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Abstract: Camellia oleifera is an important woody oil crop in southern China. Due to its generally weak disease resis-
tance, it is susceptible to various diseases, among which southern stem blight is one of the major threats to its production.
This study systematically screened and analyzed the non-volatile metabolites produced by Trichoderma semiorbis FI059
with antagonistic activity against Sclerotium rolfsii, the causal agent of southern blight in C. oleifera, and identified the
potential antifungal components. The antagonistic effects of non-volatile metabolites produced in different solid-state
fermentation media were compared using the growth rate method of mycelia. Results indicated that rice was the optimal
substrate, yielding the highest antagonistic effect (99.61%). The solid-state fermentation products in rice media were
extracted using different solvents. The ethyl acetate extract exhibited significantly higher inhibition activity than the

KHBE  2025-08-05; #EZHHEI 2025-08-28

E£WMB HEFRAREFELSHXBILETH (No. 32560674 ),

fEEEN R (2001—), o, WA, MFEEdim: R AEREDBIG. *BIE1E# ( Corresponding author ): LAHff
( WANG Weiwei ), E-mail: wvivi2@163.com,



12 ) WETE S ARFE FI059 AR5 R AR W04 it 2% £ 45 99 181 (0785 6 400 381 )l 70 7 308 45 5 4k o 2985

aqueous extract. When the concentration was 500 pg/mL, the inhibition rates was 98.84% and 44.18%, respectively,
indicating that the solvent selection play a vital role in the extraction of active compounds. LC-MS analysis identified
several key active substances in the ethyl acetate extract, including nootkatone, caryophyllene oxide, farnesol, pyr-
role-2-carboxylic acid, and trans-ferulic acid, all of which demonstrated significant antagonistic effects against S. rolfsii.
Notably, the inhibition rate of 200 pg/mL nootkatone and 300 pg/mL caryophyllene oxide were both 100%, while
400 pg/mL farnesol, 400 pg/mL pyrrole-2-carboxylic acid, and 400 nug/mL trans-ferulic acid were 78.30%, 69.38% and
69.77%, respectively. The results indicated that medium-polarity or hydrophobic small molecules in the solid-state fer-
mentation products of 7. semiorbis FJ059 were potential antifungal components. The results indicated that the me-
dium-polarity or hydrophobic small molecules detected in the ethyl acetate extract of solid-state fermented 7. semiorbis
FJ059 were closely associated with antifungal activity, suggesting that the ethyl acetate extract may enrich certain
compounds with antifungal potential. The findings would provide new theoretical support and bioactive compound re-
sources for the development of novel and efficient biocontrol agents against southern blight in C. oleifera.
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A: CK; B: Unfermented Trichoderma FJ059; C: Rice; D: Oat flour; E: Wheat bran; F: Wheat straw; G: Soybean flour;
H: Corn straw; I: Rice husk; J: Corn flour.

B1 AREGXEBEFETAE FJ059 WIFELZERE~=YIERRE

Fig. 1 Antifungal activity assay of non-volatile metabolites from Trichoderma FJ059 under different
solid-state fermentation media



2988 A AR F R i 46 4
F1 AEAEBEGEBIEZFETAE FI0S HIEELXERE-HINEE

Tab. 1 Inhibition rates of non-volatile metabolites from Trichoderma FJ059 under different solid-state fermentation media
KRk Wk ER NS KRk W& EZ NS
Medium Colony diameter/cm Inhibition rate/% Medium Colony diameter/cm Inhibition rate/%

CK 8.57+0.03 INFEREFE 3.37+0.07¢ 60.99+0.77¢

K& R A% FI059 3.73£0.03% 56.74+0.39% pCR ) 4.10+0.06° 52.49+0.67°

KK 0.03+0.03" 99.61+0.39° FORFEFF 4.63+0.18°" 46.31+2.15¢

HEF Ky 1.50+0.06" 82.62+0.67° e 4.80+0.15" 44.38+1.77"

5k 2.73+0.18° 68.33+2.15° E/ ) 4.93+0.17" 42.84+1.93"

TE: AR/NGFRRR2ZFEBE (P<0.05),

Note: Different lowercase letters indicate significant difference (P<0.05).

