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Abstract

:

Simple Summary


Different culturing modes have adopted different living spaces, foods, shelter, substrates, and surroundings for and human actions regarding animals. The Chinese soft-shelled turtle (Pelodiscus sinensis) is one of most economically important turtles, and healthier culturing modes should be applied for high-quality aquatic products to remit serious environmental and health problems. The differences in growth performance, physiological indices, and related gene expression were compared between two culturing modes in the present study. The results indicated that rice–turtle-co-cultured turtles with limited natural foods grew slower than pond-cultured turtles fed with commercial feeds. The creatinine, uric acid, blood urea nitrogen, alkaline phosphatase, acid phosphatase, glutamic oxaloacetic transaminase, and catalase were higher in co-cultured turtles than pond-cultured turtles. More differentially expressed genes were related to environmental information processing, metabolism, and human diseases when comparing pond-cultured turtles and co-cultured turtles. P. sinensis can adapt to different culture modes by adjusting their growth and physiology over a short culture period, and rice–turtle co-culturing proves to be a healthier culturing mode for turtles within the proper culturing strategies.




Abstract


The Chinese soft-shelled turtle (Pelodiscus sinensis) is an important freshwater aquaculture turtle due to its taste and nutritional and medicinal value. More ecological culturing modes, such as rice–turtle co-culture, should be developed to meet the ecological benefit demand. We compared growth, physiological parameters, and transcriptome data to detect the physiological responses and regulatory mechanisms of pond-cultured turtles as compared to co-cultured turtles. The co-cultured turtles grew slower than pond-cultured turtles. The gonadosomatic index of co-cultured male turtles was lower than that of pond-cultured male turtles, and both the mesenteric fat index and limb fat index were lower in co-cultured turtles than in pond-cultured turtles (p < 0.05). The blood GLU of the co-cultured turtles was significantly lower than the GLU of the pond-cultured turtles (p < 0.05), while the values of CRE, UA, BUN, AKP, ACP, GOT, and CAT were higher in the co-cultured turtles than in the pond-cultured turtles (p < 0.05). In total, 246 and 598 differentially expressed genes (DEGs) were identified in the brain and gut from turtles cultured in the two different modes, respectively. More DEGs were related to environmental information processing, metabolism, and human diseases. In the brain, the top enriched pathways of DEGs included the longevity regulating pathway, glycerolipid metabolism, cytokine–cytokine receptor interaction, Toll-like receptor signaling pathway, and PI3K-Akt signaling pathway, while in the gut, the top enriched pathways of DEGs included the cell cycle, DNA replication, cellular senescence, and p53 signaling pathway. The turtles acclimated to the different culturing conditions by adjusting their growth, physiological, and biochemical characteristics and related gene expression during a short culture period.
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1. Introduction


The wild resources of turtles face increasing ecological threats, such as habitat destruction and environmental pollution [1,2]. The Chinese soft-shelled turtle (Pelodiscus sinensis) has been an important freshwater aquaculture reptile for a long time in East Asia due to its desirable taste, nutritional and medicinal value, and the scarcity of its wild resources. It is the one of most economically important turtles, with millions of them being farmed in China every year [3]. Commonly, P. sinensis are intensively cultivated in greenhouses or artificial ponds with high stocking density and are provided excessively artificial diets to achieve fast growth and high production [4,5]. Captive culture has significantly increased the production of commercial turtles, but it is also accompanied by problems such as a high risk of disease, defective appearance, and low quality, which cannot meet the customers’ increasing pursuit of food quality [6,7]. Furthermore, high-energy consumption rearing patterns are not conducive to sustainable agricultural development and have aroused increasing public concern. Healthier culturing modes should be applied for high-quality aquatic products to remit serious environmental and health problems that affect both the quality of the product and animal welfare [8,9].



Different habitats provide different living spaces, foods, shelter, substrates, and surroundings for as well as human actions regarding animals [10,11]. Turtles have been found to experience less stress in and showed a distinct preference for an enriched environment [12,13] and may have different growth rates or metabolic rates depending on the availability of resources or the presence of stressors [14]. P. sinensis is an opportunistic predator; in different habitats, it will make adaptive responses in behavior, growth, physiology, and metabolism [15,16]. Growth is a highly complex process that involves the regulation of appetite, muscle growth, and weight gain [17], which is affected by genetic factors, initial body size, age, sex, and culture conditions [18,19].



Integrated agri–aquaculture systems such as rice–crayfish, rice–fish, and rice–turtle have expanded rapidly due to their ecological efficiency and contributions to food productivity and security in recent years [20,21,22]. Rice–turtle co-culturing is a stable and ecological co-culturing mode that can effectively alleviate the quality and environmental problems caused by wild resource attenuation and intensive breeding [23,24]. P. sinensis is amphibious, and wild turtles are aggressive and mainly carnivorous. Turtles can adapt to different habitats, and divergence in growth, appearance, and gut microbes can be observed within a relatively short culture duration [25].



The goal of rice–turtle co-culturing is to reduce costs, increase efficiency, protect the environment, preserve the wild habits of turtles, and improve the quality of cultured turtles as much as possible [24]. The feeding of natural bait, such as small fish and shrimp, benthic animals, and aquatic insects, in paddy fields can reduce nutrient consumption and control the occurrence of diseases and insect pests [26]. Moreover, commercial feeds should be limited to those provided for turtles cultured in paddies, which could minimize nutrient outputs and decrease the environmental impacts of intensive culture [27]. Furthermore, co-cultured turtles have proven to yield better flavor, and their appearance is more accepted by consumers [3].



However, natural food is also limited in paddy fields for the fast growth of turtles, and culture strategies involving stocking density, feeding regime, disease control, and environmental conservation should be further optimized for economic and ecological benefits. Physiological and biochemical indices can reflect the health status of turtles, and transcriptome analysis of brain and gut tissues would also help to further reveal key genes and pathways related to the growth and physiological adaptation of turtles cultured in different modes. Systematic studies on the adaptive process of turtles in different culture habitats would provide a basis for optimizing ecological farming strategies and promoting animal welfare.




2. Materials and Methods


2.1. Rice Planting and Turtle Rearing


The experimental paddy fields were located in Taihu County, Anhui Province, China (E 116°21′, N 30°18′). Chinese soft-shelled turtles (Japanese strain) were held in cement tanks in a greenhouse before being allocated to pond and paddy field plots. The initial body weight was 756.3 ± 16.7 g. The experimental ponds were approximately 2000 m2 and 1.5 m deep (group marked as PT). The experimental paddy fields were also approximately 2000 m2, and the area was modified for turtle cultivation with a 200 m2 pond (1.5 m deep) on the side (group marked as RT). The depth of water in the rice field was 0–20 cm during the experiment, which meet the needs of rice growth. The stocking densities were 1000 turtles/pond and 100 turtles/paddy, which have been commonly adopted in turtle culture in previous studies. Triplicate ponds and paddies were monitored; in total, 3300 turtles were cultured in the experiment (♀:♂ = 1:1).The pond-cultured turtles were fed a commercial feed that contained 43% crude protein (Jinjia, Hangzhou, China) twice daily at 09:00 a.m. and 16:00 p.m., and the daily feeding level was 4% during the experiment. The co-cultured turtles were not fed commercial diets; instead, some small live fish and winkles from the surrounding water were supplemented during the trial. The mode was considered more ecological and wilder than actual farming. The growing period of rice was from 15 June to 16 October, and the turtle-culturing experiment lasted from 1 July to 30 September in 2022.




