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Potential Plasticity of Artificial Feed Preference in Juvenile Pharaoh Cuttlefish (Sepia pharaonis) Through Progressive Training Programs
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The cuttlefish is a commercially important marine species across the world; however, due to the lack of appropriate artificial feed, there is limited future aquaculture development of the cuttlefish. We proposed a novel process comprising (1) feed preference tests and (2) progressive training programs. Through this process, artificial diets can become more suitable for pharaoh cuttlefish (Sepia pharaonis). Feed preference tests (based on vision, touch, and smell) revealed that pharaoh cuttlefish preferred rod-shaped feed to flat rod-shaped or ball-shaped feed, moist feed over dry feed (DF), and DF with agar coating to DF without agar coating. Without olfactory training, some cuttlefish refused to eat artificial feed and eventually died. Through progressive training programs (3- and 6-week programs), a survival rate of >80% was achieved. Although the artificial diets examined in this study resulted in a lower conversion ratio for S. pharaonis than for fresh shrimp, available artificial feed can potentially be adopted for cuttlefish aquaculture through the use of our progressive training program.
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INTRODUCTION

Cephalopods include octopus, squid, cuttlefish, and nautilus, all of which are found across the world oceans from intertidal areas to deep-sea regions (Boletzky and Villanueva, 2014). They have separate sexes and lack a true larval stage, which means that they develop directly (Boletzky and Villanueva, 2014). Most cephalopods have short life spans (1–2 years) and high rates of growth and feed conversion; all cephalopods are carnivores (Lee et al., 1994; Domingues et al., 2004; Boletzky and Villanueva, 2014; Jiang et al., 2018). The global fishery industry has been increasing its production of cephalopods in the past 20 years and has sustainably met the demand for marine products (Boletzky and Villanueva, 2014; FAO, 2017). Among the various cephalopod species, the cuttlefish is regarded as having considerable potential for aquaculture because of its high nutritional profile and high market value (Gao et al., 2014). The natural distribution of cuttlefish can be divided into two major areas, namely, the Atlantic-Mediterranean and Indo-Pacific seas (Boletzky and Villanueva, 2014). Among the various cuttlefish species, Sepia officinalis is the predominant cuttlefish reared for research in European countries, including Spain, Portugal, and France (Boletzky, 1983; Domingues et al., 2001, 2005; Baeza-Rojano et al., 2010). In East and Southeast Asia (e.g., Thailand, China, Taiwan, and Japan), Sepia pharaonis, Sepia esculenta, and Sepiella japonica are the major species that are cultured (Nabhitabhata, 1978; Hao et al., 2007; Fan et al., 2011; Zheng et al., 2014).

In the early 1960s, Choe and Ohshima (1963) first used live shrimp as feed for rearing cuttlefish and squid and successfully bred Sepioteuthis lessoniana, S. esculenta, Sepia lycidas, and S. japonica. Since then, researchers have mainly used live prey and fresh diets (e.g., shrimp and fish) to rear cuttlefish and squid (Boletzky, 1974; Pascual, 1978; Minton et al., 2001; Villanueva et al., 2017; Jiang et al., 2018). However, the training of non-domesticated animals to accept artificial feed and further development of commercial feed are key factors that influence commercial aquaculture development; thus, minimizing or changing the practice of using live prey is a major challenge in the rearing of cuttlefish (Sorgeloos et al., 2001; Zohar and Mylonas, 2001; Nguyen et al., 2011; Ouraji et al., 2011; Takeuchi and Haga, 2015). Various studies have experimented with the use of artificial feed. Lee et al. (1991) were the first researchers to successfully feed S. officinalis using an artificial diet containing non-marine sources that included hot dogs, chicken puree, and raw chicken. Koueta et al. (2002) and Perrin et al. (2004) used enriched natural and frozen diets to enhance the growth of S. officinalis. Studies have reported positive results after feeding surimi to S. officinalis and highlighted that the protein content of the mantle muscle is a valuable indicator in long-term rearing (Castro et al., 1993; Castro and Lee, 1994). Numerous studies have reported that the higher the percentage of protein (35–50%) in an artificial diet, the better the growth performance of the fed cuttlefish (Domingues et al., 2005, 2008; Ferreira et al., 2010; Gao et al., 2014; Han et al., 2017; Jiang et al., 2021). Some studies have highlighted the crucial role of fatty acids for cuttlefish, particularly eicosapentaenoic acid and docosahexaenoic acid, with cuttlefish requiring high amounts of these nutrients (Perrin et al., 2004; Ferreira et al., 2010; Gao et al., 2014; Wen et al., 2014; Jiang et al., 2018).

