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Abstract: Cordyceps javanica, a broad-spectrum insecticidal fungus, is extensively utilized to
counteract agricultural and forest pests. Effectors are crucial in the interactions between
entomopathogenic fungi and their host insects. Candidate effectors were predicted and analyzed
from 11142 proteins in the whole genome of C. javanica using bioinformatics software, including
SignalP v5.0, TMHMM v2.0, TargetP v2.0, and Protcomp v9.0. A total of 611 protein sequences
were localized in the cytoplasm. Subsequent screening unveiled 348 sequences with a high
cysteine content and 117 proteins featuring repeated sequences. A total of 57 protein sequences
were compared with the pathogen-host interaction (PHI) database and identified. Protein
sequences of less than 300 amino acids were selected, and among these, 10 candidate effectors
were identified. Finally, four proteins were selected as putative effectors from C. javanica based
on mutant phenotypes. The expression patterns of genes encoding secreted proteins (the cell wall
protein TQW04886 and the hydrophobic proteinTQW02068) during the transition from vegetative
to reproductive growth were investigated by quantitative real-time PCR. The results showed that
these two genes were highly expressed in C. javanica during the sporulation stage. This study lays
the foundation for a better understanding of the role of effectors in the interaction between the
pathogen C. javanica and its host, and provides reference for the prediction and analysis of
effectors in other entomopathogenic fungi.
Key words: Cordyceps javanica; genome; candidate effectors; prediction
JNIE B Cordyceps javanica 5255 J& T A @I —Fh EZ A BT B . Z BRI

BN A2 B A, BeE A AE ZPRIRE BL (Avery eral., 2021; Wanget al., 2023;
TS, 2024) o % T AL AF 1] Hp 835 dUE 35 T A MURR A 3, TCReE HR R T e
THEEPG, HOAR MR EE R S5 R, 2021) o (HIXEER SR R RBOR A 52 23885
PRI ZR A2 B AE ST 52, 3 BUAE S Bn IS PP A7 LI AN 7 AN S FA Tl AL, B 1) 1 A
R . B HOw AR Ry B R — A B R IR A AR A A B B R

(Ortiz-Urquiza and Keyhani, 2013) , IX4%8 5B i 70— RVNE ROV R+, RIS & H
BRI T, RAEHEHAR GBIl o IX RN R Tl o N i R, B 2R AR,
I R LRI 0 R R, U e WA G TR R KR 7 D LB A AE
T A . RSB AR LR B, 5B ER TAR PR o
MISCBERE 3R, MIAESE ) 2 iR L, AR R 5 3 LA BAE ] b4 A (R
k%%, 2006; Jones and Dangl, 2006; HZ=%E, 2011; Ramachandran et al., 2017; #EF 5
%, 2019) .

A JTCHE 285G g, A — i B sk L, F S SRS 7 T4 7 S B L A

P FCN PV R . AR FA AN A T R ST R, R EA R R T MEA, IR
AUUTRAE: (D) BRI (2 FIERRIRIE P I I 7 £ 50~300 PNEKEERR Z 4]

(3) &H N-Iipf5 5 Ikgmis 751, (HEkZ BRI GPL A EM Ry (4 B/ &P IE R

(Jones and Dangl, 2006; Bolton et al., 2008; Stergiopoulos and de Wit, 2009) . H. B %W



R 38 3 A0 ) 49 1) i = e £ 77 0 R DX R SR S A1 432 e, T /A D0 38 T IR0t 7 1) o J
DR R IA KB I 2F F 1Bt (Zhueral., 2023) o KZHUSN N 7165 £ RIS SR,
JEILH Z M (Cheng e al., 2010; O'Connell ef al., 2012; Kleemann et al., 2012) , i,
WEAL BRI Fusarium verticillioides FVEER B Alternaria alternata 7= A2 IR A Can
RO BE RN AAL T3 ARSI TE = 8 IR AC I 51 K 44T (Yamagishi e al., 2006).
IKBEIF W Botrytis cinerea WIF FH FETATAE 1K)/ RNA KPRl 5 481 1 K1) % 3£ (Porquier
etal., 2021) o BLAb, ZFRIGARIREG, WREFUMEREERNG . SRR B R T R A,
CUBE IE 5 K 22 50 o S0 2 o 06 75 1) B 228 ) R (ten Have et al., 1998; Yakoby et al.,
2000; Isshiki er al., 2001; Oeser et al., 2002; Valette-Colle ef al., 2003) o 1T ELE K7 JE
G4 VAR FCRSORE R T AT R B R e 71 14 e FEE AR S P, X 8 70 5 T A M e 1) 2% H
e = 52 [RIE A, SX B N T B A AL, AR A1 o AR AL Th R AR 45 BE I B 4% (Padliya
etal., 2006; Cornell et al., 2007) .

