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Summary

Musk is a precious raw material and ingredient in
Chinese traditional medicine. The production of
unqualified musk has become a puzzling problem in
forest musk deer (FMD) breeding. However, what the
essential differences between so-called unqualified
musk and mature qualified musk have not yet been
elucidated. In this study, 12 musk samples were col-
lected and separated into two groups according to
their external properties. One group is white or black
cream-like secretion with sour or unpleasant odour
(MM); the other group is brown or blackish brown
solid secretion with pleasant fragrance (DM). Next-
generation sequencing and gas chromatography-
mass spectrometry were used to explore the essen-
tial differences between the DM and MM groups in

microbial and chemical compositions. The results
indicate that the DM group has more heterogenous
microbial structure but simpler relationships among
microbial communities. LEfSe analysis showed
that 14 taxa at the genus level could be used to
distinguish the DM and MM groups and Bacillus,
Paracoccus, tenoteophomonas, Mycobacterium and
Leuconostoc were more abundant in the DM group
(P < 0.05). In addition, six compounds were identified
to specifically distinguish the DM and MM groups
under the OPLS-DA model. PICRUSt analysis
revealed that metabolic pathways such as carbohy-
drate metabolism, nucleotide metabolism, energy
metabolism, transport and catabolism were enriched
in the DM group. All these findings of differences in
microbiota and chemical compositions would pro-
vide potential clues for MM quality improvement and
new evidence for the scientific establishment of a
quality evaluation standard for musk.

Introduction

Natural musk, a rare and precious raw material and
ingredient in traditional Chinese medicine, was first
recorded in Shen Nong’s Herbal Classic and has a
medicinal history of nearly 2000 years in China (Zhou
et al., 2010). Secreted from the musk gland in adult male
Moschus berezovskii, Moschus sifanicus and Moschus
moschiferus, natural musk is reported to have cardiac,
anti-inflammatory and anti-tumour properties as well as
bidirectionally regulated effects on central nervous sys-
tem and the ability to prevent ischaemic cardiac disorder
(Hu et al., 2009; Tian et al., 2011; Fan et al., 2017; Ali
et al., 2018) and has been collected by Chinese Phar-
macopoeia. Natural musk has been widely used in lots
of drugs. Statistical analysis showed that some drugs
including bezoar angong pill, pien tze huang and liushen
pill have an output value of more than $1.43 billion per
year (Wang et al., 2006). Not surprisingly, the high
medicinal and economic value has made natural musk
scarce resources. The acquisition of musk caused the
population of forest musk deer (FMD) to suffer a drastic
decline (Hawkins, 1950; Yang et al., 2003; Meng et al.,
2006; Cai et al., 2017), and FMD is becoming endan-
gered animals. To protect FMD populations and provide
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a sustainable musk supply, FMD was listed as a cate-
gory I key species under the Wild Animal Protection Law
in China in 2003 (Wang and Harris, 2015), and musk
deer have been artificially bred and farmed in China
since the 1950s. To date, FMD has been bred in
Shaanxi, Sichuan, Anhui and Gansu Provinces (Ren,
2003; Wang et al., 2006; Xiang et al., 2011). During the
process of breeding, musk is collected only once a year.
However, among the musk collections, the so-called
unqualified musk, which is white or black in colour, con-
tains higher water content or smells sour and unpleas-
ant, appeared randomly and was regarded as unsuitable
for further use. To avoid the so-called unqualified musk,
further maturation is needed and the musk was often
collected in the second or third year. Thus, the so-called
unqualified musk not only resulted in severe economic
losses and wasted labour but also greatly injured the
confidence of the FMD breeder.
Considering the so-called unqualified musk is not suit-

able and qualified ingredient for further use in medicine,
it has become a serious problem for FMD breeders. As
so far, the standard for musk qualification is only through
evaluating the concentration of muscone, which should
over 2.0%, according to the Chinese Pharmacopoeia
(2015). However, whether this evaluation standard can
be effectively used to distinguish the so-called unquali-
fied musk and mature qualified musk is unknown. Are
there essential differences between them in chemical
characterization and microbial community structures? All
these issues have not yet been elucidated in related
studies. It is the important basis for understanding the
composition of musk as well as its ecological and phar-
macological effects.
In this study, 12 musk samples were collected and