50 pg/mL

100 pg/mL

200 pg/mL

B2 KE FI059 KKE K &REKBIRIYX B 4R &R FER
Fig. 2 Inhibitory effect of aqueous extracts from rice solid-state fermentation of Trichoderma FJ059 against S. rolfsii
®2 KE FJ059 KRE R REKIBIRIMR BB HEIEE
Tab. 2 Inhibition rate of aqueous extracts from rice solid-state fermentation of Trichoderma FJ059 against S. rolfsii
o e 1 i oo B HE A i
oncen raillon Colony diameter/cm Inhibition rate/% oncentra 110n Colony diameter/cm Inhibition rate/%
/(ug mL"™) /(ng'mL™)
CK 8.60=0.00 300 6.90+0.13° 19.38+1.15°
50 8.60+0.00° 0.00+0.00° 400 6.74+0.03° 21.70+0.39°
100 7.70+0.03¢ 10.85+0.39¢ 500 4.80+0.06" 44.18+0.67*
200 7.50+0.15° 12.78+1.78°

W RRVNEFRRR 2R BE (P<0.05),

Note: Different lowercase letters indicate significant difference (P<0.05).

43, RHMZE FAIE A R AR OR ot
WMIAREE FI059 [44 A [ I 04 05 26 410 B s M B o T
8 T AR S K PR N AR A
2.3 KREFI059 K KERKEEZBR Z BRI
LC-MS JE#B @ it HE 3 17

K LC-MS =EHE [m) A QT A AR X K %85 FJ059
LR CBRPEHUCIHAT b, B Lo e S
3234 FET. ARSI AL BRI, XEYE
2E R —2% (super class ). 2% (class ), —Z% (sub

class ) Zrnll#tATo028, rdRai RN, —Hor2kdt
Wk 17 K, FEAEE: IREAEES T K
R AR . AV IIRE . kY
Bk 216 28, =Yk 315 2 Y —2%
RN E TR, BRRE Y AR E S
() 25.95%, HHLZLILE W5 AT E o> fr e
16.17%, fEIEE PR, mEMEailsr s
Y, X 2SR 23.96%, APLIRFINEEIL S
Y153 3] AR B B ) 21.21%1 17.12%( & 4),
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50 pg/mL

200 pg/mL

B3 KRE FI059 KKE KK EEZER ZBriR BN Xt i 25 B 8% & R &1 4E A

Fig. 3 Inhibitory effect of ethyl acetate extracts from rice solid-state fermentation of Trichoderma FJ059 against S. rolfsii

F3 AKEFI059 AKEKLEZ K ZERRIMIT RS
HERERIEZE
Inhibition rate of ethyl acetate extracts from rice
solid-state fermentation of Trichoderma FJ059
against S. rolfsii

Tab. 3

Wz

Concentration/ %%E@_ . M%K
(ng-mL) Colony diameter/cm Inhibition rate/%

CK 8.60+0.00
NC 8.60+0.00

50 8.60+0.00" 0.00+0.00"
100 7.23+0.09¢ 15.89+1.02¢
200 3.97+0.07¢ 53.87+0.83¢
300 2.37£0.07° 72.48+0.76°
400 1.20+0.06° 86.04+0.69°
500 0.10£0.10° 98.84+1.44°

I ARG FRRRZER R (P<0.05),
Note: Different lowercase letters indicate significant differ-
ence (P<0.05).

