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Analysis of the related genes and pathways related to dimorphic
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Abstract: Chinese cordyceps, a parasitic complex formed by the larvae of Hepialidae (Lepidoptera) and the
fungus Ophiocordyceps sinensis, exhibits various therapeutic properties, such as anti-fatigue, anti-aging
effects, and the treatment of pulmonary and renal diseases. Although artificial cultivation techniques for

Chinese cordyceps have been established, the dimorphic transition of O. sinensis, from blastospores to
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hyphae after infecting the host, and ultimately forming mummified insect, remains a major bottleneck that
directly affects the cultivation efficiency and cost. To promote this dimorphic transition, transcriptome
analysis was performed on blastospores treated with exogenous compounds—kanamycin sulfate and
naftifine hydrochloride, resulting in the identification of 2 801 differentially expressed genes (DEGs).
Enrichment analysis revealed that, after three days of kanamycin sulfate treatment, both up- and down-
regulated genes were predominantly associated with carbohydrate metabolism. In contrast, in naftifine
hydrochloride-treated spores over three days, up-regulated genes were mainly enriched in glutathione
metabolism, fatty acid degradation, and peroxisome pathways, while down-regulated genes were
significantly enriched in glycolysis, the tricarboxylic acid (TCA) cycle, fatty acid biosynthesis, ribosome,
and transcription/translation processes. These findings provide novel insights into the molecular
mechanisms of the dimorphic transition in O. sinensis and suggest potential strategies for improving the
efficiency of its artificial cultivation.

Key words: Ophiocordyceps sinensis; dichotypy; kanamycin sulfate; naftifine hydrochloride; transcriptome

A& WU R AR G BE 2 AN AN i, AR
X BB Ophiocordyceps sinensis T 57 P L7 YL ik H
i 1 e Rk B 1R 4y HOTE A R T U B K (Sung
2007; Lo et al., 2013; Tong et al., 2023),
B LT 980 LK 3 000~5 000 m 2 fi] X 35k
(Li etal., 2023). X R FEGYETF . PIHE

16T I B e LA K B g R T AF 2 B AL (Wong
2007; Zhou et al., 2014; Liu et al., 2015;
Liu et al., 2021), AACAEFR E B 2508 2 5 4
KA A ﬁﬁ@ﬁ?@ﬂ%%%%ﬁﬁ@@ﬁ
LI Y 52 B AR R (Yue et al., 2013a; Liet al.,

2016; Baral, 2017; an et al., 2018; Pouliot et al.,
2018),

FIAY, A JUR B A SR AL IE T ™ IR PR A
— 7, A BRI AR B RN B SR A2 ™ PR R
R T —Jri, BEE YRR A IR R A RIRA
A MR R G FNE, ST oK 1 2
2T (Paterson, 2008; Shrestha et al., 2014)., %
BRI A% E E, BRI Z ARk
60 000~75 000 3¢ Jo/Kg (Holliday et al., 2008;
Yue et al., 2013b; & HBESE, 2019). o4 T {RIF
G e 5L Y AR IS IR RIS R AR MBS R, Wl T I R
Z M F BRI K, &R RN THF RN
B G TEE

giﬁﬁkiﬁﬁﬁﬁiﬁﬁﬁﬂﬁi%m
B HOERAMEREREMAT (TR, 4. o
Az ) O i 0 4 ARG (Liv et al., 20195 Liu
2020a); BHJE, ZFAAEFIFARTEHIR ALY
Mo A Ak T G B TR R I R R E S AR

et al.,

et al.,

et al.,

T, PR TR N 22, 4 BB AR T 2255
ARTIPAE” MO AL fe 2 AR R SRR H R

(Meng et al., 2015; Rao et al., 2019; Wu et al.,

2020),

O
xwm

Bl & HO RN TR R R P i SR B B

Fig. 1 Key stages in the artificial cultivation of

Ophiocordyceps sinensts
TE: A, ZMERFENTRAT; B, X RNERREIZF AR
T C, EHIEE; D, WSO AE KA T, Note: A,
Ascospores of O. sinensis; B, Blastospores of O. sinensis; C,
Morphology of the mummified insect; D, Stromata growing from

the head of the mummified insect.

BT T AR 25 7 I B 7 27 e R 5 T 22 L 2
(1) 2 A B Al 1 — 2R 285 I R o L TR PR 7 Ak B B
855 K T2 AR AL A AL . A RIS
W KKK Ustilago maydis. 2 25 2R
Candida albicans ., BRI BE: Saccharomyces cerevisiae
S ik ZAVS HEIE S AL R T A
B JF 8 = (Naseem et al., 2011) . " 1 pH
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(Jﬁrgensen et al., 2001) . {EFE A (Bastidas et al.,
2009; Gao et al., 2022) . IfiLiF LL KRR A
o F IS (Albuquerque et al., 2012; Berrocal
etal., 2012; F RS, 2020), —HIAEHME
R TR R B R MAPK 38 2 (Mitogen—
activated protein kinase pathway) . cAMP-PKA i& 42
(cAMP-protein kinase A pathway) . TOR i& &
(Target of rapamycin) . Riml0l & & . Ca*/
Calcineurin i 12 UL J Tupl 41 5 09 B ) 465 38 [ 55
(Chaves et al., 2016; Su et al., 2018; Gomez—Gil
etal., 2019; EXRIEZE, 2020).

