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ABSTRACT

Musk secretion in male musk deer is regarded as a propitious mode of sexual election
to attract a greater number of females. However, the genetic mechanisms of musk
secretion are still poorly understood and unresolved making it necessary to elucidate
the possible genetic mechanisms of musk formation. In the present study, we used
heart and musk gland tissues from a male musk deer for next-generation mRNA
sequencing, integrated with de novo assembly, unigenes annotation and differentially
expressed genes analysis. A total of 239,383 transcripts and 208,730 unigenes were
obtained from 2 pooled RNA samples. Annotated analysis indicated steroid compound
metabolism (steroid biosynthesis, steroid hormone biosynthesis, aldosterone-regulated
sodium reabsorption, terpenoid backbone biosynthesis) related to musk formation
were annotated to many pathways; relevant genes were identified as well. In addition,
8,986 differentially expressed genes (6,068 up- and 2,198 down-regulated) between
heart and musk gland were identified, among them, steroid component metabolism
were abundant. Further exploration of functional enrichment analysis showed that
pathways involved in musk secretion were up-regulated in musk gland compared with
heart, especially steroid biosynthesis and terpenoid backbone biosynthesis whose
metabolic productions were key components of musk. We identified several candidate
genes such as DHCR7, DHCR24, NSDHL, CYP3A5, FDFT1, FDPS and HMGCL
which were closely involved in metabolism of steroid, terpenoid and ketone bodies.
Our data are expected to represent the most comprehensive sequence resource
available for the forest musk deer so far, and provide a basis for further research on
molecular genetics and functional genomics of musk secretion.

Keywords Chinese forest musk deer (Moschus berezovskii); Transcriptome;
mMRNA-seq; De novo assembly

INTRODUCTION

Chinese forest musk deer (Moschus berezovskii) is one of six species which are
entirely Asian in their present distribution (excepting one is distinct in Europe where
the earliest musk deer are known to have existed from Oligocene deposits) and
famous for the secretion of musk. Musk is secreted by musk gland of sexually mature
male individuals, it is used in Chinese traditional medicine and perfume
manufacturing widely(Sheng 1996,, Su, Wang et al. 2001) because of its unique
fragrance and significant role in anti-inflammation, anti-tumor, central nervous system
and cardio-cerebral-vascular system(Cao and Zhou 2007, Feng and Liu 2015).
Primary chemical ingredients of musk include: muscone, muscopyridine, cholesterol,
cholesterol ester and male hormone (Li, Chen et al. 2016). Chinese forest musk deer
was listed as endangered because of the serious decline in the population size caused
by over-exploitation, shrinkage in distribution, habitat destruction and degradation.
Therefore, it was cited as first class “key” species of wildlife protected by Chinese
legislation in 2002(Guan, Zeng et al. 2009). Being a charismatic species Chinese
forest musk deer has been the hot spot of research to study the ecology,
domestication(Zhang, Deng et al. 1985, Deng 1986) and the pharmacological

2

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.2252v1 | CC BY 4.0 Open Access | rec: 5 Jul 2016, publ: 5 Jul 2016




59  functions of its musk (Seth, Mukhopadhyay et al. 1973, Feng and Liu 2015). The
60  various aspects of the secretory mechanisms of musk have been explored by many
61  research groups based on anatomy(Bi, Shen et al. 1984, Bi and Shen 1986),
62  microsatellite(Guan, Zeng et al. 2009, Peng, Liu et al. 2009), mtDNA markers(Chen
63 2007, Zhao 2009), and microbiota analysis in recent years(Li, Chen et al. 2016).
64  Unfortunately, the molecular and genetic mechanisms of the musk secretion have
65 largely remained unexplored.

