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Abstract: [Objective] Cordycepic acid is one of the most important active substances in Samsoniella
hepiali, but the low content greatly restricts its industrial application. Salicylic acid (SA) is an abiotic
inducer, and we found that it could increase the content of cordycepic acid in S. hepiali. However, the
metabolic pathways of cordycepic acid and its response to SA are not clear. This study was designed to
obtain the transcriptome information of S. hepiali in response to SA treatment, and to explore key
enzyme genes for the metabolic pathways of cordycepic acid. [Methods] In this study, SA was used to
induce S. hepiali, and after 8 h treatment, high-throughput transcriptome sequencing was performed on
induced and uninduced mycelia. [Results] A total of 40.37 Gb clean data was acquired, and 20 317
unigenes with an average length of 1 357.13 bp were constructed. Additionally, 13 592 unigenes were
annotated in the public databases NR, NT, KEGG, Swissprot, GO, and Pfam, and 2 574 differentially
expressed genes were identified, in which 1 135 were up-regulated and 1 439 were down-regulated.
KEGG enrichment analysis demonstrated that the differentially expressed genes were concentrated in
the pathways such as cell cycle, meiosis, galactose metabolism, DNA replication, glycolipid
biosynthesis, and glyceride metabolism. Furthermore, 13 unigenes involved in metabolic pathways of
cordycepic acid were found based on the assignment of KEGG pathway. The expression of genes glk,
gpi, gla, mpi, fop and mtld related to cordycepic acid biosynthesis was all up-regulated after the
induction of SA, yet that of the gene mdh involved in cordycepic acid consumption was
down-regulated, and the qRT-PCR results were in substantial agreement with RNA-Seq data.
[Conclusion] Transcriptome information of S. hepiali induced by SA was obtained, and candidate

genes for the metabolic pathways of cordycepic acid were identified. SA improved the expression of the
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biosynthetic genes and inhibited the gene transcription related to cordycepsic acid consumption, thus

increasing the accumulation of cordycepic acid. This study provides reference for regulating the genes

related to the biosynthetic pathways of cordycepic acid in S. hepiali by SA, and also facilitates the

investigation on the regulatory mechanism of cordycepic acid metabolism.

Keywords: Samsoniella hepiali; salicylic acid; transcriptome; cordycepic acid; metabolic pathways
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fdi 1] BLAST #/#F unigene JF 515 NR |
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KEGG 5554 047 17 51) Eb X R Dy fi v R 1ol
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1.7 SRIEMBI T EHERAHBELERR
EHREER%SH

227 SCHR R Y R A R R G
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HEIEIR ) FPKM {E0EF7 22 500 M
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FREIM . I Actin fE RS ER, I
P& RIT 5 A Beiseit qRT-PCR 519 (&
1). PCR WA Z 420 uL: cDNA £ 150 ng,

ChamQ Universal SYBR qPCR Master Mix (2x)
10 pL, 1ES5¥14% 1.0 uL, Hil ddH,0 % 20 L,

PCR ¥4 95°C 30s; 95°C 155, 60°C30s,
40 MEI . VEfRIZR SR E Y 60-95 °C 15 s,

x1 RAEESYFT

IR 0.5 °C BRI — kI, LR
2MCORITISE, AR IRE 3 A EA

2 X504

2.1 SA MIRIEHUMSEESEKREAERS
=50

SA F5FALHE 8 h Xl E A M R BT
BR T BRI AnIE 1 R, 45T, 200 pmol/mL
) SA W55 8 h Wil i 5 E Wi SRS 41
PG AR Ak, T Sn R o e o B
iK% 26.34 mg/g, BARBETANER 2.34 £, Ui
SA X HUEFRIGAE Y & LA B2 R E A
2.2 RNA EEREREEH

FH R £ $2 b 0 ik FU0 75 B 5L RNA AR5
PEAT RASIN, 25 B R, RNA JR R RIS
BRI (RIN>7.5) . PSRRI RNA FEE S
cDNA Ji {7 7, 8 CK Fil SA 4 #
2H e s A SO
23 BEREANFSHEELS