BEIEW, &REERE WA E RS HG
(Gt R ZE AT S5 2228) (Lietal., 20195 Liu
etal., 2020a; Wueral., 2022), ZILAHHZ =
FOCHSE T N T Ul 45 . YRRl . LT A b
i (N-acetylglucosamine) FI[E HUBE {7 #0 2 (20—
hydroxyecdysone) (Liu et al., 2020b); 7AW
B, A Hu T T A T e I 0y R ok 2 ) R
AR W AT R A R S A o e b e 4% A
(Wu et al., 2021) . Meoh, U2 P45 R %
B, IR A — B G L R B % 7E 4 L BT
W22 KB N RN (Lietal., 2020). HAFE
RIS, A T £ T R AR H R B n] e
2 B TR/ N4 B Mk 2l JUR AL (Chai et al.
2024a, 2024b) . T UL, SundF (2024) F|H]
siRNA B/ N R 2R S AL, s
S 2 A L ) PR 22 5 AL, (R RE A A T AL
TS AE SRR AR 1T

REINEACE P 4 2 BB 2R 91 1)
W22 S AE ], — B AR T .
BRI R e — R & B R PR R, ik
PEPESE A A1 T R BHA 30s W LAY 16s rRNA Y A £ 5,
RAFEPETEYE, WM TIEAREGN, &&T
HAMEHET: (Subedi et al., 2018; Poudyal et al.,
2024) . Hor LB ER R AP R 2 )T
PUECTR PR, 520 L A 40 i BE Bl # E (Subedi
etal., 2018), HEMTHEFEILE LT IR. Mk
PR 2578 S5 J — il PR 5 FH B0 0 TN B 28 P FU AT 245
A AR ) LT A A S AR A O R B A
0 B AR, DA I A i S 5 A K I g
(Gupta et al., 2008),

ST A R b Bos, RS T BRR KK
TR GEHMRBEE YR F RS L AR

T 1) B 2 BRI . 70 )RS P R AL 5 )
2 MU R ZF A A T I RIAGBUR B SR A, B R
3 dHURE, R I Y F B AT R SR L
i 1 A& T BRI R P AL S DA TR B9 28 5 3R 0A
FHH, 1T GO T (Gene ontology) . KEGG 43y
(Kyoto encyclopedia of genes and genomes) #1GSEA
7M1 (Gene set enrichment analysis) , 2l 7] ¢ i
£ MR R RS R A S B R I 5 ) 1ol
e, O T SR oA 4 A TR R RS AL
i KR T4 U N T8 BRI L

| HRS

1.1 £HEEFEES

AU R KD 1223 B AR, 4085 F U148 R E
iR A B AR & R fifi ] PMG WK 85 77 52
(£ +T200g, Z2EHE20 g, HEEAM 10 g, R
TEH3 g, WMREE1S5 g, 4EEE B, 20 mg, KU
M5 ¢, 7K1 L) (Liuet al., 2018) T 9~13°C
120 rpm 7K L3537 45 do RRhE g ch 28 4 i 7k
JEIRF 104/ mL Iy, W ZFA i, JF I BERR &R
ZzapEhk (PBS, pH6.2) HE 2K N 1004 /mL
BRI . T 96 1L 41 M 15 57 M 15 1L 43 3l A
80 WL PM AR =5 (L + 7200 g, 22 20
20g. HHHR10g, BER S8 3¢, MIREE1.S5g. 4
AZEB,20mg, K1L), 10 wLZFAEMT (10/mL),
PLR 10 LR AR E: 2R R IR 282 28 . LAk
AW N 100 pL, ZFAAME-FHRE N 107 /mL. B
M2 5 IR 25 25 RN R R 2885 25 I vk 32 43 301 A 20 mM Al
0.2 mM. DL JG B 4l K K& 0.1% — W 3k iR
(Dimethyl sulfoxide, DMSO) ERXFHR, 96 fL4H A
BB T 9~13°CHi 3% 3 d.
1.2 BUERER

e B R R A0 B 2 AR iR 258 5 Ab B 25 AR 1
T3 dJE, I3 A A B ZH F Sk R4 HR EURE 10 wlL,
I A ZE & 1Y Calcofluor White Stain 4% 81 7557 1B
Ao ZJa, W10 pL Y 8 B 1 i BRSO -
PEATBEHG , AB0 B02E A A P B 22 1 B
FAE IR E 3 ER
1.3 RNARI®I &, XEMERMNFE

B AR, i R R R S5 A A2 AE-80°C
KF o M TransZol Up (4304, dbmtpE) $2
B & RNA, LA Nanodrop ND-2000 43 )¢ 6 J& 1F
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(Thermo Scientific, Massachusetts, MA, USA) .
BENS A EE S LUK . Qubit 2.0 F1 Agilent 2100 4= 443
Hri¥ (Agilent, Santa Clara, CA, USA) 435l
P RNA R EE . sl BRI . RINMER T 719
FEARN TIRESCFEME ., AR 121> cDNA
SCPE, RIXTRRTCTR M4tk Ab B3 d (W3) . B+
M ZEAAFE3d (K3) LAKERMRZEE VA3 3 d
(N3) M HXFHE0.1% DMSO 433 d (D3) A& H
B BLE cDNA U . BRI E 3N E A,
FA Y EE AT 144 BRI R 57 A0 & R R
SEREAS (96 FLARFRAEFL R —AFEA) o SO Y 2

1B 3 1 Qubit 2.0, Agilent 2100 A= #) 43 #1 4L
(Agilent, Santa Clara, CA, USA) #1 ABI
StepOnePlus Real-Time PCR &%t (ABI, Waltham,

