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Abstract. The use of Paecilomyces tenuipes (P. tenuipes), a 
Chinese medicinal fungus in scientific research, is limited due 
to its low adenosine content. To improve adenosine production, 
the present study investigated the gene network of adenosine 
biosynthesis in P. tenuipes via transcriptome analysis. Mycelia 
of P. tenuipes cultured for 24 h (PT24), 102 h (PT102) and 
196 h (PT192) were subjected to RNA sequencing. In total, 
13,353 unigenes were obtained. Based on sequence similarity, 
8,099  unigenes were annotated with known proteins. Of 
these 8,099 unigenes, 5,123 had functions assigned based 
on Gene Ontology terms while 4,158 were annotated based 
on the Eukaryotic Orthologous Groups database. Moreover, 
1,272 unigenes were mapped to 281 Kyoto Encyclopedia of 
Genes and Genomes pathways. In addition, the differential gene 
expression of the three libraries was also performed. A total of 
601, 1,658 and 628 differentially expressed genes (DEGs) were 
detected in PT24 vs. PT102, PT24 vs. PT192 and PT102 vs. 
PT192 groups, respectively. Reverse transcription‑quantitative 
PCR was performed to analyze the expression levels of 
14 DEGs putatively associated with adenosine biosynthesis in 
P. tenuipes. The results showed that two DEGs were closely 
associated with adenosine accumulation of P. tenuipes. The 
present study not only provides an improved understanding of 
the genetic information of P. tenuipes but also the findings can 
be used to aid research into P. tenuipes.

Introduction

In previous years, the market demand for traditional Chinese 
medicine is increasing due to its relatively low economic 
cost and fewer adverse effects (1,2). Paecilomyces tenuipes 
(P. tenuipes) is one of the most widely used medicines in Asian 
countries. Due to its various biological and pharmacological 
activities, P. tenuipes can be used as a substitute for Cordyceps 
sinensis in health supplements. This fungus contains numerous 
biologically active constituents, in which adenosine is of 
importance (3‑6). Adenosine displays various pharmacolog-
ical activities, including cardioprotective, anti‑inflammatory 
and anticancer properties (7‑10). However, the low adenosine 
content in P. tenuipes limits further development and applica-
tion in research. Therefore, the adenosine yield of P. tenuipes 
needs to be improved using modern breeding technology.

Genetic engineering breeding is an advanced microbial 
breeding technology that can effectively improve the yield 
of active compounds or eliminate undesirable products (11). 
To date, the genomic resources of P. tenuipes are still limited 
and only few nucleotide sequences have been deposited into 
the National Center for Biotechnology Information database. 
However, most metabolic regulatory genes of adenosine 
biosynthesis remain unidentified. Therefore, considering the 
need to enhance adenosine content of this fungus, it is particu-
larly important to use transcriptome sequencing technology to 
identify the key genes in adenosine biosynthesis of P. tenuipes.

RNA sequencing (RNA‑Seq) technology is a technology 
used for mining important functional gene groups (12‑14). 
Previously, with the rapid development of science and tech-
nology, high‑throughput sequencing technology has been 
widely used in transcriptome analysis of a variety of organ-
isms, which can provide accurate information about gene 
expression and regulation (15‑20). According to the different 
principles of sequencing, there are several high‑throughput 
sequencing methods, of which Illumina technology has 
received extensive attention due to its large reading length and 
novel computational tools (21).

The present study used Illumina sequencing technology to 
analyze the transcriptome of P. tenuipes at different fermen-
tation stages. Following clustering and polishing, functional 
annotation was performed using several public databases. 
Subsequently, the differentially expressed genes  (DEGs) 
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putatively associated with adenosine biosynthesis were 
screened. The results of the present study could be useful in 
strain breeding, and provide information on the molecular 
mechanism of biosynthesis of active substances in P. tenuipes.

