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Introduction: Adding antibiotics to animal basal diets can improve growth and production performance. However, the use of antibiotics poses a potential threat to public health safety.

Methods: The study was conducted to investigate the effects of different levels of mannan oligosaccharides (MOS) on the fur quality, nutrient apparent digestibility, serum immunity, antioxidant status, intestinal morphology, and gut microbiota of fur-growing raccoon dogs. Divide 24 male raccoon dogs (120 ± 5 d) of similar weight (5.01 ± 0.52 kg) into 4 groups randomly. Add 0, 0.05, 0.1, and 0.2% MOS to the basal diets of groups C, L, M, and H, respectively.

Results: Compared to the C group, the addition of 0.05% and 0.1% MOS in the diet increased the apparent digestibility of crude protein (CP), Underfur length (UL), Guard hair length (GL), immunoglobulin A (IgA), immunoglobulin G (IgG), and immunoglobulin M (IgM) levels in the serum (p < 0.05); Under the dosage of 0.05 % MOS, the activities of Superoxide Dismutase (SOD) and catalase (CAT) increased (p < 0.05). Compared to the C group, adding 0.05% MOS significantly increased the VH/CD of the duodenum and ileum, while also increasing the VH and CD of the jejunum (p < 0.05). Through Spearman correlation analysis of the gut microbiota, it was found that MOS can improve fur quality by reducing the abundance of Dorea while improving the immune response of raccoon dogs by reducing the abundance of Blautia and Gemmiger.

Discussion: In conclusion, MOS can improve the fur quality, serum immunity, antioxidant capacity, and gut microbiota of raccoon dogs. Therefore, MOS has the potential to replace antibiotics.
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1 Introduction

The Chinese fur animal breeding business, particularly for raccoon dogs (Nyctereutes procyonoides), has grown significantly in recent years. Raccoon dogs are one of the easiest fur animals to raise, with the characteristics of short breeding cycles and strong adaptability, and their fur has extremely high economic value (Zhao et al., 2022). However, with the expansion of the breeding scale, the likelihood and extent of harmful microorganism contamination increases significantly (Liu et al., 2020). Bacterial infections have been a leading cause of mortality in the breeding of raccoon dogs. Farms often employ antibiotics to resolve this issue; however, this practice results in a high quantity of antibiotics with antibiotic residues, bacterial resistance, environmental contamination, and other undesirable consequences (Peng et al., 2019). Mannan oligosaccharides (MOS) are a critical component of the yeast cell wall. They are oligosaccharides produced by the concentration of mannose protein. Since MOS may interact with pathogens and inhibit their colonization of the gut, MOS are anticipated to become a new green feed additive in place of antibiotics (Bernal-Barragán et al., 2007). In studies related to poultry and piglets, it has been proven that dietary MOS can increase serum immunoglobulin levels, indicating that MOS can enhance animal disease resistance (Rosen, 2007). It has been reported that MOS have a beneficial effect on growth performance and nutrient digestibility in weanling pigs (Zhao et al., 2012). The apparent digestibility of nutrients determines the growth performance and the quality of the fur, with intestinal morphology playing a decisive role in the digestibility of nutrients (Cui et al., 2017). Numerous domestic and international researchers have discovered that MOS, as a prebiotic, can have beneficial biological effects on the gut by improving the composition and activity of the gut microbiota (Bindels et al., 2015). The gut microbiota is closely related to digestion rate, immunity, and antioxidant capacity. However, the composition and function of the gut microbiota are dynamic and influenced by dietary characteristics (Beam et al., 2021). It has been reported that supplementing MOS in the diet can improve the intestinal mucosa barrier and regulate the gut microbiota of weaned piglets (Zha et al., 2023). From this, we speculate that MOS may improve intestinal health, antioxidant capacity, immunity, and fur quality by regulating the gut microbiota. However, the effect of MOS on the raccoon dogs has not been studied. Therefore, we investigated the effects of MOS on the fur quality, nutrient digestibility, serum immune, serum antioxidant indices, organ indices, intestinal morphology, and gut microbiome of fur-growing raccoon dogs to provide a theoretical and practical foundation for the application of MOS in high-quality fur animal breeding.



2 Materials and methods


2.1 Raccoon dogs, dietary treatments, and experimental design

Raccoon dogs (120 ± 5 d) with similar body weights (5.01 ± 0.52 kg) were purchased from Zhang Guannian Fox and Raccoon Breeding Farm in Jilin Province, China. A total of 24 male raccoon dogs were randomly assigned to four treatment groups (n = 6). Each raccoon dog was kept in an individual cage (1.0 × 1.0 m). Feed was provided at 07:00 and 18:00 every day. Each cage was fitted with a feeder that provided feed at a rate of 0.3 kg/raccoon dog/d and a drinker that provided water ad libitum. The raccoon dogs’ diets were supplemented with MOS (Bio-Mos, Alltech, Nicholasville, KY) at 0% (C group), 0.05% (L group), 0.1% (M group), and 0.2% (H group) of basal diet. The test period consisted of a 5-day acclimation phase and a 45-day feeding trial. The ingredients and chemical composition of the basal diet are presented in Table 1.



TABLE 1 Composition and nutrient levels of basal diets (DM basis, g/kg).
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2.2 Nutrient digestibility

During the last 5 days of the experiment, we recorded daily food intake and fecal weight and then stored fecal and feed samples at −20°C. For nitrogen analysis, daily samples of 3% of total fecal production were collected and kept in wide-mouth vials containing 20 mL of 10% H2SO4. At the end of the data collecting period, the fecal and feed samples were thawed and pooled and then dried in a forced-air oven at 65°C for 72 h. In a fodder grinder, dried pooled samples of fecal and feed were crushed through a 1-mm screen. To determine the nutritional content of the fecal and feed samples, routine chemical tests were performed following the AOAC guidelines (Feldsine et al., 2002). Briefly, the dry matter (DM) content of samples was determined by drying them to a constant weight at 105°C. After 8 h of combustion at 550°C, the ash content was measured. Organic matter (OM) was determined by the amount of weight lost after ashing. The nitrogen content was measured using the Kjeldahl procedure with CuSO4 as a catalyst, and the crude protein (CP) concentration was estimated using the Accepted Manuscript N 6.25 formula. The ether extract (EE) in feces and feed was determined using the diethyl ether extraction–submersion method (Feldsine et al., 2002).