66 Transcriptome analysis is a preferred method to analyse functional genes in
67  non-model organism(Vera, Wheat et al. 2008, Grabherr, Haas et al. 2011), which can
68  overall identify and illustrate the mechanisms of important biological processes and
69 incidences of diseases. Next-generation sequencing technology (RNA-Seq) has been a
70 powerful tool for analysing the transcriptomes. This technology has been extensively
71 used to study a number of species ranging from plants(Strickler, Aureliano et al.
72 2012), insects(Ya-Nan, Jun-Yan et al. 2013), birds(Luan, Liu et al. 2014), common
73 marmoset(Maudhoo, Ren et al. 2014) and giant panda(Vera, Wheat et al. 2008) etc. In
74  the absence of an appropriate reference genome/transcriptome, as is often the case in
75  non-model organism studies, a de novo assembly is the only best option for sequence
76 assembly (Strickler, Aureliano et al. 2012, Ockendon, O'Connell et al. 2015). Liu et al.
77  reported the transcriptome expression in 5 developmental stages in Chinese sika deer
78  antler(Yu, Baojin et al. 2013, Liu, Yao et al. 2014), which is a good example of sexual
79  character in wild mammals. In the present study, a high throughput transcriptome
80  sequencing (RNA-Seq) approach was adopted to investigate the transcriptome of
81  heart and musk gland in mature male forest musk deer. Enormous gene fragments
82  were obtained according to de novo assembly. Homology search with genes in public
83  protein database and functional annotation such as NR, GO, KEGG were conducted
84  on obtained unigenes. We also analysed the gene expression patterns in heart and
85 musk gland that are involved in musk metabolism. These sequencing data and
86  analysis provide a valuable resource for further research on the mechanisms of muck
87  secretion.

88 MATERIALS AND METHODS
89  Sample collection and preparation

90  The heart and musk gland tissue were collected from one male forest musk deer after
91 it died due to gastrointestinal illness in wild, from Chongging Institute of Medicinal
92  Plant Cultivation (Chongging, China). The tissues were cut into small pieces and
93  immediately stored in liquid nitrogen and then stored at -80°C until RNA extraction.

94  RNA isolation, cDNA library construction and sequencing

95  We collected RNA from heart and musk gland. Total RNA was isolated from tissue
96 samples using TRIzol reagent (Qiagen, Hilden, the Netherlands) following the
97  manufacturer’s instructions. The RNA quality and quantity were measured
98  spectrophotometrically as well as by agarose gel electrophoresis. RNA samples
99 having a RIN (RNA Integrity number) value of more than 8 were used for
100  constructing 2 cDNA libraries. The samples for transcriptome analysis were prepared

3
Peer] Preprints | https://doi.org/10.7287/peerj.preprints.2252v1 | CC BY 4.0 Open Access | rec: 5 Jul 2016, publ: 5 Jul 2016




101 wusing IHlumina’s kit following manufacturer’s protocols and paired-end (PE) reads
102 with 125bp read length of each were obtained by sequencing with the lllumina HiSeq
103 2500 platform. Sequence files corresponding to the heart and musk gland tissues from
104  which the RNA originated, were generated in FASTQ format (sequence read and
105  quality information in Phred format). The raw sequence data of Chinese forest musk
106  deer have been deposited in the National Center for Biotechnology Information
107 (NCBI) Sequence Read Archive (SRA, http://www.ncbi.nlm.nih.gov/Traces/sra) with
108  the accession number: PRINA291827.

109  Read mapping and data processing

110  Quality checks and preprocessing were performed on raw sequence data with
111 FASTQC software (http://www.bioinformatics.babraham. —ac.uk/projects/fastgc/).
112 Software cutadapt (https://pypi.python.org/pypi/cutadapt/1.2.1) was used for trimming
113 adapters, and Prinseq (http://prinseq.sourceforge.net/> was used for quality control.
114  The clean reads were aligned to NCBI database using blast+ (http://blast.ncbi.nlm.nih.
115  gov/Blast.cgi?CMD=Web&PAGE _TYPE=BlastDocs&DOC_TYPE=Download) for
116  non-model organism, default parameters were used in all of softwares.

117 All the clean reads were pooled and subjected to transcriptome de novo assembly
118  using Trinity (version trinityrnaseq_rr20140717) with the default settings (Grabherr,
119 Haas et al. 2011). To further verify the sequencing accuracy and completeness, the
120  BLASTnN program was conducted to compare our sequences of Chinese forest musk
121 deer with other species in EST database at NCBI. Gene expression levels were
122 expressed as FPKM (Fragment Per Kilo bases per Million mapped Reads) (Mortazavi,
123 Williams et al. 2008) using software RSEM(http://deweylab.biostat. wisc.edu/rsem/).
124  BLASTX aligned with an E-value cut-off of 10° between unigenes and
125  non-redundant protein sequences (NR) using Swissprot, Kyoto Encyclopedia of
126 Genes and Genomes (KEGG), and Gene Ontology (GO) analysis was performed.
127 Functional annotation with GO terms was conducted with Blast2go(Ana, Stefan et al.
128  2005), and then WEGO software(Jia, Lin et al. 2006) was used to do GO functional
129  classification to understand the distribution of gene functions of Chinese forest musk
130  deer. Annotation with KEGG pathway was performed by searching with BLASTX
131 against the KEGG database.