2.2. Measurement and Sampling


The trial lasted 90 days, and as many turtles as possible were collected for measurement. The sex was identified and measured separately based on appearance differences. Every third turtle with no visible trauma from the pond and paddies was anesthetized and euthanized by intramuscular injection (tiletamine:zolazepam = 1:1, 30 mg/kg, Zoletil®50, Virbac, Carros, France). The turtles were quickly decapitated in an unconscious state, blood was collected in tubes with heparin sodium and centrifuged (4000 r, 10 min, Eppendorf, Hamburg, Germany), and the supernatant plasma was stored at −80 °C before biochemical analysis. The liver, gut, limb fat, and mesenteric fat were carefully removed, placed on ice, and weighed. The liver, intestine (gut), and brain tissues were flash-frozen in liquid nitrogen for physiological, biochemical, and transcriptome sequencing analysis. All operations on turtles were conducted in accordance with the institutional animal care guidelines and the supervision of Anhui Academy of Agricultural Sciences committees (NO.AAAS 2021-12).



The parameters measured and the corresponding calculations were as follows:




	
Specific growth rate (SGR, %/d) = 100 × (lnFBW − lnIBW)/days;



	
Hepatosomatic index (HSI, %) = 100 × liver weight/body weight;



	
Gonadosomatic index (GSI, %) = 100 × gonad weight/body weight;



	
Intestinal somatic index (ISI, %) =100 × intestinal weight/body weight;



	
Mesenteric fat index (MFI, %) = 100 × mesenteric fat weight/body weight;



	
Limb fat index (LFI, %) = 100 × limb fat weight/body weight.








IBW and FBW indicate initial body weight and final body weight, respectively.




2.3. Physiological and Biochemical Parameter Analysis


The biochemical parameters of plasma, including protein (TP), glucose (GLU), triglyceride (TG), total cholesterol (TCHO), blood urea nitrogen (BUN), uric acid (UA), creatinine (CRE), superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-PX), alkaline phosphatase (AKP), acid phosphatase (ACP), glutamic-pyruvic transaminase (GPT), glutamic oxaloacetic transaminase (GOT), lysozyme (LZM), and the activities of protease, lipase, and amylase were determined using commercial kits (Jiancheng Biotech. Co., Nanjing, China). A fish complement 3 (C3) ELISA kit was used for C3 determination (Baolai Biotech. Co., Yancheng, China).




2.4. RNA Extraction and Transcriptome Sequencing Analysis


Total RNA of brains and guts (three replicate samples for each tissue) from male turtles cultured in ponds and paddy fields was extracted using a TRIzol reagent kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. The samples of pond-cultured turtle brain and gut were marked as PTB and PTG, and samples of co-cultured turtle brain and gut were marked as RTB and RTG, respectively. RNA quality was assessed on an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and checked using RNase-free agarose gel electrophoresis. After total RNA was extracted, eukaryotic mRNA was enriched by Oligo(dT) beads (Invitrogen, Shanghai, China). Then, the enriched mRNA was fragmented into short fragments using fragmentation buffer and reverse-transcribed into cDNA by using the NEBNext Ultra RNA Library Prep Kit for Illumina (NEB #7530, New England Biolabs, Ipswich, MA, USA). The purified double-stranded cDNA fragments were end-repaired, a base was added, and the fragments were ligated to Illumina sequencing adapters. The ligation reaction was purified with AMPure XP Beads (1.0×) (Beckman Coulter, Brea, CA, USA). Ligated fragments were subjected to size selection by agarose gel electrophoresis and PCR amplification. The resulting cDNA library was sequenced using Illumina NovaSeq 6000 by Gene Denovo Biotechnology Co. (Guangzhou, China).



The bioinformatics analysis included filtering clean reads, alignment with rRNA, alignment with the reference genome of Chinese soft-shelled turtles (PelSin_1.0, http://ftp.ensembl.org/pub/release-78/fasta/pelodiscus_sinensis/dna/, URL accessed on 17 November 2014), and quantification of gene abundance. The differential gene analysis was conducted by using DESeq2, FDR value ≤ 0.05. Then, the differentially expressed genes (DEGs) were subjected to KEGG pathway enrichment analysis. The raw sequence data were submitted to the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) (accession number: PRJNA971802).




2.5. Gene Expression Validation by qPCR


To validate the RNA-seq data and gene expression profiles, every 10 DEGs were selected to perform qPCR for the brain and gut. Specific primers were designed using Primer 5 based on the coding sequences of identified genes from the turtle genome, and the sequences of primers are listed in Supplementary Table S1. qPCR was performed using the LightCycler®480 Real-Time PCR System (Roche, Basel, Switzerland) by adopting SYBR Green I Master Mix. The 20 μL reaction mixture comprised 3.0 μL cDNA, 1.0 μL (10 mM) of each primer, 10 μL Master Mix, and 5 μL PCR-grade water. Each reaction was performed in triplicate under the following conditions: 95 °C for 10 min, 40 cycles of 95 °C for 15 s, annealing at the specific temperature listed in Table S1 for 15 s, and 72 °C for 30 s. The relative expression level of each gene was calculated relative to the β-actin gene according to the 2−ΔΔCt method.




2.6. Statistical Analysis


The biometric measurements and calculated data for two different culture modes and two sexes were separately compared, which divided the tested cases into four groups. Homoscedasticity and normality were tested for biometric measurements and calculated data, such as body weight, visceral coefficients, and biochemical parameters, which were determined by Levene’s test, and one-way analysis of variance (ANOVA) was conducted when p > 0.05. All data are presented as the means ± SEMs. All statistics on the transcriptome were performed on a bioinformatics analysis platform (http://www.omicshare.com/, (accessed on 15 March 2023)).





3. Results


3.1. Growth Performance


Male turtles grew faster than females in both pond-culture and co-culture modes, and the SGR was significantly higher in pond-cultured turtles than in co-cultured turtles (p < 0.05). There were no significant differences in the HSI of turtles of the same sex cultured in the two different modes (p > 0.05). The ISI was significantly lower for male pond-cultured turtles than for female pond-cultured turtles and co-cultured turtles (p < 0.05). There were no significant differences in the GSI of female turtles under different culturing modes (p > 0.05), while the GSI of male co-cultured turtles was lower than that of pond-cultured turtles (p < 0.05). LFI and MFI were higher in female turtles than in males, and they were both lower for co-cultured turtles than for pond-cultured turtles (p < 0.05) (Table 1). In addition, the difference in limb-fat color was visible; the limb fat of co-cultured turtles presented as bright yellow, while the limb fat of pond-cultured turtles presented as faint yellow or pale (Figure S1).




3.2. Physiological and Immune Indicators


The activities of protease and amylase in co-cultured turtles were significantly lower than those in pond-cultured turtles (p < 0.05), and there was no significant difference in lipase activity between the two different culturing modes (p > 0.05). There was no significant difference in digestive enzymes for turtles of different sexes in the same culturing mode (p > 0.05) (Figure 1).



The GLU of the co-cultured turtles was significantly lower than the GLU of the pond-cultured turtles (p < 0.05). There was no significant difference in the TG and TCHO of turtles under the two different culturing modes (p > 0.05), while there was a significant difference between male and female turtles (p < 0.05). The values of CRE, UA, and BUN were higher in co-cultured turtles than in pond-cultured turtles, especially in the male turtles (p < 0.05) (Table 2).



The AKP, ACP, and GOT were higher in co-cultured turtles of the same sex than in pond-cultured turtles, while the GPT was significantly higher in pond-cultured turtles (p < 0.05) (Table 3). There was no significant difference in the activities of SOD, GSH-PX, LZM, and C3 among turtles of the same sex cultured in ponds and paddy fields (p > 0.05), while CAT was higher in co-cultured turtles than in pond-cultured turtles of the same sex (p < 0.05) (Table 4).




