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Abstract

:

This study aimed to investigate the immunoprotective effect of Coptis chinensis (CC) on Streptococcus agalactiae (SA) infection in tilapia. Experimental fish were randomly divided into two groups feeding on a normal diet (ND) and a CC-supplemented diet (CCD) for 2 weeks and then injected with SA. After the inoculation experiment, the ND and CCD groups were named PI_ND and PI_CCD, respectively. CCD increased superoxide dismutase (SOD) activity and decreased malondialdehyde (MDA) activity significantly before and after infection. Immunological assays revealed that the serum interleukin-1β (IL-1β), complement 3 (C3), immunoglobulin M (IgM), Interferon-gamma (IFN-γ), and tumor necrosis factor-α (TNF-α) levels in the CCD group were significantly higher than in the ND group both before and after infection. In addition, proteomics analysis of liver tissue identified 62 differentially expressed proteins (DEPs) in CCD vs. ND, and 36 DEPs in the PI_CCD vs. the PI_ND groups. Furthermore, 80 specific upregulated proteins and 49 specific downregulated proteins were screened in the CCD group. The specific upregulated proteins included important antimicrobial enzymes such as lysozymes and cathepsin D, and antimicrobial peptides such as septins, granulin, and grancalcin, involving multiple KEGG brite categories such as enzymes, exosomes, membrane transport, and proteolipid proteins. Furthermore, specific downregulated proteins were enriched in glycolysis/gluconeogenesis and TCA cycle pathways. In conclusion, CC supplementation effectively enhances the ability of tilapia to resist SA infection by modulating various antioxidant enzymes, immune factors, antimicrobial enzymes, and antimicrobial peptides, and by moderately inhibiting central carbon metabolism. These findings provide a basis for replacing antibiotics with environmentally-friendly functional aquatic feeds to control bacterial diseases.






Keywords:


tilapia; Streptococcus agalactiae; Coptis chinensis; proteomic; antimicrobial peptide; immune factor; antioxidant enzyme




Key Contribution: Coptis chinensis supplementation effectively improved tilapia’s ability to resist SA infection. This study provides a basis for replacing antibiotics with environmentally-friendly functional aquafeeds to control bacterial diseases.










1. Introduction


Streptococcus agalactiae (SA) (family Streptococcaceae, genus Streptococcus), also known as group B Streptococcus (GBS), is a facultatively anaerobic, Gram-positive diplococcus and a common pathogenic bacteria in humans, animals, and fish [1]. Streptococcicosis in fish is characterized by wide distribution, high incidence, and severe outcomes. The number of reports of SA infection has increased gradually in recent years, and SA infection affects various marine and freshwater cultured fish worldwide. Among them, tilapia is the most sensitive to SA, and SA infection is the most common and serious infection reported in this species. Since 2009, several serious outbreaks of SA infection in tilapia have been reported in various regions of Asia, including China, which have caused serious damage to the tilapia culture industry owing to the high morbidity and mortality [2,3]. Therefore, research on the pathogenesis and resistance mechanism underlying SA infection in tilapia is essential for prevention and control.



The use of traditional herbal medicines can help reduce indiscriminate overuse of drugs for the suppression of Streptococcus resistance to multiple antibiotics and lower the levels of drug residues in aquatic products. Additionally, these medicines help address the issues associated with the arduous developmental process of vaccines. Coptis chinensis (CC) is the dried rhizome of the buttercup plants Huanglian, C. deltoidea, or C. teeta Wall. CC, and can help to reduce heat and purge pathogenic fire (excessive internal heat, which is a concept from traditional Chinese medicine), aid detoxification, and dispel dryness [4]. In addition, CC exerts various biological effects that aid in the treatment of arrhythmia, hyperglycemia, hyperlipidemia, platelet aggregation, and tumors [5]. The experimental results shown by Yu et al. [6] and Wang et al. [7] suggested that CC can improve the resistance of tilapia to various bacteria. Niu et al. [8] conducted a meta-analysis by collecting data on the antibacterial effect of herbs on SA from databases and concluded that CC was more effective in inhibiting SA than Rheum and Rhus chinensi.



