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Integrated multi-omics analysis
reveals insights into Chinese
forest musk deer (Moschus
berezovskii) genome evolution
and musk synthesis
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Among the artiodactyls, male animals belonging to the Family Moschidae have a
unique tissue, the musk gland, with the capability of musk synthesis. However, the
genetic basis of musk gland formation and musk production are still poorly
understood. Here, musk gland tissues from two juvenile and three adult
Chinese forest musk deer (Moschus berezovskii) were utilized to analyze
genomic evolution events, evaluate mMRNA profiles and investigate cell
compositions. By performing genome reannotation and comparison with
11 ruminant genomes, three expanded gene families were identified in the
Moschus berezovskii genome. Transcriptional analysis further indicated that the
musk gland displayed a prostate-like mRNA expression pattern. Single-cell
sequencing revealed that the musk gland is composed of seven distinguishable
cell types. Among them, sebaceous gland cells and luminal epithelial cells play
important roles in musk synthesis, while endothelial cells master the regulation of
cell-to-cell communication. In conclusion, our study provides insights into musk
gland formation and the musk-synthesizing process.

KEYWORDS

Moschus berezovskii, musk gland, integrated analysis, single cell sequencing, cell
composition

1 Introduction

The Chinese forest musk deer, also called the dwarf musk deer, belongs to the Order
Artiodactyla, Suborder Ruminantia, Family Moschidae and Genus Moschus. Comparedwith
the animals of the same Order, the males of this species have a unique musk gland that
produces musk for the purpose of attracting females during the breeding season (Yang et al.,
2003). In general, the formation of musk undergoes two stages: secretion from the columnar
epithelial cells of the musk gland and then fermentation by the microbiota in the musk gland
to become a solid substance with strong fragrance (Li et al., 2018). The component analysis
indicated that musk contains macrocyclic ketones, pyridine derivatives, steroids, proteins,
fatty acids and ester compounds (Li et al., 2016). Pharmacological studies have further
demonstrated that musk, especially the main active ingredient muscone, has immune
regulatory, neuroprotective, cardioprotective and antioxidative activities (Liu et al,
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2021). Therefore, from ancient times to the present day, musk has
always been a precious raw material and is widely used in traditional
medicine. In China alone, more than 884 traditional Chinese
medicine (TCM) prescriptions use musk as a major ingredient,
and the capacity requirement planning is nearly 1,500 kg per year
(Meng et al.,, 2012; Liu et al., 2021).

To demonstrate the origin of the musk gland and the
synthesis mechanism of musk, many studies focused on the
of the
comparisons of different tissues and microbiota changes

molecular characteristics genome, transcriptomic
during musk formation have been performed in depth. The
genome of Chinese forest musk deer (Moschus berezovskii)
(Moschus
approximately 2.72Gb and 3.10 Gb, respectively. The
phylogenetic analysis indicated that these musk deer are closer
to Bovidae than to Cervidae (Fan Z. et al., 2018; Zhou et al., 2019;

Yi et al., 2020). Moreover, most potential musk-secreting

and wild Siberian musk deer moschiferus) is

regulatory genes screened by bioinformatics were related to
steroidogenesis and enriched in the pathways of steroid
hormone metabolism (Xu et al, 2017; Fan Z. et al., 2018;
Zhou et al., 2019; Yi et al., 2020; Jie et al., 2021; Yang et al,,
2021). The subsequent investigation also suggested that sex
steroids may play a role in promoting musk synthesis (Fan M.
et al, 2018). To date, the underlying mechanism of musk
synthesis remains largely unknown.

In the present study, we compared two musk deer genomes with
nine other Ruminantia species and compared the mRNA profiles of
the musk gland between juvenile and adult Chinese forest musk deer
based on bulk transcriptome and single-cell sequencing. Through an
integrated analysis, we aimed to identify 1) the molecular
characteristics of the musk deer genome during the evolutionary
origination of the musk gland; 2) the genetic signatures of the musk
gland and the difference in mRNA profiles between the juvenile and
adult phases; and 3) the cell composition, potential function, and
cell-to-cell interaction of the musk gland.

