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During the suspension cage culture procedure, a substantial quantity of attachments from the suspension cage will amass in the tidal flats, resulting in environmental pollution and resource wastage. The aim of the present study was to explore the feasibility of using attachments of suspension cage (ASC) as a raw feed material for sea cucumbers. Different ASC concentrations (0, 25, 50, 75, and 100%) were used in sea cucumber (Apostichopus japonicus) fed for 60 d. Replacing sea mud with 50% ASC significantly improved sea cucumber growth, reduced the feed coefficient, significantly increased the activity of intestinal digestive enzymes, improved the activities of acid phosphatase and alkaline phosphatase, improved the intestinal structure, and enriched intestinal microbiome diversity (P<0.05). Replacing sea mud with 75% and 100% ASC significantly improved sea cucumber total antioxidant capacity and total superoxide dismutase (P<0.05).Furthermore, expressions of c-myc gene, mapk-7 gene and fgfr-1 gene, which all three growth genes, significantly increased in the 50% ASC treatment compared to that in the control; whereas, that of gdf-8 gene, a negative growth regulator, was inhibited (P<0.05). Based on the quadratic regression analysis for the weight gain rate, the appropriate levels of ASC substitution were estimated as to be 44.28%. The results suggested the potential of ASC as a new raw feed material for sea cucumbers.
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1 Introduction

The sea cucumber, Apostichopus japonicus, is renowned for its medicinal properties and use as a traditional tonic. It is highly popular in China and other Asian nations influenced by Chinese cultural traditions, including Japan, South Korea, Vietnam, and Singapore (Han et al, 2016). In 2022, A. japonicus production in China reached 248,508 tons (Ru et al., 2022). However, the demand for sea cucumbers is increasing owing to China’s growing population. A critical factor influencing aquaculture success is the quality of the artificial feed (Han et al., 2016). Nonetheless, the high cost of raw feed materials poses a significant challenge for sustainable aquaculture. Addressing this issue is crucial for the ongoing success and growth of the sea cucumber industry (Wu et al., 2015).

Sea mud is a crucial component of sea cucumber feed. However, commercial sea mud’s nutritional components vary, resulting in suboptimal feed effects (Gong et al., 2012). Consequently, identifying viable alternatives to reduce reliance on marine sediments has become an urgent challenge in sustainable sea cucumber aquaculture development.

During the suspension cage culture procedure, regular cleaning to remove epiphytic organisms from the cage is requisite to avert economic losses caused by the cage's sinking. However, subsequent to cleaning, a substantial quantity of attachments from the suspension cage will amass in the tidal flats, resulting in environmental pollution and resource wastage. Attachments of suspension cage (ASC) is a complex mixture consisting of approximately 30 different types of attachments, including algae, mosses, barnacles, small protozoa, silt, and shell fragments. However, ASC is currently discarded after oysters are harvested, representing a significant waste of resources. Some studies have reported that farming wastes from shellfish aquaculture industry could be reused by sea cucumber (Yuan et al., 2006; Lu et al., 2018). Chen et al. (2015) observed that wet shrimp waste can serve as a nutritious food source for sea cucumber. However, there is a significant absence of prior research exploring ASC as a potential feed ingredient.

In the present study, ASC was identified as a viable substitute for sea mud in the formulation of sea cucumber feed. The results provide valuable reference data for the advancement of sustainable and eco-friendly approaches to sea cucumber farming. These findings are also anticipated to furnish a scientific basis for the development of novel raw feed materials and processing methods.




2 Materials and methods



2.1 Ethical statement

The study protocol and procedures were approved by the Ethics Committee of Dalian Ocean University.




2.2 Experimental diets

The ASC used in this study was sourced from Dalian Shang Pin Tang Marine Biological Co., Ltd. and collected in April 2023 from Shicheng Island, Dalian (39°54’N, 112°95’E). The general nutritional components of sea mud and ASC are shown in Table 1.