MA, USA) E#4743#r. FH] llumina NovaSeq
60005 (Illumina, San Diego, CA, USA) #f7
SCIEM
1.4 B 4E B R E KA

fifi ] fastp X N ML 1 raw read HEAT BT, 108
0 B 40HE (Chen, 2023) . BfiJ5 . ] Hisat2
(v.2.0.6) (Kimet al., 2015) i385 (1 clean read
FoXT 34 duUd RO BRI 20 (Re R B ) o 425,
i H StringTie (v.1.0.4) #5584 (Pertea et al.,
2015), Jfid i Cufflinks (v.2.2.1) T30 ¥ 16 (19 8
LZ 5 N (Trapnell etal., 2012), &), FrAHK
TS AR ES T FH BlastX (E-value < 1x107°) , 4t %
NCBI HE 9T 4% & 11 i 30 4% & (Non-redundant
proteins, NR) I H 7588 E  (Swiss—prot)
PEATTERE
1.5 BEEFREDT

i H RSEM (RNA-seq by expectation—
maximization) 1R NAEAS p BIr A 3k PR Y 2 55
(Li et al., 2011), %5 %] read count, [d] i i
FPKM (Fragments per kilobase per million base) 77
TERIE &R P B 15 Bk R B s AR 7 91 K
FE B9 22 o DA read counts 7E A i A, ] edgeR
(Robinson et al., 2010) #1473 2% 5 33K 7 #r 3
A . F) H Benjamini % (1995) ) J7 k87 1E P1E,
DAR 5 25 R P R BH PR BER (False discovery rate,
FDR), 3% 22 5 F A 5 P A B 156 B0 {4 Log, (Fold
change) > 1 HIFDR < 0.05,
1.6 ZREREEST

A W58 Kk H GOatools  (https://github. com/

tanghaibao/GOatools) Xf 253 KA FEH (DEGs) #f
FrEERAR (GO) That s %, JHEH KOBAS
(http://kobas.cbi.pku.edu.cn/home.do) X 2= FFE
??KEGGLE%D”’%/%EO AR PR E S A
Pk B (E 3515 5 P < 0.05, B4k, ] GSEA Xt

AT SR EAT D RE & A2 20T . GSEA i A Y S A 4
oK A& HUR R R ITA R B KEGG A GO TERESE I
%, BI{EBE N FDR < 0.05.
1.7 qRT-PCR 3&iiE

{i F qRT-PCR J7 % R B3 RNA-seq 4 /Y A
SEME L ST 3L F NCBI AU & 7 (1 Premier—
Blast  (http://www. nchbi. nlm. nih. gov/tools/primer—
blast/) (1), JFHAETAY TR (B KA
PR 7l A A, ) & 0d H TransScript® Uni All-in—
One First=Strand ¢cDNA Synthesis SuperMix for ¢PCR
(One-Step gDNA Removal) (44, PFEILE).
X SELH IR FERY 1 g RNA JH T R 54 18 e DNA
qRT-PCR&%% 20 pL WA R B 2 wL cDNA (R B
f5H801: 5) . 10 wL 2 X PerfectStart® Green qPCR
SuperMix (4304, PEILE) . 0.4 ul (0.2 mM)
LRSI 7.2 pL IR AK A S, T qPCR
N o AR DA Actin FERVE N2, 7E StrataGene
Mx3000P qPCR % 4t (Agilent, Santa Clara, CA,
USA) BHEFT AT OB KRB PR S50 0E Sl 94°C
FFEE30 s BT IRAEE s Bl A IS 40 MGFFAY 94°CHE
255, 60CRFE15 s M T2CREE 10 s P 1Y . 4R
J& . B 55°C~95°CHYJ fik il 2 70 M i H T B A1 I
BE, DA DR 3G 7 ) 1) — Bt ke ek o f 2R
B 3 EY R HE, B E R AR 3K
BORESL, JRAH 224 7 B SR X Rk K- .
FERIFAHTH, RNA-seq FIRFEUEALE Log, (Fold
change), qRT-PCR 5407 /Z-AACt (Livak et
al., 2001).
1.8 #iEH T

K4 53 B KA IBMSPSS Statisties (v.27.0)
ARG IR N 2R T7 22508 (ANOVA), JIf:
254 Tukey's ZH WA BT 0] 22 55000 4
€ >k H GraphPad Prism (v.10.4) # {4 . Adobe
(v.2024) LA KEY B8 2 KF B
GDP: https://biogdp.com; W15 = FH: :hitp//
ChiPlot [_] vl . https://

Ilustrator

www. bioinformatics. com. e¢n/;

www.chiplot.online/,
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Table 1 qRT-PCR primer

B ARiBIE7 2] R 2l
Gene Sequence of sense primer (5'—3') Sequence of anti-sense primer (5'—3")
Actin ACGATTGGCAACGAGCGGTTC TCATGGACGAAGGAGCGAGACC
NOGI CTCGAAAACCCCGAGTGGAA TTCACTGCTTTGCGGGGTAT
tif211 GCCGAAAAGACACAAACCCC AGTGAGGCGCTTGCTTATGT
mnhl TTTGACTTCAGGGTCGTGGG AGAGACCCTATCTTGGCCGT
aac TCGTCGATGTCTACCGCAAG ACCAACCGAGAGCGAATGAG
rpl8 AGTACGGCCTCAATCACGTC CGACAGCTCGTTCTTGTCCT
rps602 AGGATGACGATGTCCGCAAG GATCTGGGCGTACTCGTTGG
gedE TCAACAGATATGCGCCGGAA CCACTTTTGGACGTGAGGGA
dixS4 CCGCTTTGGCTTTGAAGGTC GCTTGTCGGGCCTCATTTTG
cpaH ACATCCCGGAAAGATGGCTG GGCCAACTCGAAATCGAAGC
HGTI CGAGCTGTACCCCTTACGTC TCCGTCTCCTCGAGTGTCTT
PMP47B AACTCTTCGCAACCTCGGTC GCAGTCAGGACGCTTTGAGT
MDRS CGGGGCTTTGGGAAAATTGG TCCACCGTCTGAAAGGCTTC
GPIIG6 GCCAAAGAGACGGCAACATC GCGGTCGTAGAGGTTGTGAA
PXAI TCTTTACCACGAGCCGCAAT ATCCGCTCGAATTCCCATCC
TUBI CGACCTCACCTTTCAGTGCT GCCACGGGCTTCTGATAGTT
ISUI GCACCATTACCGACGCAAAG CGTCTTCGGCGAGCATAGAG
BEA3 TACATATCCCACTCGCACGC GAAAGGTGGCTCCGGTACTC
MALII GCTTGTCAGTGAGCTGTCCT CGTCTGTCGTGGCAAACTTC
mpfs1 GCGTCTTCCTCTACTGCTCC GTGCCGTTGTTTGGAGGTTC