2 Materials and methods

2.1 Animals, criteria and ethics approval
statement

The Chinese forest musk deer for this experiment were
housed and raised on a farm of captive forest musk in Hekou
town, Feng County, Baoji city, Shaanxi Province. The animals
were individually housed in the animal facilities of the farm with
free access to food and water. During the musk-secreting period
(April to June 2021), three adult males (6-8 years old) and two
underage males (8-10 months) were selected for the experiment.
The selection criteria for adult males included the following: 1)
they were able to produce musk the previous year, and 2) they had
appeared anorexic for 1-2 days. This study was carried out in
accordance with the recommendations of the Institution of
Animal Care and the Ethics Committee of Shaanxi Institute of
Zoology (Northwest Institute of Endangered Zoological Species).
The collection of samples and experimental protocols were
approved by the Animal Ethics Committee of Shaanxi
Institute of Zoology.
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2.2 Sample collection and bulk RNA
sequencing

The Chinese forest musk deer were anesthetized using the
commercial anesthetic Lu-Mian-Ning containing 100 mg/mL
xylazine hydrochloride (Huamu animal health product company,
Jilin, China). A surgical construction of stoma below the musk gland
mouth was made and approximated 50 mg gland was collected.
Meanwhile, approximated 100 mg muscle tissue was isolated from
the back of thigh. These tissues were rinsed with phosphate buffered
saline (PBS) solution, put into 10 mL tissue storage solution and
stored at 4°C immediately. After the operation, the wounds were
disinfected, sutured and treated with the anti-inflammatory drugs.

The tissues were transported back to the laboratory and the
mRNA was isolated by TRIzol (Qiagen, Hilden, the Netherlands)
and a MicroPoly (A) Purist kit (Thermo Scientific, Shanghai, China)
following the manufacturer’s instructions. RNA-seq libraries with
an insert size of 250-bp were prepared using the Illumina standard
RNA-seq library preparation pipeline and sequenced on the
Mumina HiSeq 2500 platform, with 150-bp paired-end reads
generated.

2.3 Genomic data analysis

The genomic sequences and annotation of Chinese forest musk
deer were downloaded from the Ruminant Genome Project (RGP) v
2.0 database (Fu et al., 2022). Other reference genomic sequences
and annotations were downloaded from EMSEMBL Release 106
and the NCBI database
(http://www.ncbinlm.nih.gov). Gene prediction was performed
by the BRAKER2 v2.1.5 pipeline with default parameters by
integrating ab initio gene prediction, RNA-seq-based prediction,

(https://asia.ensembl.org/index.html)

and predictions based on protein sequences of Bos taurus and Ovis
aries (Hoff et al., 2019). The completeness of the prediction was then
evaluated using BUSCO v5.2.2 (Manni et al.,, 2021). Gene functions
were subsequently analyzed by searching against public databases,
including NCBI’s nonredundant (NR), Eukaryotic Orthologous
Groups of proteins (KOG), Gene Ontology (GO), Kyoto
Encyclopedia of Genes and Genomes (KEGG) and UniProtKB/
TrEMBL. The conserved motifs and functional domains of each
gene model were predicted by InterProScan version (5.59-91.0)
against all available databases (Jones et al., 2014). For comparative
genomics analysis, gene families of orthologs across all 11 ruminants
were first identified using OrthoFinder v2.4.1 based on precomputed
BLAST results with default settings (Emms and Kelly, 2019). The
expansion and contraction of the gene families were subsequently
quantified using CAFE v4.2.1 based on the inferred phylogenomic
history (De Bie et al., 2006).