b vt B U PP B AR R A )ME B R R, B AL BRI 7 B AR T, T e L4 TR
SR B AE A 0 B A 7 A RO B R A TR (Lin eral., 2019) o fEABIFLH, K
ATTAR I 2 A1 1 TR e B 4 5 DR 2 5000, i DR R 2 T 43 381 19 11142 AN B T SUAE e
FEXF G0 MRS R 1 HLBURRAE, T8 AR ME B2 T B I e fi i A00RE R - HEAT 1 F0IAN
GIHT o IX IR TAE AN IR N I 368 R Th R 5 12 B8 10 85082 R B gt 7 IR sy e, g EL T Tk
— 35 MR 7R A TR E 5 5 BB 2 R A B R AR AL R R
1 R 5R%

1.1 JTORE oh B 1 2 R 2B 3T SRR
/NSRS () S~ GRS - S | N - S G AN SN 7 N
(https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_006981975.1/) ¥dlirh F#3 11 142 4
R R T A
1.2N-i {5 S AR T

FIH SignalP v5.0 BH TR IEIR(E S REM TN (Petersen et al., 2011) , JEF 2R A T4
Z M4 5% (Artificial neural networks) HEE S A KA (Hidden markov models) FHillI45 &
SR T 5 o S AEAS S KBTI s R AFTE R AL B, JAFTINE AW CfH. SHH. Y
fH. mean S R D, Hrb D EFLLXMESIRAMAEE SR, 04S5BT DAL s WAL T T30
MEAESIREAR Y fhZr R KB (Barash e al., 2002) .

1.3 FERRLEMIE T

FIH TMHMM v2.0 X 25 [ (1) 55 B 45 #3870l (Krogh et al., 2001) , T &R (1 %5 42
T B AN JEE X B BE R B, R BT & R B A AR T 60 AN 2 IR T T 7% g e 24
FARIEEMESH, HEbR B IR R A M A
1.4 fashE B TN



F Hl TargetP v2.0 T 25 (12 75 & F ¥ g ik, & Bt 000 & O /) 240 i 58 A7 155 1L
(Emanuelsson et al., 2007) , VA& ALKARELE K (MTP) | MHERAEEIEIK (CTP) By
WIERIESIE (SP) 5, LABRIRLS S AT M 4 H a8, fRid thoe o T R A R e .
1.5 0 40 B 2 32 75000

Xt N-3i 45 5 Ak (0 2 R FF 510, A ProtComp v9.0 it 2% 1 149 37 4H Jfd 5 467 33 47 F5 0
(Emanuelsson et al., 2000) , ST NIH@EATRI>: MM, BB, fsboris. 20
R R, BRI A AIEE A TEER AR R SR, BRI R A L
1.6 FiMEERMFREREEMNRREEFIIOH

¥ 1.5 RSB E AT, 317 AR (Cysteine) & & & 2 H B HE S 751 (Multiple
tandem repeats) 73 #. i Fl Perl F2/7 Rt HE AR & B RT 6 MEAFS], KA T-Reks
(http://bioinfo.montp.cnrs.fr/?r=t-reks/) #1722~ I E 5 741 43 HT (Jorda and Kajava, 2009).
1.7 JTCRE Eh B8 I B 4 S 1 A5 S50 2 R F T30

