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This experiment was conducted to investigate the effects of dietary supplementation with different levels of coated sodium butyrate (CSB) and polysaccharides extracted from Cordyceps cicadae (CCP) on growth performance, intestinal tissue morphology and ileum microbiome in squabs. A total of 420 1-day-old squabs were randomly divided into seven groups with 5 replicates each and 12 squabs per replicate. The squabs were fed basal diet (control group) and basal diet supplemented with different levels of CSB (275, 550, and 1,100 mg/kg, groups CSB-275, CSB-550, CSB-1100) and CCP (27.5, 55, and 110 mg/kg, groups CCP-27.5, CCP-55, and CCP-110), respectively. The experiment was conducted for 28 days. The results revealed that the final BW and average daily gain concentration were higher (P < 0.05) in squabs of CSB-275 and CCP-110 groups than those in the CON group. Comparing with control group, the squabs in the groups CSB-275, CSB-550, and CCP-55 obtained higher villus height/crypt depth (VH/CD) of the duodenum and higher VH of the jejunum (P < 0.05). Operational taxonomic units in the groups CSB-550 and CCP-27.5 were also increased (P < 0.05). Regarding the relative abundance of flora, the Actinobacteria abundance in the groups CSB-550, CSB-1100, and CCP-55 were higher than in control group (P < 0.05), and the Aeriscardovia abundance of CSB-275, CSB-550, CSB-1100, and CCP-110 were elevated (P < 0.05). However, the Enterococcus abundance in CSB-275, CSB-550, CSB-1100, and CCP-27.5 decreased (P < 0.05). In summary, results obtained in the present study indicate that CSB and CCP can improve growth performance, intestinal microbial balance and gut health of squabs.
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INTRODUCTION

With the continuous improvement in living standards, consumer have higher expectations regarding the nutritional content and taste of meat. Due to the low cholesterol and high protein content, pigeon meat can be used as a valuable inclusive component of the human diet (1). In animal production, antibiotics are used traditionally with an aim to improve the growth performance and prevent the diseases. However, overdose use of antibiotics in animal diets gave rise to antimicrobial resistance (2), this problem has been defined as one of the greatest threats to public health in medicine in the twenty-first century (3). Butyric acid is a short-chain acid. Butyric acid is produced by microbial fermentation in the intestine (4) and is a fast energy source for intestinal epithelial cells (5). Sodium butyrate (SB) is a common feed additive. Previous studies have shown that dietary sodium butyrate supplementation can improve animal immune responses (5) and growth performance (6, 7). However, birds are reluctant to eat SB due to its unappetizing smell and therefore its digestibility decreases (8). To resolve this problem, SB is coated with a fat layer to form coated sodium butyrate (CSB), which not only improves the smell but also allows sodium butyrate slow release in the digestive tract (9). The cicada flower is a traditional Chinese medicine. According to Pharmacopeia, Cordyceps cicada flowers are rich in polysaccharides, adenosine, and other substances, which were proven to be functional ingredients for protecting the liver (10). Polysaccharides from Cordyceps cicadae (CCP) enhanced renal function (11), and several studies reported beneficial effects of CCP on treating hyperlipidemia, hyperglycemia, and liver injury (12, 13). Moreover, it could enhance the immune capacity of the body (14, 15).

Microbes can help decomposition of cellulose into volatile fatty acids, and regulate the intestinal environment to promote nutrient absorption (16). In addition, the normal intestinal flora can promote the development and maturation of the host immune system and maintain the health of the host (17, 18). Guilloteau et al. give an overview of the favorable effects of butyrate on the gastrointestinal tract (GIT) of broilers, including stimulation of growth performance, anti-inflammatory effects, maintenance of intestinal epithelial barrier integrity, and reduction of Salmonella colonization (19, 20), CSB and CCP have similar effects on improving animal immune ability (14, 15, 21). However, there is very limited information on effects of CSB and CCP on intestinal microbial population and morphology in squabs. The objective of the present research was to evaluate the use of CSB and CCP in meat pigeon industry its effect on intestinal morphology and microflora of squabs and determine the optimal supplemental amount, so as to provide theoretical basis for the future production of meat pigeons.



MATERIALS AND METHODS


Experimental Design

A total of 420 1-day-old squabs were randomly divided into seven groups with 5 replicates each and 12 squabs per replicate. The squabs in control group were fed a basal diet; the squabs in groups CSB-275, CSB-550, and CSB-1100 were fed the basal diet supplemented with 275, 550, and 1,100 mg/kg CSB, respectively, and the squabs in groups CCP-27.5, CCP-55, and CCP-110 were fed the basal diet supplemented with 27.5, 55, and 110 mg/kg CCP, respectively. The experiment lasted 28 days.



Experimental Materials

The CCP was provided by the Zhejiang Institute of Subtropical Crops. Cordyceps cicadae was dried at 105°C for 2 h, and then turned to 65°C for drying. The mycelium was crushed into 150 mesh Cordyceps cicadae powder with a pulverizer. Pure water was added according to the ratio of liquid to material 10:1. The extract obtained by direct water extraction (60°C water bath for 1 h) was evaporated and concentrated under reduced pressure at 60°C, and then added with 95% ethanol of 4 times its volume. The crude polysaccharide was precipitated in a refrigerator at 4°C overnight, The solvent was evaporated in an oven at 60°C to obtain the crude polysaccharide of cicada flower. The final CCP used for the experiment was obtained using the Sevag method and macroporous resin method. The content of polysaccharide measured by spectrophotometry was 24.26 mg/g. CSB was purchased from Hangzhou Technology Co. Ltd, and white king pigeons were provided by Aofeng Pigeon Industry Co. Ltd, Pingyang County, Wenzhou City, Zhejiang Province, China.



Experimental Rations and Feeding Management

According to the Technical Standard for Breeding and Management of American King Pigeon Breeds (DB34/T541-2005), adult breeding pigeons were fed with a basal diet (grain raw food), and the composition and nutrient level of the basal diet were shown in Table 1. The traditional “2 + 2” feeding mode was adopted, each pair of adult breeding pigeons feed two squabs. The breeding pigeons were free to eat, drink, and access healthy sand daily during 14 h of light. The roost was cleaned regularly, and pigeons were observed to record their mental condition, illnesses, and deaths. The procedures were performed in accordance with the guidelines issued by the European Commission, and every effort was made to maximize humane treatment of the animals examined. All animals were euthanized by pentobarbital sodium for tissue collection.