SPBC3BS.04¢ AGTTCCATACTCCGCTTGGC ACAAGAAGGGGATGAGCAGC
spnd GAAGTTGCGGTCCATCCTCA CTCGATCTTGACCTGCTCGG
SU2 GCTGGACCCTAAAGGACACC ACCAAAGCCCTTGACGAACT
nif2 TCGGAGTCTCAAGCATCGTG CGAGTTGAAAGGCTTGCGTG
pri—1 GTCTCCTTTTTCTGCCCGGA TCTCAGCCTCCAGCTTTTCG
TUBI CTTCCCCCTGGTTGCCTATG GTAGCAGATGCCGAGCTTGA

2 BEREHH

2.1 HEWMEHRE

=¥ ol i B 3 D A )

Calcofluor White Stain 4% {4 ¥ fEWS 5 4 U K
PR 20 B BE R i LT B R A R S R4S S (Marines
et al., 1987; Liuet al., 2019), 7% Wi
T RIS OO0, MR INE R KRR R MR

MR 255 5 Ab B 3 d Je, AT Gk 3 (k& B R
KD1223 A F B T 2275 4k% (K 2), LER
47K 5 0.19% DMSO X HE 41 2 [8] & L5 3 dg 35 Pk 22
o SR, AES BN GRER R IR A 2R AR R 28R
YA EE3 dfE, SXTREA (JCE R 4l K A 0.1%
DMSO) AHEL, 4 HUE R KD1223 28 A4 519 il
PR 223425 e R T 5.82% F122.42%
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Fig. 2 Effect of exogenous addition of kanamycin sulfate and

naftifine hydrochloride on the dimorphic transition of
blastospores in Ophiocordyceps sinensts

TE: KR PR E AR D, N FREROR 2% b PR E]
TE0.05 K E2E5m 3. A, B RIREGRMERMEE Y
LIRS RO IR & RO 2F AT 3 d (F = 260.746,
P <0.001, Tukey'sZ ) ; B, RIMEFR3 dAME
T2 2B 6T 7E 400X K BROR S s W, JERBAiK; K,
MR RABE R D, 0.1% DMSO; N, #hMRZE#% 5. Note:
The data were presented as the mean = standard error.
Lowercase letters indicated significant differences among
treatments at 0.05 level. A, In vitro cultivation of O. sinensis
blastospores for 3 days with exogenous addition of kanamycin
sulfate and naftifine hydrochloride and their controls (F =
260.746, P < 0.001, Tukey’s multiple comparisons); B, The
microscopic images of O. sinensis blastospores cultured in vitro
for 3 days at 400X magnification; W, sterile ultrapure water; K,
kanamyecin sulfate; D, 0.1% DMSO; N, naftifine hydrochloride.

22 NFREER

T 8/R W3, K3, D3N3 PUA~ b F2H 27 6]
(1) 53 F 4 I 46 R AIE %m%‘imﬁﬁﬁﬁ%
BEAR G SEARDEAT TIREEM Y o A FEAR I35 A5 2
Tm9wmﬁﬁﬁﬁ(mwmw,$ﬁﬂﬁﬁﬁﬁ

"= 24 6.49 Gb [ reads 8 1 XF J5 46 5 ) Jo 2 4% il
AR L uE, 2 BR4E L P 3 poly-N ¥ 41 (N [
LU L 38 read 19 50% ) , 4252 A B8 JE A9 )7 51 ALK
B 74 (Q <20), 12PN clean data ff B %
Byt 95.67% . HAREAE B g 0l A, S FEA
Q20 il K T 96.77%, Q30 il K T 90.82%, ik
W7 S sk i A 5, S8 A i 2 S 2L oA E oK
H clean data lEXT RN B WS HERNAG, %
FEAR B HE XF R (mapping rate) #4735 £ 95.65% L)
b, KIS read BIRE L X B S I A, &
Btk R (£2).

2.3 BHABEMERD S

h T VEARFEAS [B] () AR SRR, AL
il 7T RIBEREARE (K 3-A) FMFERS 55
#i (Principal component analysis, PCA) & ([ 3-
B). iR WIR, AN R, iR 2
SR amTHANES, WHANEAEEER
I, W34S DI Z R A AH e R, X T RE 2
TP 34 R 28 O IR TS0 (W3 SRy TG 1 8 27K X
M, D34 0.1% DMSO X)) . e, W34 5 K3
P AEFRFHIE BRI AR, 1 N3 L0 E 42 )5
FAB W ey, 5 H A b B A A AR W 25
S, XS ZE LN 5 2L 1) 25 S HE DR e R AL T S
YA S HE -

24 ERRIFERRTEIE

K DESeq2 777 % D3 vs. N3 #1 W3 vs. K3 %
AR P IR AT T 25 AR N A, U AR o R
ILog,(Fold change)l = 1 H. FDR < 0.05, £ W3 vs. K3
Fhidrh, it ) 22 2R 56N 2814, FHorb -
PR 1414, FIEEP 1404 76 D3 vs. N3 [L4%
PR I 22 R IRFEIN 1 658, Hirh L ESEH
12114, FIAHRF 4474 (K3-C).