2.3 Fur quality and organ indices

On the last day of the experiment, the raccoon dogs were humanely slaughtered via electric shock according to the guidelines outlined in the Welfare of Animals Kept for Fur Production. The skin weight, skin length, underfur length (UL), and guard hair length (HL) were measured. The weights of the thymus, pancreas, liver, spleen, and kidney were recorded, and the indices of the organ were calculated. The calculation formula of the organ indices is as follows: organ indices = organ weight (kg)/body weight (kg).



2.4 Serum immune and antioxidant indices

At 45 d of feeding trial, after 6 h of feed withdrawal, blood samples were collected from the hind limb of three raccoon dogs per treatment. We adjusted the centrifuge (Sigma, Germany) speed to 5,000 × g, centrifuged the blood for 15 min, and then took the serum. Immunoglobulin A (IgA), immunoglobulin G (IgG), immunoglobulin M (IgM), catalase (CAT), and superoxide dismutase (SOD) of serum were detected by using commercial kits (Jiangsu Meimian Industrial Co., Ltd., Yancheng, China). The results were measured at 450 nm on a spectrophotometer (Shanghai Spectrophotometer Co., Ltd., Shanghai, China).



2.5 Intestinal morphology

On the last day of the experiment, we collected 2–3 cm of the duodenum, ileum, and jejunum and placed them in 10% formalin solution for 48 h. We adjusted the slice thickness to 5 μm and stained the sections using hematoxylin and eosin. The slices were determined using 40 × magnification (Olympus, Tokyo, Japan), and Image-Pro Plus 6.0 software (Media Cybernetics, Rockville, MD) was employed to measure the villus height (VH), crypt depth (CD), and the ratio between them at three different positions on each slice.



2.6 Gut microbiome

On the 45th day of the feeding trial, three raccoon dogs were randomly selected from each group to collect cecal contents after euthanasia and placed in sterile tubes containing 20% (wt/vol) maltodextrin. After flash freezing in liquid nitrogen, the tubes were lyophilized and kept at −80°C for future examination. According to the manufacturer’s instructions, we used the Qiagen magnetic bead extraction kit (Qiagen, Valencia, California, USA) to extract the total bacterial DNA from the content. Sequencing primers F (ACTCCTACGGGAGGCAGCA) and R (GGACTACHVGGGTWTCTAAT) were used to amplify the V3-V4 region of the bacterial 16S rRNA gene. Then, sequencing was performed on the Illumina NovaSeq 6,000 platform to generate paired-end reads, and the end reads were merged into the original labels. Bioinformatics analysis of the microbiome was conducted using QIME 22019 to obtain high-quality clean tags. The tags were compared to the SILVA database (version 138), and the DADA2 plugin was then used to filter the sequences for quality and to denoise them, combine them, and eliminate chimera (Callahan et al., 2016). The UPARSE algorithm (UPARSE version 7.0.1001) was used to cluster the effective tags from all samples, and the sequence was clustered into operational classification units (OTUs). OTU abundance information was normalized using a standard sequence number corresponding to the sample with the fewest sequences (McDonald et al., 2012). Subsequent analysis of alpha diversity and beta diversity was performed based on this output normalized data (Lozupone and Knight, 2005). The correlation between fur quality or serum indices and gut microbiota was analyzed by Spearman correlation analysis.



2.7 Statistical analysis

All graphs were generated using GraphPad Prism version 8 and Adobe Illustrator 2022. Statistical analysis was performed using the general linear model procedure of SPSS (22.0, IBM Co. Limited, Chicago, USA). The Shapiro–Wilk normality test and normal Q-Q plots were used for the normality test. Data were averaged into one value per animal and analyzed by one-way analysis of variance (ANOVA). Differences between groups were assessed using Duncan’s test. Data are presented as the mean and standard deviation (mean ± SD). A significance level of p < 0.05 was considered statistically significant, while p > 0.05 was considered not statistically significant. STAMP software (t-test) was used to analyze the differences in microbiota abundance between groups, and the Benjamini–Hochberg FDR multiple test correction method was used to control the false positive rate.




3 Results


3.1 Fur quality

The fur quality is shown in Table 2. It can be seen that compared to the control group, adding 0.05 and 1% MOS to the basal diet significantly increased UL and GL (p < 0.05). Final body weight, skin weight, and skin length were not significantly different among the groups (p > 0.05).



TABLE 2 Effects of MOS on fur quality of raccoon dog (%).
[image: Table2]



3.2 Apparent nutrient digestibility

The apparent nutrient digestibility is shown in Table 3. The addition of 0.05 and 0.1% MOS in the diet increased apparent CP digestibility (p < 0.05). The dietary treatments had no significant effects on the apparent digestibility of DM, EE, and OM (p > 0.05).



TABLE 3 Effects of MOS on apparent nutrient digestibility of raccoon dog (%).
[image: Table3]



3.3 Serum immune and antioxidant indices

The dietary MOS significantly affected the antioxidant and immunity capacity of the raccoon dogs (p < 0.05). As shown in Table 4, compared to the control group, adding 0.05% MOS significantly increased the level of CAT (p < 0.05). Meanwhile, adding 0.05 and 1% MOS to the basal diet significantly increased the level of IgA and IgG in the serum (p < 0.05). At the same time, adding different levels of MOS in the basal diet significantly increased serum IgM and SOD compared to the control group (p < 0.05).



TABLE 4 Effects of MOS on serum immune and antioxidant indices of raccoon dog (%).
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3.4 Organ indices

The organ indices are shown in Table 5. It can be seen that adding 0.2% MOS in the basal diet significantly increased the indices of the thymus (p < 0.05), but there were no significant differences in the indices of the pancreas, liver, spleen, and kidney among the groups (p > 0.05).