Table 1 | Attachments of suspension cage (ASC) and sea mud general nutrients (dry matter).



Five distinct diets were prepared, each incorporating varying concentrations of ASC as a substitute for sea mud. The diets comprised 0% (O1, control group containing sea mud without ASC), 25% (O2), 50% (O3), 75% (O4), and 100% (O5) ASC replacement for sea mud. The feed formula and general nutrient compositions are detailed in Table 2. All raw materials were ground and sieved through a 60-mesh sieve. A meticulous mixing process was performed, and the blended materials were introduced into a granulator (JLA-125; Pinzheng Equipment Co., Ltd., Shenzhen, China) where they were shaped into pellet feed with a standardized particle size of 1 mm, air-dried, and stored at -20°C.


Table 2 | Experimental diet composition and nutrient levels (g/kg).






2.3 System for rearing sea cucumbers and feeding experiment

Sea cucumbers were obtained from Dalian Feikun Aquaculture Co. Ltd. To facilitate acclimation to warm and saline conditions of the seawater laboratory, all sea cucumbers were domesticated in a pool for 2 weeks. Subsequently, 300 sea cucumbers weighing 10 ± 0.06 g were divided into three replicate groups and randomly assigned to 15 100-L tanks and a recirculating aquaculture system capable of producing 10 L of water per minute. A 60-d feeding study was conducted. At 17:00, they were fed 3% of their total body weight; the amount of feed was modified based on the gradual increase in their body weight. All tanks were aerated constantly throughout the experiment. The average water temperature was maintained at 17 ± 2°C, salinity levels ranged from 28−30‰, and dissolved oxygen concentration was > 5 mg/L.




2.4 Sample collection

Sea cucumber samples were collected as described by Li et al. (2020). After the feeding experiment, all sea cucumbers were starved for 24 h. All animals were then removed from their tanks, body surface moisture was immediately wiped with medical gauze, and individual weights were determined. A total of 10 sea cucumbers were randomly selected from each tank for sampling. Each sea cucumber had all of its tissues collected, including coelomic fluid, body wall, and intestines. Coelomic fluid was obtained from the selected sea cucumbers by puncturing the body wall with a 1mL disposable syringe. The coelomic fluid was centrifuged at 3000 × g for 15 min at 4°C (Shanghai Medical Analytical Instrument Factory, China). After centrifugation, the supernatant was stored in sterile microcentrifuge tubes at -80°C. The body wall and intestines of sea cucumbers were dissected on ice and stored in centrifuge tubes at -80°C for preservation. No mixed samples were utilized in subsequent studies.




2.5 Growth performance

The growth performance of each group was calculated based on the average body weight of 10 sea cucumbers in each tank. Equations 1–4 (Li et al., 2020) were used to obtain the following growth performance parameters:









where Wm is the mean final weight, Ws is the mean initial weight, t is the feeding trial duration (days), F is the mean feed intake, Wi is the mean intestinal quality, Fs is the mean final number of sea cucumber and Is is the mean initial number of sea cucumber.




2.6 Biochemical analysis of sea cucumbers

The AOAC standard method (AOAC, 1990) was employed for the proximate analysis of the sea cucumber body wall. The crude protein content was measured using the Kjeldahl technique (Kjeltec KDN-1000 Auto Analyzer, Shanghai, China). Crude lipids were quantified using the Soxhlet method after ether extraction (QW-SZF-06A; Hangzhou Qiwei Instrument Co., Ltd., Hangzhou, China). The ash content was determined using a muffle furnace (Shanghai Yuejin Medical Instrument Co., Ltd., Shanghai, China) at 550°C for 6 h. Moisture content was measured by drying samples in an oven at 105°C until a consistent weight was achieved.

