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Musk, secreted by adult male forest musk deer, is a kind of precious Chinese traditional medicine 
for treating cardiovascular, cerebrovascular and neurogenic diseases. However, a lack of knowledge 
on musk biosynthetic mechanism and limited musk deer population have seriously hindered the 
development of the musk industry. Fortunately, given that muskrat musk has similar constituents 
and pharmacological action with deer musk, muskrat is an ideal model animal for exploring musk 
biosynthetic mechanism. To explore the biosynthetic mechanism of muskrat musk, in the current 
study, transcriptomic analysis in the liver, kidney and musk glands of male muskrats between musk 
secreting and non-musk secreting stages was conducted. The findings indicated that the role of 
muskrat liver on musk biosynthesis was altering sugar, lipid and amino acid metabolism as well as 
producing basic resources to support musk glands. Moreover, Tigar, Slc11a2, Gpt, Hmgcr, Slc27a4, 
and Elovl1 were identified as candidate genes for musk biosynthesis via a remotely controlled 
process. Expression of the Tigar, Slc11a2, and Gpt genes in the liver are downregulated to support 
the production of musk in muskrat musk gland. And the Hmgcr, Slc27a4, and Elovl1 genes in the 
musk gland participate in muskrat musk synthesis by influencing lipid metabolism in the musk 
secreting period. This study provided novel insights into the musk biosynthetic pathway in muskrat 
by transcriptomic analysis and preliminarily suggested the remote control of metabolism from the 
liver to musk gland during musk biosynthesis, which was useful to further understanding the musk 
biosynthetic process and improve musk production in the future.
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Musk, mainly secreted by adult male forest musk deer (Moschus berezovskii), is a kind of precious Chinese 
traditional medicine with great economic and medicinal value, including curative effects on cardiovascular, 
cerebrovascular, and neurogenic diseases 1–3. Sadly, the forest musk deer is near extinction because of illegal 
poaching and trading. In addition, the biosynthesis mechanism of musk remains largely unclear, which limits 
the effective utilization and development of the musk industry 4,5. Fortunately, another kind of musk, secreted by 
muskrat (Ondatra zibethicus), has similar pharmacological effects to deer musk, which indicates that muskrat is 
an ideal model animal for the exploration of musk biosynthetic mechanism 2,6,7. Previous studies have indicated 
that the musk biosynthetic mechanism is related to biosynthetic processes of long chain fatty acid skeletons 
and steroids, including 13-tetradecenal, 8-cyclohexadecen-1-one, cholesterol and trans-dehydroandrosterone 
8,9. In terms of molecular structure, long-chain fatty acids and steroids are very similar to muscone, trans-
dehydroandrosterone and so on 9,10. Therefore, pertinent genes involved in pro-chemical or musk synthesis have 
been considered to participate in the formation of musk and the substrates necessary for musk synthesis 7,11,12.

The metabolic processes of three major chemicals, namely, glucose, lipids, and amino acids, showed great 
potential for being associated with musk biosynthesis because a large proportion of musk chemicals or pro-
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chemicals are resemblance with the secondary products of these three major chemicals 6,10–12. Moreover, the 
results indicated that metabolisms, including that of glucose, lipid, and amino acids, were closely associated 
with the biosynthesis of long-chain fatty acids and steroids. In addition, the metabolisms were also involved in 
ketone synthesis, allosteric reactions and other oxidation–reduction reactions, such as carbon source generation, 
carbon chain hydrogenation and carboxyl activation.

In glycometabolism, the pivotal genes encoding rate-limiting enzymes involved in gluconeogenesis and 
glycolysis, such as hexokinase, phosphofructokinase, pyruvate kinase, glucose-6-phosphatase, fructose 
diphosphatase, and pyruvate carboxylase, have been considered as candidates 13,14. In fatty acid, sterol and amino 
acid metabolism, genes expressing fatty acid synthase, transaminase, thiolase, 3-hydroxy-3-methylglutaryl 
coenzyme A reductase, and Fe2+ transporters have been indicated as key candidate genes 15–17. Therefore, 
expressional information of genes associated with musk production occurs in breeding season is very important 
for understanding the musk biosynthesis mechanism. Furthermore, considering the significance of liver and 
kidney in providing the requisite substrates 18,19, we monitored the difference in gene expression in the liver, 
kidney, and musk gland tissues of muskrats between the musk secreting and non-musk secreting periods by 
mRNA transcriptomic sequencing and examined the transcript expression levels of the above-mentioned genes 
to reveal the musk biosynthesis mechanism in muskrat and provide a theoretical basis for enhancing musk 
production in the near future.

