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ABSTRACT

Mammalian scent glands mediate species-specific
chemical communication, yet the mechanistic basis for
convergent musk production remain incompletely
understood. Forest musk deer and muskrat have
independently evolved specialized musk-secreting glands,
representing a striking case of convergent evolution.
Through an integrated multi-omics approach, this study
identified cyclopentadecanone as a shared key metabolic
precursor in musk from both forest musk deer and
muskrat, although downstream metabolite profiles
diverged between the two lineages. Single-cell RNA
sequencing revealed that these specialized apocrine
glands possessed unique secretory architecture and
exhibited transcriptional profiles associated with periodic
musk production, distinct from those in conventional
apocrine glands. Convergent features were evident at the
cellular level, where acinar, ductal, and basal epithelial
subtypes showed parallel molecular signatures across
both taxa. Notably, acinar cells in both species expressed
common genes involved in fatty acid and glycerolipid
metabolism (e.g., ACSBG1, HSD17B12, HACD2, and
HADHA), suggesting a conserved molecular framework for
musk precursor biosynthesis. Metagenomic analysis of
musk samples further revealed parallel microbial
community structures dominated by Corynebacterium and
enriched in lipid metabolic pathways. These findings
suggest multi-level convergence in musk biosynthesis,
from molecular pathways to microbial communities,
providing novel insights into mammalian chemical
signaling and artificial musk production.
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INTRODUCTION

Chemical communication mediated by specialized scent
glands serves as an important mechanism for social and
sexual signaling in various mammalian species (Brennan &
Zufall, 2006; Buchinger & Li, 2023). These exocrine structures
exhibit considerable anatomical and functional diversity,
including preorbital glands (Bartos™ et al., 2005), anogenital
glands (Zhou et al., 2021; Zhou et al., 2019), and subcaudal
pouches (Theis et al.,, 2013). Despite this diversity, various
phylogenetically distant lineages have independently evolved
morphologically distinct but functionally analogous chemical
signaling organs. Notably, forest musk deer (Moschus
berezovskii) and muskrat (Ondatra zibethicus) have each
developed specialized musk-secreting glands capable of
producing complex semiochemicals with comparable olfactory
characteristics. Musk derived from forest musk deer has long
been utilized in perfumery and pharmaceutical applications
(Ahmed etal., 2018; Lv etal., 2022; McGinty etal., 2011;
Shirasu et al., 2014; Wang et al., 2020), while musk secreted
from muskrat shares key volatile constituents and a similar
scent profile (Shi et al., 2023; Sun et al., 2021).

In both taxa, the musk gland is a male-specific ventral
structure located proximate to reproductive organs (Bi et al.,
1993; Chen et al., 2007), and its activity is tightly regulated by
the reproductive cycle (Fan et al., 2018; Jiang et al., 2022).
Studies on the musk gland in forest musk deer have identified
several key genes associated with steroidogenesis and lipid
metabolic pathways (Feng etal.,, 2023; Yang etal.,, 2021),
alongside two molecularly distinct acinar cell populations
contributing to musk biosynthesis (Liu etal., 2023, 2024a,
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2024b). Previous microbial profiling of forest musk deer musk
using 16S rRNA sequencing identified bacterial taxa
potentially involved in the biochemical maturation of musk
compounds, including Firmicutes, Proteobacteria, and
Actinobacteria phyla (Li etal.,, 2018; Xu etal., 2024).
However, a systematic cross-species analysis of cellular
architecture, transcriptional landscapes, and microbiota
composition in the musk glands of forest musk deer and
muskrat has not yet been conducted. This gap in comparative
data hinders a deeper understanding of the molecular and
microbial convergence underlying musk biosynthesis and
limits evaluation of the degree of similarity between the
chemical end products.

To address this, an integrated multi-omics approach,
combining metabolomics, proteomics, single-nucleus RNA
sequencing (snRNA-seq), genomics, and metagenomics, was
employed. This integrative framework enabled the systematic
characterization and high-resolution comparison of musk
glands from forest musk deer and muskrat across molecular,
cellular, and microbial dimensions. Our findings revealed the
mechanisms  behind convergent musk biosynthesis,
highlighting coordinated host-microbiota interactions within
musk glands and providing a valuable framework for
advancing our understanding of mammalian chemical signal
synthesis.

MATERIALS AND METHODS

Ethics statement and processing of samples

Adult forest musk deer and muskrats were obtained from the
Sichuan Institute of Musk Deer Breeding (Dujiangyan and
Maerkang, China) and the Shahezi Xinke Breeding Farm
(Wuchang City, Heilongjiang Province, China), respectively.
All experimental procedures were conducted in accordance
with guidelines approved by the Ethics Committee Institutional
Review Board of Northwestern Polytechnic University
(approval number: 202401193).

For tissue collection, nine-year-old male forest musk deer in
the active phase of musk secretion were sedated using Lu-
Mian-Ning, a xylazine hydrochloride-based anesthetic (100
mg/mL; Huamu Animal Health Product Company, Jilin, China).
A surgical incision was made adjacent to the musk gland
orifice, permitting the extraction of approximately 50 mg of
glandular tissue. Post-operative care included wound
disinfection, meticulous suturing, and administration of anti-
inflammatory agents. In parallel, systematic anatomical
dissections were performed on adult male muskrats (n=3),
enabling the collection of 12 distinct tissue types: musk gland,
muscle, thyroid, adrenal gland, testis, spleen, heart, liver, lung,
kidney, brain, and bone. All tissues were thoroughly rinsed
with phosphate-buffered saline (PBS, Sigma-Aldrich, USA).
Additionally, mature musk samples were obtained from three
individuals per species during musk maturation period. All
collected specimens were immediately transferred to
cryogenic vials, snap-frozen in liquid nitrogen, and allocated
for downstream multi-omics analyses.

Genome sequencing, assembly, and annotation

Genome sequencing was conducted exclusively for the
muskrat, as a high-quality reference genome for musk deer
was already available (Chen et al., 2022), whereas no suitable
reference genome existed for muskrat at the time of analysis.
Fresh muscle tissue was collected from adult muskrat and
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subjected to high-throughput sequencing for genome
assembly. Genomic DNA was extracted using a DNA
purification kit (Qiagen, China) and sequenced using both
lllumina HiSeq2000 (USA) and Oxford Nanopore GridlOn
platforms (ONT, UK), generating 300 Gb and 120 Gb of data,
respectively. For Hi-C library construction, 300 Gb of data was
obtained from the lllumina HiSeq X Ten platform (USA). The
resulting muskrat genome assembly spanned 2.43 Gb across
27 chromosomes, with 99.68% of contigs successfully
anchored. Assembly continuity was high, with contig and
chromosome N50 values of 67.5 Mb and 90.6 Mb,
respectively. The assembled genome exhibited excellent
completeness, with over 99% of paired-end reads mapped
across more than 99% of the genome and an average
recovery of 96.1% of BUSCO orthologs from the
mammalia_odb10 database (Supplementary Figure S1 and
Table S1).