The levels of lipase (LPS), amylase (AMS), and pepsin (PEP) activity in the intestines of sea cucumbers were measured using corresponding enzyme assay kits (LOT NO. A054-1-1, C016-1-1, and A080-1-1, respectively; Nanjing Jiancheng Bioengineering Institute, China), in compliance with the manufacturer's instructions. In addition, using corresponding enzyme assay kits (LOT NO. A060-1-1, A059-1-1, A015-1-2, A001-1-2, A007-1-1, and A003-1-2, respectively; Nanjing Jiancheng Bioengineering Institute), immune and antioxidant enzymes in sea cucumber coelomic fluid, including acid phosphatase (ACP), alkaline phosphatase (AKP), total antioxidant capacity (T-AOC), total superoxide dismutase (T-SOD), catalase (CAT), and lysozyme (LZM), were determined according to the manufacturer's instructions. To perform gut histology, the procedures outlined by Zeng et al. (2021) were followed. Briefly, the intestinal sample was fixed using 4% paraformaldehyde solution at 4°C for 24 h and dehydrated using a series of graded ethanol concentrations. To prepare slices for hematoxylin-eosin (HE) staining, standard paraffin embedding methods were used. Measurements were performed using the S-viewer software, and observations were made using a light microscope equipped with an image analyzer. For every sample, 10 or more intact villi were selected, and their average values were used to calculate the muscle layer thickness (MT), villus height (VH), and villus width (VW).




2.7 Growth gene expression analysis

Total RNA was extracted from sea cucumber body walls using the method described by Shi et al. (2021). Table 3 lists the quantitative primers for growth genes. Total RNA from the sea cucumber body walls was extracted according to the method described by Shi et al., using the RNA Prep Pure Tissue Kit (LOT NO. DP451; Tiangen Biotech, Co., Ltd, Beijing, China). RNA concentration and purity were determined using a protein-nucleic acid spectrophotometer (P330-31; Implen Nano Photometer).


Table 3 | Primers for real-time PCR.






2.8 Sea cucumber intestinal microflora sequencing

After fasting for 24-h, three healthy sea cucumbers were randomly selected from each tank and disinfected with 70% ethanol, and their intestines were removed using aseptic surgical scissors. Samples were then transferred to Shanghai Majorbio Bio-Pharm Technology Co., Ltd. (China) for gut microbial sequencing. An E.Z.N.A. soil DNA Kit (Omega Bio-teak, Norcross, GA, USA) was used to extract DNA, which was then identified on a 1% agarose gel, as directed by the manufacturer. A NanoDrop 2000 UV-vis spectrophotometer was used to detect DNA integrity. The V3–V4 hyper-variable region of the 16S rRNA gene was amplified using polymerase chain reaction with barcode-specific primers (341F:5′CCTACGGGNGGCWGCAG-3′; 806R:5′-GGACTACHVGGGTATCTAAT-3′). The purified amplicons were pooled in equimolar proportions, and paired-end sequencing was carried out on the NovaSeq PE250 platform (Illumina, San Diego, CA, USA) according to standard protocols of Shanghai Majorbio Bio-pharm Technology Co., Ltd., Shanghai, China. The original 16SRNA gene sequencing findings were examined, and Fastp v0.19.6 was used to ensure quality. Flash v1.2.11 was used for stitching, and the similarity criteria exceeded 97%. Uparse v11 and RDP v11.5 were used to conduct operational taxonomic unit (OTU) clustering analysis. Mothur v1.0.2 was used to conduct an alpha diversity study.




2.9 Statistical analysis

The experimental data were analyzed using one-way analysis of variance in IBM SPSS Statistics 29 (IBM Corp., Armonk, NY, USA). Data are expressed as mean values ± standard error of the mean. Data from each group were compared using Duncan’s test, and a significant difference was set at P < 0.05. Orthogonal polynomial contrasts were used to test linear and quadratic response of dietary ASC levels.