132 Single nucleotide polymorphism(SNP) detection

133 In order to discover the genotype variation of different tissues on mRNA level, to
134  associate it with expression quantity and phenotype, we conducted SNP/INDEL
135 calling to each sample using Samtools program(http://samtools.sourceforge.net/)
136  based on the assembled isogene sequences which were used as templates to BLAST
137  the original sequencing reads, and filtered the original results with the criteria of
138 QUAL>20 and the coverage>2.

139  Identification and functional enrichment analysis of differentially expressed

140  genes(DEGS)
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141 We followed the method reporterd by Audic S. et al. (Audic and Claverie 1997) to
142 detect the differential genes, DEseq software and edgeR(http://www.bioconductor.org/)
143 were used to perform the differential gene expression analysis with the screening
144  threshold of g-value<0.001 and |FoldChange|>2.

145 Gene functional enrichment analysis of DEGs was conducted with the method of
146 GOseq (Young, Wakeeld et al. 2012). Gene ontology(GO) terms involving biological
147 process(BP), cellular component(CC) and molecular function(MF). DEGs of Kyoto
148  Encyclopedia of Genes and Genomes (KEGG) pathways were enriched from KEGG
149  databse (Kanehisa 2008), pathways with P<0.05 were considered significantly
150  enriched by DEGs.

151 RESULTS

152 Hlumina RNA-Seq and de novo assembly

153 In this study, 2 cDNA libraries of Moschus berezovskii (heart and musk gland) were
154  constructed. These RNA samples were subjected to Illumina transcriptome
155  sequencing. The raw reads count were 5.96 and 5.67 million, which contained 7.45
156 Gb and 7.08 Gb nucleotides (nt) from heart and musk gland, respectively. After
157 removing low-quality sequences, a total of 5.93 and 5.64 million clean reads were
158  obtained from heart and musk gland, respectively. The de novo transcriptomes were
159  assembled from 239,383 transcripts with an average length of 769.11 bp (the shortest
160  sequence was 201 bp and the longest one was 17,695 bp) (Fig. 1). Unigene was
161  consisted of 208,730 contigs with the mean length of 599.31 bp (the shortest length
162  was 201 bp and the longest length was 17,695 bp).
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164 Figure 1 Length distribution of assembled transcripts of Moschus berezovskii
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165  Annotation of predicted proteins and homology search

166  Distinct gene sequences were searched using BLASTX against the NCBI nr database
167  with a cut-off E-value of 10™. With this approach, 74,441(35.66%) matched to known
168  NCBI nucleotide sequences (Nt) database, while 37,329 (17.88%) unigenes matched
169  to known NCBI non-redundant protein sequences (Nr) database. Unigenes annotated
170  in GO and KEGG were 31,039 (14.87%) and 11,782 (5.64%) respectively (Fig. S1).

171 The homology search of Moschus berezovskii unigenes were conducted using
172 BLASTnN against NCBI non-redundancy protein database(Nr) with a cut-off E-value
173 of 10 (with the similarity more than 90% and the coverage more than 80%). A total
174  of 37,329 genes of top 20 abundance species displayed matching in NCBI database,
175 and some genes were homologous to more than one species. The highest similarity
176  was seen with Bos taurus (29.38%), followed by Gallus gallus (11.77%), Ovis
177 aries(11.69%) and Bos grunniens mutus (10.27%) (Table S1).

