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Musk secretion in muskrats (Ondatra zibethicus L.): association with lipid and cholesterol metabolism-related pathways
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Abstract: Male muskrats (Ondatra zibethicus L.) secrete musk from their scent glands during musk secretion season. Musk plays an important role as a communication pheromone during the breeding season. In this study, gas chromatography–mass spectrometry (GC–MS) was used to analyze the main components of musk. The GC–MS results after methyl esterification showed that 71.55% of the musk is composed of fatty acids. The other components of muskrat musk include cholesterol (9.31%) and other organics. Transcriptome comparison between musk secretion and non-secretion seasons showed significant changes in the scent glands for 53 genes involved in fatty acid and cholesterol synthesis and metabolism regulatory pathways, which include fatty acid biosynthesis, elongation, and metabolism; steroid biosynthesis; steroid hormone biosynthesis pathways. A reverse transcription–polymerase chain reaction analysis confirmed these detected changes. Overall, our results indicated that lipid synthesis and metabolism play important roles in musk compound synthesis by providing energy for musk production, and the produced musk provides a mechanism for male muskrats to communicate with females during the breeding season.

Keywords: Muskrat; Scent gland; RNA-seq; Lipid; Cholesterol

Introduction

The muskrat (Ondatra zibethicus L.) is a rodent that lives in a semi-aquatic environment. Adult male muskrats have a pair of abdominal glands that secrete musk during the musk secretion season (April–May), which is also the breeding season for muskrats. Musk secreted by scented glands plays an important role in communication with females (van Dorp et al., 1973). Male muskrats attract females during the breeding season by secreting this musk. These scent glands experience seasonal cyclical changes (Shereshkov et al., 2006). During the musk secretion season, the glands swell, and secretion fills the glands. This secretion is a milky, viscous fluid that has a relatively strong scent (Zhang et al., 2017). During the non-secretion season (October–February), the glands decrease in size (Chen et al., 1996a) and do not secrete musk.

Previous chemical analyses showed that muskrat musk contains various components, such as fatty acids, esters, cholesterol, cyclic ketones, and alcohols (Chen et al., 1996b, 1998). Different studies obtained varying results on the levels of lipids in muskrat musk. In 1994, Bao-Tang et al. (1994) employed gas chromatography–mass spectrometry (GC–MS) techniques to examine muskrat musk after methyl esterification, and found that it contained 12 different types of fatty acids, of which unsaturated fatty acids accounted for more than 60% of the fatty acid content. In 1998, Chen et al. (1998) employed GC–MS to analyze muskrat musk after methyl esterification, and found that it contained five types of fatty acids, which accounted for 50.98% of the musk composition, whereas cholesterol accounted for 7.21% of the musk composition. In 1998, Chen et al. (1998) employed GC–MS techniques and found six types of fatty acids, which accounted for 22.45% of the total content. In 2009, Zhao et al. (2009) employed GC–MS techniques and found that muskrat musk contained five types of fatty acids, which accounted for 29.5% of the musk composition. These findings indicate that fatty acids are the main components of muskrat musk and that cholesterol may be one of the components. However, as there were differences in the sample processing methods and test conditions of these studies, muskrat musk fatty acid quantitation results showed variability. Alternatively, there are very few studies on the cholesterol content of muskrat musk. However, the regulatory mechanism of the synthesis of these components has remained unclear. Therefore, we studied the role of the lipid and steroid synthesis pathways in muskrat secretion using RNA sequencing (RNA-Seq) technology. These findings will provide a basis for understanding how musk is synthesized by muskrats during the musk secretion period.

The aforementioned studies showed that, during the musk secretion season, musk secreted by muskrats produce large amounts of fatty acids, cholesterol, and other substances. However, the synthesis mechanisms and functions of these components are still unclear. In this study, we applied GC–MS to quantify muskrat musk components and analyze lipid components. We combined RNA-Seq techniques to study gene expression changes in the lipid synthesis- and metabolism-related pathways. This study provides evidence that can help understand the synthesis mechanism of muskrat musk components.

Materials and Methods

Research animals

In this study, all animals were treated in accordance with the National Animal Welfare Legislation, and all experimental procedures were carried out in accordance with the guidelines established by Beijing Forestry University. Six healthy adult male muskrats were purchased from a muskrat breeding center in Xinji City, Hebei Province. All muskrats were euthanized by aeroembolism (inject air into the vein to kill the animals) after anesthesia.

Sample preparations

Sampling of the scent glandular tissues was conducted on 7 November 2016 (during the non-secretion season), and sampling of both scent glandular tissues and secreted musk was conducted on 7 May 2017 (musk secretion season). The collected tissues were photographed and stored in liquid nitrogen for subsequent experimental analyses. The scent gland samples were dehydrated in an ethanol series and embedded in paraffin wax. Serial sections (4–6 μm) were mounted on slides coated with 3-aminopropyl-triethoxysilane (APES; ZSGB-BIO, Beijing, China). Some sections were stained with hematite hematoxylin (Solarbio, Beijing, China) for general histological observation.

GC–MS analysis

For the process of methyl esterification, 0.5 g of musk was weighed and dissolved in 5 mL of hexane. The solution was mixed for 10 min to make sure that it is completely dissolved, and 1 mL of 0.5 mol/L NaOH–CH3OH solution was added. Heat the mixture to 50°C after swaying for about 30 min to complete the methyl esterification process. To detect the components other than fatty acids, 50 mg of musk was dissolved in benzene and mixed with a whirlpool mixer at 4000 rpm/min for 1 min. The supernatant was placed in 5 mL flasks, from which 2-mL samples were extracted into vials, which were then placed in the GC–MS system to conduct measurements (Shimadzu, Kyoto, Japan).

GC–MS system parameters were as follows: DB-1 fused silica capillary column (28.0 m × 250.0 μm; 0.25 μm); pre-column pressure, 50 kPa (splitless injection); inlet temperature, 270°C; interface temperature, 280°C; temperature program: starting point at 100°C for 2 min, followed by increments of 6°C/min up to 280°C, and holding at 280°C for 10 min; carrier gas, He; injection volume, 1 μL; ionizing voltage, electronic ionization; ion source temperature, 250°C; gas flow rate, 1.0 mL/min; electron bombardment energy, 70 eV; electron multiplier voltage, 1.7 kV; and mass scan range, 20.0–400.0 amu. The results of the fragment ion analyses for the mass spectrum of each component were compared with the possible structure obtained from the National Institute of Standards and Technology library. The results were then combined with the retention time and data from previous studies to determine the musk components (Fan et al., 2018).

RNA extraction, library construction, and RNA-seq

Total RNA of each scent gland tissue was isolated using Trizol reagent (Qiagen, Valencia, CA, USA), characterized on 1.8% agarose gel, and examined with a NanoDrop ND1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The total RNA of each sample was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions and treated with DNase I (Qiagen, Mississauga, Ontario, Canada). The quality and quantity of total RNA were analyzed using an Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA). The concentrations of total RNA were supposed to be more than 200 ng/μL, and the quantity should be more than 10 μg. RNA integrity was checked by agarose gel electrophoresis (1% agarose gel). Suitable RNA samples were selected for cDNA synthesis.