Materials and methods
Ethics statement
The experimental protocol and procedures for animal testing were approved by the Institutional Animal Care 
and Use Committee of Sichuan Agricultural University (permit number: S20191017). All operations were 
carried out according to the European Commission (1997), and all efforts were made to minimize suffering. 
And this study is reported in accordance with ARRIVE guidelines (https://arriveguidelines.org).

Animals and sample collection
A total of eight healthy, one-year-old, half-blooded, male muskrats weighing 1.3-1.4 kg from the Chongqing 
Institute of Medicinal Plant Cultivation (Chongqing, China) were selected as experimental animals. All the 
animals were randomly divided into two groups, including a control group (n=4, non-musk secreting period) 
and an experimental group (n=4, musk secreting period). Every animal was randomly housed in a separated 
1.2-square-metre enclosure including two layers of down pool and an upper rest area where fodder had been 
thrown. The concentrate-to-forage ratio of the feed was 1:3. The concentrates included 37% alfalfa meal, 
45% corn, 15% full-fat soybean, 0.4% NaCl, 1.5% CaCO3, 0.8% CaHPO4, 0.15% multi-vitamins, and 0.15% 
multi-minerals. Feeding with chicory leaves and ryegrass was performed at 08:30 every morning, and feeding 
with concentrated fodder was performed at 16:30 every afternoon. And muskrat could drink water freely. No 
unnecessary noise was allowed, and regular disinfection was conducted on the farm.

The experimental and control individuals were anaesthetized by Telazol injection (4.5 mg/kg) and euthanized 
by cervical dislocation in June of the musk secreting period and October of the non-musk secreting period, 
respectively. Pieces of musk gland, liver, and kidney tissues were collected with a small aseptic scalpel and 
tweezers, stored in a sterile EP tube, and then immediately frozen in liquid nitrogen to reduce RNA degradation.

RNA sequencing and data analysis
Total RNA from each sample was extracted with TRIzol (Invitrogen, Carlsbad, CA) following the manufacturer’s 
instructions. The quantity and integrity of RNA were examined using an Agilent 2100 bioanalyzer (Agilent 
Technologies, Palo Alto, CA) and 1% agarose gel electrophoresis. The mRNA was purified from total RNA using 
poly-T oligo-attached magnetic beads, and high-throughput sequencing was performed using the Illumina 2500 
sequencing platform with PE150. A total of 24 samples, which contained 4 biological replicates for musk gland, 
liver and kidney for musk secreting and non-musk secreting period, respectively, were used for subsequent 
transcriptome analysis.

The sequencing quality was controlled by removing reads containing adapters, reads containing N bases and 
low-quality reads from the raw data. All downstream analyses were based on clean high-quality data. The Trinity 
method 20 was used to assemble transcripts and acquire unigenes. Then, unigene terms were annotated based 
on the NCBI nonredundant protein sequence (Nr), NCBI nonredundant nucleotide sequence (Nt), Protein 
family (Pfam), Clusters of Orthologous Groups of proteins (KOG/COG), Swiss-Prot (a manually annotated and 
reviewed protein sequence database), KEGG Ortholog (KO), and Gene Ontology (GO). Differentially expressed 
gene (DEG; with |log2-fold change| > 1 and P < 0.05), volcano map, heatmap, KEGG enrichment plot, and 
correlation matrix analyses and principal component analysis (PCA) of the candidate genes were performed by 
using R software version 4.0.2 (https://www.r-project.org/) with the ggplot2 (https://cran.r-project. ​o​r​g​/​w​e​b​/​p​
a​c​k​a​g​e​s​/​g​g​p​l​o​t​2​/​)​, pheatmap (https://cran.r-project.org/web/packages/pheatmap/), scatterplot3d ​(​​​h​t​t​p​​s​:​/​/​c​r​​a​n​.​
r​-​p​​r​o​j​e​c​t​​.​o​r​g​/​w​e​b​/​p​a​c​k​a​g​e​s​/​s​c​a​t​t​e​r​p​l​o​t​3​d​/​​​​​)​, and performance Analytics ​(​​​h​​​​t​t​​p​​s​:​/​​/​c​​r​​a​n​.​r​​-​p​r​o​j​​e​c​t​.​o​r​g​/​w​e​b​/​p​a​c​k​a​g​e​
s​/​P​e​r​f​o​r​m​a​n​c​e​A​n​a​l​y​t​i​c​s​/​​​​​) packages. KOBAS Version 3.0 (http://kobas.cbi.pku.edu.cn/genelist/) was utilized for 
KEGG enrichment analysis when the DEGs had a P < 0.05. Then, candidate genes were screened out from the 
DEGs by inspecting related metabolic pathway genes involved in sugar, lipid and amino acid metabolism and 
above 1000 annotation scores from the Nr and Nt databases. In this study, Student’s T test, sampling test, Pearson 
analysis and PCA were performed by R 4.1.2 and KOBAS 3.0.