Materials and methods

Determination of the adenosine accumulation curve of 
P.  tenuipes. P.  tenuipes RCEF  4339 was purchased from 
Anhui Agricultural University (Anhui, China). This fungus 
was originally kept in potato dextrose agar slants and then 
subcultured in basal liquid medium (40 g/l glucose, 10 g/l yeast 
extract powder and 10 g/l peptone). To determine the change 
in adenosine content with fermentation time, laboratory‑scale 
fermentation of P.  tenuipes was performed in a 10‑liters 
fermenter (Biostat, Sartorius Stedim Biotech; Sartorius AG) at 
26˚C with a 6 liters working volume of basal medium (pH 6.8). 
The other fermentation conditions were as follows: Rotating 
speed 100 r/min, inoculation amount 5% (v/v), seed cultiva-
tion time of 4 days, pH 6.0, tank pressure 0.3 MPa, ventilation 
volume 0.9 m3/h, culture time 7 days. Following submerged 
culture of the fungus at various time points, the fermentation 
broth (50 ml) was harvested and centrifuged (3,000 x g, 4˚C, 
10 min) to obtain the mycelium. The dry weight of myce-
lium and adenosine content were accurately measured after 
repeated washing of the mycelium with distilled water and 
lyophilization.

Extraction and analytical methods of intracellular 
adenosine. Adenosine was extracted from the mycelium 
of P. tenuipes by hot water extraction and measured using 
high‑performance liquid chromatography (HPLC) (22). The 
detection process was conducted using a Shimadzu high 
performance liquid chromatography system, which was 
equipped with LC‑6AD pump and SPD‑A UV‑vis detector 
(Shimadzu Corporation). C18 column (150x4.6 mm, 5 µm) 
was used for separation. The mobile phase was prepared by 
adding methanol (150 ml) to phosphate buffer solution with 
pH 6.5 (850 ml). The details of conditions used for the system 
were as follows: Column temperature 35˚C, detection wave-
length 260 nm, sample quantity 20 µl, flow rate 1 ml/min. 
Adenosine purchased from Sigma‑Aldrich (Merck KGaA) 
was used as a standard.

Sample preparation. P.  tenuipes was cultured in basal 
medium. The fresh mycelium of P.  tenuipes cultured for 
24 h (PT24), 102 h (PT4102) and 192 h (PT192) were collected. 
Following freezing in liquid nitrogen, the mycelia were kept in 
a refrigerator at ‑80˚C for later use.

RNA isolation and cDNA synthesis. TRIzol® reagent (Takara 
Biotechnology Co., Ltd.) was used to extract total RNA from 
the three samples. The integrity, quantity and quality of 
extracted RNA were detected to ensure RNA availability via 
agarose gel electrophoresis, NanoDrop ND‑1000 Spectrometer 
(Thermo Fisher Scientific, Inc.) and Agilent 2100 Bioanalyzer 
(Agilent Technologies, Inc.), respectively.

Poly (A)+ mRNA was isolated from total RNA using 
oligo(dT) magnetic beads and then fragmented into short 
fragments using Fragmentation Buffer (Illumina,  Inc.). 

First‑stranded cDNA was synthesized using N6  random 
primers and Reverse Transcriptase SuperScript  II (Takara 
Biotechnology Co., Ltd.) using short fragments of RNA as the 
template. Subsequently, second chain cDNA was synthesized 
using DNA polymerase I and RNase H (Takara Biotechnology 
Co., Ltd.). cDNAs were purified using the RNeasy RNA 
Cleanup kit (Qiagen GmbH).

Transcriptome sequencing, functional annotation and 
expression analysis. Three constructed cDNA libraries 
were sequenced using an 100 base pair  (bp) double‑ended 
sequencing on an Illumina HiSeq™  2500 platform at 
Shanghai Biotechnology Corporation. Raw RNA‑Seq data 
were screened. Low quality sequences, adaptor sequences and 
reads <20 bp were separated from clean reads (23). Unigenes 
were generated from the clean reads using CLC Genomics 
Workbench (version 6.0.4; Qiagen Sciences, Inc.).