IR EEFT 20 (score) =0.8, K ELEYR
(level ) =1 LLKARXI 4 = BEH = 100 000 5524
TEPRIT EARIE , 455 SCRR PR AL S DI RERE R
VRN 15 Fl AW AEI R TG R B A 1T %%
FERER  EWERE . Mg -2-R IR . FIBLRR . 2-(4-5%
IO, 4-FRFRHR . B . onERR . B
SO ANEERS , 3,4- " FRILKRHEE . B OK . H
HEREMPRILEEE (£ 4),

2.4 AKREFI0S9 WAEEL R B~ iR |3t
MFEARRENIFMER
K% FI059 LR LHaHE ) 2 LC-MS i ey 15

FIEAWEMRE LG (B 400 pg/mL )
XS F 289 T A TR AE ANl 5 s . A&
IS R S B X 11 28 95 TR T 22 2B KR I T 3R 0k )
100.00%, M BRIEII IR R K 86.04%,
TR T CK., BEWeRs . ng-2-32 R i i B0 2 ] 3¢
P BGR I ETEVE, MR E5 5108 80.19% .
69.34% ., 64.73%., HARMA YRR #55 ,
2-(4-FRRI OB . A-FFEIEWER | B . ok
MR, 3,4- R IEIR RS | RSN B S, S
KT 35.00% (F£5),

HE— B W B & PR A TR S R, X AR
400 pg/mL ¥JE T IMHE R KT 60%MEHiLEY)
(APTE . SR, RVERE . NERg-2-R R . BT
BRIR ) HEATAS RV B A B8 A B % M ( 1B 6 ),
& B E e BE S 400, 300, 200, 100, 50,
25 pg/mL, XPEIEHITEET Logit [IH3 5345
LA WIREE S B 52 LA ECso Fil ECop( 2 6 )

fE 25 pg/mL B, EWEEER IR R
11.63%, ARG Y T EE, SRR, A7
ORI BT B0 R 4 B 0 B 8.14% . 1.94% Fil
3.49%, HARb AW BMESCER . MikET =
50 pg/mL B, SRR EALA AT R AR5 5] BT
F 16.67%H1 13.18%, ik WEmE R4 i R4 T+ &
14.34%, BUBLRR AN TR %0 11.63%, LI -2-R R
WERAHK 1.16%, LFR LB HEHA IC A 41
PRI .
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rA
B Lipids and lipid-like molecules (25.95%)
Bl Organoheterocyclic compounds (16.17%)
1.5e+10 I [ Phenylpropanoids and polyketides (15.57%)
Bl Organic acids and derivatives (14.37%)
Il Organic oxygen compounds (12.38%)
2 Bl Benzenoids (11.18%)
‘3 1.0e+10 Bl Nucleosides, nucleotides, and analogues (1.50%)
g B Alkaloids and derivatives (1.20%)
E B Lignans, neoli and related compounds (0.90%)
[ Organic nitrogen compounds (0.30%)
‘ﬁﬁ( 5.0e+09 B Hydrocarbon derivatives (0.20%)
o @ Organosulfur compounds (0.20%)
Ll = Organic 1,3-dipolar compounds (0.10%)
0.0e+00 | ,—JL ) ) ) ) |
0 2.5 5.0 7.5 10.0 12.5
{5 B3 it [B]R T/min
rC Bl Organoheterocyclic compounds (23.96%)
B Organic acids and derivatives (21.21%)
3e+10 3 Lipids and lipid-like molecules (17.12%)
B8 Benzenoids (12.54%)
2 8 Phenylpropanoids and polyketides (8.04%)
B7) [ Organic oxygen compounds (7.82%)
S 2et10 - B9 Alkaloids and derivatives (3.91%)
E [ Nucleosides, nucleotides, and analogues (1.62%)
@ Organic nitrogen compounds (1.39%)
m [ Organosulfur compounds (1.26%)
e Il Lignans, neoli and related compounds (0.58%)
e letl0 B Organohalogen compounds (0.18%)
3 Hydrocarbon derivatives (0.13%)
[ Hydrocarbons (0.13%)
W [ Mixed metal/non-metal compounds (0.04%)
0e+10 [ | ] ) ) ) 3 Organometallic compounds (0.04%)
0 2.5 5.0 7.5 10.0 12.5
13- B B} E] R T/min
A, B: I THR; C, D: EEETHRA,
A, B: Negative ion mode; C, D: Positive ion mode.
Bl 4 AT FI059 ZERZERIREUME LC-MS EGBFREANEABEFREM—FHEHE
Fig. 4 TIC and super class distribution pie chart of Trichoderma FJ059 ethyl acetate
extract under positive and negative ion modes
x4 I5SHEAFBEENEIFENLED
Tab. 4 Fifteen compounds with potential antimicrobial activity
N e WihtHR 2% - e R
EY K B b Mass B B[] G U T R
Compound Formula m/z error (x10°%) RT/min Super class Peak area
VEkUES Cy5H240 221.190 0.103 7.449 Lipids and lipid-like molecules 214295 703.50
LSRN CisHx»0 219.174 0.030 6.658 Lipids and lipid-like molecules 61978 074.16
T4 W Cy5Hy60 205.195 0.808 6.972 Lipids and lipid-like molecules 1 860 034 561.00
N 2353 i CsHsNO, 110.025 3.207 5.436 Organoheterocyclic compounds 99 486 504.05
P 21 R CioH 004 177.055 0.530 5.695 Phenylpropanoids and polyketides 1485 024 613.00
HEE Ci5H,,05 265.143 0.419 6.252 Lipids and lipid-like molecules 6537 138 865.00
2-(4- BRI L CsH,00, 183.067 2.278 5.683 Benzenoids 233 128 862.90
JINBED, CyH;sNO;  336.123 0.969 5.660 Alkaloids and derivatives 59 563 960.30
ZBROE CoHO4 177.020 2.760 5.485 Phenylpropanoids and polyketides 2 195 125 394.00
3,4- R IR C7H0; 137.025 3.192 5.400 Organic oxygen compounds 469 268 600.60
B2 CsH,NO, 140.068 0.090 1.455 Organic acids and derivatives 67 149 190.77
LRI CsHeN,O 123.055 0.930 2.000 Organoheterocyclic compounds 2135293 339.00
PR AL PR CsH;(05 153.056 3.219 5.214 Benzenoids 874 783 452.90
W R CoH;04 179.035 2.409 5.529 Phenylpropanoids and polyketides 338 501 898.40
4-F2FEIR IR C;H,0; 137.025 2.622 6.089 Benzenoids 265 357 296.80

