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Sepia pharaonis is an excellent candidate for aquaculture in China. However, the low survival rate during early feed transition is a bottleneck restricting industrial development. Understanding the changes in digestive physiology and intestinal microflora during feed transition should enable us to meet their nutritional needs to improve production. In this study, we investigate the digestive enzyme of S. pharaonis and undertake histological observations of the digestive gland and intestine. The intestinal microflora 16S rRNA genes were also analyzed using high-throughput sequencing of the pre, mid, and post-feed transition stages (20, 40, and 60 days post-hatching (DPH), respectively). The digestive enzymes from the digestive gland (trypsin and chymotrypsin) rapidly decrease at 40 DPH when compared to their levels at 20 DPH, but mostly recovered by 60 DPH. The alkaline phosphatase and lipase increased sharply by 40 DPH, then peaked at 60 DPH. The intestinal digestive enzymes followed similar trends during feed transition, except for lipase activity, which decreased after 20 DPH and remained low, even at 60 DPH. Feed transition affects the morphogenesis of the digestive tract and feed transition stress leads to the impairment of the digestive gland and intestinal morphology, which reduces the digestive capacity, but almost totally recovers by 60 DPH. Moreover, the comparison of the intestinal microbial composition during feed transition revealed that the dominant phylum Bacteroidetes gradually increased to a peak at 40 DPH and then decreased until 60 DPH. The microbial composition changed with the most abundant genus Pseudomonas being replaced by Acinetobacter. The phylum and family level investigation suggested the microbiota in the rearing water had limited influence on the intestinal microbiota. The intestinal microbiota diversity increased during feed transition. This study improves our understanding of changes and adaptations in cuttlefish during feed transition.
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1. Introduction

In recent decades, cephalopods have become candidate species for aquaculture diversification as reported by several researchers (Lee, 1994; Sykes et al., 2014). Cuttlefish, including Sepia officinalis and Sepia pharaonis, are farmed using alternative diets throughout their life cycle (Forsythe et al., 1994; Minton et al., 2001; Domingues et al., 2003; Jiang et al., 2018). However, bottlenecks in the life cycle prevent their transition from pilot-scale to full-scale aquaculture production. The main issue is the limited existing knowledge on cephalopod digestive physiology and nutrition (Navarro et al., 2014; Gallardo et al., 2017). Feed transition is a key step in juvenile rearing, and an important part of large-scale production. The successful transition from live feed to frozen food depends on the quality of the supplied food (i.e., palatability, digestibility) and the species itself (i.e., animal size and digestive system developmental phase). Likewise, it is well known that cuttlefish must be fed live prey as they develop after hatching (Sykes et al., 2013). Cuttlefish accept frozen food (shrimp, fish, or crabs) after the initial hatchling stage (DeRusha et al., 1989; Forsythe et al., 1994; Jiang et al., 2018). Our latest research on optimal weaning protocols for cuttlefish juveniles has validated this on a commercial scale and represents a major step towards improving rearing techniques for S. pharaonis (Jiang et al., 2021). However, the dynamic changes in the digestive gland and the adaptability of the intestine from pre-feed transition to post-feed transition remain largely unexplored. Additionally, the digestive gland is complex, with unsynchronized maturation of the different functions throughout the gland (Boucaud-Camou and Boucher-Rodoni, 1983; Pereda et al., 2009).

The digestive system of cephalopods is highly developed, resembling vertebrates with complete digestive functions (Boucher-Rodoni and Boucaud-Camou, 1987; Safi et al., 2018). Cephalopod digestion begins in the buccal mass, where prey is mechanically broken down and the chyme passes through the esophagus to the stomach, cecum, and intestine, and is excreted through the anus (Martínez et al., 2012). The chyme moves into the stomach and then into the cecum, where enzymes secreted by both tissues further digest the chyme. Subsequently, the degraded chyme (which is now in a liquid form, containing fine suspended particles) resulting from the stomach digestion passes through the vestibule and enters the cecum, while the larger undigested pieces move to the intestine (Morishita, 1972; Boucaud-Camou & Boucher-Rodoni, 1983). The digestive gland is a key component of the cephalopod digestive system and performs many functions, such as synthesis and secretion of digestive enzymes, re-absorption of nutrients, and synthesis and storage of glycogen (Rosa et al., 2005, Martínez et al., 2011). During the digestive process, undigested pieces combine with acidic enzymes secreted by the digestive gland to form chyme, which initiates extracellular digestion (Boucaud-Camou et al., 1976; Pereda et al., 2009; Safi et al., 2018). Investigating the activities of the digestive enzymes allows us to understand the development and maturation of the digestive system during hatchling ontogeny. This knowledge should allow us to replace live prey with frozen food at the correct stage to improve survival in large-scale production of weaned juveniles (Pereda et al., 2009). Cephalopods are carnivorous species; therefore, the dominant enzymes should be a class of proteases, with non-specific proteolytic, alkaline, and acid phosphatase activities (Perrin et al., 2004; Safi et al., 2018). Moreover, neither the histological changes in the digestive gland of feeding cuttlefish nor the cytology of the gland during the digestive process has been quantified. Especially in the feed transition process, revealing these structural changes is essential for understanding digestive cell functions and the exact role of the gland in digestion. Detailed knowledge of the development of digestive enzyme activities will help facilitate a successful feed transition process.

The intestine of the cuttlefish is simple and straight, with the crude residue of the prey entering the intestine from the stomach and cecum (Lobo-da-Cunha, 2019). Few studies have analyzed the microbial diversity in Octopus species (De la Cruz-Leyva et al., 2011; Iehata et al., 2015; Roura et al., 2017), and no information is available on cuttlefish intestinal communities. Intestinal communities are closely linked with the development of the intestinal tract, nutrition, and immune responses of the host animal (Rawls et al., 2004; Sabour et al., 2019). The intestinal microbiota of new hatchlings and juveniles are susceptible to being affected when feeding as the digestive tract develops (Wang et al., 2020; Ivarsson et al., 2022). Therefore, a healthy and resilient intestinal microbiota is essential for maintaining health in captivity.

To date, detailed studies on S. pharaonis digestive physiology have not been undertaken. Previous studies involving S. officinalis and Octopus maya revealed a transition from intracellular to extracellular digestion in digestive gland proteases activities (acid and alkaline), which was related to individual size and food intake (Perrin et al., 2004; Martínez et al., 2012). Thus, the objectives of the present study were (1) to study the changes in the digestive system, digestive enzyme activity and morphology during feed transition; and to (2) investigate the characteristics of intestinal community dynamics during early development in cuttlefish.