The assembled unigenes were functionally annotated 
against the UniProt database using BLASTx (E‑value≤10‑5). 
For Gene Ontology (GO) annotations (24), all best hit align-
ments were imported into Blast2GO software (v.2.8.0) (25). 
Subsequently, GO functional classifications were determined 
using WEGO software (v.2.0) (26). Additionally, Eukaryotic 
Orthologous Groups (KOG) (27) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) (28) databases were used to 
classify function and analyze metabolic pathways.

Once gene expression levels of transcripts were normalized 
using the reads per kilobase transcriptome per million mapped 
reads (RPKM) method, the DEGs were identified using the 
DESeq package (29). The threshold of DEG screening was set 
as follows: Fold‑change ≥2 and false discovery rate ≤0.05. To 
illustrate differences between the groups, Volcano plots were 
employed using Origin v.8.5 (30). All DEGs between compared 
sample were subjected to GO and KEGG enrichment analysis 
as aforementioned.

Changes in putative gene expression in different samples. To 
analyze the association between the expression of the puta-
tive genes and adenosine content, the mycelium of P. tenuipes 
was harvested at different growth stages (24, 54, 102, 120 and 
192 h). Reverse transcription‑quantitative PCR (RT‑qPCR) 
was employed to detect the relative expression of target 
genes in mycelium. These genes were likely associated with 
adenosine production according to previous studies (31‑38) 
and the present experimental results. Following extraction of 
total RNA from the mycelium of the five samples as afore-
mentioned, 1,000 ng RNA was reverse transcribed using the 
PrimeScript RT reagent kit (Takara Biotechnology Co., Ltd.). 
According to the manufacturer's protocols, the genomic DNA 
removal reaction system was incubated at 42˚C for 2 min and 
cDNA was obtained at 37˚C for 15 min followed by 85˚C for 
15 sec. Primers of putative genes used in the present study 
are presented in Table SI. To normalize expression levels, the 
translation elongation factor gene 1 alpha (tef‑1α) of P. tenuipes 
was selected as the internal standard. Meanwhile, adenosine 
content in the five samples was determined by HPLC as 
aforementioned.

RT‑qPCR was performed on a Mx3000P thermocycler 
(Agilent Technologies, Inc.) using the SYBR Premix Ex Taq II 
kit (Takara Biotechnology, Inc.). The following thermocycling 
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conditions were used for qPCR: 94˚C for 2 min, followed by 
40 cycles of 94˚C for 20 sec and 60˚C for 34 sec. Relative 
expression levels of unigenes in three samples were analyzed 
using the comparative threshold method (2‑ΔΔCt) (39).

Statistical analysis. Data are presented as the mean ± SD. 
Statistical analysis was performed using one‑way ANOVA 
followed by Tukey's test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Samples of transcriptome sequencing were determined 
according to the intracellular adenosine accumulation curve. 
To select transcriptome sequencing samples, P. tenuipes was 
cultured in a 10 liter fermenter to evaluate the curve of intracel-
lular adenosine accumulation with culture time. As shown in 
Fig. 1, mycelium dry weight and adenosine production increased 
gradually at the beginning until a maximum value was reached at 
102 h, following which, the mycelium dry weight remained nearly 
constant. However, there was a decrease in adenosine production 
after 102 h. To analyze the key genes related to adenosine biosyn-
thesis by transcriptome sequencing, the mycelium of P. tenuipes 
in the early stage (24 h), the highest adenosine production stage 
(102 h) and the late stage of fermentation (192 h) were chosen 
according to the adenosine accumulation curve. The adenosine 
production of P. tenuipes cultured for 24, 102 and 192 h were 
0.011, 0.056 and 0.020 g/l, respectively.

