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This study investigated the effects of replacing dietary fish meal (FM) with golden apple snail (Pomacea canaliculata) meat meal (PCM) on growth performance, non-specific immunity and intestinal health of juvenile Chinese mitten crab (Eriocheir sinensis). Four hundred juvenile Chinese mitten crabs (2.39 ± 0.03) g were randomly distributed into five groups in quadruplicate (20 crabs per tank), and each group was fed with diets that replaced FM with PCM at 0% (FM-20, containing 200 g/kg FM), 25% (FM-15), 50% (FM-10), 75% (FM-5), and 100% (FM-0) for 8 weeks, respectively. The results showed that the growth, whole body composition, digestive enzyme activities, antioxidant performance, non-specific immunity, intestinal histology and microbiota composition of FM-15 and FM-10 groups all reached the same level as the FM-20 group (P > 0.05). While the replacement ratio reached 75%, the FCR was significantly increased and the peritrophic membrane thickness was significantly decreased (P< 0.05). When 100% FM was replaced, significantly decreased the growth performance, serum antioxidant and immune enzyme activities, mid-intestine folds height, width and the peritrophic membrane thickness (P< 0.05), and significantly increased the abundance of intestinal harmful bacteria Vibrio (P< 0.05). In conclusion, PCM can effectively replace 50% dietary FM (100 g/kg) without negative effects on the growth performance, intestinal health, serum immune, and antioxidant indexes of juvenile E. sinensis.
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1 Introduction

Chinese mitten crab (Eriocheir sinensis) is one of the unique aquatic animals in China. It is popular among consumers for the rich nutrition and unique flavor (Chen and Zhang, 2007). With the improvement of aquaculture technology and the increasing market demand, the production of Chinese mitten crab has also been continuously increasing. According to the Liu et al. (2023), the production of Chinese mitten crab has risen from 593,000 tons in 2010 to 815,000 tons in 2022, with a production growth of 37.4%. It has become the second most productive crustacean species in China, only after the Procambarus clarkii. In the traditional culture mode, E. sinensis mainly feeds on chilled fish, cake and other raw materials, which has the problems of water pollution and high cost (Han et al., 2021; Long et al., 2020; Pan et al., 2020). With the promotion of the green and healthy breeding model, the breeding based on formula feed has become the mainstream, and the feed production has increased year by year (Yao et al., 2024a). E. sinensis cultured with formula feed has the advantages of nutrient balance, convenient feeding and less water pollution (Xu et al., 2020). However, fish meal (FM) has become one of the important bottlenecks in the production and promotion of high-quality formula feed due to its shortage of sources and high price.

Over the past few decades, over-exploitation of wild fish stocks has limited the availability and raised the price of FM. Traditionally, fishmeal has been a major protein source in aquaculture feeds due to its high protein content, excellent amino acid profile, and good digestibility. Additionally, the recognition of the reliance on feed fisheries affects the sustainability of aquaculture has intensified the search for alternative protein sources to replace FM (FAO, 2010). For this reason, a significant portion of aquaculture research over the past two decades has focused on finding more accessible, economical and sustainable alternatives to FM. At present, studies have found that soybean meal (Luo et al., 2011; Liu et al., 2021), rapeseed meal (Cai et al., 2014; Luo et al., 2011), cottonseed meal (Jiang et al., 2013), fermented soybean meal (Xu et al., 2020), black soldier fly (Hermetia illucens) larvae meal (Yao et al., 2024b), yellow mealworm (Tenebrio molitor) meal (Yao et al., 2024a) and some mixed protein sources (Zhu et al., 2020) can be used to replace part of the fish meal in the feed of E. sinensis. However, these protein sources also have some defects, livestock and poultry by-products usually have problems such as high ash content, unstable supply and relatively high price (Forster et al., 2003; Yao et al., 2018); Plant protein sources have the disadvantages of unbalanced amino acid composition, anti-nutrient factors and poor palatability (Yao et al., 2020; Xu et al., 2022); The high content of chitin, pesticide residues, toxins, heavy metal ions and some pathogenic microorganisms also limit the use of insect protein in aquatic feed (Abdel-Latif et al., 2021; Zheng et al., 2023; Mohan et al., 2022; Xiang et al., 2019).