2. Materials and methods


2.1 Animals and housing

The current study occurred in Lai Fa Aquaculture Co. Ltd (29°59’ N, 121°99’ E), which specializes in aquatic technological research and application development. S. pharaonis eggs were obtained by artificial breeding. In brief, brood-stock individuals with a male:female ratio close to 1:3 was placed in square concrete tanks (7.8 m × 3.8 m × 1.6 m, length × width × depth; area: 30 m2), at a culture density of 8–10 ind/m2 during the spawning season from February to April in 2021 (Jiang et al., 2022). These cuttlefish were fed with frozen fishes (Larimichthys polyactis and Pampus argenteus) and white shrimp (Penaeus vannamei) twice a day (fed ad libitum), with a feeding rate of 3–5% body weight (bw) d-1 (Jiang et al., 2018). The fertilized eggs were incubated in hatching tanks (8.0 m length × 4.0 m width × 1.6 m depth, area: 32 m2) supplied with sand-filtered and ultraviolet disinfected seawater in a natural photoperiod cycle. The incubation conditions were as follows: salinity of 28 ± 0.8 ‰, water temperature was 24.8 ± 0.7 °C, light intensity was 558.2 ± 69.3 lx, and dissolved oxygen was 6.34 ± 0.28 mg/L. The water quality parameters were measured daily with a YSI Pro DSS instrument, and 30% of the seawater was renewed daily under the same conditions.

Two hundred and ten newly hatched (1-day post hatching, DPH) cuttlefish were randomly collected from the hatching tanks and carefully translocated into fiberglass cylindrical tanks (diameter: 1 m, water depth: 80 cm, volume: 500 L) as described previously in Jiang et al. (2020b). The experimental design included three replicate tanks with 70 individuals assigned to each replicate. Newly hatched juveniles were reared following the methods of Jiang et al. (2020b). Briefly, hatchlings were fed enriched live Artemia (Artemia nauplii) during the first 3 days post-hatching, and then fed live mysids (Neomysis orientalis) twice a day (08:00 and 16:00) until feed transition began. Each tank was gently aerated by an air stone and one airlift. The uneaten food and dead animals were siphoned from the bottom of the tanks daily. Natural seawater was filtered through a filter bed then sterilized using UV light sterilizers before being pumped into the tank. The water parameters were maintained as follows: salinity at 28.5 ± 0.5‰, the temperature at 25.3 ± 1.2 °C, light intensity at 403.8 ± 55.6 lx, and dissolved oxygen at 6.42 ± 0.37 mg/L.

Frozen food was provided to juveniles from 30 DPH, following previously prescribed weaning protocols (Jiang et al., 2021). We followed the optimal weaning protocols, with the ideal prepared food of frozen shrimp (Leptochela gracilis), the feeding frequency was 4 meals d-1, the food ratio was 35% b.w.day-1, and the culture density was 70 cuttlefish m-2. Cephalopods are sensitive to starvation because of their high metabolic and growth rates, which relates to their “live fast, die young” life history. Juvenile cuttlefish can fully adapt to frozen food at 14 days after weaning, but the transition to digestive enzyme activity may not be completely developed at this stage (Jiang et al., 2021). To ascertain the changes in digestive enzyme activity and digestive physiology of cuttlefish during feed transition, the experimental process was divided into three stages, the pre-feed transition period (mysid feeding period, MF), the feed transition period (FT), and the post-feed transition period (PFT). The mysid feeding period (MF) was defined as the newly hatched juveniles from 1-day post-hatching (DPH) to 30 DPH, during which they were fed with live mysids. The feed transition period (FT) was determined as the juvenile growth from 31 DPH to 50 DPH, during which they were fed with frozen shrimp. The post-feeding transition period (PFT), at which point the cuttlefish are defined as juveniles, continued rearing to 60 DPH after the feed transition, during which they were fed with frozen shrimp. The rearing method followed the previous report outlined in Jiang et al. (2021).



2.2 Sample collection

To explore the changes in the digestive physiology from pre-feed transition to post-feed transition, samples were collected at 20 DPH (mantle length: 20.3 ± 1.4 mm, weight: 2.12 ± 0.17 g), 40 DPH (mantle length: 39.4 ± 1.2 mm, weight: 11.42 ± 0.13 g) and 60 DPH (mantle length: 56.1 ± 2.2 mm, weight: 22.84 ± 0.91 g). Six cuttlefish were sampled and all animals were directly immersed in seawater with 3–5% ethanol for 30-50 s before dissection. During the dissection, the digestive gland and intestine were removed and the samples were divided in two: one was immediately frozen with liquid nitrogen and stored at -80 °C for enzymatic analysis, and the other was fixed in 4% formalin buffer for histological analysis. The intestine was immediately frozen in liquid nitrogen and stored at -80°C for microbiome analysis. Concurrently, rearing water at each stage was sampled (200 mL/sample) and then filtered using a 0.22 μm polycarbonate membrane (Millipore, USA). Three replicate water samples were collected for each tank and stored at -80°C until required for the DNA analysis.



2.3 Digestive enzyme analyses

To prepare the enzyme extracts, digestive gland and intestinal tissue samples were manually homogenized (30:1, v/w) on ice (0-4°C) in Tris-mannitol buffer (50 mM Mannitol, 2 mM Tris-HCl, pH 7.5) for 60 s. The homogenate was centrifuged for 10 min at 11,000 rpm, at 4°C to remove the non-homogenized tissue debris. Then, the supernatant extract was used for the analysis of trypsin, chymotrypsin, alkaline phosphatase and lipase activity. All samples were kept in ice during the process described above in order to avoid enzymes denaturation and/or damage. Enzyme extracts were kept at -20°C until analysis. The total protein content in crude extracts was determined at 25°C using bovine serum albumin as a standard based on the method of Bradford (1976). Samples were assayed in triplicate in 96-flat bottom micro-plates and read at 595 nm. The activity of enzymes was measured with commercial assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) following the protocol described by the manufacturer.

Trypsin (TRYP) activity was determined using Nα-Benzoyl-L-Arginine ethyl ester Hydrochloride as a substrate to a concentration of 20 μM. For analysis, 5 μL of this substrate, 190 μL of 50 mM Tris +10 mM CaCl2 buffer (pH 8.5), and 15 μL of the tissue homogenate were added to the microplate (Kakade et al., 1969). Samples were incubated at 37°C (20 min) and read at 253 nm, the enzyme activities were expressed in terms of unit per mg of total protein (specific activity).