The RNA insert sizes of these samples were assessed using a Qubit 2.0 (Thermo Fisher Scientific Inc., Carlsbad, CA, USA) and Agilent 2100 Bioanalyzer (Santa Clara, CA, USA). The construction of the libraries and RNA-Seq were performed by the Biomarker Biotechnology Corporation (Beijing, China). mRNA was enriched and purified with Oligo(dT)-rich magnetic beads and then broken into short fragments with fragmentation buffer. Using these cleaved mRNA fragments as templates, first-strand cDNA was synthesized with random hexamers; then, buffer, deoxyribonucleotide triphosphates, RNase H, and DNA polymerase I, were added to synthesize second-strand cDNA. The resulting cDNAs were then purified by AMPure XP beads (Thermo Fisher Scientific Inc., Carlsbad, CA, USA). The purified cDNAs were then subjected to end-repair, and an overhang ‘A’ base was inserted at the 3’ ends of the cDNA fragments. AMPure XP beads were used to select fragment sizes. Next, PCR amplification was performed to enrich the purified cDNA template. Finally, the six libraries were sequenced using an Illumina HiSeq™ 2500, which generated 100-nt paired-end reads.

De novo transcriptome assembly and annotation

After the clean reads were filtered from the raw reads, the reads were then assembled de novo using the Trinity platform (http://trinityrnaseq.sourceforge.net/). For each library, short reads were first assembled into longer contigs; then, components were generated using the overlap between the contigs. Finally, the components were identified using a De Bruijn graph and read information to obtain 22,680 unigenes. Unigenes were aligned to a series of protein databases using BLASTx (E-value ≤ 10−5), including the NCBI Nr, KEGG (http://www.genome.jp/kegg/kegg2.html), and GO (http://wego.genomics.org.cn/cgi-bin/wego/index.pl) databases. The deduced amino acid sequences of uni-transcripts were then compared with the Pfam (protein family) database using HMMER (E-value ≤ 10−10) to obtain unigene annotations.

Expression annotation

All usable reads were compared with each unigene using Bowtie (http://bowtie-bio.sourceforge.net/manual.shtml), then the expression level was estimated by RSEM (http://deweylab.github.io/RSEM/) according to the comparisons. Fragments Per Kilobase of transcript per Million mapped reads (FPKM) values were used to determine the expression abundance of each unigene.

Quantitative real-time PCR

From total RNA, first-strand cDNA was synthesized using gDNA and FastQuant RT Enzyme (FastQuant RT Kit with gDNA; Tiangen, Beijing, China). The 20-μL reaction mixture contained 260 ng of total RNA, 2 μL of 5× gDNA Buffer, 2 μL of 10× Fast RT Buffer, 1 μL of RT Enzyme Mix, and 2 μL of FQ-RT Primer Mix. The 25-μL PCR mixture contained 6 μL of first-strand cDNA, 1 μL of each primer, 12.5 μL of 2× Taq PCR Master Mix, and 4.5 μL of ddH2O (Tiangen, Beijing, China). The amplification process was as follows: 94°C for 3 min for the initial denaturation of the RNA/cDNA hybrid; 33 cycles of 94°C for 30 s, 55°C for 20 s, and 72°C for 20 s; and a final extension of 5 min at 72°C. The target genes are shown in Tab. S1. The glyceraldehyde-3-phosphate dehydrogenase cDNA fragment was amplified using the intron-spanning primers 5’-TTTGGCATCGTGGAAGGA-3’ (bases 508–525) and 5’-CGAAGGTAGAAGAGTGGGAGT-3’ (bases 892–872). The PCR products were electrophoresed in 1% agarose gel, and individual bands were visualized using ethidium bromide staining.

Statistical analysis

Results are presented as means ± standard error of the mean. To investigate any differences between the secretion and non-secretion seasons, we performed t-tests in Sigma Plot v. 12.5 (Li et al., 2017); 0.01 < p < 0.05 was considered significantly different; 0.001 < p < 0.01 was considered highly significant. Unigene abundance differences between the samples were calculated using the Benjamini–Hochberg method based on the ratio of the FPKM values, and the false discovery rate (FDR) control method was used to identify the threshold of the p-value. Here, only unigenes with an absolute value of fold change ≥ 2 and FDR < 0.01 were used for subsequent analyses.

Results

Histology

During the musk secretion season, the scent glands are dilated to an average length of 38.3 ± 3.97 mm. In contrast, during the non-secretion season, the glands show an average length of 15.3 ± 6.66 mm. The gland volume is significantly greater during the musk secretion season than during the non-secretion season (p < 0.01; Fig. 1a). The diameter of musk-secreting cells is significantly (p < 0.01) larger during the secretion season (13.93 ± 1.64 μm) than during the non-secretion season (5.45 ± 0.93 μm; Figs. 1b and 1c).
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Figure 1: (a) An image of the muskrat scent glands during the secretion and non-secretion seasons. The volume of the scent gland is significantly higher in the secretion season than in the non-secretion season (p < 0.01). Left, secretion season; Right, non-secretion season. (b, c) Morphological sections in muskrat scent glands during the secretion and non-secretion seasons. The diameter of the secreting cells is significantly higher in the (b) secretion season than in the (c) non-secretion season (p < 0.01). Abbreviations: GC, glandular cells; IC, interstitial cells; GCa, glandular cavity. Scale bars represent 50 μm.

Musk components

The total ion chromatogram of muskrat musk GC–MS analysis reveals 16 main components aside from fatty acid, including cyclic ketones (41.98%), olefins (17.11%), esters (15.37%), and cholesterol (9.31%). After methyl esterification, the results reveal 48 components, of which 26 are fatty acids (71.55%) (Tabs. 1 and 2).

Table 1: Identification of components of muskrat musk except for fatty acids by GC–MS

[image: images]

Table 2: Identification of fatty acids of muskrat musk by GC/MS after methyl esterification
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GC–MS results showed that fatty acids and cholesterol were both major components of muskrat musk, with methyl esterified fatty acids accounting for 71.55% (Tab. 1) and non-methyl esterified cholesterol accounting for 9.31% (Tab. 2) of muskrat musk.

Transcriptome analysis

The Illumina HiSeq 2500 high-throughput sequencing system was adopted to sequence the transcriptome of six samples of muskrat scent glands, which generated 27.84 Gb of clean data. Each sample produced 3.57 Gb of clean data, of which Q30 bases accounted for at least 88.98%. Clean reads were assembled into a total of 14,917,239 contigs. As the length increased, the number of contigs decreased accordingly.