Table 1. Composition and nutrient levels of the basal diet (as-dry basis) %.
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Measurement Index and Method


Sample Collection

Body weight (BW) was measured on days 0 and 28 before feeding, and the average daily gain (ADG) was calculated. At the completion of the feeding trial, to determine meat quality, four squabs with identical growth, with good health and nutrition were randomly selected for slaughter. Within 2 h after slaughter, pectoral meat samples were taken from each squab according to the technical specifications of the NY/T823-2004 squab muscle quality determination, and samples were stored in marked self-sealed bags and were then vacuum-packed. The content of inosinic acid in pectoral of squabs was determined by high-performance liquid chromatography (22). The meat samples were pretreated according to the GB/T 17376-2008. The fatty acid content was determined according to Chen et al. (22).

One squab was randomly selected from each replicate, and duodenum, jejunum and ileum were ligated after humanely sacrificing and dissecting. Each intestinal segment were collected into EP tubes and fixed in 4% paraformaldehyde. After fixation for 24 h, the sections were stored in 70% ethanol and embedded in paraffin (EG1150h, LEIC, Germany). The tissue sections were then embedded (rotating microbodies, RM2225, LEIC, Germany), stained with hematoxylin and eosin (23), and the villus height (VH) and crypt depth (CD) were measured under a light microscope (S4E, LEIC, Germany) and Image analyzer (Image-Proplus 5.0). Ten intestinal tissue regions with intact villi were selected and photographed under the microscope's 50-fold field of vision. Image-Proplus 5.0 image analysis software was used to measure the VH and CD of individual sample.

The contents of ileum were collected from each squab. then quickly frozen in liquid nitrogen, sent to the laboratory and stored at −80 °C for further analysis of microbiota.



Genomic DNA Extraction and PCR Amplification

The DNA was extracted from the intestinal contents using the QIAamp rapid DNA template mini-kit (Qiagen, Hilden, Germany), and the DNA concentration and purity were monitored on a 0.8% agarose gel, which was diluted to 1 ng/μL with sterile water according to the concentration.

All PCR reactions were performed using DNA 1 μL, F-primer/R-primer (20 μmol/L) 0.4 μL, 2 × Phusion® High-Fidelity PCR Master Mix with GC Buffer (New England Biolabs [Beijing] Ltd., China) 10 μL and Nucleotide-free water 8.2 μL, with thermal cycling conditions consisting of initial denaturation at 94°C for 3 min, followed by 35 cycles of 94°C for 45 s, 50°C for 60 s, and 72°C for 90 s, with a final extension step at 72°C for 10 min. Following separation using 2% agarose gel electrophoresis (in TAE buffer), PCR products in the bright main strip between 400 and 450 bp were mixed in equidensity ratios and purified with a Qiagen Gel Extraction Kit (QIAGEN, Dusseldorf, Germany).



Preparation of Sequencing Library and High-Throughput Sequencing

The library was constructed according to the TruSeq® Nano DNA LT Library Prep Kit (Illumina, San Diego, USA), and the V3–V4 regions of 16S rDNA were amplified with specific primers (338F/806R):

338F: 5′-ACT CCT ACG GG AGG CAG CAG-3′

806R: 5′-GGA CTA CHV GGG TWT CTA AT-3′

Based on the manufacturer's recommendations, the TruSeq® DNA PCR-sample-free preparation kit (Illumina, San Diego, USA) was used to generate the sequencing library, and the barcode was added. The Illumina MiSeq platform was used for sequencing, and 250 bp paired end readings were generated. Library construction and sequencing were performed by Shanghai Partheno Biotech Co. Ltd.




Data Analysis


Processing of Original Double-Ended Sequencing Data

Original sequencing was performed using Cut-adapt shear low-quality reads (V1.9.1, https://readthedocs.org/projects/cutadapt/). The barcode was then removed with the primer sequences, and preliminary quality control was conducted to obtain the original data (raw reads). The original data sequence (UCHIME Algorithm, http://www.drive5.com/usearch/manual/uchime_algo.html) (24) was compared with the species annotation database to detect chimera sequences, which were then removed to obtain the final valid data (clean reads).



Classification of Operational Taxonomic Units

Operational taxonomic units (OTU) or amplicon sequence variants (ASV) clustering was performed based on 97% similarity using Uparse v7.0.1001 (https://drive5.com/uparse/). The Mothur method was used with SILVA DE (http://www.arb-silva./) (25) and the Greengenes database (Release 13.8, https://greengenes.secondgenome.com/) (26) of the annotated OTUs were used to represent the species sequence analysis, with a threshold of 70% used to ensure the accuracy of the results of the analysis. The OTUs whose abundances were <0.001% of the total sequencing volume of the whole sample were removed (27). The OTU abundance data were normalized using the sequence number standard corresponding to the sample with the lowest sequence. The OTU of each sample was identified at the species level based on the normalized data output and the microbial alpha and beta diversity analysis.



Alpha Diversity Analysis

Chao1 and the observed species index were used to represent richness, and the Shannon Index was used to represent diversity. In this experiment, the Chao1, Observed Species Index, and the Shannon Index were mainly used to reflect species differences among the treatments. The indexes were calculated using QIIME (Version 1.9.1) and displayed using R software (Version 2.15.3).



Microbial Community Structure at the Phylum and Genus Levels

Stacked histograms of species composition, are the most commonly used means of representing the composition of diverse species. By statistically analyzing the feature table after the removal of singletons, the composition distribution of each sample at six classification levels (phylum, class, order, family, genus, and species) was visualized.



Beta Diversity Analysis

The beta diversity analysis was used to evaluate the differences in species complexity between samples, and QIIME software (Version 1.9.1) was used to calculate the Unifrac distance. A multivariate analysis of variance based on the substitution test (which assumes that the samples within groups are more similar than the samples between groups) was also used, along with the Adonis function of the Vegan package in R language, which is usually used to show intra-group and component differences. The default random forests (28) algorithm was selected for the analysis.



MetagenomeSeq Analysis

The MetagenomeSeq analysis was used to find the ASV or OTU with statistically significant differences among sample groups and whether these ASV or OTU differences have a tendency of enrichment at different classification levels. The MetagenomeSeq method was used to compare the sample groups in pairs (the default). Its results were further presented through the Manhattan plot to show the difference in the ASV or OTU and the taxonomic annotation. Compared to other methods, it not only shows the whole data, but can also quickly find the target ASV or OTU and determine the specific classification location and significance of the target.



