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Abstract The aims of this study were to identify the Trichoderma strains with antagonistic action against
Botrytis cinerea from healthy grape berries and explore the key compounds that exert inhibitory effects and
the control effect on grape gray mold By plate confrontation and buckle method, the target strain was
identified by morphological observation and multi-gene phylogenetic analysis. The impact of volatile organic
compounds (VOCs) emitted by Trichoderma spp. on the morphological alterations of B. cinerea mycelium
was examined using scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
The components of Trichoderma VOCs were analyzed by gas chromatography-mass spectrometry (GC-
MS). Finally, the antibacterial activity evaluation, semi-inhibitory concentration determination, and control
effect test on grape gray mold of the identified VOCs were carried out using the fumigation method. The
results showed that: 1) The target Trichoderma strain GUI12 screened in this study was identified as
Trichoderma citrinoviride; 2) Compared with the plate confrontation, the inhibition effect of GUI12 on B.
3) SEM and TEM

observation results showed that the VOCs produced by GUI12 could cause the mycelium of B. cinerea to

cinerea was better in the buckle culture, and the inhibition rate could reach 89.63%.

become thicker, wrinkled and collapsed, and blur the outline of organelles including nucleus, mitochondria
and vacuoles, even dissolve and disappear. 4) The result of the in vitro grape disease resistance test
showed that VOCs could effectively inhibit the expansion of grapefruit lesions, and the inhibition rate of
grape gray mold lesion expansion was 53.56%. 5) GC-MS analysis showed that GUI12 produced 19 types
VOCs, such as isobutyl acetate, 2,3-butanedione, phenylethyl alcohol, etc. They could inhibit the mycelial
growth of B. cinerea in different degrees at the concentration of 100 pL/L, and the inhibition rates of 2, 3-
butanedione and Phenylethyl alcohol were 100%. 6) The control effect of 2, 3-butanedione on grape gray
mold was 100% at ECs, (14.97 plL/L). Phenethyl alcohol also achieved a 100% control effect on grape gray
mold at 2xEC,, (95.38 plL/L). In summary, the VOCs produced by GUI12 can inhibit the growth of B.
cinerea hyphae, cause organelle damage, and effectively inhibit the spread of grape gray mold lesions.
Among them, 2, 3-butanedione and phenylethyl alcohol have better control effects on grape gray mold and
have the potential for further research and development.

Keywords Trichoderma citrinoviride; Botrytis cinerea; VOCs; GC-MS; biocontrol resources
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(d) ¥59796 h
(d) Cultured 96 h

GUI112

by the GUI12 strain during confrontation culture. The same applies below.

020188 FvoCc, 0201
Exposed of 0201to VOCy

GUII2 R AR ;0201 N KA #9614 ;0201 B 88 19 VOCs Ky 3 185 3 i GUIL2 B #k 7= A4 19 VOCs. R,
GUIIL2 represents the strain of Trichoderma spp.. 0201 represents the strain of B. cinerea. the VOCs exposed to 0201 are the VOCs produced

1 GUI2E#R 4 iKY VOCs F£ 7[5 Bif i8] Xt 7% 7] %7 761 B 400 6 15 252
Fig. 1 The inhibitory effects of VOCs produced by GUI12 strain on Botrytis cinerea at different time poin
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B0 E]/h Incubation time
R INFBE R 28 53k W KT (P<<0.05) . Rl

Note: Different lowercase letters indicate significant differences (P<C0.05). The same applies below.

2 5 GUIN2 B wk X #0135 7r X 7k F) %) 760 B 90 ) R B B (8] O TR

Fig. 2 The changes in the inhibition rate of B. cinerea by confrontation culture with the GUI12 strain over time
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100 | @ GUI12
76 Trichoderma citrinoviride HN-A1-8 (MW_578715)

Trichoderma fertile DAOM 167161 (NR_134336)
|: Trichoderma fomiticola CBS 121136 (NR_134391)

oo Tri aggressivum f. europ CBS 100526 (NR_145035)
82 Trichoderma hengshanicum HMAS 248852 (NR_154578)
porum YMF 1.06226 (NR_176715)