Database comparison provided functional annotation for all unigenes. We compared all the unigenes to the NCBI non-redundant (Nr) database using BLAST with an E-value cutoff ≤ 10−5 and a HMMER parameter E-value ≤ 10−10. As a result, a total of 22680 unigenes with annotated information were obtained. A total of 6013 unigenes were aligned to the COG database, which accounted for 26.51% of all unigenes; 13147 unigenes were aligned to the Gene Ontology (GO) database (57.97% of all unigenes); 9699 unigenes were aligned to the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (42.76% of all unigenes); 13568 unigenes were aligned to the KOG database (59.82% of all unigenes); 16551 unigenes were aligned to the Swiss-Prot database (72.98% of all unigenes), and 22217 unigenes were aligned to the Nr database (97.96% of all unigenes).

RNA-Seq results for lipid synthesis and metabolism-related signaling pathways were as follows: fatty acid metabolism (ko00071; Fig. 2), steroid biosynthesis (ko00100; Fig. 3), citrate cycle (ko00020), fatty acid biosynthesis (ko00061), fatty acid elongation (ko00062), steroid hormone biosynthesis (ko00140), primary bile acid biosynthesis (ko00120), N-glycan biosynthesis (ko00510), glycerolipid metabolism (ko00561), and terpenoid backbone biosynthesis (ko00900) (all related pathways are shown in Fig. S1).
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Figure 2: The KEGG pathway of fatty acid metabolism. The red marks show genes that are up-regulated, and the green ones show down-regulated. The blue one means some of the genes are up-regulated, and some are down-regulated. This KEGG pathway map is adapted here from http://www.kegg.jp/kegg/kegg1.html. The KEGG database has been described previously (Kanehisa and Goto, 2000; Kanehisa et al., 2017, 2019).
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Figure 3: The KEGG pathway of steroid biosynthesis. The red marks show genes that are up-regulated. This KEGG pathway map is adapted here from http://www.kegg.jp/kegg/kegg1.html. The KEGG database has been described previously (Kanehisa and Goto, 2000; Kanehisa et al., 2017, 2019).

The expression changes of genes that regulate the fatty acid metabolic signaling pathways are shown in Tab. 3, the expression changes of genes that regulate the synthesis of cholesterol and related hormone signaling pathways are shown in Tab. 4, and the number of genes that showed significant expression changes in related pathways are shown in Tab. 5. The significant changes in gene expression levels (p < 0.05) during the musk secretion and non-secretion seasons are shown in Figs. 4 and 5. The changes (p < 0.05) in some of the gene expression levels of the scent glands during the musk secretion and non-secretion seasons are shown in Figs. 6 and 7.
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Figure 4: Transcript accumulation measurements of fatty acid metabolism-related genes involved in the muskrat musk secretion process.
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Figure 5: Transcript accumulation measurements of fatty acid metabolism-related genes involved in the muskrat musk secretion process (FDR < 0.01, FC ≥ 2). (a) Citrate cycle (TCA cycle), (b) fatty acid biosynthesis, (c) fatty acid elongation, (d) fatty acid degradation, (e) glycerolipid metabolism.

[image: images]

Figure 6: Transcript accumulation measurements of cholesterol biosynthesis-related genes involved in the muskrat musk secretion process.
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Figure 7: Transcript accumulation measurements of cholesterol biosynthesis-related genes involved in the muskrat musk secretion process (FDR < 0.01, FC ≥ 2). (a) Steroid biosynthesis, (b) primary bile acid biosynthesis, (c) steroid hormone biosynthesis, (d) N-glycan biosynthesis, (e) terpenoid backbone biosynthesis.

Table 3: Transcript accumulation measurements of fatty acid metabolism-related genes involved in the muskrat musk secretion process
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Table 4: Transcript accumulation measurements of cholesterol biosynthesis-related genes involved in the muskrat musk secretion process
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Table 5: The amount of genes that showed significant changes in expression between the secretion and non-secretion seasons in related pathways
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Quantitative real-time PCR results

The RT-PCR results showed that genes with significant changes in expression in the ko00140, ko00900, ko00120, ko00510, ko00020, ko00061, ko00062, ko00071, and ko00561 pathways were detected in the muskrat scent glands. These changes were consistent with the gene expression changes detected in the transcriptome analysis (Figs. S2 and S3).

RNA-Seq results showed that the expression levels of seven genes in pathways related to fatty acid biosynthesis and fatty acid elongation (Fig. S1) underwent significant changes. Of these seven genes, six showed significant increases (Tabs. 3b and 3c; Figs. 4b, 4c, 5b and 5c). Expression levels of five genes related to cholesterol synthesis pathways (Fig. 3) significantly increased (Tab. 4a; Figs. 6a and 7a). The expression levels of many genes in the terpenoid backbone biosynthesis pathway, which is the precursor for cholesterol synthesis (Fig. S1), also significantly increased (Tab. 4e; Figs. 6e and 7e).

qRT-PCR demonstrated that changes in lipid biosynthesis- and metabolism-related gene expression are consistent with the transcriptome analysis results (Figs. S2 and S3), which verified the reliability of the RNA-Seq results.

Discussion

The morphology results showed that, during the musk secretion season, muskrat scent gland size and glandular cell quantity were significantly greater than during the non-secretion season (Fig. 1), which is consistent with the findings of previous studies (Pushkala and Gupta, 2001; Zhang et al., 2017). Different forms indicate differences in function, and the associated changes in morphology and function require further research.

The GC–MS results are consistent with those of Chen et al. (1998). RNA-Seq results showed that the gene expression levels in the pathways related to fatty acid biosynthesis and fatty acid elongation (Fig. S1), cholesterol synthesis pathways (Fig. 3), and the terpenoid backbone biosynthesis pathway (Fig. S1) underwent significant changes. From this, we suggest that these genes and metabolic pathways play important roles in the synthesis of major components of secreted muskrat musk. In addition, other studies have found that the musk fluid or musk secreted by Chinese forest musk deer, civet cats, and other musk-secreting animals also contains large amounts of fatty acids and cholesterol (Mookherjee et al., 2004; Li et al., 2016).

In the pathways that we hypothesized were relevant (Tab. 5), genes in the citrate cycle (TCA cycle), fatty acid biosynthesis, metabolism-related, steroid biosynthesis, and terpenoid backbone biosynthesis pathways significantly changed. These pathways showed a similar trend that actively expressing during the musk secretion season.