Genome size was estimated to be approximately 2.5 Gb
based on k-mer frequency analysis using Jellyfish (v.2.2.10)
(Margais & Kingsford, 2011) and GenomeScope (Vurture
etal., 2017). Long-read sequences from the Nanopore
platform were self-corrected and assembled into contigs
using NextDenovo (v.2.4.0; https://github.com/Nextomics/
NextDenovo), followed by polishing with NextPolish (v.1.3.0)
(Hu et al., 2020). Hi-C short reads were aligned to the contigs
using Juicer (v.1.6) (Durand et al., 2016), and the contigs were
anchored using 3D-DNA (v.180419) (Dudchenko et al., 2017).
Manual refinement of the assembly was performed using
Juicebox Assembly Tools (https://github.com/theaidenlab/
juicebox). Assembly quality was further assessed using
BUSCO (v.4.1.2) (Manni etal, 2021) against the
mammalia_odb10 lineage database.

Protein-coding gene annotation was performed using a
comprehensive strategy that combined ab initio predictions,
homology-based inference, and transcriptome-guided
evidence. Ab initio predictions were generated using Augustus
(v.3.2.1) (Stanke & Waack, 2003), incorporating species-
specific gene models. Homology-based predictions were
derived from protein sequences of 11 species, including
human (Homo sapiens; GRCh38), mouse (Mus musculus,
GRCm39), Arctic ground squirrel (Urocitellus parryii,
ASM342692v1), cow (Bos taurus, ARS-UCD1.3), American
mink (Neovison vison; NNQGG.v01), pig (Sus scrofa;
Sscrofa11.1), rat (Rattus norvegicus, mRatBN7.2), red fox
(Vulpes vulpes; VulVul2.2), prairie vole (Microtus ochrogaster;
MicOch1.0), alpine marmot (Marmota marmota marmota;
marMar2.1), and forest musk deer (Moschus berezovskii,
NCBI GCF_022376915.1). Transcriptome-based gene models
were obtained from 19 RNA-seq datasets representing 11
tissues (musk gland, thyroid, adrenal gland, testis, spleen,
heart, liver, lung, kidney, brain, and bone) extracted from three
muskrats. RNA was sequenced using the lllumina HiSeq 2000
platform (USA), with raw reads filtered using Fastp (v.0.20)
(Chen etal., 2018) and assembled without reference using
SPAdes (v.3.15.3) (Bushmanova et al., 2019) under default
parameters. Coding regions were predicted using
TransDecoder (v.5.5.0; RRID:SCR_017647). These proteins
and transcriptome-predicted protein sequences were aligned
to the genome using default parameters in BLAT (v.35.1)
(Kent, 2002). Final gene model refinement was conducted
using GeneWise (v.2.4.1) (Birney et al., 2004), followed by
manual curation to eliminate duplicate annotations.

The integrated gene set was translated into amino acid
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sequences using InterProScan (v.5.73) (Jones et al., 2014) to
annotate motifs and domains in protein sequences by
searching against publicly available databases (including
Pfam, PRINTS, PANTHER, ProDom, and SMART). Functional
classification of genes was further performed using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database.

Metabolomic profiling of musk secretions

For gas chromatography-mass spectrometry (GC-MS), musk
samples (501 mg) were homogenized in 500 pL of methanol-
chloroform solution (3:1, v/v) containing the internal standard
adonitol. Homogenates were subjected to vortexing,
sonication, and centrifugation (15 min at 12 000 r/min, 4°C) to
isolate the supernatant. A pooled quality control (QC) sample
was prepared by combining equal volumes from all individual
extracts. The extracts were dried and derivatized with
methoxyamine hydrochloride (TCIl, Japan) and N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) (containing 1%
trimethylchlorosilane (TMCS) (REGIS Technologies, USA) at
80°C and 70°C, respectively. Fatty acid methyl esters (FAMEs)
were added to the QC sample to serve as retention index
markers. GC-TOF-MS analysis was performed using an
Agilent 7890 gas chromatograph system coupled with a
Pegasus HT time-of-flight mass spectrometer in Novogene
(China). Raw data analysis, including peak extraction,
baseline  adjustment, deconvolution, alignment, and
integration, was conducted using Chroma TOF (v.4.3x;
Laboratory Equipment Corporation (LECO), USA) (Kind et al.,
2009). Metabolite identification was achieved through spectral
and retention index matching against the LECO-Fiehn Ritx5
database. Relative metabolite abundance was calculated
based on normalized peak areas, with each characteristic
peak corresponding to a specific compound.

For liquid chromatography-mass spectrometry (LC-MS)-
based lipidomics, lipids were extracted from musk samples
(100 pL or 100 mg) using a modified Folch method with
methanol, methyl tert-butyl ether (MTBE), and water. The
organic phase was isolated, dried, and reconstituted in
isopropanol for analysis. Lipid profiling was performed using a
Vanquish UHPLC system coupled to an Orbitrap Q Exactive
HF mass spectrometer (Thermo Fisher, Germany).
Chromatographic separation was achieved on a Thermo
Accucore C30 column (150 mmx2.1 mm, 2.6 pm; Germany)
using a 20-min gradient of acetonitrile/water and
acetonitrile/isopropanol buffers, both containing ammonium
acetate and formic acid. The Q Exactive HF was operated in
both positive and negative ionization modes. Key parameters
included: spray voltage 3.5 kV, capillary temperature 320°C,
heater temperature 350°C, scan range 114—1 700 m/z, and
normalized collision energies of 22, 24, and 28 eV. Dynamic
exclusion duration was set to 6 s. Raw UHPLC-MS/MS data
were processed using Lipidsearch software, including peak
detection, alignment, and quantitation. The main parameters
included: actual mass tolerance, 5 ppm; retention time
tolerance, 0.05 min; signal/noise ratio, 3. Lipid annotation was
performed using spectral libraries from LipidBlast (Kind et al.,
2013) and LIPID MAPS (http://www.lipidmaps.org/), covering
eight major lipid classes and associated subclasses. Lipid
abundance was quantified based on normalized peak areas,
with each feature reflecting the relative concentration of a
specific lipid species.