Transcriptome sequencing and assembly. To study the tran-
scriptional profile of P. tenuipes at different growth stages, 
the Illumina HiSeq platform was used to sequence the three 
constructed cDNA libraries. A total of 32,061,948, 37,531,698 
and 34,766,538 raw reads were obtained from PT24, PT102 
and PT192, respectively. The raw sequences were filtered and 
27,207,076 (84.86% of the raw reads), 31,708,556 (84.48% of 
the raw reads) and 29,265,588 (84.18% of the raw reads) clean 
reads were generated for PT24, PT102 and PT192, respectively 
(Table SII). The sequence data sets are available in the Sequence 
Read Archive database (accession no. PRJNA640721). After 
assembling the clean reads, 13,353 unigenes with an average 
length of 1,804 bp were obtained (Table  I). The results of 
unigene distribution is shown in Fig. 2. Most unigenes (34.52%) 

were >2,000 bp long, followed closely by unigenes (23.10%) 
distributed within the range of 200‑400  bp. The longest 
unigene contained 18,413 bp.

Functional annotation and classification of unigenes. 
Sequence similarity analyses were performed in various data-
bases, such as Uniprot, KOG, GO and KEGG. Out of 13,353 
unigenes, 8,099 were annotated in the Uniprot database. The 
similarity of P. tenuipes genes was compared with other species 
whose complete or draft genomes are available, and the top 20 
species are shown in Fig. 3. A total of 3,703 unigenes (45.72%) 
showed similarity to Cordyceps militaris (strain  CM01) 
genes, 3,496 (43.17%) were similar to the genes of Beauveria 
bassiana (strain ARSEF2860), whereas only 115  (1.42%) 
unigenes corresponded to Metarhizium anisopliae.

The GO database is widely used for the analysis of 
transcriptome data, which includes three main functional 
categories (40,41). With regard to GO analysis, 5,123 out of 
13,353 unigenes were mapped to 43 functional groups (Fig. 4). 
In the ‘cellular process’ group, ‘cell part’ (1,278; 21.56%) and 
‘cell’ (1,278; 21.56%) were represented the most, followed 
by ‘membrane’ (940; 15.85%). Under ‘molecular process’, 
genes involved in ‘catalytic activity’ (3,139; 47.37%) and 
‘binding’ (2,534; 38.24%) were highly represented. In addi-
tion, ‘metabolic process’ (3,781; 34.68%) and ‘cellular process’ 

Figure 1. Growth curves and adenosine production of Paecilomyces tenuipes.

Table I. Results of the Paecilomyces tenuipes transcriptome 
sequencing and assembly.

Parameters	 Number

Total reads	 104,360,184
Contigs	 20,484
Average length of contigs, bp	 1,140
N50 of contig set, bp	 2,197
Unigenes	 13,353
Average length of unigenes, bp	 1,804
N50 of unigene set, bp	 3,171

N50 refers to the median length of all contigs or unigenes. bp, base pair.

Figure 2. Unigene sequence length distribution results.
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(2,790; 25.59%) were the majority of the assignments in the 
‘biological process’ ontology.

To improve our understanding of the unigenes, KOG 
analysis was performed to classify orthologous gene prod-
ucts. In total, 4,158 unigenes were functionally categorized 
into 25 KOG categories (Fig. 5). A total of 659 unigenes and 
421 unigenes were classified into the categories of ‘general 
function prediction only’ (15.85%) and ‘posttranslational 
modification, protein turnover, chaperones’ (10.13%), 
respectively, which represented the two largest groups. The 
categories ‘extracellular structures’ (12 members; 0.29%) 
and ‘cell motility’ (1  member; 0.02%) represented the 
smallest groups.

To find genes related to adenosine biosynthesis in P. tenu‑
ipes, the sequences were searched against the KEGG database. 
Consequently, 1,272 sequences were enriched in 281 KEGG 
pathways (Fig. 6). The most representative pathways were 
‘metabolic pathways’ (815; 39.49%), followed by ‘biosynthesis 
of secondary metabolites’ (329; 15.94%) and ‘microbial 

metabolism in diverse environments’ (225; 10.90%). Using 
KEGG, information relating to genes of the purine metabo-
lism pathway (Ko00230) was obtained, which is the primary 
pathway of adenosine biosynthesis (Table SIII). These results 
showed that most of the enzymes involved in this pathway 
were expressed in P. tenuipes. This information may provide 
valuable resources for further research of this fungus.