Fatty acid biosynthesis can be divided into three steps: the de novo synthesis of saturated fatty acids, fatty acid carbon chain elongation, and unsaturated bond formation. During this process, fatty acid carbon chain elongation mainly occurs in the ER and mitochondria. In the ER, carbon-chain elongations are completed with fatty acyl-CoA as the starting point in a four-step cycle of condensation, reduction, dehydration, and re-reduction. Fatty acids are usually stored as triglycerides in organisms (Tvrdik et al., 2000; Leonard et al., 2004; Jakobsson et al., 2006). RNA-Seq results showed that, in the glycerolipid (Fig. S1) metabolic pathway, fatty acid degradation (Fig. 2), and citrate cycle (Fig. S1), 23 genes showed significant changes in gene expression, of which 19 were significantly increased (Tabs. 3a, 3d and 3e; Figs. 4a, 4d, 4e, 5a, 5d, and 5e). Triglycerides are important energy storage material, and fatty acid degradation can release large amounts of energy (Cheung and Wong, 2008). Triglycerides can undergo hydrolysis to generate fatty acids and glycerol. Fatty acid oxidation is a catabolic reaction that produces CO2 and H2O and can provide the organism with a large amount of energy. In animals, fatty acid catabolism occurs in mitochondria and peroxisomes (Zhang et al., 2002). Fatty acids are converted to fatty acyl-CoA for β-oxidation. There are four β-oxidation steps: oxidation, hydration, re-oxidation, and thiolysis. These four cyclic steps continue until all fatty acyl-CoA have become acetyl-CoA, which goes through the citrate cycle to produce CO2 and a large amount of energy (Cheung and Wong, 2008). Musk secretion is a physiological activity that consumes large amounts of energy. During the musk secretion season, the provision of abundant fodder to muskrats can significantly increase the amount of musk secreted by muskrats (Chen, 1988; Huang, 1998). Studies have found that adiponectin plays an important regulatory role during musk secretion in muskrats (Zhang et al., 2016) and causes a significant increase in the activity of intracellular mitochondria in muskrat scent gland cells, during the musk secretion season (Chen et al., 1996b; Chen, 2007). Therefore, we propose that fatty acid oxidation and related metabolic pathways produce large amounts of energy that are required for muskrat musk secretion.

Cholesterol is a small lipid molecule that serves an important physiological role in organisms. It is a precursor for the synthesis of many bioactive molecules, such as bile acid and steroid hormones (Hanukoglu, 1992; Liu and Song, 2013). Cholesterol synthesis is mostly based on the acetyl-CoA in the cytosol, which, under enzyme catalysis, sequentially becomes terpenoids, such as mevalonate, isoprene units, squalene, and lanosterol. After the removal of three carbons, cholesterol is formed (Zhang et al., 2002). Steroid hormones include hormones from the adrenal cortex and sex hormones, which are secreted from the adrenal cortex and gonads (Pushkala and Gupta, 2001). Different enzymes can then stimulate cholesterol to produce different bioactive molecules. Bile acids are the major end-product of cholesterol metabolism in the body and can assist in lipid absorption and transport, and promote fatty acid oxidation (Davis, 2007; Russell, 2009). As noted above, fatty acid metabolism provides large amounts of energy for musk secretion in muskrats. As an important regulatory factor in fatty acid metabolism, primary bile acids play an important role in musk secretion. Transcriptome results showed that the expression levels of five genes in the primary bile acid biosynthesis pathway (Fig. S1) showed significant increases (Tab. 4b; Figs. 6b and 7b). These findings showed that this pathway is enhanced during the musk secretion season compared with during the non-secretion season, and the increase in primary bile acid synthesis supported this hypothesis.

A study showed that steroid hormones are an important factor for scent gland development and secreting musk (Li et al., 2011). Previous experimental results have revealed that muskrat scent gland cells have the ability to self-synthesize male hormones, and the autocrine and paracrine secretions of sex hormones jointly regulate musk secretion (Han et al., 2017). The transcriptomics results showed that the expression levels of six genes in the steroid hormone biosynthesis pathway (Fig. S1) showed significant changes, of which four were significantly increased (Tab. 4c; Figs. 6 and 7c). These results are consistent with the hypothesis that muskrat scent gland cells can carry out the autocrine secretion of sex hormones, and the expression levels of many crucial genes involved in steroid hormone synthesis are significantly increased during musk secretion season. Our transcriptomic results provide an important basis for studying the autocrine steroid hormones secreted by muskrat scent glands that regulate musk secretion.

In animals, terpenoids can be used for N-glycan synthesis in addition to cholesterol synthesis (Cheung and Wong, 2008). However, there are seven genes in the N-glycan biosynthesis pathway (Fig. S1) that showed significant changes, of which three were significantly increased (Tab. 4d; Figs. 6d and 7d). These results showed that the N-glycan synthesis pathway in muskrats, compared with the cholesterol synthesis pathway, may not play a substantial role during the musk secretion season.

Recent studies have found that the levels of cytokines such as adiponectin, which regulate lipid metabolism, are significantly increased during the musk secretion season, and jointly participate in regulating musk secretion. This research applies GC–MS and RNA-Seq techniques to study the functions of lipid biosynthesis and metabolism regulation in muskrat musk secretion. Gene expression in lipid and steroid biosynthesis pathways provide the main components of musk during musk secretion season. Musk is an important pheromone that males use to attract and communicate with females. During the mating season, musk production and secretion requires a lot of energy. Gene expression in the lipid metabolic pathway provides the energy to support this important physiological process. Musk components and secretion regulation are complex issues, and there is still a substantial amount that is unknown about this unique physiological phenomenon.
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Figure S1: KEGG reference mappings for citrate cycle (TCA cycle), fatty acid biosynthesis, fatty acid elongation, glycerolipid metabolism, primary bile acid biosynthesis, steroid hormone biosynthesis, N-glycan biosynthesis and terpenoid backbone biosynthesis pathways. The red marks shows genes that are up regulated and the green ones shows down regulated. The blue one means some of the genes are up regulated and some are down regulated.

[image: images]

Figure S2: Grey scale measurements of fatty acid metabolism-related genes and GAPDH in the scent gland by RT-RCR. Data are presented as the mean ± SEM from at least three independent experiments, and error bars indicate SEM; *, ** and *** Denote statistically significant differences between secretion and non-secretion seasons (*, 0.01 < p < 0.05; **, 0.001 < p < 0.01, ***, p < 0.001). (a) Citrate cycle (TCA cycle); (b) Fatty acid biosynthesis; (c) Fatty acid elongation; (d) Fatty acid degradation; (e) Glycerolipid metabolism.
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Figure S3: Grey scale measurements of cholesterol biosynthesis-related genes and GAPDH in the scent gland by RT-RCR. Data are presented as the mean ± SEM from at least three independent experiments, and error bars indicate SEM; *, ** and *** Denote statistically significant differences between secretion and non-secretion seasons (*, 0.01 < p < 0.05; **, 0.001 < p < 0.01, ***, p < 0.001). (a) Steroid biosynthesis; (b) Primary bile acid biosynthesis; (c) Steroid hormone biosynthesis; (d) N-Glycan biosynthesis; (e) Terpenoid backbone biosynthesis.