separated into two groups. One group, named MM, is
mushy, white or black or blackish brown in colour,
cream-like in texture, has a higher water content and
smells sour or unpleasant; the other group, named DM,
is dry, brown or blackish brown in colour, powdery or
granular or bar-like in texture and smells pleasant. The
two groups were separated mainly focus on the colour,
water content and odour. The differences between the
DM and MM groups in microbial community structures
were detected by high-throughput sequencing, and the
chemical components were analysed by GC/MS. Princi-
pal component analysis (PCA), redundant analysis
(RDA) and orthogonal partial least-squares-discriminant
analysis (OPLS-DA) were used to cluster the chemical
components and microbial community structure for anal-
ysis. The core microorganism and main chemical com-
ponents that could be used to distinguish the DM and
MM groups were concluded. These results could provide
good guidance for comprehensive assessment of the
quality of musk, as well as provide novel evidence for

the scientific establishment of a quality evaluation stan-
dard for musk.

Results

Appearance characteristics of 12 collected musk
samples

During the process of harvesting musk, the so-called
unqualified musk was always found in the FMD breeding
centre. In order to know whether there exist essential dif-
ferences between mature qualified musk and so-called
unqualified musk and whether the essential differences
were highly related to certain core microorganism, 12
samples were collected and analysed. The detailed sam-
ple information was described in Table S1. Twelve col-
lected musk samples were separated into two groups
according to their appearance and odour (Fig. 1). The
MM group, is white or black in colour, cream-like in tex-
ture, has a higher water content and smells sour or
unpleasant; the DM group is brown or blackish brown in
colour, powdery or granular or bar-like in texture, dry
and smell pleasant.

Differences in microbial diversity between the DM and
MM groups

Characterization of the 16S rRNA sequence of musk
samples. The microbial diversity of the DM and MM
groups was analysed by high-throughput amplicon
sequencing. A dataset consisting of 904 391 high-
quality, classifiable 16S rRNA gene sequences were
generated, 57 045–82 520 valid sequences (Mean
length = 426 � 2 bp) were obtained from each sample
and gene sequences with an average of 73 541 � 9467
and 77 921 � 4944 per sample in the DM and MM
groups were obtained. Statistical results of the
sequencing data are summarized in Table S2. The raw
sequences of this study have been deposited in the
Sequence Read Archive (accession number
PRJNA545203). The sequences were assigned to 265
operational taxonomic unit (OTU) at the similarity
threshold of 97% and categorized into seven phyla, nine
classes, 15 orders, 34 families and 42 genera.

Diversity analysis of microbiota in the DM and MM
groups. Rarefaction curves were constructed for each
individual sample of the DM and MM groups showing
the number of observed OTUs (Fig. 2A). The curve
becomes asymptotic as the OTU number is saturated,
and each sample added an increasingly smaller number
of new OTUs, which indicated adequate coverage for
the sample being tested. Remarkably dissimilar shapes
of the OTU rarefaction curves were observed when
comparing samples of the DM and MM groups. The
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samples of the MM group displayed uniform rarefaction
curves, whereas the variation in the shape of the
rarefaction curves from the samples of the DM group
was much higher (Fig. 2A). The high variability of OTU
richness of the DM group, as depicted by the rarefaction
curves, could possibly be caused by the more
complicated chemical components. The more
heterogenous microbial structure is more easily adapted
to the environment of musk gland scent pod. While in
the MM group, certain chemical components might give
rise to increasing kinds of microorganism, which made
the microbial structure more homogeneous. The alpha
diversity measures also showed that Shannon and
Simpson indexes were significantly different between the
DM and MM groups (P < 0.05), reflecting that richness
and evenness were significantly different between them
(Fig. 2B). These analyses verified that microbes in the
DM and MM groups were really significantly different at
the OTU level.
To further analyse the differences in microbiota com-

position between the DM and MM groups, a Bray-Curtis

dissimilarity matrix was calculated on normalized and
square-root transformed read abundance data. Overall
similarities in bacterial community structures among
samples were displayed using principal coordinate analy-
sis (PCoA). PCoA analyses revealed that the musk
microbiotas of the DM group were distinct from those of
the MM group. Two principal components explained
58.8% of the total variation, with the first principal com-
ponent having a greater power of separation (Fig. 3). To
statistically support the visual clustering of the bacterial
communities in the PCoA analyses, PERMANOVA test
was used. These suggested that the microbial communi-
ties in these two groups were significantly dissimilar from
each other.