At present, reports on the immune response of CC-treated tilapia to SA and the molecular mechanism of action of herbal medicine on fish immunity are limited. In this study, using iTRAQ-labeled proteomics, we analyzed the differences in protein expression in the liver tissues of SA-infected fish before and after CC treatment to determine the major biological processes and the signaling pathways that differentially expressed proteins (DEPs) are associated with. In addition, we explored the mechanism underlying the immune reaction of tilapia against SA by monitoring the biochemical indexes in blood and related tissues in CC-treated tilapia. Overall, our findings provide the theoretical basis for additional investigations on CC-based treatment for the ecological prevention and control of SA infection.




2. Materials and Methods


2.1. Experimental Fish and Pathogenic Bacteria


Tilapia and SA strains were provided by the Guangxi Research Institute of Aquatic Sciences and Pearl River Institute of Aquatic Sciences, respectively. The culture experiments were conducted in an indoor recirculating aquaculture system at the aquatic base at Guangxi University. The culture tank was disinfected with 0.5% potassium permanganate solution for 2 h before the SA infection test of tilapia (270 fish, with an average weight of 30 g). The tilapia were temporarily housed in the tank for 14 days and fed with bait twice a day (at 09:00 a.m. and 17:00 p.m.). During cultivation, the water temperature was 30.21 ± 0.75 °C and the dissolved oxygen was 5.37 ± 1.35 mg/L. The water was changed every 2 days (half of the pool at a time, normal aeration). Feeding was stopped at 24 h before sampling.




2.2. Experimental Feed


The 1% CC (20:1) added to the feed was provided by Ningxia Guosheng Biotech. The feed preparation process was as follows: (1) CC was ground into a powder, mixed with distilled water in a certain ratio in a round-bottom flask, and extracted in a water bath at 80 °C for 1 h. After centrifugation, the supernatant was extracted, concentrated to 5 mg/mL, and stored at 4 °C for subsequent use; (2) ordinary granular feeds were mechanically ground into a powder, dried, and stored for subsequent use; and (3) the basal feed was mixed with distilled water in equal volumes. In addition, 1 mL of the CC liquid was added per gram of the feed to alter the drug content of the feed to 0.5%. Subsequently, the mixture was dried at 60 °C, cooled, and stored at 4 °C. Feed formulation and proximate composition of experimental diets are shown in Table 1.




2.3. Experimental Stage and Grouping


Prior to the infection experiment, a feeding period of 14 days was carried out. The tilapia were divided into two groups: the normal group (conventional feed + saline, ND group) and the experimental group (conventional feed + 1% CC, CCD group). A total of 3 replicate culture buckets were used for each group (30 fish per bucket, 180 tilapia in all). After the feeding stage, 10 fish were randomly selected from each parallel culture bucket of each group for the 24 h inoculation experiment (named PI_ND and PI_CCD groups, respectively).




2.4. Bacterial Culture and Inoculation Experiments


The preserved SA was activated, diluted, and coated on BHI agar plates. Subsequently, monoclones were selected for 16S rRNA gene sequencing (Table S1). The sequencing-cleared monoclones were cultured till the logarithmic growth stage, and the concentration of the bacterial solution was adjusted to 5 × 1011 CFUs/mL using saline (0.65%) and diluted in five concentration gradients (1×, 10×, 100×, 1000×, and 10,000×). Subsequently, 120 fish were randomly kept in six experimental pools, and the bacterial solution was injected intraperitoneally (at the base of the ventral fin) in each fish (0.2 mL/fish) in the five groups at the five concentrations (mentioned above). In addition, tilapia in the control group were injected with 0.2 mL of 0.65% saline. After the injection, the fish were placed in the original test tank (water temperature: 30 °C, with normal feeding, aeration, and water replacement). The dead fish were retrieved and recorded for a number every 3 h. After SA inoculation, we counted the number of dead fish and confirmed that the lethal concentration for 50% (LC50) of the SA strain was 1.5 × 108 CFU/mL [7] using the Reed–Muench method [9].