Table S1: List of relative uni-transcripts in lipid biosynthesis and metabolic regulatory pathways in muskrat scented gland
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OEBPS/images/tab-4.png
Unigene ID (EC name/annotation) Regulated Log,FC
a. Steroid biosynthesis (ko00100)-related genes

¢166709.graph_c0(1.14.14.17/Sqle) Up 242
c148945.graph_c0(5.4.99.7/Lss) Up 3.30
€142879.graph_c0(1.14.13.70/Cyp51) Up 2.08
c147614.graph_c2(3.1.1.13/Lipa) Up 1.54
¢172106.graph_c1(1.1.1.62/Hsd17b7) Up 3.97
b. Primary bile acid biosynthesis (ko00120)-related genes
c184362.graph_c0(1.1.1.181/Hsd3b7) Up 1.97
¢154780.graph_c0(5.1.99.4/Amacr) Up 3.09
c179794.graph_c1(1.17.99.3/Acox2) Up 7.07
c188694.graph_c3(1.1.1.35/Hsd17b4) Up 4.97
¢174928.graph_c0(2.3.1.176/Scp2) Up 5.81
c. Steroid hormone biosynthesis (ko00140)-related genes

c189834.graph_c0(2.8.2.2/Sult2bl) Up 2.58
¢149099.graph_c0(1.14.14.19/Cyp17al) Up 4.17
€97465.graph_c0(1.1.1.146/Hsd11b1) Up 2.77
¢179490.graph_c0(1.14.14.1/Cyp1lal) Up 5.82
¢177279.graph_c0(1.3.1.22/Srd5a3) Down -2.16
c156542.graph_c0(2.4.1.17/Ugtla6a) Down -1.83
d. N-Glycan biosynthesis (ko00510)-related genes

€95502.graph_c0(2.4.1.259/Alg9) Up 1.51
c154819.graph_c0(3.2.1.113/Manlbl) Up 1.68
c183448.graph_c0(3.2.1.113/Manla2) Up 1.86
¢182710.graph_c0(3.2.1.113/Manlcl) Down -2.84
c185766.graph_c0(3.2.1.113/MAN1A1) Down -2.02
c188645.graph_c0(3.2.1.114/Man2al) Down -1.34
€186296.graph_c0(2.4.99.1/St6gall) Down -1.71
e. Terpenoid backbone biosynthesis (ko00900)-related genes
¢166351.graph_c0(2.3.3.10/HMGCS1) Up 235
c119784.graph_c0(1.1.1.34/Hmgcr) Up 2.40
¢119745.graph_c0(4.1.1.33/Mvd) Up 3.17
¢178880.graph_c1(2.5.1.87/Dhdds) Up 2.75
c176644.graph_c0(2.5.1.91/Pdss2) Up 3.15
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Unigene ID (EC name/annotation) Regulated Log,FC
a. Citrate cycle (TCA cycle) (ko00020)-related genes

c154234.graph_c0(2.3.3.8 /Acly) Up 1.65
c181718.graph_c0(4.2.1.3/Acol) Up 1.27
c184117.graph_c2(1.1.1.42/1dh1) Up 2.30
c189729.graph_c0(1.1.1.41/1dh3B) Up 1.30
¢154485.graph_c0(6.2.1.4/Sucla2) Up 1.35
b. Fatty acid biosynthesis (ko00061)-related genes

¢188079.graph_c1(6.4.1.2/Acacb) Up 2.97
c. Fatty acid elongation (ko00062)-related genes

¢100113.graph_c0(2.3.1.16/ACAA2) Up 2.26
c154081.graph_c0(2.3.1.16/Acaa2) Up 2.46
c154081.graph_c1(2.3.1.16/Acaa2) Up 2.95
¢176818.graph_c0(1.1.1.35/Hadh) Up 2.15
c189709.graph_c0(4.2.1.17/Hadha) Up 1.58
c187908.graph_c0(3.1.2.22/Ppt1) Down -1.38
d. Fatty acid degradation (ko00071)-related genes

c186180.graph_c4(6.2.1.3/Acsl5) Up 2.25
¢166299.graph_c0(1.3.3.6/Acox3) Up 4.86
€95056.graph_c0(1.3.8.8/Acadl) Down -1.52
¢177257.graph_c0(1.3.99.12/Acadsb) Down -1.89
c189709.graph_c0(4.2.1.17/Hadha) Up 1.58
¢176818.graph_c0(1.1.1.35/Hadh) Up 2.15
¢100113.graph_c0(2.3.1.16/ACAA2) Up 2.26
c154081.graph_c0(2.3.1.16/Acaa2) Up 2.46
c154081.graph_c1(2.3.1.16/Acaa2) Up 2.95
c189754.graph_c0(5.3.3.8/Ecil) Up 1.66
¢176790.graph_c0(5.3.3.8/Eci2) Up 8.76
c186975.graph_c5(5.3.3.8/Eci2) Up 1.65
c184675.graph_c1(1.2.1.3/Aldh3a2) Up 3.62
¢166519.graph_c0(1.2.1.3/Aldh2) Down -1.51
c188162.graph_c0(1.2.1.36/Aldhlal) Down -1.63
e. Glycerolipid metabolism (ko00561)-related genes

€187137.graph_c0(3.1.1.23/Mgll) Up 1.53
c185154.graph_c1(3.1.1.3/Pnpla3) Up 4.14
¢180403.graph_c0(2.3.1.20/DGAT1) Up 1.61
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Table S1 (continued).

#ID Expression Expression STDEV of STDEV of log2FC regulated Length KEGG_annotation nr_annotation Forward primer sequence (5°-3") Reverse primer sequence (5’-3°)
in secretion in non- the the non-
season secretion secretion  secretion
season result result

€182710. 122 9.46 252 0.61 -2.84  down 1848  K01230(0.0|mmu:230815|Manlcl, mannosyl-oligosaccharide ~ AAATCCGCAAGGTCCTCA TCGCCACTCGGCAATGTA
graph_c0 AI593348 1,2-alpha-mannosidase IC
c185766. 4.62 20.35 1.36 2.90 -202  down 1968  K01230]|0.0|ptr:463148 MAN1A1 mannosyl-oligosaccharide ~ GGGGACTAACATACATCGC CACCATCAAATCGGAACG
graph_c0 1,2-alpha-mannosidase TA

isoform X2
c188645. 3.12 877 1.09 0.84 -1.34  down 3435  K01231]0.0lmmu:17158|Man2al, Mana-2,  alpha-mannosidase 2 AGACTGGGTGGTCGTGGAT TGAGGCCCGTTCTTGTTC
graph_c0 Mana2, Map-2
c186296. 4.21 15.32 552 1.19 -1.71 down 1209  K00778|0.0rno:25197|St6gall, Siatl beta-galactoside alpha-2,6- - -
graph_c0 sialyltransferase 1 isoform 1
166351, 1091.24 243.19 2920 239.77 235 up 1563 K01641[0.0|ptr:461892|HMGCS1 hydroxymethylglutaryl- GAAAGAGGGAAACGATAA TCTGATTTGATACGAGCA
graph_c0 CoA synthase, cytoplasmic

isoform X2
119784, 11852 24.98 2.69 30.10 240 up 2664  K00021|0.0}mmu:15357|Hmger, HMG- 3-hydroxy-3- AGTGGTGCGTCTTCCTCG GCTTTCTCCGTGCCCTTG
graph_c0 CoAR, MGC103269, Red methylglutaryl-Coenzyme