Spearman's correlation coefficient was used to determine the relationships between growth performance and digestive enzymes, intestinal morphology, and proximate makeup. The analysis was carried out in R using the “psych” and “reshape2” packages. Unless otherwise noted, all analyses were carried out using R v3.5.1 (R Foundation for Statistical Computing, Vienna, Austria).





3 Results



3.1 Growth performance

The effects of the different diets used during the 60-d feeding trial on the growth performance of A. japonicus are shown in Table 4. The final body weight (FBW), WGR, and SGR of A. japonicus in the O2, O3 and O4 groups were significantly higher than those in the control group (P < 0.05), exhibiting a significant quadratic association (P < 0.05). The FCR was significantly decreased in the O2, O3, O4 and O5 groups than in the control group (P < 0.05). In Figure 1, the association between dietary ASC level and WGR was:   (R2 = 0.83). Based on this equation, the maximum WGR was achieved with a dietary ASC substitution of 44.28%.


Table 4 | Effects of dietary ASC content on growth performance of Apostichopus japonicus.






Figure 1 | Regression analysis illustrating the relationship between attachments of suspension cage (ASC) content and Weight gain rate of Apostichopus japonicus.






3.2 Approximate component analysis of sea cucumber body wall

The effects of ASC-based diets on the approximate composition of the A. japonicus body wall are presented in Table 5. The inclusion of ASC into the feed did not notable alter the moisture and ash contents of the A. japonicus body wall (P > 0.05), with no significant linear and quadratic differences observed among all dietary groups (P > 0.05). However, as the ASC replacement ratio increased, the levels of crude fat and protein in the body wall also increased. Notably, the O5 group exhibited significantly higher crude fat and protein contents compared to the O1 group (P < 0.05). The crude lipid and protein contents of A. japonicus increased linearly with increasing ASC concentrations (replacement ratio) (P < 0.05).


Table 5 | Effects of different ASC diets on approximate component (dry matter) analysis of the Apostichopus japonicus body wall.






3.3 Growth gene expression in body wall

Replacing sea mud with ASC significantly upregulated the expression of mapk-7, c-myc and fgfr-1 (P < 0.05; Figure 2), while significantly downregulated that of gdf-8. The expression levels of mapk-7, c-myc and fgfr-1 in the sea cucumber body wall increased with ASC addition, followed by a decline. The O3 group exhibited significantly increased expression compared to the O1 group (P < 0.05). In contrast, the expression of gdf-8 decreased initially and then increased.




Figure 2 | Effects of dietary attachments of suspension cage (ASC) on the expression of growth-related genes in Apostichopus japonicus. O1: 0% ASC, O2: 25% ASC, O3: 50% ASC instead, O4: 75% ASC, AND O5: 100% ASC instead of sea mud. A significant difference (P < 0.05) is indicated by values (mean ± SE) with different superscripts.






3.4 Intestinal digestive enzyme activities

ASC significantly enhanced the activity of intestinal digestive enzymes compared to sea mud (O1 group) (P < 0.05), and the intestinal digestive activity increased initially before decreasing with the addition of ASC. The intestinal AMS levels were significantly higher in the O3 and O4 groups compared to the O1 control group (P < 0.05; Figure 3A). Intestinal PEP levels increased with the proportion of ASC, with significantly higher levels observed in the O2 and O3 group compared to the O1 control group (P < 0.05; Figure 3B). Intestinal LPS levels were significantly higher in the O2, O3 and O4 group than in the O1 control group (P < 0.05; Figure 3C).




Figure 3 | (A–C) Effects of dietary attachments of suspension cage (ASC) intestinal digestive enzyme activities in Apostichopus japonicus. O1: 0% ASC, O2: 25% ASC, O3: 50% ASC instead, O4: 75% ASC, AND O5:100% ASC instead of sea mud. A significant difference (P < 0.05) is indicated by values (mean ± SE) with different superscripts.