Analysis of microbiota differences between the DM and
MM groups

The bacterial phyla and genera in relative abundance in
the DM and MM groups are shown in Fig. 4A and B. In
all, more than 99% of the sequences in all samples

Fig. 1. Appearance characterization of MM and DM samples.
MM samples are in the top row and DM samples are in the bottom row.

Fig. 2. Rarefaction curves and variations in alpha diversity of the microbiota between the DM and MM groups.
(A) Rarefaction curves of DM and MM samples; (B) Comparisons of Shannon and Simpson diversity indices between DM and MM samples by
Mann–Whitney test.
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belong to four bacterial phyla (namely, Actinobacteria,
Firmicutes, Proteobacteria and Bacteroidetes). Among
them, Actinobacteria and Firmicutes were present in

higher proportions in the DM than in the MM group
(66.98% � 0.29 versus 37.90% � 0.18 and 29.52% �
0.03 versus 11.20% � 0.05, respectively). In contrast,

Fig. 3. Principal coordinate (PCoA) analysis of the community structure using UniFrac distances. Blue and yellow circles represent the musk
microbiota from the DM and MM groups, respectively. Distances between circles on the ordination plot reflect relative dissimilarities in commu-
nity structures.

Fig. 4. Composition variation of the DM and MM microbiota analysed employing 16S rRNA as biomarkers. Bars represent the relative abun-
dance of bacterial taxa at the phylum and genus levels.
(A) Relative abundance of phyla; (B) relative abundance of genera; unassigned: sequences which could not be classified.
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Proteobacteria and Bacteroidetes were more abundant
in the MM than in the DM group (49.35% � 0.16 versus
3.29% � 0.06, P < 0.01 and 1.33% � 0.01 versus
0.12% � 0.002, P < 0.05, respectively). At the genus
level, the main dominant genera in the MM and DM
groups were different (Fig. 4B). In the MM group, the
main dominant genera are Corynebacterium, Pseu-
domonas and Proteus; in the DM group, the main
dominant genera are Corynebacterium, Staphylococcus
and Trueperella. Between the DM and MM groups,
Corynebacterium (31.10% � 0.21 versus 63.98% �
0.28, P = 0.026), Clostridium_XlVa (P = 0.045), Strepto-
phyta (P = 0.033) and Faecalibacterium (P = 0.005)
were significantly different in relative abundance.
The hierarchically clustered heatmap based on the

bacterial composition at the phylum level revealed that
the bacterial communities in the DM and MM groups
could be clustered together as different patterns. In
Fig. 5A, each branch on the tree represents one musk
microbiota, each row represents a dominant bacterial
phylum. The values in the heatmap represent the square
root-transformed relative percentage of each bacterial
phyla. A redder colour indicates larger numbers and
more plenty microbiota, while a bluer colour represents
smaller numbers. The core microbiomes in the DM and
MM groups were different (Fig. 5B).
Linear discriminant analysis (LDA) and linear discrimi-

nant analysis effect size (LEfSe) determinations further
indicated that at the genus level, 14 taxa can be used to
distinguish the DM and MM groups (Fig. 6A). Bacillus,
Paracoccus, tenoteophomonas, Mycobacterium and
Leuconostoc were more abundant in the DM group

(P < 0.05), while Pseudomonas, Porphyromonas,
Arsenophonus, Cetobacterium, Succinivibrio, Roseburia,
Prevotella, Ruminococcus and Streptococcus were in
higher lever in the MM group (P < 0.05) (Fig. 6B and C).

