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As a dominant species among marine yeasts, Rhodotorula benthica accounts for ~50% of all marine yeasts. Rhodotorula is rich in a variety of bioactive substances and commonly used in the production of carotenoids by microbial fermentation and is worth developing. Therefore, the present study used a strain of Rhodotorula mucilaginosa isolated from the coastal waters of the South China Sea as the target yeast to investigate its impact on the immune function and gut microbiota of mice. A total of 200 mice were randomly divided into gavage groups and control group and garaged for 30 consecutive days at different concentration. Samples were collected on day 15 and day 30 of gavage administration. The results showed that R. mucilaginosa ZTHY2 could increase the thymus and spleen indices of mice, and its effect on the thymus index was more significant after long-term gavage administration. Short-term (15 days) gavage administration of R. mucilaginosa suspension enhanced delayed hypersensitivity in mice, increased serum IgG, IgA, and IL-2. Long-term (30 days) gavage administration of R. mucilaginosa suspension significantly enhanced the phagocytosis of macrophages in mice and significantly increased serum TNF-α and INF-γ. R. mucilaginosa ZTHY2 altered the structure of the gut microbiota of mice at the phylum and genus levels, leading to an increased relative abundance of Firmicutes and Lactobacillus and a decreased relative abundance of Bacteroidetes. This strain increased the beneficial intestinal bacteria and reduced the harmful intestinal bacteria in mice. This study provides experimental evidence and lays the foundation for the future development and application of this strain as a microecological source of carotenoids.
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INTRODUCTION

Rhodotorula is a genus of eukaryotic microorganisms in the family Sporidiobolaceae (order Sporidiales, class Pucciniomycetes, phylum Basidiomycota) that is widely found in animals, plants, rivers, lakes, and oceans (Falces-Romero et al., 2016; Cudowski and Pietryczuk, 2019; Daudu et al., 2020). Cells of Rhodotorula not only are rich in conventional nutrients such as carotenoids, proteins, and polysaccharides but also contain amino acids, polyunsaturated fatty acids, vitamin E, nucleotides, and astaxanthin (Gupta et al., 2012). Rhodotorula mucilaginosa is a dominant species in coastal waters of the South China Sea (Hagler and Mendonca-Hagler, 1981; Laurie et al., 2009).

As a good feed additive, Rhodotorula can improve animal performance. However, the research and application of Rhodotorula as a microecological agent are mainly focused on aquatic animals, and few reports on livestock and poultry (Lario et al., 2015). Rhodotorula, especially originated Marine had sources (Hagler and Mendonca-Hagler, 1981), had many good applications, such as easy separation and cultivate, grow fast, rich metabolic product. It is a good live strain, which had the effect on the animal body nutrition effect, immune function, antioxidant function, which has a broad market prospect and greater economic benefits as preparation of probiotics (Guo et al., 2020).

Yeast is not a strain of the normal microbiota in the intestinal tract of animals, but a kind of passing bacteria in the gastrointestinal tract (Yang et al., 2014). It can maintain metabolic activity through the acidic environment in the stomach smoothly, and consume oxygen in the intestinal tract through respiration. The beneficial bacteria in the intestinal tract are anaerobic bacteria, while most of the pathogenic bacteria are aerobic bacteria. Yeast inhibits the growth and reproduction of pathogenic bacteria by consuming the residual oxygen in the intestinal tract through respiration, to promote the growth of beneficial bacteria (Shi-Ping et al., 2010).

Yeast in the gut increases the repertoire of microorganisms interacting with the host intestine, which could influence health and disease (Raggi et al., 2014). There was a report that Rhodotorula mucilaginosa solid-state fermentation product supplementation improved the laying performance, egg quality and intestinal microflora of hens (Sun et al., 2020). However, there are few reports on the specific mechanism of red yeast action on animal intestinal flora, and further studies are needed.