178  Clusters of Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
179  (KEGG) pathways annotation

180  According to GO (Gene Ontology) classification, 150,563 genes were annotated in 23
181  biological process categories, 114,576 genes were annotated in 18 cellular component
182  categories and 41,288 genes were annotated in 20 molecular function categories. In
183  biological process ontology, the transcripts were primarily distributed in cellular
184  process (11.13%); cell and cell part accounted for most part (both were 11.31%) in the
185  cellular component ontology; and binding was the most abundant in molecular
186  function ontology. We noticed a high percentage of genes from the metabolic process
187 and organelle categories. Few genes were found in the categories of morphogen
188  activity, metallochaperone activity, protein tag, chemoattractant activity, translation
189  regulator activity, chemorepellent activity and nutrient reservoir activity. Moreover,
190  metabolic pathways involved in musk secretion were annotated in GO annotation in
191  biological process such as negative regulation of aldosterone biosynthetic process
192 (G0:0032348), positive regulation of aldosterone biosynthetic process (GO:0032349),
193  monoterpenoid metabolic process(G0O:0032348), flavone metabolic process
194  (GO:0051552), flavonoid metabolic process (G0O:0009812) and flavonol
195  3-sulfotransferase activity (GO:0047894) in molecular function category.

196 We also mapped the annotated unigenes to the reference pathways in KEGG
197  database, in total, 5.64% were annotated in KEGG pathways at level 1, among them,
198  there were 162 KOs (KEGG Orthology, which represent the catalogs of proteins or
199  enzymes, each KO contains proteins functioning similar in the same pathway)
200 involved in metabolic pathwys of terpenoid, steriod, steriod hormone,
201  aldosterone-regulated  sodium  reaborption,  ketone  bodies, such as
202  hydroxymethylglutaryl-CoA  reductase, hydroxymethylglutaryl-CoA  synthase,
203  isopentenyl-diphosphate delta-isomerase, protein-S-isoprenylcysteine, prenyl protein
204  peptidase, diphosphomevalonate decarboxylase, mevalonate kinase, prenylcysteine
205  oxidase/farnesylcysteine  lyase, protein  farnesyltransferase  subunit  beta,
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phosphomevalonate kinase, sterol regulatory element-binding transcription factor 1,
sterol O-acyltransferase, cholesterol mono-oxygenase, sterol 14-demethylase,
3-0x0-5-alpha-steroid 4-dehydrogenase 3. Additionally, 332 pathways were annotated
in KEGG pathway at level 2, and the related metabolism of musk compounds
pathways included terpenoid backbone biosynthesis (ko00900), steroid hormone
biosynthesis (ko00140), synthesis and degradation of ketone bodies (ko00072),
tropane (ko00960), triterpenoid biosynthesis (ko00909), ovarian steroidogenesis
(ko04913), flavone and flavonol biosynthesis (ko00944).

SNP analysis

Based on approaches depicted in methods, we identified 44,470 SNPs in heart and
82,921 SNPs in musk gland, respectively (Fig. 2 Aand B). C:G->T:A was the leading
mutation type, followed by T:A->C.G, C:.G->G:C, C:G->A:T, T:A->G:C and
T:A->A:T. It was noted that, mutation numbers in musk gland were greater than heart
in each mutation type (Fig. 2 C and D).
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Figure 2 SNP density (panel A and B) and mutation spectrum (panel C and D) of
heart and musk gland of Moschus berezovskii
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223 ldentification of DEGs

224 To explore the differences among the transcriptomes between heart and musk gland,
225  we performed identification of DEGs by comparing the transcripts data of heart and
226 musk gland, a total of 8,986 genes were identified to be differentially expressed with
227  the threshold of P-value <0.001 and the log2 (foldchange) >2. Out of these, 6,068
228  genes were up-regulated and 2,918 genes were down-regulated (Fig. 3 and Fig. 4).
229  25.44% (2,282 out of 8,969 DEGs) were specific expressed in musk gland, and 6.60%
230 (592 out of 8,969 DEGs) were specific expressed in heart. Seventy-one DEGs which
231  involved in musk formation and secretion were screened out, among them, 56 and 15
232 DEGs were up- and down-regulated, respectively. There were 6 genes (c33134_g1,
233 ¢46915 g1, ¢99344 g1, c151678 g1, ¢125108 g1, c182615 gl) specific expressed
234 in musk gland, which were functional enriched in pathways of steroid biosynthesis,
235  aldosterone-regulated sodium reabsorption, steroid hormone biosynthesis, ovarian
236  steroidogenesis and oocyte meiosis. It was noted that there was no specific expressed
237 gene in heart among these 71 DEGs. There were 9 DEGs were enriched in more than
238 1 pathways, it might hint that these genes played significant roles in musk formation
239  and secretion.