2.4 Bulk RNA-sequencing data analysis

The raw data obtained from sequencing were subjected to
quality examination by using FastQC v0.11.9 (Andrews, 2023),
and Trimmomatic v0.40 (Bolger et al., 2014) was used to remove
reads with low-quality scores (<20), containing adapters, and/or
containing more than 5% N bases. To quantify the gene expression,
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the remaining clean reads were mapped to the reference genome by
HISAT2 v2.2.1 (Kim et al,, 2019), and Stringtie v2.2.0 (Pertea et al.,
2015) was employed for quantitative analysis. We performed batch
effect correction by ComBat-seq (Zhang et al., 2020), which uses a
negative binomial regression model that retains the integer nature of
count data. The expression difference analysis was then performed
in the R package DEseq2 with a model based on the negative
binomial distribution. Differentially expressed genes (DEGs) were
selected according to the following criteria: [log2-fold
change| >2 and FDR <0.05 (Love et al, 2014). Overlap analysis
for different DEG sets was performed by the R package UpSetR
v1.4.0 (Conway et al., 2017). Functional enrichment analysis of
DEGs against the Gene Ontology and KEGG databases was
performed with the R package clusterProfiler v4.0 (Wu et al,
2021). Tissue expression profiles of Bos taurus were downloaded
from the NCBI database with GEO accession number GSE128075
(Fang et al,, 2020). Three musk gland samples of adult musk deer
After
normalization, the expression similarities between musk gland

were sequenced and used as biological replicates.

and Bos taurus tissue were measured by the Spearman
correlation between each pair of samples.

2.5 Preparation of muscle and musk gland
cell suspensions

To eliminate possible contamination from blood cells, freshly
isolated muscle and musk gland were cultured with DMEM/F-
12 medium containing 2.2 g/L. HEPES, 0.1% BSA, and 0.7 g/L
sodium bicarbonate, pH 7.4. The tissues were minced into
0.2-0.5 cm pieces with scissors and then digested with 1 mg/mL
collagenase IV (Sigma-Aldrich, Shanghai, China) in DMEM/F-
12 medium at 34°C for 20-30 min with slow shaking. After
allowing the undigested tissue to settle, the dispersed cells were
filtered through a 30 um pore nylon mesh. Cell viability, assayed by
0.4% Trypan blue staining, was above 90% for cells from controls.

2.6 Single-cell RNA-Sequencing
(scRNA-Seq)

10x Genomics single-cell RNA-seq (scRNA-seq), involving
analysis of transcriptomes on a cell-by-cell basis through the use
of microfluidic partitioning to capture single cells and prepare next-
generation sequencing cDNA libraries, was performed by the GENE
DENOVO company (Guangzhou, China). Briefly,
suspensions were loaded on a 10x Genomics GemCode Single-

cellular

cell instrument to generate single-cell Gel Bead-In-EMlusion
(GEMs), and sequencing libraries were constructed with
Chromium Next GEM Single Cell 3’ Reagent Kits v3.1. The
resultant libraries were sequenced using a 2 x 150 paired-end
sequencing protocol on an Illumina NovaSeq 6000 platform.

2.7 scRNA-Seq data analysis

The single-cell sequencing data were analyzed by Cell Ranger
v3.0.2 (Ewels et al., 2020) to generate the feature-barcode expression
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matrix. The feature-barcode expression matrices were subsequently
exported to the R package Seurat v6.0.2 for downstream analysis
(Hao etal., 2021). For quality control, cells with an unusually high or
low number of unique molecular identifiers (UMIs)
(UMIs >5,000 or UMIs <200) or with more than 10%
mitochondrial genes were filtered out.

Data from adults and juveniles were integrated by a regularized
negative binomial regression approach, Sctransform, based on
2,000 highly variable genes (Choudhary and Satija, 2022).
Unsupervised cell clustering was performed by an algorithm
based on shared nearest neighbor (SNN) graphs and modular
optimization with a resolution of 0.5. It first calculates k-nearest
neighbors and constructs SNN graphs and then optimizes the
modularity function to identify specific class clusters. For each
cluster, the marker genes were identified by the FindAllMarkers
function with the Wilcox rank sum test with criteria |
log2FoldChange| >0.25 and adjusted p-value < 0.05, and clusters
with similar profiles were subsequently merged for further analysis.
The annotation of cell type was performed by literature-reported
markers and the Cellkb database (https://www.cellkb.com/). The
dimension reduction and visualization of profiles was carried out
using uniform manifold approximation and projection (UMAP)
(Becht et al., 2019).

To assess the performance of the gene set corresponding to
different samples and cell types, the R package scGSVA was
downloaded from GitHub (https://github.com/guokai8/scGSVA).
The pathway scores of each single cell were calculated, and a
nonparametric unsupervised analysis method was applied to
evaluate the results of gene set enrichment (Hanzelmann et al,
2013).