o3 SR R - HAE R AN EE A, 4% 1.6 Fr IR E F 7 4 5 PHI-base
( Pathogen-host interaction database, PHI) ¥ #% (i i 32 B - %7 32 AH B AF FH 20 ¥ 1%
http://www.phi-base.org/) #EATELXT /34T (Winnenburg et al., 2008) , @i %¥E it s
e S6UE AN SCHR SRR B0 BRI AR L R, BRI E = G Az, B, &b
HED MEURHR (L. 4HE A2 %) TAREAHDGIEDN, TR & A PR AE 27 R AR i
The, Ok IO O i b F BURThREM AR . 2005 PHI ¥ & v st Bk 43 1 A
A BRI REM (P FIH TR B TR, SEEUNT 300 NMEIEER I U751, 1E R TO: R B
R E 2508 R 7 o
1.8 RIEM R EFFRIEER 3T

AT R B R A7 T T R A8 R MR B R B FE BT, 22 300 0 5 i 40 KOCRAT
BRI ) CEIEBESE, 2024) o KM IR T DR FH AP E (PDA) Hiafkt (5
2% 200 g/L. HEBE 20 g/L. BUIE 20 /L. Z5TH7K 1000 mL) FIES I A4 il 77 g fth 75 =
(taileal, s RAALRIBAT IR A T [ PDA R 9R3k . IMfIEs 96 MI & ik, R 9%
BELR P ) £ MR E N 3g/L IR BRI, ARG FRIEAEN R 50°C A0, B 1« 10 (i ELH] (4%
18 mL/IMEF FREEANAN 2 mL #0157 (BII0L . $Fp 5 TN HURE B B TR 27°C+1°C, AHXT IR
FE 70%%5%, ML : D=12h : 12 h FIEESFRFB R IR A= fdmmar. FaEm
PDA 5555 HE b JIUH: B B 7E B 22 A ORI P= R B I R R R IE 22 5, a0 T USCAR P P s 9 0 I
B 2d (HAAKMBD M 14d CREFMRNBD M) REEE, KA Trizol EIREUSFE
i &L RNA - (Kiefer et al., 2000) o AR¥E e ide 5N R 5~ () F K 2 41, K NCBI #5408 22 v
ff) Premier-BLAST Chttp://www.ncbi.nlm.nih.gov/tools/primer-blast/) #it 514 (£ 1) , LA
efl-beta NN ZIHER (NCBI %i'5: EH413796) , HAETAMITRE (L) BOERAFES
I 519, R 5% 52 B PCR 7% (qPCR) Rl AH G H [ R IE, B4R R A 20 pL:



2xPerfectStart® Green qPCR Super Mix 10uL, cDNA #ifk 3 uL, E. F¥#514 (10umol/L)
% 0.5uL, TAZREGK 6 uLo [N &M 95°CTHAEME 2 min; 95°CAEME 105, 56°CIEK 15,
T2°CHEMH 20's, HEAT 35 AMEFR; 72°CZZEM 10 min. SRAH 2-88CT 3L 40 #1 58: [R R ARG 3Rk &
(Livak and Schmittgen, 2001) , SZIG4E R DL PDA £33 M 5 2d (24 KIMEB) Ri&
A — AL B BEASFEREEAT 3 ANMEY)F EE N 3 MR ES, {EH SPSS 21 B ikAT
T BE MR 4T

%% 1 qRT-PCR 5|4
Tablel qRT-PCR primer

L 2l PR (bp)
Gene Sequences (5'- 3") Amplicon size
F- CCAAGGGTGACGCTCTTCTT
TQW04886 146

R- GGGGACTTTGGAGACGACAG

F-TGCTGCAATGACGAGTCTGT
TQWO02068 209
R-GTGCAGCCAAGGTTGACAAG

F-TGAAGACCGATAAGGGCATC
efl-beta 112

R-TTCCCCAGTGCCTCAAATAC
2 BRSO

2.1 JTCRE R B AR [ F & B (] 4R T
E TR ot B0 1 DR LB 2 o R 3k S AP A, Hoh & 11142 &SRy 51, ik
ESEERESRE R
2 MERERE2ERARFER