Network-based analysis. The networks were considered
to offer insight into microbial interactions (Jiao et al.,
2016). Figure 7 depicts a complex network-based
analysis of the DM and MM microbiome obtained using
the Cytoscape program. In the DM group, the microbial
communities seemed more stable, and the interactions
among the microbes were simpler. While in the MM
group, the interactions between microbial communities
were more complicated. Every node performs different
functions in modules, and edge between every two
nodes shows different relationships (Newman, 2006).
Positive relationships may result from commensalism or
mutualism, while negative relationships may be ascribed
to competition or predation (Hu et al., 2019). In Fig. 7,
the networks for the MM group had 42 nodes and 102
edges, while the network for the DM group comprised
17 nodes and 23 edges. In the MM group, the
relationships between the edges were 53.92% positive
and 46.08% negative, and 33.33% reached significance
at the level of P < 0.01. In contrast, the positive
relationships in DM group accounted for 100% of the
total relationships and 39.13% reached significance at
the level of P < 0.01. These results indicated that in the
DM group, the relationship among the microbial
community was simpler, which might alleviate their
competition, strengthen their associations and be more
beneficial for the microbes to participate in metabolites.

Fig. 5. Heatmap analysis of the bacterial distribution between the DM and MM groups.
(A) Heatmap was based on hierarchical clustering (Bray-Curtis distance metric and complete clustering method) and shows the bacterial distri-
bution among 12 individual samples; (B) heatmap shows the abundance of the core microbiome in the DM and MM groups, respectively.
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This analysis further elucidates that the microbial
communities in the DM and MM groups may play
different roles in the transformation of the chemical
composition of musk.

Musk chemical composition of the DM and MM groups

PCA analysis. Musk in the DM and MM groups were
separated by diethyl ether solution treatment and detected

Fig. 6. LEfSe analysis of bacterial composition between the DM and MM groups.
(A) LDA score plot of microbial taxa with significant group differences; (B) genus with a significant higher lever in the DM group; (C) genus with
a significant higher lever in the MM group.

Fig. 7. Network analysis of microbes in the DM group (A) and in the MM group (B). Nodes indicate taxonomic affiliations at the OTU level. Red
lines indicate positive correlations; blue lines indicate negative correlations. The solid edge represents the extremely significant correlative rela-
tionship (P < 0.01); the dashed edge represents the significant correlative relationship (P < 0.05).
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by GC-MS. The abundances of the main chemical
constituents of the musk samples of the DM and MM
groups were determined (Fig. S1 and Table S4). To
screen for key metabolites with statistical importance to
distinguish the DM and MM groups, a PCA model was
established. PCA analysis shows the overall distribution
trend among all samples of the DM and MM groups, and
possible discrete points can be identified (Table S5 and
Fig. S2). Under the positive mode (EI+), PC1 and PC2
show segregation between the samples in the two groups
(Fig. S2), which indicates that metabolic profiling differed
between the MM and DM groups.

Orthogonal partial least-squares-discriminant (OPLS-DA)
analysis. The OPLS-DA analysis demonstrated that
there were significant differences between the DM and
MM groups (Fig. S3). As shown in Fig. S3, samples in
the DM and MM groups were separated into two clusters
(the left cluster is the MM group and the right cluster is
the DM group), which indicated that the chemical
components of the two groups were remarkably
different. The parameters of the OPLS-DA model (R2Y,
Q2) obtained by sevenfold cross-validation are shown in
Table S6. The value Q2 > 0.5 confirmed that the OPLS-
DA model (R2Y, Q2) was stable and reliable. To identify
these differential markers, the overall differences
between the two datasets were further analysed. Every
point on the curves represents one chemical compound
(Fig. S4). The closer to the middle a point is, the less
different is the chemical compound in the two groups.
The chemical compounds beside the upper and lower
parts were significantly different components. The
compounds in the lower left and upper right sections
were more abundant in the MM group and the DM
group, respectively. In total, the data points in both
sections of the curves represent highly reliable
compounds in the sample.
According to OPLS-DA model, the VIP value was used