Validation of the gene expression by qPCR
We selected 6 candidate genes to confirm the expression profiles of RNA-seq by Real-Time PCR (qPCR). The 
expression levels of the selected genes were normalized to beta-actin. Primers for the candidate genes were 
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designed using Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) (Table 1). Total RNA was 
converted to cDNA using the EasyScript One-Step gDNA Removel and cDNA Synthesis SuperMix (Transgen 
Biotech, China).

Results
A total of 13,611 genes were detected in all samples (Supplementary Table 1), and all the normalized FPKM 
values of each gene are shown in the boxplot in Fig. 1A. Compared with musk secreting period, the genes 
expressed in musk gland and liver of non-musk secreting period were significant higher. In total, 540, 294 
and 78 DEGs were detected in the musk gland, liver, and kidney, respectively, discovered by comparing musk 
secreting and non-musk secreting periods with |log2-fold change| > 1 and Padj < 0.05. Moreover, as illustrated 
in the volcano map (Fig. 1B), the DEGs included 199 upregulated genes and 341 downregulated genes in the 
musk gland; 78 upregulated genes and 216 downregulated genes in the liver; and 68 upregulated genes and 10 
downregulated genes in the kidney in the musk secreting period compared with the non-musk secreting period, 
respectively. Moreover, many DEGs were enriched in the muskrat musk gland and liver, but there were fewer 
DEGs in the kidney tissue in the musk secreting period versus the non-musk secreting period. The set theory 
results are displayed in Fig. 1C, which showed that there were two DEGs (HBA and HBB) present in all three 
tissues of muskrats. Hemoglobin subunit alpha and beta are the main constitutes of red blood cells, which is one 
of the important proteins that are capable of transporting O2 and CO2 and participating in Oxidation-Reduction 
Reactions. The liver and musk gland both had 35 common DEGs, but every other pair contained only 6 common 
DEGs. For displaying entire expression information of all the detected genes of three tissues for these two groups.

The detailed results of KEGG enrichment analysis of the DEGs by KOBAS 3.0 are shown in Fig. 2; these 
results helped to identify signalling pathways related to muskrat musk biosynthesis, but only DEGs with P < 0.05 
between the musk secreting and non-musk secreting periods were selected. In particular, the KEGG enrichment 
analysis results revealed that pertinent signalling pathways closely related to glucose, lipid, and amino acid 
metabolism, such as oxidative phosphorylation (ko00190), regulation of lipolysis in adipocytes (ko04923), 
amino metabolism (ko00350, ko00480, ko00260, ko00350, ko00270), the PPAR signalling pathway (ko03320), 
linoleic acid metabolism (ko00591), butanoate metabolism (ko00650), etc., in musk gland, liver, and kidney 
tissues were influenced in the musk production periods.

To further screen candidate genes associated with musk production in muskrat, we selected 6 candidate DEGs, 
namely, glutamic-pyruvic transaminase (Gpt), solute carrier family 27 member 4 (Slc27a4), solute carrier family 
11 member 2 (Slc11a2), elongation of very long-chain fatty acids protein (Elovl1), 3-hydroxy-3-methylglutaryl-
CoA reductase (Hmgcr), and TP53-induced glycolysis regulatory phosphatase (Tigar). Among which, Slc27a4, 
Slc11a2, Hmgcr, and Elovl1 were involved in lipometabolism; Tigar was enriched in glycometabolism; and Gpt 
participated in amino acid metabolism (Fig. 3A). Meanwhile, the expressional correlation between candidate 
genes was dissected by constructing a relevant correlation matrix, as in Fig. 3B. The correlation between gene 
pairs were shown in the upper right triangular matrix, and expression scatter plots of genes were illustrated 
in the lower left triangular matrix. The matrix frame of the symmetric line presents the expression statistics 
distribution of candidate genes. Moreover, the upregulated electron carriers, such as nicotinamide adenine 
dinucleotide dehydrogenases (Ndufa9, Ndufa1, Ndufa2, Ndufb10 and Ndufb7), were also selected as judgement 
indexes (Supplementary Figure 1). In liver tissue, the Ndufb10 and Ndufb7 genes were upregulated, and the 
Slc11a, Tigar, and Gpt genes were downregulated, during the musk secreting period. Upregulation of Slc27a4, 
Elovl1, Hmgcr, Ndufa9, Ndufa1, and Ndufa2 was detected in the musk gland during the musk secreting period. 
However, the six candidate genes and five electron carriers showed no significant difference between different 
stages in kidney tissue.