TABLE 5 Effects of MOS on organ indices of raccoon dog.
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3.5 Intestinal morphology

As shown in Table 6, compared to the control group, adding 0.05 and 0.1% MOS significantly increased VH/CD of the duodenum, while 0.1% MOS increased VH of the duodenum (p < 0.05). Adding 0.05% MOS in the basal diet significantly increased VH/CD of the ileum and VH of the jejunum compared to the control group (p < 0.05). Adding 0.05% MOS significantly increased the CD of the jejunum compared to 0.2% MOS (p < 0.05). There were no significant differences in the CD of the duodenum, VH of the ileum, CD of the ileum, and VH/CD of the jejunum among the groups (p > 0.05).



TABLE 6 Effects of MOS on intestinal morphology of Ussuri raccoon dog.
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3.6 Gut microbiota

The relative abundance of gut microbiota was calculated at the phylum and genus levels (Figures 1A,B). The top 10 species at the phylum level and the top 15 species at the genus level were chosen for study based on the findings of the species annotation. As shown in Figure 1A, the most dominating bacteria in the cecum of the raccoon dogs were Firmicutes, Proteobacteria, Bacteroidetes, Actinobacteria, TM7, Fusobacteria, Tenericutes, Spirochaetes, Acidobacteria, Verrucomicrobia, and others. The dominating bacteria at the genus level were Lactobacillus, Clostridiaceae_Clostridium, Blautia, Turicibacter, Faecalibacterium, Psychrobacter, Gemmiger, Bulleidia, Dialister, Streptococcus, and others. To explore α-diversity, we conducted Chao1, Faith, Goods, Shannon, Simpson, Pielou, and Observed analysis on the four groups of data (Figure 1C). The study results showed that different concentrations of MOS treatment had no significant impact on α-diversity (p > 0.05). To ascertain the degree of similarity across the groups, principal coordinate analysis (PCoA) plots of the Bray–Curtis distance, a representative measure of β-diversity, were created. As shown in Figure 2A, there was no significant difference in the diversity among the groups (p > 0.05). Venn diagram analysis was used to obtain a better understanding of the common richness across all groupings. As shown in Figure 2B, the L group included 3,519 unique OTUs. In addition, group C, M, and H included 2,589, 1768, and 2,149 unique OTUs, respectively. To further compare the differences in species composition between the samples, we plotted heat maps based on abundance at the phylum and genus levels (Figures 2C,D). The dominating bacteria at the phylum level were Bacteroidetes, Tenericutes, TM7, Verrucomicrobia, Proteobacteria, Spirochaetes, Chloroflexi, Acidobacteria, Cyanobacteria, Deferribacteres, Fusobacteria, Nitrospirae, Armatimonadetes, Thermi, Planctomycetes, Firmicutes, and Actinobacteria. At the genus level, Peptococcus, Roseburia, Allobaculum, Bulleidia, Collinsella, Gemmiger, Faecalibacterium, Dorea, Eubacterium, Lactobacillus, Blautia, Clostridium, Dialister, Turicibacter, Butyrivibrio, Psychrobacter, Phascolarctobacterium, Prevotella, Streptococcus, and Sarcina were the differential bacteria among the groups.

[image: Figure 1]

FIGURE 1
 The composition and α-diversity of gut microbiota. (A) Relative abundance of bacteria at the phylum level. (B) Relative abundance of bacteria at the genus level. (C) α-diversity—Chao1, Faith, Goods, Shannon, Simpson, Pielou, and Observed. Fur-growing raccoon dogs were fed 0% (C), 0.05% (L), 0.1% (M), and 0.2% (H) MOS.


[image: Figure 2]

FIGURE 2
 The comparison of gut microbiota among the groups. (A) PCoA analysis, (B) Venn diagram analysis, (C) Significant differences in bacteria at the phylum level, (D) Significant differences in bacteria at the genus level. Fur-growing raccoon dogs were fed 0% (C), 0.05% (L), 0.1% (M), and 0.2% (H) MOS.




3.7 Correlation between fur quality or serum indices and gut microbiota

Spearman’s rank correlation analysis was performed to evaluate the correlation between fur quality or serum indices and gut microbiota. As shown in Figure 3, Dorea was negatively correlated with GL, Blautia was negatively correlated with IgA, and Gemmiger was negatively correlated with IgM (p < 0.05).

[image: Figure 3]

FIGURE 3
 Heatmap of correlation between fur quality or serum indices and gut microbiota. SOD, superoxide dismutase; IgA, immunoglobulin A; IgM, immunoglobulin M; CAT, catalase; UL, underfur length; GL, guard hair length. IgG, immunoglobulin G. The results of the correlation analysis were analyzed by Spearman correlation analysis; *p < 0.05.





4 Discussion

This study aimed to evaluate the effects of MOS on the fur quality, nutritional apparent digestibility, serum parameters, intestinal morphology, and gut microbiota of raccoon dogs. As a type of fur animal, the fur quality of raccoon dogs determines economic benefits. MOS are extracted from the total amount of inactivated brewing yeast, which has potential prebiotic effects. MOS can enhance the activity of immunoglobulin, regulate intestinal inflammatory response, and promote fur growth. However, there are few reports on the effect of MOS on fur animals. The results of the present study indicated that the beneficial effects of MOS on fur quality and serum indices of raccoon dogs may be caused by regulating the gut microbiota.

The digestibility of nutrients is critical for animal development. This study found that adding 0.05 and 1% MOS to the diet could significantly increase the apparent digestibility of CP in fur-growing raccoon dogs. Additionally, when the MOS level rose, the dry matter digestibility improved. This is consistent with the findings of earlier tests. Salavati et al. (2021) showed that supplementing broiler chicken diets with 100 mg/kg MOS improved the digestibility and utilization of CP (Salavati et al., 2021). Akter et al. (2016) also discovered that adding MOS to the diet improved the feed coefficient, feeding rate, CP apparent digestibility, and total protein content of juvenile striped catfish to varying degrees, and the entire dataset demonstrated a positive correlation trend (Akter et al., 2016). MOS can improve pig feed efficiency by improving intestinal health and regulating the colonization of the gut microbiota (Wenner et al., 2013). Adding 2 or 4 g/kg MOS to the diet of piglets can improve the digestibility of CP in the ileum (Nochta et al., 2010). Similarly, MOS at 1 g/kg of diet can improve the digestion rate of rabbits by regulating the microbial population in the cecum (Bovera et al., 2012). It can be seen that supplementing MOS in the diet had a positive effect on the digestibility of CP under the conditions of this study. In addition, the intestinal morphology also determined the digestibility of CP.

