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Forest musk deer is the most important animal for natural musk production, and the musk composition changes periodically during musk secretion, accompanied by variation in the com-position of deer-symbiotic bacteria. GC-MS and 16S rRNA sequencing were conducted in this study, the dynamic changes to correlated chemical composition and the microbiota across musk secretion periods (prime musk secretion period, vigorous musk secretion period and late musk secretion period) were investigated by integrating its serum testosterone level in different mating states. Results showed that the testosterone level, musk composition and microbiota changed with annual cycle of musk secretion and affected by its mating state. Muscone and the testosterone level peaked at vigorous musk secretion period, and the microbiota of this stage was distinct from the other 2 periods. Actinobacteria, Firmicutes and Proteobacteria were dominant bacteria across musk secretion period. PICRUSt analysis demonstrated that bacteria were ubiquitous in musk pod and involved in the metabolism of antibiotics and terpenoids in musk. “Carbohydrates and amino acids,” “fatty acids and CoA” and “secretion of metabolites” were enriched at 3 periods, respectively. Pseudomonas, Corynebacterium, Clostridium, Sulfuricurvum were potential biomarkers across musk secretion. This study provides a more comprehensive understanding of genetic mechanism during musk secretion, emphasizing the importance of Actinobacteria and Corynebacterium in the synthesis of muscone and etiocholanone during musk secretion, which required further validation.
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1 Introduction

Musk, a precious raw ingredient in traditional Chinese medicine and perfume manufacturing, is secreted from the glandular sac located between the navel and genitals of male forest musk deer (Moschus berezovskii) (FMD) (Meng et al., 2012). The sticky, white and malodorous liquid musk initially secreted by the musk gland is transported by catheters to a musk pod and matured to form blackish-brown solids with a specific musk odor by eventual fermentation (Bi et al., 1988). The initial liquid musk is synthesized during the prime musk secretion period (PMSP), a large amount of liquid musk is produced and forms semisolid musk during the vigorous musk secretion period (VMSP), and liquid musk stored in the musk pod undergoes full maturation and becomes the final solid musk during the late musk secretion period (LMSP) (Bai et al., 2013).

Testosterone (T) is the most essential factor targeting the testis to induce musk formation (Wilslocki et al., 1947; Wang et al., 2012; Bai et al., 2013; Fan et al., 2018). Studies showed that sex hormones (testosterone and estradiol) levels are consistent with annual cycle of musk formation and secretion (Zheng et al., 2019). Testosterone level increases at first and then decreases across the three stages of musk secretion (Bai et al., 2013; Suo et al., 2020), it reaches the peak at vigorous musk secretion period, and is significantly higher than other periods (Bai et al., 2013; Fan et al., 2018). Meanwhile, testosterone plays a major role in seasonal development of musk glands for musk-secreting animals like musk deer, muskrat, and Indian civet (Zhang et al., 2017). There is a positive correlation between musk yield and serum T levels, and negative correlation with serum estradiol and progesterone levels (Bai, 2012; Bai et al., 2013; Zhang et al., 2015). However, it remains unknown whether the T level is associated with mating status of musk deer in breeding season.

Jie has reported that the number of chemical compositions of musk ascended from June to August and declined from August to October, it varied with the physiological process of musk secretion. They also found ketones were dominant chemicals at vigorous musk secretion period in forest musk deer (Jie et al., 2021). Furthermore, our previous research showed that a greater amount of musk is produced in unmated males (UMs: 22.79 ± 3.6 g, n = 5) than mated males (MMs: 1.12 ± 0.34 g, n = 5), hinting that the production of musk is associated with its mating states (Li et al., 2016). Muscone, as a preponderant ingredient of natural musk, is claimed to function as pheromone for chemical communication for sexual attractant for females in rutting season (Sokolov et al., 1987), which was verified by more muscone are detected in UMs at LMSP (Li et al., 2016).

Studies have shown that core bacterial communities (Firmicutes, Bacteroidetes, and Proteobacteria) are shared by gut, fecal and musk microbiota in musk deer species, whereas the key genera for different species, mating states, ages, genders, and food-sources are distinct (Hu et al., 2017; Li et al., 2017; Hu et al., 2018; Li et al., 2018; Sun et al., 2019; Zhao et al., 2019). The fermentation hypothesis for mammalian chemical communication states that odorous metabolites secreted by fermentative bacteria in the scent glands can be used by the hosts for communication (Theis et al., 2013). Our study has proven that the maturation of musk is affected by interactions between the complex microbial community and chemical compounds produced by the host, and symbiotic bacteria underlie mating state-specific odors among animals is illustrated by the fact that many bacterial genera were overrepresented in UMs (Li et al., 2016).



2 Materials and methods


2.1 Animals and sample collection

A total of 30 healthy captive FMDs (15 UMs and 15 MMs) aged 2.5 to 6 years were raised in the Chongqing Institute of Medicinal Plant Cultivation (Chongqing, China). We collected the musk at the end of May to June, September, and October corresponding to PMSP, VMSP, LMSP. Six biological replicates for unmated and 7 biological replicates for mated individuals for each stage were sampled. All experiments were conducted in compliance with the guidelines approved by the Institutional Animal Care and Use Committee of Sichuan Agricultural University (approval ID: B20160403), and all efforts were made to minimize animal suffering. The blood samples were collected for serum T quantitative determination during musk secretion and non-secretion season (n = 10 for each group); body weight, musk yields were recorded at LMSP (n = 10). Serum testosterone was assayed by use of a testosterone ELISA kit (BNIBT, Beijing, China). The operation was conducted according to the specification.



2.2 Musk chemical component extraction and GC–MS determination

Sample preparation was performed as previously described with minor modifications (Li et al., 2016). Twenty milligrams of musk sample from each group were pooled, divided into 2 parts and dissolved in 2.5 mL of diethyl ether and ether alcohol, followed by a 2-h extraction by ultrasonication and centrifugation at 13,000 × g for 5 min. Two milliliters of supernatant was placed into a GC–MS instrument (GCMS-QP2010 Plus, Shanghai, China) for chemical composition detection with the chromatographic conditions as follows: column temperature: 40°C, inlet temperature: 290°C, interface temperature: 220°C, split injection with the pressure of 49.5 kPa. The column temperature program was as follows: 40°C (2 min), 200°C (5 min, 10°C/min), 240°C (5 min, 5°C/min), maintained at 290°C for 15 min. The total and column flow rates were 9.0 and 1.0 mL/min, respectively; the linear velocity was 36.1 cm/s; the purge flow rate was 3.0 mL/min; and the mass scanning range was 33–600 m/z. The acquired data in total ionic chromatograms (TICs) were compared with those in the mass spectral library of the National Institute of Standards and Technology (NIST). A confidence coefficient of above 80% was adopted for the data, and peak area % values were used to determine component variations. Finally, to discriminate the chemical compositions among 6 groups, we performed Partial Least Squares Discriminant Analysis (PLS-DA) after Pareto scaling.