After feeding, the inoculation experiment was conducted. First, ten fish from each parallel group were randomly selected for the inoculation experiment by injecting 0.2 mL of 1.5 × 108 CFU/mL bacterial solution in the ventral cavity (base of ventral fin). Tilapia in the control group were injected with 0.2 mL of 0.65% saline. After the injection, the fish were placed in the original test bucket. After a duration of 24 h, the tilapia were anesthetized using 200 mg/L MS-222 for sampling.




2.5. Sample Collection


After feeding and inoculation, 10 fish were randomly anesthetized with 200 mg/L MS-222 from each of the 3 parallel culture buckets of the 2 feeding groups. Later, fresh blood was collected from the tail vein, placed in a freezing tube for 2 h, and centrifuged at 2000× g for 10 min to separate the serum. The extracted serum was then stored in a refrigerator at −20 °C. In addition, liver samples were collected, placed in centrifuge tubes, snap-frozen in liquid nitrogen, and stored in an ultra-low temperature refrigerator (−80 °C) for subsequent biochemical and proteomic assays.




2.6. Biochemical and Immunological Index Determination


For examination of the biochemical characteristics, including total protein (TP), alanine transaminase (ALT), aspartate aminotransferase (AST), malondialdehyde (MDA), catalase (CAT), superoxide dismutase (SOD) of the liver, and immunological indexes, such as complement C3 (C3), immunoglobulin M (IgM), tumor necrosis factor-alpha (TNF-α), interferon-gamma (IFN-γ), and Interleukin 1β (IL-1β) of serum samples, the detection kits were used according to the manufacturer’s instructions (Nanjing Jiancheng Biology Engineering Institute, Nanjing, China).




2.7. iTRAQ Differential Proteomics Assay


The liver tissue samples were ground to a powder form, and the proteins were extracted using UED Lysis Buffer. After determining the protein concentrations using a Bradford kit, samples of 100 µg were reduced, alkylated, and digested into peptides with trypsin. Subsequently, the peptides were labeled by iTRAQ-8plex Amine-Modifying Labeling. The mixed labeled peptides were subjected to HPLC component separation, and the 12 resultant components were analyzed individually using LC–MS/MS. The experiments were performed in three biological replicates.




2.8. Database Search and Bioinformatics Analysis


A database search against the tilapia Uniprot proteome sequences was performed using the SEQUEST software of the Proteome Discoverer platform. The database search settings were as follows–trypsin: digestive enzyme, up to two missed cuts allowed; parent ion error: 20 ppm; secondary ion error: 0.05 Da; iTRAQ-8plex (N-term, R, K); Oxidation (M): variable modification; Carbamidomethyl (C): fixed modification; and peptide FDR: 0.01. The identified proteins were annotated using the Uniprot database for GO annotation and the KAAS online tool for KEGG pathway annotation.




2.9. Statistical Analysis


Data obtained were recorded and initially stratified using Excel 2010 (Microsoft, Redmond, WA, USA, 2010). One-way analysis of variance (ANOVA) was performed using SPSS version 21 (IBM, Armonk, New York, NY, USA, 2012) to determine the significance of differences (p < 0.05). Values were expressed as mean ± standard error (Mean ± SE). DEPs were screened using the criteria of fold change > 1.2 or < 0.83 and p value < 0.05 (t-test).