A FP®M boxpiot B DEGS number

15

1+

seat Muzzk giana Uprequisted Dowrrequiaied
240 sampe
241  Figure 3 FPKM boxplot and DEGs of heart and musk gland of Moschus berezovskii. (A)
242 Log2(FPKM) values of two different tissues. Tentacles express the range of maximum and
243  minimum value of expression quantity, the boxes express 25%-75% of log2(FPKM), and the black
244 lines in the box express the median. (B) The up- and down-regulated DEGs identified between
245  heart and musk gland.

8
Peer] Preprints | https://doi.org/10.7287/peerj.preprints.2252v1 | CC BY 4.0 Open Access | rec: 5 Jul 2016, publ: 5 Jul 2016



Heart vs musk gland

m DEGs
= Not DEGs|

Log2(Fold change)
0 5
| 1

-5
1

-10

-15

T T T T T
-5 0 5 10 15

™ Log2(FPKM)

247 Figure 4 DEGs of heart and musk gland of Moschus berezovskii

248

249  Functional enrichment analysis of DEGs

250  To further elucidate the different functions of DEGs, we examined whether these
251  DEGs were enriched for specific biological process(BP), molecular function(MF) and
252 cellular component (CC) using the GOseq package. There were 1,888 (BP), 303 (MF)
253  and 106 (CC) DEGs enriched on GO terms with the threshold of P<<0.05. The top 5
254 pathways with the largest number of DEGs were as follows: multicellular organismal
255  process, single-organism  process, single-multicellular  organism  process,
256  single-organism cellular process, organ development in biological process;
257  extracellular region, myofibril, contractile fiber, sarcomere, contractile fiber part in
258  cellular component; structural constituent of muscle, transmembrane transporter
259  activity, substrate-specific transmembrane transporter activity, transporter activity,
260  calcium ion binding in molecular function. A total of 2,793 genes (1,968 and 825 up-
261 and down-regulated DEGs, respectively) were differentially expressed in
262 single-organism process and 2,453 genes (1,711 and 742 DEGs were up- and
263  down-regulated, respectively) were differentially expressed in single-organism
264 cellular process (Fig. 5). We screened 60 terms correlated with musk metobolism,
265  most of them were up-regulated in musk gland compared to heart excepted 9 terms
266  which were seen down-regulated such as negative regulation of aldosterone metobolic
267  process, negative regulation of aldosterone biosynthetic process, ketone biosynthetic
268  process, cellular ketone metabolic process.
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Figure 5 TOP 5 pathways with the largest number of DEGs enriched for up-
(blue bars) and down-regulated(red bars) of Moschus berezovskii

There were 310 pathways enriched in KEGG functional annotation analysis of
DEGs in heart and musk gland. We screened 10 pathways involved in musk
compounds among all the pathways. Compared with heart and musk gland, 5 of them
were up-regulated, 3 pathways were generally up-regulated including ovarian
steroidogenesis (13/3), steroid hormone biosynthesis (14/1), aldosterone-regulated
sodium reabsorption (10/3), and 2 pathways were down-regulated. However, only
pathways of ovarian steroidogenesis (13/3) and steroid hormone biosynthesis(14/1)
were significant different enriched in DEGs (P<0.05) (Fig. 6).
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282  Figure 6 The KEGG pathways enriched for the differentiated expression genes
283  between the heart and musk gland of Moschus berezovskii
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284  DEGs involved in musk secretion

285  To illuminate the mechanism of musk secretion in male Chinese forest musk deer, we
286  have to form a comprehensive understanding of the chemical compound of musk, the
287  metabolic processes of key chemical compounds, the corresponding pathways and
288  genes involved in these processes. Therefore we screened 66 genes from all the
289  annotated genes, 35 of them were novel genes. Here we list some important candidate
290  genes which were closely involved in related pathways.