to measure the expression pattern of each metabolite in
terms of effect intensity and explanatory ability to identify
biologically relevant significantly differential metabolites. In
this study, differentially expressed metabolites were
selected preliminarily according to the parameter VIP > 1.
Univariate analysis was then performed to verify whether

the difference was significant. The metabolites satisfying
VIP > 1 and P < 0.05 were considered significantly differ-
entially expressed metabolites. Metabolites satisfying
VIP > 1 and 0.05 < P < 0.1 were differentially expressed
metabolites. These metabolites can provide a basis for
comparing the DM and MM groups. To further identify dif-
ferent compounds, different points were marked with
matched peak numbers in the TIC results and listed with
retention time and specific charge. The differentially
expressed metabolites are shown in Table 1. In total, six
compounds were identified as differentially expressed
metabolites between the MM and DM groups.

RDA analysis of the relationship of the microbiota and
chemical components between the MM and DM
groups. RDA analysis reflected the relationship of the
different compounds and microbiota with the MM and
DM samples. As shown in Fig. 8, chemicals, such as
muscone, androstenedione, benzoic acid and butylated
hydroxytoluene, and microbes in Acitinobacteria and
Firmicutes were more strongly correlated with samples
in the DM group. While chemicals, such as cholesta-3,5-
diene, eicosane, heptacosane, heneicosane and
cholesterol, and microbes in Proteobacteria were more
strongly correlated with samples in the MM group. The
relationship between the DM and MM groups in
microbiota and chemical components were consistent
with the results obtained using the OPLS-DA model and
microbial diversity analysis.

Discussion

The critical roles of microbiota in maintenance of mam-
mals’ health by providing benefits to their host, such as
breakdown of indigestible food, supply of energy for
epithelial cells and a barrier against invasive pathogens,
have emerged recently (Xue et al., 2011). However, it is
still largely unknown how about the distribution of micro-
biota in musk. Li reported different musk microbiota pro-
files between mated and unmated FMD males (Li et al.,
2016). Actinobacteria and Firmicutes presented in higher
proportions in the musk microbiotas of unmated FMD
(26.63% versus 5.5%, 32.32% versus 5.45%, respec-
tively), while Proteobacteria were more abundant in the

Table 1. Differential expressed metabolites in the DM and MM groups.

Number Chemical name Molecular formula CAS Retention time (R.T.)

1 Heneicosane C21H44 629-94-7 32.11
2 1,2-Benzenedicarboxylic acid C8H6O4 88-99-3 29.43
3 Normuscone C15H28O 502-72-7 25.86
4 Butylated hydroxytoluene C15H24O 128-37-0 17.79
5 Cholesterol C27H46O 57-88-5 48.80
6 Cholesta-3,5-diene C27H44 747-90-0 45.06
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musk microbiota of mated FMD (29.44% versus
11.88%). Considering the puzzling problem of the exis-
tence of so-called unqualified musk, we wonder whether
microbial community can be used to distinguish so-
called unqualified musk (MM) from mature qualified
musk (DM). We found that more than 99% of the
sequences in all DM and MM samples belonged to four
bacterial phyla. Specifically, Actinobacteria and Firmi-
cutes were present in higher proportions in the DM
group, while Proteobacteria and Bacteroidetes were
more abundant in the MM group.
Accumulating evidence has demonstrated that micro-

biota is indispensable in generation of various odorous
metabolites (Carthey et al., 2018; Hang et al., 2019).
Thus, there is a possibility that microbiota contribute to
the unique and intense perfume of musk by regulating
odorous metabolites production and may be a candidate
for musk quality control. It was reported that the better
the quality was, the higher was the proportion of Acti-
nobacteria and Firmicutes, and the lower was the pro-
portion of Proteobacteria (Li et al., 2016). Li reported
previously that the microbiota composition of musk sam-
ples in three different mature states varied significantly
(P < 0.05) (Li et al., 2018), especially focused on Firmi-
cutes, Proteobacteria, Actinobacteria and Bacteroidetes,
as we reported here. All these data collectively demon-
strated that these four bacterial phyla are indispensable
in musk evaluation.
Muscone, an organic compound secreted by various

animals from the stink glands (Ward and Dorp, 1981;