3. Results


3.1. Effect of CC on Biochemical Indexes in the Liver of Healthy and SA-Infected Tilapia


The results of the liver biochemical indexes suggested that the liver TP level, AST, and SOD activities were significantly increased, whereas the MDA content was significantly decreased in the CCD group compared to the ND group (Figure 1A,C,F). However, the difference in the liver ALT and CAT activities shown was not significant in the CCD group compared to the ND group (Figure 1B,D). Results showed that SA infection decreased the TP level, CAT, and SOD activities, and significantly increased the MDA level and AST activity in the ND group. After SA infection, the PI_CCD group showed a significantly lower ALT activity and MDA content and higher SOD activity than those from the PI_ND group (Figure 1B,E,F). In addition, the liver TP content and CAT activity were higher and the AST activity was lower in the PI_CCD group compared to the PI_ND group; however, the differences were not significant (Figure 1A,C,D).




3.2. Effect of CC on the Serum Immune Indexes of Healthy and SA-Infected Tilapia


The serum immune indexes, including C3, IgM, TNF-α, IFN-γ, and IL-1β levels, were higher in the serum of tilapia from the CCD group than in the ND group, especially after SA infection (Figure 2A–E). The increased rates of these immune indexes of the CCD vs. ND comparison were also higher in SA-infected tilapia than in healthy tilapia, especially C3 and IFN-γ (Figure 2F).




3.3. Protein Expression in SA-Infected Tilapia before and after CC Treatment


A high-throughput differential proteomics analysis based on iTRAQ label coupled with LC–MS/MS was performed for multiple groups in this study. Protein identification, quantification, and annotation details were listed in Table S2. The correlation heatmap of the overall protein expression levels in each group indicated a good positive correlation within the groups and low correlation between the groups (especially before and after infection) (Figure 3A). These results indicated that the samples were reproducible and that there were significant differences in the protein expression levels in the liver before and after infection. Expression heatmap clustering analysis of the quantified proteins in each sample suggested that the samples in various groups were clustered together, as were the pre-infection and post-infection samples (Figure 3B). These results further suggested that the samples had good reproducibility and that substantial differences were present in the liver protein expression levels before and after infection. DEP screening (FC > 2 or FC < 0.5, and p < 0.05) yielded 15 upregulated DEPs and 47 downregulated DEPs between the CCD and ND groups, 55 upregulated DEPs and 51 downregulated DEPs between the PI_ND and ND groups, 65 upregulated DEPs and 94 downregulated DEPs between the PI_CCD and CCD groups, and 22 upregulated DEPs and 14 downregulated DEPs between the PI_CCD and PI_ND groups (Figure 3C).




3.4. Changes in Protein Expression in CC-Treated Healthy Tilapia


A volcano plot of the differences in proteomic expression data between CCD and ND groups indicated the protein expression patterns in the two groups (Figure 4A). KOG functional classification of 47 downregulated DEPs yielded ten DEPs involved in C (energy production and conversion process) and some proteins involved in J (translation, ribosomal structure, and biogenesis), O (Posttranslational modification, protein turnover, chaperones), and other categories (Figure 4B). The KOG functional classification of 15 upregulated DEPs revealed that three DEPs were involved in C and O functional categories, respectively (Figure 4C).




3.5. Changes in Protein Expression in CC-Treated SA-Infected Tilapia


The volcano plot of the differences in proteomic expression data between the PI_CCD and PI_ND groups indicates the protein expression patterns in the two groups (Figure 5A). KOG functional classification of the 14 downregulated DEPs showed three proteins each in the O (posttranslational modification, protein turnover, and chaperones) and R (general function prediction only) categories (Figure 5B). In addition, KOG functional classification of 22 upregulated DEPs revealed that four DEPs were involved in the O and R functional categories, and that three DEPs were involved in the Q (secondary metabolites biosynthesis, transport, and catabolism) category (Figure 5C).