3.3. RNA-Seq Data and Gene Expression Profiles


The clean data numbered 56,045,690–76,173,154 for all samples, and the clean data rates were 99.19–99.44% (Table S2). In total, 25,222 genes were annotated in the samples, including 21,318 reference genes and 3904 novel genes in the present study (Table S3). For the brain, the number of common transcribed genes was 14,449, and the numbers of unique genes were 508 and 577 for pond-cultured turtles and co-cultured turtles, respectively. For the gut, the number of common transcribed genes was 12,470, and the numbers of unique genes were 690 and 657 for pond-cultured turtles and co-cultured turtles, respectively (Figure 2).



The relative gene abundance in the brain and gut from turtles under different culturing modes was estimated based on fragments per kilobase of exon per million fragments mapped (FPKM). The FDR and log2-fold-change (fc) were used to screen for DEGs (FDR < 0.05 and |log2fc| > 1). There were 246 and 598 DEGs identified in the brain and gut from turtles cultured in the different modes, respectively (Figure 3A). The numbers of upregulated and downregulated genes in PTB vs. RTB were 106 and 140, respectively, while in PTG vs. RTG, the numbers of upregulated and downregulated genes were 416 and 182, respectively (Figure 3B). More details about the DEGs are listed in Supplementary Tables S4 and S5 for each group.




3.4. Functional Classification of DEGs


To investigate the biological importance of the DEGs, we performed a pathway enrichment analysis from the Kyoto Encyclopedia of Genes and Genomes (KEGG). The DEGs were mapped to six biological processes, including environmental information processing, cellular processes, genetic information processing, human diseases, metabolism, and organismal systems, in the KEGG_A_class. In PTB vs. RTB, 319 DEGs were identified in 160 pathways with a KEGG pathway annotation in the libraries, while in PTG vs. RTG, 1249 DEGs were identified in 260 pathways with a KEGG pathway annotation. In the PTB vs. RTB comparison group, most of the DEGs were mapped to signal transduction, signaling molecular and interaction, cancer:overview, and immune system at level 2. Metabolic pathways (ko01100, 14 genes), PI3K-Akt signaling pathway (ko04151, 9 genes), cytokine-cytokine receptor interaction (ko04060, 7 genes), and neuroactive ligand-receptor interaction (ko04080, 7 genes) were the pathways with the most genes.



In the PTG vs. RTG comparison group, most of the DEGs were mapped to cell growth and death, signal transduction, global and overview maps, infection disease, and cancer: overview at level 2 (Figure 4). Metabolic pathways (ko01100, 49 genes), cell cycle (ko04110, 33 genes), PI3K-Akt signaling pathway (ko04151, 21 genes), cellular senescence (ko04218, 20 genes), and transcriptional misregulation in cancer (ko05202, 20 genes) were the pathways with the most genes. We took the top 20 KEGG pathways for mapping according to the FDR and found differences between the two groups. In the PTB vs. RTB comparison, the top enriched pathways of the DEGs included the longevity regulating pathway, glycerolipid metabolism, cytokine-cytokine receptor interaction, Toll-like receptor signaling pathway, and PI3K-Akt signaling pathway. In PTG vs. RTG, the top enriched pathways of the DEGs included the cell cycle, DNA replication, cellular senescence, and the p53 signaling pathway (Figure 5). The significantly enriched KEGG pathways are listed in Tables S6 and S7 for PTB vs. RTB and PTG vs. RTG, respectively.



In PTB vs. RTB, more DEGs were related to environmental information processing and human diseases. Thirty-two DEGs were mapped to environmental information processing, including 10 upregulated genes such as DUSP4, CHRNA4, TNC, DGKH, TTI1, TRHR, and IGHV1-46 and 22 downregulated genes such as BDMD1, ITGA1, TNFSF15, EVC, ABCA9, P2RX5, EREG, CCL3, THBS1, and TSPO. Additionally, 35 DEGs were mapped to human diseases, including 28 downregulated genes such as SERPINB4, F2R, KLF2, MRC1, and TLR5 and 7 upregulated genes such as EGR1, H2B-VIII, FOS, and DGKH.



In PTG vs. RTG, 61 DEGs were mapped to environmental information processing, including 36 upregulated genes such as IGHVs, PLK1, IL22, STMN1, G4, IRF1, MMP3, and MTOR and 25 downregulated genes such as Hspa2, SGK1, dusp1-a, FOXO3, CCL3, HSP90AA1, ULK2, CXCL8, and PLA2G4F. Further, 92 DEGs were mapped to human diseases, including 29 downregulated genes such as ZNF620, NFKBIZ, Myo1e, ZNF251, and Mlxipl and 63 upregulated genes such as Kpna2, TOMM40, TOP2A, CCNB1, H2AFZ, CDK1, and TUBB4B. Moreover, 61 DEGs were mapped to metabolism, including 44 upregulated genes such as PPA1, DCTD, GGCT, ACOT12, and DCK, and 17 downregulated genes such as ASRGL1, ACOX2, HSD17B3, SAT2, GGT1, MOGAT2-b, and NUDT2.




3.5. Validation of DEGs by qPCR


PCR products were successfully amplified with all 20 specific primer pairs. For comparison with the results of the RNA-seq, the amplification efficiencies of the DEGs in the PTB vs. RTB groups and PTG vs. RTG groups were transformed by log2 (fc). The qPCR results were mainly consistent with the results of the RNA-seq, except for slight differences in expression levels (Figure 6), which confirmed the reliability of the RNA-seq data. Therefore, the growth- and immune-related genes annotated in this study could be useful references for future studies on the molecular mechanisms of Chinese soft-shelled turtles.





4. Discussion


Rapid growth is a highly desirable trait that enhances the profitability of food animal production and thus economic profit [28]. In the present study, the specific growth rate of pond-cultured turtles was significantly higher than that of co-cultured turtles without commercial feeds. The high growth rate of pond-cultured turtles was mainly attributed to the mass supply of commercial feed, and the lower growth rate of co-cultured turtles might mainly be due to scarce food sources, suggesting that paddy fields might not provide enough natural foods for the maximum growth of turtles and that they have the potential for rapid growth in paddy fields when more food is available. The slow growth of wild animals is mainly affected by an unstable natural food supply, poor living environment, energy constraints, competition, genetic factors, and self-protection mechanisms [29]. The co-cultured turtles were more similar to wild turtles in appearance and anatomy compared to intensively cultured turtles as well as in nutrition and flavor [3,26]. This reflects not only their physiological characteristics but also their ecological adaptation and evolutionary history [30,31].



Mesenteric and limb fat were important parts of weight gain for pond-cultured turtles. Excess mesenteric or visceral fat deposition is often accompanied by fatty liver and enteritis, which is the most common symptom in intensively farmed animals and has affected consumers’ desire to buy [32]. Limb fat is a type of adipose tissue that is stored in the limbs of some reptiles such as turtles [33]. It serves as an energy reserve that can be used during periods of food scarcity, hibernation, or reproduction; provides cushioning and lubrication for the joints; influences locomotion and performance; and plays a role in thermoregulation and water balance [34,35]. It is a dynamic tissue that can change in size and composition according to energy needs and metabolic status. Less fat deposition in co-cultured turtles might be an adaptive trait that evolved in response to the paddy field environment in this study. Low food intake and diversifying foods can prevent excessive fat accumulation in co-cultured turtles.