Shirasu et al., 2014), is the primary contributor to the
fascinating scent of musk and has been used for years
to musk evaluation (Chinese Pharmacopoeia, 2015).
However, Jiang reported previously that it is not suffi-
cient to judge the quality of musk simply by muscone
concentration and comprehensive assessment of chemi-
cal fingerprint chromatography and various chemical
components including polypeptides, macrocyclic
ketones, sterides, pyridine, fatty acids and esters may
be essential and useful (Jiang et al., 2018). Wang also
verified that using muscone concentration alone to judge
the quality of musk is not comprehensive. They sug-
gested evaluating the quality of musk by combined
indexes in which muscone, androstanols and cholesteryl
substance should all over 2.0% (Wang, 2011). When we
detected muscone concentrations in the DM and MM
groups, we found that the concentration of muscone in
80% of the so-called unqualified musk samples were
lower than 1.42% with the lowest only about 0.033%.
However, there still existed a so-called unqualified musk
sample, in which the muscone concentration was as
high as 6.06% and a mature qualified musk sample in
which the muscone concentration was as low as 0.29%.
Thus, it is not reliable to evaluate the quality of musk
only through the concentration of muscone, according to
the Chinese Pharmacopoeia (2015).
To effectively distinguish the DM and MM groups in

terms of chemical aspect, metabolite analysis was per-
formed and a total of six compounds were identified
between them. These compounds include heneicosane,

Fig. 8. RDA analysis of the relationship of the microbiota and chemical components between the DM and MM groups. The length of the line
between the arrow and the origin represents the degree of correlation between the compound and community distribution and species distribu-
tion. The longer the line, the greater the correlation.
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1,2-benzenedicarboxylic acid, normuscone, butylated
hydroxytoluene, cholesterol and cholesta-3,5-diene. Li
also found previously that the better quality musk pro-
duced by the unmated FMD had higher proportions of
cholesterol, normuscone, benzene acetic acid, 3-ethyl-3-
hydroxy-5ɑ-androstan-17-one, cholestan-3-ol, cholest-7-
en-3b-ol and 4ɑ-methyl-5ɑ-cholest-8(14)-en-3b-ol (Li
et al., 2016). This suggested that higher concentrations
of androstanols and cholesteryl should be a beneficial
attachment for better quality musk identification besides
higher concentration of muscone.
Traditional Chinese medicine functions based on the

coordination of multiple kinds of chemical components
(Sun et al., 2008; Liao et al., 2014). It is rational that
musk components and microbiota interact with each
other in the musk. On one hand, musk components and
their changes in the musk gland may modify the micro-
biota composition (Li et al., 2016). On the other hand,
existence and succession of the bacterial community is
regarded as one of the important factors causing
changes in the musk components. Thus, it was hypothe-
sized that there is a complex relationship among musk
components, microbial succession and its related meta-
bolic components. The maturation process of aloes is an
example of the complex relationship between microbial
community succession and metabolites (Li, 2017). This
study investigated the quality of traditional Chinese med-
icine musk in terms of both chemical components and
microbiota. It is the first study to define and characterize
the so-called unqualified musk in terms of appearance,
microbial community and chemical components. The
results showed that both the chemical and microbial
components and proportions were greatly different in the
DM and MM groups. So, using the concentration of mus-
cone as the only standard to evaluate the quality of
musk could not totally reflect the quality of musk in
accordance with the Chinese Pharmacopoeia and the
overall view of TCM clinical drug use. Whether muscone
can be used as the sole standard to evaluate the quality
of natural musk and whether artificial synthesized mus-
cone could completely replace the function of natural
musk are questions that still need to be discussed. In
addition, whether microorganisms play a role in the mat-
uration of musk needs further study. For example, the
functions and metabolic pathways of microorganisms in
musk should be better analysed by means of metage-
nomics to establish a more systematic and comprehen-
sive indicator system for the evaluation of musk quality.