Golden apple snail, Pomacea canaliculata (PC), also known as the large bottle snail or apple snail, is a large freshwater food snail of the family Mesogastropoda (Ampullariidae), native to the Amazon River basin in south America. It was introduced in the 1980s as a high-protein food for cultivation in The United States and parts of southeast Asia (Halwart, 1994). It was introduced into Guangdong province, China in 1981, and then popularized in many provinces and cities. Later, due to poor food taste and market failure, it was abandoned in the wild and spread widely (Yang et al., 2018). In 2000, the Expert Committee on Invasive Species of the International Union for Conservation of Nature listed PC as one of the world’s 100 malignant invasive alien species (Joshi, 2005). However, the view of the PC as a pest is one-sided. The fresh meat contains 15.4% protein, 0.3% fat, and a variety of vitamins. In terms of the composition of essential amino acids, it was very close to that of FM (CP 53.5%) (Andriani et al., 2023). Its meat extract has been shown to contain alkaloids, tannins, polyphenols and glycosides (Pertiwi and Saputri, 2020). This shows the feasibility of PC as a feed or feedstock. At the moment, catfish (Pangasius sp.) (Saputria et al., 2020), striped catfish (Pangasianodon hypophthalmus) (Da et al., 2012, 2013), tiger shrimp (Penaeus monodon) (Bombeo-Tuburan et al., 1995), tilapia (Sarotherodon mossambicus) (Catalma et al., 1991) and other aquatic animals have been reported that PC meat meal (PCM) successfully replaced FM in feed without negatively affecting growth performance. However, the application of PCM in E. sinensis feed has not been reported.

In recognition of the above, the main aim of the present study was to evaluate the possibility of replacing dietary FM with PCM in feeds for E. sinensis. PCM was used in this study to replace different proportions of FM in a practical diet containing 200 g/kg FM to evaluate the effects on the growth performance, intestinal health, serum immune, and antioxidant indexes of juvenile E. sinensis. The results would guide the application of DYM in crab diets.




2 Materials and methods



2.1 Ethics statement

In this study, all the operational procedures were granted by ethical rules of Jiangsu Agri-animal Husbandry Vocational College and relevant rules of China.




2.2 Experimental diets and design

The basal diet (CON, containing 200 g/kg of FM) was formulated with fish meal, soybean meal, meat and bone meal, peanut meal, and cottonseed meal as the main protein sources, pregelatinized starch as the main carbohydrate source, and fish oil and soybean lecithin as the main fat sources. Under the condition of equal protein content in each diet, the amounts of other protein sources were kept constant, and only the amounts of FM and PCM were changed to ensure that the effects on crabs originated solely from the substitution of FM by PCM. On this basis, four isonitrogenous and isolipidic diets (crude protein, 37.5%; crude lipid, 8.9%) were formulated by replacing 25%, 50%, 75%, and 100% of FM with PCM, respectively, and were abbreviated as FM-15, FM-10, FM-5, and FM-0. All ingredients were ground and screened by 60-mesh sieve, and then gradually mixed with fish oil and distilled water (30%) according to the feed formula (Table 1). The mixture was extruded to form sinking pellets (pelleting temperature of 85 ± 5°C) with a single screw extruder (SLP-22# Dantu district Xin Fenghao construction machinery factory). The pellets were post-cooked in oven at 95°C for 20 min, then air-dried, and stored at room temperature store until use.


Table 1 | Composition and nutrient levels of the experimental diets (g/kg, air dry basis).



The FM was purchased from a provender mill in Taizhou, Jiangsu China, and which crude protein and crude lipid contents were 68.0% and 10.1%, respectively. The PCM used in the experiment was collected from local river channels, shelled, and dried in a blast drying oven at 60 °C before being crushed. The crude protein and crude lipid content were 59.6% and 8.9%, respectively.

The amino acid composition and the fatty acid composition of feeds, FM and PCM are shown in Tables 2–5.


Table 2 | Amino acid composition of FM and PCM (g/kg, air dry basis).




Table 3 | Fatty acids composition of FM and PCM (%, percentage of total fatty acids).




Table 4 | Amino acid composition of the experimental diets (g/kg, air dry basis).




Table 5 | Fatty acids composition of the experimental diets (%, percentage of total fatty acids).






2.3 Experimental crab and feeding management

E. sinensis was obtained from Jiangsu Haorun Biological Industry Group Co., LTD (Jiangsu, China), and all crabs were temporarily raised for 1 week in a canvas pool (3.0 m × 1.0 m × 1.0 m) and fed with commercial diet. Then, 400 healthy juvenile crabs (2.39 ± 0.03) g in the intermolt period with vigorous appendages were randomly assigned to 20 PVC tanks (1.2 m×1.2 m×0.75 m) with crab nest as a shelter and circulating water (with consistent water quality) after 24 h of starving. There were 5 treatments with 4 replicates (tanks) per treatment and 20 crabs per tank. The groups were arranged in a completely randomized order to minimize the influence of tank position on the experimental results. During the feeding period, crabs were fed twice a day (7:00 and 17:00) for 56 d. The daily feed intake was about 1-3% of the body weight, and was appropriately adjust based on the water temperature, weather and feeding behavior of the crabs to ensure the diets could be eaten up in 2 h after feeding. During the cultivation period, the sediment and faeces were removed by siphoning everyday, and settled river water was supplemented. The water temperature, dissolved oxygen, pH, ammonia nitrogen, and nitrite were kept at 20-26°C, ≥5.0 mgL-1, 7.0-8.5, ≤0.2 mgL-1, and ≤0.05 mgL-1, respectively.