Table 2 Genome information of Cordyceps javanica

% H List L Si 1 Assembly statistics
FERARER RN (Mb) Genome size 35
B IAE L7140 Number of scaffolds 173
SR A (34227 5140 Number of contigs 658
ST H) RN E AP 12 WG — MESFFFIKE (Mb) Scaffold N50 1.8
[ RE SR o R BRI 20 /N — 2B I HE A2 /7 B ) 25 25 Scaffold L50 7
LA RN SRR 1/2 W5 — MESEFFIII KR (kb) Contig N50 127.2
AR G o PRI 20 K/ — 2 I S R 1 26 4 Contig LSO 84

PRI 2557 IR A {3 SignalPv5.0 Xt 11 142 AN (7 ST 204, TS 214 1063
NS S N U5 SIRMER, SRR EATHIN 9.54%, SFFIKEER 429 962 aa; &
B9 R EAFIKE/INT 300aa FE A BEILA 477 4, & T EHEEEER 43.28%,
H pFKEELE 150~300aa FEAHERE, H2954 (B D
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Fig.1Length distribution of protein sequences with signal peptides in Cordyceps javanica

G SR AR AR A B X, %8 AT e 2 A, T Re b Y e R
Bl B Tl I A L R, 3B R TMHMM v.2.0 2087 88 151 (5 5 45 35K, 76 1063
MEAESKWEAT, 7 853 MEAFIIA TS, 7 210 NMEAE B, H
T 71 NEAFIEA 2~14 MEBIREE, A 139 MNEAFI R EH 1A FEIRE
BT RS 1 AN R R ) B AT A 1 A M3 B I T N i, 12 X AT Bk T
PRl 45 5 71, 1 TMHMM v.2.0 3T AN B8 56 4 56HE 5 K51 K% T s i85 LAk [X 5 1) gk
17X, B E BB 1 DN ESTRAEIEE) 992 AN AP AT N — 2004

FEFRZAHAR A, 23 WA ¥ 73 6 H B P RELE M P 0 B 25 1 AR A 4, BRI #9776 HE 17 992
AN E 7 HIE— 5 DA TargetPv2.0 #EAT 047, HEBRAEMSM MR 0 (kiR Hofh e frss) .
GIHT SR E AT MO ENLAE T AR B ARBKRT & ELA 3 99% 1 1%, B#453)] 990 &
FIE DA o B IS 5 K

LA ProtComp v.9.0 F&/7%F 990 AN M4k & K45 5 1 8 VAT 8 0 0 A, T iff o S8 T
P4y 2 A R B I B B N I R A 8. ST 611 NER AW E AN, BT s
WEARE, 5F 379 NMEATGEA BRI E . o, F 1A FE R, 108
NEGIE R YNNG 24 NMEE R 133 NMEis R &R 30 MEZEENEM. 10 4
R FA YR 38 NS E ARG, 17 MNEEE SRR, 8 NEEWON, HE
FUR T A7 ELB 43 308 1.11%. 10.91% 2.24%. 13.43%. 3.03%-. 1.01%. 3.84%. 1.72%#%0
0.81% (K 2) .
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Fig.2 Subcellular localizations of proteins with signal peptides in Cordyceps javanica
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¥ o1l MEAMTAMBRPEARY, BTEREREE,AZ HERER DT, 155348
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RIRMEARL, 7941 (E3) . T T-Reks, F 348 NEAFHIE— LT Z B BLE
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Fig. 3 Number of cysteine residues in the secretomeof Cordyceps javanica

2.3 JTURE HH B B SR 58 R (] F T RE Tl

BE S EER 2 R EES ST 117 NMEAFHR PHI #dlE FEFATHENY, F 574
A TE PHI 03 P2 h 3RSV ERE . FEARRLRE I RAZ LA IR REEAMN B Z MK EA: A%
W 305 /) (Unaffected pathogenicity) HIEHA 18 4, HAAH 31.58%; K5 2xid il # 7)
855 (Reduced virulence) [ & 1A 26 4™, 5 EU1 45.61%; C#IE B2 RN K 7 (Effectors)
MEEA 74, A 12.28% (R3) .