2.3 Bacterial DNA isolation and 16S rRNA sequencing

Total bacterial DNA of each sample was isolated using an UltraClean Microbial DNA Isolation Kit (MOBIO, CA, USA) according to the manufacturer’s instructions. DNA quality was tested by 1.0% agarose gel electrophoresis and a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE). The primers 515-F (5′- GTGCCAGCMGCCGCGG-3′) and 907-R (5’-CCGTCAATTCMTTTRAGTTT-3′) targeting the V3-V4 variable regions of the 16S-rRNA gene were used (Merrifield et al., 2013). The 16S-rRNA gene was amplified by PCR (95°C for 3 min, followed by 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 45 s, and a final extension of 8 min at 72°C). The PCR products were purified and recovered by the Ezgene TM Gel/PCR Extraction Kit (Biomiga, USA) and submitted for library construction using the TruSeq Nano DNA LT Library Prep Kit (Illumina). Finally, a total of 39 libraries were constructed, and 250-bp paired-end (PE250) sequencing was performed on an Illumina Hiseq 2,500 platform (Illumina Inc., San Diego, CA, US) at Novogene (Beijing, China).



2.4 Bioinformatic analysis

The obtained low-quality raw reads and chimeras were removed using Cutadapt software (V1.9.1), the preprocessed paired-end reads were merged with FLASH (V1.2.71) followed the criteria that the overlapped base of Read 1 and Read 2 was > = 10 bp and no mismatches allowed. High-quality reads were generated after quality control by FastQC (V0.11.72). High-quality reads were assigned to operational taxonomic units (OTUs) with an unidentity threshold of 3% using UPARSE (V7.0.10014) in QIIME (Quantitative Insights IntoMicrobial Ecology, Boulder, CO, USA, V1.8.0), and microbial taxa were identified from species annotation based on the GreenGenes reference database by Usearch software. We analyzed the relative abundances (RAs) of the top 10 phyla and top 20 genera, estimated four α diversity indices (Shannon, PD whole tree, observed OTU and Chao1), and compared the significant differences among 6 groups using ANOVA with Tukey’s HSD test. Prior to the evaluation of β diversity, unweighted pair-group method with arithmetic means (UPGMA) clustering trees were constructed to calculate Bray-Curtis and UniFrac distances, and canonical correspondence analysis (CCA) and principal coordinates analysis (PCoA) were implemented to evaluate the segregation of the microbial community using the R package (V2.15.3). Linear discriminant analysis (LDA) effect size (LEfSe) was performed to determine the differentially abundant microbes among the 6 groups (Segata et al., 2011), and selected bacteria with LDA score > 4 were used to calculate the Spearman correlation with the top 20 chemical components. Finally, the functional prediction of the musk microbiota was performed online using Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt2) (Langille et al., 2013).




3 Results


3.1 The serum testosterone (T) level varies with musk secretion

The T concentration was significantly higher in the UM group (PMSP and VMSP) than that of MM group. The serum T concentration was at a basal level and as low as 7.37 ± 1.78 nmol/L and 5.54 ± 1.62 nmol/L in UMs and MMs, respectively, in non-secretion season (N). TheT level significantly increased from N to PMSP (35.72 ± 1.28 nmol/L in UMs and 25.68 ± 2.64 nmol/L in MMs), and reached a peak in VMSP (69.44 ± 3.24 nmol/L in UM and 57.24 ± 6.65 nmol/L in MM). It decreased gradually from VMSP to LMSP (31.32 ± 2.03 nmol/L in UMs and 28.34 ± 3.59 nmol/L in MMs) (Figure 1A). We collected 21.161 ± 5.434 g of fully mature secretions from UMs in the late musk secretion period, which was significantly greater than the amount derived from MMs (7.122 ± 1.648 g, p = 0.018). And the musk yields were significantly positive correlated (R = 0.719, p = 0.019) with serum T levels for MM, while no correlation was found for UM (Supplementary Figure S1).
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FIGURE 1
 The serum testosterone and chemical composition features across musk secretion. (A) Histograms of serum testosterone levels and (B,C) partial least squares discriminant analysis (PLS-DA) across musk secretion based on diethyl ether and ethyl alcohol, respectively. (A) Different letters on the columns in panel A indicated significant differences, the same letters were nonsignificant, p < 0.05. N indicates non-musk secretion season. PMSP, VMSP, LMSP indicates prime, vigorous and late musk secretion period, respectively. UM and MM represents unmated and mated males, respectively.




3.2 The chemical composition changes across musk secretion

Generally, the TICs indicated that the number of chemicals extracted by diethyl ether (75.17 ± 8.32) was greater than that extracted by ethyl alcohol (66.00 ± 11.09); as the key medical active and aromatic component of natural musk, 3-methylcyclopentadecanone (muscone) was the most abundant component (26.99% in UM and 25.54% in MM), followed by 3a-hydroxy-5b-androstan-17-one (etiocholanone) (12.95% in UM and 12.30% in MM) and cholesterol (10.99 in UM and 7.82 in MM) (Supplementary Figures S2, S3; Supplementary Table S1). The PLS-DA results showed metabolites extracted by two solvents of LMSP were more distinct with PMSP and VMSP, and the differences between UM and MM were least within LMSP (Figures 1B,C).



3.3 Statistics of 16S rRNA sequencing data

In addition, we performed 16S rRNA sequencing to evaluate the bacterial dynamics, and a total of 1,869,786 high-quality reads of 39 samples were generated; an average of 52,868, 40,226 and 50,735 reads were obtained in PMSP, VMSP and LMSP; 45,202 and 51,141 high-quality reads were assigned to UMs and MMs, respectively (Supplementary Table S2). There were 1,431 OTUs that were assigned at the 97% similarity level; the average number of OTUs was 977 ± 64 in each group, ranging from 865 (PMSP-MM) to 1,014 (LMSP-UM), and there were 1,075 OTUs in PMSP, 1,157 OTUs in VMSP, and 1,248 OTUs in LMSP. The number of OTUs detected in UMs was significantly higher than that in MMs (~1,024 in UMs and ~ 930 in MMs, p = 0.0002). Taxonomic classification of the OTUs resulted in 39 phyla, 84 classes, 162 orders, 291 families, 569 genera and 654 species, among which, 391 out of 1,431 OTUs, 19 out of 39 phyla and 257 out of 569 genera were shared by all individuals within each group, and most unique OTUs were found in LMSP (37 in UMs and 14 in MMs) and VMSP (23 in MMs and 4 in UMs) (Supplementary Figure S4).