2.4 Sampling

At the end of the feeding experiment, all crabs were deprived of diets for 24 h, and then, the crabs in each tank were counted and weighed. Randomly take 3 crabs from each tank and store them in a -20°C refrigerator for analysis of the entire crab body composition. After four crabs were anesthetized in ice water, 0.5 mL hemolymph was collected using a 1.0 mL sterile syringe, and mixed with the same volume of precooling anticoagulant solution (the formula is sodium citrate 13.2 g/L, citric acid 4.8 g/L, glucose 14.7 g/L). The mixture was immediately centrifuged at 4°C and 12000 rpm for 20 minutes to obtain the supernatant and store in a refrigerator at -80°C. After taking the hemolymph, the hepatopancreas and intestine were dissected aseptically and frozen immediately in liquid nitrogen, then stored at -80°C for the determination of digestive enzyme activity and intestinal microbial study, respectively. Take the intestines of another four crabs from each replicate and load them into a 5 mL centrifuge tube pre filled with 3 mL Bonn’s fixative for the production of intestinal tissue slices. Under sterile conditions, the intestines were taken and placed in a 1.0 mL centrifuge tube for the analysis of intestinal microbial study.



2.4.1 Growth performance

Growth performance indicators including survival, weight gain (WG), feed conversion ratio (FCR), hepatosomatic index (HSI), feed intake (FI) and molting interval (MI):

	

	

	

	

	

MI is the interval between the date of second molt and the date of first molt (d).




2.4.2 Proximate composition of feed and crab

Crude lipid, crude protein, ash and moisture of experiment feed and crabs were measured following the method of AOAC (2005). The moisture content and the ash content were analyzed by drying the samples at 105°C to constant weight and incinerating the samples at 550°C for 6 h, respectively. Crude protein was determined using an Auto Kjeldahl System (2300-Auto-analyzer, Foss Tecator, Sweden), and the crude lipid content was analyzed by the chloroform-methanol method.




2.4.3 Digestive enzyme activity

Frozen hepatopancreas was mixed with 9 times saline (W:V=1:9), then homogenated and centrifuged at 4 °C for 15 min (3000 rpm). The supernatant was taken for the determination of digestive enzyme activity. Digestive enzyme activity was measured according to the instructions of the reagent kit from Nanjing Jiancheng Biotechnology Research Institute, Nanjing, Jiangsu, China.




2.4.4 Serum biochemical indices

The serum frozen in the -80°C refrigerator was take out and thawed at 4°C for the detection of serum biochemical indexes. These indicators include acid phosphatase (ACP), alkaline phosphatase (AKP), lysozyme (LZM), total superoxide dismutase (T-SOD), total antioxidant capacity (T-AOC), glutathione peroxidase (GSH-PX), catalase (CAT) and malondialdehyde content (MDA). All indicators were measured according to the instructions of the reagent kit from Nanjing Jiancheng Biotechnology Research Institute, Nanjing, Jiangsu, China.




2.4.5 Intestinal histology

When slicing, the mid-gut was dehydrated with ethanol, transparentized with xylene, embedded in paraffin, and sliced with a thickness of 5 μm (Leiken RM2235 slicer, Germany), HE staining, sealing to make permanent preservation slices. The morphological characteristics of intestinal folds were observed under a light microscope and photos were taken (Nikon YS100 micrography system). The intestinal epithelial folds height, width and number were measured using micrometer (the entire midgut cross-section folds number were counted).




2.4.6 Intestinal microbial study

The intestinal samples were sent to Shanghai Majorbio Bio-pharm Technology Co., Ltd. for DNA extraction and PCR amplification by Illumina MiSeq Sequencing platform. The V3–V4 variable regions of 16S rRNA gene was amplified by PCR with primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The microbiota community composition and community abundance at phylum and genus levels were analyzed on the online platform of Majorbio Cloud Platform (www.majorbio.com).





2.5 Statistical analysis

The data were analyzed by using SPSS 22.0 statistical software. The results were subjected to Levene’s test to determine homogeneity of variance and no transformation was required. A one-way analysis of variance (ANOVA) was used to determine the effects of the five diets on the various responses including FW, WG, SGR, FCR, etc. for all treatments. Turkey’s multiple range test was used to determine the statistical significance of the differences in means among the treatments. Statistical significance was determined at P< 0.05. In addition, a follow-up trend analysis was performed using orthogonal polynomial contrasts to determine whether the significant effect was linear and/or quadratic. Results means were presented with ± standard error (SE) in tables and/or figures.