291 Firstly, genes involved in metabolism of steroid including DHCR7, DHCR24,
292  NSDHL and CYP3A5, the first 3 genes were annotated in steroid biosynthesis, and
293  CYP3AS5 was annotated in steroid hormone biosynthesis. DHCR7 encodes an enzyme
294  which catalyzes the conversion of 7-dehydrocholesterol to cholesterol. DHCR24
295 encodes a flavin adenine dinucleotide (FAD)-dependent oxidoreductase which
296  catalyzes the reduction of the delta-24 double bond of sterol intermediates during
297  cholesterol biosynthesis. The protein contains a leader sequence that directs it to the
298  endoplasmic reticulum membrane. The protein encoded by NSDHL is localized in the
299  endoplasmic reticulum and is involved in cholesterol biosynthesis. CYP3A5 encodes
300 cytochrome P450 proteins which catalyze many reactions involved in drug
301  metabolism and synthesis of cholesterol, steroids and other lipids. The encoded
302  protein metabolizes drugs as well as the steroid hormones testosterone and
303  progesterone.

304 Furthermore, genes participated terpenoid metabolism including FDFT1 and FDPS.
305 The former was annotated in sesquiterpenoid and triterpenoid biosynthesis, the
306  encoded protein is the first specific enzyme in cholesterol biosynthesis, catalyzing the
307  dimerization of two molecules of farnesyl diphosphate in a two-step reaction to form
308 squalene. The latter was annotated in terpenoid backbone biosynthesis which encodes
309 an enzyme that catalyzes the production of geranyl pyrophosphate and farnesyl
310  pyrophosphate from isopentenyl pyrophosphate and dimethylallyl pyrophosphate. The
311  resulting product, farnesyl pyrophosphate, is a key intermediate in cholesterol and
312  sterol biosynthesis.

313 Besides, there was 1 gene (HMGCL) annotated in synthesis and degradation of
314  ketone bodies, the protein encoded by this gene belongs to the HMG-CoA lyase
315 family. It is a mitochondrial enzyme that catalyzes the final step of leucine
316  degradation and plays a key role in ketone body formation. Mutations in this gene are
317  associated with HMG-CoA lyase deficiency. Alternatively spliced transcript variants
318  encoding different isoforms have been found for this gene

319 DISCUSSION

320  Next-generation sequencing (RNA-Seq) is an efficient method for investigating gene
321  expression patterns, especially in non-model species that do not have sequenced
322 genomes(Ockendon, O'Connell et al. 2015). With this approach, our primary goal was
323  to understand characteristics of transcriptome in heart and musk gland of Chinese
324  forest musk deer, identify DEGs between them. In this study, although we have used
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325  highly advanced Illumina HiSeq 2500 platform with paired-end 125 bp to produce
326  99.58% and 99.51% high-quality sequences of heart and musk gland, respectively, yet
327 only 39.3% (82,070/20,8730) unigenes have homologous matched to the entries in
328 NCBI database with the cut-off E-value of 10™, and merely 14.87% can be annotated
329  to one or more GO terms by GO analysis, which indicated that a large number of
330 transcripts of Chinese forest musk deer were either non-coding or homologous with
331  genes that did not have any GO term. As one unigene could align to more than one
332  database, all the annotated unigenes in the whole databases (NR, NT, GO, KEGG,
333 CDD, PFAM, TrEMBL, KOG and Swiss-Prot) comprised 18.02% of the total number
334  of unigenes (Fig. S1 and Table S1), which should be considered adequate taking into
335 account the lack of sequencing data on Moschus.

336 For the sake of evaluating the completeness of our transcriptome library and the
337  effectiveness of our annotation process further, we searched the annotated sequences
338 for genes associated with GO classification and KEGG pathways. In total, we
339  assigned 31,039 unigenes to 61 GO terms, and the functional classification of these
340  genes according to GO annotation identified genes associated to biological process,
341  cellular component and molecular function categories. Activities related to musk
342  compounds were annotated in GO annotation in molecular function and molecular
343 classification, such as steroid dehydrogenase, steroid binding, steroid metabolic
344  process, cholesterol metabolic process. Similarly, we assigned 208,730 unigenes to
345 332 KEGG pathways. Pathways involved in metabolic and synthetic activity of musk
346  were annotated in KEGG annotation, i.e. flavone and flavonol biosynthesis, and
347  terpenoid backbone biosynthesis which were coincident with the study by Li et al.(Li,
348 Chen et al. 2016). It hinted that activities of steroid compounds (cholestanol,
349  cholesterol, and a number of the androstane derivatives) were active in musk gland of
350 forest musk deer. Furthermore, 46 genes were annotated in metabolism of terpenoids
351 and polyketides pathways, which elucidated that it played an important role in
352  formation of muscone.