i 3 Venn 43 BT Eb 38 W0 41 25 57 0k R ) &
(K3-D). #5RE/R, 7E W3 vs. K3FID3 vs. N3 1
[ R SR LA 524, [RIB IR Y 56 R A A
290, WA, TERX P LB & A AE A
A 3L 604>, H7E W3 vs. K3 1 T JH{H7E D3
vs. N3 FIE AL A 4345 TM7E W3 vs. K3 |
WHTE D3 vs. N3 iR Ik 2 A8 AL 5% I % 2 R A
174> HE—0HrR, W3 vs. K35EA 1 LA
TRIER A 721684, T D3 vs. N3 KA 1Y
VEFN PR 2 B 1 116 F1401 4,
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Table 2 Sample sequencing data and quality control
0 JtR kst (bp) THEiEEdE (bp) SR (%)
" " P i P Q20 (%) Q30 (%) cC (%) e
Sample Raw data Clean data Total mapped
W3-1 6899411100 6647783806 97.66 93.46 59.42 96.71
W3-2 5448549900 5264242972 97.41 92.64 59.38 96.74
W3-3 5945236500 5753143983 97.65 93.26 59.29 97.37
K3-1 7011258900 6777009031 97.48 92.88 59.37 96.67
K3-2 7252174800 7021591885 97.31 92.36 59.48 96.38
K3-3 6110327100 5964741790 97.28 92.39 59.58 96.32
D3-1 6188709000 5949336292 97.19 92.03 59.60 96.25
D3-2 6935377500 6635222778 96.77 90.82 59.42 96.21
D3-3 6336470700 6104488213 97.36 92.62 59.31 96.52
N3-1 6892437900 6617025845 97.18 92.06 59.80 96.15
N3-2 6247002000 6060124055 97.50 93.02 59.66 96.12
N3-3 6627391200 6346671735 97.39 92.80 59.31 95.65
A JRHEMAX R PPC B P
D3-1 ol — eD3
D3-2 -0.8 w3
D3-3 -0.6 *K3
o PV N3
W32 02 F
Wis = 5000
K3-1 = 5
K32 § = 2500
K33 1
N3-1 -
N3-2 3 ~10000 5000 0 5000 10000
N33 o
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Fig. 3 Overall expression pattern and DEGs in samples treated with kanamycin sulfate or naftifine hydrochloride
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BeEgeit; D, WA A LR SEEE A Venn 8. Note: A, Heat map depicting the Pearson correlation coefficient among replicate

samples of O. sinensis treated with different compounds. The color spectrum rangeed from cyan through white to red, representing the

Pearson correlation coefficient from 0.62 to 1. Higher values indicated stronger correlations; B, Principal component analysis (PCA) of

the transcriptome samples from O. sinensis s treated with different compounds; C, Quantification of DEGs in two comparison groups;

D, Venn diagrams illustrating the overlap of up-regulated and down-regulated genes between two comparison groups.
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Fig. 4 GO enrichment analysis of DEGs in Ophiocordyceps sinensis following in vitro treatment with kanamycin sulfate or
naftifine hydrochloride
A, W3vs K3 (RRUKSGHIRR RIS R 0 AL A RT3 d) 225 5N GO B JHT: B, D3 vs. N3 (0.1% DMSO 5
R ZER IS AL BRAC U TR 3 d) 2252 GO w4431 Note: A, GO enrichment analysis of DEGs in O. sinensis from W3
vs. K3 (day 3 after treatment of blastospores with sterile water and kanamycin sulfate, respectively); B, GO enrichment analysis of

DEGs in O. sinensis from D3 vs. N3 (day 3 after treatment of blastospores with 0.1% DMSO and naftifine hydrochloride, respectively).
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Fig. 5 KEGG enrichment analysis of DEGs in Ophiocordyceps sinensis in vitro treatment with kanamycin sulfate or naftifine hydrochloride
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M1 o Note: A, KEGG pathways enrichment analysis of DEGs in the W3 vs. K3 group; B, KEGG pathways enrichment analysis of

DEGs in the D3 vs. N3 group.
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Fig. 6 GSEA enrichment analysis of DEGs in Ophiocordyceps sinensis following in vitro treatment with kanamycin sulfate and
naftifine hydrochloride
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Fig. 7 Glutathione metabolic pathway in Ophiocordyceps sinensts blastospores under the treatments of naftifine hydrochloride
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Ay 3 R 2 3K K KB B o Note: A, Diagram of the glutathione metabolism pathway; B, Heatmap of genes related to glutathione

metabolism. The color gradient from blue through white to red represented normalized gene expression level varies from low to high.
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Fig. 8 Effects of naftifine hydrochloride on carbohydrate, lipid, and energy metabolisms in the in vitro-culture
Ophiocordyceps sinensis blastospore
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sitl (Log,FC = —2.36) il B iz £ i i i pho—4
(Log,FC = —1.95) JEDH W 3 T 0, 1 k4 - % iz
ATP i ATP12A (Log,FC = 4.54) . =M/ 5 1
W S R ZH 73 2 FRE2 (Log,FC = 4.46) LA K MFS
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Fig. 9 Expression of key genes in the dimorphic transition of Ophiocordyceps sinensis
TE: ZEEE RS (2020) FREBNGRAE (2016) 5T ASR b il g% KRR Al BT TS S35 . IR R SR F0R
KM AR EPOREERIREEN , B OERFRS MR PR RN ARTRIZEENEXT AR B R, VIR
THZRIE; e W3 vs. K3 LSS, 206 10E D3 vs. N3 [ L 45 . Note: The figure was modified and synthesized
based on pathways from the research results of Wang et al. (2020) and Pan et al. (2016). Gray indicated genes that were not identified in
0. sinensis, while blue indicated genes identified. The upward triangle ( A) represented up-regulated expression, and the downward

triangle (V) represented down-regulated expression. Green upward/downward triangles represented the differentially expressed genes

from W3 vs. K3 comparison, while red triangles correspond to the D3 vs. N3 comparison.