This study investigated a probiotic strain, Rhodotorula mucilaginosa ZTHY2, isolated and screened from coastal waters of the South China Sea, to evaluate its effect on the immune function and gut microbiota of mice based on increasing carotenoid production, to provide empirical evidence for this strain as a microecological source of carotenoids.



EXPERIMENT METHODS


Strain

R. mucilaginosa ZTHY2 was isolated, identified, screened, and preserved by the Preventive Veterinary Medicine Laboratory of Guangdong Ocean University (Sun et al., 2015).



Effect of Rhodotorula mucilaginosa on the Immune Function of Mice

Kun Ming mice were randomly classified (gavage groups and control group), each with 20 female mice and 20 male mice R. mucilaginosa suspensions at concentrations of 2 × 106 CFU/mL, 2 × 107 CFU/mL, 2 × 108 CFU/mL, and 2 × 109 CFU/mL were administered by gavage in the gavage groups, respectively (0.5 mL/time, once a day, for 30 consecutive days). Sterilized saline was administered in control group. On days 15 (named A group) and 30 (named B group), three mice were selected for measurement of each parameter. The spleen, thymus, liver, and kidney of mice were weighed and isolated, and the organ indices were calculated. Delayed-type hypersensitivity (DTH) was measured by dinitrofluorobenzene smear and ear weighing method. The phagocytic function of macrophages of the mice was determined by carbon clearance assay. The concentrations of serum immunoglobulin G (IgG), immunoglobulin A (IgA), interleukin (IL)-2, tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ), cluster of differentiation (CD) 4, and CD8 in mice were determined by ELISA kits (Nanjing Jiancheng Bioengineering Institute) according to the instructions. The regression equation of the standard curve was calculated from concentration and optical density, and the contents were also calculated.



Effect of Rhodotorula mucilaginosa on the Gut Microbiota of Mice

R. mucilaginosa suspensions at the above concentrations were administered to the mice by gavage, and the mice were classified into five groups (same as above). On days 15 (control group A1 and gavage groups A2, A3, A4, and A5) and 30 (control B1 group and gavage groups B2, B3, B4, and B5), the intestinal contents of mice were collected and sent to the Sangon Biotech (Shanghai). 16S rDNA gene sequencing and analysis were used to detect the total DNA of the gut microbiota (Oh et al., 2016; Li et al., 2020). Mothur software was used to cluster the operational taxonomic units (OTUs) from the sequences by Usearch. The α diversity was calculated using QIIme (Version 1.9.1) software, including Chao1 index, ACE index, Shannon index and Simpson index. The richness indices of gut microbial community distribution [Chao1 and abundance-based coverage estimator (ACE)] and the diversity index (Shannon index, Simpson index and Coverage) of the community distribution were calculated (Chen et al., 2013). The Chao1 index and Ace index were used to calculate the abundance of bacteria, and the Shannon index and Simpson index were used to calculate the diversity of bacteria. The higher Shannon index value, the higher microbial community diversity. The higher the Simpson index value, the lower the microbial community diversity; The library Coverage of each sample is represented by the Coverage Index, which can reflect whether the sequencing results can represent the actual situation of the sequencing samples. The higher the value, the lower the probability of the sequence not detected in the sample. The GPlots package of R was used to draw a heat map of the abundances of gut microbes of mice. Uchime software was used to identify and knock out chimeras. The RDP classifier was used to annotate the species classification for each sequence. Blastn was compared with Silva database with 97% confidence interval (CI). Species classification of each OTU was carried out to obtain information on the microbial classification at different taxonomic levels. According to the number of sequences in each OTU, the abundance table of OTUs in each sample was generated for subsequent analysis.



Statistical Analysis

The results are expressed as the mean value ± standard deviation. SPSS 22.0 was used to analyze the significance of differences and to make multiple comparisons (Duncan test) (Fierer et al., 2007). The significance level was set at P < 0.05.