WRESETHZ 100 pg/mL, HFF-RERINE 2 F
THE 30.62%, EWREE . GATER . PIBLER AU H K
IR 25.97% . 22.87% . 27.52%, .8 BEHEEL

Y H FRIR 3] 15.89% , MG -2-32 2 (9 i R 32 T
2 5.81%, (HAMETFHAE ALY .
Mk FERE 2 200 pg/mL B, SRR R G
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RIRE] 100%, ATEMEZE LTZE 62.40%, % SRR 58.53%F1 39.15%, TR ZBEHEEWY)
WE 1 B R AR T & 44.96% , BB AL G -2- ¥R TR T FL 3] 53.87%.,

A 4 b D 2 g

A: ZEEXIG B BIMEXNI; C: ZROBEFEY); D: AFFE; E: SFRE; F. EWE; G: WMEM-2-RR; H: PSR,
I HEE; I 2-@-RFE)LHE; K. DB L BHEG M. 42358 N: BiSE; 0. BELHEK;
P: 34-TRFERWIEE; Q: MIMERR; R. FRILEEEE.

A: CK; B: NC; C: Ethyl acetate extract; D: Caryophyllene oxide; E: Nootkatone; F: Farnesol; G: Pyrrole-2-carboxylic
acid; H: Trans-ferulic acid; I: Artemisinin; J: Tyrosol; K: Berberine; L: Nicotinamide; M: 4-Hydroxybenzoic acid;
N: Betaine; O: Esculetin; P: Protocatechualdehyde; Q: Caffeate; R: Hydroxytyrosol.