3.5 Coelomic fluid enzyme activities

The ACP and AKP enzyme activity in the coelomic fluid in the O3 group was significantly higher than that in the O1 group, and the ACP and AKP enzyme activity increased first and then decreased with the proportion ASC (P < 0.05 Figures 4A, B). Replacing sea mud with ASC significantly increased the activity of antioxidant enzymes (P < 0.05). T-AOC enzyme activity in the coelomic fluid of the O4 and O5 groups was significantly higher than that in the O1 group (P < 0.05; Figure 4C). Similarly, the T-SOD activity in the coelomic fluid of the O4 and O5 groups was significantly higher than that in the O1 group (P < 0.05; Figure 4D). There were no significant differences in the LZM enzyme activity among the groups; however, the activity increased with ASC addition (Figure 4E). The CAT activity in the coelomic fluid of the O3, O4, and O5 groups was significantly higher than that in the O1 group (P < 0.05; Figure 4F).




Figure 4 | (A–F) Effects of dietary attachments of suspension cage (ASC) on coelomic fluid enzyme activities in Apostichopus japonicus. A significant difference (P < 0.05) is indicated by values (mean ± SE) with different superscripts.






3.6 Intestinal histomorphometrically

The effect of ASC on the intestinal (midgut) morphology of sea cucumbers is shown in Figure 5. Notably, the VH and MT of the A. japonicus intestine exhibited an upward and then downward trend corresponding to increasing ASC levels. Specifically, compared to the control group, the VH of the sea cucumber intestines in the O3 group demonstrated significant increases; the MT of sea cucumber intestines in the O4 group demonstrated significant increases (P < 0.05). In contrast, as the ASC level increased, the VW of the A. japonicus intestine exhibited a downward trend before ascending. Furthermore, the VW of sea cucumber intestines in the O3 and O4 groups was significantly reduced compared to that in the O1 group (P < 0.05).




Figure 5 | Effect of replacement of sea mud with dietary attachments of suspension cage (ASC) on intestinal morphology of Apostichopus japonicus. (A) Midgut morphological characteristics of A. japonicus after receiving an experimental diet for 8 weeks. MT, muscle layer thickness; VH, villus height; VW, villus width. The error bar is min to max. Mean values with different superscripts are significantly different (P < 0.05). n = 10. (B) Effects of dietary ASC on the intestinal (midgut) morphology of A. japonicus. Magnification = 40×.






3.7 Correlation analysis

A comprehensive correlation analysis was conducted based on the strong interactions observed among growth performance, digestive enzyme activity, intestinal morphology, and similar components of A. japonicus. The key factors influencing the growth performance of A. japonicus after the addition of ASC compared to sea mud (control group, O1) were identified (Figure 6). The results revealed significant positive correlations (P < 0.05) between FBW, WGR, and SGR with crucial parameters such as VW and intestinal digestive enzymes (AMS, PEP, and LMS). Furthermore, FCR exhibited a significant negative correlation with VW and intestinal digestive enzymes (AMS, PEP, and LMS, P < 0.05).




Figure 6 | Correlation analysis of growth performance with digestive enzymes, intestinal shape, and proximate composition utilizing Spearman’s correlation coefficient. Colors and numbers indicate Spearman’s correlations. VW, villus width; VH, villus height; MT, muscle layer thickness; AMS, amylase; PEP, pepsin; FBW, final body weight; WGR, weight gain rate; SGR, specific growth rate; FCR, feed conversion ratio.






3.8 Gut microflora

A total of 306,930 high-quality sequences (59,3002 reads per sample) were analyzed, and 1,541 OTUs were identified across 15 A. japonicus gut microbiota samples. OTUs were further categorized into 27 phyla, 57 classes, 167 orders, 276 families, 547 genera, and 800 species to provide a comprehensive taxonomic overview of the gut microbiota. Venn diagram analysis revealed a shared pool of 190 OTUs among the five experimental groups. Notably, the control group (O1) and the treatment groups O2, O3, O4, and O5 groups harbored 136, 81, 67, 230, and 85 unique OTUs, respectively (Figure 7A). The ACE, Chao1, and Shannon indices of the O4 group surpassed those of the control group, indicating increased microbial diversity in the O4 group (Table 6). Additionally, the Simpson index of the O2, O3, O4 and O5 groups were higher than that of the control group, indicating variation in community evenness between the groups.