Data Statistics and Processing

The data were collected using Microsoft Excel 2017, one-way ANOVA in SPSS 24.0 was used to analyze the dissimilarity among treatments, where after Duncan multiple comparative test was proceeded for the data with significant imparity. Data were expressed as mean ± SD. Values of P < 0.05 were considered statistically remarkable. The intestinal microbiota diversity analysis was carried out on the Genes Cloud Platform (https://www.genescloud.cn).





RESULTS


Growth Performance and Meat Quality

As shown in Table 2, initial BW and meat quality were not significantly affected by the dietary treatments (P > 0.05). The average daily gain and final BW increased significantly in the groups CSB-275 and CCP-110 in comparison with the control group (P < 0.05).


Table 2. Effects of coated sodium butyrate (CSB) and polysaccharides from Cordyceps cicadae (CCP) on growth performance and meat quality of squabs.
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Intestinal Morphology

As demonstrated in Table 3, Supplementary Figure 1, the duodenal VH in squabs in the experimental groups other than groups CSB-1100 and CCP-110 increased (P > 0.05); the duodenal CD in squabs in the experimental groups decreased (P > 0.05); and the VH/CD of groups CSB-275, CSB-550, and CCP-55 were higher than those of the control group (P < 0.05). The VH of the jejunum in the experimental groups were higher than those of the control group (P < 0.05); the CD of CSB-1100 was lower than that of the control group (P < 0.05); and the VH/CD of CSB-550, CSB-1100, CCP-55 and CCP-1000 was higher than that of control (P < 0.05) (Table 3, Supplementary Figure 2). The VH of the ilea of squabs in the CSB-275, CSB-550, and CCP-110 groups were higher than those of the control group (P < 0.05); there was no difference in CD of ileum among groups (P > 0.05); the VH/CD of CCP-110 was higher than that of the control group (P < 0.05) (Table 3, Supplementary Figure 3).


Table 3. Effects of coated sodium butyrate (CSB) and polysaccharides from Cordyceps cicadae (CCP) on the villi height (μm), Crypt depth (μm) and VH/CD of the duodenum, jejunum, and ileum of squabs.
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Bacterial Analyses of Ileal Contents


Data Summary

After the mass fractions of the sequence readings were determined, sequencing errors removed, and chimeric filtering performed, we identified 3,102,585 sequences. A total of 6,864 OTUs were obtained and successfully classified at the domain level using a classifier. Making Venn diagram using OTU abundance table. There were 202 and 195 OTUs in common between the experimental groups fed CSB and CCP and the control group, respectively (Figure 1). CSB-550 and CCP-27.5 had the highest numbers of unique OTUs. The number of OTUs in the experimental groups was higher than in the control group, indicating that CSB and CCP changed with the species composition and abundance of the ileal microflora in squabs.


[image: Figure 1]
FIGURE 1. The number of shared and specific operational taxonomic units (OTUs) in each group. Each circle represents one group; the number in the overlapping portion of the circles represents the number of shared OTUs between the different groups, and the number in the non-overlapping portion of the circles represents the OTUs specific to each group. (A) Between squabs fed the CSB diet and the control diet. (B) Between groups CSB-550 and control. (C) Between squabs fed the CCP diet and the control diet. (D) Between groups CCP-27.5 and control.




Alpha Diversity Analysis

The α diversity assessed by the Chao1, Shannon, and observed species indexes is shown in Figure 2A. The Chao1 index was used to estimate the total number of species in the measured sample. The Chao1 index of the CSB-275 group was higher than in the control group (P < 0.05) (Figure 2A), indicating that the addition of CSB increased the richness of ileal microflora. Moreover, the higher the Shannon index, the higher the community diversity in the tested samples. As shown in Figure 2B, there was no difference in the Shannon index between the experimental groups and the control group (P > 0.05). The observed species index refers to the total number of species observed in the sequence of the sample. As shown in Figure 2C, the observed species index of the group CSB-275 was higher than that of the control group (P < 0.05), which was consistent with the Chao1 index, and there was no difference between the control and the other groups (P > 0.05).


[image: Figure 2]
FIGURE 2. Richness measures (alpha diversity) for the ileal bacterial communities in different concentrations of CSB and CCP. Asterisks denote significant differences between groups (P < 0.05). (A) Chao 1 indices. (B) Observed species. (C) Shannon indices.




Microbial Community Structure at the Phylum and Genus Levels

In this experiment, 10 different phyla were identified in the squab ileal microflora (Table 4, Figure 3A). At the phylum level, whole content samples of the test and control groups had nearly identical community structures. In the control group, Firmicutes were the most abundant bacteria (90.05%), followed by Actinobacteria (8.35%), Proteobacteria (1.5%), and Deinococcus–Thermus (0.06%). The abundances of Actinobacteria in the CSB-550, CSB-1100, and CCP-55 groups were higher than in the controls (P < 0.05), but there were no differences in the abundances of the other bacteria (P > 0.05).


Table 4. Abundance of main microbiota (accounting for ≥0.05% of the total sequences in at least one of the samples) in each group (abundance of the phyla is expressed as a percentage).
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FIGURE 3. Taxonomic classification of each group at the phylum and genus level: (A) phylum level; (B) genus level.


At the genus level (Table 5, Figure 3B), Lactobacillus, Aeriscardovia, Enterococcus, and Bifidobacterium were the four main genera identified; Lactobacillus made up the largest proportion, and the proportions decreased in the order listed above. The abundance of Lactobacillus in the CCP-55 squab ileal microflora was lower than in the other groups (P < 0.05). The abundances of Aeriscardovia were higher in the CSB-275, CSB-550, CSB-1100, and CCP-110 groups compared with the control group (P < 0.05), while the abundances of Enterococci in the CSB-275, CSB-550, CSB-1100, and CCP-27.5 groups were lower than in the control group (P < 0.05). The relative abundance of Bifidobacterium in the CCP-55 group was higher than in the control group (P < 0.05).


Table 5. Abundance of main microbiota (accounting for ≥0.05% of the total sequences in at least one of the samples) in each group (abundance of the genera is expressed as a percentage).

[image: Table 5]



Beta Diversity Analysis

This quartile was used to calculate the distances between different groups, and the differences in the distance distribution within and between groups were compared (Figure 4). The difference in the sample distribution in the control was lower than that in the CSB-275 group (P < 0.05), but no differences were found in other groups (P > 0.05).


[image: Figure 4]
FIGURE 4. Unweighted UniFrac distances for within and between study comparisons. It mainly reflects the analysis of differences between groups.


Because the random forest distribution map is a non-linear classifier, the complex non-linear interdependence among the variables can be mined, and the key ASV that distinguishes differences between two groups of samples can be identified. Figure 5 shows the abundance distribution of the species in each group; from top to bottom, the importance of species to the model decreases, with species at the top indicating differences between the groups.