Chymotrypsin activity (CHT) was assayed following the method described by Applebaum et al. (2001), using 0.56 mM of BTEE (N-Benzoyl-L-tyrosine ethyl ester, Sigma 13,110-F) as substrate in 100 mM Tris-HCl buffer, 25 mM CaCl2, pH 7.8 and methanol 2.5% (v/v) at 37°C. The absorbance of the solution was monitored at 540 nm. The reaction was recorded every minute for 30 min in a 96-well plate, and the enzyme activity was expressed as unit per mg of total protein (specific activity).

Alkaline phosphatase (ALP) activity was measured using a modified version of the method described by Nigam (2007). In brief, using p-nitrophenyl-phosphate 2% as substrate in a 1M Tris buffer at pH 10 for ALP, 10 μL of supernatant was added to 10 μL of the substrate in a 96-well flat-bottom plate, and the mixture was incubated at 37°C for 15 min. The absorbance was assessed at 405 nm, the enzyme activity was expressed as unit per mg of total protein (specific activity).

Lipase activity (LPS) was determined as described by Versaw et al. (1989). The reaction mixture consisted of 50 mM Tris-HCl buffer (pH 7.2), 100 mM sodium taurocholate, 200 mM b-naphthyl caprylate, and enzyme suspension. The mixture was then incubated at 25°C for 30 min, and 100 mM fast blue was added to produce a chromogenic reaction. The reaction was terminated with the addition of 5% TCA, and the solution was clarified by adding ethanol/ethyl acetate (1:1 v/v). The absorbance of the solution was read at 540 nm, the enzyme activity was expressed as unit per mg of total protein (specific activity).



2.4 Histological analysis

The digestive gland and intestinal tissue samples were consistently removed from the same anatomical site (referring to the same tissue site at different time sampling points) to compare tissue variations during feed transition. The tissue histology was performed following the methods described by Banchroft et al. (1996). The standard microstructures were stained with hematoxylin and eosin (H&E) dye. The sections were prepared on glass slides, dehydrated by immersion in serial dilutions of ethyl alcohol-water mixture, cleaned in xylene, and embedded in paraffin wax following standard procedures. Sections (3–5 μm) were cut using a rotatory microtome and placed on gelatin-coated slides. Histological images were obtained using a light microscopy Olympus Bx53 (Olympus Corporation Tokyo Japan) and analyzed using a digital image analysis software package (Soft Imaging Systems GmbH, Münster, Germany). For each section identification, we analyzed three to five image fields from each of the five specimens in each replicate.



2.5 Intestinal microbiota community analysis

The intestine of two cuttlefish were pooled in one sample, and a total three samples were collected at each stage for microbial community analysis. Total intestinal and water samples bacterial DNA was isolated using the E.Z.N.A.™ Stool DNA kit (Omega Bio-Tek, Norcross, GA, USA) according to the manufacturer’s protocols. The 16S sequencing of the intestinal community was performed according to our previous studies (Sheng et al., 2021). Briefly, after total bacterial community DNA was extracted and their quality and quantity were checked and estimated, the V3 + V4 region of the 16S rRNA was amplified by PCR with universal prokaryotic primers (341F: CCTAYGGGRBGCASCAG, 806R: GGACTACNNGGGTATCTAAT) and sequenced using a HiSeq 2500 sequencing platform (Illumina, USA) at Biomarker Technologies Corporation (Beijing, China). All PCR reactions were carried out in 30 μL reaction buffer with 15 μL of Phusion R High-Fidelity PCR Master Mix (New England Biolabs), 0.2 μM of forward and reverse primers, and about 10 ng template. The PCR program for each sample was as follows: 95°C for 4 min, followed by 27 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C. for 45 s, and a single final extension step of 72°C for 10 min. PCR products were mixed and extracted from 2% agarose gels and then purified using the GeneJET™ Gel Extraction kit (Axygen Biosciences, Union City, CA, U.S.) according to the manufacturer’s instructions. The library templates were enriched by PCR amplification and the library was sequenced on the HiSeq platform (Illumina, USA).

To obtain high-quality clean reads, the raw tags (paired-end sequences) were filtered by Trimmomatic to obtain clean reads (Bolger et al., 2014). Subsequently, the qualified double-ended raw data were spliced to obtain paired end sequences with a maximum overlap of 200 bp using Flash (Magoc and Salzberg, 2011). Clean tag sequence was then obtained by using the split libraries software in QIIME (Caporaso et al., 2010) to remove sequences containing N bases in the paired-end sequences, single base repeat sequences greater than six, and sequences with a length less than 200 bp. Then, the USEARCH (Edgar et al., 2011) software was used to filter the raw reads based on quality, removing chimeric sequences and non-bacterial sequences, cluster reads with similarities ≥ 97% were used as operational taxonomic units (OTUs), and to assemble an OTU table. To obtain the species classification information corresponding to each OTU, QIIME (http://qiime.org/scripts/assign_taxonomy.html) and RDP Classifier (Wang et al., 2007) (version 2.2 http://sourceforge.net/projects/rdp-classifier/) were used for taxonomic analysis of representative sequences at the 97% similarity OTU level, with a confidence threshold of 0.7, using Silva database (Quast et al., 2012) (Release 138 http://www.arb-silva.de) and RDP functional gene database collation FGR from Gene Bank (Fish et al., 2013) (Release 7.3 http://fungene.cme.msu.edu/). OTU abundance information was normalized by subsampling to the lower depth (no. of reads you normalize/subsample) to equalize library sizes.



2.6 Statistical analysis

All data are presented as the mean ± standard deviation (SD). One way analysis of variance (ANOVA) for enzyme activity results, diversity indices and OTU richness was performed using SPSS software (SPSS, Chicago, IL, USA). When there were significant differences, the group means could be further compared using Tukey’s multiple range test. P < 0.05 was considered to indicate statistical significance. Alpha diversity analysis was performed in Mothur (version v.1.30.1 http://www.mothur.org/wiki/Download_mothur). The index of community richness was determined using the Chao1 estimator (http://www.mothur.org/wiki/Chao). The indices for calculating community diversity were the Shannon index (http://www.mothur.org/wiki/Shannon) and Simpson index (http://www.mothur.org/wiki/Simpson). The sequencing depth index was calculated as good’s coverage (http://www.mothur.org/wiki/Coverage), which determines the classification richness estimator and community diversity. R (version R 4.1.1) calculates the Bray-Curtis distance matrix, and the R language vegan software package performs non-metric multidimensional scaling (NMDS) analysis and mapping. Permutation multivariate analysis of variance (PERMANOVA) combined with permutation multivariate analysis of dispersion (PERMDISP) was used to assess statistical significance in beta diversity by sample type (water vs intestine) and feed transition period (mysid feeding period to post-feeding transition period).