2.12 qRT-PCR 3&1iF

AT B0 UE RNA-seq 45 5 14 2158 M AT 5@ 4
TERIBZE R D EMIDEE E4 R, BEVLERE
T 265NN . e . GSH. 4i i A= 3
SRR PUEAL RN R s R A A DG R B R R A
qRT-PCR $3iiE . qRT-PCR (455 RNA-seq 25 3% 2
T, MEZRECH0.9238 (D3 vs. N3) F10.6589
(W3vs. K3) (E10), WEB TR SRAZE R IERE .

3 SipSitie

iR R R, &R B R RN A T8
HFREX DL (Lietal, 2016; &5 H B,

2019; Liueral., 2020a). #R1f0, & HE AT H
BRMKEK, MERY T HERE S, REEER
T4 R R R E T -2 RCR . AR
FEIE AL AMNE I INBR IR R AR R R RS oA T
AT, FIH RNA-seq 40 BT & B BT 28 4R 70
TP 22 5 Al B e 1 5 PR R I O B R G s
k1] BH 3 — B AR 1) 20 T HIL I SR AR S AR B

B e 2E AR 4 U RIS R AR B2
Mo W% (2024) BFREN, &R ERHE
FE 7T 3 00 P93 3 b 20 R AR DGR L K
firp TR B 1 A, T R 4 A O 4 5 A1k
N KB AREE T, DI IE N AF BB, #E—25E
K, Hed§ (2024) 7 T 4 HUE FIE1EK 53 Wy
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Fig. 10 Validation of RNA-seq results by qRT-PCR
W A, qRT-PCRE5FA RNA-seq B4R 10 HLEe, itk A 255 %55 3% LY Re = 420 B o4 GSH 2L H4E; B, qRT-
PCR I RNA-seq B ARSI 4T . I B A ARy RNA-seq B8 . A AB AR qRT-PCREGARL . 1 (4 Y AL B 7331 3%
W3 vs. K3 F1 D3 vs. N3, Note: A, Comparison between qRT-PCR results and RNA-seq data. The selected genes originated from the

pathways featuring the most significant differential expression and functional enrichment or the GSH gene set; B, Correlation analysis of

qRT-PCR and RNA-seq data. The abscissa represented RNA-seq data, and the ordinate indicated the qRT-PCR result. The blue circles

and red circles respectively stood for W3 vs. K3 and D3 vs. N3 respectively.
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AR AT BERY 5k AR M2 E R PR RE T . it
Sh, TEdER (2024) KBECIHE 2 A,

GRMEA, B ITALI MRS . BRikmE,
Ak HRT REE o A 4 s R AU L A e IR
GBUE R IR 7] 2N AW S A o (T B G e L
SESR PRI, 4578 T A IR R TR RGN Y
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I3 AL

SR, H AT T AMEAL & W anfr g ik 4 i
R ARV E AR ) PRI R B A BR . N IR
ARV — b #, ASHIE 58 R 0 2 08 8 R R
MR ZSR 5 AL B A iU B 2R AR A1 3 d, I
TP s o br . S5 R R, ERR R IRE R A
Ja W ZEA T, BN IS R Tk A
A MR ITA S N AT, b
P 2 T A DR IKOK A DGR AR L IR
1R o f AR A L D B AR A i 1 . X B2 R
5 ERFSEA R W) G, 26 W] 5K S0 FE A OCHE A 1Y
R ERIR AT RERG iR T A B R B B A A T e
1, DARLXAMEAC A PR 5 | K AR R T . (E1%
HERE, BRERITAE)E, TN
LT HERERIRTE . TCATEIS . NRWTR G A . bk
(NP 3 LU T S i v < I N 0
M, A i R 2 AR 96 A RE E O R AR
S IR R AT, IR AR R R A 4 S ik U
FH T 20 Jf0RE S 25 00 1 & BRI 98, DL 1 AP R Ak
G TR A IR AR AL, DT NP 2 96 ) 7 22 1
ek

BT SR A as R, iR RIE: = ML IR
B FTIRAN 3 05 & M E SR ZF A il 13 d,
EERH T FEEREES . MR RIRER FE
SEREACS A 2 R AR, WA . AR
P LA S VERS . REME RSB0 . A% IR AR
AR R IR AT RE N T 2 Ak iRt T —E 1Y g
WSy IR, HERLRE . SR CH g AT,
L KO P figt o 5 0T 8 DU R e 4 ol 1 R o0 A A
Filg BTG . ik, 7TEAMEZEAMT3d, GRF
NP8 25 AT R A 4 TH TS T 22 e A T s 1) 2 AR
W MLILZTT, ERRRZSE SR )T R R i
. GSH. TCATE . i E Wl he s S ik
HIE A RS2SR, BERE T HFAMFIR
WPIRAS, MM A R e i T Ak, b SA Ak
FiEE AR T i J5T 53 i RN BE A8 A0 B 0 v e 4 36 O SR
(Lodhi et al., 2014; He et al., 2021). it GSEA
30T, ERER ZER ISR ik Sk ) A ) e 1Y) I 20K
EHOAN RS E M EZ N R, AIRE W 24
HALPRHE A R M RE R S R ) .