3 Results



3.1 Growth performance

As shown in Table 6, significant linear effects of FM replaced by PCM were observed in FW, WG and FCR (P< 0.05). The FW, WG and FCR shows no significant difference between FM-15, FM-10 and FM-20 groups (P > 0.05). The FW and WG in FM-0 group were significantly lower and FCR was significantly higher than FM-20 group (P< 0.05). There was no significant difference in survival, FI, HSI and MI among all groups (P > 0.05).


Table 6 | Effects of different diets on the growth performance of E. sinensis.






3.2 Whole-body proximate composition

No significant effect on whole-body composition was observed by FM replaced with PCM among all groups (P > 0.05) (Table 7).


Table 7 | Effects of different diets on the proximate composition in whole body of E. sinensis (% in DM).






3.3 Digestive enzymes activities in hepatopancreas

As shown in Table 8, no significant effect on hepatopancreas lipase and amylase activity was observed among groups (P > 0.05). The level of replacing FM with PCM linearly decreased the hepatopancreas protease activity, of which FM-0 group was significantly lower than the FM-20 group (P< 0.05).


Table 8 | Effects of different diets on digestive enzyme activities in hepatopancreas of E. sinensis.






3.4 Serum biochemical indices

Significant linear and quadratic effects of FM replaced by PCM were observed in serum GSH-Px, T-AOC, CAT, LZM, ACP activities and MDA content (P< 0.05). Significant linear effects were observed in serum AKP activity (P< 0.05). Serum antioxidant oxidase GSH-Px, T-AOC and CAT activities, immune enzymes LZM, ACP, AKP activities and MDA content in FM-15, FM-10 and FM-5 groups all reached the same level as FM-20 group (P > 0.05) (Table 9). At the genus level, the dominant intestinal microflora included Candidatus_Bacilloplasma, Candidatus_Hepatoplasma, Dysgonomonas and Citrobacter etc. (Figure 1).


Table 9 | Effects of different diets on the serum biochemical indices of E. sinensis.






Figure 1 | Abundance at the genus level of gut microbiota in E. sinensis feeding with different diets.






3.5 Intestinal histology

As shown in Table 10, significant linear and quadratic effects of FM replaced by PCM were observed in mid-intestinal folds number, height, width and peritrophic membrane thickness (P< 0.05). Number of folds in FM-0 group was significantly higher and mid-intestinal folds height, width was significantly lower than other groups (P< 0.05). There was no significant difference in intestinal indices between FM-10, FM-15 and FM-20 group (P > 0.05).


Table 10 | Effects of different diets on intestinal tissue structure of E. sinensis.



The intestinal epithelial cells in groups FM-20, FM-15, FM-10 and FM-5 protruded to form complete folds, while only part of the epithelial cells in FM-0 group protruded to form smaller individual folds, and part of the intestinal epithelial cells were arranged in the basal layer in the form of single columnar cells (Figure 2).




Figure 2 | Effects of different diets on intestinal tissue structure of E. sinensis, respectively (100×). (A–E) respectively presented the intestinal morphology of E. sinensis in the FM-20, FM-15, FM-10, FM-5 and FM-0 groups. FH, Folds height; FW, Folds width; PW, Peritrophic membrane.






3.6 Microbial study in intestine using 16 rRNA sequencing

A total of 1,323,128 valid sequences were obtained using 16 rRNA sequencing with sequence lengths ranging from 200 to 521 bp, and the average sequence length was 436 bp. After cluster analysis of the obtained sequences, five groups obtained 663, 548, 527, 278, and 217 representative bacterial communities OTUs, respectively. The OTUs shared by the five treatment groups are 94, while the unique OTUs are 233, 135, 118, 24, and 29, respectively (Figure 3).




Figure 3 | Venn analysis of the OTU numbers of gut microbiota in E. sinensis feeding with different diets.



At the phylum level, Firmicutes, Proteobacteria, Actinobacteriota, and Bacteroidota are the most abundant bacteria in the intestinal microflora of E. sinensis, accounting for 97.07%, 93.75%, 95.75%, 97.89%, and 99.16%, respectively (Figure 4).




Figure 4 | Abundance at the phylum level of gut microbiota in E. sinensis feeding with different diets.



At the phylum level, there were significant differences in the abundance of Actinobacteriota and Verrucomicrobiota in the microbial composition of each treatment group (P< 0.05) (Figure 5).




Figure 5 | Comparison of difference at the phylum level of gut microbiota in E. sinensis feeding with different diets.



At the gene level, there were significant differences in the abundance of Pragia, Vibrio, Nocardioides, Pseudomonas, Aeromonas, Chitinibacter, Pseudoxanthomonas in the microbial composition of each treatment group (P< 0.05). The abundance of vibrio increased with the increase of fishmeal substitution level (Figure 6).