Proteomic profiling of musk secretions
Musk samples were cryogenically pulverized under liquid
nitrogen and lysed in PASP buffer (100 mmol/L NH4HCO3, 8

mol/L urea, pH 8.0; Sigma-Aldrich, USA), followed by
sonication and centrifugation (15 min at 10 927 r/min, 4°C).
The supernatant was reduced using DL-Dithiothreitol (DTT)
(Sigma-Aldrich, USA) and alkylated with iodoacetamide (IAM)
(Sigma-Aldrich, USA), then precipitated using cold acetone.
The resulting pellet was dissolved in a buffer containing 8
mol/L urea and 100 mmol/L triethylammonium bicarbonate
(TEAB, pH 8.5) (Sigma-Aldrich, USA). Total protein
concentration was determined using the Bradford assay
(Thermo Fisher, Germany). For proteomic analysis, 20 pg of
protein from each sample was separated by 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and visualized by Coomassie Brilliant Blue R-250
staining. Tryptic peptides were analyzed by LC-MS/MS.
Spectral data were searched against the species-specific
(forest musk deer or muskrat) protein database using
Proteome Discoverer (v.2.4) (Thermo Fisher Scientific, USA).
Search parameters included: 10 ppm precursor and 0.02 Da
fragment ion mass tolerances; carbamidomethylation as a
fixed modification; oxidation of methionine and N-terminal
modifications (acetylation, Met-loss, Met-loss+Acetyl) as
variable modifications; and maximum of two missed
cleavages. Peptide spectrum matches (PSMs) were filtered for
high confidence (>99%), and proteins were required to contain
at least one unique peptide. The false discovery rate (FDR)
was set at £1.0% for both peptides and proteins.

Comparative proteomic analysis of human exocrine
secretions —encompassing milk (Martin Carli etal., 2023),
sweat (Burat et al., 2021), prostatic fluid (Principe et al., 2012),
tears (Beisel etal, 2024), and saliva (Wang etal.,
2018) —revealed that the protein composition of musk
secretions from both species most closely resembled that of
human milk.

SnRNA-seq

To ensure consistent gene nomenclature across species
included in this study, all gene identifiers were converted to
human orthologs based on sequence homology. One-to-one
orthologs were determined using the Reciprocal Best Hits
(RBH) method implemented in BLASTP (v.2.9.0) (Zhang et al.,
2000). Genes lacking a one-to-one homologous match were
retained with their original species-specific annotations.

For musk gland transcriptomic profiling, raw snRNA-seq
data generated via the 10x Genomics platform were aligned to
species-specific reference genomes. The muskrat genome
assembled in this study (NCBI: PRJNA1150420) and the
forest musk deer genome (NCBI: GCF_004010195.1) were
used for alignment using Cell Ranger (https://github.com/
10XGenomics/cellranger) with default parameters. Following
previously established methods (Yuan etal.,, 2022). Gene
expression matrices were then generated for downstream
processing. Data preprocessing and analysis were conducted
using the Seurat package (v.3.1.1) (Stuart et al., 2019) in R.
Expression matrices were imported using the Read10X
function and converted into Seurat objects with
“CreateSeuratObject”, filtering out low-quality cells (expressing
fewer than 200 genes) and low-abundance genes (expressed
in fewer than three cells). Doublets and ambient RNA
contamination were removed using Scrublet (v.2.0) (Wolock
etal., 2019) and SoupX (v.1.5.0) (Young & Behjati, 2020),
respectively. Data normalization was conducted using the
NormalizeData function, and the top 2 000 highly variable
genes were identified with the FindVariableFeatures function.
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Subsequently, the data were scaled using the ScaleData
function, and principal component analysis (PCA) was
performed for dimensionality reduction using the RunPCA
function. Cell clustering was carried out using the
FindNeighbors and FindClusters functions, followed by
dimensionality reduction mapping of cell clusters using
RunUMAP.

To integrate snRNA-seq data across both species,
canonical correlation analysis (CCA) was employed.
Integration anchors representing shared features were
identified using the FindIntegrationAnchors function in Seurat
with “dims=1:30", and the datasets were merged using
IntegrateData. The integrated dataset was then processed
using the ScaleData, RunPCA, FindNeighbors, and
FindClusters (dim=30) functions. Cell clusters were annotated
using canonical marker genes. Finally, RunUMAP was used to
obtain a uniform manifold approximation and projection
(UMAP) representation of the cell expression profiles.

To investigate conserved secretory programs, musk gland
transcriptomes were compared with publicly available single-
cell datasets from human and mouse exocrine tissues. Human
datasets included salivary glands (GSE199209) (Horeth et al.,
2023), mammary glands (E-MTAB-9841) (Twigger etal.,
2022), pancreas (GSE84133) (Baron etal., 2016), and
prostate (GSE150692) (Crowley et al., 2020). Mouse datasets
included salivary glands (GSE175649) (Horeth et al., 2021),
lacrimal glands (GSE232146) (Delcroix etal., 2023),
mammary glands (GSE176063) (Fei etal., 2022), pancreas
(GSE84133) (Suzuki & Shimodaira, 2006), and prostate
(GSE150692) (Crowley et al., 2020). Each sample underwent
quality control, filtering, normalization, and integration using
CCA. Tissue-level gene expression patterns were compared
using Spearman correlation analysis, followed by phylogenetic
tree construction based on the correlation matrix. Cluster
stability was evaluated using multiscale bootstrap resampling
implemented in the pvclust R package (v.2.2.0) (Suzuki &
Shimodaira, 2006), which calculated bootstrap support values
for each dendrogram node. Analysis indicated that musk gland
transcriptomes from both species showed the highest
similarity to mammary gland profiles. Focusing on the
epithelial compartment, highly expressed genes in the musk
and mammary gland epithelial cells were identified using the
FindAllMarkers function (parameters set to “logfc.threshold=
0.25, min.pct=0.25, and P-adjust<0.05”). A subset of 354
genes exhibiting high expression in musk gland epithelial cells
from both species—but minimal or no expression in mammary
epithelial cells —was selected for functional enrichment
analysis using KOBAS (v.3.0) (http://bioinfo.org/kobas/).