3.4 Different dominant microbiota composition at genus level

We selected the top 10 phyla and top 20 genera in terms of relative proportions to illustrate the dominant microbiota composition. Actinobacteria, Firmicutes, Proteobacteria, and Bacteroidetes were common dominant microbial communities in the 6 groups, and their relative proportions accounted for more than 87% of all phyla (Figure 2 upper). Intriguingly, the relative proportion of Actinobacteria was as high as 77.57% ± 11.24% in the VMSP-MM group, which was much higher than that in UMs (20.39% ± 9.24%) and significantly different from that in the other 2 periods (p = 0.0017), indicating the absolute abundant role of Actinobacteria in this group. At the genus level, we found that Corynebacterium and an unassigned genus of Aerococcaceae were common dominant microbial communities during PMSP and VMSP. In particular, the genus Corynebacterium was an abundant dominant microbe (63.63%) in the VMSP-MM group, with a significantly higher (p = 0.0261) relative proportion than the average relative proportions in other groups (6.82%), as well as the relative proportion in UMs (14.21%). During LMSP, the main dominant genera were Oligella, Enterococcus, and Cetobacterium in MMs and Pseudomonas, Cetobacterium, and Acinetobacter in UMs (Figure 2 lower).
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FIGURE 2
 Histogram of relative abundance of microbiota composition at phylum (upper) and genus (lower) levels in the 6 groups.




3.5 Microbiota diversity variations across musk secretion

We calculated the α and β-diversity to further evaluate the differences in microbiota composition within and among the 6 groups. Overall, the α diversity showed negligible differences because of the inconsistent trends in variation across multiple metrices: the observed significant differences between PMSP and LMSP in MMs (p = 0.0477) for the observed OTU and Chao1 index (p = 0.0451) did not showed in PD whole tree and Shannon index (Figures 3A-D, Supplementary Table S3). The microbiota composition differences between groups based on Bray-Curtis distance are listed in Supplementary Table S3. A significant discrepancy between PMSP and VMSP was observed (p = 0.0040 in MM and 0.0100 in UM), variance between PMSP and LMSP was detected merely within MM (p = 0.0090). The CCA result explained 17.7% (p = 0.001) of the total variance between samples. All samples in VMSP were clustered and distinctly separated from the communities clustered by the majority of samples in PMSP and LMSP, which could be well explained by PCoA 1 (47.76%). However, this plot revealed negligible differences between the UM and MM groups. As expected, identical results for the musk microbiota in VMSP were revealed by the PCoA plot (Figures 3E,F).
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FIGURE 3
 Variations in alpha (A-D) and beta (E,F) diversity of the musk microbiota. Asterisk means p < 0.05.




3.6 Distinct bacteria interact with chemical components to mediate musk secretion

We performed LEfSe analysis of the 6 groups to further determine differentially abundant bacterial taxa that might be considered biomarkers. Twenty-one taxa were identified as significantly abundant communities (LDA > 4 and p < 0.05) across 3 musk secretion stages, belonging to the top 3 dominant microbial communities (Firmicutes, Proteobacteria, and Actinobacteria). Among them, Firmicutes was dominant in MMs in the 3 periods (LDA > 5). During VMSP, 5 taxa of Proteobacteria including Proteobacteria, Betaproteobacteria, Pseudomonadales, Pseudomonadaceae, and Pseudomonas, and 5 taxa of Actinobacteria, including Corynebacterium, were distinct bacteria in UM and MM respectively; 6 taxa of Firmicutes (Clostridium and an unknown genus of Aerococcaceae) and 2 taxa of Proteobacteria were discrepant microbes in MMs and UMs during LMSP (Figure 4A). Furthermore, we identified 17 taxa as significant biomarkers (LDA > 4 and p < 0.05) between UMs and MMs, and more taxa were found in MMs, namely, 5 Firmicutes, 5 Actinobacteria and 1 Proteobacteria, particularly Corynebacterium and Sulfuricurvum. We identified 2 Firmicutes (including Clostridium), 1 Actinobacteria, 2 Proteobacteria (an unidentified genus of Rhodobacteraceae) and 1 Bacteroidetes (an unassigned genus of Bacteroidaceae) as biomarkers in UMs (Figure 4B).
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FIGURE 4
 Taxa with significant difference (LDA > 4) across musk secretion stages (A) between unmated and mated males (B). UM and MM represents unmated and mated males, respectively. A means LEfSe analysis of 21 significantly abundant taxa between Ums and MMs across 3 musk secretion stages. B means LEfSe analysis of 17 taxa were used as significant biomarkers between UMs and MMs.


The relative abundances of identified biomarkers were used to conduct spearman correlation analysis with the level of top 20 chemical components, we found that the abundance of p_Actinobacteria was positively correlated with muscone (R = 0.886, p = 0.019), normuscone (R = 0.829, p = 0.042), 17-Oxoandrost-5-en-3-yl hydrogen sulfate (R = 0.870, p = 0.024), cis-9-Hexadecenal (R = 0.928, p = 0.008) and cyclotridecanone (R = 0.928, p = 0.008). The abundance of c_Gammaproteobacteria had a positive relationship with 3a-Hydroxy-5b-androstan-17-one (etiocholanone) (R = −0.943, p = 0.005) and negative with cholesterol (R = −0.890, p = 0.019). The abundance of g_Corynebacterium was positively correlated with etiocholanone (R = 0.829, p = 0.042) and cholesterol (R = 0.886, p = 0.019), but negatively with dihydroandrosterone (R = −0.943, p = 0.005). And the abundance of f_Aerococcaceae was negatively correlated with androstan-17-ol, 2,3-epoxy (R = −0.845, p = 0.034) (Figure 5).
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FIGURE 5
 Pearson correlation between dominant bacterial taxa and the top 20 chemical components of musk. Asterisk means p < 0.05, red square indicates positive correlation and blue square indicates negative correlation.




3.7 Function predictions of musk microbiota

To explore the differences in microbial functions in each group, we used the assigned OTUs to determine the relative abundances of functional categories through PICRUSt2. We found 39 pathways shared predicted functions in the 6 groups. Intriguingly, “Biosynthesis of ansamycins (ko01051),” “Biosynthesis of vancomycin group antibiotics (ko01055)” and “Terpenoid backbone biosynthesis (ko00900)” belonging to metabolism of terpenoids and polyketides, as was “Synthesis and degradation of ketone bodies (ko00072)” were detected in all samples. For stage-specific functions, we found 6 pathways were specifically enriched in PMSP-MM. “Glyoxylate and dicarboxylate metabolism (ko00630)” was uniquely enriched in VMSP-MM. Three pathways were uniquely enriched in LMSP-UM. Moreover, “Geraniol degradation (ko00281)” was enriched in UMs during LMSP, and “Bacterial chemotaxis (ko02030)” was assigned only in the UM group across the 3 periods (Figure 6 and Supplementary Table S4).
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FIGURE 6
 Heat map of the functional predictions of musk microbiota (normalized by Z-score). PMSP, VMSP, LMSP indicates prime, vigorous and late musk secretion period, respectively. UM and MM represents unmated and mated males, respectively. *represents pathways enriched in 6 groups, △ means PMSP-MM specific pathways, ◇ and ○ indicates VMSP-MM and LMSP-MM uniquely enriched pathways, respectively.