Trichoderma byssinum HVIAS 248838 (NR_154569)
—L Trichoderma undatipile HMAS 248854 (NR_154579)

Trichoderma eucorticioides BP| 747358 (NR_134431)

Trichoderma protopulvinatum CBS 739.83 (NR_134409)
99 L Trichoderma pulvinatum CBS 121279 (NR_134410)
Trichoderma ochroleucum CBS 119502 (NR_134401)

100 [ Trichoderma atroviride NBRC 101776 (NR_077207)

Prot illinoensis TFC 96-98 (NR_119701)

(a) g PDA 535 3 |- GUTL2 I Bk 18 9% 14 1E T T 4%
A GUIL2 R R R B .

0.050

AL Genetic distance

(b)Yl GUIL2 #0973 A2 48T B o LE AL 745 5 (o) D 26 T TTS & R 1R T

(a) shows the top view of the colony morphology of the GUI12 strain on PDA medium. (b) shows the conidia and conidiophores of
the GUI12 strain. (c¢) is the phylogenetic tree of the GUI12 strain constructed using the neighbor-joining method based on the ITS gene

sequence.

3 GUIREKETE

Fig. 3

508 R B 2 S BOR IR TG Wk E R A L TR
DL R &5 &, T 45 ki ok A2 ) 2 S B0 22 D g
k.

W 5 GUIL2 B Ak X 310 55 % S IE 7 1 97 3 d 1Y
KA A 53 B AR R B (SEMD M B i BE
(TEM) T WL 5 T8 1 3 P 25 LA K a5 A2 4k, 45
WP 4. i 4Ca)al UL - T 5 7 00 K A 4 9 T 22

(a) 0201 IEH 155
(a) Normal culture of 0201

(b) 0201 ## T VOCs
(b) Exposed of 0201 to VOCs

B, 2 000x
SEM image, 2 000x

Identification of GUI12 strain

T2 IE 5 B0 61 LR W 15 R S 5 4 i 5
O B RS & il O R IR NS A NI
WX TE AT W B 4Ch) AT L - 5 GUTL2 X 41 8%
I B R A A 22 5 B0 R RS Ak 8 R A B
G5 FLAN MO A SRR K T 45 A0 e 2 S PR R
BB, EL B AN RS . 45 R %EW,GUIL2
T PR 7 25 B VOCs 1] R 51 S 20 Jf &5 31 00 , Be 4 %

5T B
TEM image, 15 000x

, 15000%

B 4 GUIE # = VOCs X 7k 3 %] 7 0201 & £ 1 i 45 19 B9 7 i
Fig. 4 Effect of VOCs produced by GUI12 strain on the ultrastructure of B. cinerea 0201 mycelium



44 0 LN ES I Y NS S 4

2025 4F 45 30 %

R ARIET .
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— & WA T, 4 585 53,56 %6 .

®1 GUIREKS MK VOCsHAHRBERMMPIENR
Table 1 Control effect of VOCs secreted by GUI12 strain

on grape gray mold

b B E AR /mm RN ER/ %

A/ %

Treatment Lesion diameter Incidence  Inhibition rate
CK 17. 80 100. 00
VOCs 8.27 100. 00 53.56

2.5 GUIREHKFER VOCsH P ETERE M
% 1%

I GC-MS H AR X 85538 3 d B9 GUIL2 B #k ™
AW VOCs BEAT U3 73 0 e a5 R WLk 2, R
FE 19 VOCs, X 224k & W AL 45 i 28 B2 bt 2
ESNUIAL: BN R

W52 Al W SE B GUIL2 B bk 77 2k i 12 Fh
VOCs(Z RS T g .2,3-T B . TR £ Mg . 2-F 3%
TR TR g 2- 3 Tl 5 4%
2 Mg 3- LTS T R 1 y- I N R H R &

B AR T XoF UK A e A A A 32 25 R WL 5 ()
A UL 12F VOCs 78 100 pl /LAY 3 B F 2 fig i A
[Fi] 52 32t 4100 ) 6 2 R TR P R b 2, 3- T
S TR 2T XoF i 4 A 6 7 400 L A R R L L R
¥ 100% .