Intestinal morphology is the basis for intestinal functions and health. Because the gut is an essential digestive organ of animals, and a healthy gut is required for effective food digestion, a healthy intestinal is critical for animal growth and development (Kogut and Arsenault, 2016). The structure of the small intestine is directly related to its digestive ability, and the ratio of VH to CD is a key indicator of the digestive ability of the small intestine (Wang et al., 2020). Recent studies have found a positive correlation between the VH and the expression of nutrient transport proteins. When the intestinal villi are damaged, this can damage the digestive and absorptive capacity of intestinal nutrients, and improving intestinal morphology is an important way to improve the growth performance and health of weaned piglets (Yi et al., 2021). Our study has found that MOS can improve the VH of the duodenum, VH of the jejunum, and VH/CD of the duodenum and ileum of raccoon dogs. This is similar to our results demonstrating that MOS enhanced digestibility by lengthening and expanding the surface area of villi and decreasing the CD. Adding 0.04% MOS to broiler diet can increase the VH of the jejunum on day 35, and the benefits of MOS for the intestinal morphology may be attributed to its regulatory effect as a prebiotic on the intestinal microbiota and the intestinal environment (Teng et al., 2021). The positive effect of MOS on the intestinal morphology may be an important reason for improving the apparent digestibility of CP and thereby improving fur quality.

Our study found that the inclusion of 0.05 and 0.1% MOS to the diets of fur-growing racoon dogs could enhance UL and GL, leading to an improvement in fur quality. Currently, research on oligosaccharides promoting hair growth is gradually increasing. As a type of oligosaccharide, algal oligosaccharides can restore dihydrotestosterone-induced changes in dermal papillae cell regulatory factors, thereby improving androgenetic alopecia to some extent, possibly through its antioxidant activity (Jin et al., 2020). Similarly, our study also found that MOS can enhance the antioxidant capacity of raccoon dogs. In addition, a study has found that biological oligosaccharides can stimulate de novo regeneration of robust hairs by regulating immune responses (Huang et al., 2022). These findings suggest that the improvement effect of MOS on the quality of raccoon dog fur may be through enhancing antioxidant capacity and immune response pathways.

The adaptive immune system is composed of T and B lymphocytes, with the thymus being the main lymphatic organ necessary for the development of T lymphocytes, providing monitoring and protection for the body’s defense mechanisms (Thapa and Farber, 2019). Our study found that supplementing 0.2% MOS to the diet of raccoon dogs could increase the thymus indices. Similarly, adding 0.5 g/kg MOS to the diet could increase the weight of the thymus and promote the health and immune response of broiler chicks (Attia et al., 2017). Taken together, it can be seen that MOS has a positive effect on promoting the growth of the thymus gland and maintaining the immune system.

According to earlier research, MOS may connect to immune cell-related receptors. This process activates the immune defense system, increases the generation of cytokines, enhances the capacity of antigen-presenting cells to deliver antigens, and strengthens the body’s non-specific immunity. Among these, the MOS binding protein plays a critical role in non-specific immunity. After MOS stimulate the liver effectively, the MOS binding protein may be generated. The MOS binding protein, as a calcium-dependent coagulant, may initiate the complement cascade enzyme process, causing the body to generate an immunological response (Patel et al., 2015). Additionally, toll-like receptors are capable of recognizing and binding MOS. After this process is completed successfully, ligand-receptor complexes may be created to control the synthesis of receptor-related signal protein molecules and the activation of signal pathways in immune cells, inducing the release of cytokines and initiating the immunological response (Nikolakopoulou and Zarkadis, 2006). Immunoglobulin is an important component of humoral immunity, and the content of immunoglobulin in the blood may be a clear indicator of the strength of the body’s immune system (Han et al., 2018). IgG is the most abundant antibody in animals, constituting 75% of total immunoglobulin in serum and performing antiviral, antibacterial, and immunological regulatory activities (Navolotskaya, 2014). IgM is not only a critical component of the basal immune response, but it is also the first antibody subtype seen throughout the infectious immune response process. IgA is a non-inflammatory antibody that exists naturally in the body and is the primary component of the mucosal defense system. Our results indicated that adding different levels of MOS to the diet can improve the immune function of fur-growing raccoon dogs. It has also been found that adding MOS to goat milk can regulate the serum IgG content of newborn goats (Yang et al., 2022). Meanwhile, Zhou et al. (2019) discovered that supplementing broiler feed with MOS substantially increases IgG and IgM levels (Zhou et al., 2019). The increase in IgA, IgM, and IgG in serum indicates that MOS have a positive effect on promoting immune response. They are capable of resisting harmful germs’ invasion, inhibiting viral reproduction, and acting as an immunological barrier. Recent studies have increasingly revealed the vital impact of the local immune microenvironment on hair growth, and oligosaccharide biomaterials can promote hair growth by regulating immune responses (Huang et al., 2022). The findings indicated that supplementing the feed with MOS may significantly increase the immunoglobulin activity in the serum of fur-growing raccoon dogs to improve its immunity, which may be an important reason for promoting the quality of raccoon dog fur.