Identification of highly expressed genes and functional
signatures in musk gland epithelial cell subtypes

Given the critical role of epithelial cells in musk biosynthesis
and secretion, transcriptomic profiles of musk gland epithelial
cells from both forest musk deer and muskrat were subjected
to dimensionality reduction and cell-type annotation. Genes
expressed in various cell subtypes were identified using the
FindAllMarkers function (parameters set to
“logfc.threshold=0.25 and min.pct=0.25"). The top 200 marker
genes per subtype were selected for functional enrichment
analysis using the org.Hs.eg.db (Panwar etal., 2016) and
clusterProfiler (Wu etal.,, 2021) packages in R. Focused
analysis of acinar cells was conducted to characterize
conserved transcriptional features across species. Highly
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expressed genes significantly enriched in acinar cells from
each species were identified using the FindAllMarkers function
(parameters set to “logfc.threshold=0.25, min.pct=0.25, and P-
adjust<0.05"). To assess the significance of overlap between
the two acinar gene sets, Fisher’s exact test was applied. The
background consisted of 14 712 orthologous genes shared
between the forest musk deer and muskrat. A 2x2
contingency table was constructed to compare the observed
overlap against the null hypothesis of random overlap.
Statistical significance was determined at P<0.05. The
resulting intersecting genes were further subjected to pathway
and functional annotation using KOBAS (v.3.0).

To detect positively selected genes (PSGs) in the musk
deer and muskrat, a phylogenetic tree was constructed using
RAXML (v.8.2.4) (Stamatakis, 2014) with 11 species: forest
musk deer (Moschus berezovskii;, GCF_022376915.1),
muskrat (Ondatra zibethicus; generated in this study, NCBI:
PRJNA1150420), cow (Bos taurus; ARS-UCD1.3), Yarkand
deer (Cervus hanglu yarkandensis; CEY_v1), mouse (Mus
musculus; GRCm39), human (Homo sapiens; GRCh38),
giraffe (Giraffa camelopardalis; GCA_017591445.1), pig (Sus
scrofa;  Sscrofa11.1), dog (Canis Ilupus familiaris;
ROS_Cfam_1.0), rabbit (Oryctolagus cuniculus; OryCun2.0),
lesser Egyptian jerboa (Jaculus jaculus; JacJac1.0), and
opossum (Monodelphis domestica; ASM229v1). Positive
selection analyses were conducted using the adaptive branch-
site random effects likelihood (ABSREL) model (Murrell et al.,
2015) of HyPhy (v.2.5.15) (Pond etal., 2005) with the
parameters “code Universal -branches -tree -output”. Genes
were considered positively selected when their likelihood ratio
tests (LRTs) showed adjusted P-values less than 0.05.

DNA extraction and metagenomic sequencing

Total genomic DNA was extracted from 200 mg of each
sample following previously established protocols (Yu &
Morrison, 2004) based on repeated bead-beating using a mini-
bead beater (Biospec Products, Bartlesville, USA). DNA
integrity was assessed by electrophoresis on 1% agarose
gels, and concentration and quality were determined using a
Nanodrop ND-1000 spectrophotometer (Thermo Scientific,
Wilmington, USA). For each sample, 1 ug of high-quality DNA
was used as input material for library construction.
Sequencing libraries were generated using a NEBNext®
Ultra™ DNA Library Prep Kit for lllumina (NEB, USA),
following the manufacturer's recommendations. Indexing
barcodes were added to assign sequences to individual
samples. DNA was fragmented by sonication to 350 bp,
followed by end-repair, A-tailing, and ligation of lllumina-
compatible adapters. Adapter-ligated fragments were
amplified by polymerase chain reaction (PCR) and purified
using the AMPure XP system (Beckman Coulter, USA).
Library quality was verified by fragment size analysis on an
Agilent 2100 Bioanalyzer (Agilent, USA), and library
concentrations were quantified via real-time PCR. Clustering
of the index-coded samples was performed using the cBot
Cluster Generation System according to the manufacturer’s
instructions. After cluster generation, library preparations were
sequenced on the lllumina HiSeq platform (USA) and paired-
end reads were generated.

Metagenomic profiling of musk secretions
To elucidate the microbial composition and functional potential
of musk secretions, metagenomic sequencing was performed


www.zoores.ac.cn

on musk samples of musk glands from the forest musk deer
and muskrat (n=3 per species), generating approximately
30 Gb of high-quality data per sample. Additionally, publicly
available fecal metagenomic datasets from the forest musk
deer (D_fece) were obtained from the NCBI database
(accession numbers SRR18763203, SRR18763217, and
SRR18763216). Raw sequencing reads were first subjected to
quality filtering using Trimmomatic (v.0.36) (Bolger etal.,
2014) to remove adapters, low-quality bases (quality
scores<25), and reads with lengths <50 bp. Host-derived
sequences were excluded by aligning filtered reads against
the reference genomes of forest musk deer and muskrat using
BWA-MEM (v.0.7.17) (Li & Durbin, 2009). The filtered reads
from each sample were de novo assembled using MEGAHIT
(v.1.1.1) (Li etal., 2015) with the option min-contig-len 500.
Open reading frames (ORFs) from each sample were
predicted using GeneMarkS (v.2.7) (Besemer etal., 2001)
with the parameter: gmhmmp-m MetaGeneMark_v1.mod. CD-
HIT (v.4.6.6) (Li & Godzik, 2006) was used to construct a non-
redundant gene catalog with 95% cutoff sequencing identity
and 90% coverage. Kraken 2 (v.2.1.3) (Wood et al., 2019) was

used to identify taxonomic information based on the
nonredundant gene catalog. Community structure and
functional variation were Vvisualized through principal
coordinates analysis (PCoA) based on the Bray-Curtis

dissimilarity matrices. Statistical evaluation of group-wise
differences was performed using analysis of similarities
(ANOSIM). Functional annotations were assigned by aligning
translated protein sequences from the integrated gene catalog
against the protein or domain sequences in the KEGG
database (v.90.0) (Kanehisa etal., 2016) using DIAMOND
(v.0.8.24.86) (Buchfink et al., 2015) with a cutoff e-value<1e-5.
KEGG Orthology (KO) identifiers were assigned based on the
highest-scoring annotated hit. High-quality reads from each
sample were aligned against the gene catalogs using BWA-
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MEM (v.0.7.17) (Li & Durbin, 2009), and abundance profiles of
genes (alignment length=50 bp and sequence identity>95%)
were calculated in ftranscripts per milion (TPM), with
corrections for variations in gene length and mapped reads
per sample. KO-level relative abundances were calculated
from the abundances of annotated genes, while pathway-level
relative abundances were calculated from the summation of
the relative abundances of its contained KOs. Comparative
statistical analyses between the two groups were tested using
the Wilcoxon rank sum test, with P<0.05 indicating
significance, and FDR was calculated based on Benjamini and
Hochberg correction.