7R3 MREREEREN N EFrERE IR

Table 3 Summary of the gene functions of candidate effectors in Cordyceps javanica

(SRSl HAHE ditl (%)
Mutant pathogenicity Number of proteins Percentage
AR /1 Unaffected pathogenicity 18 31.58
# /1055 Reduced virulence 26 45.61
VB4R Mixed outcome 4 7.02
# JJ4458 Increased virulence 2 3.51
BUNLEF Effectors 7 12.28

2.4 BRI KARIEL L EF 54

H T 28R F I R S BR TR K S /N T 300 aa, [RIMF PHI B8 5 H A RS RINE A F
FIAT KBS U8, BARE 10 NNV FEE, HEIEIRRIEECEE 50~300 aa Z[H] (£ 4),
MRYEARE R 1 2 I TR, JRTE H 4 AN RAZ R AT JJ 08 1 5 AR A B00 A O IR 2808 R
T, AR 2 AN ARHTIEERIEE (TQW08245, TQWO03635) , K4NEES I (TQW04886)



MB/KEH (TQW02068) % 1 4.
=4 R EEEE N ETF

Table 4 Putative effectors of Cordyceps javanica

EART FAKE (AA) SR VLA H) 4 A RAEFRTY
Protein ID Protein length Gene annotation Matched species Mutant phenotype
BKEH Bl AN 1
TQW08245 264
Hydrophobin Claviceps purpurea Unaffected pathogenicity
RAENTIhE KRBT B SIS
TQWO05898 168
Unknown Fusarium graminearum Reduced virulence
W I UL 6 2 R A )
RAHRITE AN 1
TQW05969 296 Glycosylphosphatidylinositol-ancho .
. Fusarium graminearum Unaffected pathogenicity
red proteins
SPUWEH TR I 1 S AES S
TQW05222 171
Secreted proteins Magnaporthe oryzae Unaffected pathogenicity
YRR E BiAtd F B B IS
TQW04886 277
Cell wall protein Beauveria bassiana Reduced virulence
BV R AT AR B S0 2 NI EUR 1
TQWO05037 209
LysM domain protein Aspergillus fumigatus Unaffected pathogenicity
RHENTEE RAHRITE AL
TQWO03635 183
Unknown Fusarium graminearum Reduced virulence
ZURL T SCP41 PN A AR B0 /1
TQWO03140 191
Effector SCP41 Verticillium dahliae Unaffected pathogenicity
YRR E S B S AES ST
TQW01995 171
Cell-wall proteins Aspergillus fumigatus Unaffected pathogenicity
BKEH Bt F B B IS
TQW02068 110
Hydrophobin Beauveria bassiana Reduced virulence

2.5 IR B F R RIEFHED 7

I LB 2 6 58 5 PCREIAR 0T 1 2 ANTCEE HU BT 2008 R -1~ TQW 04886 AT TQW02068,
TEE TR AR A K AR I R PR R R B RRIARHE (B 4) o« BIANB8 R F7E PDA
B FRIEAN G P A B TR T, T 22 A KB B B R R Ak B EUIK: 7R PDA Btk
LB B AN TR AR B2 1) R SR 0E, PN RO DR AE i I R A R Bk B R e
TQWO04886 7£ /= flu #li il 5 7= He v, bH B 22 i B 1) = FO B B A e i) B & N R0E 1
TQWO02068 7™ f # | 5 77 5= AN R & B B ¥ 2B 15 100 T0 B 2 A8 4K o

JER M F2ik 4t Relative expression level

15 r

W PDARE T B 2 K B

B AR 15 R o B 2 KB B
B PDARE TR A i B

10 Sporulation stage in PDA medium

O 7= fra i e 3 o i B

a

TQW04886

JEK Gene

Asexual development stage in PDA medium
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Sporulation stage in inhibitory medium
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P 4 ik R PR 7 AE AN R R B % R B i B 2 R 3R ik A X
Fig.4The gene expression patterns of candidate effectors at different developmental stages on various culture
media
H: ARANEERROREEFRERENBRAEAREEZER, P<0.05; MHA/NGFERREHFELENBRAARE REEZE
5, P>0.05. Note: Different lowercase letters indicated significant differences among developmental stages on different culture media

(P < 0.05); the same lowercase letters indicated no significant differences among developmental stages on different culture media (P >