Identification of DEGs. DEGs in the P. tenuipes transcrip-
tome were analyzed and identified based on RNA‑Seq 
data. The gene expression abundance was calculated using 
RPKM, which was used to estimate the significance of the 
DEGs between the three samples. The expression levels 
of most unigenes ranged between 0‑100 RPKM (Table II). 
Thousands of DEGs were identified, demonstrating the 
substantial changes at the three different developmental 
stages. According to the volcano plots  (Fig. 7), between 
PT24 and PT102 libraries, 601 DEGs were found, of which 
230 genes were upregulated and 371 were downregulated. 
PT24 with PT192 were compared and it was found that a 
total of 1,658 DEGs were identified, of which 557 genes were 
upregulated and 1,101 genes were downregulated. Similarly, 
217  upregulated genes and 411  downregulated genes (a 
total of 628 DEGs) were found in PT102 corresponding to 
PT192. Based on our datasets, a total of 103 DEGs were 
commonly expressed in the three libraries. It was identified 
that 94, 64 and 771 genes were expressed only in PT24, 
PT102 and PT192, respectively (Fig. 8). In addition, all the 
DEGs were searched against the GO and KEGG database, 
and the results were included in Figs. S1 and S2. In the GO 
biological process category and cellular process category, 

Table II. Expression levels of unigenes.

	 Number of unigenes
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
RPMK value	 PT24	 PT102	 PT192

>1,000	 47	 42	 31
>100<999.9	 704	 724	 755
>10<99.9	 4,572	 5,141	 5,221
>1<9.9	 4,023	 4,131	 4,905
<0.99	 4,007	 3,315	 2,441

RPMK, reads per kilobase transcriptome per million mapped reads.

Figure 4. GO function classification. The x‑axis shows the next level of GO 
terms in three GO categories. The y‑axis shows the proportion of annotated 
unigene numbers to total unigenes. The three different categories indicate the 
three basic categories of GO terms. From left to right: ‘Biological process’, 
‘cellular component’ and ‘molecular function’. GO, Gene Ontology.

Figure 3. Species distribution of the top BLASTx hits.
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‘oxidation‑reduction process’ and ‘integral to membrane’ 
were the most highly enriched terms respectively in PT24 
vs. PT102, PT24 vs. PT192 and PT102 vs. PT192. In the 
GO molecular process category, ‘nucleotide binding’ was 
significantly enriched in PT24 vs. PT192 and PT102 vs. 
PT192, while ‘oxidoreductase activity’ was enriched in PT24 
vs. PT102. KEGG enrichment analysis of DEGs between the 
compared samples (PT24 vs. PT102, PT24 vs. PT192, PT102 
vs. PT192) showed that the most representative pathways 
were ‘metabolic pathways’.

Determination of adenosine biosynthesis‑related genes 
via in  silico analyses. Several genes putatively involved 
in the biosynthesis of adenosine were identified from the 
DEG analyses of the transcriptome sequence data. Among 

them, various DEGs (such as nucleoside‑diphosphate 
kinase, ADP‑ribose pyrophosphatase, adenylate kinase, 
pyruvate kinase, 3',5'‑cyclic‑nucleotide phosphodiesterase 
and IMP dehydrogenase) were differentially expressed 
in PT24 vs. PT192. Ten DEGs were found in PT102 vs. 
PT192. According to the KEGG analysis, these DEGs coded 
enzymes that play a role in purine metabolism. The results 
also showed that there were 4 upregulated (Unigene 1296, 
Unigene 1606, Unigene 5708, Unigene 571) and 6 downregu-
lated unigenes (Unigene 1591, Unigene 1707, Unigene 2933, 
Unigene 3749, Unigene 3962, Unigene 9544) in the ‘purine 
metabolism’ pathway in PT102 (PT102 vs. PT192) samples. 
In addition, 1 upregulated (Unigene 814) and 5 downregulated 
(Unigene 2010, Unigene 1606, Unigene 571, Unigene 5708, 
Unigene 5138) adenosine biosynthesis genes were found in 

Figure 5. Histogram presentation of KOG classification. The x‑axis shows the KOG groups. The y‑axis shows the number of annotated unigenes. KOG, 
Eukaryotic Orthologous Groups.