3. Results


3.1 Digestive enzyme activities

Digestive gland specific trypsin activity was initially detected at 20 DPH (4.55 ± 0.12 U/mg prot), and the activity had rapidly decreased by 40 DPH (2.27 ± 0.18 U/mg prot), followed by a marked increase by 60 DPH (4.65 ± 0.09 U/mg prot) (Figure 1). In general, trypsin activity was significantly lower in the intestine than in the digestive gland, whereas the change in trends was similar during feed transition.




Figure 1 | Changes of trypsin, chymotrypsin, lipase and alkaline phosphatase (ALP) in the digestive system from pre-feed transition to post- feed transition. 20 DPH, 40 DPH and 60 DPH in the figure correspond to the mysid feeding period (MF), feed transition period (FT), and the post-feed transition period (PFT), respectively. Different lowercase letters in tissue indicate significant differences among groups.



The digestive gland specific chymotrypsin activity was initially detected at 20 DPH (1.32 ± 0.09 U/mg prot) and exhibited a slight decrease by 40 DPH (0.67 ± 0.11 U/mg prot), and progressively increased until 60 DPH (1.40 ± 0.05 U/mg prot) (Figure 1). Similarly, intestinal specific chymotrypsin activity decreased at 40 DPH and reached its highest observed value the end of the experiment (60 DPH).

The digestive gland specific alkaline phosphatase (ALP) activity was initially detected at 20 DPH (575.10 ± 25.78 U/g prot), then increased sharply by 40 DPH (769.29 ± 15.46 U/g prot), and peaked at 60 DPH (885.37 ± 61.53 U/g prot) (Figure 1). Similarly, intestinal specific alkaline phosphatase (ALP) activity increased sharply after the pre-feed transition stage. The ALP activity continued to increase, and reached its maximum at 60 DPH.

The digestive gland lipase activity was detected at low levels at 20 DPH (26.61 ± 2.84 U/g prot) and had increased sharply at 40 DPH (50.36 ± 7.12 U/g prot), then it had increased slightly at 60 DPH (55.65 ± 4.63 U/g prot) (Figure 1). However, the change in the lipase activities in the intestine showed opposite trend in the digestive gland during the experimental period, it decreased gradually until the end of the experiment (28.09 ± 2.85 U/g prot), with the maximum activity observed at 20 DPH (47.28 ± 3.66 U/g prot) (P < 0.05).



3.2 Histological analyses

The comparative histology of the digestive glands of S. pharaonis at 20 DPH, 40 DPH, and 60 DPH are provided in Figure 2. At 20 DPH, the digestive gland was composed of digestive tubules which were roughly polyhedral, densely packed, and supported by fibrous tissue attached to the inner wall, forming a hive-like arrangement. In addition, the digestive tubules had an irregular lumen with many blood vessels between the tubules. At 40 DPH, the basal lamina boundary between the digestive tubules was unclear, the digestive tubules were filled with “boules”, several basal cells appeared in apoptosis, and the excretory vacuoles were formed. During the post-feed transition period (60 DPH), the digestive tubules were well-structured, digestive gland contained more basal cells, digestive cells, and brownish bodies, and the hemocytes were clearly visible in the inter-tubule connective tissue.




Figure 2 | Comparative histology of the S. pharaonis digestive gland stained with hematoxylin and eosin (H&E). 20 DPH (A, D, G), 40 DPH (B, E, H), and 60 DPH (C, F, I) represent individual digestive tubules at the mysid feeding period (MF), feed transition period (FT), and the post-feed transition period (PFT), respectively. Three distinct cell types are found in the digestive tubule, namely basal cells (bc), secretory cells (the secretions are “boules” and “brownish bodies”) and digestive cells (dc). The black border of the digestive gland at 40 DPH indicates that the basal lamina boundary between the digestive tubules was unclear. b “boules” (proteinaceous inclusions characteristic of most cephalopods); bb, brownish bodies; bc, basal cells; bl, basal lamina; bv, blood vessel; ca, cell apoptosis; dc, digestive cells; dt, digestive tubules; ev, excretory vacuole; tl, tubule lumen; hm, haemocytes; it, inter-tubular connective tissue; iw, inner wall; m, microvillus; n, nucleus.



The panoramic view of the intestine showed the serosa located in the epidermis, and closely attached circular muscles and longitudinal muscles, with typhlosoles and longitudinal folds extending to the cavity (Figure 3). Initially, at 20 DPH, the single columnar epithelial cells were closely arranged, the mucous cells were scattered among the epithelial cells and cilia covered the epithelium. Subsequently, at 40 DPH, the single columnar epithelium had a disordered arrangement and cells were vacuolated, with some covered cilium shedding. However, at 60 DPH there was a well-developed arrangement of mucus cells, the massive aggregation of goblet cells was accompanied by the formation of immature mucous cells, and the cilium height had increased significantly when compared to 40 DPH.




Figure 3 | Light microscopic images depicting morphological changes in intestine associated to feed transition with 20 DPH (A, D, G), 40 DPH (B, E, H), and 60 DPH (C, F, I). Panoramic view of the intestine at 20 DPH, showing the serosa (se) located in the epidermis, circular muscle (cm) and longitudinal muscle (lm) are closely attached, typhlosoles (ty) and longitudinal folds (lf) extend to the cavity. A transverse section of the intestine at 40 DPH, showing some cilia appeared to shedding (cs), columnar epithelium formed vacuoles (v) and epithelium cells were disordered arrangement (da). A transverse section of the intestine at 60 DPH, showing numerous goblet cells were accumulated and accompanied by many immature mucous cells (immc), columnar epithelial mucous cells are increased, and cilium are markedly height. ci, cilia; cm, cilia shedding; cs, cilia shedding; da, disordered arrangement; gc, goblets cells; immc, immature mucous cells; lf, longitudinal folds; lm, longitudinal muscle; mc, mucous cell; ml, mucous layer; mo, mucous outflow; sce, single columnar epithelium; se, serosa; sg, secretory granules; sm, submucosa; ty, typhlosoles; v, vacuole.