4 Discussion

The hardship of sample collection and non-invasive principles of sampling limited the sample size in our study. The timid feature and furious reaction of forest musk deer increases the difficulty of sampling. Actually, the collection of musk at the initial stage would decrease the subsequent musk secretion, which would 39 sampling in the following stages. Therefore, it is not possible to collected enough musk of all individuals at one stage. Although we have studied the chemical composition and microbiota in UMs and MMs in our previous study, we merely elucidated the microbiota changes and the important roles of the dominant bacteria during LMSP (Li et al., 2018). Whether the T levels and dynamic composition of musk change with the bacterial communities colonizing the musk glands is unclear, and the relationship between mating states and microbiota across musk secretion stages need additional studies. We selected 30 healthy musk deer, sampled 6 unmated and 7 mated individuals during musk secretion. A total of 39 (18 UM and 21 MM) libraries were constructed for 16S rRNA sequencing. Moreover, due to the musk is one of the most valuable scented animal products and more expensive than gold. Sufficient musk (at least 0.8 g) for DNA extraction was priority, we pooled 20 mg musk of each group for GC–MS determination.

We further investigated the dynamic changes of chemical composition and the microbiota across musk secretion by integrating its serum T level in different mating states. As one of the most important androgens mediated by HPG axis, testosterone can affect the development and physiological responses of the musk gland (Bi et al., 1980; Knol, 1991). Bai found an obvious tendency of the fecal T levels in the musk-secreting period (2–7 years old’s male forest musk deer, n = 30), a similar pattern was found in estradiol but no obvious trend was detected in progesterone. Compared with the non-secretion season (114.15 ± 15.46 ng/g), T levels of PMSP (1731.50 ± 95.66 ng/g) and VMSP (3766.82 ± 98.48 ng/g) were higher significantly, which raised gradually before musk-secreting period (412.05 ± 54.14 ng/g), increased rapidly in PMSP, and peaked in VMSP, subsequently declined steeply in LMSP (616.79 ± 68.79 ng/g) (Bai, 2012; Bai et al., 2013). Results in this study showed that the serum T levels changed dynamically during musk secretion and peaked at VMSP as well, it increased significantly in musk secretion season and was much higher in UMs than MMs. Zhang et al. (2015) and Suo et al. (2020) reported the serum and fecal T levels increased first and then decreased in the three stages of secretion, respectively. In addition, we found a stronger positive correlation (R2 = 0.719, p = 0.019) in MM, but an uncorrelated relationship (R2 = 0.084, p = 0.816) in UM. Bai (2012) and Bai et al. (2013) indicated that musk yield was positively correlated with T level (R2 = 0.650, p < 0.05). Sun et al. (2020) discovered the musk secretion with higher T level was significantly more than that of with lower T level. Previous studies prompted the musk secretion through intramuscular injection of testosterone (Jie et al., 2014). Fan hinted that sex hormones might determine musk composition in early musk secretion, even facilitate the musk secretion (Fan et al., 2018). The muscone content showed the highest relative abundance among all components. Consistent with previous report (Su et al., 2009), steroids (cholesterol, cholestanol. and etiocholanone) presented at relatively high levels in musk.

Although there were some individual differences in alpha diversity there were no consistent trends in variation across multiple alpha metrics. The principal coordinate analysis of β diversity values illustrated samples in VMSP were distinctly separated from the other 2 periods, which were consistent with the highest T level observed at VMSP. It was speculated that the diversity of microbiota is affected by homeostasis in musk sacs maintained by hosts at different periods, and a slightly richer microbiota is essential for the synthesis of specific odor substances to make fully mature musk in the unmated males for more attractive to females (Li et al., 2016; Jie et al., 2021).

It is generally believed that substantial changes of the bacterial communities colonizing the musk gland are resulted from physiological activities during musk secretion (Li et al., 2018; Jie et al., 2019). Though Actinobacteria, Firmicutes, and Proteobacteria are dominant bacteria in musk deer (Sundset et al., 2007; Gruninger et al., 2014; Ishaq and Wright, 2014), their composition is dynamic across musk secretion, namely, Actinobacteria (especially there were 15 mated and 15 non mated deer in two groups) dominated in VMSP absolutely; Firmicutes and Proteobacteria accounted for majority of bacterial communities during PMSP and LMSP, respectively. Hu et al. have revealed the decline of Firmicutes-Bacteroidetes ratio with the seasonal variation but the dominant genera showed no significant changes of gut microbiota in forest musk deer (Hu et al., 2018). We have reported differences of relative microbiota abundance during forest musk deer development, Clostridiales and Bacteroidales were higher in juvenile, Pseudomonas and Lachnospiraceae were more abundant in the adult (Zhao et al., 2019). Li et al. (2021) have found the fecal microbiota composition in young forest musk deer at genus level changed from that found in 7–10 day’s old became stabilized after 30 day’s old, the relative abundance of Actinobacteria, Spirochaetes, Ruminococcaceae_UCG-005, Treponema and Prevotella was higher in the post-weaning than in the pre-weaning group (Li et al., 2020).

The LEfSe analysis showed that Firmicutes, which contain cellulolytic bacteria was the dominant bacteria across 3 stages (Hugenholtz, 2002). Proteobacteria which are resistant to antimicrobial compounds (Lee et al., 2012) and Actinobacteria which are the main sources of anti-inflammatory components (Scharf and Brakhage, 2013; O'Connor, 2015; Motoyama and Osada, 2016) in musk were dominant in VMSP. Pseudomonas aeruginosa can inhibit the growth of Trueperella pyogenes in FMD with abscess diseases (Yuan et al., 2020). Actinobacteria include members with significant economic and medical importance. Filamentous actinomycetes, such as Corynebacterium and Streptomyces species, can produce a plethora of bioactive secondary metabolites, many of these metabolic compounds are antimicrobial, anticancer, antiviral or immunosuppressive in activity (Prudence et al., 2020; Undabarrena et al., 2021; Seshadri et al., 2022). Corynebacterium is used as a commercial bacterial strain to synthesize heterologous terpenoids and as a model system for aromatic hydrocarbon metabolism research (Shen et al., 2012; Lee et al., 2016). The metabolites of Corynebacterium play analgesic, anticancer and antioxidant functions in therapy (Heider et al., 2012; Hari et al., 2019). These bacteria were confirmed to have positive correlations with muscone and etiocholanone (Gammaproteobacteria/Corynebacterium vs. etiocholanone and Actinobacteria vs. muscone). During LMSP, metabolites of Aerococcaceae might be the source of fatty acids and might protect against foreign bacterial invasion (Hugenholtz, 2002).