[image: Figure 5]
FIGURE 5. Random forest distribution results. The darker the color, the higher or lower the flora abundance, so as to reflect the flora abundance difference of each ASV.




MetagenomeSeq Results Interpretation

As shown in Figure 6, we tried to identify the ASV by differences among the sample groups and then determine whether these differences tend to be enriched at different classification levels. Here, the metagenomeSeq method was used to compare pairs of sample groups. We further analyzed the data using a Manhattan plot to display the metagenomeSeq analysis results to determine if there was a significant difference in microbial species between two sample groups; a P-value < 0.05 used as the threshold to indicate significant differences. Differences were mainly found in the Firmicutes, Actinobacteria, and Proteobacteria.


[image: Figure 6]
FIGURE 6. MetagenomeSeq interpretation of the results. Significant differences were marked by colored dots or rings, non-significant differences were represented by gray rings.






DISCUSSION

SB plays a significant role in promoting the growth of animals, but its wide application is limited because of its special properties and odor (29). However, CSB can mask this odor, thus promoting feeding in animals can improve the immune system of animals (30), while being a green and pollution-free animal-feed additive (31). The beneficial effects of supplementary butyrate feeding on poultry are documented and characterized by growth performance improvement and potential positive modulation of GI tract microbiota (6, 32). CCP possess significant antioxidant and anti-aging activities (33), it could enhance the immune capacity of the body (14, 15). In the present study, the pigeons fed the 275 mg/kg CSB and 110 mg/kg CCP diet showed an increase in final BW and ADG efficiency in comparison with the CON group, which is consistent with the findings of a previous study (34). Although studies have demonstrated the regulation of butyrate on fat accumulation (35, 36) the difference associating with different concentrations was not clearly defined. In the present study, because of large individual variation, there was no difference in meat quality.

Intestinal morphology is an important factor affecting intestinal health, especially the VH, CD, and VH/CD, and many villus projections are formed by large numbers of annular folds on the inner surface of the small intestinal wall (37), CSB can improve the absorptive capacity of the digestive tract of chicks (6, 38). Czerwiński et al. (39) found that adding 300 mg/kg of CSB to the diets of Ross 308 broilers significantly increased the VH of their jejuna. In this experiment, compared with the control group, the CSB-275, CSB-550, and CCP-55 groups had significant increases in the squab duodenal VH/CD. The inclusion of CSB and CCP in the diet can improve the whole duodenal VH/CD value of the squabs, thus improving whole duodenal absorption ability of the pigeon; of all the groups, CSB-275 and CCP-55 worked best. Compared with the control group, CSB-1100 increased the VH, CD, and VH/CD values in the jejuna of the squabs. The results indicated that CSB and CCP may affect the intestinal development of squabs. Similarly, the CSB-275, CSB-550, and CCP-55 groups had significantly increased ileal VH compared with the control group; CSB-275 and CCP-55 had the best effect, indicating that there is an optimal concentration of either CSB or CCP for improving the intestinal tissue morphology of the squabs.

Studies have shown that the diversity of flora in the digestive tracts of animals can reflect their digestive and absorption capacities because the intestinal flora play key roles in maintaining intestinal function (40). Birds without cecums, such as passerines, do not have permanent intestinal flora (41). Studies have shown that SB can significantly reduce the colonization of Salmonella in the intestinal tract of broilers (42). Zou et al. (32) found that SB had no effect on the α diversity of the intestinal microflora of broilers but changed their compositions and played important roles in inducing anti-inflammatory effects and regulating the microbial community. Studies have shown that polysaccharides can act as prebiotics to prevent changes in the intestinal flora (43). For example, CCP can block the TLR4/NF-κB and TGF-β1/Smad signaling pathways to prevent intestinal flora dysregulation (44). This experiment was based on high-throughput sequencing of 16S rDNA to analyze the whole ileum contents in terms of the structure and composition of floral diversity. A total of 6,864 OTUs were found in the squab intestines; 202 and 195 OTUs were shared between the CSB and CCP groups and the control group, respectively. The maximum number of OTUs were found when CSB-550 and CCP-27.5 were added, demonstrating that different additives can cause differences in squab ileal OTUs.

Higher abundance and diversity of intestinal microorganisms results in better intestinal tract health, better maintenance of the dynamic balance of the microecosystem, and insurance of normal physiological function (45). In this study, the Chao1 and the observed species indexes of the ileal microflora in the CSB-275 group were significantly higher than those of the control group, but the Shannon index was not significantly different, indicating that the addition of 275 mg/kg CSB could significantly improve the richness of squab ileal microflora but has little effect on evenness. As a dynamic ecosystem, the gut microbiome is susceptible to many environmental factors, such as dietary habits, lifestyle, age, and host genotype; diet is one of the most important determinants of the gut microbiome (46). In addition, there are differences in animal hormone levels and dietary intestinal transport time, which may play important roles in shaping the intestinal microbiome (47, 48).

Best et al. (49) reported that the dominant phyla in the intestinal contents of healthy ducks were Bacteroidetes, Firmicutes, Proteobacteria, and Fusobacteria. Firmicutes is also the dominant phylum in all vertebrates (50); this was also observed in the intestinal contents from all experimental and control group squabs in this study. Firmicutes are positively correlated with the ability to collect energy and absorb nutrients from feed ingredients in mice and humans (51). The relative abundance values of the main phyla reported by different groups were significantly different (52, 53). In particular, with a decrease in the level of bacterial classification, the relative abundance of bacterial genera and species reported in different studies are less similar (54). In this experiment, there was no significant differences in the abundances of Firmicutes at the phylum level between the experimental groups and control group, but the abundances of Actinobacteria in the CSB-550, CSB-1100, and CCP-55 groups were significantly higher than in the control group. Most Actinobacteria are beneficial and some produce substances similar to antibiotics (55). These results indicate that dietary supplementation with CSB and CCP could be beneficial to the balance of the intestinal flora of squabs and improve their intestinal health.

In this study, the intestinal flora was dominated by Lactobacillus at the genus level. A beneficial type of bacteria, Lactobacillus can improve the intestinal flora to augment the intestinal barrier effect (56), and Lactobacillus have been related to the biosynthesis of folic acid in the human body (57). Folic acid plays an important role in RNA and DNA biosynthesis and repair, and abundant Lactobacillus in meat pigeons may contribute to reproductive nutrition and prenatal health. Lactobacillus ferments sugars to produce lactic acid, which helps maintain health and regulates immune functions. Enterococcus is a Gram-positive facultative anaerobic bacterium, and while the main component of some Enterococcus species can reduce adverse reactions to antibiotics through regulation of the immune system (58), once they reach a certain level, intestinal infection can occur (59). In this experiment, Lactobacilli in the ilea of squabs in the CSB-275 and CCP-27.5 groups were higher than in the control group, while Enterococci in the CSB-275, CSB-550, CSB-1100, and CCP-27.5 groups were significantly lower than in the control group.