Cell-to-cell communication analysis was performed by
NATAMI (https://github.com/asthou/NATMI) (Hou et al., 2020).
First, the normalized expression value of each individual cell was
used as input data. Then, the ExtractEdges function was used to
calculate the expression and specificity of ligand-receptor
interactions. Finally, the predicted ligand-receptor interactions
were loaded into R, and only interactions with both ligand and
receptor detection rates >0.1 were included in further analysis.

2.8 Quantitative real-time polymerase chain
reaction (RT-PCR)

The primers used in the current study are listed in Supplementary
Table S1. For mRNA RT-PCR, the total RNAs from the cells and tissues
were extracted and used as templates for cDNA synthesis. The reverse
transcriptase reactions contained 400 ng of total RNA, 4 uL of 5x buffer,
2 uL of 10x nucleic acid mix, 2 uL of reverse transcriptase mixture, and
nuclease-free water. The cDNA was diluted 1:3, and 2 pL of the diluted
template was used per 20 pL of the RT-PCR assay. All PCRs were
performed using a Bio-Rad CFX Connect Real-Time system, and the
data were collected using Bio-Rad CFX Manager software (version 2.0).
The relative expression levels of the targeted mRNAs were normalized
against the expression of Gapdh. The fold changes in the expression
between the treatments and controls were calculated by the 2744
method. The efficiency of RT-PCR performance for target genes was
between 100% and 105%. All data were derived from three different
independent experiments.
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FIGURE 1

Comparative genomic analysis of 11 ruminants. (A) Gene family expansion and contraction of 11 ruminants. Branch numbers indicate the number of
gene families that have expanded (green) and contracted (red) after the split from the common ancestor. (B) The copy numbers of Srd5al, Serpinb6 and
Safb1/2 in 11 ruminant genomes. (C) The expression pattern of individual copies of Srd5al, Serpinb6 and Safb1/2 in muscles and musk glands of juvenile
and adult Chinese forest musk deer. The grey colour represents the mRNA expression can't be detected.

2.9 Statistical analyses

Data are expressed as the mean + standard error of the mean
(S.E.M.). For comparisons of two groups, Student’s t-test was used
values were considered significant at p < 0.05.

3 Results

3.1 Potential markers for musk gland
formation based on genome analysis

To better understand the genetic mechanism underlying the
origin of the musk gland, we first profiled the transcriptomes of
muscles and musk glands from adult Chinese forest musk deer.
Then, we reannotated the genome based on the reported genome
data (Fan M. et al., 2018). A total of 20,845 protein-coding genes and
198,773 noncoding genes were identified. The completeness of the
genome was measured by BUSCO (Benchmarking universal Single-
Copy Orthologs) scores above 90.5%, indicating that our annotation
was reliable for downstream analysis (Supplementary Table S2).

The emergence of specific functions and/or physiological traits is
generally associated with changes in lineage-specific gene families.
To explore the evolutionary events of the putative genes involved in
musk gland formation, we conducted an analysis of gene family
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TABLE 1 The functional enrichment analysis of the expanded and contracted
gene families.

KEGG ID Description p-value
GO:0034764 Positive regulation of transmembrane transport 1.34E-03
GO:0007548 Sex differentiation 1.80E-03
GO:0051345 Positive regulation of hydrolase activity 9.32E-03
G0:0010975 Regulation of neuron projection development 9.89E-03

expansion and contraction in 11 ruminant genomes. In total,
25 gene families and 6 gene families were expanded and
contracted in Moschus, respectively (Figure 1A; Supplementary
Figure S1). The genes involved in these families were selected to
perform KEGG and GO analyses. The significantly enriched
processes included transmembrane transport, sex differentiation,
hydrolase activity and neuron projection development (Table 1).
Next, we investigated the genes in sex differentiation pathway
due to the close relationship between musk gland and musk deer
reproductive behavior. Three steroid 5 alpha-reductase 1 (Srd5al)
orthologs, six serpin family B member 6 (Serpinb6) orthologs, five
scaffold attachment Factor B (Safb) orthologs and two scaffold
attachment Factor B2 (Safb2) orthologs were identified in the
Chinese forest musk deer genome (Figure 1B). Among these, the
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hormone metabolism.