B S5 15MUEawaaRENMEER
Fig. 5 Inhibitory effects of fifteen compounds against S. rolfsii

£5 15 MULAMIHEABRENME R 100 & ffTE u
Tab. 5 Inhibitory rate of fifteen compounds Z‘E&Z‘@H\%‘ZE‘X%
against S. rolfsii & ¥ MRS -2-FR
S 75 - SRR 3
wEY VR EAE Bl RS a g ad
Compound Colony diameter/cm  Inhibition rate/% :g [T /
CK 8.60£0.00 z Sor —
NC 8.60+0.03 o -
LR CBRIEER) 1.20£0.06* 86.04+0.67* i% 25+
ATE 0.00+0.00° 100.00+0.00°
L2 ] 0.000.00° 100.000.00° L T ' ! ! : : '
i . . 0 50 100 150 200 250 300 350 400
R 1.70+0.31 80.19+3.57 Yie ¥ Concentration/(ugmL-)
Mk -2- R R 2.64+0.24™ 69.34+2.84™ ) . .
WL 3032037 64.7304.32° 6 EHMUEYAREREXBBFE RN ER
’ ' ’ ) Fig. 6 Inhibitory effects of different concentrations of
LB 5.80+0.51 32.50+5.93¢ antagonistic compounds on S. rolfsii
2-(4- AL LT 6.44+0.09% 25.16+1.02
N Ik &5k EL R= N
4-FRFEHE TR 6.87+0.22 20.08+2.51% ARSI 52 32? pg/mL ‘lﬁ i()O ug/mlf]‘ g
e s o T 2 15 A T T S 30030 T 26 14 469 1 2
e 7.64+0.03 11.1240.39° Ko CROBRIEBIAEAE N 300 pg/mL 1}, 1P
K LH 7.68+0.32¢ 10.74+3.70° FPRIAE] 72.48%, FEMRIE N 400 pg/mL, HIER
FeILRE R 7.74+0.12¢ 10.00+1.42¢ 1A 86.04% o 7 WS B I B8 R AR IR _ETHZE 56.20%
34- R 7.98+0.12¢ 7.2141.36° 55 78.30%, MELI&-2- R W2 51 71 h 48.06% 5 69.38%,
AL 8.3040.10° 3.53+1.20° BIBERR S350 63.57%F 69.77%, {H¥AK%HI5E
il 8472005 1482043° LAV, WRRY, ARG REIER
D TR (P00, G E T T S BURT (4 4000 8 15 A 0 O

Note: Different lowercase letters indicate significant differ-

ence (P<0.05). ‘ﬁ%?l@fi&@ﬁ%ﬁl%*ﬂﬁﬁﬁﬁ%o



2992 o AR B F AR o5 46 4
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Tab. 6 Logit regression equations and toxicity parameters of antagonistic compounds
sty [il )9 77 e R e d5 RN e S 90%F Kk I
Compound Regression equation r ECso/(ug-mL™) ECo/(ng-mL™")
LR LR IRY) ¥=6.8211x-15.6296 0.881 195.593 410.652
AaTE ¥=6.5041x—13.8121 0.968 132.923 289.349
LR =6.9526x-13.7289 1.000 94.324 195.276
e y=2.7538x—6.3741 0.931 206.382 1295.869
N -2-FR iR =5.3947x-13.2199 0.987 282.177 720.799
b 21 B2 ¥=3.3423x-7.6540 0.985 194.995 885.966
KR AT . BIRBON IR, "R A
3 ifie T B PRI B 5 430 TR e o Rk

HFF R/ MZ R SR IS 48 0E , MR TE
MV BT 1A M DX AL B DL B — R PR
Fo BECRE, PG ey d gt 5 s
E S, SRR AE 2 P BT R A
VoY IR)E,  HER A I A B i A2 250 R B
Wb, REEHASCR TR Bk, aY5E
BRI SO H AR TR,
W BTAYE A — TR R AR B BT TA T AR F
A 35 R B BRI A e i A BT
KRBV, HAILH 2 EIRT
G FAEEH . BEYPUEL A B TR )
AR F=8, A S A 2 bk s D i U
T. semiorbis FI059 X 1283 0 R 4% B HH 12 35 1
FAF AN, A AR LT R R SR AR I - i
FAZAIML, MTARFEREAZ, TEREm T, Hb
EPHARCRI T ok Bri R, MR
FER MR GACH = W rh % K2 390 Fhik s
Y, XEALE YK A 20 ST AR AL R K E
R, R TEACE R Wi 2 AR DL SR
TN A B T R A v S