Aquatic animals are highly sensitive to the environment and have complex and sensitive responses against stress for self-protection and adaptation to different environments, including adjusting their physiological and biochemical characteristics [36]. Blood biochemical indices can better reflect the physiological metabolism of turtles [37]. Different habitats cause corresponding changes in biochemical indices, digestive and antioxidant enzymes, and immune factors for P. sinensis. Co-cultured turtles showed reduced GLU, while CRE, UA, and BUN were increased in the present study. The increased BUN, UA, and CRE levels in co-cultured turtles imply higher metabolic activities [38,39]. The increased BUN and UA values could cause an increase in osmolality, which may result in an increase in the prevention of water loss and adaptation to drought or hibernation [40]. This might help turtles adapt to paddy field environments with shallow water, especially during the drying stage. The higher BUN and UA levels of the co-cultured turtles indicate a shortage of nutrients and energy for the co-cultured turtles. The catabolism of protein and nitrogen compounds is strengthened and accompanied by an increase in UA formation when the energy balance is destroyed [41]. The stronger the catabolism, the more and the higher the UA formation, which can reduce the excessive oxidation and decomposition of protein in the process of vigorous exercise [42]. The protease and amylase levels were lower in co-cultured turtles than in pond-cultured turtles, which also indicates lower protein and carbohydrate intake for co-cultured turtles. The physiological response results also demonstrate that the turtles expended more energy on activities in the co-cultured mode with limited natural food, further leading to relatively lower weight gain but a healthier appearance.



A comprehensive analysis of growth performance, physiology, and transcriptomics can effectively evaluate the responses of P. sinensis to environmental factors [43,44,45]. Genes such as IGF1, IGF2, SLC27A2, GHRL, GHSR, MyoD1, WNT, and FGF have been demonstrated to be closely related to somatic growth [46,47,48,49]. The DEGs in the GH-IGF 1 axis genes and the Jak-STAT signaling pathway might play important roles in the growth differences of P. sinensis [50]. Meanwhile, signal transducers associated with the GH/GHR signaling pathway and IGF/IGFR signaling pathway were also found [43]. The upregulated TTI1 is important for mTOR stability and assembly of the mTOR complexes to maintain their activities [51,52]. Growth signaling pathways involving carbohydrate, protein, and lipid metabolism were found in the KEGG pathway analysis. In the present study, FGF, PLA, and ETS were significantly downregulated in the Ras signaling pathway of co-cultured turtles. MOGAT1 was downregulated, while DGKH was upregulated in glycerolipid metabolism, which could also be applied as a candidate biomarker to diagnose some diseases [53]. AMPK signaling inhibited gluconeogenesis and lipogenesis and promoted glycolysis to meet energy demand under high-ammonia conditions in M. sinensis [54]. Loannilli et al. (2020) found that FoxO1 balanced energy levels by increasing gluconeogenesis and decreasing glycolysis and lipogenesis [55]. In the present study, the AMPK-regulated transcription factors responsible for carbohydrate metabolism exhibited changes in the co-cultured groups: FoxO1 and CREB5 decreased, and the expression of PFKFB3 was subsequently downregulated. We also found that the level of GLU was reduced in the co-cultured turtle groups. These results indicate that GLU deficiency prompted the turtles to trigger glycolysis to fulfill the high energy requirement of the co-cultured turtles. All of these regulations are in accordance with the growth performance and metabolism of co-cultured turtles in terms of physiology.



Gene expression profiles also reveal differences in immunity in turtles cultured in different habitats [56,57]. PI3K/Akt pathways can be activated by stressors and regulate transcription, translation, proliferation, growth, and survival [58]. The genes EGF16, EREG, TNFSF15, IL4R, GHR, F2R, and ITGA in the PI3K/Akt pathways were significantly less expressed in co-cultured turtles. The cytokine-cytokine receptor interaction pathway is closely related to immunity, and it was demonstrated that cytokine-cytokine receptor interactions were activated in turtles after stress [59,60]. The downregulated number of cytokine and cytokine receptor genes were more intense in co-cultured turtles, and the significant downregulations included CCL4, CCL4L1, CCL4L2, CXCL8, IL4R, CSF3R, IL1R2, TNFSF15, and TNFSF10, which indicates a reduced immune response in co-cultured turtles. In the neuroactive ligand-receptor interaction pathway, the upregulated genes included GALR2A, TRHR, and CHRNA4, while the downregulated genes included F2R, P2RX5, and TSPO. TLR5, IL8, and CCL3 were downregulated in the Toll-like receptor signaling pathway. The higher expression of DUSP4 and TNC in co-cultured turtles indicated a lower risk of cancer [61,62]. All of these results indicate stable immunity and lower stress and disease risks in co-cultured turtles [63,64,65].



Adaptation can take a long time, while some behavioral and physiological acclimation may develop in the short term [66]. The hypothalamus plays a central role in the integrated regulation of energy homeostasis and body weight by activated neurons [67,68], while there were no significant differences in signaling molecules and receptors such as NPY, leptin, ghrelin, orexin, and melanocortin, which could modulate appetite or satiety in the present study [69]. The co-cultured turtles did not show a higher appetite than pond-cultured turtles, which indicates that the turtles in paddy fields had acclimated to the feeding habitat.



Rice paddies are consistent with the turtles’ wild habits, and co-cultured turtles present some natural behaviors similar to wild turtles, such as being more alert, aggressive, and ferocious [70]. Moreover, the co-culturing mode changed social environmental factors such as group size, composition, and hierarchy, which can affect the social behavior, communication, cooperation, competition, and aggression of both co-cultured turtles and pond-cultured turtles [71]. We determined the rice–turtle co-culture as a more ecological farm mode for P. sinensis. Enriching the environment for farmed turtles means providing them with more stimulation, diversity, and opportunities to express their natural behaviors, which improves their quality of life and reduces their suffering [72,73]. Meanwhile, co-cultured turtles in paddy fields have stable and predictable food sources due to artificial feeding, which can further meet their growth needs. However, turtles may prefer natural bait over compound feed or a switch between the two, depending on the availability and quality of the feeds [74]. Therefore, the feeding strategy should be further optimized based on nutrients demands, the abundance of natural food, feeding preference, feed efficiency, product quality, and environmental capacity.




5. Conclusions


P. sinensis in rice–turtle co-culturing with limited natural food tends to grow slowly. This study’s results in the physiological and biochemical indices such as the levels of GLU, CRE, UA, and BUN indicate low food intake and high metabolism in the co-cultured turtles. Most of the DEGs were mapped to environmental information processing, metabolism, and human diseases depending on transcriptome analysis for pond-cultured and co-cultured turtles. The comprehensive comparison of the growth and physiological and biochemical indices and the regulation of feeding and metabolism of P. sinensis demonstrated that rice–turtle co-culturing has positive effects on the aggression, physical health, antioxidant activity, and immunity of the turtles, while feeding strategies should be optimized to further enhance the economic and ecological benefits.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ani14060962/s1, Table S1: The sequences of primers of qPCR for validation; Table S2: The RNA-seq data for all samples of brain and gut; Table S3: Gene number and comparison with reference genome; Table S4: The FPKM of DEGs of brain samples; Table S5: The FPKM of DEGs of gut samples; Table S6: KEGG pathway on DEGs of brain; Table S7: KEGG pathway on DEGs of gut; Figure S1: The anatomical figures of co-cultured turtles (A) and pond-cultured turtles (B).





Author Contributions


Conceptualization, J.H. and B.W.; methodology, L.H., J.C. and X.C.; visualization preparation, L.H.; formal analysis, C.W. and X.C.; investigation, B.W., C.W. and J.C.; writing—original draft, B.W.; writing—review and editing, J.H.; supervision, J.H. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by funding from the National Natural Science Foundation of China (Grant No. 32101305) and the Talent Project of Anhui Academy of Agricultural Sciences (QNYC-202215).