RESULTS

Comparative metabolomic profiling of musk secretions

To determine the chemical basis underlying the shared
olfactory characteristics of musk deer and muskrat secretions,
comprehensive metabolomic analyses were conducted using
GC-MS. A total of 112 and 89 volatile compounds were
detected in musk samples from forest musk deer and muskrat,
respectively. Among these, macrocyclic ketones containing 15
to 17 carbons constituted the principal odor-active compounds
in both species. Muscone was the most abundant compound
in musk deer, accounting for 42.22% of total GC-MS peak
area. In contrast, cycloheptadecanone (18.36%) and
cyclopentadecanone (7.54%) were the primary macrocyclic
ketones identified in muskrat musk (Figure 1A; Supplementary
Table S2). Given the limited availability and high cost of
natural musk (traditionally obtained from musk deer),
cyclopentadecanone has been widely adopted as a key
precursor in synthetic musk production (Liu etal., 2016).
Notably, this bioactive component was present in musk
secretions from both species (Figure 1A; Supplementary
Table S2), highlighting convergence in bioactive metabolite
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Figure 1 Comparative analysis of chemical compositions and lipid profiles of musk secretions between both species

A: Heatmap showing the top 10 most abundant volatile musk metabolites in musk deer and muskrat, determined by GC-MS analysis. Color scale

represents log,-transformed normalized relative abundance of metabolites. B: Pie charts depicting percentage of lipid categories between two

species, determined by LC-MS analysis. C: Scatter plot showing 347 conserved lipids between both species (green), with color intensity

representing scaled sum of lipid relative abundance in both species. FA, fatty acyls, GL, glycerolipids; GP, glycerophospholipids; SP, sphingolipids;

SL, saccharolipids; Acar, acylcarnitines.
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production and reinforcing its relevance as a functional scent
molecule.

Previous studies have suggested that macrocyclic ketones
may be synthesized through lipid-derived intermediates,
particularly long-chain fatty acids (Erickson & Hix, 1948; Meng
etal.,, 2019; Ward & van Dorp, 1981). To investigate upstream
biosynthetic precursors of the above macrocyclic ketones, LC-
MS-based lipidomic analysis was conducted. A total of 974
and 1 007 lipid species were identified in musk from forest
musk deer and muskrat, respectively. Lipids were classified
into five categories, including fatty acyls (FA), glycerolipids
(GL), glycerophospholipids (GP), sphingolipids (SP), and
saccharolipids (SL). Fatty acyls represented the predominant
category, comprising 65.75% and 54.47% of total musk lipids
in musk deer and muskrat, respectively (Figure 1B;
Supplementary Table S3). A total of 347 lipids were shared
between the two datasets, including acyl carnitine (ACar) 18:0,
myristaldehyde and lyngbic acid (Figure 1C; Supplementary
Table S4). These findings demonstrate a fundamentally
similar lipid composition of musk dominated by fatty acyls in
both species, suggesting similar secretory mechanisms in
musk glands despite their distinct evolutionary origins.
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Proteomic and transcriptomic signatures reveal apocrine
specialization of musk glands

To elucidate the secretory architecture of musk glands in both
muskrat and musk deer, a multi-omics approach integrating
proteomics, transcriptomics, and high-quality reference
genomes was employed. Proteomic analysis of musk gland
secretions, anchored by the newly assembled chromosome-
level genome for muskrat (Supplementary Figure S1 and
Table S1) and the publicly available genome for musk deer
(Chen et al., 2022), identified 1 954 proteins in musk deer and
2 207 in muskrat. Of these, 1 142 proteins were conserved
across both species, with functional enrichment in metabolic
processes and cellular organization (Supplementary Figure
S2A, B and Table S5). Comparative profiling against human
exocrine secretions revealed a striking similarity between
musk secretions from both species and milk proteomes
(Figure 2A), the latter representing a canonical apocrine
secretion (Farkas, 2015; Khan et al., 2022). The shared musk-
milk proteins (n=780) were enriched in cellular organelle
components and metabolic activities (Supplementary Figure
S2C, D and Table S6), consistent with apocrine secretion
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Figure 2 Cellular and transcriptional analyses of musk glands as specialized apocrine glands

A: Left panels show forest musk deer (upper) and muskrat (lower) graphs. Radar chart (right) showing number of shared proteins between musk
gland secretions and other accessible exocrine glands secretions, highlighting maximum similarity between musk glands and mammary gland. B: t-
distributed stochastic neighbor embedding (t-SNE) plots showing integrated musk gland cells from both species, with individual species plots
displayed on the right. C: Dendrogram illustrating gene expression pattern similarities between musk glands and various accessible exocrine glands

(including mammary, prostate, pancreatic, lacrimal, and salivary glands from humans and mice). Bootstrap values indicate statistical robustness of
clustering groups, demonstrating that musk glands from both species most closely resemble mammary glands. D: Venn diagram (upper) of highly
expressed genes in epithelial cells from musk glands and human mammary glands. Bar plot (lower) showing reactome functional enrichment

pathways of 354 shared and uniquely highly expressed genes in musk gland epithelial cells of musk deer and muskrat but absent in human
mammary glands. E: Violin plot depicting gene expression patterns for three enriched pathways identified in Figure 2D. Y-axis depicts epithelial
cells from three apocrine glands: human mammary gland (H-mammary), forest musk deer musk gland (F-musk deer), and muskrat musk gland

(Muskrat).
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cytoplasm (Farka$, 2015). These findings suggest that musk
glands employ an apocrine-like mode of secretion.

To further investigate the cellular and transcriptional
underpinnings of musk gland secretion, snRNA-seq was
performed on musk gland tissue from both species. This
approach yielded 10 927 nuclei from musk deer and 13 926
nuclei from muskrat. CCA revealed conserved cell
populations, including epithelial cells, endothelial cells,
lymphatic endothelial cells, fibroblasts, adipocytes, pericytes,
and immune cells (Figure 2B; Supplementary Figure S3A).
Epithelial cells represented the dominant population,
comprising 44.60% and 47.35% of total cells in forest musk
deer and muskrat, respectively (Supplementary Figure S3B
and Table S7).