Figure 6. KEGG classification. The y‑axis shows the KEGG metabolic pathways. The x‑axis shows the proportion of annotated gene numbers of pathways to 
total genes. The six different categories, which are presented in different colors, indicate the six branches of the KEGG metabolic pathways. A, ‘Metabolism’; 
B, ‘Genetic Information Processing’; C, ‘Environmental Information Processing’; D, ‘Cellular Processes’; E, ‘Organismal Systems’; F, ‘Human Disease’. 
KEGG, Kyoto Encyclopedia of Genes and Genomes.
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PT24 (PT24 vs. PT102). Overall, based on the transcriptome 
sequencing results and reports, 14 DEGs that were selected to 
verify the accuracy of transcriptome sequencing (Table III).

RT‑qPCR analysis of adenosine‑related gene expression. 
To determine whether the 14 candidate DEGs were closely 
related to adenosine biosynthesis of P. tenuipes, RT‑qPCR 
was performed to analyze the expression of these genes in 
the mycelium at different fermentation times. Concurrently, 
adenosine production in the mycelium was also analyzed. The 
expression of 2 DEGs (Unigene 9544 and Unigene 1606) were 
positively associated with adenosine accumulation (Fig. 9).

Discussion

P. tenuipes, a Chinese medicinal fungus, is a source of phar-
maceutically active compounds, but research into its genetic 
information is lacking. Transcriptome sequencing technology 
is widely used for mining DEGs in different samples (42,43). 
In the present study, Illumina sequencing was employed to 
analyze the transcriptome of P.  tenuipes and discover key 
genes in adenosine biosynthesis.

In the present study, 88,181,220 clean reads (27,207,076, 
31,708,556 and 29,265,588 clean reads in PT24, PT102 and 
PT192, respectively) were obtained and assembled into 
13,353 unigenes using de novo assembly. All unigenes matched 
the major pubic databases, including UniProt, KOG, GO and 
KEGG. A total of 8,099 unigenes were consistent with known 

Figure 7. Volcano plot of unigenes. The x‑axis shows the fold‑change of unigenes among (A) PT24 vs. PT102, (B) PT24 vs. PT192 and (C) PT102 vs. PT192. 
The y‑axis shows the statistical significance of differentially expressed genes.

Figure 8. Venn diagram of shared differentially expressed genes of the three 
samples. Purple, yellow and green represent genes that are expressed in 
PT24, PT192 and PT102 respectively.
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gene sequences in the Uniprot databases. In the GO clas-
sification, the largest groups in the three different categories 

were ‘cell’ (the number of genes enriched in ‘cell part’ was 
the same as that in ‘cell’), ‘catalytic activity’ and ‘metabolic 

Table III. Differentially expressed genes putatively related to adenosine metabolism in Paecilomyces tenuipes.