expression of two Srd5al orthologs, four Safbl orthologs, one Safb2
and all Serpinb6 orthologs could be detected in the muscle and musk
gland (Figure 1C). It is well documented that Srd5al plays a central
role in steroidogenesis and sexual differentiation, while Safb1/2 are
corepressors of estrogen receptor alpha (Jiang et al, 2006).
Moreover, the Serpinb6 family may play a critical role in gonad
development, gametogenesis, and fertilization (Charron et al., 2006).
Therefore, these genes, with high-level expressions in the musk
gland, were likely molecular markers of the musk gland and
regulatory factors of the musk-secreting function in musk deer. It
is interesting that the numbers of these gene orthologs in the
genomes of human and mouse are similar to other genomes
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from Ruminantia (Figure 1B; Supplementary Table S3).
Collectively, the gene family expansion that occurred before the
divergence of Moschidae may contribute to musk gland formation.

3.2 Bulk-transcriptomic analysis of musk
glands at different developmental stages

To further demonstrate the characteristics of the musk gland,
the transcriptomes of muscles and musk glands collected from three
adults and two juveniles were sequenced. A total of approximately
21,630 genes were detected, and principal component analysis
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FIGURE 3

RT-PCR analysis of mMRNA expression in musk gland and muscle. All quantitative data were obtained from three independent experiments and

presented as the mean + S.E.M. (**p < 0.01)

(PCA) indicated that the samples were clearly divided into muscle,
adult musk gland and juvenile musk gland groups (Figure 2B;
Supplementary Table S4).

Based on the previous phylogenetic analysis, we compared the
transcriptomes of adult musk glands and a dataset covering
92 bovine tissues (Supplementary Table S2). After analysis by
Spearman correlation, the average coefficients among musk gland
and various glands are from 0.45 to 0.66 (Figure 2A). As expected,
the expression profile of the musk gland was closer to those of
various glands than other tissues. To detect the differentially
expressed genes (DEGs) involved in musk gland function, we
then compared the musk gland data between the adult and the
juvenile. For the upregulated genes in adults, a total of 645 genes
were identified (Figure 2C; Supplementary Table S5) and were
significantly enriched in the signaling pathways of fatty acid
synthesis, energy metabolism and cell adhesion (Supplementary
Table S6). The mainly enriched genes included Hydroxysteroid
17-beta dehydrogenase 6 (Hsd17b6), Hydroxysteroid 17-beta
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14 (Hsd17b14), 17-beta
dehydrogenase 10 (Hsd17b10), Steroid 5-alpha-reductase 1
(Srd5al) and Fatty acid synthase (Fasn) (Figure 2D). For the
juveniles, only 70 upregulated genes were identified (Figure 2C;
Supplementary Table S7). Among them, Arachidonate 12-

dehydrogenase Hydroxysteroid

lipoxygenase 12R Type (Alox12b), which is involved in lipid
metabolism and mucus secretion regulation, was the most
notable marker.

In musk deer, the musk gland is located between the abdomen
and the genitals, similar to the location of prostate in mammals
(Feng et al, 2023). Considering the location, the physiological
function and the gene expression pattern, we speculated that the
function of the musk gland was similar to that of the prostate gland.
The RT-PCR results indeed indicated that several typical prostate
marker genes, such as androgen receptor (Ar), prostate specific
membrane antigens (Psmas), transmembrane serine protease 2
(Tmprss2) and ETS transcription factor (Erg), were robustly
expressed in musk gland (Figure 3).
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FIGURE 4

Single-cell transcriptomic profiles of musk glands of adult and juvenile Chinese forest musk deer. (A) UMAP projection of 8,465 musk gland cells,
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adult (left, n = 645) and juvenile (right, n = 70) musk glands specifically upregulated genes (detected by bulk RNA-seq). The height of the bar represents the
percentage of expressed cells, and the color represents the normalized expression level.

In short, these results suggested that the musk gland displayed a
unique gene expression pattern that contained prostate marker
genes.