Pathways enriched in all groups illustrated that these bacteria are involved in the metabolism antibiotics and terpenoids, which are essential for the synthesis of antibacterial and anti-inflammatory components and specific odor substances in musk. For example, ansamycin and vancomycin are antibiotics used for the treatment of bacterial infections (Yu et al., 2002; Watanabe et al., 2003; Okano et al., 2017); terpenoids are the precursor of sterols and ketones (Mookherjee and Wilson, 1982; Wriessnegger and Pichler, 2013), and they are microbial metabolites of Streptomycetaceae (Hwang et al., 2014), Actinobacteria (Actinomycetes and Corynebacterium) (van Bergeijk et al., 2020), Myxobacteria (Schaberle et al., 2014) and Proteobacteria (Escherichia coli) in industry (Yamada et al., 2015; Lee et al., 2016; Wang et al., 2018). Among PMSP-specific pathways, the PTS is a major mechanism used by bacteria for the uptake of carbohydrates (Deutscher et al., 2008), which is related to the accumulation of carbohydrates and other amino acids at PMSP. Glyoxylate and dicarboxylate metabolism is associated with the biosynthesis of carbohydrates from fatty acids or CoA (Yoo et al., 2019). Bacterial secretion system has been shown to mediate protein export through the membranes of Gram-negative bacteria (King et al., 2009). Bacterial chemotaxis is an adaptive response to the environment, suggesting that UMs might be more attractive for females than MMs, and this attraction is driven by aromatic substances produced by bacteria in UMs (Miller et al., 2009).



5 Conclusion

To sum up, the serum T level, chemical composition and microbiota of musk exhibited dynamic changes with musk secretion. The microbiota of VMSP was distinct from the other 2 periods. Actinobacteria, Firmicutes and Proteobacteria are dominant bacteria across musk secretion, Pseudomonas and Corynebacterium were candidate biomarkers of the VMSP, Clostridium was a biomarker of the LMSP; Corynebacterium and Sulfuricurvum in MMs and Clostridium in UMs could be used to distinguish the mating state of FMD. We are also assuming that Actinobacteria and Corynebacterium have vital roles in the synthesis of muscone and etiocholanone during musk secretion, and further study is needed to confirm these hypotheses. However, these results predicted the metagenomic function, further validations were required to confirm our hypotheses.



Data availability statement

The 16S rRNA sequencing data presented in the study are deposited at https://ngdc.cncb.ac.cn/bioproject, accession number PRJCA002782.



Ethics statement

The animal study was approved by the Institutional Animal Care and Use Committee of Sichuan Agricultural University (approval ID: B20160403). The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

ZX: Conceptualization, Methodology, Project administration, Writing – original draft, Writing – review & editing, Funding acquisition. FL: Supervision, Writing – review & editing, Software. QL: Writing – review & editing, Data curation, Formal analysis. TM: Data curation, Writing – review & editing, Visualization. XF: Writing – review & editing, Data curation, Investigation. GZ: Data curation, Writing – review & editing, Resources. DZ: Resources, Writing – review & editing, Software. DL: Software, Writing – review & editing, Data curation, Formal analysis. HJ: Writing – review & editing, Conceptualization, Funding acquisition, Project administration, Supervision.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by National Natural Science Foundation of China (81973428 and 82274046), the Fundamental Research Funds of China West Normal University (21E037, 21E038, and KCXTD2022-7) and Chongqing Talent Program (cstc2021jscx-bgzxm0201).



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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1322316/full#supplementary-material



Footnotes

1   http://ccb.jhu.edu/software/FLASH/

2   https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

4   http://drive5.com/uparse/



References

 Bai, K. (2012) Research on the association among polymorphisms of androgen receptor gene, the levels of gonadal hormone and musk yield in the Moschus Berezovskii (forest musk deer), Northwest A&F University, Yangling.

 Bai, K., Ren, Z. J., Li, F. R., Li, Y., Zhu, C. S., Tang, J., et al. (2013). An association with gonadal hormone level and musk yield in Moschus berezovskii during musk-secreting period. Chinese J. Vet. Sci. 33, 956–962. doi: 10.16303/j.cnki.1005-4545.2013.06.032

 Bi, S. Z., Guan, Q., Jia, L. Z., An, G. L., Zhang, Z. G., and Cheng, J. J. (1988). Studies on microscopic structure and ultrastructure of musk glandular sac of Moschus and on musk secretion. Acta Theriol. Sin. 8, 4–12.

 Bi, S. Z., Yan, Y. H., Jin, S. Z., Wu, Y. M., Chen, C. F., Xu, H. J., et al. (1980). The prelimilary study of musk secretion and musk yield increase regulated by hypothalamic-pituitary-testis system. Chin. J. Met. Sci. Technol. 4, 18–20.

 Deutscher, J., Francke, C., and Postma, P. W. (2008). How phosphotransferase system-related protein phosphorylation regulates carbohydrate metabolism in bacteria. Microbiol. Mol. Biol. Rev. 70, 939–1031. doi: 10.1128/MMBR.00024-06 

 Fan, M., Zhang, M., Shi, M., Zhang, T., Qi, L., Yu, J., et al. (2018). Sex hormones play roles in determining musk composition during the early stages of musk secretion by musk deer (Moschus berezovskii). Endocr. J. 65, 1111–1120. doi: 10.1507/endocrj.EJ18-0211 

 Gruninger, R. J., Sensen, C. W., McAllister, T. A., and Forster, R. J. (2014). Diversity of rumen bacteria in Canadian Cervids. PLoS One 9:e89682. doi: 10.1371/journal.pone.0089682 

 Hari, B., Meriga, B., Muni Swamy, G., and Karunakaran, R., Recent developments in applied microbiology and biochemistry. (2019), South Korea: Elsevier.

 Heider, S. A., Peters-Wendisch, P., and Wendisch, V. F. (2012). Carotenoid biosynthesis and overproduction in Corynebacterium glutamicum. BMC Microbiol. 12:198. doi: 10.1186/1471-2180-12-198 

 Hu, X., Liu, G., Li, Y., Wei, Y., Lin, S., Liu, S., et al. (2018). High-throughput analysis reveals seasonal variation of the gut microbiota composition within Forest musk deer (Moschus berezovskii). Front. Microbiol. 9:1674. doi: 10.3389/fmicb.2018.01674 

 Hu, X., Liu, G., Shafer, A. B. A., Wei, Y., Zhou, J., Lin, S., et al. (2017). Comparative analysis of the gut microbial communities in Forest and alpine musk deer using high-throughput sequencing. Front. Microbiol. 8:572. doi: 10.3389/fmicb.2017.00572 

 Hugenholtz, P. (2002). Exploring prokaryotic diversity in the genomic era. Genome Biol. 3:REVIEWS0003. doi: 10.1186/gb-2002-3-2-reviews0003 

 Hwang, K. S., Kim, H. U., Charusanti, P., Palsson, B. O., and Lee, S. Y. (2014). Systems biology and biotechnology of Streptomyces species for the production of secondary metabolites. Biotechnol. Adv. 32, 255–268. doi: 10.1016/j.biotechadv.2013.10.008 

 Ishaq, S. L., and Wright, A. D. (2014). High-throughput DNA sequencing of the ruminal bacteria from moose (Alces alces) in Vermont, Alaska, and Norway. Microb. Ecol. 68, 185–195. doi: 10.1007/s00248-014-0399-0 

 Jie, H., Feng, X. L., Zhao, G. J., Zeng, D. J., Zhang, C. L., and Chen, Q. (2014). Research progress on musk secretion mechanism of forest musk deer. Zhongguo Zhong Yao Za Zhi 39, 4522–4525. doi: 10.4268/cjcmm20142309