3.3 Intestinal microbiota community analysis


3.3.1 Abundance and diversity analysis of the intestinal microbiota

The OTUs and alpha diversity statistics are presented in Table 1. The sequences with ≥ 97% similarity were assigned to the same OTUs. A total of 1144.67, 1161.66, 1582.67, 168, 195, and 219 OTUs were generated in mf-W, mw-W, pw-W, mf-I, mw-I, and pw-I groups, respectively. As the number of sequences increased, the Shannon–Wiener curve became flat (Figure 4), indicating that a sufficient sampling depth had been achieved for each sample. The results revealed the bacterial sequences in the water samples were significantly higher than those in the intestine. The number of bacterial sequences in the evaluated samples fluctuated from 99410 to 142,007, and 4652 to 18716, respectively (Table 1). We calculated the OTUs richness, coverage, and diversity richness of each data set. The alpha diversity indexes in the pw-W group were significantly higher than the other groups (P < 0.05). There were no significant differences observed among the intestinal sample groups (P > 0.05), except for the richness index, which was lower in the mf-I group. The Good’s coverage of each sample was > 99%, indicating the identified sequences represented most of the bacteria in each sample.


Table 1 | Diversity indices and OTU richness for the intestinal bacterial diversity analysis of S. pharaonis during the feed transition.






Figure 4 | Shannon Wiener curves of the sample bacterial community of S. pharaonis from the mysid feeding period (MF), feed transition period (FT), and the post-feed transition period (PFT). W and I were surrounding water and intestinal samples, respectively. Operational taxonomic units (OTUs) were clustered based on 97% sequence similarity. The number of reads sampled indicates the number of sequencing reads.





3.3.2 The integral structure of the intestinal bacterial community

The results of beta diversity analysis using NMDS ordination biplot revealed a clear clustering of bacterial communities based on the Bray–Curtis distance of the OTUs detected in the samples (Figure 5). In general, the NMDS 1 axis contained clearly separated clusters of the water samples and intestinal samples. The NMDS 2 axis revealed the same relationship between the clusters. There were clearly separated clusters of the pre-feed transition and post-feed transition results. Two-way ANOVA observed statistical significance (F=16.325, R2 = 0.872, P<0.001) in sample type (water/intestine) and feed transition period (mysid feeding period to post-feeding transition period). The results of the PERMDISP test showed that there was no dispersion effect (F=1.768, P=0.184) in the water and intestinal microbial communities during the feed transition period. Therefore, the bacterial communities from pre-feed transition and post-feed transition were significantly different in both the water samples and intestinal samples.




Figure 5 | Non-metric multidimensional scaling (NMDS) based on Beta diversity dissimilarity among bacterial communities of the water sample (red dotted line on the left) and intestine (black dotted line on the right) of S. pharaonis from mysids feeding period (MF, red dots), the mid-feed transition period (FT, green dots), and the post-feed transition period (PFT, blue dots).



The composition and overlap of the OTUs in the water samples revealed that 82 OTUs were shared by the three groups, whereas 187, 229, and 263 OTUs were found only in groups mf-W, mw-W, pw-W, respectively (Figure 6A). The Venn diagram of the intestinal samples revealed that 39 OTUs were shared by the three groups, while 83, 100, and 141 OTUs were found only in groups mf-I, mw-I, and pw-I, respectively (Figure 6B).




Figure 6 | Venn diagram showing the unique and shared OTUs in the water (A) and intestine (B) of S. pharaonis from the pre-feed transition period (mysid feeding period, MF), the feed transition period (FT), and the post-feed transition period (PFT).





3.3.3 Microbiota composition analysis

We identified a total of 25 phyla, the top five phyla were Proteobacteria, Bacteroidetes, Actinobacteria, Firmicutes, and Tenericutes (abundance > 1%) (Figure 7). At the phylum level, the intestinal bacterial profiles of S. pharaonis were dominated by Proteobacteria (73.2 ± 0.03%) and Bacteroidetes (15.6 ± 0.02%), with the two phyla accounting for approximately 90% of the total microbiota. Moreover, the intestinal proteobacteria had the highest abundance with no significant variations among the development stages. Bacteroidetes in intestinal samples increased sharply during the mid-feed transition period and decreased in the post-feed transition period. It was notable that the abundance of Firmicutes in intestinal samples gradually decreased and Tenericutes gradually increased during feed transition. Firmicutes increased dramatically in water samples during the post-feed transition period. The relative abundance of the intestinal Actinobacteria did not change significantly, while the relative abundance of Actinobacteria in the rearing water increased sharply (Figure 7A).




Figure 7 | Bacterial composition of different communities. (A) bacterial community bar plot at the phylum level with the relative abundance (top 10); (B) bacterial community bar plot at the family level with the relative abundance (top 10).



A total of 78 family were identified in intestinal bacterial community of S. pharaonis. At the family level, the predominant families were: Rhodobacteraceae (17.8 ~ 27.2%), Pseudomonadaceae (11.6 ~ 19.1%), Flavobacteriaceae (5.7 ~ 10.8%), Vibrionaceae (5.6 ~ 10.1%), Moraxellaceae (2.5 ~ 12.3%), Pseudoalteromonadaceae (2.1 ~ 5.2%), Chitinophagaceae (0.4 ~ 3.3%), Beijerinckiaceae (1.1 ~ 2.9%), Nitrincolaceae (1.5 ~ 2.4%) and Microbacteriaceae (0.5 ~ 1.7%) (Figure 7B). Among them, the abundance of Rhodobacteraceae, Pseudomonadaceae, and Vibrionaceae gradually decreased during the feed transition stages, while the abundance of Flavobacteriaceae, Moraxellaceae, and Pseudoalteromonadaceae gradually increased. In the rearing water samples, the dominant family in each subgroup were all Rhodobacteraceae, followed by Flavobacteriaceae, Moraxellaceae, Nitrincolaceae, and Vibrionaceae. The relative abundance of Rhodobacteraceae, Flavobacteriaceae, and Moraxellaceae in the rearing water accounted for 75% of the total relative abundance, while the abundance of each family in the intestinal bacterial communities had a more diverse distribution.