Research has found that fur quality is related to antioxidant capacity. The use of functional antioxidants and barrier enhancers to further improve scalp condition can enable a reduction in hair shedding and thus an increase in perceived hair fullness (Davis et al., 2021). Animals generate reactive oxygen species (ROS) and free radicals during metabolism and in stressful environments, and their buildup results in the breakdown of organisms’ cellular structure and function. SOD and CAT are found in all species and serve a critical role in preventing oxidative damage to cells. Their activities may be used to assess an animal’s antioxidant capability to a certain degree (Yousef et al., 2009). MOS have a natural antioxidant action, activating the antioxidant enzyme system, increasing the activity of SOD and CAT, removing excess free radicals and ROS from animals, and protecting them from oxidative damage (Zhang et al., 2015). Our study results indicated that adding 0.05% MOS to the diets can increase CAT activity while adding 0.05, 0.1, and 0.2% MOS can increase SOD activity. Zheng et al. (2018) discovered that MOS may substantially increase the antioxidant capacity of sheep, particularly at a dosage of 1.6% (Zheng et al., 2018). Attia et al. (2017) discovered that intermittent addition of MOS in broiler diets may substantially increase SOD activity (Attia et al., 2017). The findings of this experiment were mostly similar to those of the previous experiment, indicating that supplementing MOS in the diet may improve the fur quality of raccoon dogs by enhancing their antioxidant capacity.

To further investigate the impact of MOS on the fur quality and serum indices of raccoon dogs, we recreated their natural breeding habitat and examined their gut microbiota. It has been reported that the gut microbiota is closely related to the growth, development, and production benefits of animals (Zhao et al., 2022). The gut microbiota of carnivore animals such as raccoon dogs has been reported to mainly be composed of Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria (Liu et al., 2021; Nan et al., 2021), similarly to our results. In the present study, MOS supplementation did not affect the gut microbiota richness and diversity. A recent study also reported that MOS failed to modify the diversity and richness of gut microbiota (Kazlauskaite et al., 2022). It can be speculated that MOS will not have a significant impact on the stability of the gut microbiota. Peptococcus plays a key role in promoting immunity while also promoting digestion and nutrient absorption (Yang et al., 2021). Another study found that Peptococcus has a positive effect on improving the overall health of chickens (Zhu et al., 2016). Bacteroidetes are the main microorganisms in the intestinal tract of animals, but they may induce inflammation and promote the occurrence of host diseases (Stojanov et al., 2020). Our study results indicated that different levels of MOS can reduce the relative abundance of Bacteroidetes while increasing Peptococcus. Similarly, dietary supplementation with Cyberlindnera jadinii can improve the growth performance, serum immunity, and antioxidant capacity of growing raccoon dogs while reducing the Bacteroidetes (Zhao et al., 2022). Probiotics not only promote the growth performance and intestinal immunity of piglets but also increase the abundance of Peptococcus (Xin et al., 2020). The increase in Peptococcus and the decrease in Bacteroidetes may indicate an improvement in the gut microbiota, which has a positive effect on promoting intestinal health, antioxidant capacity, and immunity.

We investigated the effects of gut microbiota on the immunoglobulin content, antioxidant indices, and fur quality of raccoon dogs through Spearman correlation analysis. The study results showed that the relative abundance of Dorea was negatively correlated with GL, the abundance of Blautia was negatively correlated with IgA, and the relative abundance of Gemmiger was negatively correlated with IgM. This is similar to previous reports, where IgA levels in the serum and urine of patients with IgA nephropathy increased, while 16 s rDNA analysis showed a decrease in Blautia (Tang et al., 2022). Similarly, it has been reported that as a natural antioxidant polyphenol, taxifolin can increase the secretion of IgA, IgG, and IgM in dextran sulfate sodium and reduce the abundance of Gemmiger (Hou et al., 2021). In addition, a study found an increase in IgM content in the serum of major depressive disorder (Kling et al., 2006). Further analysis of its fecal microbiota revealed a decrease in Gemmiger abundance, indicating a negative correlation between IgM and Gemmiger (Maes et al., 2023). We speculate that MOS may enhance the immune response of raccoon dogs by reducing the relative abundance of Blautia and Gemmiger. Previous studies have found that hair follicle immune imbalance is the main pathogenic event of alopecia areata. Patients with alopecia areata can cause an increase in the abundance of Dorea in fecal samples (Sánchez-Pellicer et al., 2022). It can be seen that adding MOS to diets could promote the fur quality of raccoon dogs by decreasing the abundance of Dorea.

The results of the current study suggest that supplementing 0.05 and 1% MOS in the diets of racoon dogs can improve their gut microbiota. Therefore, MOS may play an active role in fur quality and serum indices by regulating gut microbiota, and this effect was greater when the addition level was 0.05 or 0.1%. However, due to the small number of raccoon dogs available for the study under the actual conditions of the experiment, further validation of the results is required.



5 Conclusion

In conclusion, adding 0.05 and 1% MOS to the diets of racoon dogs can improve the apparent digestibility of CP and intestinal morphology. In addition, MOS can also be used to optimize their gut microbiota structure. MOS can improve the fur quality of racoon dogs by reducing the abundance of Dorea while improving their immune response by reducing the abundance of Blautia and Gemmiger. Therefore, MOS have potential as an efficient antibiotic alternative in raccoon dog feed.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



Ethics statement

The animal studies were approved by Jilin Agricultural University in P.R. China and approved by the Experimental Animal Welfare and Ethics Committee of Jilin Agricultural University. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent was obtained from the owners for the participation of their animals in this study.



Author contributions

CY: Writing – original draft. LR: Software, Writing – original draft. RS: Methodology, Writing – original draft. XY: Methodology, Writing – original draft. XZ: Methodology, Writing – original draft. AZ: Supervision, Writing – review & editing. MW: Project administration, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was completed at the Jilin Agricultural University. This study was funded by the National Key Research and Development Program of China (2018YFD0502202).



Conflict of interest

The 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.