AN TRl BE Y 2, 3- T i B oK 20 W K A % 1
i) 2 25 5 UL B 5Cb) K B 5Ce) o H B 5(b) Al L 2,
3= T A XF K A AR ) A O B R y=
4.84x —22.47, EC5 M 14.97 pL/L. B E 5Cc) 7]
UL 2R 2 B % R A AR FE O B R R y=
0.97x+3. 24, HEC,, M 48. 21 pL./L.

2.6 2,3-TZHREZEMNEERKE R
I iE

2,31 R FIOR 2T A A K A5 1Y BT TR AR

L2 3, AL AR IR 3 d e, X IR 2H 6 4G 106 BE

K N 100.00% 5 BE B A2 4 18,20 mm., HZ
M, 2,3-T Hl7E ECy M 2X ECs W E T ¥ £ &
g, EL TG BRE L B, 0T A A K 25 e T R 1 41 ) 3
4 100.00% ; 2K L BEAE ECo M 2 X EC ¥ JE T 10 &
W H Ay ) 86.67% .0.00% , %5 BE B AR 4 9 A
4.73 mm 0. 00 mm, X 8 2 5 55 5 BE4 R 1 41 il R
4394 74.00% .100. 00% -

3 i@

A= B B K AR 7 W A AR ) B G R Y T R
W AR e LR B A ) B R B B T — A R
W R, AR LA ES AR GUILZ H
PR A 1 VOCs BB 98 A R0 il K i 44 16 1Y) 1 22 A=
o, 0 00RO A Bl o B[] 1 ST S5 . H TS
I AR B 1) — e A A 1) VOCs HA ST
Wk, W T KB (T, koningii) T2 Wy koK &
(T. harzianum)"*" W 5 B KB (T, hamatum)''"
WA AR B (T, asperellum) T1" 4 7= /4 1) VOCs fE
% 10 ) A 0 9 TR TR 22 AR AN A K TR L,
5 B0 T TR 22 W IR TV R R Lo SO 22 Al i
HMB A . Hu %R B R VOCs Ab 3 25 § 5
I, 5 S 55 5 B (Phytophthora infestans) 40 il BE Al
20 B RS T B B DA K A i 1 A Ak O B0 i B
FERHIE o A BF 5T o GUTL2 B Bk 7= 4 9 VOCs fig
% T SO T A 0 R 22 2 R AR R R A R R Y
WG, I 0060 465 20 M A% B AA B I A e N B A
Ji 45 5 IR SO R 5, LB A 0 ) A R S L K R
999 i BRE 1) A G, X A K R e BRE TR I I o R R
53.56 %,