A reductase
c119745.  100.34 12.58 1.02 49.48 317 up 1200  K01597|0.0[rno:81726|Mvd, Mvpd diphosphomevalonate CCGAGAAGAAGCAGATGGG GGCAGGTGGCGTGAAACT
graph_c0 decarboxylase
c178880. 416.74 67.71 85.92 52.88 2.75 up 1005 K11778(0.0|rn0:298541|Dhdds dehydrodolichyl CGGCTGAGTGACTTCITAC GTCTGTTCAAGCGTGTCC
graph_cl diphosphate syntase

complex subunit DHDDS

isoform X1
c176644. 2925 3.82 0.33 10.29 315 up 1338 K12505/|0.0|rno:365592|Pdss2 decaprenyl-diphosphate CAGGACATGGCGTTTCAG TTGAGCCTCACCAATCTG
graph_c0 synthase subunit 2
c166709. 81.81 15.25 4.88 1.86 2.42 up 1722 K005110.0/mmu:20775|Sqle, AI323792 squalene monooxygenase CCGTTGACTATTGTTGCA GGTCAGGTATTTGTGGGTA
graph_c0
c148945. 111.69 11.32 10.25 0.58 3.30 up 2196  K01852|0.0lmmu:16987|Lss, lanosterol synthase-like TTTGAAGGCCGTGCTACT GGGTCTCCCTGATTTCTACT
graph_c0 2810025N20Rik, BC029082, D10Ertd116e,

MGC27893, Osc

c142879. 96.56 22.90 4.61 1.86 2.08 up - K05917(0.0|rno:25427|Cyp51, Cyp5lal, lanosterol 14-alpha - -
graph_c0 MGC93630, RATCP14DM demethylase-like
cl47614. 13829 4752 631 0.98 1.54 up 1191 K01052(0.0|rno:25055|Lipa, Chole, Chole2,  lysosomal acid lipase/ TATGTGGCTTCAACGAGA CTGGAGGGTAACTCTGGT
graph_c2 LAL, Lipl cholesteryl ester hydrolase-

like
c172106. 2375 1.52 453 0.04 3.97 up 953 K13373|0.0[rn0:29540|Hsd17b7 3-keto-steroid reductase ATTCTGCCTCCCTTTGTG AGCGGTGTCTTCATCTATGT
graph_cl isoform X2
c154234. 205.40 73.07 21.68 37.20 1.65 up 3306 K01648(0.0/mmu:104112|Acly, ATP-citrate synthase TCTGTGCTCGGGCTGGAA ACTTCCAGGGCGTAATCG
graph_c0 A730098H14Rik, AW538652 isoform X4
c181718. 105.12 49.04 8.44 4.68 1.27 up 2670 K01681(0.0jmmu:11428|Acol, AI256519, cytoplasmic aconitate GTGGAACGGCAGTATGTC CTCTGTTGGTCAAGTAGCG
graph_c0 Aco-1, Irebp, Irpl hydratase isoform X1
c184117. 398.94 92.98 22.46 31.59 2.30 up 1245  K00031|0.0[rno:24479|1dh1 isocitrate dehydrogenase TGGGCGTTTCAAAGACAT ATGCCAAGGGAACCGTAA
graph_c2 [NADP] cytoplasmic

(Continued)
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c188079. 103.52 14.35 0.57 9.14 2.97 up 8202  K11262/0.0lmmu:100705|Acach, AI597064, acetyl-CoA carboxylase 2 CTGTGGTGACTGGACGAGC TGGCGAAGATGATGAGGG
graph_cl AW743042, Acc2, Acch
€100113.  9.30 222 0.44 2.11 2.26 up - K07508|1e-15|ptr:455414|ACAA2 phosphatidylinositol 4,5- - -
graph_c0 bisphosphate 5-phosphatase
A isoform X1
c154081. 379.90 7825 31.34 53.42 2.46 up 1136  K07508|0.0|mmu:52538|Acaa2, 3-ketoacyl-CoA thiolase, AGACTGTGACCGCTATGC TTCTTGAACACTGGAGGG
graph_c0 06100111L04Rik, AI255831, AI265397, mitochondrial
D18Ertd240e
c154081. 411.35 60.49 2543 65.56 2.95 up 79 K07508(5e-08|mmu:52538|Acaa2, 3-ketoacyl-CoA thiolase, - -
graph_cl 06100111L04Rik, AI255831, AI265397, mitochondrial-like, partial
D18Ertd240e
c176818. 290.24 72.69 6.12 28.94 2.15 up 942 K00022(0.0/mmu:15107|Hadh, AA409008, hydroxyacyl-coenzyme A GCCTCCATTTCTTCAACC AACTTCATCGCCGTATCA
graph_c0 AU019341, AW742602, Hadhsc dehydrogenase,
mitochondrial
cl189709. 117.73 43.83 10.33 5.80 158 up 2292 K07515(0.0/mmu:97212|Hadha, C77020, trifunctional enzyme TGAAGGAAGTAGAAGGCGTGAC TGGGAGCAAGACATCTGGTAG
graph_c0 Mtpa subunit alpha,
mitochondrial
c187908. 11.82 3423 3.70 3.48 -1.38 down 921 K010740.0/mmu:19063|Ppt1, palmitoyl-protein TGGACCCTGTAGACTCTGA ATGATGTGGGCATGAAAC
graph_c0 9530043G02Rik, AA960502, C77813, CLN1, thioesterase 1
D4Ertd184e, INCL, MGC107420, PPT
c186180. 220.18 52.99 458 9.30 2.25 up 1356  K01897|0.0|rno:94340|Acsl5, Acs5, Facls long-chain-fatty-acid—-CoA  CCCTTTGATGATGAACTG TAGGCTCTAGCAACCTGA
graph_c4 ligase 5 isoform X1
c166299. 2319.63 90.17 3.68 78.44 4.86 up 2103 K00232(0.0/mmu:80911|Acox3, BI685180,  peroxisomal acyl-coenzyme CCACTGGCTTGTCTGCTA TTGCTCTTCCTGCTTGTT
graph_c0 EST-s59, PCOX A oxidase 3 isoform X1
€95056.  11.97 36.63 6.38 6.80 -152  down 1293 K00255|0.0|mmu:11363|Acadl, AA960361, long-chain specific acyl- TGATTGTAGTCGCCATAAC TGAACTCACAGGCAGAAA
graph_c0 AU018452, C79855, LCAD CoA dehydrogenase,
mitochondrial
c177257. 2,50 10.27 0.13 0.48 -1.89  down 1299 K09478|0.0|mmu:66885| Acadsb, short/branched chain AATGGGTCAAAGATGTGG TAACTGGCAGGTGGAAGA
graph_c0 1300003009Rik, BB066609 specific acyl-CoA
dehydrogenase,
mitochondrial isoform X2
c189754. 96.29 34.81 1.48 19.50 1.66 up 870 K13238|1e-179|rno:29740|Dci enoyl-CoA delta isomerase GCTGCCTCATAGCTCITACC ACCACCTCGTCCACCACA
graph_c0 1, mitochondrial isoform X1
cl176790. 149321 374 547 237.89 8.76 up 873 K13239|1e-159|rn0:291075|Peci, enoyl-CoA delta isomerase - -
graph_c0 MGC94706 2, mitochondrial
c186975. 28.07 9.82 2.20 543 1.65 up 109 K13239|1e-18|rno:291075|Peci, MGC94706  enoyl-CoA delta isomerase - -
graph_c5 2, mitochondrial
c184675. 534.10 49.74 8.96 45.80 3.62 up 1434 K00128(0.0|rno:65183|Aldh3a2, Aldh4, fatty aldehyde CCCCAACCATACTTACTGA ACCCGTTTGATGACCTTA
graph_cl FALDH dehydrogenase

(Continued)
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Table S1 (continued).