JH e 3 2 I - 5 R TN, R R o A
PG 53 134 798 202 45 clean reads Al
40.37 G clean data, QsofiFE-141{H K 94.38%,
GC &t~ 57.73%, RAGEIR T iy, ¥k
$ 5 L2 Arhnt

Table 1 Sequence of primers used for qRT-PCR

Gene . Vo . L ay Length of PCR
name Forward primer (5'—3’) Reverse primer (5'—3’) product/bp
Actin  CTCCATCATCAAATGCGACG TCAACTCCTTTTGCATGCGA 148

olk GGACGAGATTGACAACCTGCGACTG
hk-1 ACAGTAACGGCGACATTGTCAGCAT

AGGATAGATTGGTGCTTGCCGACAGA 114
AACTCCAAGCAAGAGCCACAGGAATAG 177

hk-2 TTGCCGACTGTCTTCACCAATTCCTC GCCCTCAACGCCATCAATATCAAAGC 167
gpi ATTGGTATTGGTGGTTCCGACCTTGG GGTAATGTGAGTGCCGTCAATGTTGGA 117
gla GCTGACAAGGTTGCCGACTACA GCTGACAAGGTTGCCGACTACA 473
fbp TCCAGTTCTCCTTCAAGTCCAT TCCAGTTCTCCTTCAAGTCCAT 201
hxpb ~ CGAGTTTGGCAAGCGTCTGGTT CGAGTTTGGCAAGCGTCTGGTT 244
mdh GTGGTGGAAGACTTTGGCAAGATTGAC CTGACGCTTAAAGACTTCTCCGACATACT 168
mtld AGAGGAACCGAAGCCCATTGATGT CGTTAATGTGGCTGTACTGCTGTAGG 95
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25 . 1302 F 3 RIEIEILE F unigenes EBLEER
20 L L 5 Table 3  Statistics of functional annotation for
o ’ 20 8 Samsoniella hepiali sequences in public databases
2150 | § Annotation Number of Percentage/%
% g database annotations gerv
£ 1.0 110 S COG 5219 25.69
0.5 &3 GO 6 807 33.50
0 'g KEGG 4414 21.73
0.0 ’
CK  SA CK  SA © KOG 6 675 32.85
Pfam 9035 44.47
1 SABSHERESMNEBERRAERS VP 708 34.87
A eggNOG 12 090 59.51
. . . NR 12 088
Figure 1 Effects of SA on biomass and cordycepic 59.50
All annotated 13 592 66.90

acid in Samsoniella hepiali. *:
significant difference, P<0.05.

represents a

FIFH Trinity XS P9 JEAT 40, AR
5% 59 765 4% transcripts, FE transcripts 4 #Y %
fill b — X P T e, kAR 20 317 %
unigene, FEAMZERUWIFER 2 P,
2.4 Unigene ThEE TR R IR

ik BLAST XAl HMMER FoXt, e
RS 13 592 A~A RS S MY unigene (% 3), H
H KEGG Hl COG #it#fa [ Hh 7 B Y unigene % i
7E 6 000 Z5LAT, AU MR R YR
it 6 000 4%, 7E eggNOG it e b i v B gk ik
%, 12090 5.

F2 RIREIIE BARSE RS

Table 2 Summary of transcript assembly
generated form Samsoniella hepiali

Length range/bp  Transcript Unigene
200-300 5689 (9.52%) 5 178 (25.49%)
300-500 4243 (7.10%) 3070 (15.11%)
500-1 000 6393 (10.70%) 3 398 (16.72%)
1 000-2 000 11 001 (18.41%) 3 833 (18.87%)
2 000+ 32439 (54.28%) 4 838 (23.81%)
Total number 59 765 20317

Total length 163 736 242 27 572 860
N50 length 4206 2 549

Mean length 2739.67 1357.13

P4 actamicro@im.ac.cn, 7 010-64807516
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Atk BE FR 1k (oxidative
phosphorylation) . ¥ [ fi 1 B% 5 2E (glycolysis/
gluconeogenesis)(&l 2).