Figure 7 | Effect of replacement of sea mud with dietary attachments of suspension cage (ASC) on gut microflora of Apostichopus japonicus. (A) Venn diagram of bacterial community operational taxonomic unit (OTU) distribution in A. japonicus intestines. (B) Composition and relative phylum abundance levels for the dominant microbes in Apostichopus japonicus intestine. Data represent the mean values of nine A. japonicus samples.




Table 6 | Alpha diversity index analysis of sea cucumber intestinal microbiota.



The intestinal flora of sea cucumbers was primarily composed of Proteobacteria, Bacteroidetes, Verrucomicrobia, Campylobacter, and other taxa. Notably, the relative abundance of Proteobacteria in the O2 (71.04%), O3 (70.71%), O4 (35.77%), and O5 (29.51%) groups exhibited a discernible decrease compared to that in the O1 group (76.34%). Conversely, the relative abundance of Bacteroidetes in the O2 (7.14%), O3 (7.14%), O4 (27.66%), and O5 (42.90%) groups was increased compared to that in the O1 group (4.00%). The proportion of Verrucomicrobia was lower in the O2 (7.43%) and O3 (9.64%) groups than in the O1 group (11.09%). Furthermore, the relative abundance of Verrucomicrobia in the O4 (13.06%) and O5 (12.91%) groups surpassed that in the O1 group (11.09%). The emergence of Campylobacter was evident in the treatment groups O2 (7.98%), O3 (3.35%), O4 (19.12%), and O5 (3.03%, Figure 7B).





4 Discussion

In China, sea mud is typically added to sea cucumber feed to accommodate their dietary requirements (Qiu et al., 2014). Previous researches showed that the primary functions of sea mud have been conclusively established, including providing microorganisms, mineral components, and specific nutrients essential for optimal sea cucumber growth (Gong et al., 2012; Qiu et al., 2014; Yuan et al., 2006). Furthermore, sea mud serves as a digestive regulator, diluting feed nutrients to facilitate their assimilation by sea cucumbers (Shi et al., 2015). In this study indicated that replacing sea mud with ASC not only stimulated sea cucumber growth but also exerted a positive influence on their intestinal flora structure. This result indicates that ASC has the same function as sea mud. However, a more in-depth investigation is still required to explore the underlying mechanisms.

The optimal proportion of sea mud in sea cucumber feed is suggested to be 20% (Rahman and Verdegem, 2007; Yuan et al., 2006), with the highest SGR observed in sea cucumbers fed with 20% sea mud or yellow mud (Liu et al., 2009). In the present study, the substitution of sea mud with ASC exhibited a significant positive impact and promoted A. japonicus growth. Notably, the most pronounced growth performance was observed with the 50% ASC replacement diet. These findings highlight the potential of using ASC exclusively as a substitute for sea mud. This finding is consistent with a previous study reporting that the use of 50% wet waste from shrimp with 50% sea mud for enhances the growth performance of sea cucumbers (Chen et al., 2015).