#ID Expression Expression STDEV of STDEV of log2FC regulated Length KEGG_annotation nr_annotation Forward primer sequence (5°-3") Reverse primer sequence (5’-3°)
in secretion in non- the the non-
season secretion secretion  secretion
season result result
€166519. 20.66 66.99 13.25 1.52 -151  down 1560  K00128|0.0|rno:29539|Aldh2 aldehyde dehydrogenase, CCGTGTTCGGAGATGTGA GCTTGGAGGGCTTGAGAC
graph_c0 mitochondrial isoform X1
c188162. 37.22 130.67 55.05 826 -1.63 down 1506  K00128|0.0|mmu:11668|Aldhlal, Ahd-2, retinal dehydrogenase 1-like TGGGAAGAAAGAAGGAGC ACAGCCATAGCCAAATAG
graph_c0 Ahd2, Aldh1, Aldhla2, E1, Raldh1
c184362. 66.09 19.33 4.60 5.46 1.97 up 1351 K12408|1e-173|mmu:101502 |Hsd3b7, 3 beta-hydroxysteroid GTGGACTTCGGCTGATAGG TGGCGCTGTGCTTTGTTG
graph_c0 Al195443, BB098564 dehydrogenase type 7
c154780. 110.87 15.35 1.20 51.58 3.09 up 1149 K01796/|0.0|mmu:17117|Amacr, Macrl alpha-methylacyl-CoA TGCTGGCGATTAAGGAGG GTCTGGACTGAACCCAAACT
graph_c0 racemase
c179794. 166.00 1.33 0.13 10.40 7.07 up 2115 K10214/0.0/mmu:93732|Acox2, THCCox peroxisomal acyl-coenzyme CTCTGTGACCTCTATGCCTITAC  GGAGACTTCTGAGCCCAAT
graph_cl A oxidase 2
c188694. 886.29 3218 371 172.89 4.97 up 2208 K12405(0.0/mmu:15488|Hsd17b4, 17[b]- peroxisomal TTTGCCAAGCCAGTGTATC TTAAGGCGGCGACCTATC
graph_c3 HSD, AW208803, MFE-2, MFP2, MPF-2, multifunctional enzyme
Mfp-2, perMFE-2 type 2
c174928. 5766.94 114.26 41.26 721.85 5.81 up 1641 K08764(0.0)mmu:20280(Scp2, AA409774,  non-specific lipid-transfer =~ GCCAGGAAGTGCTATGAG TGTCCCTTGGAAATGAGT
graph_cO AA409893, C76618, C79031, NSL-TP, SCP- protein
2, SCPx, ns-LTP
c189834. 77.82 14.36 224 15.72 2.58 up 1026  K01015]|0.0|mmu:54200(Sult2bl, AI326997, sulfotransferase family AGGCCAATACAATGTCCAA GAGGGTTCTGGGTTAGGG
graph_c0 BB173635, ST2B1, SULT2B cytosolic 2B member 1
149099, 1410 0.94 028 7.68 417 wp 1539 K00512(0.0|rno:25146|Cypl7al, Cypl7 steroid 17-alpha- CAAGCATTGGCGAGTTT GGCACATCCAGGTCAAAC
graph_c0 hydroxylase/17,20 lyase
€97465.  131.82 2125 6.54 18.10 2.77 up 876 K00071|1e-159|rn0:25116|Hsd11b1, corticosteroid 11-beta- ATGGCAGCATTGTTGTCG ACCCAGCTTGATATGTCGTAG
graph_c0 LRRGT00065 dehydrogenase isozyme 1
isoform X2
c179490. 7.39 0.14 0.17 059 582 up 1549 K07408|0.0|rno:24296|Cyplal, AHH, cytochrome P450 1A1-like TGTCCTCCGCTACCTACC GTCAAACCCTGCTCCAAA
graph_c0 AHRR, CP11, CYP1, Cyp45¢, Cypcdse, P-
450MC, P1-450, P450-C, P450DX
c177279. 135 6.86 2.58 0.26 -2.16  down 996 K12345(0.0/mmu:57357|Srd5a3, polyprenol reductase ATAAGTGCCACGTCATTCTC CTTTCCTATGCTTCGGGTA
graph_c0 1110025P14Rik, A430076C09, AV364670,
AW987574, D730040MO3Rik, H5ar,
S5AR_3, Srd5a2l
c156542. 8.04 3047 291 572 -1.83 down 1596 K006990.0|mmu:94284|Ugt1a6a, UDP- CGAAGCCTATGTCAACGC CATCATCACCATCGGCAC
graph_c0 UDPGT_1-6, UGT1.6, Ugtla6, Ugtla7? glucuronosyltransferase 1-
1-like isoform X2
€95502. 1591 6.38 0.67 157 1.51 up 1827 K03846(0.0/mmu:102580|Alg9, alpha-1,2- TGGGCTCTTGTCATTCTC CTCGGTTCTGGTCATTCA
graph_c0 8230402H15Rik, AI747665, mannosyltransferase ALG9
B430313H07Rik, Dibd1l isoform 2
c154819. 51.98 18.61 354 7.00 1.68 up 1971 K01230(0.0|rn0:499751|Manlbl, ERManl,  endoplasmic reticulum TACCAGATGAACCGACAGA GTTGATAGAAGAATAGCCACC
graph_c0 RGD1563595 mannosyl-oligosaccharide
1,2-alpha-mannosidase
c183448. 96.44 29.95 3.86 13.11 1.86 up 1926  K01230/0.0[rno:295319|Manla2, Manlb mannosyl-oligosaccharide ~ AGCAGCACTGGCTATTGA GTAACACGGGCAGAGGGT