Institutional Review Board Statement


The animal study protocol was conducted according to the guidelines of the institutional animal care guidelines and the supervision of Anhui Academy of Agricultural Sciences committees (Grant NO. AAAS 2021-12; the date of approval was 16 March 2021).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data supporting the findings of this study are available within the article; there are no undisclosed data in this study.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Beale, D.J.; Hillyer, K.; Nilsson, S.; Limpus, D.; Bose, U.; Broadbent, J.A.; Vardy, S. Bioaccumulation and metabolic response of PFAS mixtures in wild-caught freshwater turtles (Emydura macquarii macquarii) using omics-based ecosurveillance techniques. Sci. Total Environ. 2022, 806, 151264. [Google Scholar] [CrossRef] [PubMed]

	



Castro Cortés, A.A.; Brieva, C.; Witte, C. Implications of wildlife trafficking on the health and conservation efforts of an endangered turtle species in Colombia. Conserv. Sci. Pract. 2022, 4, e595. [Google Scholar] [CrossRef]

	



Wang, F.T.; Lai, N.Y.; Cheng, H.F.; Wu, H.R.; Liang, F.; Ye, T.; Lin, L.; Jiang, S.T.; Lu, J.F. Comparative analysis of the nutritional quality and volatile flavor constituents in the muscle of Chinese soft-shelled turtle from three different environments. Food Ferment. Ind. 2019, 45, 253–261. [Google Scholar]

	



Chen, X.R.; Niu, C.J.; Pu, L.J. Effects of stocking density on growth and non-specific immune responses in juvenile soft-shelled turtle, Pelodiscus sinensis. Aquac. Res. 2007, 38, 1380–1386. [Google Scholar] [CrossRef]

	



Zhang, J.; Wang, F.; Jiang, Y.L.; Hou, G.J.; Cheng, Y.S.; Chen, H.L.; Li, X. Modern greenhouse culture of juvenile soft-shelled turtle, Pelodiscus sinensis. Aquac. Int. 2017, 25, 1607–1624. [Google Scholar] [CrossRef]

	



Zhang, Y.; Fang, X.W.; Chen, X.Y.; Wang, H.K.; Liu, J.; Liang, X.Y.; Gu, Y.F.; Fang, C.; Yang, Y.Y. Bacillus cereus causes fatal disease in soft-shelled turtle (Trionyx sinensis). Aquaculture 2022, 547, 737473. [Google Scholar] [CrossRef]

	



Zhou, X.W.; Tian, Y.; Liu, L.; Ge, L.R.; Zhang, H.; Liang, Y.X.; Wang, X.Q.; Hu, Y.Z. Pathologic, transcriptomic and microbiomic insight into the pathogenesis of intestinal parasitic tapeworm in cultured Chinese soft-shelled turtle (Pelodiscus sinensis). Aquaculture 2023, 562, 738788. [Google Scholar] [CrossRef]

	



Arena, P.C.; Warwick, C.; Steedman, C. Welfare and environmental implications of farmed sea turtles. J. Agric. Environ. Ethics 2014, 27, 309–330. [Google Scholar] [CrossRef]

	



Li, W.; Ding, H.Y.; Zhang, F.Y.; Zhang, T.L.; Liu, J.H.; Li, Z.J. Effects of water spinach Ipomoea aquatica cultivation on water quality and performance of Chinese soft-shelled turtle Pelodiscus sinensis pond culture. Aquacult. Environ. Interact. 2016, 8, 567–574. [Google Scholar] [CrossRef]

	



Näslund, J.; Johnsson, J.I. Environmental enrichment for fish in captive environments: Effects of physical structures and substrates. Fish Fish. 2016, 17, 1–30. [Google Scholar] [CrossRef]

	



Smith, S.A. Fish welfare in public aquariums and zoological collections. Animals 2023, 13, 2548. [Google Scholar] [CrossRef] [PubMed]

	



Case, B.C.; Lewbart, G.A.; Doerr, P.D. The physiological and behavioural impacts of and preference for an enriched environment in the eastern box turtle (Terrapene carolina carolina). Appl. Anim. Behav. Sci. 2005, 92, 353–365. [Google Scholar] [CrossRef]

	



Diggins, R.; Burrie, R.; Ariel, E.; Ridley, J.; Olsen, J.; Schultz, S.; Pettett-Willmett, A.; Hemming, G.; Lloyd, J. A review of welfare indicators for sea turtles undergoing rehabilitation, with emphasis on environmental enrichment. Anim. Welf. 2022, 31, 219–230. [Google Scholar] [CrossRef]

	



Janča, M.; Gvoždík, L. Costly neighbours: Heterospecific competitive interactions increase metabolic rates in dominant species. Sci. Rep. 2017, 7, 5177. [Google Scholar] [CrossRef] [PubMed]

	



Chow, J.C.; Kyritsis, N.; Mills, M.; Godfrey, M.H.; Harms, C.A.; Anderson, P.E.; Shedlock, A.M. Tissue and temperature-specific RNA-seq analysis reveals genomic versatility and adaptive potential in wild sea turtle hatchlings (Caretta caretta). Animals 2021, 11, 3013. [Google Scholar] [CrossRef] [PubMed]

	



Ding, X.; Jin, F.; Xu, J.W.; Zhang, S.K.; Chen, D.X.; Hu, B.J.; Hong, Y.J. The impact of aquaculture system on the microbiome and gut metabolome of juvenile Chinese softshell turtle (Pelodiscus sinensis). IMeta 2022, 1, e17. [Google Scholar] [CrossRef]

	



Sun, C.X.; Zhang, D.D.; Liu, W.B.; Cai, W.C.; Qian, Y.; Wang, K.Z.; Li, X.F.; Jiang, G.Z.; Xu, W.N. Growth performance, digestion and metabolism to fish meal replacement by rice protein concentrate in Chinese soft-shelled turtle Pelodiscus sinensis. Aquaculture 2018, 492, 321–326. [Google Scholar] [CrossRef]

	



Wang, J.; Qi, Z.H.; Yang, Z.C. Evaluation of the protein requirement of juvenile Chinese soft-shelled turtle (Pelodiscus sinensis, Wiegmann) fed with practical diets. Aquaculture 2014, 433, 252–255. [Google Scholar] [CrossRef]

	



Wang, Y.B.; Luo, X.Z.; Qu, C.J.; Xu, T.; Zou, G.W.; Liang, H.W. The important role of sex-related Sox family genes in the sex reversal of the Chinese soft-shelled turtle (Pelodiscus sinensis). Biology 2022, 11, 83. [Google Scholar] [CrossRef]

	



Wan, N.F.; Li, S.X.; Li, T.; Cavalieri, A.; Weiner, J.; Zheng, X.Q.; Ji, X.Y.; Zhang, J.Q.; Zhang, H.L.; Zhang, H.; et al. Ecological intensification of rice production through rice-fish co-culture. J. Clean. Prod. 2019, 234, 1002–1012. [Google Scholar] [CrossRef]

	



Yu, H.Y.; Zhang, X.C.; Shen, W.Y.; Yao, H.Y.; Meng, X.T.; Zeng, J.Y.; Zhang, G.B.; Zamanien, K. A meta-analysis of ecological functions and economic benefits of co-culture models in paddy fields. Agric. Ecosyst. Environ. 2023, 341, 108195. [Google Scholar] [CrossRef]

	



Ge, L.; Sun, Y.; Li, Y.J.; Wang, L.Y.; Guo, G.Q.; Song, L.L.; Wang, C.; Wu, G.G.; Zang, X.Y.; Cai, X.M.; et al. Ecosystem sustainability of rice and aquatic animal co-culture systems and a synthesis of its underlying mechanisms. Sci. Total Environ. 2023, 880, 163314. [Google Scholar] [CrossRef]

	



Xie, J.; Hu, L.L.; Tang, J.J.; Wu, X.; Li, N.N.; Yuan, Y.G.; Yang, H.S.; Zhang, J.E.; Luo, S.M.; Chen, X. Ecological mechanisms underlying the sustainability of the agricultural heritage rice–fish coculture system. Proc. Natl. Acad. Sci. USA 2011, 108, E1381–E1387. [Google Scholar] [CrossRef]