Studies have shown that Lactobacillus release the enzyme bile salt hydrolase, it can reduce the activity of bile salts and thus reduce lipid absorption (60). Therefore, an increase in the number of bacterial species which secrete this enzyme will have a negative impact on lipid absorption and therefore intestinal function (61). In this experiment, the analysis of the random forest distribution and metagenomeSeq results showed that there were differences among the Firmicutes, Actinobacteria, and Proteobacteria, and ASV-8605 was significantly upregulated in the CSB-550 group, while ASV-54 was significantly downregulated in the CCP-55 group. Because the ileal microflora of squabs affect intestinal health, their mechanisms of regulation should be studied further.



CONCLUSIONS

The additives CSB and CCP had positive effects on the VH and CD of the small intestines of squabs and increased the diversity of the intestinal flora, effectively increasing the beneficial flora, and positively affecting the intestinal morphology. Under the experimental conditions, 275 mg/kg of CSB and 55 mg/kg of CCP in the feed had the best effects. The results of this experiment will provide basic data for scientific research and management of the intestinal flora in squab production.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The name of the repository and accession number can be found at: National Genomics Data Center (https://ngdc.cncb.ac.cn); PRJCA007949.



ETHICS STATEMENT

The experiment was approved by the Animal Care Committee of Anhui Agricultural University (no. SYDW-P20190600601).



AUTHOR CONTRIBUTIONS

HS and YL prepared the manuscript and collected some data. TZ, GL, ZT, WX, XZ, JW, and XC collected the samples. LL and HC were responsible for the design and direction of the experiment. All authors read and approved the final version of the manuscript.



FUNDING

This work was supported by Science and Technology Cooperation Project Six aspects of agriculture, rural areas and farmers of Zhejiang Province (2019SNF017); Key research and development projects of Zhejiang Province (2016C02054-16).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2022.813800/full#supplementary-material



REFERENCES

 1. Pomianowski JF, Mikulski D, Pudyszak K, Cooper RG, Angowski M, Józwik A, et al. Chemical composition, cholesterol content, and fatty acid profile of pigeon meat as influenced by meat-type breeds. Poult Sci. (2009) 88:1306–9. doi: 10.3382/ps.2008-00217

 2. McClelland JW, Norris JM, Dominey-Howes D, Govendir M. Knowledge and perceptions of Australian postgraduate veterinary students prior to formal education of antimicrobial use and antimicrobial resistance. One Health Dec. (2021) 14:100366. doi: 10.1016/j.onehlt.2021.100366

 3. Capita R, Cordero J, Molina-González D, Igrejas G, Poeta P, Alonso-Calleja C. Phylogenetic diversity, antimicrobial susceptibility and virulence characteristics of Escherichia coli isolates from pigeon meat. Antibiotics. (2019) 8:259. doi: 10.3390/antibiotics8040259

 4. Bergman EN. Energy contributions of volatile fatty acids from the gastrointestinal tract in various species. Physiol Rev. (1990) 70:567–90. doi: 10.1152/physrev.1990.70.2.567

 5. Jang YD, Lindemann MD, Monegue HJ, Monegue JS. The effect of coated sodium butyrate supplementation in sow and nursery diets on lactation performance and nursery pig growth performance. Livest Sci. (2016) 195:13–20. doi: 10.1016/j.livsci.2016.11.005

 6. Wu W, Xiao Z, An W, Dong Y, Zhang B. Dietary sodium butyrate improves intestinal development and function by modulating the microbial community in broilers. PLoS ONE. (2018) 13:e0197762. doi: 10.1371/journal.pone.0197762

 7. Liu WH, La ALZ, Evans A, Gao ST, Yu ZT, Bu DP, et al. Supplementation with sodium butyrate improves growth and antioxidant function in dairy calves before weaning. J Anim Sci Biotechnol. (2021) 12:2. doi: 10.1186/s40104-020-00521-7

 8. Lacorn M, Goerke M, Claus R. Inulincoated butyrate increases ileal MCT1 expression andaffects mucosal morphology in the porcine ileum by reduced apoptosis. J Anim Physiol Anim Nutr. (2010) 94:670–6. doi: 10.1111/j.1439-0396.2009.00955.x

 9. Vecchione R, Quagliariello V, Calabria D, Calcagno V, De Luca E, Iaffaioli RV, et al. Curcumin bioavailability from oil in water nano-emulsions: in vitro and in vivo study on the dimensional, compositional and interactional dependence. J Control Release. (2016) 233:88–100. doi: 10.1016/j.jconrel.2016.05.004

 10. Ke BJ, Lee CL. Cordyceps cicadae NTTU 868 mycelium prevents CCl4-induced hepatic fibrosis in BALB/c mice via inhibiting the expression of pro-inflammatory and pro-fibrotic cytokines. J Func Food. (2018) 43:214–23. doi: 10.1016/j.jff.2018.02.010

 11. Chen YQ, Wang DY. Hypoglycemic activity and gut microbiota regulation of a novel polysaccharide from Grifola frondosa in type 2 diabetic mice. Food Chem Toxicol. (2019) 126:295–302. doi: 10.1016/j.fct.2019.02.034

 12. Qiu T, Ma X, Ye M, Yuan R, Wu Y. Purification, structure, lipid lowering and liver protecting effects of polysaccharid from Lachnum YM281. Carbohydr Polym. (2013) 98:922–30. doi: 10.1016/j.carbpol.2013.07.014

 13. Zhang J, Liu M, Yang Y, Lin L, Xu N, Zhao H, et al. Purification characterization and hepatoprotective activities of mycelia zinc polysaccharides by Pleurotus djamor. Carbohydr Polym. (2016) 136:588–97. doi: 10.1016/j.carbpol.2015.09.075

 14. Salah M, Azab M, Ramadan A, Hanora A. New insights on obesity and diabetes from gut microbiome alterations in Egyptian adults. OMICS. (2019) 23:477–85. doi: 10.1089/omi.2019.0063