3.3 Cell compositions of the musk gland

To address cell composition and function, musk glands isolated
from musk deer were subjected to single-cell sequencing. A total of
5349 and 3,296 cells from juvenile and adult musk glands,
respectively, were captured, with approximately 13,891 and
11,942 genes for the juvenile and adult musk glands, respectively.
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The cells from the two samples were combined and analyzed by
Seurat SCTtrasform. Data were visualized by UMAP. With graph-
based classification, 14 cell clusters were found and contained seven
distinguishable cell types (Figures 4A, B; Supplementary Figures S2,
S3). These cell types are basal epithelial cells (BCs), sebaceous gland
cells  (SGCs), epithelial cells (LECs), fibroblasts,
macrophages, endothelial cells (ECs) and smooth muscle cells
(SMCs). Detailed analysis indicated that the highest proportions
of cell types were BCs, SGCs and fibroblasts in the musk glands of
juveniles and BCs, SGCs and LECs in those of adults (Figures 4C, D).
During the development of the musk gland, the numbers of 2 cell
types, namely, SGCs and LEC:s, steeply increased 2.84- and 5.93-fold,

luminal
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average expression weight across different cell types.

respectively. Importantly, the DEGs identified from the bulk 3.4 The potential requlatory pattern of musk
transcriptomic profiles of musk glands at different developmental gland cells

stages were mainly enriched in LECs. These results suggested that

LECs may play critical roles in musk gland differentiation. Next, we investigated the potential regulatory functions of
(Figure 4E). different cells in the musk gland by single-cell gene set variation
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analysis (scGSVA). Overall, the coordinated gene activity of the
juvenile musk gland was significantly higher than that of the adult
musk gland (Figure 5A). The most active signaling pathways in
juveniles were unsaturated fatty acid biosynthesis, the pentose
phosphate pathway and steroid biosynthesis. In adults, the
pathways of fatty acid biosynthesis, porphyrin metabolism and
terpenoid backbone biosynthesis were enriched. Among the 4 cell
types, especially in juveniles, all signaling pathways related to
biosynthesis were significantly activated in SGCs and LECs.
These data strongly indicated that SGCs and LECs were most
likely the main locations of musk synthesis.

To investigate the multicellular interaction of the musk gland,
we constructed cell-to-cell communication networks using the
NATMI program. The results indicated that the 4 cell types have
substantial potential to communicate with each other in both
juveniles and adults (Figure 5B). The ECs are likely to be the
main signal sender in the microenvironment of the musk gland.
With the maturation of the musk gland, the interaction strength
gradually increased from the ECs to the other cells. In contrast, SGCs
displayed significantly decreased interaction strength with LECs in
adults compared with juveniles.

Based on the gene expression levels of the ligands and the
receptors, the activities of intercellular communication in adults
were found to be more vigorous than those in juveniles (Figure 5C).
Interestingly, the most active signaling pathway is APOE-LRP2,
which mediates cholesterol uptake and lipid delivery. In addition,
our analysis suggested that ECs modulate cell behavior mainly by
increasing the paracrine signaling of LAMB2-RPSA and TIMP1-
CD63 (Figure 5C). Taken together, ECs exhibit a core status of
regulating intercellular communication in musk gland development
and function.

4 Discussion

There are six families in the suborder Ruminantia, including
Tragulidae, Giraffidae, Antilocapridae, Moschidae, Cervidae, and
Bovidae. Unlike other families, male animals belonging to the
Moschidae have a unique tissue, the musk gland, with the
capability of musk synthesis. Musk is a legendary ingredient of
traditional oriental medicines and the fragrance industry; therefore,
understanding the genetic basis of musk sac gland formation and
regulatory networks of musk secretion can establish a solid
foundation for increasing musk production.

Transcription factors contribute significantly to phenotypic
variation (Konstantinides et al., 2018). In this study, we
compared the genomics of 11 ruminants, including two species
of Moschidae. We did not detect any obvious changes in the
expansion or convergence of transcription factor genes before the
divergence of Chinese forest musk deer and wild Siberian musk deer.
However, at least two important gene-duplication events occurred in
the Srd5al and Safb families. Srd5al is a rate-limiting enzyme in the
androgen synthesis pathway that catalyzes the conversion of
testosterone into the more potent androgen dihydrotestosterone
(DHT). Safbl/2 are transcriptional corepressors that repress
estrogen receptor alpha-mediated transactivation and regulate
cellular hormone metabolic processes (Hong et al., 2012). Due to
the positive effect on musk secretion by sex steroids, the duplications
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of these positively selected genes may play important roles in the
formation of the musk gland and the musk synthesis (Fan M. et al.,
2018).