SR R 8 B 5 4052 B 2 P R ST A5 5
B HRS E R 45, Ho Ras—cAMP/PKA {5 538 5% Al
MAPK 5538 B 7E EAZAE D s BEORST, TE SR

T R TSR P B 1) T 25 J e S f e A A rh R 4 G B
fEM GRERIIRSSE, 20165 RS, 2020). Ras—
cAMP/PKA {55 38 fi#% 18 1o I 2 240 L P4 ¢ AMP /K P~ il
PKA G YE, 5200 B 22 A (R 2556 46 5 T Ste 11~
Hst7-Cek1/Cek2 41 5 ) MAPK {5 538 % AS A AE i
9 P B v A 5SS O A TR 22 4 K, A R R
Z 5N ME G S B 4% (Roberts et al. ,
1994; Kohler et al., 1996; Leberer et al., 1996;
Chenet al., 2002; Magee et al., 2002; Bennett et al.,
2005; Hogan et al., 2009; Ramirez—Zavala et al.,
2013; Liang et al., 2020). ItAF, Rim101 4519
pH RN AR 38 o e W PR pH AE AL, ARG s AT
Rim101 (354, TR 228 K . Rim 101 {975
PEARHS T Rim8 . Rim13 Fl Rim20 % Ty 4, H
TEORPE 1 TR R 3K (Davis et al., 2000a,
2000b; El Barkani et al., 2000; Li et al., 2004;
Kullas et al., 2004; Du et al., 2016; Shimasawa
etal., 2023). Riml01 3D I3 E .25 40 1 1 22 4=
K, #E— 2B R W20 B AR S e e b i B A
SR, TERR RIRE R MEBM BRI BF T, &
Mo BT A A G PR A 5 I I R e B 3 R A
2 B TR ] REIIAT — 20U A A R 2 R
il HIE R

AN, Tpk2. Mep2. Rasl Fl Cyrl 5 F:IH 5
22 REUIMG . TERRMRERITET, Tpk2
14 5. 3 F 98 ] BR3E i 1Y 9% Ras1-c AMP/PKA 15453l
HEHTEE, AEHEEZIE R (Yu et al., 2022) . [d]
I, Mep2 1) Wil 25 T VR ] A8 1) 555 HORT kB2 1) JR R
A 368 7, DT AR X T 22 AE K Y A #E R T
(Boeckstaens et al., 2007; Brito et al., 2020)., It
A, HF Rasl F1 Cyrl W R T3, HEN A
B Z B TEERMRZS ST VR R R mT RS cAMP/
PKAfE S AERHZ4E K (Piispanen et al.,
2011; Ngetal., 2023),

HL A & B AU 5 28 o R AL AR B G T
PES (ROS) /KF-8h&s) (Wanget al., 2020).
P ALRE 0 T BH 2 A A Kk & L
REEL, MPUE AL/ NRF GSH AT A RACHh i B M A
MBLZ M ROS, AR AR, KEHMRERL A
PR A R R AR AT 3 d, GSHARIHE A% O
LA 50 W O AR . A AFSEERWT, GST i1k
GSH HIZEHLAL AW (RX) @i fidk (-SH) 454
"B R-S-GSH, X MUK # MUY (R-S-GSH)
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AEAROBHE 410 (Wang et al., 2009; Cui et al.,
2020; Wang et al., 2021), #4 Ji B B fif 2 ) 8 22
oy ¥R, AR RN, EARERERE T, &
MRZE P AL B 3 LR T GST, GGTHIDUGI 3 A
PhIE] B ik, AT AR T = R AL 5 AL R
AEBTAH o X b Z2 40 R BT S R 28 R s L Bln] fi
RN PR TR 22 A4 KRS TR AW F IS (Sedlak
et al., 2019; Asanumaet al., 2021),

LG A (Acetyl-CoA) 2 MOARIEHRAZ L
tlE Y, BAAZEAER] . Hok R 32 S A4 Y
WAk, BERRERMACHE, DLER IR B g-4A 1L
(Reed, 2001; Chew et al., 2019; Dikalov et al.,
2024) . GSEAZRE R, TEEERZEIFIERIT ,
TR TEERE RS Th B E R, A FNERR
by SR A N ERRR N A8 (PDH) B&E T
P W, JeTRR B-E AL K Z W £ BES T A 73
it o ST A S R A BEEE AL I (fadA)
HURE SR ER e b O L IR A 1 £ ISERH G A 55 R
(ACS) & B, WHITERRIR AR SFIfERIT,
AU R () S TR TG A 5B fh TR U R R R 7R
Fe Ak, miJfdE ok B OBEZE (Behal et al., 2002;
Campbell et al., 2003; Kaplon et al., 2013) . It
A, TRBERTETCATESR P B EEE, = R#E
g HL[A €S IDH3 R OGDH ¥ FiZRis, $il] TCA
PEPR A H A 52 B0, STEHEE A 7E A TCA
MR, AR A e B T RE B S T B R A
18 % 42 (Armstrong et al., 2014; Choi et al.,
2021; Nishii et al., 2023; Ivanov et al., 2024) .,
[ EF, G 05 R G i i) B 2 T < Tt il A 2R 1L il
(ACC), VLR LA A ¥4k £ ACP B9 iR
iR il (FAS) YR58, UlBANRIImR & Ik
%A B, SRAEEE A TRV M AR DR A
M2 2 5 H A A% 2 (Baud et al., 2003;
Giinenc et al., 2022). SFFr&EBRZMAEF (ICL1) FE
% fi b S AT R R 240 L S TR PN SR AR, ICL1 &
R 2 LR AN IDH3 1 3 T, IR v a4
SAPEIR A REiE A CRERR AT IR AR . [FII, i
b SRR Ak Ay H 2R i TN 2 R — £ T TR e 2 it
(AGXT) PR 2 b, e fb H 2 R R ik 2 A
B N 22 @ R ) T @ R W AR RS (GLYA)
FHZAMRBAR (GLDC) W2 N, mxH 2
M2 K7 ml BB AE 40 L N A7 BT B JF (Gould et al.,
2006; Pey et al., 2013; De Benedetti et al., 2014;