Pharaoh cuttlefish (S. pharaonis), which have a unique tiger stripe pattern on their skin, are distributed in the Indo-Pacific sea, the waters north of Japan, and the waters west of the Red Sea (Nabhitabhata and Nilaphat, 1999). The pharaoh cuttlefish is a tropical and large (350–420 mm in length and 4,200–5,000 g in weight) species and a crucial fishery product in Southeast Asia (Nabhitabhata, 1978). Minton et al. (2001) cultured multiple generations of pharaoh cuttlefish under laboratory conditions. Although pharaoh cuttlefish can be reared for multiple generations, its mass production remains difficult. Jiang et al. (2021) proposed an optimum weaning method for pharaoh cuttlefish in mass culture and a specific culture protocol. However, the high cost and unstable quality of the live or fresh diet required for rearing pharaoh cuttlefish limit their mass production (Han et al., 2017; Jiang et al., 2018). Before mass production can be achieved, further information on the nutritional compositions of cuttlefish and their diets are required. Peng et al. (2015) and Jiang et al. (2018) analyzed the crude composition of the muscles of juvenile pharaoh cuttlefish in culture and compared it with the diets that they were fed; their results revealed that cuttlefish muscle and shrimp shared a similar composition. Wen et al. (2014) compared the nutritional quality of wild and cultured pharaoh cuttlefish and reported that the nutritional quality of both wild and cultured cuttlefish was similar to that of the shrimp that were fed to them. Because the nutritional quality of pharaoh cuttlefish is influenced by the prey that they eat, an enriched diet may increase their nutritional quality (Han et al., 2017).

Although the implementation of artificial diets for cuttlefish has been explored, most studies have done so by mixing various fresh diets (e.g., fish and shrimp) to produce moist feed (MF; Han et al., 2017; Jiang et al., 2018). Currently, dry feed (DF) for cuttlefish is unavailable. Our cultivation experience suggests that during the mass culture of cuttlefish, most cuttlefish (wild and artificially reared stocks) only accept bait with complete fish and shrimp shapes, and artificial diets cannot be used unless training is provided. Therefore, we developed a novel process comprising (1) feed preference tests and (2) progressive training programs. Subsequently, we assessed the growth performance achieved with the use of available artificial diets.



MATERIALS AND METHODS


Cuttlefish

Stocks of pharaoh cuttlefish (S. pharaonis) were obtained from the northeastern region of Taiwan and reared in an outdoor 200,000-L concrete pool in Gongliao Aqua Center, New Taipei City, Taiwan. The exact number of female and male adults could not be determined; their numbers differed for each catch (the cuttlefish were captured in coastal waters). However, the ratio of female to male adults was approximately between 1:3 and 1:5, and a stock of between 100 and 150 adults was maintained in the pool during the breeding season. Pharaoh cuttlefish were fed thawed fish (Scomber spp. and Trichiurus spp.; weight, 100–300 g) three times a day to ensure that each cuttlefish consumed at least one or two fish per day. To maintain the water quality, we removed dead shrimp and shrimp remains once a day. During the breeding season, we maintained a water temperature of between 22 and 26°C, water salinity of 33 ± 1‰, and a photoperiod of approximately 14:10 (light:dark) depending on the weather conditions of a given day. The open-system pool received 24-h fresh flowing seawater (10,000 L/h). After the cuttlefish laid their eggs, these eggs were harvested and placed in indoor 2,500-L fiberglass-reinforced plastic (FRP) tanks for hatching. Hatched seedlings (weight, 0.5 ± 0.06 g; mantle length, 0.8 ± 0.2 cm) were collected in a plastic tank (length, 60 cm; width, 41.5 cm; and water depth, 9.5 cm) with a semicirculating water system (temperature, 26 ± 1°C; salinity, 33 ± 1‰; photoperiod, 12:12 indoor; water change, 100 L/h), and a total of 25,000 seedlings were hatched and collected. We fed live and chilled shrimp (Litopenaeus vannamei; body length, 1.0–2.0 cm) and fresh shrimp (Exopalaemon orientis; body length, 2–5 cm) to the juveniles ate least four times a day, with each individual consuming at least one or two shrimp per meal. The size of a shrimp was approximately between 50 and 150% of the body length of cuttlefish at that stage. Live shrimp were fed to juvenile cuttlefish in the first 2 weeks after they hatched. In the 3rd week, the live shrimp were replaced by chilled shrimp, followed by a combination of chilled and fresh shrimp. The 4-week-old juvenile cuttlefish were then fed fresh oriental shrimp until they were 8 weeks old (weight, 44.3 ± 2.5 g; mantle length, 8.4 ± 2.5 cm). We attempted to maximize the amount of feed consumed by each juvenile and removed shrimp remains and dead shrimp once a day. These 8-week-old cuttlefish were used in the subsequent tests (Figure 1).
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FIGURE 1. Experimental design of this study. (1) Feed preference test: shape, movement, moistness, odor, and coating; (2) progressive training program: 10-day, 3-week, and 6-week programs; (3) growth performance: feeding of fresh shrimp and dry feed.