 15. Zhao L, Lou H, Peng Y, Chen S, Zhang Y, Li X. Comprehensive relationships between gut microbiome and faecal metabolome in individuals with type 2 diabetes and its complications. Endocrine. (2019) 66:526–37. doi: 10.1007/s12020-019-02103-8

 16. Salim SY, Kaplan GG, Madsen KL. Air pollution effects on the gut microbiota: a link between exposure and inflammatory disease. Gut Microbes. (2014) 5:215–9. doi: 10.4161/gmic.27251

 17. Fang W, Xue H, Chen X, Chen K, Ling W. Supplementation with Sodium butyrate modulates the composition of the gut microbiota and ameliorates high-fat diet-induced obesity in mice. J Nutr. (2019) 149:747–54. doi: 10.1093/jn/nxy324

 18. Liu YY, Zhang SD, Xiao JJ, Feng WZ, Wei D, Deng YJ, et al. Gut microbiota-involved metabolism and intestinal absorption mechanisms in decreasing bioaccessibility of triadimefon in strawberry and grape. Food Chem Mar. (2022) 373(Pt. B):131575. doi: 10.1016/j.foodchem.2021.131575

 19. Guilloteau P, Martin L, Eeckhaut V, Ducatelle R, Zabielski RF, et al. From the gut to the peripheral tissues: the multiple effects of butyrate. Nutr Res Rev. (2010) 23:366–84. doi: 10.1017/S0954422410000247

 20. Onrust L, Baeyen S, Haesebrouck F, Ducatelle R, Van Immerseel F. Effect of in feed administration of different butyrate formulations on Salmonella Enteritidis colonization and cecal microbiota in broilers. Vet Res. (2020) 51:56. doi: 10.1186/s13567-020-00780-2

 21. Wambacq WA, Van Doorn DA, Rovers-Paap PM, Ducatelle R, Vlaminck L, Lourenço M, et al. Dietary supplementation of micro-encapsulated sodium butyrate in healthy horses: effect on gut histology and immunohistochemistry parameters. BMC Vet Res. (2020) 16:121. doi: 10.1186/s12917-020-02332-4

 22. Chen G, Cai Y, Su Y, Wang D, Pan X, Zhi X. Study of meat quality and flavour in different cuts of Duroc-Bamei binary hybrid pigs. Vet Med Sci7. (2021) 724–34. doi: 10.1002/vms3.409

 23. Murugesan GR, Syed B, Haldar S, Pender C. Phytogenic feed additives as an alternative to antibiotic growth promoters in broiler chickens. Front Vet Sci. (2016) 3:28. doi: 10.3389/fvets.2016.00028

 24. Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. UCHIME improves sensitivity and speed of chimera detection. Bioinformatics. (2011) 27:2194–200. doi: 10.1093/bioinformatics/btr381

 25. Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl Environ Microbiol. (2007) 73:5261–7. doi: 10.1128/AEM.00062-07

 26. DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, et al. Greengenes, a chimera-checked 16S rRNA gene database and workbench compatible with ARB. Appl Environ Microbiol. (2006) 72:5069–72. doi: 10.1128/AEM.03006-05

 27. Bokulich NA, Subramanian S, Faith JJ, Gevers D, Gordon JI, Knight R, et al. Quality-filtering vastly improves diversity estimates from Illumina amplicon sequencing. Nat Methods. (2013) 10:57–U11. doi: 10.1038/nmeth.2276

 28. Sun J, Zhong G, Huang K, Dong J. Banzhaf random forests: cooperative game theory based random forests with consistency. Neural Netw. (2018) 106:20–9. doi: 10.1016/j.neunet.2018.06.006

 29. Quagliariello V, Masarone M, Armenia E, Giudice A, Barbarisi M, Caraglia M, et al. Chitosan-coated liposomes loaded with butyric acid demonstrate anticancer and anti-inflammatory activity in human hepatoma HepG2 cells. Oncol Rep. (2019) 41:1476–86. doi: 10.3892/or.2018.6932

 30. Xu Z, Yan X, Song Z, Li W, Zhao W, Ma H, et al. Two heteropolysaccharides from Isaria cicadae Miquel differ in composition and potentially immunomodulatory activity. Int J Biol Macromol. (2018) 117:610–6. doi: 10.1016/j.ijbiomac.2018.05.164

 31. Ke BJ, Lee CL. Using submerged fermentation to fast increase N6-(2-hydroxyethyl)-adenosine, adenosine and polysaccharide productions of Cordyceps cicadae NTTU 868. AMB Express. (2019) 9:198. doi: 10.1186/s13568-019-0892-4

 32. Zou X, Ji J, Qu H, Wang J, Shu DM, Wang Y, et al. Effects of sodium butyrate on intestinal health and gut microbiota composition during intestinal inflammation progression in broilers. Poult Sci. (2019) 98:4449–56. doi: 10.3382/ps/pez279

 33. Zhu Y, Yu X, Ge Q, Li J, Wang D, Wei Y, et al. Antioxidant and anti-aging activities of polysaccharides from Cordyceps cicadae. Int J Biol Macromol. (2020) 157:394–400. doi: 10.1016/j.ijbiomac.2020.04.163

 34. Letlole BR, Damen EPCW, van Rensburg CJ. The effect of α-monolaurin and butyrate supplementation on broiler performance and gut health in the absence and presence of the antibiotic growth promoter zinc bacitracin. Antibiotics. (2021) 10:651. doi: 10.3390/antibiotics10060651

 35. Khan S, Jena G. Sodium butyrate reduces insulin-resistance, fat accumulation and dyslipidemia in type-2 diabetic rat: a comparative study with metformin. Chem Biol Interact. (2016) 254:124–34. doi: 10.1016/j.cbi.2016.06.007

 36. Yin F, Yu H, Lepp D, Shi X, Yang X, Hu J, et al. Transcriptome analysis reveals regulation of gene expression for lipid catabolism in young broilers by butyrate glycerides. PLoS ONE. (2016) 11:e0160751. doi: 10.1371/journal.pone.0160751

 37. Lamb-Rosteski JM, Kalischuk LD, Inglis GD, Buret AG. Epidermal growth factor inhibits Campylobacter jejuni-induced claudin-4 disruption, loss of epithelial barrier function, and Escherichia coli translocation. Infect Immun. (2008) 76:3390–8. doi: 10.1128/IAI.01698-07

 38. Moquet PCA, Salami SA, Onrust L, Hendriks WH, Kwakkel RP. Butyrate presence in distinct gastrointestinal tract segments modifies differentially digestive processes and amino acid bioavailability in young broiler chickens. Poult Sci. (2018) 97:167–76. doi: 10.3382/ps/pex279