25 ERREERMSTSETE
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tlE s R REEN S5 T SA BRAE
ZE7/) SER TR a8

T WX e DEGs FRRE A Y)FIRE,
P77 Go WM. K 4 KW, DEGs 2 W
KA 15 1 (catalytic activity, 703 2k). Ui
& (metabolic process, 690 2%) . 4 fifl i 2
(cellular process , 606 25) . H 41 41 o &

(single-organism process, 596 £%). 454G s
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B 2 Unigene A KEGG X518 4> K (E = AT 20)
Figure 2 KEGG pathway analysis of transcriptome unigenes (number of the top 20).
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Significant

* Up: 1135

* Down: 1 439

* Unchange: 6 915

3 ERREEFENMLEQA)FEFEERRLLSHB)

Figure 3  Volcano plot of differentially expressed genes (A) and cluster analysis of differential genes (B).
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(A) N
goo Il Biological process Bl Cellular component B Molecular function
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T
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Numbers of unigenes
.
=
(e
=)
(oS}
Percent of unigenes

(o)
(=4
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(B) Statistics of pathway enrichment
Galactose metabolism |
Valine, leucine and isoleucine biosynthesis 4 .
Pentose and glucuronate interconversions 4 .
Selenocompound metabolism { Hensumber

Biotin metabolism - = * 10

Lipoic acid metabolism . ® )

Alpha-linolenic acid metabolism . ® 30

Carbapenem biosynthesis | : ® .

Monobactam biosynthesis

Aflatoxin biosynthesis g value

Tryptophan metabolism J o . 1.00
Ubiquinone and other terpenoid-quinone biosynthesis -

Phenylalanine metabolism . . 023
Fatty acid metabolism 4 .« 0.50
Base excision repair - - 025
Propanoate metabolism - . .
Biosynthesis of unsaturated fatty acids . 0.00
DNA replication
Meiosis-yeast - =]
Cell cycle-yeast )
2 -+ 6
Rich factor

4 ERFRIEZERE Go IR LEEA 20)(A)F1 KEGG iR EE(B)

Figure 4 Go annotation (number of the top 20) (A) and KEGG pathway annotation (B) of differentially
expressed genes. A: metabolic process; B: cellular process; C: single-organism process; D: localization; E:
biological regulation; F: cellular component organization or biogenesis; G: response to stimulus; H:
reproduction; I: membrane; J: cell; K: cell part; L: membrane part; M: organelle; N: organelle part; O:
macromolecular complex; P: membrane-enclosed lumen; Q: catalytic activity; R: binding; S: transporter
activity; T: nucleic acid binding transcription factor activity.

(binding, 482 4%). M(membrane, 468 7%). 4  BEESNEN TN SA FEFHEDIRRE,

Mi(cell, 441 %), MR (cell part, 439 4%).  S5RFKMA 355 45 DEGs #ihc#] ' KEGG
B F AV (membrane part, 401 %) L4 A 40 fifd %% pathway $04l & 4, L9 & 106 MCHE . &
(organelle, 357 5%). MAh, FATFIM KEGG &  ARFREE IS BORT 20 22U B NP 3 fos ,
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' DEGs 25 ZMHT 5 SE AP ERLEY
4 H(biosynthesis of antibiotics, 52 £%). 4 fifl J¥]
M (cell cycle, 42 5%) . Il E 4324 (meiosis, 31 5%).
BRAt i (carbon metabolism, 27 £%) M2 Fm A4 W&
i (biosynthesis of amino acids, 27 %), MFKMTEL
BRI FLB I (galactose metabolism), HEAf
FH 22 B (fructose and mannose metabolism)PA
N Wi 8% fi# (glycolysis/gluconeogenesis) # 2 1] fit)
DEGs 730l 9 45, 8 5cM1 7 55, 2Bk w4
SIHTAE IR, R T S E AR R A
B ZAHERRA | A KALS YA DL R R AE S
ORI N SA IS NE
2.6 MRIEMEINESEHERNRHIXCREER
i 12