Figure 6 | Comparison of difference at the genus level of gut microbiota in E. sinensis feeding with different diets.







4 Discussion



4.1 Growth performance

Owing to the poor taste and flavor, as well as the presence of the parasitic Angiostrongylus cantonensis (Castillo-Ruiz et al., 2018), golden apple snail was not suitable for human consumption. Nevertheless, it is regarded as a high-quality food source for certain livestock and poultry due to its high-quality nutritional composition (Dharmawati et al., 2022). With the increasing adoption of biological control techniques for golden apple snails, their feasibility as a source of protein for aquatic animal feed has received widespread attention (Visca and Palla, 2018; Ghosh et al., 2017; Yanti et al., 2022; Da et al., 2012). The research results of Da et al. (2012) on striped catfish (Pangasianodon hypophthalmus) and Jintasataporn et al. (2004) on giant freshwater prawn (Macrobrachium rosenbergii) showed that PCM resoundingly replaced 100% dietary FM without significant impact on growth performance. However, in this experiment, PCM effectively replaced 50% FM without significant effect on growth performance of the E. sinensis. The FCR significantly increased when the replacement ratio reached 75%, it was also accompanied by a significant decrease in WGR and FW when the replacement ratio reached 100% (Table 6), which is different from the above research results. The research results of Kiriratnikom et al. (2010) on Pacific white shrimp (Litopenaeus vannamei) showed that the partial replacement of FM with PCM did not affect the growth performance of the cultured animals. However, a higher proportion of FM replacement significantly reduced the growth performance. Similar results also shown in the research of Pertiwi and Saputri (2020) on Pasupati catfish (Pangasius sp.) The optimal replacement level of PCM for FM in feed varies significantly among different aquatic animals, which may be related to their distinct feed composition and nutritional requirements. Different species of aquatic animals have varying basic nutritional requirements for feed, and the nutritional level of the feed after substitution must meet these fundamental needs. As the highest quality animal protein source, FM has the advantages of balanced amino acids and rich fatty acid content. The replacement of FM with PCM will inevitably lead to changes in some nutritional components of the diet. Therefore, the optimal replacement level depends on the changes in the nutritional level after replacement. Considering amino acid nutrition, various farmed animals have distinct requirements for essential amino acids (Oliveira et al., 2021). Ye et al. (2010) found that the optimal requirements for lysine and methionine in the feed of juvenile E. sinensis are 2.34% and 1.12%, respectively. In this experiment, the amino acids composition of the FM-20 group feed aligned with the requirements of juvenile crabs. However, the contents of methionine and lysine in PCM are 1.07% and 3.26%, respectively, which are much lower than those in FM (2.03% and 5.21%). With the increase of FM substitution, the levels of methionine and lysine in the feed decreased significantly. When the replacement level reaches 75%, the contents of methionine and lysine in the feed are far below the requirements of juvenile crabs, thus leading to a decrease in growth performance (Table 4, Table 6).

The fatty acid composition of feed is also one of the important factors affecting growth. The research of Zhang et al. (2014) on swimming crab (Portunus trituberculatus) and Chen et al. (2011) on gibel carp (Carassius auratus gibelio) reported that an appropriate level of n-3 PUFAs lead to optimal growth performance, while low levels of n-3 PUFAs significantly reduced the growth performance of aquatic animals. Similar results have also been obtained in experiments on aquatic animals such as black sea bream (Acanthopagrus schlegeli) (Ma et al., 2013), grouper (Epinephlus Coioides) (Zhu et al., 2012), and sea cucumber (Apostichopus japonicus) (Liao et al., 2015). It was determined that the content of n-3 PUFAs in FM was 22.35%, while that in PCM was only 6.15% (Table 3). With the increasing proportion of PCM replacing FM, the content of n-3 PUFAs in the feed significantly declined, eventually manifesting as growth inhibition. The reason for this growth inhibition may be the deficiency of essential fatty acids in the feed, leading to immune imbalance in E. sinensis, which in turn triggers a series of inflammatory reactions, thereby affecting normal growth. There are multiple factors that affect the growth performance of E. sinensis. In addition to the imbalance of feed amino acids and fatty acids, fish meal also contains unknown growth factors (NRC, 2015), which are not present in PCM. Therefore, the use of PCM as a substitute for FM should be comprehensively considered.