EXPERIMENTAL RESULTS


Effect of Rhodotorula mucilaginosa on Immune Function of Mice
 
Functional Index of the Organs

On day 15 of gavage administration of R. mucilaginosa suspension, there was no significant difference in the functional index of the spleen, thymus, liver, or kidney between the four gavage groups and control group, whereas there was a significant difference in the spleen index between group A4 and group A5 (P < 0.05). Group A4 had a 26.2% higher spleen index and 12.86% higher thymus index than group A1. On day 30 of gavage administration, there was no significant difference in the spleen index but a significant difference in the thymus index between the four gavage groups and group B1 (P < 0.05); the thymus index in group B2 was 37.02% higher than that in group B1; the liver index in groups B2, B3, and B4 and the kidney index in groups B2, B3, and B4 were significantly different from those in group B1 (P < 0.05) (Table 1). The body weight of mice was tested every day (Figure 1).


Table 1. Effects of Rhodotorula mociliginosa on mouses organs (15 days and 30 days data).
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[image: Figure 1]
FIGURE 1. The present of body weight change of mice was tested every day. The body weight was the average of 40 mice in one group. Pink curve was group A1/B1 with Sterilized saline by gavage, red curve was group A2/B2 with 2 × 106 CFU/mL by gavage; Blue curve was group A3/B3 with 2 × 107 CFU/mL by gavage, green curve was group A4/B4 with 2 × 108 CFU/mL by gavage, and deeply purple curve was group A5/B5 with 2 × 109 CFU/mL by gavage.




Delayed Allergic Reaction in Mice

On day 15 of gavage administration, the differences between the left and right ears of mice in groups A3, A4, and A5 were significantly different from that in group A1 (P < 0.05), the difference between groups A2, A3, and A4 was also significant (P < 0.05). That in group A3 was 19.05% higher than that in group A2. On day 30 of continuous gavage administration, there was no significant difference in the left–right ear difference between any two groups, though that of group B5 was 10.22% higher than that of group B1 (Table 2).


Table 2. Effects of R. mociliginosa on delayed hypersensitivity (DTH) in mice.
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The Determination of the Clearance and Phagocytic Index

On day 15, the clearance index and phagocytic index of mice in the gavage groups were significantly higher than those in group A1 (P < 0.05), and the differences between all gavage groups were also significant (P < 0.05). In this study, the clearance index and phagocytic index of mice in the gavage groups were significantly higher than those in group A1. The phagocytic index of mice significantly increased as the concentration of R. mucilaginosa suspension given by gavage increased. The carbon clearance capacity of mice decreased with time but was still significantly higher than that in group A1, which indicated that R. mucilaginosa significantly improved the phagocytosis of macrophages in mice. These findings were consistent with the results of Dong et al., where the inactivated Saccharomyces cerevisiae and inactivated Torulaspora delbrueckii improved the phagocytosis of monocytes/macrophages in mice (Table 3).


Table 3. Effects of R. mucilaginosa on carbon clearance and phagocytic index in mice (15 days and 30 days).
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The Determination of IgG, IgA in Serum

On days 15 and 30, serum IgA and IgG were significantly different between groups A4, A5, B4, B5, and group A1 and B1 separately (P < 0.05). On day 15, the serum IgA level in mice increased with increasing concentration of R. mucilaginosa suspension, with 64.93% higher serum IgA in group A5 than in group A1 and 65.64% higher serum IgG in group A5 than in group A1, which suggested that gavage administration of R. mucilaginosa suspension quickly and significantly improved the levels of immunoglobulins in mice (Table 4).


Table 4. Effects of R. mucilaginosa on IgA and IgG content in mouse serum.
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The Determination of IL-2, TNF-α, and INF-γ in Serum