To further explore the relationships between candidate genes at different periods, PCA was performed to 
verify the effects of candidate genes on the identification of sample types. As shown in Fig. 3C, the first three 
principle components explained 83.93% of the variance. Musk gland and liver samples were distinguished in 
the musk secreting and non-musk secreting periods using expression data for candidate genes, but the plot for 
kidney samples showed a random distribution.

Figure 4A shows the simple mode of musk biosynthesis in organs and glands of muskrats, impacting musk 
production in the musk secreting period, based on the results of transcriptomic sequencing analysis. The three 
steps are as follows: first, the metabolic pathways of sugar, lipid, and amino acids are changed by the Tigar, 
Slc11a2, and Gpt genes in the liver for resource production. Second, the blood circulation system transports the 

Genes Accession ID Forward primer Reverse primer Product length

Tigar XM_055395513.1 ​C​A​G​T​C​A​G​C​C​C​T​A​A​C​A​C​A​G​G​G ​A​A​G​T​C​A​A​G​A​G​G​C​A​C​T​C​G​C​T​C 192bp

Slc11a2 NM_001399169.1 ​C​T​C​C​T​G​G​G​A​T​A​T​G​G​A​G​T​C​G​C ​C​A​G​A​A​G​C​A​C​C​A​T​C​G​T​C​T​G​G​A 135bp

Gpt NM_031039.2 ​G​G​T​G​T​T​G​T​C​T​T​A​C​C​T​C​T​C​G​C​A ​G​T​G​A​G​G​C​C​A​T​G​A​C​T​G​C​T​C​A​A 110bp

Hmgcr NM_013134.2 ​C​C​T​C​C​A​T​T​G​A​G​A​T​C​C​G​G​A​G​G ​A​A​G​T​G​T​C​A​C​C​G​T​T​C​C​C​A​C​A​A 123bp

Slc27a4 NM_001100706.1 ​G​T​A​C​A​G​A​C​C​C​T​A​C​A​A​G​G​G​C​G ​C​C​C​A​C​C​A​G​A​G​A​T​G​C​T​C​C​A​A​G 182bp

Elovl1 NM_001044275.1 ​G​G​C​T​G​G​T​C​A​A​A​G​G​T​G​A​G​T​C​C ​A​G​G​C​C​C​A​A​G​T​G​A​T​A​G​G​A​C​G​A 170bp

β-actin NM_031144.3 ​G​C​G​C​A​A​G​T​A​C​T​C​T​G​T​G​T​G​G​A ​A​G​G​G​T​G​T​A​A​A​A​C​G​C​A​G​C​T​C​A​G 159bp

Table 1.  The primer sequences used for qPCR.
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Fig. 2.  The top 20 enriched pathways in the musk gland, liver, and kidney.

 

Fig. 1.  The expression profile of genes in the musk gland, liver and kidney of muskrat. (A) Boxplot of all 
expressed genes in muskrat tissues. (B) Venn diagrams of DEGs in the musk gland, liver and kidney of 
muskrat. (C) Volcano maps of DEGs in the musk gland (left), liver (middle) and kidney (right) of muskrat 
based on the comparisons between the musk secreting and non-musk secreting periods. “S” represents samples 
of musk secreting period, and “N” represents samples of non-musk secreting period.
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requisite substrates into the musk gland for musk production. Third, the Hmgcr, Slc27a4, and Elovl1 genes in 
musk glands help in the synthesis and secretion of muskrat musk.