Cross-species transcriptomic comparisons with publicly
available single-cell datasets from human and mouse exocrine
glands —including apocrine mammary, merocrine salivary,
pancreatic, and lacrimal glands, as well as mixed-mode
prostate glands—revealed that musk gland expression profiles
most closely resembled those of mammary glands
(Figure 2C). As the primary functional cells responsible for
synthesis and secretion in exocrine glands (Khan et al., 2022),
epithelial cells were examined in greater detail. A conserved
set of genes was found to be highly and consistently
expressed in epithelial cells of both musk and mammary
glands (Figure 2D; Supplementary Table S8). Among these,
ACLY and PLIN2 are closely associated with lipid synthesis
and droplet formation (Chong etal., 2011; Novak & Innis,
2011), while EHF is involved in alveolar cell differentiation
(Nightingale et al., 2024). The presence of these transcripts in
both tissues underscores a shared regulatory program
underpinning lipid- and protein-rich secretory activity,
reinforcing the hypothesis of an apocrine-based mechanism in
musk production.

Beyond this conserved core, 354 genes were selectively
and robustly expressed in musk gland epithelial cells from
both species while being minimally or not expressed in
mammary epithelial cells (Figure 2D, E). These molecular
markers underscore the functional specialization of musk
glands as a distinct apocrine organ. These genes were
enriched in pathways related to lipid metabolism (MBOAT2,
ACACA, OSBPL3, and ABCCH1), small-molecule transport
(NEDD4L, RUNX1, SLC24A3, and MYOb5B), and steroid
metabolism (AR, HSD17B12, OSBPL3, and ACACA)
(Figure 2D, E; Supplementary Table S9). Collectively, these
findings demonstrate that musk glands are specialized
apocrine glands adapted for steroid-regulated synthesis and
secretion of lipid-based musk compounds.

Comparative cellular and molecular profiles of musk
biosynthesis

Single-nucleus transcriptomic analysis of epithelial cells in
forest musk deer and muskrat identified three major cell types
(acinar, ductal, and basal) and five conserved cellular
subtypes (acinar_1, basal_1, basal_2, ductal_1, and ductal_2)
with  similar  molecular signatures (Figure 3A, B;
Supplementary Figure S4A, B and Table S10). Gene Ontology
(GO) enrichment analysis identified acinar_1 cells as the
dominant site for musk biosynthesis, characterized by high
expression of genes involved in steroid and fatty acid
metabolism (AR, PLIN2, and ACSBGT) (Figure 3B;
Supplementary Figure S4C and Table S11). In contrast, ductal
subtypes (ductal_1 and ductal_2) expressed genes linked to

epidermal differentiation (KRT6A and KRT79) and epithelial
cell proliferation (AREG and EHF), while basal subtypes
(basal_1 and basal_2) showed high expression of genes
related to cell proliferation, adhesion, and junction assembly
(TP63, CADM1, and TNS1) (Figure 3B; Supplementary Figure
S4C; Supplementary Table S11).

In forest musk deer, two additional epithelial subtypes,
acinar_2 and ductal_3, emerged as species-specific clusters
(Figure 3A, B; Supplementary Figure S4A, B). Ductal_3 cells
exhibited enriched expression of genes involved in mammary
gland alveolus development (RUNX1, TNFRSF11A, and
ERBB4), while acinar_2 cells showed high expression of AR,
OLAH, ABCC11, ACLY, and SLC7AS8, genes involved in
steroid and lipid metabolism. (Figure 3B; Supplementary
Figure S4C and Table S11). Correlation analysis (R=0.59,
P<2.2e-16) and functional assessments suggested that
acinar_2 shared many steroid and fatty acid metabolic
processes with acinar_1 (Supplementary Figure S4C, D and
Table S11), potentially enhancing musk biosynthetic output in
forest musk deer.

Further analysis of acinar cells identified 1 042 and 992
highly expressed genes in forest musk deer and muskrat,
respectively, with 188 genes forming a conserved core set
(P=3.856963%x107%), primarily involved in fatty acid
metabolism (ACSBG1, HSD17B12, HACD2, HADHB, ACOX1,
HADHA, and ACAA2) and glycerolipid metabolism (MBOAT2
and LPIN2) (Figure 3C, D; Supplementary Table S12).
Evolutionary analysis revealed signatures of positive selection
acting on ACSBG1 in both muskrat (P-adjust=9.74x107%) and
musk deer (P-adjust=0.031), while HSD17B12, HACDZ2 and
HADHA showed signatures of positive selection uniquely in
forest musk deer (P-adjust<0.05), highlighting the potential
role of fatty acid metabolism genes in adaptive evolution
related to musk biosynthesis. Specifically, ACSBG1 activates
long-chain fatty acids into acyl-CoA, a fundamental step
enabling fatty acids to enter metabolic pathways and regulate
cellular lipid processing and signal transduction (Watkins
etal.,, 2007; Ye et al., 2024). HSD17B12 drives key oxidation-
reduction reactions involving fatty acids and sterols,
participating in fatty acid chain elongation that mediates
polyunsaturated fatty acid synthesis (Heikela etal., 2020;
Moon & Horton, 2003). These findings suggest a shared
molecular framework for musk lipid biosynthesis between
these two species.

Building upon this shared metabolic scaffold, species-
specific expression signatures revealed distinct biosynthetic
strategies. In the forest musk deer, acinar cells showed
elevated expression of genes associated with fatty acid
biosynthesis (ACSL1, ACACA, ELOVL4, FASN, EHHADH,
OLAH, and ACACB) and glycerolipid metabolism (ALDH7A1,
MGLL, and MOGAT2) (Figure 3C, D; Supplementary Table
S13). In contrast, muskrat-specific genes were enriched in
glycerolipid (GPAM, PLPP4, ALDH3A2, DGKI, DGKB,
AKR1B1, DGKG, and LPIN1) and fatty acid metabolism
(ACSL5, HADH, and ELOVL6) (Figure 3C, D; Supplementary
Table S14). Together, these patterns reveal a conserved
molecular scaffolding for musk lipid production, complemented
by species-specific metabolic pathways that refine and
diversify musk biosynthesis in each species.