3.6. Functional Analysis of CC-Specific Regulatory Proteins in Tilapia before and after SA Infection


To better understand the protein expression profiles of CC-treated SA-infected tilapia, we defined the DEPs that were upregulated between the PI_CCD and CCD groups but not between the PI_ND and ND groups as CCD-specific upregulated DEPs, and those that were downregulated between the PI_CCD and CCD groups but not between the PI_ND and ND groups as CCD-specific downregulated DEPs. In all, 80 CCD-specific upregulated proteins (Figure 6A) and 49 CCD-specific downregulated DEPs (Figure 6B) were screened from the Venn diagram. According to the results of the KEGG pathway analysis, upregulated DEPs were primarily associated with neurodegeneration, lysosome, lipid metabolism, mitochondrial autophagy, endocytosis, MAPK, and Toll-like receptor, whereas downregulated DEPs were primarily associated with glycolysis/gluconeogenesis, TCA cycle, cGMP-PKG, and pancreatic secretion (Figure 6C). In addition, upregulated DEPs were primarily involved in KEGG BRITE categories, such as exosomes, membrane transport, cytoskeleton, and proteolipid protein. In contrast, the number of downregulated DEPs involved in enzymatic activity-relayed KEGG BRITES was greater than the number of upregulated DEPs (Figure 6D).





4. Discussion


CC, a traditional Chinese herb, has been recognized for its immune-enhancing effects in aquaculture. Choi et al. [10] reported that a modified detoxification decoction supplemented with 1% CC significantly enhanced the resistance of grey mullet (Mugil cephalus) to Lactococcus garvieae infection. However, studies on the mechanism of action of CC in enhancing antioxidant and immune effects in fish have been lacking. In this study, we determined the biochemical and immunological indexes and the differences in the protein expression of SA-infected tilapia before and after CC treatment to identify the potential proteins in CC that can improve the immune function of tilapia.



4.1. CC Supplementation in Feed Enhances the Antioxidant Function of Tilapia


The TP content is closely associated with protein synthesis in the liver, which can be impaired by liver damage [11]. When liver function is severely impaired, protein synthesis is significantly reduced. A study by Xu et al. [12] on Vibrio harveyi-infected Pseudosciaena crocea revealed that the TP and globulin levels were significantly lower in diseased P. crocea than in normal P. crocea. In the present study, the TP content in the liver of tilapia from the CCD group was significantly higher than that in those from the control group both before and after SA infection, indicating that CC can promote protein synthesis in the liver to an extent. AST/ALT is an essential aminotransferase involved in amino acid metabolism. When hepatocytes are damaged, hepatocyte membrane permeability increases, resulting in the entry of AST into the bloodstream and a decrease in enzyme activity in the liver [12]. In the present study, liver AST levels were significantly higher after SA infection than before infection. We hypothesized that SA infection affected hepatic amino acid metabolism and disrupted liver function.



SOD, CAT, and MDA are key antioxidant enzymes in living organisms and play a crucial role in the antioxidant system. SOD protects cells from peroxide-mediated damage by scavenging reactive oxygen species through disproportionation. CAT is commonly found in nearly all tissues of the animal body, and it is most abundant in the liver. It provides oxygen to cells while scavenging excess peroxyl radicals to reduce oxidative damage. CAT and SOD are strongly associated and act in conjunction to maintain the dynamic balance in the antioxidant system of organisms. MDA, one of the products of peroxidation by oxygen radicals, severely affects normal functions, such as cellular metabolism, by destroying the structure of the cell membrane by polymerizing with intracellular proteins. The alteration of these factors can be used as a biomarker for oxidative damage in the cells of the organism. Mu et al. [13] revealed that propolis supplementation in a basal diet increased the activity of antioxidant enzymes, such as SOD and CAT, and the expression of several cytokines in turbot (Scophthalmus maximus) infected with Edwardsiella piscicida. In the present study, the activities of SOD were increased in the CCD group compared to those in the ND group; in addition, the activity of SOD was significantly higher in the CCD group than in the ND group pre- and post-infection, indicating that CC enhanced SOD activity, reduced the oxidation of free radicals in vivo, and protected the body from oxidative damage. In an experiment to study the effects of different strains of SA on blood and related biochemical indexes in tilapia, Ao et al. [14] found that the SOD and CAT levels in the liver of tilapia were lower than normal at 24 h after SA infection. Consistently, results showed that the MDA contents were increased in ND and CCD groups post-SA infection. However, the MDA content was significantly lower in the CCD group than the ND group before and after infection. These results suggest that SA infection enhances lipid oxidation and produces harmful substances, such as MDA. However, CCD alleviates the damage to the antioxidant system by enhancing the activity of antioxidant enzymes, thus establishing dynamic balance.