graph_c0

1,2-alpha-mannosidase IB
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Name Formula Mol. weight Area%
cis-5-Dodecenoic acid Ci13H,40, 212 0.26
Dodecanoic acid C,3H,60, 214 0.24
5-Octadecenoic acid C19H360- 296 1.07
Myristoleic acid Ci5H,50, 240 0.60
Myristic-1-13C acid C15Hs005 242 0.78
cis,cis-7, 10-Hexadecadienal C16H>50 236 0.84
Cyclopentadecanone Cy5H,50 224 1.17
cis-1, 2-Cyclododecanediol C,H,,0, 200 0.27
Palmitoleate Cy7H3,0, 268 7.60
Palmitic acid C7H340, 270 4.26
cis-9-Hexadecenoic acid C16H300- 254 041
cis-10-Heptadecenoic acid C15H340- 282 0.27
Cyclotridecanone Cy3H,,0 196 2.84
Civetone C17H3,0 250 0.26
Cyclohexane, 1, 2-diethenyl-4-(1-methylethylidene)-,cis- Ci3Hsp 176 0.35
8, 11-Eicosadienoic acid C,1H350, 322 1.74
11, 14-Eicosadienoic acid C,1H350, 322 3.44
9-Octadecenoic acid, (E)- C19H360- 296 4.89
Oleic acid C19H360- 296 3.87
Stearic acid C1oH350, 298 1.38
5,11,14-Eicosatrienoate C,1H360, 320 0.98
5,13-Docosadienoate Cy3H40, 350 8.67
(Z)-9-Octadecen-1-ol CigH360 268 1.28
Linoleic acid C19H340- 294 0.51
cis-13-Eicosenoic acid C,1Hyo05 324 348
cis-11-Eicosenoic acid C,1Hyo05 324 541
18-Methylicosanoate C»H4,0, 340 0.21
9,12-Octadecadien-1-0l,(97,127Z)- Cy3H3,0 266 3.87
18-Methylnonadecanoate C51Hyp05 326 0.89
6,9-Octadecadienoic acid C19H340- 294 0.27
cis-10-Nonadecenoic acid CyoH350, 310 2.31
Erucic acid Cy3H440- 352 1.80
Docosanoic acid Cy3H460- 354 0.36
20-Methyl-docosanoate C,4H450- 368 0.28
cis-13,16-Docasadienoic acid C,3H 4,0, 350 3.19
9-(Z)-Octadecenoate C19H360- 296 3.25
Nervonic acid Cy5H450- 380 3.10
Tetracosanoic acid C,5H500, 382 0.60
Pentacosanoic acid C,6Hs5,0, 396 1.07
cis-7,10,13,16-Docosatetraenoic acid C,3H330, 346 1.62
Cholesterilene CoyHyy 368 0.66
Oleyl alcohol, acetate CyoH350- 310 11.47
Hexacosanoic acid C»7H5,0, 410 0.39
7-Octylidenebicyclo[4.1.0]heptane Ci5Hae 206 0.28
11-Hexacosyne C,6Hsg 362 2.25
24-Methyl-hexacosanoate Cy3Hs560- 424 0.54
Cholestane-3, 5-diol, 5-acetate, (3.beta., 5.alpha.)- Co9Hs5004 446 2.52
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Name Formula Mol. weight  Area%
1,5,9,13-Tetradecatetraene Ci4Ho» 190 4.18
Cyclopentadecanone C,5H,50 224 39.09
Cyclopentadecanol Ci5H3,0 226 2.40
Civetone Cy7H3,0 250 2.15
8-Cyclohexadecen-1-one C6H,30 236 0.74
7-Tetradecenal, (7Z)- C14H560 210 1.03
Glyceroltrielaidate Cs7H 10406 884 9.98
1,2-Dipalmitoyl-sn-glycerol C35Hg05 568 4.78
1,19-Eicosadiene C,0H38 278 0.56
(Z)-9-Octadecen-1-0l Ci15H360 268 0.61
Cholesta-3,5-diene Cy7Huy 368 12.36
8-Hexadecenal,14-methyl-, (8Z)- Cy7H3,0 252 3.92
Cholesta-4, 6-dien-3-ol, (3.beta.)- Cy7H 40 384 6.22
2-[[2-[(2-Ethyleyclopropyl)methyl]cyclopropyl]  Ci3Hss0, 334 0.61
methyl]cyclopropaneoctanoic acid methyl ester

Cholesterol C,7H,60 386 9.31
Cholesta-4, 6-dien-3-one Cy7H40 382 2.06






OEBPS/images/fig-8b.png
I FATTY ACID ELONGATION IN MITOCHONDRIA

Acetyl-Cod
Butanoyl-Cod
O
[23.1.16] [231.16] 23116 23116} [231.16] 23116}
3.Oxo- 3-Oxo- 3-Oxo- 3-Oxo- 3-Oxotetra- 3-Oxohexa-
R hexanoyl-Co&s R octanoyl-Col Rd” anoyl-Cols Q dndecanoyl odgcamyl-CoA Q decanoyl-Cod
[FERER [EEw | [IERES [Eve | [RRES] [Fe | [111211] 111211
v v v 3 . )3 Hybocy-
)-3-Hydroxy- (S)-3-Hydroxy- -3-Hy doty S)-3-Hyelroxy- - -3-Hydroxy-
2 slzxam ok Aocmwyi-CoAy e SA) g R codgcamyl- (ZC A eyt Oile) mcm%m\
[az117)42174) [az117f42.1.74) [42117)f42.1.74) [a2117)42174) [a2117)42174) [az117)f42174)
¥ trans-Hex- ¥ trans-Oct. ¥ trans-Dec- ¥ trans-Dodec- ¥ trans-Tetradec- ¥ trans-Hexadec-
2-enoyl-Co& 2-enoyl-Cod 2-enoyl-Cod 2-enoyl-Coh 2-enoyl-Cod 2-enoyl-Col
[[Ziz|[13128] i3] 1318] [[EiE|[1318] [Z13|[1318] [Ziz|[1318 ] i3] 1318]
v J b4 b v ) b ) st Coh
Hexanoyl-Col Octanoyl-Cobs Decanoyl-Cob Dodecanoyl-Cos Tetradecanoyl-Col
Fatty acid metabolism —_——
Hexadecanoate
00062 22210
) Kanehisa Laboratories
| sLYCEROLIPID METABOLISM |
Glyrerate
3- phosphahe D-Glyrerate
Glycolysis J+———— E O 2-Hydroxy- Propane-
&
D-Glyrer-
hY‘

l
1121 J[rii72]

[1112 [42130] [42.130]
Glycerone [1116] \—p
1111% Glyrerol,
Acyl-Cok O

|
I
|
|
|
|
Glyverone &
phosphate X
|
|
I
|
|
|

Glyrerophospholipi
R

Propane-
13501

O———1|
Propionyl-Cod

Aeyl-Cok O 3113
3.1.134 1
1,2-Diacyl-sn-glycerol ey O Ti
3 (E 23120 -
Acyl-Coh
7] (Glcﬁl%(.‘r]cﬁl) extCo
sn-glyrerol ul?‘l
Lipoteichoic acid <—o<—| 278320 —0cw—] 241 | —oe—]241157]~ sSQD2 I—DO 3 (6'-s o D-quinovosyl)-
Dw:yl 3- (sn e10- 2-Diacyl-3-B- sn-glycerol
1 P-6GILEB1-6 §6c ﬁ-gl\wosyl-sn-glycerol Q UDP-6-sulfoquinovose
BE glycexol
[sqpt ]
2 Dw:yl;lﬁ O UDP-glucose
sn glycero

1,2-Diacyl-

YeEcap)- o= o Monogalacossi
sn-glyrerol momacy]glycerol

Acyl alactosyl-
O e
1,2-Diacyl-3-(Neuhco2-3Galpl)-
sn- glyeerol
34 |3 D-Galactosyl-
sn-glyeerol

00561 3123111
(c) Kanehisa Laboratories