AR BIEWFFEAREE FI059 [EA & B r= 1y 4k
R A Y XIS B T A P E M, e
FF2 0 2R AR A 6 A /N 71k
Y. SR FM, R KRR Tk B R
FJ059 AR R MEACH = M M G e B B 5
M, A%E FI059 78RR A & B ks 77 3k h i JE 4%
KA =P B Rk 5] 99.61%, HURJEHESE,
MEE N 82.62%, RZLBEIIARTE FI059 HYE#
KA T INE F R 56.74%, MERCR & TH
T A e P b 3R 0 o AR IR B A SRy U AR A
e RRUR . &R . CHLERFIK S E IR, AE
IR b AR KR i i R R AR AR R R

[ A A e e S ) A HE AR = A TR L

AKFE FI059 JOK A K T R £ RS2 U TE
500 pg/mL Xt 4355 i A0 = 1k 98.84%,
EETFKASRECY , 2 WS R] A 3 50 6 AR B A AL
IS Y BRI 5 B P K
FJ059 K [ A & e rp S8 M S i K M /N1
VETEI R TG PR o 1 B B X Sl E TR
LR T . AT 4 FhA LTI 29K
B HZ-31 WAk R =i 85, 1E T BT
Y 68 22 FII SR 7 B i R I ROR ik, 2R
% HZ-31 BFRA BRI PR o E B TR T
IR, ML AR 2% CBS 433.97 (2.1 2 Tis #
Wby B8 T —Fh SR A Y, S hE M
HIBE, R JRMMA T, 22 AR S mEA /N B B A
B, TEBRIG RS, AR, RN
Rtk BB ER

XIAREE FI059 KK R & Wess 72 31 LR
BHEIUYIHEAT LC-MS AR, WIRLIIRZR . 1
LIRS . AU B AT Ao 2, ik
RGPS P R TR L B e S
FRRER . AR RV IR -2- R IR R B 25 R
T o SRR REE S F ARG LAY, B
B PR . PLR AP S 2RI, KR
MOAELBE S AR, Sl EEdEA RS
Al . PO AE YA i, AT A R ) B A
A KA B TG PR R SRR Rl B A )
HAEAE B —Rh i, B SR TR
M -2 22 TR T 25 Mt AR B TR L S SRS S0 T R R
e/ INBE T 25 B — 2 MR/ RS B e e
JIZ A G R R SR R, AT IR T R
SRR, MRS R R, 200 pg/mL B4R
P B4 B PR IR 2] 100.00%, HRIEIAF] 300 pg/mL 1)
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VaKHESSE L N N T Bt e 1 I M P S e sl
1, SRR TR SRR BT ) R SR AR
B, vEVREE . MM -2-R IR AP BRER . TEVRIE A
400 pg/mL B}, FHER | 4RI HIR . B |
WINMHERR | 3,4- FR BN | FHSRE080RN /N BE R 55 Ak
Y, MEERT 35.00%;

25 bR, KEE FI059 BEKRE R —FhE A
KA BV TR, W N IR AS R BT
AW FETE LR £ TR U s I 21 (4 ELAT Ve e 4
PRSI A . IR 0 8% R R TR LA AT 2 A
LA PRI VR A & W& IRIER, 18
INGTRCTEA R T A EA s, A
L VAEY) AT F W ALY B TR T & BB
B B 7 B AR B AR 4 AR A B2 UK . SE TR
— 25 X 45 B U v I T 3 A R A TR T P P
FLIARYEF KA STk T RS, AR A
BH A 3% 22 /N 734k 2 5 R 0 B AR FH ) 32 5 B
g3« FEELAAN B P R AIL ) B L FH ) 28 4 1 R
FEPES

2% 3Tk
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