353 To further explore the genes that showed differential expression patterns upon
354  comparing the heart and musk gland, a total of 8,986 DEGs were detected, 6,068 of
355 those were up-regulated and 2,918 were down-regulated. Genes possessing similar
356  expression patterns potentially have a functional correlation, so we performed GO
357  functional enrichment and KEGG pathway enrichment analysis to screen genes
358  functionally correlated with musk secretion. Through GO functional enrichment
359 analysis, the DEGs between heart and musk gland were categorized into 3 main
360 categories including biological process, cellular component and molecular function
361 (Fig. 5). We screened 60 GO terms which were correlated in metabolic pathways of
362 musk compounds, the most terms were annotated in biological process such as
363  aldosterone metabolic process, flavone metabolic process, aldosterone biosynthetic
364  process, and terpenoid biosynthetic process (Table S2). Similarily, 10 pathways
365 involved in metabolism of musk compounds were screened in KEGG enrichment
366 analysis. It was noted that only pathways of ovarian steroidogenesis and steroid
367  hormone biosynthesis were significant different enriched in DEGs(P<0.05). We
368 identified several candidate genes such as DHCR7, DHCR24, NSDHL, CYP3AS5,
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369 FDFT1, FDPS and HMGCL which were closely involved in metobolism of steroid,
370  terpenoid and ketone bodies which were key compounds of musk.

371 Previous studies have shown that genes involved in reproduction regulation
372 pathways such as steriod hormone biosynthesis, oocyte meiosis, steriod biosynthesis,
373  GnRH signaling pathways were dominated and differentially expressed in Huoyan
374  goose ovaries between the laying period and ceased period(Luan, Liu et al. 2014).
375  This differential expression pattern is also the case in hens with different laying
376  rates(Chen, Shiue et al. 2007). Examination of steriod production and steriod
377 signaling was implemented for the sake of understanding the process of
378  steriod-mediated oocyte maturation. Evaul(Evaul 2009) discovered that gonadotropin
379  could induce steriod production, and then steriod-induced oocyte maturation came up.
380 Broadly speaking, steriod metabolism plays a significant part in manipulating
381  reproduction and has a close relationship with genital gland, in other words,
382  metabolism of these compounds were involved in reproduction. Similarily, musk
383  gland, which is located between naval and genital in male Chinese forest musk deer,
384 is a representative sexual character of this species, and produces chemical compounds
385 such as muscone and cholesterol which are primary composition of musk to
386  manipulate the composition, formation and secretion of musk.

387 This study reported the transcriptomes of Chinese forest musk deer for the first
388 time, method adopted was de novo assembly as a non-model species, united with
389  unigenes annotation. We found many functional pathways related to steroid
390 compounds metabolism, for example, steroid hormone biosynthesis, flavone and
391  flavonol biosynthesis and steroid biosynthesis. The obtained transcriptome and DEGs
392  data provide comprehensive gene expression information at the transcriptional level
393 that could promote better understanding of the molecular genetic mechanisms
394  underlying musk formation and secretion in Chinese forest musk deer.

395 CONCLUSION

396 In this study, the transcriptome of Chinese forest musk deer was sequenced using the
397  Illumina Hiseq 2500 platform. A de novo assembly was conducted to identify
398  candidate genes associated with musk secretion. It could come to the conclusion that
399  pathways involved in musk secretion were up-regulated in musk gland compared with
400 heart, such as steroid biosynthesis and terpenoid backbone biosynthesis whose
401  metabolic productions were key components of musk, which was in accordance with
402  the report of Li et al.(2016). Related candidate genes included DHCR7, DHCR24,
403  NSDHL, CYP3A5, FDFT1, FDPS and HMGCL which were closely involved in
404  metobolism of steroid, terpenoid and ketone bodies. These data offered clues to the
405  mechanisms of musk secretion, further studies will incorporate RT-PCR and
406  molecular experiments to investigate the specific role of transcription factors and
407  verify candidate genes in Chinese forest musk deer in order to develop molecular
408 tools for exploring the mechanism of musk secretion, seeking
409  efficient and scientific means to protect and utilize Moschus resources, and finding
410  some ways to increase the production and quantity of musk in genetic ways.
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