References

 Akter, M. N., Sutriana, A., Talpur, A. D., and Hashim, R. (2016). Dietary supplementation with mannan oligosaccharide influences growth, digestive enzymes, gut morphology, and microbiota in juvenile striped catfish. Aquac. Int. 24, 127–144. doi: 10.1007/s10499-015-9913-8


 Attia, Y. A., Al-Khalaifah, H., Ibrahim, M. S., Abd Al-Hamid, A. E., Al-Harthi, M. A., and El-Naggar, A. (2017). Blood hematological and biochemical constituents, antioxidant enzymes, immunity, and lymphoid organs of broiler chicks supplemented with Propolis, bee pollen, and Mannan oligosaccharides continuously or intermittently. Poult. Sci. 96, 4182–4192. doi: 10.3382/ps/pex173 

 Beam, A., Clinger, E., and Hao, L. (2021). Effect of diet and dietary components on the composition of the gut microbiota. Nutrients 13. doi: 10.3390/nu13082795


 Bernal-Barragán, H., Ruiz-Chávez, E. A., Gutiérrez-Ornelas, E., Avalos-Ramírez, R., Cervantes-Ramírez, M., and Sánchez-Dávila, F. (2007). Effect of dietary antibiotics and mannan oligosaccharides on growth performance, carcass characteristics and health of growing/finishing pigs. Poult. Sci. 86, 311–312. doi: 10.21608/ejap.2004.108345


 Bindels, L. B., Delzenne, N. M., Cani, P. D., and Walter, J. (2015). Towards a more comprehensive concept for prebiotics. Nat. Rev. Gastroenterol. Hepatol. 12, 303–310. doi: 10.1038/nrgastro.2015.47 

 Bovera, F., Lestingi, A., Marono, S., Iannaccone, F., Nizza, S., Mallardo, K., et al. (2012). Effect of dietary mannan-oligosaccharides on in vivo performance, nutrient digestibility and caecal content characteristics of growing rabbits. J. Anim. Physiol. Anim. Nutr. 96, 130–136. doi: 10.1111/j.1439-0396.2011.01134.x 

 Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon data. Nat. Methods 13:581. doi: 10.1038/Nmeth.3869


 Cui, H., Zhang, T. T., Nie, H., Wang, Z. C., Zhang, X. L., and Shi, X. H. (2017). Effects of sources and concentrations of zinc on growth performance, nutrient digestibility, and fur quality of growing-furring female mink. J. Anim. Sci. 95, 5420–5429. doi: 10.2527/jas2017.1810 

 Davis, M. G., Piliang, M. P., Bergfeld, W. F., Caterino, T. L., Fisher, B. K., Sacha, J. P., et al. (2021). Scalp application of antioxidants improves scalp condition and reduces hair shedding in a 24-week randomized, double-blind, placebo-controlled clinical trial. Int. J. Cosmet. Sci. 43, S14–S25. doi: 10.1111/ics.12734


 Feldsine, P., Abeyta, C., and Andrews, W. H. (2002). AOAC INTERNATIONAL methods committee guidelines for validation of qualitative and quantitative food microbiological official methods of analysis. J. AOAC Int. 85, 1187–1200. doi: 10.1093/jaoac/85.5.1187 

 Han, J. F., Wang, Y. W., Song, D., Lu, Z. X., Dong, Z. L., Miao, H. J., et al. (2018). Effects of and on growth performance, immune function and volatile fatty acid level of caecal digesta in broilers. Food Agric. Immunol. 29, 797–807. doi: 10.1080/09540105.2018.1457013


 Hou, J. X., Hu, M. Y., Zhang, L., Gao, Y., Ma, L. B., and Xu, Q. B. (2021). Dietary taxifolin protects against dextran sulfate sodium-induced colitis NF-κB signaling, enhancing intestinal barrier and modulating gut microbiota. Front. Immunol. 11:631809. doi: 10.3389/fimmu.2020.631809


 Huang, C. Y., Huang, C. Y., Yang, C. C., Lee, S. M., and Chang, O. S. (2022). Hair growth-promoting effects of Sargassum glaucescens oligosaccharides extracts. J. Taiwan Inst. Chem. Eng. 134, 134–138. doi: 10.1016/j.jtice.2022.104307


 Jin, M., Chen, Y. L., He, X. F., Hou, Y. P., Chan, Z. H., and Zeng, R. Y. (2020). Amelioration of androgenetic alopecia by algal oligosaccharides prepared by Deep-Sea bacterium biodegradation. Front. Microbiol. 11:567060. doi: 10.3389/fmicb.2020.567060


 Kazlauskaite, R., Cheaib, B., Humble, J., Heys, C., Ijaz, U. Z., Connelly, S., et al. (2022). Deploying a gut model to assay the impact of the Mannan-oligosaccharide prebiotic bio-Mos on the Atlantic Salmon gut microbiome. Microbiol. Spectrum 10, 1–16. doi: 10.1128/spectrum.01953-21 

 Kling, M. A., Csako, G., Alesci, S., Costel, R., Luckenbaugh, D. A., Bonne, O., et al. (2006). Selective decrease in serum immunoglobulin (Ig)a but not IgG or IgM levels in unmedicated, remitted patients with major depressive disorder: pathophysiologic implications. Biol. Psychiatry 59, 171s–172s. doi: 10.1097/jcp.0b013e31829a8284


 Kogut, M. H., and Arsenault, R. J. (2016). Gut health: the new paradigm in food animal production. Front. Vet. Sci. 3:71. doi: 10.3389/fvets.2016.00071


 Liu, H. L., Li, Z. P., Si, H. Z., Zhong, W., Fan, Z. Y., and Li, G. Y. (2020). Comparative analysis of the gut microbiota of the blue fox and raccoon dog. Arch. Microbiol. 202, 135–142. doi: 10.1007/s00203-019-01721-0 

 Liu, X. M., Mao, B. Y., Gu, J. Y., Wu, J. Y., Cui, S. M., Wang, G., et al. (2021). A new functional genus with potential probiotic properties? Gut Microbes 13, e1875796–e1875816. doi: 10.1080/19490976.2021.1875796 

 Lozupone, C., and Knight, R. (2005). UniFrac: a new phylogenetic method for comparing microbial communities. Appl. Environ. Microbiol. 71, 8228–8235. doi: 10.1128/AEM.71.12.8228-8235.2005 

 Maes, M., Vasupanrajit, A., Jirakran, K., Klomkliew, P., Chanchaem, P., Tunvirachaisakul, C., et al. (2023). Exploration of the gut microbiome in Thai patients with major depressive disorder shows a specific bacterial profile with depletion of the genus as a putative biomarker. Cells. 12, 1240–1255. doi: 10.3390/cells12091240