The genes gdf-8, c-myc, mapk-7, and fgfr-1 play crucial roles in regulating A. japonicus growth (Gao et al., 2019). Among these, gdf-8 exerts a negative regulatory effect on animal skeletal muscle growth, with higher gdf-8 expression levels observed in the body walls of A. japonicus (Aiello et al., 2018); whereas, c-myc regulates cell proliferation, differentiation, and apoptosis and promotes uncontrolled cell proliferation (Pelengaris and Khan, 2003). Moreover, ERK5, a component of the mitogen-activated protein kinase pathway which is pivotal for regulating cell function and gene expression, is closely associated with cell proliferation and differentiation. Notably, mapk-7 can directly activate the ERK5 pathway, thereby influencing sea cucumber growth (Cuenda et al., 2017). Additionally, fgfr-1 plays a role in tissue regeneration, metabolic function, and repair (Orntiz and Itoh, 2015). In the present study, expression of gdf-8 was significantly lower in the O3 group than in the O1 group; whereas, the expression levels of mapk-7, c-myc and fgfr-1 were significantly higher in the O3 group than in the O1 group. These findings suggested that ASC addition to feed inhibited the negative regulation of gdf-8 and promoted expression of mapk-7, c-myc and fgfr-1. Collectively, these results suggested that substituting sea mud in feed with ASC may enhance the sea cucumber growth performance by stimulating the expression of growth-related genes.

The body walls of sea cucumbers serve as the primary edible component. A previous study highlighted the correlation between the nutrients present in the sea cucumber body wall, the type of feed, and the nutrient content (Bao et al., 2018). In the present study, gradient ASC substitutions for sea mud resulted in no significant differences in the water and ash content among the groups, maintaining a consistently stable range of 83.98–85.48%. Similarly, the ash content was stable within the range of 44.19–45.78%. Notably, the O5 group exhibited a significant increase in crude fat and crude protein contents. Lu et al. (2018) observed comparable results when using sea mud from scallop cultures and loess as replacements for sea mud, thereby affecting the general nutrient composition of sea cucumbers. Thus, our analysis of the general nutritional components of the sea cucumber body wall substantiated the notion that replacing sea mud with ASC is a viable and feasible approach.

Sea cucumbers primarily rely on nonspecific immunity to resist pathogenic microorganisms, encompassing both cells and coelomic fluid (Wang et al., 2013). The coelomic fluid of sea cucumbers can phagocytize foreign biomass and secrete nonspecific immune factors with bactericidal activity (Yang et al., 2015). Various nonspecific immune enzymes, such as ACP, AKP, SOD, T-AOC, LZM, and CAT, play pivotal roles in maintaining antioxidant functions and eliminating harmful pathogens (Zhang et al., 2021). In this study, the O5 group exhibited a significant increase in the activities of antioxidant enzymes. Notably, the results of our study are consistent with the reported antioxidative and anti-aging effects of oyster shell extract on the skin (Liu et al., 2006; Ma, 2008). Therefore, substituting sea mud with ASC exhibited a positive effect on the nonspecific immunity and antioxidant capacity of sea cucumbers.

The activity of intestinal digestive enzymes largely reflects the digestion and absorption efficiency of animals and affects their growth and development (Wu et al., 2015). Intestinal digestive enzyme activity is a significant indicator of animal digestion and absorption efficiency, exerting a profound influence on overall growth and development. The digestive enzyme activity of sea cucumbers is affected by many factors such as food composition, culture temperature, water quality, and intestinal flora (Gao et al., 2011; Wang et al., 2017). In the present study, a noteworthy observation was the significant increase in the activities of proteases, lipases, and amylases in the sea cucumber intestine corresponding to an increase in the substitution ratio of ASC. We speculate that the direct stimulation of the intestine by ASC fragments may contribute to increase the area of microbial attachment in the intestine. This finding is consistent with a previous study reporting that the use of sea mud from scallop cultures and loess as replacements for sea mud (Lu et al., 2018). Moreover, the shift in sea cucumber intestinal flora is likely a potential mechanism driving increased digestive enzyme activity in the intestine (Yuan et al., 2006).