Convergent microbial lipid metabolism underpins musk
production
Emerging evidence suggests that microbial communities may
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Figure 3

A: UMAP plot showing integrated epithelial cells of musk glands from two s|
subtypes. C: Venn diagram (upper) showing highly expressed genes in aci

Shared cellular and expression characteristics of epithelial cell subtypes between both species

pecies. B: Bubble plot showing marker gene expression in epithelial cell
nar cells between both species. Lollipop plot (bottom) illustrating KEGG

pathway enrichment among highly expressed acinar cell genes, including forest musk deer-specific genes (854), common genes (188), and

muskrat-specific genes (803). D: Schematic illustrating key genes involved in fatty acid metabolism and glycerolipid metabolism. Bubbles in red

represent lipid precursors of FA, MAG, and TAG. Genes showing different
specific genes), light orange (muskrat-specific genes), and yellow (shared
MAG, monoacylglycerols; TAG, triacylglycerols.

contribute to musk formation, potentially influencing the
production of muscone, fatty acids, and other musk
compounds (Xu etal.,, 2024). To investigate this potential
microbial involvement, shotgun metagenomic sequencing was
performed on musk gland secretions from forest musk deer
and muskrat. This effort yielded 180 Gb of high-quality reads
across six samples, which were assembled into 155 663
contigs with an average N50 of 18 235 bp. A total of 392 487
open reading frames (ORFs) were predicted across these
samples (Supplementary Table S15). Taxonomic classification
revealed that bacteria dominated the musk microbiomes,
accounting for 99.06% of the total microbial community, while
eukaryotes (0.44%) and archaea (0.08%) represented a
minimal fraction (Supplementary Table S16).

To determine the distinctiveness of bacterial communities in
musk secretions, publicly available fecal metagenomic data
from forest musk deer were analyzed alongside musk
microbiomes. Taxonomic comparisons demonstrated clear
divergence in bacterial community compositions between
musk and fecal samples at both the phylum (Figure 4A) and
genus levels (Figure 4B). PCoA and hierarchical clustering
further confirmed that musk microbiomes from both species
were more similar to each other than to fecal microbiomes
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highly expressed patterns in acinar cells are labeled in red (musk deer-
genes between musk deer and muskrat), respectively. FA, fatty acyls;

(ANOSIM, P=0.001, R=0.9269; Supplementary Figure S5A,
B). Notably, Actinobacteria was enriched in musk samples (P-
adjust<0.01), whereas fecal communities were dominated by
Firmicutes and Bacteroidetes (P-adjust<0.01) (Supplementary
Table S17). A dominant genus across both musk datasets
was the lipid-metabolizing genus Corynebacterium. Of the 123
microbial species shared across the musk microbiomes, 106
belonged to Corynebacterium (Supplementary Table S18),
suggesting taxonomic and functional convergence in microbial
composition.

Functional metagenomic comparison based on KEGG
pathway analysis revealed extensive divergence between
musk and fecal microbiomes. In musk gland communities, 123
and 186 pathways were significantly enriched in muskrat and
musk deer, respectively (Figure 4C). Lipid-related pathways,
such as fatty acid degradation, synthesis and degradation of
ketone bodies, alpha-linolenic acid metabolism, and
unsaturated fatty acid biosynthesis, were consistently up-
regulated in musk microbiomes (Figure 4C; Supplementary
Table S19). This lipid metabolic specialization aligns with the
biosynthetic demands of musk, where ketones and other
lipophilic volatiles are central to fragrance production.

Further enzymatic profiling of the musk microbiomes
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Figure 4 Convergent microbial community structure and functions of musk from both species

A: Phylum-level microbial composition of musk from musk deer and muskrat (D_musk and R_musk) and feces from forest musk deer (D_fece). B:

Genus-level microbial composition of musk from both species and feces from musk deer. C: Shared differentially expressed functions (partial)

obtained from KEGG pathway comparison between musk and fecal microbiota (circle size represents relative abundance of each pathway). Ketone
Body Syn. & Degr, synthesis and degradation of ketone bodies; Biosyn. of Unsat. Fatty Acids, unsaturated fatty acid biosynthesis.

revealed 35 highly abundant lipid metabolism-related enzymes
conserved across both species (out of 123 shared enzymes;
Supplementary Table S20). These enzymes span multiple
interconnected lipid metabolism pathways (Figure 5),
processing triacylglycerols (TAGs) and primary fatty acids
generated from musk glands as key precursors of musk
odorants. In the glycerolipid metabolism pathway (ko00561),
triacylglycerol lipase (EC: 3.1.1.3) and related enzymes
hydrolyze TAGs into glycerol and fatty acids. The generation
of ketones, major musk odorants, occurs through two distinct
microbial pathways. In the fatty acid degradation pathway
(ko00071), fatty acids are first converted to aldehydes and
alcohols by aldehyde dehydrogenase (ALDH), alcohol
dehydrogenase (E1.1.1.1), and alcohol dehydrogenase
propanol-preferring (adhP) (Figure 5, A — B). Subsequently,
long-chain acyl-CoA synthetase (ACSL) activates fatty acids
to fatty acyl-CoA, which is subsequently catabolized to acetyl-
CoA via acyl-CoA oxidase (E1.3.3.6), enoyl-CoA hydratase
(paaF), and acetyl-CoA acyltransferase (fadA) (Figure 5, B —
C). Within the ketone body synthesis pathway (ko00072), fadA
and acetyl-CoA C-acetyltransferase (ACAT) convert acetyl-

CoA to acetoacetyl-CoA, while 3-oxoacid CoA-transferase
subunit A (scoA) plays a crucial role in ketone biosynthesis
(Figure 5, C — D).

Acetyl-CoA also serves as a key precursor in de novo fatty
acid biosynthesis (ko00061 and ko01040), facilitated by 11
conserved enzymes, including 3-oxoacyl-[acyl-carrier protein]
reductase (fabG), synthase Il (fabF), and acyl carrier protein
(acpP) (Figure 5C; Supplementary Table S20). The presence
of these highly abundant enzymes across both species
underscores their essential role in the synthesis of musk
volatile compounds.

Despite these shared features, species-specific differences
in lipid-related enzyme profiles were evident. Forest musk
deer microbiomes exhibited 42 unique lipid-metabolic
enzymes, compared to 16 in muskrat. These enzymes were
functionally associated with fatty acid degradation (HADH,
HADHA, CPT1A, CPT1B, CPT2, ACADVL, and ALDH7A1)
and unsaturated fatty acid biosynthesis (ELOVL6, ELOVL1,
ELOVL4, ELOVL7, and HSD17B4) (Figure 5; Supplementary
Tables S21, S22). The presence of species-specific enzymatic
pathways, in conjunction with a conserved metabolic core,
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Figure 5 Coordinated framework of microbial-mediated lipid metabolism pathways in musk volatile compound biosynthesis

Different colored dashed boxes in metabolic framework represent distinct key pathways of glycerolipid metabolism (A: ko00561, gray), fatty acid
degradation (B: ko00071, red), fatty acid biosynthesis (C: ko00061, ko01040, green), and synthesis and degradation of ketone bodies (D: ko00072,
orange). Arrows in framework indicate directionality of various biochemical reactions. Key enzymes or volatile compounds involved in these

reactions are coded in blue (forest musk deer-specific KOs/volatiles), green (muskrat-specific KOs/volatiles), and red (shared KOs/volatiles between

forest musk deer and muskrat), respectively.

underscores the complex biochemical landscape that drives
musk production in each species.