4.2 Digestive enzyme activity

The digestive and absorptive abilities of animals for nutrients are one of the main factors determining their growth and development. The activity of digestive enzymes can reflect the strength of intestinal digestive capacity to a certain extent (Yao et al., 2024a). At present, a large number of studies have proven that the digestive enzyme activity is regulated by the nutritional composition of the feed (Fountoulaki et al., 2005; Santigosa et al., 2008; Castro et al., 2013; Sivaramakrishnan et al., 2017; Fuentes-Quesada and Lazo, 2018). Huang et al. (2020) found that the content of docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) in the stomach and intestine of rainbow trout were positively correlated with the levels of DHA and EPA in their feed. Low levels of DHA and EPA in the feed inhibited the protease activity in the gastrointestinal tract of rainbow trout. Similar findings were also reported by You et al. (2019) and Bowyer et al. (2012) in golden pompano (Trachinotus ovatus) and yellowtail kingfish (Seriola lalandi). In this experiment, PCM as an alternative protein source was used to replace FM, with DHA and EPA contents of 4.36% and 0.65% respectively, which were much lower than the 13.33% and 8.89% in FM (Table 3). As the proportion of PCM replacing FM increased, the contents of DHA and EPA in the feed decreased significantly. When the substitution reached 100%, the trypsin activity of the crab was significantly reduced (Table 8), which was consistent with the above research results. Low levels of DHA and EPA can reduce the fluidity of cell membranes and alter the microenvironment of cell membranes, thus further affecting the activity of attached enzymes (Calder, 2015). Therefore, the content of DHA and EPA in feed can affect the activity of digestive enzymes in aquatic animals by influencing the content of DHA and EPA in the body. In addition, the imbalance of amino acids in PCM is also one of the reasons for the decrease in trypsin activity of the crab. Trypsin is a type of serine protease with typical characteristics of serine proteases, which can specifically degrade the carboxyl terminal peptide bonds of arginine or lysine in polypeptide chains (Amino et al., 2001). As shown in Table 2, the arginine content in PCM is close to that in FM, while the lysine content is only 32.6 g/kg, much lower than the 52.1 g/kg in fish meal. The decrease in the content of specifically degraded amino acids will inversely affect the secretion of trypsin.




4.3 Antioxidative capacity and non-specific immunity

During the metabolic process in aquatic animals, a large amount of reactive oxygen species (ROS) was produced, including superoxide anion (O2-), hydrogen peroxide (H2O2), hydroxyl radical (•OH), and singlet oxygen (O2). Excessive ROS can cause severe cellular damage and exert toxic effects on biological molecules such as DNA, proteins, and lipids (Yang et al., 2015; Kuang et al., 2012). To avoid the toxicity of excessive ROS, the body has developed its own antioxidant defense system, in which antioxidant enzyme systems such as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) work together with endogenous antioxidants to exert antioxidant functions (Ferrante et al., 2008). Numerous studies have demonstrated that an appropriate content of polyunsaturated fatty acids (PUFAs) in feed can promote the antioxidant enzyme system of fish (Zhang et al., 2017; Li et al., 2017; Huang et al., 2018). Ji et al. (2025) found that, under the condition of the same dietary fat content, the total antioxidant capacity of grass carp in the DHA-deficient group was significantly lower than that in the normal group. Zuo et al. (2012) found that the SOD activity of large yellow croaker with a lower intake of EPA and DHA was significantly lower than that of the group with a higher content. Similar results also shown in the research of Yu et al. (2016) on sea cucumber. In this experiment, as the proportion of PCM replacing dietary FM increased, the content of DHA and EPA in the feed decreased significantly. When the replacement amount of FM reached 100%, the crab serum T-AOC activities was significantly reduced, and the MDA content was significantly increased, which is consistent with the above research results. An appropriate content of dietary n-3 HUFA can protect aquatic animals from cellular and tissue damage by inhibiting the excessive production of ROS or scavenging the generated ROS. When the dietary content of n-3 HUFA is too low, excessive ROS will exert toxic effects on the body.

Humoral immune factors, such as Lysozyme (LZM), alkaline phosphatase (AKP), and acid phosphatase (ACP) in serum are important parameters for the non-specific immune ability of crustaceans. LZM can hydrolyze the β-1,4-glycosidic bond between N-acetylglucosamine and N-acetylmuramic acid in the peptidoglycan of bacterial cell walls, thereby causing bacterial lysis and effectively killing Gram-positive bacteria (Li et al., 2015). ACP and AKP can inhibit the growth and reproduction of pathogens in the body, and the level of their activity can be used to evaluate the strength of the body’s non-specific immune function (Amoah et al., 2019; Yao et al., 2021). In this study, the substitution of 75% dietary FM (150 g/kg) with PCM had no significant effect on the activities of ACP, AKP, and LZM in the serum of E. sinensis (Table 9). However, when the replacement ratio reached 100%, the activities of LZM, ACP, and AKP were all significantly lower than those of the control group. The negative impact of PCM substituting for FM on the serum immunity of crabs may be related to the changes in the content of dietary n-3 polyunsaturated fatty acids (PUFAs). PUFAs are important components of the cell membrane, playing a crucial role in maintaining membrane fluidity, surface enzyme activity, hormone receptor binding, and signal transduction (Mai, 2011). Therefore, changes in the unsaturated fatty acids in the phospholipids of immune cell membranes will affect the immune function of aquatic animals. Zuo et al. (2012) investigated the effects of different n-3 PUFA contents on the non-specific immune function of large yellow croaker. The results showed that the expression levels of immune genes TLR22 and MyD88 in the liver and kidney of large yellow croaker fed with 0.15% n-3 PUFAs were significantly lower than those in the 0.98% group, and the non-specific immune capacity was significantly reduced. Yu et al. (2016) also found that the LZM activity in the coelomic fluid of sea cucumber fed with 0.46% n-3 PUFA was significantly lower than that in the 0.85% group, and the expression of LZM mRNA in the intestine was significantly down-regulated. Similar findings were reported by Lin and Shiau (2003) and Thompson et al. (1996) on juvenile Epinephelus malabaricus and Atlantic salmon. The results of this experiment are basically consistent with the above studies, which may be due to the high content of n-6 PUFA, which can increase the expression of inflammatory factors in the body, causing oxidative stress and leading to long-term “sub-health” status. It can be seen that the moderate substitution of dietary FM with PCM does not affect the serum immune enzyme activity of E. sinensis. However, when the substitution rate exceeds 75%, it will cause significant negative effects.