On day 15, the serum IL-2 level in each gavage group was significantly higher than that in control group (P < 0.05), and that in group A5 was significantly higher than those in groups A2, A3, and A4 (P < 0.05). Serum IL-2 was highest in group A2, in which it was 37.68% higher than in group A1. On day 30, serum IL-2 in all gavage groups was higher than that in control group (P < 0.05), and that in group B2 and B3 was significantly different from those in groups B1, B4, and B5 (P < 0.05) (Table 5a). On day 15, serum TNF-α in all gavage groups was higher than that in group B1, and that in group A5 was significantly higher (by 27.06%) than that in group A1 (P < 0.05). On day 30, serum TNF-α in group A2 was significantly higher than that in all other groups (P < 0.05), being 22.69% higher in group B2 than in group B1 (Table 5b). On day 15, serum INF-γ in group A4 and A5 was significantly higher than that in groups A1, A2 and A3 (P < 0.05), with 42.77% higher in group A5 (highest) than in group A1. On day 30, serum INF-γ in groups B2, B4, and B5 was significantly higher than that in group B1 (P < 0.05), being 20.98% higher in group B2 (highest) than in group B1 (Table 5c).


Table 5a. Effects of R. mucilaginosa on IL-2 content in mouse serum.
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Table 5b. Effects of R. mucilaginosa on TNF-α content in mouse serum.
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Table 5c. Effects of R. mucilaginosa on INF-γ content in mouse serum.
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The Determination of CD4 and CD8 in Serum

On day 15, serum CD4 in groups A4 and A5 was significantly higher than that in group A1, A2, or A3 (P < 0.05), being 28.48% higher in group A5 (highest) than in group A1. On day 30, the serum CD4 levels in all gavage groups were significantly different from that in group B1 (P < 0.05), being 14.00% higher in group B2 (highest) than in group B1. On day 15, the serum CD8 levels in all gavage groups were higher than that in group A1, being 38.42% higher in group A5 (highest) than in group A1. Although there was a slight difference in the change in CD8 levels in gavage groups on day 30, CD8 was significantly different between groups B5 and B1 (P < 0.05). On day 15, the CD4/CD8 ratios in groups A3, A4, and A5 were higher than that in group A1, being 61.83% higher in group A5 (highest) than group A1. On day 30, the CD4/CD8 ratios in all gavage groups were higher than that in group B1, being 47.62% higher in group B5 (highest) than in group B1 (Table 6).


Table 6. Effects of R. mucilaginosa on CD4 and CD8 content in mouse serum.
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Effect of Rhodotorula mucilaginosa on the Gut Microbiota of Mice

Samples from mice in the control group (A1) and gavage groups (A2, A3, A4, and A5) on day 15 and samples from mice in the control group (B1) and gavage groups (B2, B3, B4, and B5) on day 30 were collected to obtain 809,991 high-quality gene sequences. A total of 6,172 OTUs were obtained by clustering, with 97% similarity (Table 7a). A total of 394,590 high-quality gene sequences were obtained in group A, with 3,783 OTUs; 415,401 high-quality gene sequences were obtained in group B, with 2,389 OTUs. Between group A1 and A2, group A1 had the highest number of high-quality gene sequences and highest level of clustering, which were 85,047 high-quality gene sequences and 837 OTUs, respectively. Between group B1 and B2, group B1 had the highest number of high-quality gene sequences (86,936), while group B2 had the highest number of OTUs (692), which was significantly lower that of group A. Subsequent analysis was carried out after annotation of representative sequences of OTUs, and the library coverage was 99.56–99.75%.


Table 7a. Date statistics of sample gene sequences.
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The Dilution Curve of OTU Number

To evaluate the quality of sequencing results of the samples and the reliability of data, the dilution curve was drawn with the number of sequences sequenced (as generated by random sampling) as the abscissa and its corresponding OTU number based on 97% sequence similarity as the ordinate (Figure 2). The detail data was showed in Supplement 1. The dilution curve was infinitely close to the maximum number of OTUs contained in the sample, but species abundance differed between samples. The upward trend of all curves flattened and approached a plateau, indicating that the data volume for sequencing was reasonable and reliable, and a larger data volume had little impact on the number of OTUs identified.


[image: Figure 2]
FIGURE 2. Alpha exponential dilution curve. The dilution curve was drawn with the number of sequences sequenced (as generated by random sampling) as the abscissa and its corresponding OTU number based on 97% sequence similarity as the ordinate. The dilution curve was infinitely close to the maximum number of OTUs contained in the sample, but species abundance differed between samples. All curves flattened and approached a plateau.