4.2. CC Supplementation in Feed Enhances the Immune Function of Tilapia


Tilapia (a lower, poikilothermic, and bony type of fish) fight against pathogenic bacteria using nonspecific immune mechanisms. Three cytokines, IL-1β, IFN-γ, and TNF-α, are primarily involved in innate nonspecific immunity. IL-1β, an important member of the IL-1 family, is a pro-inflammatory factor secreted primarily by activated macrophages and monocytes, and it is involved in the physiological and pathological responses of the body. When the body is stimulated by cytokines, microorganisms, and their products, IL-1β bind to cell surface receptors to induce cellular inflammatory responses and modulate other factors to enhance immune regulation [15,16]. IFN-γ enhances the phagocytic potential of macrophages and the disruptive power of NK cells and promotes the differentiation of B cells to produce antibodies. In addition, it can influence B and T lymphocytes to regulate the immune response [17]. TNF-α, also a pro-inflammatory factor, kills invading pathogens by activating neutrophils, promotes the degradation of extracellular proteins in inflammation, and causes inflammatory cells to release more cytokines and inflammatory mediators [18]. Wang et al. [19] investigated the effect of Chinese yam (Dioscoreae Rhizoma) extract on the growth and nonspecific immunity of rainbow trout, and they found that the extract increased the levels of pro-inflammatory factors, such as TNF-α, in serum. The results of the present study indicated that CC supplementation in the feed promoted the secretion of cytokines, especially pro-inflammatory factors, to enhance non-specific immunity and improve the immunity of the organism. In addition, the increased ratios of various serum cytokine levels were significantly higher in the comparison of the CCD group vs. ND group after SA infection than before infection. After the SA infection of tilapia, inflammatory cells were stimulated to secrete inflammatory factors that enhanced the pro-inflammatory effect, which promoted the differentiation of B cells, thus boosting the production of antibodies and enhancing phagocytosis. The immunoglobulins of bony fish, including IgM, IgD, and IgT/Z, play a crucial role in humoral immunity [20,21]. IgM, the most abundant and earliest identified immunoglobulin, is primarily found in the serum and mucosa [22]. The level of immunoglobulins in serum can indicate the expression level of immunoglobulins. C3 has functions in bony fish similar to those in mammals and is primarily found in serum. C3 is not biologically active and functions only when cleaved into C3a and C3b by other factors. These factors play an important role in the defense mechanism and homeostasis of the organism and can assist phagocytes and antibodies to eliminate pathogenic microorganisms from the organism [19,23]. Kui and Liu [24] reported the elevation of C3 levels in Pelteobagrus fulvidraco injected with an inactivated E. ictaluri vaccine, indicating an elevated physiological immune response. In the present study, the C3 levels increased significantly in response to SA injection, indicating an improved immune response in tilapia, which was consistent with the findings of the abovementioned study. In addition, the serum levels of IgM and C3 differed significantly in the pairwise comparisons among the two groups, with the highest levels observed in the PI_CCD group. Therefore, the addition of 1% CC to the feed can significantly improve the humoral immune function of tilapia and enhance their immunity to an extent.