	



Liu, G.B.; Huang, H.; Zhou, J.W. Energy analysis and economic assessment of a rice-turtle-fish co-culture system. Agroecol. Sustain. Food 2019, 43, 299–309. [Google Scholar] [CrossRef]

	



Wu, B.L.; Chen, J.; Huang, L.; Zhang, Y.; Fang, T.; He, J.X. Dynamics of soil fertility and microbial community response to stocking density in rice-turtle co-culture. Aquacult. Rep. 2021, 20, 100765. [Google Scholar] [CrossRef]

	



Wu, B.L.; Huang, L.; Chen, J.; Zhang, Y.; Wang, J.; He, J.X. Gut microbiota of homologous Chinese soft-shell turtles (Pelodiscus sinensis) in different habitats. BMC Microbiol. 2021, 21, 142. [Google Scholar] [CrossRef] [PubMed]

	



Guo, L.D.; Zhao, L.F.; Ye, J.; Ji, Z.J.; Tang, J.J.; Bai, K.; Zheng, S.J.; Hu, L.L.; Chen, X. Using aquatic animals as partners to increase yield and maintain soil nitrogen in the paddy ecosystems. Elife 2022, 11, e73869. [Google Scholar] [CrossRef]

	



Ahmed, N.; Thompson, S.; Turchini, G.M. Organic aquaculture productivity, environmental sustainability, and food security: Insights from organic agriculture. Food. Sec. 2020, 12, 1253–1267. [Google Scholar] [CrossRef]

	



Salmon, M.; Scholl, J. Allometric growth in juvenile marine turtles: Possible role as an antipredator adaptation. Zoology 2014, 117, 131–138. [Google Scholar] [CrossRef]

	



Pontzer, H.; Raichlen, D.A.; Shumaker, R.W.; Ocbock, C.; Wich, S.A. Metabolic adaptation for low energy throughput in orangutans. Proc. Natl. Acad. Sci. USA 2010, 107, 14048–14052. [Google Scholar] [CrossRef]

	



Rosenfeld, J.; Van Leeuwen, T.; Richards, J.; Allen, D. Relationship between growth and standard metabolic rate: Measurement artefacts and implications for habitat use and life-history adaptation in salmonids. J. Anim. Ecol. 2015, 84, 4–20. [Google Scholar] [CrossRef] [PubMed]

	



Ge, Y.Y.; Yao, S.B.; Shi, Y.; Cai, C.F.; Wang, C.R.; Wu, P.; Cao, X.M.; Ye, Y.T. Effects of low or high dosages of dietary sodium butyrate on the growth and health of the liver and intestine of largemouth bass, Micropterus salmoides. Aquacult. Nutr. 2022, 2022, 6173245. [Google Scholar] [CrossRef] [PubMed]

	



Liu, P.L.; Li, D.Y.; Zhang, J.M.; He, M.N.; Li, Y.; Liu, R.; Li, M.Z. Transcriptomic and lipidomic profiling of subcutaneous and visceral adipose tissues in 15 vertebrates. Sci. Data 2023, 10, 453. [Google Scholar] [CrossRef] [PubMed]

	



Pond, C.M. Morphological aspects and the ecological and mechanical consequences of fat deposition in wild vertebrates. Annu. Rev. Ecol. Evol. Syst. 1978, 9, 519–570. [Google Scholar] [CrossRef]

	



Snively, E.; O’Brien, H.; Henderson, D.M.; Mallison, H.; Surring, L.A.; Burns, M.E.; Holtz, T.R., Jr.; Russell, A.P.; Witmer, L.M.; Currie, P.J.; et al. Lower rotational inertia and larger leg muscles indicate more rapid turns in tyrannosaurids than in other large theropods. PeerJ 2019, 7, e6432. [Google Scholar] [CrossRef] [PubMed]

	



Agha, M.; Ennen, J.R.; Bower, D.S.; Nowakowski, A.J.; Sweat, S.C.; Todd, B.D. Salinity tolerances and use of saline environments by freshwater turtles: Implications of sea level rise. Biol. Rev. 2018, 93, 1634–1648. [Google Scholar] [CrossRef] [PubMed]

	



Vistro, W.A.; Zhang, Y.; Azhar, M.; Wu, R.Z.; Yang, S.; Chen, C.; Ding, B.T.; Qu, W.J.; Bai, X.B.; Huang, Y.F.; et al. Hematological and plasma biochemical parameters of Chinese soft-shelled turtle during hibernation and non-hibernation. Int. J. Agric. Biol. 2020, 23, 529–533. [Google Scholar]

	



Deem, S.L.; Norton, T.M.; Mitchell, M.; Segars, A.L.; Alleman, A.R.; Cray, C.; Poppenga, R.H.; Dodd, M.; Karesh, W.B. Comparison of blood values in foraging, nesting, and stranded loggerhead turtles (Caretta caretta) along the coast of Georgia, USA. J. Wildl. Dis. 2009, 45, 41–56. [Google Scholar] [CrossRef]

	



Qiu, Z.S.; Xu, Q.Y.; Xie, D.Z.; Zhao, J.T.; Yamamoto, F.Y.; Xu, H.; Zhao, J.H. Effects of the replacement of dietary fish meal with poultry by-product meal on growth and intestinal health of Chinese soft-shelled turtle (Pelodiscus sinensis). Animals 2023, 13, 865. [Google Scholar] [CrossRef]

	



Dickinson, V.M.; Jarchow, J.L.; Trueblood, M.H. Hematology and plasma biochemistry reference range values for free-ranging desert tortoises in Arizona. J. Wildl. Dis. 2002, 38, 143–153. [Google Scholar] [CrossRef]

	



Banaee, M.; Gholamhosseini, A.; Sureda, A.; Soltanian, S.; Fereidouni, M.S.; Ibrahim, A.T.A. Effects of microplastic exposure on the blood biochemical parameters in the pond turtle (Emys orbicularis). Environ. Sci. Pollut. Res. 2021, 28, 9221–9234. [Google Scholar] [CrossRef] [PubMed]

	



Stokes, T.; Hector, A.J.; Morton, R.W.; Mcglory, C.; Phillips, S.M. Recent perspectives regarding the role of dietary protein for the promotion of muscle hypertrophy with resistance exercise training. Nutrients 2018, 10, 180. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W.Y.; Niu, C.J.; Chen, B.J.; Storey, K.B. Digital gene expression profiling reveals transcriptional responses to acute cold stress in Chinese soft-shelled turtle Pelodiscus sinensis juveniles. Cryobiology 2018, 81, 43–56. [Google Scholar] [CrossRef] [PubMed]

	



Feng, R.; Zhang, Z.; Guan, Y.Q. Physiological and transcriptional analysis of Chinese soft-shelled turtle (Pelodiscus sinensis) in response to acute nitrite stress. Aquat. Toxicol. 2021, 237, 105899. [Google Scholar] [CrossRef]

	



Gao, Y.C.; Wei, Y.F.; Cao, D.N.; Ge, Y.; Gong, S.P. Transcriptome analysis reveals decreased immunity under heat stress in Mauremys mutica. Aquaculture 2021, 531, 735894. [Google Scholar] [CrossRef]

	



Larhammar, D.; Lagman, D. Turtle ghrelin. Nat. Genet. 2014, 46, 524–525. [Google Scholar] [CrossRef] [PubMed]

	



Tine, M.; Kuhl, H.; Teske, P.R.; Tschöp, M.H.; Jastroch, M. Diversification and coevolution of the ghrelin/growth hormone secretagogue receptor system in vertebrates. Ecol. Evol. 2016, 6, 2516–2535. [Google Scholar] [CrossRef]