 McDonald, D., Price, M. N., Goodrich, J., Nawrocki, E. P., DeSantis, T. Z., Probst, A., et al. (2012). An improved Greengenes taxonomy with explicit ranks for ecological and evolutionary analyses of bacteria and archaea. ISME J. 6, 610–618. doi: 10.1038/ismej.2011.139 

 Nan, W. X., Si, H. Z., Yang, Q. L., Shi, H. P., Zhang, T. T., Shi, Q. M., et al. (2021). Effect of vitamin a supplementation on growth performance, serum biochemical parameters, intestinal immunity response and gut microbiota in American mink. Animals 11, 1577–1592. doi: 10.3390/ani11061577


 Navolotskaya, E. V. (2014). The second life of antibodies. J. Pept. Sci. 20:S238. doi: 10.1134/s0006297914010015


 Nikolakopoulou, K., and Zarkadis, L. K. (2006). Molecular cloning and characterization of two homologs of mannose-binding lectin in rainbow trout. Fish Shellfish Immunol. 21, 305–314. doi: 10.1016/j.fsi.2005.12.007


 Nochta, I., Halas, V., Tossenberger, J., and Babinszky, L. (2010). Effect of different levels of mannan-oligosaccharide supplementation on the apparent ileal digestibility of nutrients, N-balance, and growth performance of weaned piglets. J. Anim. Physiol. Anim. Nutr. 94, 747–756. doi: 10.1111/j.1439-0396.2009.00957.x 

 Patel, P. K., Hindala, M., Kohli, B., and Hajela, K. (2015). Divalent metal ions binding properties of goat serum mannose binding lectin. Int. J. Biol. Macromol. 80, 324–327. doi: 10.1016/j.ijbiomac.2015.06.049 

 Peng, Y. J., Shi, Q. M., Wang, Y. J., Zhang, F., Ji, Z. X., and Zhang, J. (2019). Dietary probiotics have different effects on the composition of fecal microbiota in farmed raccoon dog (Nyctereutes procyonoides) and silver fox (Vulpes vulpes fulva). BMC Microbiol. 19, 109–119. doi: 10.1186/s12866-019-1491-x


 Rosen, G. D. (2007). Holo-analysis of the efficacy of bio-Mos® in broiler nutrition. Br. Poult. Sci. 48, 21–26. doi: 10.1080/00071660601050755 

 Salavati, M. E., Rezaeipour, V., Abdullahpour, R., and Mousavi, S. N. (2021). Bioactive peptides from sesame meal for broiler chickens: its influence on the serum biochemical metabolites, immunity responses, and nutrient digestibility. Int. J. Pept. Res. Ther. 27, 1297–1303. doi: 10.1007/s10989-021-10168-1


 Sánchez-Pellicer, P., Navarro-Moratalla, L., Núñez-Delegido, E., Agüera-Santos, J., and Navarro-López, V. (2022). How our microbiome influences the pathogenesis of alopecia Areata. Genes. 13, 1860–1883. doi: 10.3390/genes13101860


 Stojanov, S., Berlec, A., and Strukelj, B. (2020). The influence of probiotics on the Firmicutes/Bacteroidetes ratio in the treatment of obesity and inflammatory bowel disease. Microorganisms 8, 1715–1730. doi: 10.3390/microorganisms8111715


 Tang, Y. Y., Zhu, Y. F., He, H. D., Peng, Y. S., Hu, P., Wu, J. J., et al. (2022). Gut Dysbiosis and intestinal barrier dysfunction promote IgA nephropathy by increasing the production of Gd-IgA1. Front. Med. 9:944027. doi: 10.3389/fmed.2022.944027


 Teng, P. Y., Adhikari, R., Llamas-Moya, S., and Kim, W. K. (2021). Effects of a combination of mannan-oligosaccharides and β-glucan on growth performance, intestinal morphology, and immune gene expression in broiler chickens. Poult. Sci. 100, 101483–10148. doi: 10.1016/j.psj.2021.101483


 Thapa, P., and Farber, D. L. (2019). The role of the thymus in the immune response. Thorac. Surg. Clin. 29:123. doi: 10.1016/j.thorsurg.2018.12.001


 Wang, M., Yang, C., Wang, Q. Y., Li, J. Z., Li, Y. L., Ding, X. Q., et al. (2020). The growth performance, intestinal digestive, and absorptive capabilities in piglets with different lengths of small intestines. Animal 14, 1196–1203. doi: 10.1017/S175173111900288x


 Wenner, B. A., Zerby, H. N., Boler, D. D., Gebreyes, W. A., and Moeller, S. J. (2013). Effect of mannan oligosaccharides (bio-Mos) and outdoor access housing on pig growth, feed efficiency, and carcass composition. J. Anim. Sci. 91, 4936–4944. doi: 10.2527/jas.2013-6582 

 Xin, J. G., Zeng, D., Wang, H. S., Sun, N., Zhao, Y., Dan, Y., et al. (2020). Probiotic BS15 promotes growth performance, intestinal immunity, and gut microbiota in piglets. Probiotics Antimicrobial Proteins 12, 184–193. doi: 10.1007/s12602-018-9511-y 

 Yang, J. J., Wang, J., Huang, K. H., Liu, Q. X., Liu, G. F., Xu, X. Z., et al. (2021). Selenium-enriched 14246 improved the growth and immunity of broiler chickens through modified ileal bacterial composition. Sci. Rep. 11, 21690–21703. doi: 10.21203/rs.3.rs-410082/v1


 Yang, C., Zhang, T. X., Tian, Q. H., Cheng, Y., Gebeyew, K., Liu, G. W., et al. (2022). Supplementing Mannan oligosaccharide reduces the passive transfer of immunoglobulin G and improves Antioxidative capacity, immunity, and intestinal microbiota in neonatal goats. Front. Microbiol. 12:795081. doi: 10.3389/fmicb.2021.795081