	 Relative mRNA level (RPKM)
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Gene ID	 Length	 PT24	 PT102	 PT192	 Annotation

contig_114	 2,785	 46.2494	 80.1168	 127.9236	 5‑hydroxyisourate hydrolase
contig_1296	 2,172	 352.3985	 271.8885	 125.6277	 nucleoside‑diphosphate kinase
contig_1591	 5,255	 29.6818	 27.9372	 61.6834	 DNA‑directed RNA polymerase I subunit A1
contig_1606	 3,383	 70.4259	 143.3399	 69.0219	 ribonucleoside‑diphosphate reductase subunit M1
contig_1707	 2,638	 16.8871	 24.9292	 101.7325	 3',5'‑cyclic‑nucleotide phosphodiesterase
contig_2933	 4,675	 12.6516	 9.2906	 35.7920	 3',5'‑cyclic‑nucleotide phosphodiesterase
contig_3519	 2,127	 38.0276	 25.6053	 15.0668	 ADP‑ribose pyrophosphatase
contig_4264	 2,833	 18.3151	 4.9743	 3.6178	 urease subunit α
contig_5708	 2,014	 25.6055	 215.9969	 101.0778	 sulfate adenylyltransferase
contig_571	 1,643	 227.0272	 527.1583	 221.3372	 ribonucleoside‑diphosphate reductase subunit M2
contig_753	 2,297	 152.4581	 163.3336	 315.4079	 IMP dehydrogenase
contig_814	 2,500	 220.1618	 101.5178	 85.6467	 pyruvate kinase
contig_901	 1,352	 339.3854	 185.8043	 103.8499	 adenylate kinase
contig_9544	 2,117	 1.8926	 3.7142	 23.4699	 5'‑nucleotidase

RPKM, reads per kilobase transcriptome per million mapped reads.

Figure 9. Expression analysis of candidate genes and its association with the adenosine content of Paecilomyces tenuipes.
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process’. In KEGG pathway analysis, 1,272 unigenes were 
categorized into 272 KEGG pathways. These results provide 
data for further studies investigating the biosynthesis of active 
substances in this fungus.

Differential expression analysis was conducted by comparing 
between three samples. The present study screened out 601, 1,658 
and 628 unigenes that were differentially expressed in PT24 vs. 
PT102, PT24 vs. PT192 and PT102 vs. PT192, respectively. Most 
of the DEGs were involved in oxidation‑reduction process and 
integral to membrane according to GO enrichment. Meanwhile, 
according to KEGG enrichment analysis, ‘metabolic pathways’ 
was the most enriched term. These findings indicated that the 
metabolic activity of P. tenuipes was altered by the culture time.

Based on KEGG enrichment analysis of DEGs, multiple 
DEGs were enriched in the purine metabolism pathway, of 
which the 5'‑nucleotidase gene was of interest. Previous studies 
have reported that 5'‑nucleotidase is a key enzyme in the nucleo-
side/nucleotide metabolic pathway, which is widely distributed in 
fungi, bacteria and numerous other cell types. This enzyme may 
catalyze the formation of nucleoside or deoxynucleoside from 
various nucleosides‑5'‑phosphates and deoxynucleoside‑5'‑phos-
phates (44‑47). Covarrubias et al (48) found that 5'‑nucleotidase 
was a key molecule in the regulation of adenosine monophos-
phate dephosphorylation and adenosine synthesis in mice. 
Meanwhile, previous studies on Ophiocordycepssinensis 
and Cordyceps militaris found that 5'‑nucleotidase played an 
important role in the phosphorylation and dephosphorylation 
of adenosine (49,50). According to the results of a study that 
investigated its expression pattern, upregulating the transcription 
levels of 5'‑nucleotidase can significantly affect the accumulation 
of nucleoside compounds, including adenosine (51). Therefore, 
in view of its important role in the biosynthesis of nucleoside 
compounds, more attention has been paid to 5'‑nucleotidase. The 
5'‑nucleotidase gene of numerous other species has been cloned 
and its expression pattern has been investigated (52,53). However, 
to the best of our knowledge, there are no reports regarding the 
5'‑nucleotidase of P. tenuipes. The present study only analyzed 
the expression levels of these genes so further research is required 
to establish their functions.

To the best of our knowledge, this is the first transcriptomic 
analysis of the P. tenuipes. The present findings provided novel 
insight into the molecular mechanisms of adenosine biosyn-
thesis in order to aid further studies into this topic. The present 
data is also beneficial in the investigation of other medicinal 
fungal species.
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