4.4 Intestinal health

Intestinal microbiota plays a key role in regulating the host’s digestion, absorption, metabolism, and immune response, which together with the intestinal tissues and contents to form a specific dynamic equilibrium system. Disruption of this balance can increase the susceptibility to intestinal pathogens, thereby triggering intestinal infections (Wang et al., 2018; Ray et al., 2010). Similar to other animals, the composition of aquatic animal intestinal microbiota is affected by factors such as the breeding environment, dietary composition and species, with dietary composition being the main factor affecting intestinal microbiota composition (Ingerslev et al., 2014; Mansfield et al., 2010). In this experiment, the predominant gut microbiota of crabs were Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria, which is consistent with the findings of Yang et al. (2024) and Jiang et al. (2023). Among them, Actinobacteria with significant intergroup differences were observed. Actinobacteria contains beneficial bacteria such as Bifidobacterium, crucial for intestinal health, as well as the largest genus Streptomyces, which mediates the degradation of polymers such as chitin and cellulose. Actinobacteria also includes various pathogenic bacteria that can increase the risk of intestinal diseases in aquatic animals. However, we are more concerned with the beneficial or pathogenic bacterial genera within the gut of animals. In this study, the replacement of FM with PCM at 100%, the abundance of Vibrio in the intestine significantly increased (P<0.05) (Figure 6). Vibrio is a large family belonging to the Gram-negative γ-Proteobacteria phylum, which is often classified as a pathogenic bacterium (Loo et al., 2020). It is a common pathogenic bacterium in aquaculture, which has a strong pathogenic effect on fish, shrimp, crabs, shellfish, etc. An increased abundance of Vibrio in the intestine may lead to intestinal flora imbalance and endanger the health of the host (Nursyam, 2017). The substitution of FM with PCM in the diet led to an increase in the abundance of potentially pathogenic bacterial genera in the gut of crabs, which may be related to the changes in polyunsaturated fatty acids after the substitution. Currently, several studies have shown that the content and types of polyunsaturated fatty acids in feed have a direct impact on the intestinal health of animals. Zhang et al. (2015) reported that mice fed diet rich in n-6 PUFA, the number of potential pathogenic bacteria in the Enterobacteriaceae family increased significantly, the generation of pro-inflammatory gut microbiota was promoted. Dong et al. (2023) discovered that as the ratio of dietary n-3/n-6 PUFA decreased, the relative abundance of Enterococcus, a pathogenic bacterium in the intestine of spotted seabass (Lateolabrax maculatus), gradually increased, causing an imbalance in the intestinal microbiota, triggering inflammation, and thus reducing the immunity of spotted seabass. You et al. (2019) replaced fish oil with soybean oil in the diet for golden pompano (Trachinotus ovatus), the ratio of n-3/n-6 PUFA decreased significantly. The diversity of intestinal microbiota in the group fed with soybean oil feed was significantly reduced, and the abundance of pathogenic bacteria such as Mycoplasma and Vibrio was significantly increased, and the number and height of intestinal villi were significantly reduced. Dong et al. (2023) and Tan et al. (2022) suggest that a high proportion of n-6 PUFA can inhibit the gene expression of anti-inflammatory factors by promoting intestinal inflammation, thereby affecting the intestinal health of aquatic animals. In this study, the replacement of FM with PCM at 100%, the content of n-3 PUFA in the feed decreased, the content of n-6 PUFA increased, and the ratio of n-3/n-6 PUFA decreased. In the intestinal histology of E. sinensis, the height, width, and peritrophic membrane thickness of the intestine folds in the 100% group were significantly lower than those in the FM-20 group (P<0.05) (Table 10), and the abundance of Vibrio in the intestine significantly increased (P<0.05) (Figure 6). It can be seen that replacing FM with moderate amount of PCM does not affect the intestinal health of E. sinensis. When the substitution amount exceeds 75%, it has a negative impact on the intestinal tissue structure and intestinal microbiota.