Analysis of Intestinal Microflora Diversity in Mice (Alpha Diversity)

The dilution curves of the Shannon index of sequenced samples were drawn for analysis, as shown in Figure 3 (Table 8). The detail data was showed in Supplement 2. These curves all rapidly rose at first and then tended to flatten out to a steady state, which indicated that data volume chosen for sample sequencing was sufficient for the subsequent analysis. The values of the alpha diversity index of gut microbiota in samples of the intestinal contents of mice are shown in Table 7b. The values of coverage in the control group and gavage groups were above 99.5%, indicating that data volume for sequencing in the study was sufficient and that the sequencing results could represent real-world samples.


[image: Figure 3]
FIGURE 3. Shannon rarefaction plot curve. The horizontal axis is the number of randomly selected sequences in the sample, the vertical axis is the corresponding Alpha index obtained, and each curve is a sample. A1-1, A1-2, A1-3, A1-4, and A1-5 indicate that group A1 was sequenced three times; B1-1, B1-2, B1-3, B1-4, and B1-5 indicate that group B1 was sequenced three times.



Table 7b. Diversity analysis of intestinal microflora in mice.
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Shannon index in all gavage groups was higher than that in the control group and increased with the concentration of R. mucilaginosa in the suspension administered by gavage (except in group B3). The highest Shannon index values were in A4 and B4, which were 38.67 and 17.63% higher than that in the control group, respectively. The Simpson index in the gavage groups (except group A3) was lower than that in the control group. The lowest Simpson index values were in groups A4 and B4, which were 60.71 and 47.31% lower than that in the control group, respectively. The Shannon index was higher and the Simpson index was lower for the gut microbiota of the gavage groups, the most significant difference coming in the group receiving the suspension with the highest R. mucilaginosa concentration. These findings indicate that R. mucilaginosa increased the diversity of the gut microbiota of mice.

On days 15 and 30 of gavage administration, the ACE index of gut microbiota of the gavage groups was higher than that in the control group, the highest being in groups A2 and B3, which were 34.46 and 31.95% higher than that in the control group, respectively. On day 15 of gavage administration, the Chao1 index of the gut microbiota was higher in two gavage groups and lower in the other two gavage groups than in the control group. On day 30 of gavage administration, the Chao1 index of gut microbiota in each gavage group was higher than that in the control group, the greatest difference being 22.30% for group B1. Both the ACE index and the Chao1 index were higher in gavage groups, indicating that the evenness and abundance of gut microbiota of mice in the gavage groups were significantly greater than they were in the control.



Phylum Level Analysis of Microbial Community

Based on the results of OTUs, clustering was conducted according to the abundance of OTUs, and different colors were used to represent high- and low-abundance microbial species to annotate OTUs to species. The microbiota in intestinal contents of mice in 10 samples was statistically analyzed at the phylum level, as shown in Figure 4. The detail data was showed in Supplement 3 and Table 7c. The top six dominant phyla were Firmicutes, Bacteroidetes, Fusobacteria, Candidatus Saccharibacteria, Actinobacteria, and Proteobacteria. The dominant phylum in groups A and B was Firmicutes, and the secondary phylum (except in group B4) was Bacteroidetes. The gavage groups had more diverse phyla than the control group at different times, Firmicutes, Bacteroidetes, Candidatus Saccharibacteria, and Actinobacteria being the dominant phyla in the gavage groups. R. mucilaginosa seemed to change the structure of the gut microbiota of mice at the phylum level but did not change the dominant phyla. In group A, the relative abundance of Firmicutes in groups A2 (83.8%), A3 (78.9%), A4 (75.8%), and A5 (63.9%) was higher than that in group A1 (63.3%); the relative abundance of Bacteroidetes in groups A2 (4.0%), A3 (11.1%), A4 (4.8%), and A5 (8.7%) was lower than that in group A1 (15.1%). In group B, the relative abundance of Firmicutes in groups B3 (85.0%) and B4 (73.0%) was higher than that in group B2 (71.9%), and the relative abundance in the other two gavage groups were lower than that in the control group. However, the relative abundance of Bacteroidetes in the four gavage groups was also lower than that in the control group. These data suggest that R. mucilaginosa increased the abundance of Firmicutes and decrease the abundance of Bacteroidetes in the intestinal contents of mice but did not change the dominant phyla (Table 8).