0.05).
3 R Sitie

. R J5 L VT A AT R I A - B B P S s 8, AR B AT 25K BT e E A A R
PR Z AL BAE 5, IX LU T TR B o B PR R TR 36 T~ R R B R AELA5 5, T
P A 1 5 D] 2 0 R AR AR S A DR 1 D T SRR TR A R AN 2 AR 70 4 (B RS
S, B LE TIOR8 A P AR N S R 1, T e S BTN 5 B B 2 . AT
R FH 03 JER BT 5 1 2 ELAE R s e o) 0 PR - R AT D e R o RO SO R T BRI L R L )
S5 DR R A 5 PR L 00 SRR B IE , ARE AT AT BEAECE VR i 4F- 1, DA R g J5 7 51 vl e B
v P [V 4 I R o of T O P B R S A B e R = T SR K B, Sk Z R E R &
B , TR L BT3RS (K HAT 509 T B8 (10 B 17 41 BEATRF € W0 [ SE S0 IE BAF U N E B

PR G T B HU SR TR AR G e M (T 9, 2 B PR AR B B 0 W i) — R AR A ps 1238
i S BRI (Beys-da-Silva et al., 2014; Coutinho Rodrigues ef al., 2016; Kordi
etal., 2018; Perinotto et al., 2014) , &7-HELE 518 e F 48 09 19 A 5 Y L B AR R 5
WRBIRG . S S AT AES: (Liang et al., 2013; Beysda-Silva et al., 2014;
Tong et al., 2016a, 2016b) , T IXLLHF Tl FFR IS & 57 (1 B AR MY, 78 R0 TR 0
AN %€ Ty T P OB AR ZE . — D5 T, FESRAS IR RN R T )5, el L R ) g
HEATHIESC, M T % L B W FB A B AR R A SO RN 5E 36, BB 75 7E S 1 P SELE RN )l = 3%
IR ORI BB B AR SRR SN R ThRE . S — T, KON R AN AT R
AR TR 2k (PRRs) BRI S 82 SR 4 1) 5 5 AH 6 231 A U A 1 B e S 8, 3
A BB ELH: T8 PRR {5 5l SRR s B, R85 5 6 S BRI T RA
2t (Block et al., 2008; Boller and He, 2009) .

T DR 2 43T A PHIT 508 A5 B LT, ARHIE 90 1 F000 07 46 H 4 A v i 5 TOmE 1y
A SO RO A DG IV AE N R R, A A R R R 3R A B B Beauveria
bassiana [NAPREEE 1 (TQW04886) FHHi/KEEE (TQW02068) HA RN, XLLMHE HAE
JE A e R S5 R I SO0 RE IS R AR Y, AT I S B 1 Th AR IR B B0 LE A /N L
FH T AR 23 A 1R 20 A TR B B0 0 3% UIAR DG, TP FR R R B JUs Ji B 58 B T VE 97
AR I AR B A IR AR, TR AT 0T T 7 A 0 DR~ 4 g e R 76 AN [ 5 97 3 1 1 22 A1
TR BERIEE LT T b, REUAE 2 A K B SOK T 13 2B R MREIE,
1E PDA Br b= B w25 LsRIE, MAE =l fml B2 5 b B35 R aRIL, #E—5iF
BF AR 5 T 45 3] (R 358 285082 R - (0 AT S, 35 0007 DR 7E 7= R ) B 2 K 3R IA I A7 A



it o BUKE ER R RER = A /AN TSR I E, B84 100 MEER, B
SRR TS PR o 70 AR I B K M P T HORT B R BE (R PR g, T BB 5 042 )8 3l 1E
HARBEIR YL G4 (Askolin er al., 2005; Quarantin efal., 2019) . {F R HURREE+, i
W Cordyceps militaris WIBE/KEE I HIEK Cmhyd4 GFOREFRERE, ZIER RS
AR KTEIE A, AR, 8T R % EH e (Lieral, 2023) .
W2 4348 B Metarhizium acridum 67K 5 1 HYD3 7642 et B2 oh Ry S 0s 5 2 1 KU Locusta
migratoria manilensis 0 AV G ZE IR B (Jiang et al., 2020) , ERFE B 1 5K 2
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