DISCUSSION

This study identified a collaborative musk biosynthesis
process orchestrated by the host glands and associated
microbial communities in both forest musk deer and muskrat.
Despite their distant phylogenetic backgrounds, both species
exhibited a shared, stepwise “ladder-like” architecture for
musk production, involving host-synthesized lipid precursors
and subsequent microbial metabolism to generate volatile end
products (Figure 6).

The initial phase of musk production is driven by the host
musk gland, which functions as a specialized exocrine organ
for lipid precursor secretion. Proteomic and single-cell
transcriptomic analyses revealed that both musk glands
exhibited apocrine characteristics, a finding supported by their
unique gene expression patterns and secreted protein
compositions (Figure 2A, C). These results are congruent with
previous histological studies (Hong et al., 2023; Zheng et al.,
2021) and further supported by the high expression of genes
implicated in androgen signaling and lipid biosynthesis (AR,
HSD17B12, OSBPL1A, and MBOAT2), indicating an
androgen-driven mechanism adapted for the production of
lipid-rich musk secretions (Figure 2D, E).

Comparative single-cell analyses pinpointed acinar cells as
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the primary site of musk biosynthesis in both species
(Figure 3C, D), with a conserved set of 188 highly expressed
genes forming the molecular foundation for lipid precursor
production. These genes are involved in fatty acid metabolism
(HSD17B12, ACSBG1, HADHB, and ACAA2) and glycerolipid
metabolism (MBOAT2 and LPIN2), underscoring a shared
biochemical scaffold. Species-specific genes with elevated
expression profiles further highlighted divergent but
complementary strategies for generating diverse lipid
precursors. Consistent with this, lipidomic analyses revealed a
high degree of compositional overlap (R=0.7), with fatty acyl
species dominating in both taxa (Figure 1B, C).

The second phase of musk production features microbial
metabolism of host-derived lipid precursors into final volatile
compounds. The anatomical positioning of the musk gland
near the abdominal region adjacent to the reproductive organs
(Supplementary Figure S6A, B) facilitates exposure to external
microbial communities, fostering a stable colonization niche.
Microbiome profiling revealed marked divergence between
musk and fecal communities (Figure 4A, B), sustained by
specialized semi-anaerobic microenvironments and unique
glandular structures. At the genus level, the musk glands of
both species harbored Corynebacterium-dominant
communities  (R=0.8) with shared lipid-metabolizing
capabilities, although further research is needed to establish
whether this similarity exceeds expectations for homologous
organs across species. This finding aligns with recent
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Figure 6 Schematic representation of ladder-like similarities in musk production processes between forest musk deer and muskrat

Left panel illustrates species-specific models for forest musk deer (upper) and muskrat (lower). Central gray dashed line demarcates two sequential
stages of musk production: initial stage of lipid precursor generation by host musk glands, followed by the second stage involving microbial
metabolism for final musk volatile compound production. Red numbers (1-4) indicate four key aspects of musk synthesis between two species: (1)
cellular composition of musk glands, particularly key pathways and highly expressed genes in acinar cells for musk lipid precursor synthesis; (2)
lipid composition of musk, predominantly FA; (3) microbiome composition, dominated by Corynebacterium; and (4) final musk volatile compounds,
primarily consisting of macrocyclic ketones, with cyclopentadecanone as a shared intermediate compound. Increasing Pearson correlation
coefficients across these aspects demonstrate the ladder-like similarities in musk biosynthesis between forest musk deer and muskrat.

research demonstrating dynamic relationships between
testosterone levels, musk composition, and microbiota across
various secretion phases, with Actinobacteria (including
Corynebacterium) shown to play a crucial role in musk
biosynthesis (Xu et al., 2024).

Metagenomic and pathway-level analyses revealed that
musk-associated microbial communities harbor a suite of lipid-
degrading enzymes capable of converting host-derived lipids
into volatile musk compounds (Figure 5). Central to this
microbial transformation are enzymes involved in fatty acid
degradation (ACSL, E1.3.3.6, paaF, and ACAT), as well as
key components of ketone body metabolism (fadA and scoA).
These enzymes collectively mediate the biochemical
conversion of fatty acids into macrocyclic ketones, including
cyclopentadecanone, a core constituent of both musk profiles.
Despite this shared enzymatic architecture, species-specific
metabolic outcomes were evident. Cyclopentadecanone was
abundant in both species, but muscone predominated in musk
deer, whereas cycloheptadecanone was more abundant in
muskrat (Figure 1A; Supplementary Table S1). This
divergence may reflect species-specific enzymatic capabilities.
In particular, musk deer microbiomes exhibited a broader
complement of genes associated with enhanced fatty acid
degradation (HADH, HADHA, CPT1A, CPT1B, CPT2,
ACADVL, ALDH7A1) and unsaturated fatty acid biosynthesis
(ELOVL6, ELOVL1, ELOVL4, ELOVL7, HSD17B4). These
findings provide compelling evidence for the role of microbiota
in musk biosynthesis and suggest promising directions for
future research. Building upon the temporal dynamics
observed in previous studies (Xu et al., 2024), comprehensive
metagenomic and metabolomic analyses across different
secretion phases could reveal the complex relationships
between microbial community composition, enzymatic
activities, and musk compound production. Such
investigations would not only enhance our understanding of
microbiomes in musk biosynthesis but may also inform
strategies for optimizing natural musk production.

These findings extend recent genomic advances on the

importance of lipid metabolism and cell specialization in musk
secretion evolution (Wang et al., 2025). Through integrated
multi-omics analyses, this study establishes a comprehensive
molecular framework for musk biosynthesis, spanning gene
expression, metabolite composition, and microbiome function.
Despite the distant phylogenetic separation between forest
musk deer and muskrat, both species exhibit parallel
adaptations in genomic features, molecular pathways, cellular
specialization, and microbial functions, suggesting potential
convergent mechanisms that may underlie musk production.

Collectively, these results underscore a convergent yet
species-tailored framework of musk production, wherein host
apocrine gland activity and specialized microbial
transformations synergize to produce a distinctive roster of
volatile compounds. This shared biochemical machinery
provides a foundation for understanding and harnessing musk
biosynthesis across diverse mammalian taxa.
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