The candidate genes that were associated with musk production in muskrat were selected to confirm the 
sequencing data. Tigar, Slc11a2 and Gpt were related to the synthesis of requisite substrates in liver; Hmgcr, 
Slc27a4, and Elovl1 were associated to musk production in musk gland. The relative expression of genes detected 
by qPCR were compared between musk secreting and non-musk secreting periods. The results illustrated that 
Tigar, Slc11a2 and Slc27a4 over-expressed in liver, gland and liver of non-musk secreting period, respectively. 
While Elovl1, Hmgcr and Slc27a4 significant highly expressed in liver of musk-secreting period (Fig. 4B).

Fig. 3.  Identification of potential candidate genes associated with musk synthesis and secretion. (A) The 
expression heatmap of 6 candidate genes in all samples. (B) The correlation matrix (upper right) and 
expression levels (lower left) of 6 candidate genes. “*” represents p < 0.05, “**” represents p < 0.01, and “***” 
represents p < 0.001. (C) PCA of 6 candidate genes and physiological stages. “S” represents samples of musk 
secreting period, and “N” represents samples of non-musk secreting period.
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Discussion
Musk has high value in medicinal and fragrance products in the market, but the mechanism of musk biosynthesis 
remains largely unknown, and forest musk deer, which secrete musk, have become very rare, which limits the 
effective development and utilization of musk products. To overcome this obstacle, musk secreted by muskrats 
has been selected as a suitable substitute for musk produced by forest musk deer. In addition, it has potential 
applications in scientific research to comprehensively understand the mechanism of musk biosynthesis and 
improve musk production in the future. As we known, the liver and kidney are important organs in mammals 
and provide basic chemical resources by using blood circulation for biosynthesizing final products in exocrine 
glands 21,22. Therefore, in the current study, we screened DEGs in the liver, kidney, and musk gland tissues of 
muskrats by comparing individuals between the musk secreting and non-musk secreting periods using mRNA 
transcriptomic sequencing to explore the musk biosynthesis pathways. There were 540, 294 and 78 DEGs in 
musk gland, liver, and kidney tissues, respectively, which indicated that the largest change in metabolic activity 
occurred in the musk gland, followed by the liver and kidney. Intriguingly, HBB and HBA were found to be 
significantly higher expressed among three tissues in musk secreting period, which indicated the increasing 
hemoglobin concentration facilitated oxygen carrying capacity in the blood and enhanced oxygen delivery to 
other tissues. Meanwhile, oxidation-reduction reactions catalyzed by them were beneficial to the formation of 
acetyl-CoA and promoted its participation in various metabolic pathways to synthesize fatty acids, cholesterol, 
ketone bodies, etc. It hinted the intricate multi-organ synthesis mechanisms during musk production as well. 
According to previous evidence, on the one hand, the liver in mammals is a major organ associated with 
carbohydrate and lipid metabolism, including in the production of cholesterol, an important chemical analogue 
of musk, so the liver may generate musk pro-chemicals such as cholesterol, free fatty acids, and pyruvic acid, 
which are imported into musk gland cells by the blood circulation system for further processing 15,21. On the 
other hand, the kidney is also an important organ for amino acid reabsorption and metabolism, providing amino 
acids or carbon skeletons such as tyrosine and pyruvic acid as resources to support musk biosynthesis 17,18.

Combined with the KEGG enrichment analysis of DEGs in the liver and other evidence 7,11,12, these results 
implied the importance of the liver for musk biosynthesis; signalling pathways related to lipid and amino acid 
metabolism, such as steroid hormone biosynthesis and butanoate, linoleic acid, and amino acid metabolism, as 
well as the PPAR signalling pathway were found in liver tissue. Notably, oxidative phosphorylation, regulation 
of lipolysis in adipocytes, the PPAR signalling pathway, and tyrosine metabolism were found in the musk gland, 
similar to the results of other studies 11,23, which suggested that similar metabolic processes in the liver tissue 
and musk gland could support musk synthesis via the generation of basic carbon resources. In the kidney, 
DEGs were found to be enriched in tyrosine, glycine, serine and threonine metabolism, which further verified 
the hypothesis that the kidney provides amino acids or carbon skeletons for the musk biosynthesis process 
according to the roles of the kidney 18.

It was indicated in this study that a similar change in the metabolic pathway occurred in the liver and musk 
gland during musk biosynthesis in muskrat. As the liver and musk gland participate in metabolite exchange via 
blood circulation to ensure musk production, for instance, pyruvic acid 24 made by the liver is transported into 
musk glands by blood circulation as an ingredient to assist musk biosynthesis. Therefore, the set theory results 
again suggested the importance of the liver for musk production by the musk gland and provided more evidence 
in support of the hypothesis that the liver is a key organ for the generation of basic resources for sustaining musk 
production in the musk gland.