Artificial Feed

Before the tests were conducted, the amino acid composition of a single cuttlefish was determined by examining the mantle muscle, viscera, and ovary. The mantle muscle was used as a reference for preparing the artificial feed. The amino acid composition was analyzed in accordance with the method proposed by Alava and Pascual (1987), Table 1. The composition of the prepared artificial feed is listed in Table 2. Fish meal, krill shrimp meal, and poultry meal were crushed and sieved through a sieve with No. 40 mesh (0.38 × 0.38 mm2), and soybean concentrate was crushed and sieved through a sieve with No. 60 mesh (0.25 × 0.25 mm2). Artificial feed was prepared in two forms, namely, MF (feed powder-to-water ratio of 3:1 that was mixed evenly and then shaped per experimental requirements), DF (the procedure used for preparing MF was also applied to DF, but the DF was dried at 40°C for at least 12 h after mixing). Frozen oriental shrimp (E. orientis), the preferred prey of the cuttlefish, was selected as the control treatment because of their size. The crude moisture, protein, fat, and ash contents of the artificial feed (DF) and oriental shrimp were analyzed in accordance with the procedures of the Association of Official Analytical Chemists (AOAC, 2000; Table 3).


TABLE 1. Amino acid composition (dry weight, %) of juvenile cuttlefish.
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TABLE 2. Mass composition of artificial feed used in this study.
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TABLE 3. Crude composition of artificial feed (dry feed, DF) and oriental shrimp.
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Feed Preference Test

The feed preference test was performed to evaluate five components, namely, shape, movement, moistness, odor, and coating (Figure 1). To prevent the training effect from affecting our results, we performed each test using different juveniles. A total of 95 juvenile cuttlefish underwent the feed preference test. All tests were performed in 2,500-L FRP tanks with a semicirculating water system (temperature, 26 ± 1°C; salinity, 33 ± 1‰; photoperiod, 12:12 indoor; water change 2,500 L/h). Cuttlefish were randomly selected from the rearing tank 12 h before the tests were conducted. Five selected cuttlefish formed a group for one trial, and three replications were performed for each treatment. Each group was tested with an interval of at least 12 h between each replication to prevent excessive interference. During the testing process, we randomly gave different feeds from the same trial to five cuttlefish, prevented them from feeding by using inertial selection, and recorded the “latency-to-grab” time that corresponded to each individual cuttlefish. Each feed with a specific state weighed approximately 5 g. Through our long-term observations, we discovered that the cuttlefish would observe the bait for a period of time (usually <60 s) before eating it. Therefore, we discontinued the recording process if a cuttlefish failed to display any foraging behavior within 120 s. That is, we waited for 120 s for each cuttlefish to grab its feed. The time was recorded as 120 s if a cuttlefish abandoned a piece of grabbed feed or if no cuttlefish grabbed any feed during a trial. Each cuttlefish had to be observed eating a piece of grabbed feed for 120 s before the initially observed latency-to-grab time was accepted and recorded.