Experimental procedures

Musk sample collection

Musk samples analysed in this study were collected from
adult male FMD (M. berezovskii) maintained in Zhenping

forest musk deer breeding centre (Ankang, Shaanxi,
China). The region is at an altitude of 950–1000 m
(30.21�–31.70�N, 109.18�–109.63�E) and belongs to
north subtropical humid climate, with an annual average
temperature of 12.1°C and annual average rainfall of
1015 mm. The collection work started in the middle of
September, when the musk components were consid-
ered to be completely mature and does not affect mating
in November. Before collecting musk, each of the musk
deer was placed in its own cage, and the area surround-
ing the musk gland scent pods and experimental tools
were sterilized with alcohol. All samples of the musk
were obtained directly from the musk gland scent pods
with a special spoon (Zhang et al., 2009), which would
not hurt the FMD. The collected fresh musk samples
were placed in sterile cryogenic vials and immediately
stored in dry ice for transporting to the lab, where they
are temporarily frozen at �80°C until further analyses.
All experimental protocols were approved by the Institu-
tional Animal Protection Committee of Shaanxi Academy
of Sciences (No. 2017001). All methods were carried out
in accordance with International Guiding Principles for
Biomedical Research Involving Animals issued by
CIOMS (Organization, 1986).
The musk samples were separated into two groups by

appearance characteristics, which were regarded as dif-
ferent quality. One group, named DM, is dry, brown or
blackish brown in colour, powdery or granular or bar-like
in texture and smells pleasant; the other group, named
MM, is mushy or has a higher water content, white or
black in colour, cream-like in texture and smells sour or
unpleasant. Twelve musk samples were selected for the
study, contained five MM and seven DM samples. The
detailed collecting information of musk samples are
recorded in Table S1.

Microbial community analysis of musk

Extraction of musk genomic DNA, PCR amplification and
sequencing. Total bacterial DNA was extracted from
each 0.25 g musk sample using an MO BIO Ultra Clean
Fecal DNA Kit (Carlsbad, CA, USA) according to
manufacturer’s instruction. The quality and concentration
of the extracted DNA were measured using a NanoDrop
spectrophotometer (ND-1000; NanoDrop Technologies,
Wilmington, DE, USA). The V3-V4 variable regions of
the 16S rRNA gene in musk were amplified by PCR
using specific primers (338F: 50-ACTCCTACGGGAGG
CAGCA-30; 806R: 50-GGACTACHVGGGTWTCTAAT-30)
with 8 bp barcodes.
PCR amplifications were conducted using Bio-Rad

S1000 (Bio-Rad Laboratory, CA, USA) with the following
conditions: 94°C for 5 min (initialization), followed by 30
cycles of 94°C for 30 s (denaturation), 52°C for 30 s
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(annealing), and 72°C for 30 s (extension), followed by
10 min of final elongation at 72°C. Negative controls (no
template) were run to test reagent contamination. The
PCR products were purified with an EZNA Gel Extraction
Kit (Omega, Norcross, GA, USA) and then mixed propor-
tionally according to the concentration measured by
NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies). Sequencing libraries were generated
using the NEBNext� UltraTM DNA Library Prep Kit for Illu-
mina� (New England Biolabs, Beverly, MA, USA) and
was sequenced on an Illumina HiSeq2500 platform.

Characterization of the similarities of the OTUs of
musk. Raw sequence reads were filtered using Usearch
10 (Edgar, 2010). Sequences were grouped into OTUs
using Unoise3 against the SILVA bacterial database
(Christian et al., 2012) defined as ≥ 97% as a threshold
(Edgar, 2018; Rob et al., 2018). RDP classifier software
(version 2.10) was used to classify the sequences
according to the taxonomy proposed by Garrity et al.
(2007) maintained at the Ribosomal Database Project
with a confidence threshold of 80% (http://rdp.cme.msu.
edu/). The representative sequences of OTUs with their
relative abundance were used to calculate richness,
Shannon, Simpson and Chao1 diversity indices by the
command alpha_div in Usearch 10. Two-way ANOVA
and Student’s t-test were used for significance testing of
alpha diversity between groups (Schloss et al., 2009).
Beta diversity was estimated by computing unweighted