PONT R R ARG < o I i - ]

R4 RIBHMESHEREYSRMEXRERER

unigene AT HT, LI BEY E B S5 R R
FRIGI) 9 A JCEENE, 3t 13 2% unigene, THE4N(E
BIE 4, SRIEF A TBtools T HXf 13 4
unigene AT T ORSF A TN, 5 R ANEL 5
7~ , mdh (c10386.graph c0. ¢7065.graph_cl .

c15676.graph_c1) #l 7 3t [7] /9 & ~F 45 # Bk
NADB Rossmann super family, #R#& NCBI %X
P 2 TR B2 R S Wt NADB 25 M) 38 A7 78 TR 24X
WA, XWAFS mdh 393 B
;5 gk (c14612.graph_c0. c17058.graph_cO0)fg
SF 45 M B B T COGS5026 superfamily 5 hk
(c14123.graph c0. c11278.graph cO)AY 454 7 Hr
F B 5% unigene BIAFEAE 2 DR SFEE I, 439
J& hk-1 fll hk-2, FL4% 6 4% unigene fi%) T 25 S
R EATHYORST G548 SN B S AN AETE L A

Table 4 Candidate genes involved in cordyceps acid biosynthesis identified in Samsoniella hepiali

Gene name Ko Number Number Annotation function

Glucokinase (glk) K00845 2 Carbohydrate transport and metabolism glucokinase
activity. A group of enzymes found in invertebrates and
microorganisms that are highly specific for glucose.

Hexokinase (hk) K00844 2 Carbohydrate transport and metabolism hexokinase activity.
D-glucose, D-mannose, D-fructose, sorbitol, and
D-glucosamine can act as acceptors; ITP and dATP can act
as donors. The liver isoenzyme has sometimes been called
glucokinase.

Glucose-6-phosphate KO01810 1 Carbohydrate transport and metabolism

isomerase (gpi) glucose-6-phosphate isomerase activity

Alpha-galactosidase (gla) K07407 1 Carbohydrate transport and metabolism
alpha-galactosidase activity

Mannose-6-phosphate K01809 1 Carbohydrate transport and metabolism

isomerase (mpi) mannose-6-phosphate isomerase activity

Fructose-1,6-bisphosphatase ~ K03841 1 Carbohydrate transport and metabolism

(fbp) fructose-1-6-bisphosphatase activity, N-terminal domain

Mannitol-1-phosphate K00009 1 Carbohydrate transport and metabolism

5-dehydrogenase (mtld) mannitol-1-phosphate 5-dehydrogenase activity

Mannitol-1-phosphate (hxpb) K24204 1 Coenzyme transport and metabolism. Energy production and
conversion oxidoreductase activity

Mannitol dehydrogenase K00045 3 Enoyl-(acyl carrier protein) reductase, short chain

(cytochrome)(mdh)

dehydrogenase. KR domain NAD(P)-binding domain
protein oxidoreductase activity
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Figure 5 Prediction of conserved structural domains of key enzyme genes.
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Figure 6 Regulation of SA on the metabolic pathways of cordycepic acid in Samsoniella hepiali. GLK:
glucokinase; HK: hexokinase; GPI: glucose-6-phosphate isomerase; GLA: alpha-galactosidase; MPI:

mannose-6-phosphate isomerase; MTLD:
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5-dehydrogenase; HXPB:
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Figure 8 Validation of DEGs in SA-stressed Samsoniella hepiali. RNA-Seq: transcriptome expression;
qPCR: quantitative real-time PCR expression; *: represents a significant difference, P<0.05; **: represents

an extremely significant difference, P<0.01.
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