Shape

We evaluated the feed shape preferred by cuttlefish by shaping MF into rods, balls, and flat rods. To entice cuttlefish to grab a piece of feed, a fishing line (width, 0.2 mm) was inserted and used to move the pieces of feed that were fed to the cuttlefish.



Movement

In this experiment, a rod-shaped MF was used. “Wriggled” feed comprised pieces of feed that were moved using a fishing line (width, 0.2 and 2 mm), and “stationary” feed comprised pieces of feed that were directly fed to cuttlefish without the use of a fishing line.



Moistness

We examined whether the cuttlefish preferred MF or DF. Both MF and DF were shaped into rods, balls, and flat rods.



Odor

We also examined the olfactory effect of feed. Shrimp surimi (made from oriental shrimp) was mixed with artificial feed powder at a 1:1 ratio to prepare surimi-supplemented dry feed (SDF) and surimi-supplemented moist feed (SMF). Subsequently, the DF, MD, SDF, and SMF were all shaped into rods.



Coated

To imitate the texture of fresh shrimp, agarose or gelatin was coated on rod-shaped DF. DF was soaked in agarose or gelatin liquid (60°C) to prepare coated feed (CDF). After the coating process was completed, the CDF was dugout, and the excess coating was removed to retain only a thin layer of coating over the feed. The weight of the feed before and after coating was approximately 5 and 5.5 g, respectively. The non-coated DF was used in the control treatment for this trial.




Progressive Training Program

This test was performed in 500-L plastic tanks with an open water system (temperature, 24–26°C; salinity, 30–35‰, photoperiod 12:12 indoor), and the water exchange rate was 100% every 2 h. We trained cuttlefish to eat artificial feed by applying three steps as follows: (1) soaking oriental shrimp into artificial feed liquid (powder-to-water ratio of 1:2) for 30 min at 4°C and then feeding the shrimp to cuttlefish, (2) feeding rod-shaped MF to cuttlefish, and (3) feeding rod-shaped DF to cuttlefish. The 10-day, 3-week, and 6-week training programs were implemented in triplicate, and the training period for each of the three steps was 3 days, 1, and 2 weeks for the 10-day, 3-, and 6-weeks training programs, respectively. The cuttlefish received three meals per day, and the shrimp remains and dead cuttlefish were removed daily. In this test, each group consisted of five cuttlefish, and we recorded their survival rate for each period (according to training time). A step was considered a failure if <80% (n < 4) of the cuttlefish survived, but the program was continued and only stopped when complete mortality was reached. The outcomes provided an indication of whether the training program was suitable for cuttlefish.



Growth Experiment

In the growth experiment, 8-week-old cuttlefish (n = 20) underwent a 3-week training program that was identical to that described in the “Progressive training program” section. Each group comprised five individual cuttlefish, and three replicated groups were established; an additional group was established as the control group. Since the 8-week-old cuttlefish exhibited individual differences in their body size, cuttlefish in a given group were similarly sized (determined visually) but may have differed in terms of weight. Each cuttlefish in the experimental and control groups received approximately 5 g of artificial feed (rod-shaped DF) and oriental shrimp, respectively. The feeding frequency was two meals a day (11:00 and 21:00), which was determined on the basis of our rearing experience. Remains (feed and shrimp) were removed daily. The test was performed in 500-L plastic tanks with an open water system (temperature, 24–26°C; salinity, 30–35‰), and the water exchange rate was 100% every 2 h. After the growth test was completed, the following indicators were calculated: percentage weight gain (PWG) = (final body weight – initial body weight)/initial body weight × 100%; feed conversion ratio (FCR) = feed intake/(final body weight – initial body weight).


Statistical Analysis

A completely randomized design was used in this study, and the results are presented in terms of means ± standard deviations. Latency-to-grab time (refer to the “Shape,” “Movement,” “Odor,” and “Coated” sections), PWG, and FCR data were subjected to one-way analyses of variance (ANOVAs), and latency-to-grab time data relating to moistness (refer to the “Moistness” section) were subjected to the two-way ANOVA; Tukey’s honestly significant difference test was used to evaluate the differences between treatments. Statistical analyses were conducted using SPSS version 19 (IBM, Armonk, Westchester County, NY, United States.).