UniFrac distances between samples by vegan package
in R (version 3.6.1). PCoA was performed to get princi-
pal coordinates and visualize from complex, multidimen-
sional data. PCoA analysis was displayed by QIIME2
and ggplot2 package in R software (Bolyen et al., 2019).
The PERMANOVA test was used for the significance
testing of beta diversity differences between groups.
LDA effect size LEfSe (Segata et al., 2011) was used to
determine the specific microbiota between the two
groups. A size-effect threshold was 3.5 on the logarith-
mic. LDA score was used for identifying bacterial taxa.
Differences in phylum and genus relative abundances
are presented as means � SD. Student’s t-test was
used to compare the data between groups for signifi-
cance testing. Network analysis was predicted using the
Cytoscape interactive platform (version 3.6.1). Phyloge-
netic molecular ecological networks (pMENs) were cal-
culated based on the microbial interactions in musk
analysed with the R package ‘igraph’ via the random
matrix theory (r ≤ 0.8, P ≤ 0.01).

Metabolic profiling of musk

Primary reagents. HPLC-grade ether was purchased
from Sigma-Aldrich (St. Louis, MO, USA). Distilled water

(18.2 MΩ) was prepared using a Milli-Q water
purification system (Millipore, Billerica, MA, USA).

Sample preparation for metabolic profiling. After
microbial analysis, the remaining fresh musk was dried by
exposure to phosphorus pentoxide (P2O5) and was
weighed every 30 min until its weight is unchanged.
Then, 100 ll hexacosane was added to each 0.1 g of
musk as the internal standard, and the sample was
dissolved in 25 ml of ether (purity >99.5%) followed by
extracted with ultrasonication for 2 h at 4°C. Finally, the
dissolved samples were concentrated on a rotary
evaporator, appropriately diluted in 1 ml ether and passed
through a 0.45 lm PVDF membrane filter (2005). The
liquid is used for chemical composition analysis.

Gas chromatography. Samples were analysed using a
gas chromatograph-mass spectrometer equipped with a
Class 5000 data processing system (GC/MS system;
Agilent model 7890-5975, Santa Clara, CA, USA). The
capillary column was a fused-silica HP-5MS
(30 m 9 0.25 mm i.d.) with a 0.25-mm thick film of 5%
phenylmethylsilicone. The temperature programme was
started at 60°C with an initial hold of 5 min and was
then increased at a rate of 10°C�min-1 to 150°C with a
hold of 5 min and finally increased at a rate of 5°C�min-1

to 280°C with a final hold of 5 min. The temperatures of
the injection port and transfer line were both 290°C. The
flow rate of the helium carrier was 1.2 ml�min-1. A 1 ll
aliquot of the sample was injected into the carrier
solution; then, the stream was introduced to the ion
source of MS.

Mass spectrometer. The MS parameters in positive ion
mode (EI+ MODE) were as follows: EM voltage, 1255 V;
repulsion pole, 32.09 and emission current, 34.8 A.
Mass spectra were obtained by standard electron impact
ionization scanning from m/z 45 to m/z 550 at a rate of
0.25 s/cycle, and the linear velocity was 38.5 m/s. All
data acquisition and processing were carried out with
mstop software (Agilent, Santa Clara, CA, USA).

Statistical analysis

The raw MS data were converted to MzXML files using
ProteoWizard MS Convert and processed using XCMS
for feature detection, retention time correction and align-
ment. The metabolites were identified by accurate mass
(<25 ppm) and MS data, which were matched with
NIST2.0 and our standards database.
In the extracted ion features, only the variables having

nonzero measurement values in more than 1/3 of the
total samples were kept. SIMCA-P 14.1 (Umetrics,
Umea, Sweden) was used for PCA, partial least-
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squares-discriminant analysis (PLS-DA) and orthogonal
partial least-squares-discriminant analysis (OPLS-DA)
after Pareto-scaling. Single-dimensional statistical analy-
sis included Student’s t test and fold change. The vol-
cano plot was obtained by R software (Wang et al.,
2019). Differences were considered statistically signifi-
cant when P < 0.05.
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