	



Liu, L.; Jiang, G.M.; Peng, Z.T.; Li, Y.L.; Li, J.L.; Zou, L.; He, Z.G.; Wang, X.Q.; Chu, W.Y. The effect of high fat diet on daily rhythm of the core clock genes and muscle functional genes in the skeletal muscle of Chinese soft-shelled turtle (Trionyx sinensis). Comp. Biochem. Phys. 2017, 213, 17–27. [Google Scholar] [CrossRef]

	



Zhang, J.; Yu, P.; Zhao, Y.; Zhou, Q.Y.; Yang, J.Y.; Hu, Q.T.; Liu, T.T.; Bao, C.H.; Su, S.P.; Gui, J.F. Global analysis of transcriptome and translatome revealed that coordinated WNT and FGF regulate the carapacial ridge development of Chinese soft-shell turtle. Int. J. Mol. Sci. 2021, 22, 12441. [Google Scholar] [CrossRef]

	



Zeng, D.; Xiong, G.; Wang, X.Q.; Zhou, X.W.; Wang, P.; Peng, N.; Luo, Z.J.; Li, X. Transcriptome analysis and identification of genes and single-nucleotide polymorphisms associated with growth traits in the Chinese soft-shelled turtle, Pelodiscus sinensis. J. World Aquac. Soc. 2021, 52, 913–931. [Google Scholar] [CrossRef]

	



Kaizuka, T.; Hara, T.; Oshiro, N.; Kikkawa, U.; Yonezawa, K.; Takehana, K.; Iemura, S.; Natsume, T.; Mizushima, N. Tti1 and Tel2 are critical factors in mammalian target of rapamycin complex assembly. J. Biol. Chem. 2010, 285, 20109–20116. [Google Scholar] [CrossRef] [PubMed]

	



Rao, X.R.; Huang, X.L.; Zhou, Z.C.; Xin, L. An improvement of the 2(−delta delta CT) method for quantitative real-time polymerase chain reaction data analysis. Biostat. Bioinform. Biomath. 2013, 3, 71–85. [Google Scholar]

	



Asad Samani, L.; Ghaedi, K.; Majd, A.; Peymani, M.; Etemadifar, M. Coordinated modification in expression levels of HSPA1A/B, DGKH, and NOTCH2 in Parkinson’s patients’ blood and substantia nigra as a diagnostic sign: The transcriptomes’ relationship. Neurol. Sci. 2023, 44, 2753–2761. [Google Scholar] [CrossRef] [PubMed]

	



Khan, I.; Lu, Y.N.; Li, N.; Shi, H.T.; Ding, L.; Hong, M.L.; Fang, Z.H. Effect of ammonia stress on AMPK regulating-carbohydrate and lipid metabolism in Chinese striped-neck turtle (Mauremys sinensis). Comp. Biochem. Phys. C 2023, 263, 109491. [Google Scholar] [CrossRef] [PubMed]

	



Loannilli, L.; Ciccarone, F.; Ciriolo, M.R. Adipose tissue and FoxO1: Bridging physiology and mechanisms. Cells 2020, 9, 849. [Google Scholar] [CrossRef] [PubMed]

	



Bentley, B.P.; Haas, B.J.; Tedeschi, J.N.; Berry, O. Loggerhead sea turtle embryos (Caretta caretta) regulate expression of stress response and developmental genes when exposed to a biologically realistic heat stress. Mol. Ecol. 2017, 26, 2978–2992. [Google Scholar] [CrossRef] [PubMed]

	



Biggar, K.K.; Zhang, J.; Storey, K.B. Navigating oxygen deprivation: Liver transcriptomic responses of the red eared slider turtle to environmental anoxia. PeerJ 2019, 7, e8144. [Google Scholar] [CrossRef]

	



Milton, S.L.; Dirk, L.J.; Kara, L.F.; Prentice, H.M. Adenosine modulates ERK1/2, PI3K/Akt, and p38MAPK activation in the brain of the anoxia-tolerant turtle Trachemys scripta. J. Cerebr. Blood Met. 2008, 28, 1469–1477. [Google Scholar] [CrossRef]

	



Lv, Z.; Hu, Y.Z.; Tan, J.; Wang, X.Q.; Liu, X.Y.; Zeng, C. Comparative transcriptome analysis reveals the molecular immunopathogenesis of Chinese Soft-Shelled Turtle (Trionyx sinensis) Infected with Aeromonas hydrophila. Biology 2021, 10, 1218. [Google Scholar] [CrossRef]

	



Ouyang, J.H.; Gao, Y.C.; Wei, Y.F.; Huang, H.P.; Ge, Y.; Zhao, J.; Gong, S.P. Transcriptome analysis reveals reduced immunity and metabolic level under cold stress in Mauremys mutica. Front. Mar. Sci. 2023, 10, 1224166. [Google Scholar] [CrossRef]

	



Baglia, M.L.; Cai, Q.Y.; Zheng, Y.; Wu, J.; Su, Y.H.; Ye, F.; Bao, P.P.; Cai, H.; Zhao, Z.G.; Balko, J.; et al. Dual specificity phosphatase 4 gene expression in association with triple-negative breast cancer outcome. Breast Cancer Res. Treat. 2014, 148, 211–220. [Google Scholar] [CrossRef] [PubMed]

	



Midwood, K.S.; Chiquet, M.; Tucker, R.P.; Orend, G. Tenascin-C at a glance. J. Cell Sci. 2016, 129, 4321–4327. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.B.; Chen, B.J.; Yuan, L.; Niu, C.J. Acute cold stress improved the transcription of pro-inflammatory cytokines of Chinese soft-shelled turtle against Aeromonas hydrophila. Dev. Comp. Immunol. 2015, 49, 127–137. [Google Scholar] [CrossRef] [PubMed]

	



Cocci, P.; Mosconi, G.; Palermo, F.A. Organic UV filters induce toll-like-receptors and related signaling pathways in peripheral blood mononuclear cells of juvenile loggerhead sea turtles (Caretta caretta). Animals 2012, 12, 594. [Google Scholar] [CrossRef] [PubMed]

	



Xu, S.J.; Wang, Q.; Wang, F.; Li, X.; Wang, B.K.; Zhou, Y.H.; Zou, P.; Tang, L.; Yu, D.Y.; Li, W.F. Improved immune function of Chinese soft-shelled turtles (Pelodiscus sinensis) through oral probiotics via the TLR signaling pathway. Aquaculture 2022, 555, 738126. [Google Scholar] [CrossRef]

	



Zheng, C.; Zhao, Q.Q.; Li, E.C.; Zhao, D.X.; Sun, S.M. Role of hypoxia in the behaviour, physiology, immunity and response mechanisms of crustaceans: A review. Rev. Aquac. 2022, 14, 676–687. [Google Scholar] [CrossRef]

	



Qu, D.Q.; Ludwig, D.S.; Gammeltoft, S.; Piper, M.; Pelleymounter, M.A.; Cullen, M.J.; Mathes, W.F.; Przypek, J.; Kanarek, R.; Maratos-Flier, E. A role for melanin-concentrating hormone in the central regulation of feeding behaviour. Nature 1996, 380, 243–247. [Google Scholar] [CrossRef] [PubMed]

	



Subramanian, K.S.; Lauer, L.T.; Hayes, A.M.R.; Décarie-Spain, L.; McBurnett, K.; Nourbash, A.C.; Donohue, K.N.; Kao, A.E.; Bashaw, A.G.; Burdakov, D.; et al. Hypothalamic melanin-concentrating hormone neurons integrate food-motivated appetitive and consummatory processes in rats. Nat. Commun. 2023, 14, 1755. [Google Scholar] [CrossRef]

	