RESULTS


Feed Preference Test


Shape

In the test evaluating the preference of cuttlefish with respect to feed shape, the recorded latency-to-grab time was considerably shorter for the rod- and flat rod-shaped feed than for the ball-shaped feed (Figure 2). The shortest time was recorded for rod-shaped feed (15.60 ± 8.99 s), followed by flat rod-shaped feed (25.48 ± 6.21 s) and ball-shaped feed (120 s; the ball-shaped feed was not grabbed by cuttlefish).
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FIGURE 2. Testing of feed shape preference of cuttlefish. Feed shape affected the latency-to-grab time of cuttlefish. Rod- and flat rod-shaped feed were more attractive to cuttlefish. The latency-to-grab time was significantly shorter for rod- and flat rod-shaped feed than for ball-shaped feed (p < 0.05).




Movement

No statistical difference was observed in the movement experiments (Figure 3). The latency-to-grab times were 14.60 ± 7.61 s, 8.02 ± 2.38 s, and 7.66 ± 2.84 s for the experiments in which a 2-mm fishing line was used, a 0.2-mm fishing line was used, and no fishing line was used, respectively. The time required when a 2-mm fishing line was used was longer than that required when a 0.2-mm fishing line or no fishing line was used.
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FIGURE 3. Test for evaluating the use of fishing line in training programs. No significant difference between these three treatments was observed. The use of a fishing line to drag and wriggle feed did not attract cuttlefish to eat the feed.




Moistness

In terms of the preference of cuttlefish for DF or MF, the rod- and flat rod-shaped MF exhibited the shortest latency-to-grab times of 17.38 ± 7.16 s and 23.64 ± 2.34 s, respectively (Figure 3). The latency-to-grab times for the ball-shaped MF (70.24 ± 27.38 s), rod-shaped DF (87.08 ± 30.28 s), and flat rod-shaped DF (91.96 ± 25.31) were similar. No cuttlefish grabbed the ball-shaped DF (120 s). Relative to the various types of MF, the latency-to-grab times of the various types of DF were significantly longer (p < 0.05).



Odor

The addition of shrimp surimi did not enhance the attractiveness of the artificial feed to cuttlefish (Figure 4). No significant difference was observed between the treatments. The latency-to-grab time was slightly shorter for dry SF than for the other types of feed; however, the longest latency-to-grab time was recorded for moist SF. Specifically, the latency-to-grab times of SMF, SDF, MF, and DF were 29.92 ± 16.02 s, 13.28 ± 3.18 s, 23.46 ± 9.30 s, and 18.72 ± 7.00 s, respectively.
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FIGURE 4. Testing of feed type preference of cuttlefish. Cuttlefish preferred moist feed (MF) over dry feed (DF) regardless of the shape. Lowercase letters indicate significant differences (Tukey’s honestly significant difference test; p < 0.05) in examined variables between diets.




Coating

Regarding the preference of cuttlefish for CDF, contradicting results were obtained. The shortest latency-to-grab time was achieved with agarose-coated feed (29.56 ± 8.51 s), the longest latency-to-grab time (120 s) was recorded for gelatin-coated feed, and the latency-to-grab time of the control (DF) was 64.08 ± 11.44 s (Figure 5). The latency-to-grab time was significantly shorter for the agarose-coated feed than for the control and gelatin-coated feed. However, the latency-to-grab time was considerably longer for the gelatin-coated feed than for the control and agarose-coated feed.


[image: image]

FIGURE 5. Test of coated feed for cuttlefish. For cuttlefish, the agarose-coated feed was the most preferred feed, followed by non-coated feed and gelatin-coated feed. Lowercase letters indicate significant differences (Tukey’s honestly significant difference test; p < 0.05) in examined variables between diets.





Progressive Training Programs

Only the 6- and 3-week trials were successfully completed (Table 4). The longer the training time, the higher the acceptance and survival rates. Notably, failures in steps 2 and 3 were reported for the 3-week training program, although the final component of the program was nevertheless completed successfully. Given the time that was spent and the final accepted results that was achieved, the 3-week training program was regarded to be more efficient than the conservative 6-week program.


