation risk. Correlation analysis also confirmed that the expression levels of Clock were only significantly positively correlated with the mean velocity of moving under the short-term predation risk, and not in the long-term predation risk group and control group. However, the expression levels of Bmal1 were not significantly correlated with any behavioral parameters, thereby suggesting that short-term predation stress reshaped the rhythmic behavior of the abalone, and thus the movement behavior of the abalone exhibited plasticity following abrupt changes in external environmental factors. The predation risk is often used to explain why minnow Rhinichthys cataractae is active at a given time of a day (Culp, 1989). Thus, to maximize the possibility of survival, animals must change their daily activities and rest duration in the presence of predators, where these changes can maintain the energy balance and also reduce the risk of predation (Van Der Vinne et al., 2019). The perch Perca fluviatilis can perceive the circadian rhythms of different predators and regulate its activity depending on the activity levels of predators (Ylonen et al., 2007). The presence of predators also delays the onset time of feeding activity in juvenile plaice Pleuronectes platessa (Burrows et al., 1994). In addition, we found that the variations in the expression levels of Clock and Bmal1 were significantly negatively correlated with change in the glycogen content under the long-term predation risk, but no correlation was detected in the control and short-term predation risk groups. Thus, the abalone changed its mode of energy utilization after adapting to the long-term presence of the predator to make a strategic choice between predation and starvation stress. A previous study also showed that the Clock and Bmal1 genes can participate in the metabolism of nutrients including glycolipids by regulating certain genes, such as glucose transporter and fatty acid synthase, which play pivotal roles in maintaining the normal physiological function of the body (Jha et al., 2015).

In conclusion, prey can respond to the risk of predation by adopting a range of anti-predation behaviors and undergoing physiological changes. Under the short-term predation risk, the abalone reduced their distance that they moved, shortened the duration of movement, intensified the degree of clustering, and enhanced their glycolytic capacity through anaerobic metabolism in order to release additional energy to meet their energy needs. Despite the loss of circadian rhythm in terms of variation in 5-HT and cAMP concentrations, and the expression levels of the 5-HT2 receptor and Bmal1, the movement behavior of the abalone mainly changed at night and their behaviors still had significant cosine rhythms, except that the peaks for the behavioral parameters shifted forward. These findings suggest that short-term predation stress reshaped the characteristic movement behaviors of the abalone. However, the significant positive correlations between the expression levels of endogenous circadian clock genes and movement behavior parameters in the long-term predation risk group and the control group indicate that the rhythmic expression of circadian genes was mainly affected by changes in the light period, which determined the homeostasis of the abalone behavior and circadian rhythm. Therefore, identifying the effects of predation risk on the circadian behavior of abalones will help to understand the origin and evolution of biological rhythm behaviors in marine nocturnal animals, and also provide a reference for developing enhancement and release plans to protect coastal marine ecosystems and benthic biodiversity.
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