4.3. CC Regulates the Expression of Antimicrobial Proteins in the Liver of Tilapia


Lysozymes and cathepsins, two classes of small-molecule lyases, play a crucial role in host innate defense [25]. Lysozymes can provide defense against bacterial infection by cleaving peptidoglycan molecules in cell walls and act as antimicrobial peptides by disrupting the bacterial membrane structure and activating autolytic enzymes in the bacterial cell wall [26]. Extensive studies in the field of aquaculture have shown the essential role of fish lysozymes in their innate immune system. The expression and activities of lysozymes were significantly elevated in catfish (Ictalurus punctatus) to provide defense against pathogenic microbial infection [27,28]. The addition of Glycyrrhiza uralensis extracts to the feed significantly increased lysozyme activity in the serum and the expression of genes encoding lysozymes in the head kidney of yellow catfish (P. fulvidraco), thus enhancing their antimicrobial activity [29]. Moreover, the addition of fermented lemon peel to the diet effectively increased lysozyme activity and enhanced the resistance of orange-spotted grouper to Photobacterium [30]. Similarly, in the present study, we found that CC supplementation in the feed was effective in increasing the expression level of hepatic lysozymes, which could enhance the resistance of tilapia to SA to an extent. Lysosomal cathepsins are cysteine peptidases distributed ubiquitously during autophagic apoptosis that are involved in various biological processes, such as extracellular matrix remodeling, inflammation, pathogenic bacterial infection, and cancer [31]. Fish cathepsin B plays a crucial role in the defense of several species against pathogenic microbial infections, including olive flounder (Paralichthys olivaceus) against rhabdovirus [32], channel catfish (I. punctatus) against E. ictaluri and Flavobacterium [33], and tilapia (Oreochromis niloticus) against S. agalactiae [34]. Furthermore, the results of our proteomic analysis also indicated a significantly high expression of cathepsin protein in tilapia infected with SA.



Significant differences were observed in the expression between multiple antimicrobial peptides and antimicrobial proteins during SA infection. Septins, which are highly conserved cytoskeletal proteins, play a vital role in the innate immune and inflammatory response to bacterial infection in fish. According to Maria et al. [35], the depletion of Sept15 and Sept7b significantly increases susceptibility to bacteria in zebrafish. In catfish (I. punctatus) and rohu (Labeo rohita), the tissue expression levels of several septins are regulated by pathogenic bacterial infection and are closely related to their defense processes [36,37]. We observed that septin proteins were significantly upregulated in the CCD group, which may be attributed to the enhanced resistance to SA infection. In addition, a secreted glycosylated peptide, granulin a, and granulin domain-containing protein was also specifically regulated by CC. Granulin is a cysteine-rich regulatory growth factor that forms multiple pairs of disulfide bonds and regulates various processes, such as cell proliferation, tumor invasion, and immune response [38]. Potent peptide GRN-41 induces the expression of multiple immune factors, such as TNF-α, TNF-β, IL-8, IL-1β, IL-6, IL-26, IL-21, and IL-10 in transgenic zebrafish, thus effectively preventing V. vulnificus infection [39]. The above research team further identified the good antimicrobial activity of GRN-41 against Vibrio species in Mozambique tilapia [40]. Saleh et al. [41], in their proteomic study of Ichthyophthirius multifiliis-infected carp, found that granulin was significantly upregulated in the skin mucus, which was also consistent with the results of the present study. Moreover, a member of the penta-EF-hand protein family, Grancalcin, was reported to be translocated in macrophages in response to stimulation with bacterial LPS [42]. We also found that this protein was upregulated in the livers of tilapia fed with CC.