 Yi, Z. F., Tan, X., Wang, Q. Y., Huang, P. F., Li, Y. L., Ding, X. Q., et al. (2021). Dietary niacin affects intestinal morphology and functions modulating cell proliferation in weaned piglets. Food Funct. 12, 7402–7414. doi: 10.1039/D0FO03097J 

 Yousef, M. I., Saad, A. A., and El-Shennawy, L. K. (2009). Protective effect of grape seed proanthocyanidin extracts against oxidative stress induced by cisplatin in rats. Food Chem. Toxicol. 47, 1176–1183. doi: 10.1016/j.fct.2009.02.007 

 Zha, A. D., Tu, R. Q., Qi, M., Wang, J., Tan, B., Liao, P., et al. (2023). Mannan oligosaccharides selenium ameliorate intestinal mucosal barrier and regulate intestinal microbiota to prevent-induced diarrhea in weaned piglets. Ecotoxicol. Environ. Saf. 264, 115448–115459. doi: 10.1016/j.ecoenv.2023.115448


 Zhang, Y. T., Shen, L., Zhang, K., Guo, T., Zhao, J. H., Li, N., et al. (2015). Enhanced antioxidation encapsulation of isooctyl p-methoxycinnamate with sodium deoxycholate-mediated liposome endocytosis. Int. J. Pharm. 496, 392–400. doi: 10.1016/j.ijpharm.2015.10.010 

 Zhao, P. Y., Jung, J. H., and Kim, I. H. (2012). Effect of mannan oligosaccharides and fructan on growth performance, nutrient digestibility, blood profile, and diarrhea score in weanling pigs. J. Anim. Sci. 90, 833–839. doi: 10.2527/jas.2011-3921 

 Zhao, D. H., Liu, H. L., Zhang, H. H., Liu, K. Y., Zhang, X. Y., Liu, Q., et al. (2022). Dietary supplementation with improved growth performance, serum biochemical indices, antioxidant status, and intestinal health in growing raccoon dogs. Front. Microbiol. 13:973384. doi: 10.3389/fmicb.2022.973384


 Zheng, C., Li, F. D., Hao, Z. L., and Liu, T. (2018). Effects of adding mannan oligosaccharides on digestibility and metabolism of nutrients, ruminal fermentation parameters, immunity, and antioxidant capacity of sheep. J. Anim. Sci. 96, 284–292. doi: 10.1093/jas/skx040 

 Zhou, M. Y., Tao, Y. H., Lai, C. H., Huang, C. X., Zhou, Y. M., and Yong, Q. (2019). Effects of mannanoligosaccharide supplementation on the growth performance, immunity, and oxidative status of partridge shank chickens. Animals 9, 817–828. doi: 10.3390/ani9100817


 Zhu, W. F., Gregory, J. C., Org, E., Buffa, J. A., Gupta, N., Wang, Z. N., et al. (2016). Gut microbial metabolite TMAO enhances platelet Hyperreactivity and thrombosis risk. Cells 165, 111–124. doi: 10.1016/j.cell.2016.02.011 



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Mannan oligosaccharides improve the fur quality of raccoon dogs by regulating the gut microbiota



		1 Introduction



		2 Materials and methods



		2.1 Raccoon dogs, dietary treatments, and experimental design



		2.2 Nutrient digestibility



		2.3 Fur quality and organ indices



		2.4 Serum immune and antioxidant indices



		2.5 Intestinal morphology



		2.6 Gut microbiome



		2.7 Statistical analysis









		3 Results



		3.1 Fur quality



		3.2 Apparent nutrient digestibility



		3.3 Serum immune and antioxidant indices



		3.4 Organ indices



		3.5 Intestinal morphology



		3.6 Gut microbiota



		3.7 Correlation between fur quality or serum indices and gut microbiota









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References



















OPS/images/cover.jpg
' frontiers | Frontiers in Microbiology

Mannan oligosaccharides improve
the fur quality of raccoon dogs by
regulating the gut microbiota












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology






OPS/images/fmicb-14-1324277-t002.jpg
Parameter C (0% MOS)

05% MOS) M (0.1% MOS) 2% MOS)
Final body weight (kg) 6.88:+0.26 717056 733047 7.05£0.26
Skin weight (kg) 1984022 2104028 2176031 244054
Skin length (cm) 7950288 7783371 83.00+442 79.17£5.42
Underfur length (UL) (cm) 682059 8.08£0.86" 8.00£0.79" 683093
Guard hair length (GL) (cm) 880£051° 11004084 10404089 8952143

UL, underfur length; GL, guard hair length. Fur-growing raccoon dogs were fed 0% (C), 0.05% (L), 0.1% (M), and 0.2% (H) MOS. The values i the table are means 5D, ** Means in the same
row; there were significant differences in different superscripts (p<0.05); no letter or with the same superscripts means no significant differences (p>0.03).
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means £ SD. ** Means in the same row; there were significant differences in different superscripts (P<0.05); no letter or with the same superscripts means no significant differences (p>0.05).
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1,000mg, Zn 4500mg, 1 55mg, Se 18mg,and Co 53 mg. ME wasa calculated value, while
the others were measured values.
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VH, villus height; CD, crypt depth. Fur-growing raccoon dogs were fed 0% (C), 0.05% (L), 0.1% (M), and 0.2% () MOS. The values in the table are means £ SD. ** Means i the same rows;
there were significant differences in different superscripts (P<0.05); no letter or with the same superscripts means no significant differences (P>0.05).
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dismutase. Fur-growing raccoon dogs were fed 0% (C), 0.05% (L), 0.1% (M), and

0.2% (H) MOS. The values in the table are means:+ SD. ** Means in the same rows there were significant differences in different superscripts (P<0.05); no letter or with the same superscripts

means no significant differences (P>0.05).
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Fur-growing raccoon dogs were fed 0% (C), 0.05% (L), 0.1% (M), and 0.2% (H) MOS. The values in the table are means & SD. ** Means in the same row; there were significant differences in
different superscripts (P<0.05); no letter or with the same superscripts means no significant differences (P>0.05).
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