The analysis of molecular phylogeny indicated that Bovidae and
Moschidae diverged from a common ancestor (Fan Z. et al., 2018;
Zhou etal., 2019; Yiet al., 2020). After comparison with all tissues of
cows, we found that the mRNA expression pattern of the musk
gland was the closest to that of the prostate. As in the prostate, many
genes in the musk gland, whose functions are related to androgen
regulation, lipid synthesis and material secretion, were highly
expressed. However, the expression of several prostate-specific
genes, such as Kallikrein 4 (KIk4), NK3 homeobox 1 (Nkx3.I)
and solute carrier family 45 member 3 (Slc45a3), was barely
detected in the musk gland.

The production of androgen is a multistep catalytic process. In
humans and rodents, the substrate cholesterol is transferred into the
mitochondrial inner membrane by steroidogenic acute regulatory
protein (StAR) and converted into pregnenolone by the cholesterol
side-chain cleavage cytochrome P450 enzyme (CYP11Al).
Pregnenolone is then converted to testosterone by 3p-
hydroxysteroid dehydrogenase (HSD3B), cytochrome P450 17-
alpha-hydroxylase/17,20-lyase (CYP17A1) and type 3/5 17B-
hydroxysteroid dehydrogenase (HSD17B3/5) in the
endoplasmic reticulum (Li et al., 2022). Steroid 5a-reductases,
including SRD5A1 and SRD5A2, are able to further convert
testosterone into DHT. Immunohistochemical experiments have
confirmed that steroidogenic enzymes, such as CYP11A1, HSD3B
and CYP17A1, are expressed in immature and mature musk glands
(Yang et al,, 2021). In this study, Star, Srd5al and multiple Hsd17b
enzyme genes were also detected in musk glands by RT-PCR. These
findings suggested the following: 1) the musk gland may possess an

smooth

intact androgen-synthesized pathway, while these enzymes may
exist in 1cell or disperse in different cells; 2) the androgens,
participating in the regulation of musk synthesis and secretion,
may be provided by the Leydig cells in the testis and/or the musk
gland itself.

The chemical components of the mature musk include macrocyclic
ketone compounds, pyridine compounds, sex hormone derivatives,
proteins, fatty acids, inorganic salts, and a complex microbiota (Li et al.,
2016; Li et al,, 2018). Our single-cell sequencing revealed that the musk
gland mainly consists of 4 cell types, namely, BCs, LECs, ECs and SGCs.
In these cells, metabolic processes related to musk synthesis, such as
porphyrin metabolism, steroid hormone biosynthesis, terpenoid
synthesis, fatty acid biosynthesis and ATP generation, were highly
active. A previous study reported that the musk produced from
unmated males has more muscone and cholesterol (Li et al., 2018).
Indeed, our results also indicated that the expression of active genes in
SGCs and LECs of juvenile musk glands was significantly higher than
that in adult musk glands.

Cell-to-cell interactions are critical for communication between
different cells and are the fundamental basis of cellular function
implementation. Our results indicated that the interaction strength
regulated by the ECs is obviously elevated during the development of
the musk gland, suggesting that the cells play a central role in the
function of the musk gland. For BCs, the dominant cell type in
juvenile and adult musk glands, no obvious regulatory functions
were detected based on our integrated analysis. As they expressed
multiple cell adhesion molecules, such as EPCAM, BCs may perform
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functions to maintain ductal integrity and facilitate cell-cell
communication (Gires et al., 2020).

In summary, we compared the musk deer genome and analyzed
the characteristics of the musk gland by integrated multiomics
technologies. The musk gland displays a prostate-like gene
expression pattern. There are four dominant cell types in the
musk gland that implement different functions. SGCs and LECs
play important roles in musk synthesis. BCs and ECs provide
essential functions in regulating cell-to-cell communication and
maintaining the stability of the musk gland microenvironment,
respectively. Our study lays a foundation for the understanding
of musk gland formation and scale production of musk.
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