Additionally, the relative abundance of the top twenty genera from water samples are presented in Figure 8. The five most abundant genera were Marivita (6.81%), Flavobacterium (6.22%), Phaeodactylibacter (5.74%), Aquibacter (2.16%), and Halomonas (1.89%), with a combined abundance greater than 22%. The abundance of Marivita increased from 6.81% in the pre-feed transition stage to 21.33% and 10.97% in the mid and post-feed transition stage. While the abundance of Phaeodactylibacter dropped sharply from 6.22% to 0.15% and finally, 0.52%. In contrast, the abundance of Flavobacterium decreased sequentially from 5.74% in the pre-feed transition stage to 0.71% and 0.05% in the mid-and post-feed transition stages, respectively. Likewise, the abundance of Aquibacter decreased from 2.16% to 0.97%, and finally, to 0.03%. In contrast, the abundance of Halomonas remains relatively stable throughout the feed transition period (around 1.8%).




Figure 8 | Relative abundances of major bacteria (top 20) in water samples at the genus level.



Moreover, the relative abundance of the top twenty genera (relative abundance > 1% in at least one sample) is presented in Figure 9. The top four genera are Acinetobacter (10.4%), Pseudomonas (11.64%), Vibrio (5.49%), and Pseudoalteromonas (5.04%), with a combined abundance greater than 30%. Pseudomonas abundance decreased from 19.1% in the pre-feed transition to 13.4% and 11.6% at mid-feed transition and post-feed transition. Conversely, the abundance of Acinetobacter increased from 1.3% to 2.7% and finally, 10.4%. Similarly, the abundance of Vibrio decreased from 9.9% in the pre-feed transition stage to 8.4% in the mid-feed transition and then 5.4% in the post-feed transition. The abundance of Pseudoalteromonas increased from 1.2% to 3.6% and ended at 5.0%. By comparing the water samples and the intestine of the top twenty genera, only four genera are shared in both groups, including Acinetobacter, Vibrio, Pseudoalteromonas, and Halomonas. The abundance of Acinetobacter in intestinal samples was highest (up to 10.4%) in the intestinal samples, while in the water sample it amounted to only 0.52%. Vibrio abundance ranked 4th in intestinal abundance (5.49%), while in water samples it only ranked 17th (0.19%). Similarly, Pseudoalteromonas abundance was 5.04%, ranking 5th in intestinal samples and 20th in water samples at 0.15%. Interestingly, Halomonas abundance ranked 5th with 1.89% in the water samples, but only 19th with 1.36% in intestinal samples.




Figure 9 | Relative abundances of major bacteria (top 20) in S. pharaonis intestine at the genus level. Microbial community bar plot at the genus level with the relative abundance higher than 1%.







4. Discussion

The present work evaluated the effects of pre-feed transition to post-feed transition on the digestive capacity of the digestive tracts, the progression of the histological changes of the digestive tracts, and the dynamics of intestinal communities in S. pharaonis.

The feed transition process is an extremely important period for large-scale farming, in which losses occur as individuals are stressed by abrupt changes in the quantity and quality of social interactions, nutrition, and environment. Consequently, the weaned cuttlefish must overcome these challenges, which cause imbalances in their intestinal microbiota, damages the morphology of their digestive tracts, and reduces enzyme activity, consequently inhibiting growth (Shang et al., 2020). The development of the digestive system, especially the changes in digestive enzyme activities, provides a base for a successful feed transition strategy that optimizes the digestion and absorption of food by developing correctly formulated feeds (Ma et al., 2021; Pradhan et al., 2014). Although we previously provided an optimal weaning strategy for this species (Jiang et al., 2020a), the changes in the digestive enzyme activities in specific digestive tracts as they develop remain unknown. Previous studies report that Octopus maya, Octopus mimus and Sepia officinalis exhibit unstable changes in the digestive enzymes during the maturation of the digestive glands (Martínez et al., 2012; Gallardo et al., 2017; Safi et al., 2018). In this process, extracellular digestion is performed by trypsin, chymotrypsin, and other digestion enzymes (a transition from predominantly acid intracellular digestion to extracellular alkaline digestion occurs) (Moguel et al., 2010; Safi et al., 2018). Therefore, the changes in the digestive enzyme activities (i.e., trypsin, chymotrypsin, AKP, and lipase) of S. pharaonis juveniles in this study were analyzed as indicators of digestive physiological stress. In the present study, 10 days after initiating feed transition (i.e., 40 DPH), the cuttlefish could not absorb frozen diets in their functional intestine with low trypsin activity. In terms of trypsin activity, the results showed that S. pharaonis juveniles were slightly less able to cope with changes in the nutritional composition and physical properties of the prepared feed. Safi et al. (2018) suggested protein digestion in cuttlefish juveniles mainly occurs by alkaline proteases and alkaline phosphatase. Safi et al. (2018) also suggested extracellular enzymes stabilized after 21 DPH. A stabilization phase in the enzyme activities of cephalopods is predicted to occur when the digestive system matures (Solorzano et al., 2009). In this study, the activity of trypsin decreased in the digestive gland and intestine at 40 DPH. Fasting can lead to a reduction in tissue enzyme activity. The reduction in the tissue enzyme activity could be due to lower protein and carbohydrate digestion, which may result in lower nutrient absorption (Francis et al., 2001; Fuentes-Quesada et al., 2018). During feed transition, intestinal chymotrypsin activity changes like that of the digestive gland, with the intestinal chymotrypsin almost returning to the pre-feed transition level. The results indicated that the low digestive capacity and/or poor nutrient assimilation of the S. pharaonis juvenile intestine is due to the lack of a fully functional digestive system during feed transition. Therefore, it takes time for the intestine to complete the changes, the extended timeframe may be attributed to the properties of chymotrypsin or to the degree of food utilization by the cuttlefish ​(the digestion and absorption of live prey and frozen food are quite different).

The alkaline phosphatase (ALP) activity revealed an ascending pattern in the digestive gland and intestine along with a considerable surge at 60 DPH. A cephalopod digestive gland is a multi-task annex, involved in the secretion of digestive enzymes, extra-and intracellular digestion, substance storage, and excretion (Pereda et al., 2009; Moguel et al., 2010; Ibarra-García et al., 2018; Safi et al., 2018). Previous studies have confirmed the cephalopod digestive system is highly efficient and mainly attributed this efficiency to the digestive gland, which produce extracellular enzymes that flow to the intestine to accelerate simultaneous digestion and absorption (Swift et al., 2005; Rodrigo and Costa, 2017; Lobo-da-Cunha, 2019). Cephalopods possess a protein-based metabolism, while cephalopod lipid metabolism has not been as extensively studied (Lee, 1994). However, lipids are also an important energy source for the body during food deprivation. In adverse environment, lipids can provide the necessary energy for the organism, and supply essential precursors for biofilm protection (Ishibashi et al., 2013; Bravo-Ruiz et al., 2021). In the present study, we observed an increase in lipase activity in the digestive gland during feed transition, with the activity peaking at 60 DPH. These results may be interpreted as follows: previous studies have reported that the digestive gland is the largest organ in cuttlefish visceral mass and have a lipid content as high as 10–12% (dry weight), suggesting that the digestive gland is the main site of lipid metabolism (Shyla et al., 2010; Jiang et al., 2019). Changes in lipase activity may be attributed to changes in food quality and tissue specificity, since the production and secretion of digestive enzymes are modulated by the digestibility of the food components and tissue metabolism levels (Zambonino-Infante et al., 2009). Considering the digestive gland is the main digestive organ, which produces extracellular enzymes that flow to the digestive tracts, future studies should use enzyme-linked immunization and specific staining marker analyses to clarify the digestive capacity of tissue-specific enzymes and the role and function of the digestive gland.