 Jie, H., Zhang, C., Zeng, D., Zhao, G., Feng, X., and Lei, M. (2021). Variation of chemical constituents in musk harvested at different maturity stages. Chin. Trad. Pat. Med. 43, 144–148. doi: 10.3969/j.issn.1001-1528.2021.01.028

 Jie, H., Zhao, G., Zeng, D., Feng, X., Zhang, C., Liang, Z., et al. (2019). Microbial diversity of musk across its maturation process in forest musk deer. Zhongguo Zhong Yao Za Zhi 44, 4448–4453. doi: 10.19540/j.cnki.cjcmm.20190729.106 

 King, J. D., Kocincova, D., Westman, E. L., and Lam, J. S. (2009). Lipopolysaccharide biosynthesis in Pseudomonas aeruginosa. Innate Immun. 15, 261–312. doi: 10.1177/1753425909106436 

 Knol, B. W. (1991). Stress and the endocrine hypothalamus-pituitary-testis system: a review. Vet. Q. 13, 104–114. doi: 10.1080/01652176.1991.9694292 

 Langille, M. G. I., Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D., Reyes, J. A., et al. (2013). Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences. Nat. Biotechnol. 31, 814–821. doi: 10.1038/nbt.2676 

 Lee, L. H., Cheah, Y. K., Nurul Syakima, A. M., Shiran, M. S., Tang, Y. L., Lin, H. P., et al. (2012). Analysis of Antarctic proteobacteria by PCR fingerprinting and screening for antimicrobial secondary metabolites. Genet. Mol. Res. 11, 1627–1641. doi: 10.4238/2012.June.15.12 

 Lee, J. Y., Na, Y. A., Kim, E., Lee, H. S., and Kim, P. (2016). The Actinobacterium Corynebacterium glutamicum, an industrial workhorse. J. Microbiol. Biotechnol. 26, 807–822. doi: 10.4014/jmb.1601.01053 

 Li, D. Y., Chen, B. L., Zhang, L., Gaur, U., Ma, T. Y., Jie, H., et al. (2016). The musk chemical composition and microbiota of Chinese forest musk deer males. Sci. Rep. 6:18975. doi: 10.1038/srep18975 

 Li, Y., Hu, X., Yang, S., Zhou, J., Zhang, T., Qi, L., et al. (2017). Comparative analysis of the gut microbiota composition between captive and wild Forest musk deer. Front. Microbiol. 8:1705. doi: 10.3389/fmicb.2017.01705 

 Li, Y., Shi, M., Zhang, T., Hu, X., Zhang, B., Xu, S., et al. (2020). Dynamic changes in intestinal microbiota in young forest musk deer during weaning. PeerJ 8:e8923. doi: 10.7717/peerj.8923 

 Li, Y., Zhang, T., Qi, L., Yang, S., Xu, S., Cha, M., et al. (2018). Microbiota changes in the musk gland of male forest musk deer during musk maturation. Front. Microbiol. 9:3048. doi: 10.3389/fmicb.2018.03048 

 Li, Y., Zhang, T., Shi, M., Zhang, B., Hu, X., Xu, S., et al. (2021). Characterization of intestinal microbiota and fecal cortisol, T3, and IgA in forest musk deer (Moschus berezovskii) from birth to weaning. Integr. Zool. 16, 300–312. doi: 10.1111/1749-4877.12522 

 Meng, X., Liu, D., Feng, J., and Meng, Z. (2012). Asian medicine: exploitation of wildlife. Science 335:1168. doi: 10.1126/science.335.6073.1168-a 

 Merrifield, C. A., Lewis, M. C., Claus, S. P., Pearce, J. T. M., Cloarec, O., Duncker, S., et al. (2013). Weaning diet induces sustained metabolic phenotype shift in the pig and influences host response to Bifidobacterium Lactis NCC2818. Gut 62, 842–851. doi: 10.1136/gutjnl-2011-301656 

 Miller, L. D., Russell, M. H., and Alexandre, G. (2009). Diversity in bacterial chemotactic responses and niche adaptation. Adv. Appl. Microbiol. 66, 53–75. doi: 10.1016/S0065-2164(08)00803-4

 Mookherjee, B. D., and Wilson, R. A. (1982). The chemistry and fragrance of natural musk compounds. New York: Academic Press

 Motoyama, T., and Osada, H. (2016). Biosynthetic approaches to creating bioactive fungal metabolites: pathway engineering and activation of secondary metabolism. Bioorg. Med. Chem. Lett. 26, 5843–5850. doi: 10.1016/j.bmcl.2016.11.013 

 O'Connor, S. E. (2015). Engineering of secondary metabolism. Annu. Rev. Genet. 49, 71–94. doi: 10.1146/annurev-genet-120213-092053

 Okano, A., Isley, N. A., and Boger, D. L. (2017). Total syntheses of vancomycin-related glycopeptide antibiotics and key analogues. Chem. Rev. 117, 11952–11993. doi: 10.1021/acs.chemrev.6b00820 

 Prudence, S. M. M., Addington, E., Castano-Espriu, L., Mark, D. R., Pintor-Escobar, L., Russell, A. H., et al. (2020). Advances in actinomycete research: an ActinoBase review of 2019. Microbiology 166, 683–694. doi: 10.1099/mic.0.000944 

 Schaberle, T. F., Lohr, F., Schmitz, A., and Konig, G. M. (2014). Antibiotics from myxobacteria. Nat. Prod. Rep. 31, 953–972. doi: 10.1039/c4np00011k

 Scharf, D. H., and Brakhage, A. A. (2013). Engineering fungal secondary metabolism: a roadmap to novel compounds. J. Biotechnol. 163, 179–183. doi: 10.1016/j.jbiotec.2012.06.027 

 Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. (2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12:R60. doi: 10.1186/Gb-2011-12-6-R60 

 Seshadri, R., Roux, S., Huber, K. J., Wu, D., Yu, S., Udwary, D., et al. (2022). Expanding the genomic encyclopedia of Actinobacteria with 824 isolate reference genomes. Cell Genom. 2:100213. doi: 10.1016/j.xgen.2022.100213 

 Shen, X. H., Zhou, N. Y., and Liu, S. J. (2012). Degradation and assimilation of aromatic compounds by Corynebacterium glutamicum: another potential for applications for this bacterium. Appl. Microbiol. Biotechnol. 95, 77–89. doi: 10.1007/s00253-012-4139-4 

 Sokolov, V. E., Kagan, M. Z., Vasilieva, V. S., Prihodko, V. I., and Zinkevich, E. P. (1987). Musk deer (Moschus moschiferus): reinvestigation of main lipid components from preputial gland secretion. J. Chem. Ecol. 13, 71–83. doi: 10.1007/BF01020352 

 Su, G., Wu, A., Gan, X. N., Yue, B. S., and Li, J. (2009). Quantitative analysis of musk components by gas chromatography/mass spectrometry. Mol. Boil. Rep. 54, 2472–2482. doi: 10.1360/972009-1142