TABLE 4. Survival status of the five cuttlefish used in each training program for each step and replication.
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Growth Performance

The results indicated that experimental groups (artificial feed) did not perform as well as the control group (oriental shrimp; Table 5). No significant difference in initial weight was observed between the experimental and control groups. However, the control group achieved a significantly higher final weight, PWG, and FCR than the artificial feed groups. Better results were achieved with fresh shrimp than with artificial feed for a given feeding weight. This was because the artificial feed was not completed consumed by cuttlefish. In contrast, fresh shrimp was always completely consumed by cuttlefish, although this did not occur immediately (i.e., within 30 min). Nevertheless, the 100% survival rate that was achieved for both groups indicates that artificial feed can be fed to cuttlefish.


TABLE 5. Growth performance of cuttlefish as achieved with artificial feed.
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DISCUSSION

Cephalopods have complex brains and central nervous systems that provide them with excellent learning and memorization abilities (Cole and Adamo, 2005; Correia et al., 2005; Cartron et al., 2013; Yang and Chiao, 2016; Zepeda et al., 2017; Shinzato et al., 2018; Yasumuro and Ikeda, 2018). As a member of the cephalopod family, the pharaoh cuttlefish has been proven to have number sense and excellent learning ability (Yang and Chiao, 2016; Yasumuro and Ikeda, 2018; Huang et al., 2019). Studies have verified several methods of pharaoh cuttlefish weaning, providing us with reliable message training methods that enable cuttlefish to become accustomed to eating artificial feed (Jiang et al., 2018, 2020, 2021). Our cultural experience (we weaned more than 5000 juveniles per year between 2015 and 2021) suggests that the key challenge is not the weaning process but the reduction of rearing cost and preparation of nutritional diets. Thus, training cuttlefish to eat an artificial diet is crucial to future commercial culture and enhances its efficiency.

Studies have reported that for the purpose of training cuttlefish to eat an artificial diet, their feed should be shaped in a form that is similar to the shape of their natural prey. Lee et al. (1991) used various artificial baits as feed for cultured S. officinalis and reported that artificial pellets had the longest latency-to-grab time, whereas rod-shaped artificial feed (e.g., hot dog-shaped feed) exhibited a shorter latency-to-grab time. Castro et al. (1993) and Shinzato et al. (2018) reported that cuttlefish were more attracted to shrimp-shaped bait. Thus, artificial feed should be shaped like a rod or a flat rod. In our tests, juvenile cuttlefish also tended to grab rod- and flat rod-shaped artificial feed (Figure 2). However, the feed-movement test did not reveal any significant difference; that is, pharaoh cuttlefish did not exhibit a preference in this regard (Figure 3). This result is inconsistent with that of Cole and Adamo (2005), who reported that the feed given to S. officinalis must be slowly lowered. Although the fishing lines used in our tests were not used to control the sinking speed of bait, we came to the same conclusion regarding the necessity of allowing feed to sink.

While they are hunting, cuttlefish search, detect, select, grab, handle, and kill their prey, and these activities require experience and learning (Cole and Adamo, 2005; Villanueva et al., 2017). Changes in the movement of a bait may confuse a cuttlefish or cause it to ignore the bait. Our results revealed that pharaoh cuttlefish preferred MF to DF in general, even when they had the same shape (Figure 4). This could be because the sinking speed of MF is higher than that of DF. Moreover, cuttlefish do not necessarily consume the feed that they have detected, selected, grabbed, and handled. We discovered that they may discard a piece of feed and refrain from grabbing it again. We speculate that the similarity of the texture of MF to that of real prey (i.e., soft surface) was the reason why pharaoh cuttlefish preferred MF to DF. As was highlighted in an earlier section, we believe that the texture of artificial feed influences the selection behavior of cuttlefish; this inference is also supported by Lee et al. (1991), who reported that feed texture is essential for cuttlefish weaning. Our results indicate that MF and agarose-coated feed are more suitable feed options for cuttlefish (Figures 4, 5). The latency-to-grab time was shorter for agarose-coated feed and longer for gelatin-coated feed. We believe that these two types of coated feed achieved different results because of their texture. The texture of gelatin CDF was softer than that of agarose CDF. We speculate that the gelatin coating was too “liquid-like,” such that our cultured pharaoh cuttlefish could not identify it as food and refused to eat it as a result. This study is the first to employ coated feed for cuttlefish, and the experiment revealed that coating has a considerable effect on cuttlefish. However, the suitability of various types of coating warrants further research.