Blanco, A.M.; Soengas, J.L. Leptin signalling in teleost fish with emphasis in food intake regulation. Mol. Cell. Endocrinol. 2021, 526, 111209. [Google Scholar] [CrossRef]

	



Arechavala-Lopez, P.; Cabrera-Álvarez, M.J.; Maia, C.M.; Saraiva, J.L. Environmental enrichment in fish aquaculture: A review of fundamental and practical aspects. Rev. Aquac. 2022, 14, 704–728. [Google Scholar] [CrossRef]

	



Lee, V.E.; Arnott, G.; Turner, S.P. Social behavior in farm animals: Applying fundamental theory to improve animal welfare. Front. Vet. Sci. 2022, 9, 932217. [Google Scholar] [CrossRef]

	



Zerr, K.M.; Imlay, T.L.; Horn, A.G.; Slater, K.Y. Sick of attention: The effect of a stress-related disease on juvenile green sea turtle behaviour in the face of intense and prolonged tourism. Aquat. Conserv. 2022, 32, 430–441. [Google Scholar] [CrossRef]

	



Dawkins, M.S. Natural behaviour is not enough: Farm animal welfare needs modern answers to Tinbergen’s four questions. Animals 2023, 13, 988. [Google Scholar] [CrossRef]

	



Lu, X.; Dawood, M.A.O.; Wu, F.; Wen, H.; Liu, W.; Tian, J.; Jiang, M.; Yu, L.J.; Li, X.; Xu, N.; et al. Effect of Dietary L-Carnitine Supplementation on Growth, Serum Biochemical Indices, Oxidative and Growth-Related Gene Expressions in Chinese Soft-Shelled Turtle (Pelodiscus sinensis). Pak. J. Zool. 2022, 54, 2365–2372. [Google Scholar] [CrossRef]








[image: Animals 14 00962 g001] 





Figure 1. Activities of protease (A), amylase (B), and lipase (C) of pond-cultured turtles (PT) and co-cultured turtles (RT). Different letters on the bar indicate significant differences (p < 0.05). 
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Figure 2. Common and unique transcribed genes in the brain (PTB and RTB) and gut (PTG and RTG) of pond-cultured turtles and co-cultured turtles. 
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Figure 3. The number of DEGs (A) and upregulated and downregulated genes (B) in the brain and gut of pond-cultured turtles and co-cultured turtles. 
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Figure 4. The enriched KEGG pathways of DEGs among Chinese soft-shelled turtles cultured in ponds and paddy fields. 
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Figure 5. KEGG pathway enrichment analysis of differential genes in the two comparison groups. (A) The top 20 enriched pathways in the PTB vs. RTB comparison group. (B) The top 20 enriched pathways in the PTG vs. RTG comparison group. 
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Figure 6. The DEGs expression ((A) brain; (B) gut) pattern obtained by using qPCR and RNA-seq. 
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Table 1. Growth performance and visceral coefficients of turtles subjected to different culturing modes.
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Groups

	
Gender

	
FBW (g)

	
SGR (%/d)

	
HIS (%)

	
ISI (%)

	
GSI (%)

	
LFI (%)

	
MFI (%)






	
PT

	
♂

	
1298.7 ± 68.2 c

	
0.60 ± 0.04 d

	
3.48 ± 0.47 a

	
1.38 ± 0.04 a

	
1.65 ± 0.13 b

	
6.59 ± 0.39 b

	
1.27 ± 0.12 b




	
♀

	
1073.3 ± 46.2 b

	
0.39 ± 0.03 c

	
4.47 ± 0.32 b

	
1.61 ± 0.11 b

	
2.70 ± 0.30 c

	
8.48 ± 0.51 d

	
1.54 ± 0.10 c




	
RT

	
♂

	
1029 ± 79.8 ab

	
0.34 ± 0.01 b

	
3.13 ± 0.25 a

	
1.61 ± 0.15 b

	
1.31 ± 0.14 a

	
4.39 ± 0.33 a

	
0.81 ± 0.07 a




	
♀

	
985.2 ± 54.1 a

	
0.29 ± 0.01 a

	
4.16 ± 0.25 b

	
1.68 ± 0.09 b

	
2.85 ± 0.32 c

	
7.19 ± 0.68 c

	
1.17 ± 0.11 b








PT, pond-cultured turtles; RT, rice–turtle co-cultured turtles. data are presented as the means ± SEMs of three replicates. Different superscripts indicate significant differences (p < 0.05).













 





Table 2. Plasma biochemical parameters of co-cultured turtles and pond-cultured turtles.
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	Groups
	GLU

(mmol/L)
	TG

(mmol/L)
	TCHO

(mmol/L)
	CRE

(μmol/L)
	UA

(mg/L)
	BUN

(mmol/L)





	RT (♂)
	1.92 ± 0.62 a
	0.88 ± 0.11 a
	4.54 ± 0.18 a
	28.74 ± 3.33 b
	45.22 ± 3.55 c
	4.54 ± 0.23 c



	RT (♀)
	5.73 ± 1.56 b
	5.6 ± 0.37 b
	8.53 ± 0.43 b
	39.04 ± 5.98 c
	26.92 ± 2.96 ab
	2.60 ± 0.14 a



	PT (♂)
	9.93 ± 1.99 c
	0.85 ± 0.10 a
	4.66 ± 0.12 a
	20.60 ± 4.23 a
	28.75 ± 3.70 b
	2.91 ± 0.37 b



	PT (♀)
	10.11 ± 2.84 c
	6.5 ± 0.52 b
	9.35 ± 0.56 b
	31.30 ± 5.50 b
	22.60 ± 3.54 a
	2.41 ± 0.16 a







Different superscripts indicate significant differences (p < 0.05).













 





Table 3. Plasma metabolic enzymes of turtles cultured in ponds and paddy fields.






Table 3. Plasma metabolic enzymes of turtles cultured in ponds and paddy fields.





	Groups
	AKP

(U/L)
	ACP

(U/L)
	GOT

(U/L)
	GPT

(U/L)





	RT (♂)
	1508.7 ± 52.9 d
	74.3 ± 5.3 b
	47.9 ± 5.5 b
	19.5 ± 3.0 a



	RT (♀)
	1142.8 ± 60.5 b
	69.0 ± 6.0 b
	42.5 ± 3.9 b
	38.8 ± 4.4 d



	PT (♂)
	1392.3 ± 59.8 c
	47.2 ± 5.9 a
	32.5 ± 4.2 a
	26.5 ± 3.5 b



	PT (♀)
	1011.6 ± 61.4 a
	46.8 ± 4.6 a
	30.7 ± 5.1 a
	30.1 ± 3.9 c







Different superscripts indicate significant differences (p < 0.05).













 





Table 4. Plasma antioxidant enzymes and immune indicators of turtles cultured in ponds and paddy fields.
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	Groups
	CAT

(U/mL)
	GSH-PX

(U/mL)
	SOD

(U/mL)
	LZM

(U/mL)
	C3

(μg/mL)





	RT (♂)
	7.15 ± 1.03 b
	367.9 ± 10.2
	100.5 ± 5.2
	698.7 ± 55.8 ab
	5.21 ± 1.11



	RT (♀)
	6.64 ± 1.09 b
	361.8 ± 5.6
	108.2 ± 9.9
	637.5 ± 37.4 a
	4.96 ± 0.93



	PT (♂)
	4.43 ± 0.84 a
	370.0 ± 5.9
	113.4 ± 11.3
	728.9 ± 42.1 b
	5.86 ± 1.14



	PT (♀)
	4.09 ± 0.89 a
	357.3 ± 12.7
	101.4 ± 8.6
	700.3 ± 50.0 ab
	5.66 ± 1.26







Different superscripts indicate significant differences (p < 0.05).
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