 39. Czerwiński J, Højberg O, Smulikowska S, Engberg RM, Mieczkowska A. Effects of sodium butyrate and salinomycin upon intestinal microbiota,mucosal morphology and performance of broiler chickens. Arch Anim Nutr. (2012) 66:102–16. doi: 10.1080/1745039X.2012.663668

 40. Pascale A, Marchesi N, Marelli C, Coppola A, Luzi L, Govoni S, et al. Microbiota and metabolic diseases. Endocrine. (2018) 61:357–71. doi: 10.1007/s12020-018-1605-5

 41. Xu Q, Wen J, Wang X, Zou X, Dong X. Maternal dietary linoleic acid altered intestinal barrier function in domestic pigeons (Columba livia). Br J Nutr. (2020) 10:1–34. doi: 10.21203/rs.3.rs-60857/v1

 42. Gupta A, Bansal M, Wagle B, Sun X, Rath N, Donoghue A, et al. Sodium butyrate reduces salmonella enteritidis infection of chicken enterocytes and expression of inflammatory host genes in vitro. Front Microbiol. (2020) 11:553670. doi: 10.3389/fmicb.2020.553670

 43. Xu J, Chen HB, Li SL. Understanding the molecular mechanisms of the interplay between herbal medicines and gut microbiota. Med Res Rev. (2017) 37:1140–85. doi: 10.1002/med.21431

 44. Yang J, Dong H, Wang Y, Jiang Y, Zhang W, Lu Y, et al. Cordyceps cicadae polysaccharides ameliorated renal interstitial fibrosis in diabetic nephropathy rats by repressing inflammation and modulating gut microbiota dysbiosis. Int J Biol Macromol. (2020) 163:442–56. doi: 10.1016/j.ijbiomac.2020.06.153

 45. Bortoluzzi C, Pedroso AA, Mallo JJ, Puyalto M, Kim W K, et al. Sodium butyrate improved performance while modulating the cecal microbiota and regulating the expression of intestinal immune-related genes of broiler chickens. Poult. Sci. (2017) 96:3981–93. doi: 10.3382/ps/pex218

 46. Wu GD, Chen J, Hoffmann C, Bittinger K, Chen YY, Keilbaugh SA, et al. Linking long-term dietary patterns with gut microbial enterotypes. Science. (2011) 334:105–8. doi: 10.1126/science.1208344

 47. Flores R, Shi J, Fuhrman B, Xu X, Veenstra TD, Gail MH, et al. Fecal microbial determinants of fecal and systemic estrogens and estrogen metabolites: a cross-sectional study. J Transl Med. (2012) 10:253. doi: 10.1186/1479-5876-10-253

 48. Org E, Mehrabian M, Parks BW, Shipkova P, Liu X, Drake TA, et al. Sex differences and hormonal effects on gut microbiota composition in mice. Gut Microbes. (2016) 7:313–22. doi: 10.1080/19490976.2016.1203502

 49. Best AA, Porter AL, Fraley SM, Fraley GS. Characterization of gut microbiome dynamics in developing pekin ducks and impact of management system. Front Microbiol. (2017) 7:2125. doi: 10.3389/fmicb.2016.02125

 50. Azad MAK, Sarker M, Li T, Yin J. Probiotic species in the modulation of gut microbiota: an overview. Biomed Res Int. (2018) 2018:9478630. doi: 10.1155/2018/9478630

 51. Jumpertz R, Le DS, Turnbaugh PJ, Trinidad C, Bogardus C, Gordon JI, et al. Energy-balance studies reveal associations between gut microbes, caloric load, and nutrient absorption in humans. Am J Clin Nutr. (2011) 94:58–65. doi: 10.3945/ajcn.110.010132

 52. Wang S, Chen L, He M, Shen J, Li G, Tao Z, et al. Different rearing conditions alter gut microbiota composition and host physiology in Shaoxing ducks. Sci Rep. (2018) 8:7387. doi: 10.1038/s41598-018-25760-7

 53. Angelakis E, Raoult D. The increase of Lactobacillus species in the gut flora of newborn broiler chicks and ducks is associated with weight gain. PLoS ONE. (2010) 5:e10463. doi: 10.1371/journal.pone.0010463

 54. Zhao LL, Yin HC, Lu TF, Niu YJ, Zhang YY, Li SQ, et al. Application of high-throughput sequencing for microbial diversity detection in feces of specific-pathogen-free ducks. Poult Sci. (2018) 97:2278–86. doi: 10.3382/ps/pex348

 55. Dai SJ, Zhang KY, Ding XM, Bai SP, Luo YH, Wang JP, et al. Effect of dietary non-phytate phosphorus levels on the diversity and structure of cecal microbiota in duck from 1 to 21d of age. Poult Sci. (2018) 97:2441–50. doi: 10.3382/ps/pey090

 56. Xue L, He J, Gao N, Lu X, Li M, Wu X, et al. Probiotics may delay the progression of nonalcoholic fatty liver disease by restoring the gut microbiota structure and improving intestinal endotoxemia. Sci Rep. (2017) 7:45176. doi: 10.1038/srep45176

 57. Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-Bello MG, Contreras M, et al. Human gut microbiome viewed across age and geography. Nature. (2012) 486:222–7. doi: 10.1038/nature11053

 58. Fusco A, Savio V, Cammarota M, Alfano A, Schiraldi C, Donnarumma G. Beta-Defensin-2 and Beta-Defensin-3 reduce intestinal damage caused by Salmonella typhimurium modulating the expression of cytokines and enhancing the probiotic activity of enterococcus faecium. J Immunol Res. (2017) 2017:6976935. doi: 10.1155/2017/6976935

 59. Jung A, Chen LR, Suyemoto MM, Barnes HJ, Borst LB. A Review of Enterococcus cecorum infection in poultry. Avian Dis Sep. (2018) 62:261–71. doi: 10.1637/11825-030618-Review.1

 60. Joyce SA, MacSharry J, Casey PG, Kinsella M, Murphy EF, Shanahan F, et al. Regulation of host weight gain and lipid metabolism by bacterial bile acid modification in the gut. PNAS. (2014) 111:7421–6. doi: 10.1073/pnas.1323599111

 61. Yao L, Seaton SC, Ndousse-Fetter S, Adhikari AA, DiBenedetto N, Mina AI, et al. A selective gut bacterial bile salt hydrolase alters host metabolism. Elife. (2018) 7:e37182. doi: 10.7554/eLife.37182

Conflict of Interest: XZ was employed by Huzhou Huajia Special Breeding Co.Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Sun, Liu, Zeng, Li, Tao, Zhou, Wen, Chen, Xu, Lu and Cao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fvets-09-813800-g005.gif
Importance