The effect of feed odor on cuttlefish was difficult to evaluate. The flavor of surimi-supplemented feed was more similar to that of fresh shrimp, but the latency-to-grab times of surimi-supplemented and normal feed did not differ significantly (Figure 6). This means that cuttlefish rely more on their vision than their sense of smell to locate prey (Correia et al., 2005). However, olfactory effects still merit discussion. Guibé et al. (2010) reported that the visual prey preference of cuttlefish can be changed by odor experiences, and Lee et al. (2021) highlighted that pharaoh cuttlefish embryo can detect environmental cues and change their behavior accordingly after hatching. In our preliminary test, we added a large amount of shrimp surimi to our artificial feed, and some cuttlefish refused to eat such feed and consequently died. Therefore, we refrained from training cuttlefish to accept artificial feed directly. Instead, we changed the odor of fresh shrimp. Accordingly, the first step of the progressive training program involved the soaking of oriental shrimp into artificial feed liquid to change the odor of fresh shrimp. This enabled us to train our cuttlefish to accept artificial feed; some groups even maintained a 100% survival rate throughout the tests (Table 4). These results indicate that the role of olfactory stimulation in training should be considered, even though vision is the primary factor. The combined results of the odor test and training programs revealed that visual training yielded short-term results, whereas olfactory training can be beneficial in the long term. Olfactory training is necessary to enable cuttlefish to eat artificial feed in the long term; this position is supported by Guibé et al. (2010) and Lee et al. (2020).


[image: image]

FIGURE 6. Test of olfactory effect on cuttlefish. No significant difference was observed between feed with and without shrimp surimi. SMF, shrimp surimi-supplemented moist feed; SDF, shrimp surimi-supplemented dry feed; MF, moist feed; DF, dry feed.


The growth performance of cuttlefish that were fed artificial feed was less favorable than that of cuttlefish that were fed fresh shrimp (Table 5). Domingues et al. (2008) examined the growth performance of cuttlefish that were fed frozen baits and artificial diets. They reported that despite the addition of fresh fish and squid in the artificial diets, the feeding and growth rates were lower among the cuttlefish that were fed artificial diets than among those that were fed frozen baits. Ferreira et al. (2010) balanced the nutritional composition of frozen baits and artificial diets; however, they observed that the growth rate of cuttlefish that were fed artificial diets was still lower than that of cuttlefish that were fed frozen baits. Most studies have reported unfavorable results for artificial diets (Lee et al., 1991; Castro et al., 1993; Castro and Lee, 1994; Domingues et al., 2005, 2008; Ferreira et al., 2010; Han et al., 2017); however, Domingues et al. (2005) and Han et al. (2017) have suggested that a high crude protein content increases the weight of the cuttlefish. Although our artificial feed contained approximately 53% of crude protein, PWG, and FCR of the cuttlefish that were fed artificial feed were still less than those of the cuttlefish that were fed fresh shrimp. We discovered that the artificial feed was not always consumed completely by the cuttlefish, whereas the fresh shrimp was almost always consumed completely by the cuttlefish. The preference of cuttlefish for fresh shrimp might explain why they disliked the artificial feed and engaged in foraging behavior only when they were starving. Although our study revealed that the growth performance of cuttlefish that were fed artificial feed was less favorable than that of cuttlefish fed with fresh shrimp, no cuttlefish died during our tests. This indicates that the artificial feed is suitable for cuttlefish.



CONCLUSION

In this study, we observed that pharaoh cuttlefish preferred rod-shaped, moist artificial feed to other types of feed that were shaped differently or dry. We also discovered that the texture of feed should be similar to that of the prey of cuttlefish. Pharaoh cuttlefish can be trained to eat DF through odor stimulation, and this training process should be longer than 3 weeks (for 8-week-old juveniles). The use of compound feed for long-term cuttlefish rearing is possible, but the nutritional composition of the compound feed that is used should be studied further.
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