 Sun, Y., Sun, Y., Shi, Z., Liu, Z., Zhao, C., Lu, T., et al. (2019). Gut microbiota of wild and captive alpine musk deer (Moschus chrysogaster). Front. Microbiol. 10:3156. doi: 10.3389/fmicb.2019.03156 

 Sun, T., Wang, J., Cai, Y., Cheng, J., Li, Y., Zhou, M., et al. (2020). Relationship between fecal steroid hormones and musk secretion in captive forest musk deer. Acta Ecol. Sin. 40, 9245–9251. doi: 10.5846/stxb202001210162

 Sundset, M. A., Praesteng, K. E., Cann, I. K., Mathiesen, S. D., and Mackie, R. I. (2007). Novel rumen bacterial diversity in two geographically separated sub-species of reindeer. Microb. Ecol. 54, 424–438. doi: 10.1007/s00248-007-9254-x 

 Suo, L., Tang, J., Bian, K., Yang, C., Li, F., and Wang, Y. (2020). Preliminary study on the relationship between the levels of cortisol and testosterone and musk yield in secrete sweet period of forest musk deer. Heilongjiang Anim. Husb. Vet. 15, 140–142. doi: 10.13881/j.cnki.hljxmsy.2020.01.0173

 Theis, K. R., Venkataraman, A., Dycus, J. A., Koonter, K. D., Schmitt-Matzen, E. N., Wagner, A. P., et al. (2013). Symbiotic bacteria appear to mediate hyena social odors. Proc. Natl. Acad. Sci. USA 110, 19832–19837. doi: 10.1073/pnas.1306477110 

 Undabarrena, A., Pereira, C. F., Kruasuwan, W., Parra, J., Selem-Mojica, N., Vind, K., et al. (2021). Integrating perspectives in actinomycete research: an ActinoBase review of 2020-21. Microbiology 167:1084. doi: 10.1099/mic.0.001084 

 van Bergeijk, D. A., Terlouw, B. R., Medema, M. H., and van Wezel, G. P. (2020). Ecology and genomics of Actinobacteria: new concepts for natural product discovery. Nat. Rev. Microbiol. 18, 546–558. doi: 10.1038/s41579-020-0379-y 

 Wang, C. L., Liwei, M., Park, J. B., Jeong, S. H., Wei, G. Y., Wang, Y. J., et al. (2018). Microbial platform for terpenoid production: Escherichia coli and yeast. Front. Microbiol. 9:2460. doi: 10.3389/fmicb.2018.02460 

 Wang, Q., Zhang, X. Y., Wang, Z. K., Qi, W. H., Yang, C. Z., and Yue, B. S. (2012). The cloning and analysis of FSHβ, LHβ genes in Moschus berezovskii. Sichuan. J. Zool. 31, 77–83. doi: 10.3969/j.issn.1000-7083.2012.01.017

 Watanabe, K., Rude, M. A., Walsh, C. T., and Khosla, C. (2003). Engineered biosynthesis of an ansamycin polyketide precursor in Escherichia coli. Proc. Natl. Acad. Sci. USA 100, 9774–9778. doi: 10.1073/pnas.1632167100 

 Wilslocki, G. B., Aub, J. C., and Waldo, C. M. (1947). The effects of gonadectomy and the administration of testosterone propionate on the growth of antlers in male and female deer. Endocrinology 40, 202–224. doi: 10.1210/endo-40-3-202 

 Wriessnegger, T., and Pichler, H. (2013). Yeast metabolic engineering – targeting sterol metabolism and terpenoid formation. Prog. Lipid Res. 52, 277–293. doi: 10.1016/j.plipres.2013.03.001 

 Yamada, Y., Kuzuyama, T., Komatsu, M., Shin-ya, K., Omura, S., Cane, D. E., et al. (2015). Terpene synthases are widely distributed in bacteria. Proc. Natl. Acad. Sci. USA 112, 857–862. doi: 10.1073/pnas.1422108112 

 Yoo, H. J., Jung, K. J., Kim, M., Kim, M., Kang, M., Jee, S. H., et al. (2019). Liver cirrhosis patients who had normal liver function before liver cirrhosis development have the altered metabolic profiles before the disease occurrence compared to healthy controls. Front. Physiol. 10:1421. doi: 10.3389/fphys.2019.01421 

 Yu, T. W., Bai, L. Q., Clade, D., Hoffmann, D., Toelzer, S., Trinh, K. Q., et al. (2002). The biosynthetic gene cluster of the maytansinoid antitumor agent ansamitocin from Actinosynnema pretiosum. Proc. Natl. Acad. Sci. U. S. A. 99, 7968–7973. doi: 10.1073/pnas.092697199 

 Yuan, Y., Li, J., Zhang, A., Lin, J., Chu, Y., Wang, X., et al. (2020). Interspecific interaction between Pseudomonas aeruginosa and Trueperella pyogenes from the abscesses disease of Moschus berezovskii. Sichuan. J. Zool. 5, 1–7. doi: 10.11984/j.issn.1000-7083.2020001

 Zhang, T., Peng, D., Qi, L., Li, W., Fan, M., Shen, J., et al. (2017). Musk gland seasonal development and musk secretion are regulated by the testis in muskrat (Ondatra zibethicus). Biol. Res. 50:10. doi: 10.1186/s40659-017-0116-9 

 Zhang, Z., Yang, J., Wang, J., Fu, W., Wang, Z., Ye, S., et al. (2015). Changes of serum gonadal hormones levels during musk-secreting period and estrus of Moschus berezovskii. Zhong Yao Cai 38, 240–244. doi: 10.13863/j.issn1001-4454.2015.02.008 

 Zhao, G., Ma, T., Tang, W., Li, D., Mishra, S. K., Xu, Z., et al. (2019). Gut microbiome of Chinese forest musk deer examined across gender and age. Biomed. Res. Int. 2019:9291216. doi: 10.1155/2019/9291216 

 Zheng, C., Wang, J., Wang, J., Zhou, L., Yang, Y., Feng, D., et al. (2019). Research progress on the relationship between musk components and androgen in captive musk deer. J. Sichuan Trad. Chin. Med. 37, 220–222.