Chen et al., 2023)., A UL, SEAPEERR A g i #4548
JH R B BEIIR , N TCA JGEm g B &K 1
FEOLIEIAMR . TCAPRFRHT P34 iy 4 il 52 NADH
AU R R, IXAT BRI o AR 1K Bl 1 4E AL
BERR AL AL A, HEMS2m ATP 42 1. SR, BEIA
FRAATE A 5 BB (sueD) BRI (SDH1)
2 FRFRIE, W TR AL B I A B A S AR
B FOTR 1 2ok e vl o S A Wl R A T 4 R I AT,
M5 7 WAE e v BE R AR (S A i R 24 A A BE 311
WEAH A A FAb) BSOS, fEARTEFAmR 5 fb o 4E
R IF B FADH,, #F AR A1k 1K) & ik
W2 AL 4= B ATP (Cao et al., 2023; Pfister et al.,
2023),

XFNiHL, fEARBEIR LT, EAIR X
I (40 Ndufsl, Ndufs2, Ndufs3, Ndufs5 Fl
Ndufs855) K/ B TS, mEARnn 4
BRELN (W SDHA, SDHB, SDHC MISDHD%:), LA
KA AR Cyeb SR 2 B0 e, X 5%
A TR 25 R 25 A B ) 4% | S T T R R L
FADH, i 3 & 4 LI 1L, 1] A & NADH jifi it 58
A K1 IR B & AL Bk R 1k 2k B ATP (Zhao et al.,
2019; Nolfi-Donegan et al., 2020). ] 0., A%t
PR 114 2 5 8 4% 1T BB S 7R 76 7 7E SR IR 28 B 2R 1 1E
T, AR b a7 P R AR A By R A T R
Be . TCA &P A RT3 20 32 B4, e T /5
A TG . TCA R 2 1358 43 i AR v i)
Yran £ T T A 05 A7 5 IR 55 T RE B 43 Tt 3 At
R ERE, a0 1 R+ A 4 728 sl H At v AE AR
AL, TR A G T TCA
PEIATT 3853 1 NADH B> (B AR IR TR
FEUY ATP A R REAR, U B TCA D& 2R 5 21 4843
PR A A FADH, 3K 8l (52 A1 1L AT T A50R 1
) A Ak B TR AL B AR ok b 2 (Zhao et al.,
2019; Nolfi-Donegan et al., 2020). %i [ prik, £
WM E RN TR 25 SR A H s, A A #E TCA 7
W MR AR . 2T R R AR RN AR Ab 1R A A
IR A SN R R RE AR OB A0, XK
REREUS o (R R S RE R A UL, W R TR SR
ARFIPRH A KRB LT R, SCRB R o £ T A
I AR B — S Al 2 B A TR I 2 o

EARMERE R RN SR,
TR A 11 B AR 4 i ) 2 240 3 v e L T R %%
EHHH Y Z— (Jia e al., 2024; Martin-
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Villanueva et al., 2024). GSEA %58 B/~ , TEELE
ZRMERT, TREREL RN T EEHE T
A2 AR 1A 35 A0 R B 26 ol R A DG I PR A b I 4
B RARAHSC I T IR L 1144 (R i b
1AEEH), U4k CRP-6, CRP-7. CRP-15. CRP-28,
CRP-46. CRP-63. CRP-74. EIF2B3. EIF3H.
TIF-1, TIF211, TIF212, TIF32, TIF-34 fil NIP-1
G BB RMC TR RS 1224, s
RPL-11. RPL-12. RPL-13. RPL-15. RPL-17.
RPSIIA. RPSI2. RPSI3. RPS-14. RPSI5.
RPS16 M RPS—17 %5 o X PP LG T BE S e 1 4
HLAE A6 1) P 22 B A AR ik R v, S R A 2R Y
T 25 RN 131 B 4 75 ST R BB A S G L SR s
il By BEAR B HAG § S MEERAE, 4UAE N 6647 T
SEREIAZA AR mRNA , 6l 590046 85 & S4BT
W T o0 . R R R, XSS T
AT DL i AR R A SRR AR i, T A RE
4. AR R KA E A K AR B, R, U
HRERER A R AR, BT T RERE,
Sk 40 43 T B VR DL R B S AR AR L T A 1
X — BRI AL AL AL T fi 2 76 B I P AR AL
UG G AR EZRM . b nl W, Mk
S5 K RN R R AR OC L Z B, A5 A iR
TCA TG, g Wi B AR AN £ 1 A R AR 45 i 2 Y
P, UL IAE 28 A AT ) R 22 A R P R R
PR 2 B — PR I A BORA, Wb
REAE MBI FELL TR, Ry B 25 74 b R 400 i 338 o 2 44
HE5E R R M EE 4y 7 S RE . Xt BT A2
00 ) B 22 0 265 T 70 o A vl o Ny IR 5 e ) 2
B

AW GRS T 4 B R LR B R R I R A
TR ZE SR AT LR R B . LT R E
RNA-seq fil qRT-PCREE R, R RGE AT HIFI L&
Wy AE A 1 4 A R 2 AR A A O T 22 R R
(VR AL 4 0 T 1 R0 SO RE . FER R R IR EE
FACFHZE AT 3 d A B R R SRR A T RROK
RGP ERRR S A B 2R A 3 d i
FEH T2 s T M H Mm% . IR R i AN ad
ALY BRGNS N AR TR
TCATEIN . HeWilR G . AZWE R R 53 B 5% 55 A1
Kt . WEREE SRR T AMNEAL & Y7 1 4
5RO RV HE A L B O o ML SR PR T A
RN TR B R R U
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