[image: Figure 4]
FIGURE 4. Horizontal abundance of intestinal microflora communities in mice at the phylum level. Clustering was conducted according to the abundance of OTUs, and different colors were used to represent high- and low-abundance microbial species to annotate OTUs to species.



Table 7c. Relative abundance of species at the phylum level of intestinal microflora structure in mice (%).

[image: Table 7]


Table 8. Diversity analysis of intestinal microflora in mice.
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Genus Level Analysis of Microbial Community

Microbiota in 10 samples were statistically analyzed at the genus level, as shown in Figure 5. The detail data was showed in Supplement 4. The top 7 dominant genera were Lactobacillus, Clostridium, Bacteroides, Fusobacterium, Barnesiella, and Saccharobacter; the most dominant genus in groups A and B was Lactobacillus, and the relative abundance of Lactobacillus in the gut microbiota of mice in all gavage groups (on day 15) was higher than that in the control group.


[image: Figure 5]
FIGURE 5. Horizontal abundance of intestinal microflora communities in mice at the genus level. The dominant genera were list from top to low. The horizontal axis is the number of each sample, and the vertical axis is the relative abundance ratio. Colors correspond to species names at this taxonomic level. The different colors and block width represents the relative abundance ratio of different species.


To clearly reflect the abundance distribution of the taxa of the microbiota and to further reflect the diversity of the microbiota distribution at different taxonomic levels, a heat map of species abundance was built for the microbiota with the top 50 relative abundance values in the gut microbiota of our mice (Figure 6). Lactobacillus, Clostridium, Bacteroides, and Barnesiella had high relative abundance in all mice. There was little difference in the gut microbiota between the control group and gavage groups.


[image: Figure 6]
FIGURE 6. Thermal map of species abundance at the genus level in the intestinal microflora of mice. The abundance distribution of the taxa of the microbiota at different taxonomic levels, a heat map of species abundance was built for the microbiota with the top 50 relative abundance values in the gut microbiota of our mice and the rest of the species are grouped into Other. The horizontal axis is the number of each sample, and the vertical axis is the relative abundance ratio. Each column represents a sample, rows represent community structure, and color blocks Represents the relative species abundance value, the red color means the higher the relative abundance, the blue color and vice versa. In addition, the heat map is aggregated on the sample, the more similar the distribution of sample flora is, the closer the sample distance is, and the closer the position in the cluster tree at the top of the figure is., which is shown at the top of the graph. The samples from the same group are the same color.


The gut microbiota structure of mice was altered at the phylum and genus levels by R. mucilaginosa ZTHY2, which led to an increased relative abundance of Firmicutes and Lactobacillus and a decreased relative abundance of Bacteroidetes. That is, R. mucilaginosa ZTHY2 increased the beneficial intestinal bacteria and reduced the harmful intestinal bacteria in mice.





DISCUSSION

The research on and application of Rhodotorula as microecologics have mainly focused on aquatic animals, and there are few relevant reports on livestock or poultry. Rhodotorula, especially Rhodotorula benthica, is a probiotic that has a wide range of sources, is easy to isolate and screen, is easy to culture, grows and reproduces fast, and is rich in metabolic products. It has nutritive functions, immunity-promoting effects, antioxidant functions, and high tinting strength for animals. Production of microecologics with Rhodotorula can have a broad market and bring great economic benefits (Ueno et al., 2011).