Ontogenesis histological studies are necessary to optimize rearing techniques and feeding conditions for different species. Ontogenesis studies are useful for establishing appropriate feed transition protocols to ensure healthy growth and increased production of cultured animals during the early life stages in aquaculture (Padros et al., 2011; Ghasemi et al., 2020). Numerous authors have investigated the digestive gland of cephalopods (Swift et al., 2005; Rodrigo and Costa, 2017). Most of these studies have focused on the structural composition of the digestive cells and the potential functions of cells during the digestive process (Semmens, 2002; Lobo et al., 2010; Martínez et al., 2011). We classified the cells in the S. pharaonis digestive gland into three distinct types (basal, excretory, and digestive), which is consistent with previous descriptions of the digestive glands of other mollusks (Gros et al., 2009; Costa et al., 2013). Costa et al. (2014) reported that the digestive gland of S. officinalis displays multiple functions, including digestion (intracellular and extracellular), energy storage (carbohydrate and lipid) and detoxification (accumulation of heavy metals). According to these authors, there are three types of histological cell structures, these are secretory cells with cytoplasmic droplets or “boules”, absorption cells with brown material (brownish bodies), and excretory cells with a single large vacuole (also confirmed in this study). Although the morphology of these cells is well understood, the exact biochemical processes and specific functions of each cell remain unknown. Moreover, at 40 DPH S. pharaonis possessed a blurred boundary of basal lamina between the digestive tubules, apoptosis of the basal cells appeared, and the volume of excretory vacuoles increased. The analysis of the abnormal structure of the digestive tubules and the changes in digestive enzyme levels suggests the activity of digestive enzymes could be improved by increasing the excretory vacuoles and “boules” secretory cells. The results revealed the basal cells decreased and “boules” increased during feed transition, indicating that the digestive gland undergo cellular transformation due to changes in enzymatic activity. These erythrotropic “boules” contain digestive enzymes, digesting particles, and digested material (Costa et al., 2014). In addition, at 60 DPH, the structure of the digestive gland returned to normal, basal cells increased, and hemocytes were clearly visible in the inter-tubule connective tissue, indicating an enhanced metabolic cycle (Pila et al., 2016).

The animal intestine plays a crucial role in nutrient absorption and metabolism, and represents the first line of defense against pathogens and environmental stresses (Sonnenburg and Bäckhed, 2016). Several studies have shown that changes in the feed may significantly affect the composition of the intestine microbiota and digestive enzyme capabilities (Zhao et al., 2012; Iehata et al., 2015; Zhao et al., 2020). Animals possess indigenous intestinal microbiota and stable digestive enzymes play an important role in food digestion, nutrient absorption, and the health of the host (Nayak, 2010; Ray et al., 2012). Moreover, Kar and Ghosh (2008) reported that the composition of digestive enzyme-producing microbiota may be related to their feeding habits. In this study, four important digestive enzymes were examined to assess intestinal digestive capacities during feed transition. We observed significant decreases in chymotrypsin and lipase enzymes at 40 DPH. Similar to largemouth bass, the digestive enzymes and digestibility of commercial feeds decreased during feed transition (Zhao et al., 2020). Conversely, pike perch showed no difference in the digestibility of live prey with compound feed (Hamza et al., 2007), which may correlate with the digestive capacity of different species. Evidence suggests early feed transition can lead to significant deterioration of the intestinal morphology (including villus height and number) causing reduced nutrition absorption and poor physiological performance (Li et al., 2017; Shaw et al., 2012; Braga et al., 2022). As a component of intestinal mucosal layer, intestinal villus plays an important role in the efficient function and absorption of the intestine (Jha and Berrocoso, 2015; Zhu et al., 2020). In present study, feed transition stress also led to: impaired intestinal morphology, an obvious decrease in villus height, vacuolated epithelium cells, and minor covered cilium shedding at 40 DHP. A decrease in the digestive enzymes confirmed feed transition stress. Villus height is an indirect indicator of intestinal epithelium cell function, as longer villi provide a larger nutrient absorptive area (Zhu et al., 2020). We also used optimal feed transition strategies, as earlier feed transition is associated with higher mortality, severe malnutrition, and reduced antioxidant capacity. The antioxidant capacity of an organism usually represents the host’s response to endogenous oxidative damage and improving the antioxidant capacity is beneficial for relieving feed transition stress (Wang et al., 2018c).