Sea cucumbers predominantly rely on rich bacterial populations in the esophagus and intestines, along with bacteria ingested through organic debris, to effectively disrupt their diet (Fenchel and Blackburn, 1979). These microorganisms play a pivotal role in maintaining host health (Hou et al., 2018; Xie et al., 2016). Certain probiotics can adhere to and colonize the intestine, subsequently enhancing intestinal health and contributing to growth, immunity, and disease resistance (Gatesoupe, 1999; Li et al., 2019; Liu et al., 2024; Nayak, 2010; Yan et al., 2014; Zhao et al., 2012). The findings revealed that the substitution of sea mud with ASC led to increased diversity in A. japonicus intestinal flora. This substitution reduced the relative abundance of Proteobacteria and increased that of Firmicutes, with Firmicutes dominating the O5 group. As demonstrated previously (Foysal et al., 2020; Li et al., 2020), an increase in certain Firmicutes can enhance host immunity. Consequently, the incorporation of ASC into feed not only enhanced the diversity of intestinal flora but also optimized the overall structure of the intestinal microbiota. This alteration in the intestinal microbiota exerted a subsequent influence on the intestinal morphology of sea cucumbers.

The intestine is the primary site food digestion and nutrient absorption in sea cucumbers, and their growth status is closely linked to intestinal health (Yang et al., 2015). The most objective manifestation of intestinal health is intestinal morphology. Changes in the intestinal VH and VW are directly correlated with the size of intestinal absorption area, making these parameters valuable indicators of the digestive ability of an animal (Safari et al., 2014). Furthermore, an increase in intestinal muscle wall thickness can strengthen intestinal peristalsis and bolster the overall digestive capacity. Consequently, the assessment of intestinal VH, VW, and MW is a reliable method for gauging the digestion and absorption abilities of animals. In this study, the substitution of sea mud with ASC in feed resulted in a significant increase in the intestinal VH and MT of sea cucumbers, reaching peak values in the O3 and O4 group. These findings effectively demonstrated that replacing sea mud in the feed with ASC led to an enhanced intestinal absorption area for sea cucumbers, thus improving intestinal morphology. Intestinal flora can enhance the intestinal mucosa by regulating gene expression, and many beneficial bacteria in the intestine can improve intestinal morphology and promote overall health (Hess and Greenberg, 2012; Cheng et al., 2011). Consistent with these insights, the results of the present study indicated that ASC increased the prevalence of beneficial bacteria, which, in turn, maintained intestinal health by optimizing the intestinal flora structure, thereby fostering continued sea cucumber growth.

In the present study, a correlation analysis was conducted to identify the key factors influencing the growth performance of sea cucumbers fed with ASC, as compared to those fed sea mud. A significant positive correlation was observed between growth performance indicators (FBW, WGR, and SGR) and various factors, including intestinal digestive enzymes (AMS, LPS, and PEP). This finding aligns with the results of previous studies, indicating that improvements in the digestive process and intestinal morphology can lead to changes in host growth (Cahu et al., 1998; Yu et al., 2016). However, intestinal morphology (VW) exhibited a significant negative correlated with growth indicators. These outcomes emphasize the complex and variable nature of factors influencing host growth performance and suggest that replacing sea mud in feed with ASC can improve the digestion process and intestinal morphology, thereby enhancing sea cucumber growth. However, it should be noted that the ASC used in this study was collected from the northern part of the Yellow Sea during spring, and its approximate composition may have been slightly different due to factors such as seasonal sea areas. Consequently, further comparative experiments should be conducted based on the findings of this study to assess the feasibility of ASC as a novel raw feed material for sea cucumbers.




5 Conclusion

Overall, this study has demonstrated that ASC represents a viable raw feed material for sea cucumbers. Specifically, the use of ASC promoted sea cucumber growth, reduced the feed coefficient, and positively influenced intestinal flora. According to the quadratic regression analysis for WGR, the appropriate levels of ASC substitution are estimated as to be 44.28%. Thus, the incorporation of ASC as a substitute for sea mud will significantly contribute to the development of new raw feed materials for sea cucumbers.
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