Copyright
 © 2024 Xu, Li, Liu, Ma, Feng, Zhao, Zeng, Li and Jie. 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/fmicb-15-1322316-g005.jpg
Normuscone

17-Oxoandrost-5-en-3-yl hydrogen sulfate
cis-9-Hexadecenal

9-Octadecenal
3-Methylcyclopentadecanone (Muscone)
Cyclotridecanone

m-Cresole

Cyclohexadecanone

Methyl heptadecyl ketone
Androstan-17-ol, 2,3-epoxy
12-Methy-E.E-2,13-octadecadien-1-ol
1,2-Cyclododecanediol
Androstane-3,17-diol, (3.alpha. 5.alpha. 17.beta )-
14-Methyl-8-hexadecenal Z
6-Methylheptane-1,6-diol

13-Telradecenal

Dihydroandrosterone.
3a-Hydroxy-5b-androstan-17-one
Cholesterol

Cholestan-3-ol






OPS/images/fmicb-15-1322316-g006.jpg
A 1 1
PMSP-MM  PMSP-UM VMSP-MM VMSP-UM LMSP-MM LMSP-UM

Biosynthesis of ansamycins
C5-Branched dibasic acid metabolism
Synthesis and degradation of ketone bodies

| D-Giutamine and D-glutamate metabolism

Valine, leucine and isoleucine biosynthesis
Peptidoglycan biosynthesis

D-Alanine metabolism

One carbon pool by folate

Pantothenate and CoA biosynthesis
Biosynthesis of vancomycin group antibiotics
Fatty acid biosynthesis

Thiamine metabolism

Protein export

Streptomycin biosynthesis

Lysine biosynthesis

Terpenoid backbone biosynthesis
Homologous recombination

Cell cycle - Caulobacter

Pyruvate metabolism

Sulfur relay system

Alanine, aspartate and glutamate metabolism
DNA replication

Carbon fixation in photosynthetic organisms
Glycolysis / Gluconeogenesis

Ribosome

Pentose phosphate pathway

Mismatch repair

Aminoacyl-tRNA biosynthesis

Lipoic acid metabolism

Taurine and hypotaurine metabolism

ABC transy 1S

Glyoxylate and dicarboxylate metabolism
Bacterial secretion system

beta-Alanine metabolism

Glutathione metabolism )
Valine, leucine and isoleucine degradation
Fatty acid metabolism

Lpopalyscharid bosytresis

Geraniol degradation

Bacterial chemotaxis

Nicotinate and nicotinamide metabolism
Vitamin B6 metabolism

Histidine metabolism

Butanoate metabolism

Propanoate metabolism

Cysteine and methionine metabolism
Citrate e (TCA cycle)

Carbon fixation pamways in prokaryotes
Glycine, serine and threonine metabolism
Selenocompound metabolism

Folate biosynthesis

Biotin metabolism

Sulfur metabolism

Phenylalanine, tyrosine and tryptophan biosynthesis

Purine metabolism

Amino sugar and nucleotide sugar metabolism
Drug metabolism - other enzymes.

Base excision repair

Pyrimidine metabolism

Secondary bile acid biosynthesis
Phosphotransferase system (PTS)

Galactose metabolism

Starch and sucrose metabolism

Fructose and mannose metabolism






OPS/images/fmicb-15-1322316-g003.jpg
g

Observed OTUs
8

8

200

PD whole tree
)
S

o

s S =

CPCoA 2(17.12%)

%

700
P=00‘77 P=0.0315
600
S,
500
o
v )
p 3
* P=0.0400 6
§
£
s4
2
5
2
Mejed  Umted  Maed  Unmued  Magd  Unmgied Mzwd ned u....m m
Prime muskseretion period Late sk seiretion peiod s el L ok binpriod
igtrous musk secsionperiod .so.m,....sk,c.‘.wnpm
Bray-Curtis CCA e Bray-Curtis PCOA
o0 L °
Group o
Mated S04
Il L S mditioridi 7y
. "R Opimemil B pered L4
. =
© Vigorous mib Sronperid 1 02
. . <
ey © Vigorous ik Skron peiod S
LR © Late musk veerdion perod 00 .o
Inmatec <
© Lot musl W period ce o

02 -01 00

o1 02 03

CPCoA 1 (47.76%)

0.0 02
PCOA 1 (23.85%)






OPS/images/fmicb-15-1322316-g004.jpg
High in UM = High in MM
p_Firmicutes I

[Prime musk secreion period

|Vigorous musksecreionperiod. g pciotacers EEEEEE————

&_Corynebacterium

c_Actinobacteria _

£_Corynebacteriaccac

o_Actinomycetales |

,_Firmicutes
_Pseudomonadales
_Proteobacteria
Betaprotcobacteria
Pseudomonas
Pseudomonadaceac

Late musk secretion period

£ Aerococcaceae

T Tissiercllaceac

f Aerococcaceae.g
o_Lactobacillales
¢_Bacilli
Closiridium

o_Pscudomonadales

N c _Gammaprotcobacteria

[ e
I 1101 1
——r | ! { |11\ 11}
——— [,
O 1.5
I | . coidiccic

1 Tissierellaceae_

o_Actinomycetales | —
£ Corynebacteriacca I
 Actinobacterin i —

2_Corynebacterium

P_Actinobacteria | —
chelll BV

log(LDA score)






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Chemical composition and microbiota changes across musk secretion stages of forest musk deer



		1 Introduction



		2 Materials and methods



		2.1 Animals and sample collection



		2.2 Musk chemical component extraction and GC–MS determination



		2.3 Bacterial DNA isolation and 16S rRNA sequencing



		2.4 Bioinformatic analysis









		3 Results



		3.1 The serum testosterone (T) level varies with musk secretion



		3.2 The chemical composition changes across musk secretion



		3.3 Statistics of 16S rRNA sequencing data



		3.4 Different dominant microbiota composition at genus level



		3.5 Microbiota diversity variations across musk secretion



		3.6 Distinct bacteria interact with chemical components to mediate musk secretion



		3.7 Function predictions of musk microbiota









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/fmicb-15-1322316-g001.jpg
Variate 2(18%)

2. Testosterone
[ Y
o MM
g
3 60
£
£
g 40-
=
E
220 l
2
i l -
PMSP VMSP LMSP
PLS DA(diethyl ether)
2 e [
o v
0
sty
LI 1y o
=25 00 25 50
Variate 1(20%)
PLS DA(ethyl alcohol)
4 [
! v
s Do
ofusrane,
EatI
? WP o

-4 2 0 2 4
Variate 1(28%)





OPS/images/fmicb-15-1322316-g002.jpg
100%

75%

age (%)

50%

Percent:

25%

0%

100%

75%

0%

Percgntage (%)

25%

0%

Matedmales Unmatfd males

Malec} ‘males Uniated males

Mzm(’ ‘males Unimaled males

. T
Prime musk secretion period

=
Vigorous musk secretion period

T
Late musk secretion period

Phylum
Low Abundance
[l Acidobacteria
Actinobacteria
[ Bacteroidetes
| Chloroflexi
[ Cyanobacteria
Firmicutes
[ Fusobacteria
Proteobacteria
B Tenericutes

Genus
Dechloromonas
Porphyromonas
Unassigned

1| Acinetobacter

[ Cetobacterium
Clostridium

= Corynebacterium

[ Enterococeus
Escherichia

[l Facklamia

[ Faccalibacterium

B Gw-34
Lactobacillus

[ Novosphingobium

|l Oligella

[ Prevotella

[l Pseudomonas
Staphylococeus

. Yaniella

Low Abundance





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

Chemical composition and
microbiota changes across musk
secretion stages of forest musk
deer












OPS/images/crossmark.jpg
©

2

i

|






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