In recent years, many farmed animal studies have used high-throughput sequencing to identify the relationships between intestinal microbiota and individual health (Cornejo-Granados et al., 2017; Pinoargote et al., 2018). Intestinal bacteria and bacterial metabolites directly influence the physiology of both invertebrates and vertebrates, including the host metabolism, intestinal barrier integrity, immune regulation, and disease occurrence (Ivana et al., 2012; Destanie et al., 2018; De Vadder and Mithieux, 2018). The intestinal microbiota may come from a variety of sources, and in farmed animals the bacterial colonization in early developing larvae is complex and depend on the microbiota in the: eggs, rearing water, and feed (Bolnick et al., 2014; Piccolo et al., 2017; Wang et al., 2018a). Among the many influencing factors, diet is regarded to have the strongest influence on intestinal microbes (Wang et al., 2018a). In this study, the dominant phyla of intestinal microbes were Proteobacteria (73%) and Bacteroidetes (15%). Proteobacteria did not change significantly during the feed transition period, while Bacteroidetes gradually increased in the mid-feed transition period and decreased in the post-feed transition period. Previous research suggests the relative abundance of Proteobacteria reflects the health status of breeding aquatic animals (Blandford et al., 2018), and most Proteobacteria are heterotrophic, reducing the need for organic input (Bryant and Frigaard, 2006). Interestingly, the levels of both phyla were inconsistent, Firmicutes gradually decreased and Tenericutes gradually increased when fed frozen food during feed transition. Bacteroidetes are closely related to Firmicutes, with both affecting fatty acid absorption and lipid metabolism in zebrafish (Semova et al., 2012). In addition, in aquatic animals, Firmicutes in the intestine promotes nutrient absorption, while Bacteroidetes improves metabolic active and health (Kumar et al., 2019). Research investigating Octopus, showed Proteobacteria was the dominant phyla in wild and cultured animals, as well as in other species (De la Cruz-Leyva et al., 2011; Iehata et al., 2015; Zhu et al., 2020). It is widely believed that a considerable portion of the intestinal microbiota is directly affected by the water (Han et al., 2010). In this study, Proteobacteria had the highest abundance in the cultured water and intestinal system. Bacteroides and Firmicutes were the next most common in the microbiota and displayed opposite trends in the rearing water and intestinal during feed transition. Therefore, the microbiota variations between the rearing water and intestinal system may be due to the feed provided, and not all the microbiota in the water is absorbed and colonized in the intestinal system (Hou et al., 2018; Sun et al., 2018).

During the feed transition period, the intestinal microbiota showed slight dysbiosis, including the most abundant Rhodobacteraceae and Pseudomonadaceae families, which gradually decreased, while Flavobacteriaceae and Moraxellaceae gradually increased. Rhodobacteraceae has been reported to persist throughout shrimp growth stages and becomes the core microbiota in the gut (Yao et al., 2018). Moreover, Rhodobacteraceae may be a great probiotic source in shrimp culture, and various strains (Roseobacter clade) have already been successfully used in aquaculture (Balcázar et al., 2006). Meanwhile, different Flavobacteriaceae members are also known to produce high levels of carotenoids (Sowmya and Sachindra, 2015). Schleder et al. (2020) reported regulating Flavobacteriaceae abundance could be beneficial to shrimp gut health. Dominant Proteobacteria phyla, such as the Pseudomonadaceae family, were positively correlated with most pathways involved in xenobiotic biodegradation and metabolism, amino acid metabolism, and vitamins, but were significantly and negatively correlated with most carbohydrate metabolism pathways (Yao et al., 2019). To further understand the connection between changes in the intestinal microbes and host metabolism, the amino acid and lipid metabolic pathways in the metabolome were further analyzed. A correlation analysis involving the top five microbial families, revealed the changes of several major microbes are strongly correlated with the host amino acid and lipid metabolic pathways (Zhao et al., 2020). Thus, the feed transition effects on cuttlefish should be further investigated at the transcriptomic and metabolomic levels.

The beneficial effect of intestinal ecological function is dependent on the enrichment or presence of certain beneficial genera or species in the bacterial community. In this study, the most dominant genus of the intestinal microbes gradually changed from Pseudomonas to Acinetobacter with the intake of frozen food during the feed transition. Notably, Pseudomonas is the causative agent of visceral white spots disease in large yellow croaker (Zhang et al., 2014; Hu et al., 2014. Acinetobacter can biodegrade typical pharmaceutical compounds and may inhibit pathogens (Wang et al., 2018b). Moreover, Acinetobacter is required for the successful development of Stomoxys calcitrans fly larvae (Lysyk et al., 1999). Therefore, an increased Acinetobacter abundance in intestinal microbes of cuttlefish juveniles may improve immunity and antibacterial activity during the post-feed transition period. However, Acinetobacter is used as a conditional pathogen in the human intestine, and the intake of Acinetobacter may change the intestinal microbial community (Gao et al., 2020). The tolerance to and mechanisms performed by Acinetobacter may vary between organisms. The dominant genus Vibrio decreased in this study, which indicates some pathogenic bacteria reduced and intestinal immunity improved after feed transition. Several studies have reported Vibrio-induced mortalities as it compromises immunity (Hsieh et al., 2008) and causes hepatopancreatic damage (Lavilla Pitogo et al., 1998). Our results in the feed transition phase of cuttlefish showed the Vibrio microbe abundance was significantly different from another dominant genus, Pseudoalteromonas richness dramatically increased as feed transition progressed. Recent studies report that marine Pseudoalteromonas species possess a wide range of bioactivity associated with the secretion of extracellular compounds (Sivasubramanian et al., 2011). The genus Pseudoalteromonas successfully colonized the intestinal system and benefited the host. Moreover, only four dominant genera were shared by water and intestinal samples, but these dominant genera showed different trends, indicating that the microbial community in the intestine of S. pharaonis was less affected by the water environment. Therefore, we suggest the intestinal bacteria may develop an “adult” microbiota before the immune system is mature, to eliminate potential invaders and maintain health. Overall, the abundance of adverse communities decreased at both the family and genus levels, while the beneficial communities increased during the feed transition period. Therefore, intestinal microflora succession patterns should be systematically characterized at different growth stages to determine the core healthy microflora. Moreover, the dominant families and genera vary between different farmed species, and their functions in the intestine of cephalopods require further research.

In conclusion, the present study provides a comprehensive understanding of the changing dynamics in the digestive gland, the intestinal physiology characteristics, and the intestinal microbial community of S. pharaonis during feed transition. Our results show the major changes in the structure of the digestive gland and intestinal system as well as the overall digestive enzyme activity during the feed transition period (from 20 DPH to 40 DPH). In addition, the activity levels and changes in trypsin suggest it is responsive to starvation stress and may be used as an indicator of physiological digestive capacity. The histomorphology results showed the digestive gland and intestine were inordinately damaged during the mid-feed transition period. The comparison of the tissue structures was well synchronized with the digestive enzyme changes. Moreover, they improved during the post-feed transition period, indicating that the juvenile digestive physiological processes are prolonged. The phylum and family level analysis revealed the microbiota in the rearing water had a limited influence on the intestinal microbiota. Conversely, the feeding and/or feed transition physiology affected the intestinal microbiota. During the feed transition period, the juvenile intestine showed an ascension in bacterial diversity, the abundance of adverse communities decreased, while beneficial communities increased. These results lay the foundations for a deeper understanding of cuttlefish feed transition for future research to develop optimal feed transition strategies in aquaculture.
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Data are presented as the Means + SD (n = 3). Means are compared by one-way analysis of variance, with P < 0.05 considered as significant. Within the same row, values with different

superscripts are significantly different (P < 0.05).
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