To identify key genes related to musk biosynthesis, we screened out some candidate genes from all the 
DEGs by identifying potential protein enzymes associated with musk components and the metabolic processes 
of carbohydrates, lipids, and amino acids, including glycolysis, gluconeogenesis, fatty acid synthesis, sterol 
synthesis. Result indicated that the main chemicals presented in musk, were long-chain carbon skeletons, 
steroids, and amino acids, such as muscone, 13-tetradecenal, 8-cyclohexadecen-1-one, cholesterol, trans-

Fig. 4.  Musk biosynthesis mechanism (A) and candidate genes validation (B) in muskrats.
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dehydroandrosterone, and tyrosine 9,10. Therefore, glutamic-pyruvic transaminase (Gpt) 25, solute carrier family 
27 member 4 (Slc27a4) 26, solute carrier family 11 member 2 (Slc11a2) 27, elongation of very long-chain fatty 
acids protein (Elovl1) 28, 3-hydroxy-3-methylglutaryl-CoA reductase (Hmgcr) 29, and TP53-induced glycolysis 
regulatory phosphatase (Tigar) 30 were selected as candidate genes involved in musk biosynthesis. In addition to 
upregulated nicotinamide adenine dinucleotide dehydrogenases (Ndufa9, Ndufa1, Ndufa2, Ndufb10 and Ndufb7) 
31, as electron carriers, have been reported to display metabolic activity during musk production. Carriers of 
the respiratory chain, including Ndufa9, Ndufa1, Ndufa2, Ndufb10 and Ndufb7, were significantly upregulated 
in liver and musk gland tissues, which indicated the high abundance of oxidation–reduction reactions for 
musk biosynthesis in the liver and musk gland, such as carbon chain hydrogenation, carboxyl activation, and 
alcohol oxidation 31 improving the formation of carbon chain rings and ketones for the synthesis of muscone 
(3-Methylcyclopentadecanone).

Plentiful steroid substances have been detected in musk by gas chromatography–mass spectrometry, and the 
Hmgcr gene encodes a key rate-limiting enzyme that is upregulated in musk glands during the musk secreting 
period to generate steroid substances 11,23,29. Moreover, steroid substances are not only major components of 
musk but also critical ingredients for the production of dehydroandrosterone, which is also the main component 
in musk. Therefore, analysis of the expression of the Hmgcr gene in muskrat musk glands explained some aspects 
of the mechanism of musk biosynthesis 11,23. Upregulating of Hmgcr gene in musk glands improved the level of 
steroid substances in musk and influenced the physical properties and chemical composition of musk. This is an 
exciting direction of inquiry and it is very meaningful to explore in detail the relationship between the Hmgcr gene 
and musk quality, but further evidence is needed. In the musk gland, the Slc27a4 gene 26, encoding a transporter 
of long-chain fatty acids, was upregulated during musk secretion, which implied that effective transport of long-
chain fatty acids could result in the secretion of musk from the muskrat musk gland. Interestingly, the Elovl1 
gene 28, which plays critical roles in the lipid metabolism process for the elongation of long-chain fatty acids 
as well as sphingomyelin synthesis, was upregulated in musk glands during the musk secreting period, which 
indicated the importance of the Elovl1 gene in musk biosynthesis processes, such as the production of carbon 
skeletons or musk pro-chemicals, and helped identify novel research targets to improve musk yield in the future.

Conclusions
In summary, this paper preliminarily revealed the mechanisms of musk biosynthesis in muskrats, suggesting 
the significance of the liver in sugar, lipid, and amino acid biosynthesis. Lipid metabolism in musk glands has 
also been indicated as a key pathway for musk biosynthesis, which is quite meaningful and will be useful for 
clearly elucidating the process of musk biosynthesis and will contribute to improving musk production for use in 
medicinal and fragrance products in the near future. In addition, candidate genes, including the Tigar, Slc11a2, 
and Gpt genes in the liver and the Hmgcr, Slc27a4, and Elovl1 genes in the musk gland, were identified and shown 
to be closely related to musk biosynthesis.

Data availability
The datasets generated during the current study are available at https://www.ncbi.nlm.nih.gov/sra/?term = ​P​R​J​N​
A​7​5​1​1​3​8 (accession no. PRJNA751138).
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