5 Conclusion

In this experiment, in the diet of E. sinensis with a FM content of 200g/kg, PCM can effectively replace 50% FM, and has no significant effect on the growth performance, non-specific immunity and intestinal health of juvenile E. sinensis; Adverse effects on growth performance and intestinal health were happened when the replacement level at 75%; growth performance, non-specific immunity and intestinal health deteriorated when the replacement level at 100%. In summary, the substitution level of FM with PCM was suggested to be 50% (100 g/kg).
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Leucine 29.6 29.0 284 28.0 27.6
Valine 8.0 7.8 7.7 7.5 7.4
Histidine 10.3 10.0 9.5 9.0 8.3
Phenylalanine 326 319 31.6 31.1 30.5
NEAA
Glycine 19.6 18.9 18.5 18.5 18.8
Serine 20.2 20.5 20.8 212, 21.9
Proline 22.1 225 22.6 22.3 22.7
Alanine 225 22.6 22.1 22.3 22.0
Aspartic acid 335 334 332 33.8 33.4
Glutamic acid 65.8 66.1 66.8 67.2 68.0
Tyrosine 19.5 18.9 192 19.4 19.3
Cystine 1.8 13 12 1.4 1.6
Amino 366.5 363.1 359.9 358.8 357.2

acid summation

EM, fish meal; EAA, essential amino acids; NEAA, non-essential amino acids.
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EM, fish meal; PCM, Pomacea canaliculata meat meal; SFAs, Saturated fatty acids; MUFAs,
Monounsaturated fatty acids; PUFAs, Polyunsaturated fatty acids.
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Values are presented as means + standard error (SE) (n = 4). Values with different superscript letters in the same row are significantly different at P< 0.05. FCR, feed conversion ratio; FW, final
body weight; IW, initial body weight; WG, weight gain; FI, feed intake; HSI, hepatosomatic index; MI, Molting interval.
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Methionine 20.3 10.7
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FM, fish meal; PCM, Pomacea canaliculata meat meal; EAA, essential amino acids; NEAA,
non-essential amino acids.
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Golden apple snail meat meal 0 57.1 114.1 171.2 228.1
Pregelatinized starch 1200 1129 106.0 99.0 922
Corn 100.0 100.0 100.0 100.0 100.0
Meat and bone meal 120.0 120.0 120.0 120.0 120.0
Soybean meal 150.0 150.0 150.0 150.0 150.0
Peanut meal 70.0 70.0 70.0 70.0 70.0
Cottonseed meal 60.0 60.0 60.0 60.0 60.0
Fish dissolved pulp 40.0 40.0 40.0 40.0 40.0
| Brewers dried yeast | 50.0 50.0 50.0 50.0 50.0
Fish oil 20.0 20.0 199 19.8 19.7
Soyabean lecithin 20.0 20.0 20.0 20.0 20.0
Carboxymethylcellulose Sodium 300 30.0 300 30.0 300
Mixed premix * 20.0 20.0 20.0 20.0 20.0
Total 1000.0 1000.0 1000.0 1000.0 1000.0

Proximate analyses

Crude protein 3762 3784 375.1 376.6 3782
Crude fat 89.7 86.4 85.3 87.6 84.9
Ash 84.2 83.8 86.3 » 85.6 88.8
Moisture 98.3 10L.6 1135 104.4 1104

One kilogram of premix contained: vitamin A 8x10* IU, vitamin D; 3.5-4x10* IU, vitamin E 0.6 g, vitamin K 0.2 g, vitamin B, 0.1 g, vitamin B, 03 g, vitamin B 0.16 g, vitamin By, 0.4 mg,
nicotinamide 0.8 g, calcium D-pantothenate 0.5 g, folic acid 0.05 g, D-biotin 1.6 mg, potassium 8.5 g, magnesium 1.2 g, iron 0.1-14 g zinc 1-2.4 g, cuprum 0.3-1 g, manganese 0.3-3 g, cobalt 22-40
mg, selenium 0.36-10 mg, iodine 6-20 mg, inositol 3 g, vitamin C 3 g, choline chloride 50 g, moisture < 10%.

EM, fish meal; PCM, Pomacea canaliculata meat meal.
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C14:0 1.32 124 1.06 1.00 0.85
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EM, fish meal; SFAs, Saturated fatty acids; MUFAs, Monounsaturated fatty acids; PUFAs,
Polyunsaturated fatty acids.