0005 0010

l 235

o000

I ReY





OPS/images/fvets-09-813800-g006.gif





OPS/images/fvets-09-813800-g003.gif
Relative Abundance (%)

538

Relative Abundance (%)

83

58

888

82

o388





OPS/images/fvets-09-813800-g004.gif
Distance

03

o7
05
05
04
03

Pctipcenlo Supial

_-mun"s

Corial CHBSTE CHR I R4 DCARTS CEPAE Copatis





OPS/images/fvets-09-813800-t003.jpg
Items Groups

Control CSB-275 CSB-550 CSB-1100 ccp-275 CCP-55 CCP-110
Duodenum
Vil height 988184 72.86 105097 +56.41 1006537652 9415846832 1055997907 11392845703  97.97 8952
Cryptdepth  155.72:+£19.08 136001091 134,66 & 9.72 146.08 £ 12.26 147.66 + 23.58 151,68 & 14.29 139.79 £ 9.48
VH/CD 6.44.+£093° 7.84:£0.72° 7.51£0.79° 6.48 £ 0.58% 7.30 £ 098 7.60 £ 0910 6.74:£0.73%
Jejunum
Vil height 26494+5563°  38054+£4531°  33585+0172° 367439038 3134500520 33220+ 64.98%  417.87 £78.74°
Crypt depth 108.67 + 14.33* 106.30 + 14.17%° 89.09 + 21.37% 70.80 + 7.66° 86.15 + 21.68% 75.87 + 18.94% 97.08 + 27.53%
VH/CD 2.44.£047° 3.64+£035% 3.79:£073" 5.14:£091° 367 £094% 445 053 450 +£084°
lleum
Vil height 148.15£36.96° 2616545430 24003 £6257° 22800 4308° 21542 63.46® 20583 % 1617 20592 % 44.18°
Crypt depth 71294674 70,34 47.39 79.56 & 10.01 68.60 £ 5.08 84.46+8.58 79.60 £ 9.86 64.12 £ 10.00
VH/CD 2.08 4 0.45° 3.77 +0.84% 2.99 +0.58% 3.37 £0.78% 2,53+ 0.57% 2.64 +0.48%° 4.68 + 0.80°

In the same row, values with no letter or the same smal letter superscripts mean no significant diference (P > 0.05), while with different small letter supsrscripts mean significant
diference (P < 0.05).
CSB, coated sodium butyrate; CCP, polysaccharides from Cordyceps cicadae; VH/CD, vill height/crypt depth.
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Ingredients. Content Nutrient levels® Content

Com 500 ME/(MY/kg) 13.67
Pea 27.0 cp 13.83
Wheat 100 Lys 061
Sorghum 5.00 Met 0.40
Conch meal 5.00 Ca 1.10
NaCl 050 AP 054
Limestone 1.50

Premix® 1.00

Total 100.00

@The premix provided the following per kg of dits: VA 000.00 IU, VD1 200.00 IU,
VE34.00 IU, VB13.2mg, VB,7.2mg, VBy 0.1mg, biotin1.34mg, folic acid 1.34mg,
nicotinic acid 15.00mg, pantothenic acid 7.50mg, Cu (as copper sufiate) 12.00mg, Fe
(as ferrous sulfate) 35.00mg, Zn (as zinc sulfate) 35.00mg, Mn (as manganese sulfate)
55.00mg, | (as potassium iodide) 0.25 mg.

bN\utrient levels was a calculated using NRC (1994) values.
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Items Groups

Control CSB-275 CSB-550 CSB-1100 CCP-27.5 CCP-55 CCP-110
Initial BW g 15.85 + 0.48 15.45 + 0.44 15.85 + 0.50 15.55 + 0.1 15.88 + 0.80 15.55 £ 0.22 15.48 £0.19
Final BW g 47813+27.11b 63573+ 20.57a 490.80 + 28.15ab 496.80 + 37.07ab 481.23 + 19.33ab 503.73 + 28.45ab  537.68 % 20.50a
ADG 16.51 +0.97° 18.58 £ 0.722 16.96 + 1.02% 17.19 + 1.32% 16.62 + 0.72% 17.43 +1.01% 18.65 +0.74%
Inosinic acid mg/kg  1630.73 + 119.24  1672.83 +163.22 1529.73 + 120.68 1432.35+ 123.37 1580.32+ 124.86 1449.11+£78.60 1670.63 + 162.89
Fatty acid % 3.00 £ 0.30 3.02+0.18 2.65 +£0.40 293 +£0.47 3.68 £0.89 3.01£037 3.03 £ 0.08

In the same row, values with no letter or the same smal letter superscripts mean no significant diference (P > 0.05), whie with different small letter superscripts mean significant
diference (P < 0.05).
CSB, coated sodium butyrate; CCP, polysaccharides from Cordyceps cicadae; BW, Body weight, ADG, average daily gain.
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Items Groups
Control CsB-275 CSB-550 CSB-1100 cCP-27.5 CCP-55 CCP-110
Lactobacillus 79.50 & 9.22° 84.716.23° 78.12:£9.22° 78.88 & 7.33° 88.21 %543 56.42 8,15 77.53 £ 8.89
Aeriscardovia 6.27 £1.47° 14.50 & 3.86° 14.73 £ 605 18.44 £ 6.75° 7.48+061% 991+ 1.00% 121943212
Enterococcus 741 £ 1420 0,07 £0.02¢ 0.13 +0.04° 0.60 +0.26° 0.63:£0.17¢ 1193+ 1942 478 £0.74%
Bifidobacterium 1.96 +0.16% 063 £027° 1,60 & 0.20° 0.96 %019 0.68+0.16° 6.43£037° 2.400.60%

In the same row, values with no letter or the same small letter superscripts mean no significant difference (P > 0.05), while with different small letter superscripts mean significant

difference (P < 0.05).

CSB, coated sodium butyrate; CCP, polysaccharides from Cordyceps cicadae.
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Control CSB-275 CSB-550 CSB-1100 ccP-27.5 CCP-55 CCP-110
Firmicutes 90.05 % 4.07 84,87 +6.18 81.46+7.31 79.89 4 6.95 90.47 £5.78 81.35+8.37 8288 +8.21
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In the same row, values with no letter or the same small letter superscripts mean no significant difference (P > 0.05), whie with different smell letter superscripts mean significant
difference (P < 0.05).
CSB, coated sodium butyrate; CCP, polysaccharides from Cordyceps cicadae.
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