5. Conclusions


In conclusion, we applied a comprehensive iTRAQ-based liver proteomic analysis to evaluate the anti-SA effects on the molecular level of CCD. The results showed that CC supplementation can effectively improve the ability of tilapia to resist SA infection by modulating various antioxidant enzymes, immune factors, antimicrobial enzymes, and antimicrobial peptides, and can moderately inhibit central carbon metabolism. The results of the study provide a basis for replacing antibiotics with environmentally-friendly functional feed additives for the control of bacterial diseases.
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Figure 1. Biochemical indexes in tilapia liver in the ND and CCD groups before and after SA infection. (A) TP content; (B) ALT level; (C) AST level; (D) CAT level; (E) MDA content; (F) SOD activity. * indicates significant difference (p < 0.05); ** indicates extremely significant difference (p < 0.01). *** indicates an extremely significant difference (p < 0.001). 
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Figure 2. Immunological indexes of tilapia liver in the ND and CCD groups before and after SA infection. (A) C3 content; (B) IgM content; (C) TNF-α content; (D) IFN-γ content; (E) IL-1β content; (F) increase rate for each index in the CCD vs. ND comparison before and after SA infection. * indicates significant difference (p < 0.05); ** indicates extremely significant difference (p < 0.01). 
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Figure 3. Statistical analysis of the results of high-throughput differential proteomics analysis. (A) Correlation analysis among samples, asterisks represent significance of differences and dots represent correlation; (B) clustering heat map of protein expression for each sample; (C) differentially expressed proteins between various groups. 






Figure 3. Statistical analysis of the results of high-throughput differential proteomics analysis. (A) Correlation analysis among samples, asterisks represent significance of differences and dots represent correlation; (B) clustering heat map of protein expression for each sample; (C) differentially expressed proteins between various groups.



[image: Fishes 08 00370 g003]







[image: Fishes 08 00370 g004 550] 





Figure 4. Differential protein expression analysis of tilapia liver between the CCD and ND groups. (A) Volcano plot of differential protein expression between the CCD and ND groups; (B) KOG statistics of downregulated differentially expressed proteins (DEPs) between the CCD and ND groups; (C) KOG statistics of upregulated DEPs between the CCD and ND groups. 
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Figure 5. Differential analysis of protein expression between PI_CCD group and PI_ND group of tilapia liver infected with Streptococcus agalactiae. (A) Volcano plot of differential protein expression between the PI_CCD and PI_ND groups; (B) KOG statistics of downregulated differentially expressed proteins (DEPs) between the PI_CCD and PI_ND groups; (C) KOG statistics of up-regulated DEPs between the PI_CCD and PI_ND groups. 
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Figure 6. Functional analysis of Streptococcus agalactiae-infected tilapia before and after Coptis chinensis (CC) treatment. (A) CCD-specific upregulated differentially expressed proteins (DEPs) in SA-infected tilapia before and after CC treatment and a representative Venn diagram; (B) CCD-specific downregulated DEPs in SA-infected tilapia before and after CC treatment and a representative Venn diagram; (C) KEGG pathway annotation of CCD-specific regulatory DEPs in SA-infected tilapia before and after CC treatment; (D) KEGG BRITE annotation of CCD-specific regulatory DEPs in SA-infected tilapia before and after CC treatment. 
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Table 1. Formulation and proximate analysis of the tilapia diets.
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	Material
	ND
	CCD





	Ingredient (%)
	
	



	Fish meal
	8.5
	8.5



	Soybean meal
	40
	40



	Rape seed meal
	20
	20



	Wheat middlings
	13
	13



	Calcium phosphate
	1.5
	1.5



	Choline Chloride
	1.5
	1.5



	Mineral premix a
	0.5
	0.5



	Vitamin premix a
	0.5
	0.5



	Microcrystalline cellulose
	9
	9



	NaCl
	0.5
	0.5



	Soybean oil
	2
	2



	Carboxymethyl cellulose
	3
	2



	Coptis chinensis powder
	0
	1



	Total
	100
	100



	Proximate composition (%) b
	
	



	Crude protein
	32.90
	32.94



	Crude lipid
	3.81
	3.82



	Crude fiber
	16.90
	15.96



	Crude ash
	6.40
	6.42







a Mineral premix and vitamin premix were purchased from Haibaolu Feeds Co., Ltd., Nanning, China. b The proximate composition of diets was calculated using the VF123 software (Beijing Jinmu Times Technology Co., Beijing, China, 2016).
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