In this study, the culture medium, culture temperature, culture time, culture medium pH value, inoculum density, shaking speed during cultivation, and liquid volume medium were optimized by single-factor experiments, and the optimal culture conditions obtained from single-factor experiments were validated (Chen et al., 2017). We concluded that the best conditions for improving the production of carotenoids by R. mucilaginosa were as follows: culture temperature of 30°C, culture time of 60 h, medium pH value of 6, inoculum density of 6%, shaking speed of 180 r/min during cultivation, and medium fluid volume 60 mL/250 mL. Under these conditions, production of carotenoids reached 1.3658 g/L, and biomass reached 8.6530 g/L, which are 85.8 and 66.8% higher than those before optimization, respectively, providing evidence for R. mucilaginosa ZTHY2 as a carotenoid-producing strain.

The weight of immune organs is related to number of immune cells, so the immune organ index (immune organ weight/live weight) can be used to reflect the size of an immune organ, to reflect the immune function of the body to a certain extent (Chew and Park, 2004; Katsuura et al., 2009; Park et al., 2010). In this study, the spleen index and thymus index of mice higher than those of the control group and the difference was significant. Dong et al. found that inactivated Saccharomyces cerevisiae and inactivated Torulaspora delbrueckii had no significant effect on the spleen index or thymus index of mice. This discrepancy may be explained by the different yeast strains and treatment methods used in our two studies. Cytokines are a category of bioactive molecules produced by immune cells and other relevant cells (Yasui et al., 2011). In the process of an immune response, immune cells participate in and regulate the immune response by mutual stimulation and constraints with cytokines to keep the immune system in balance. IL-2 (Malek, 2003), TNF-α, INF-γ, CD4, and CD8 are important cytokines in the body. In the study by Dong et al., the mice were intravenously injected with inactivated Saccharomyces cerevisiae, and the results showed that serum TNF-α and IFN-γ were significantly increased in these mice (Dong, 2018). The findings are in line with ours, but the species and types of yeast used in the two studies are different. Therefore, further research is needed.

High-throughput sequencing, also known as next-generation sequencing, has been applied to the study of gut microbial diversity, making it possible to analyze the transcriptome and genome of a species meticulously and comprehensively; it is a new approach to study the microbial community structure in depth (Di Segni et al., 2018; Grosheva et al., 2020). In this study, after mice were intragastrically administered four concentrations of R. mucilaginosa suspensions, the microbiota in their intestinal contents was sequenced through 16S rDNA high-throughput sequencing to investigate the effects of R. mucilaginosa on the gut microbiota of mice. The upward trend of dilution curves of the OTU number and the Shannon index flattened, indicating that the data volume for sequencing was reasonable and reliable and could satisfy the requirements of subsequent effectiveness analysis.

In community ecology, alpha diversity analysis can reflect the diversity and richness of microbial communities. A high abundance and diversity of gut microbiota can effectively promote the absorption of nutrients by organisms and stimulate immune responses and disease prevention (Maynard et al., 2012; Hold and Hansen, 2019; Mirza et al., 2020). The diversity and abundance of microbial communities were analyzed with statistical indices, including the Chao1 index, ACE index, Shannon index, Simpson index, and OTU coverage. In this study, the coverage was as high as 99.5%, indicating a high probability of detecting the sequences of the gut microbiota of mice and the saturated sequencing depth (almost all species were detected). The increase in the Shannon index and the decrease in the Simpson index in the gavage groups were most prominent in mice receiving the highest concentration of R. mucilaginosa suspension, indicating that R. mucilaginosa could increase the diversity of the gut microbiota of mice (Chen et al., 2013).

In conclusion, this study had shown that carotenoid production can be significantly increased by optimizing the medium composition and culture conditions for R. mucilaginosa ZTHY2 and provided evidence to support the development and application of R. mucilaginosa ZTHY2 as a microecologics for animals and as a strain for carotenoid production. The strain R. mucilaginosa ZTHY2 boosts the immune function of mice and enriches and improves their gut microbiota structure, however, the mechanism of the Rhodotorula mucilaginosa as the probiotics in the gut need to be deeply research.
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