HBAEYEENHBAEY VOCs B T A A 4k 2
FEV B o s ke CBESE R 2 ORZE kR B AR
FIiH 45 26 551 . Abdenaceur 45 58 & ML AE AR
% (T. asperellum) =AW FEE VOCs 5 T . 3- )&
M A 1- % -3~ BE X R W fE A W (Verticillium
dahliae) & B W 5 1) 300 B0 14 5 Rao™" 45 ¢ 18 A 4
K% (T. atroviride)1.Z42 7= A= () 2- BE R | 2- 13 FE 1wk
W S B- M A M e A R i 22 18 Hik 7T T (Fusarium
oxysporum) , ¥ GUI12 @ # 7= 4 1) VOCs # 17 43
DI R TSN ST e SN AL BN RS
FEW 19 M VOCs. H5EIAM VOCs Al Hi 1L, 4l
G BAEW R, 2 T A G, R
o F AR AT SCBR B A . ARIF R AR HE GUIL2
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F2 SHEGE-REKAEARINGUIREKRFENELZEFTINLED
Table 2 Detection of VOCs produced by GUI1Z strain by GC-MS
U 25 £ 88 15} 1] /min H A= CAS%is AR SR BT84
Peak number Retention time Name Molecular formula CAS number Calculation RI ~ Reference RI
£ = TG
1 10. 705 LB TH CsH,,0, 110-19-0 1026 1024
Isobutyl acetate
2,3-T [
2 10. 132 53 gt Wﬂd, C,H;0, 431-03-8 993 990
,3-butanedione
A b
3 11.139 ;E&IZ{)E? ate CsH,,0, 105-54-4 1050 1051
yi butyr
(=7 =3
4 12.101 7+ TH C,H,,0 78-83-1 1104 1102
2-methyl-1-propanol
2- 7 g fie
5 12.703 9 [Pﬁ_qb%[z‘l‘&ﬁf . C,;H,,0, 624-41-9 1137 1135
-methylbutyl acetate
s 7 e
6 13. 640 ii?ﬂlﬁz . CsH,00, 623-70-1 1188 1190
yl crotonate
2-H 3 T
7 14.161 5 # ;]Ib@i 1 C:H,,0 137-32-6 1217 1217
-methylbutano
O b e
8 14.190 ;”M; butano] C.H,0 123-51-3 1219 1218
-methylbutano
) A
9 14.988 Efﬁ%ﬁf C,H,,0, 5837-78-5 1264 1260
yl tiglate
3-F2 e -2- Tl
10 16. 074 \ ild% Tzﬁﬂ bt C,H.0, 513-86-0 1326 1327
-hydroxy-2-oxobutane
h 3-2nTE
11 16. 500 BZ‘féczt l:c':e?:t CH,,0, 4 864-61-3 1351 1349
-octy
1- =
12 18.418 1 T% 1 C,H,;,0 111-70-6 1468 1467
-heptano
3_‘% le =
13 19.678 Etiiﬁz@z oﬁﬁb e CsH,0, 5405-41-4 1550 1553
yl 3-hydroxybutyr
3_ /:‘ﬁ A b
14 20. 449 Et}i?ii;tg;fiiffate CsH O, 27 846-49-7 1 600 1602
o g 7, Tk
15 21. 406 Ejf%?;zf‘ﬁﬁ . C,H;O, 614-99-3 1667 1665
yl 2-furoate
b =
16 21.710 Z DZITET&CIOHC C;H;0, 108-29-2 1688 1687
-valer
_ b
17 22.065 7 :F\]EE{ . C,H;0, 96-48-0 1713 1712
y-butyrolactone
= [ i 7 i
18 22.249 if{ﬁizﬁﬁ . CyH,,0, 93-89-0 1727 1728
“thyl benzoate
7% Z. T Phenylethyl
19 25,423 &P Phenylethy CoH,,0 60-12-8 1969 1968

alcohol
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Fig. 5 The inhibitory effect of single VOCs identified by GC-MS analysis on B. cinerea.

R3 23TM FZEMNBEREFRHH AR
Table 3 The control effects of 2, 3-butanedione and phenylethyl alcohol on grape gray mold

b 2% 44 Bk Ak ¥ 95 B 11 4% /mm K% i 2/ %
Chemical name Treatment Lesion diameter Incidence Inhibition rate
CK 18. 20 100. 00

2,371 i

T—M . EC,, 0. 00 0. 00 100. 00
2, 3-Butanedione

2XECs, 0.00 0.00 100. 00

W7 EC;, 4.73 86. 67 74.00
Phenylethyl alcohol  2XEC,, 0.00 0.00 100. 00

BRR = A 19 VOCs, i 2 H 12 Ff 7 17 1 nT 1 35 51
(19 VOCs 4li iy 3 F 47 400 87 35 100 5, & 3 A 100
pL /L VR BT 35 8 5 AS [ R b 00 ) 25 46 114
WA K, o 2,3-T 2/ 2 2 X K A 2 1
F 0 ) 280 SR A Sk L A R AR 8] 100%0 . A B
FE R 4F VOCs 10 TR 25 5 5 22 T g 5 BT 2k 19 vk &
K, — e FUTA AL G W AE AR MR BE TR SR B 55 3 P B

TeRE o AR e VR B I B T ) T 4 5 e A R
X DATE AR A 7 v g R O A A 5 b A TR

2,3- T A& —Fh RARAEAE 22 HAl &
YRR o- 0, DAL R4 1 RGBT 5 F 8 S s
FIAMFE R, Gergolet ™ LB 2, 3- T —FiXH 8 B
W 1B (F. verticillioides) i B 22 4= £ HLAA 38 21
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MHFER . Calvo 5 BFZE & 8,20 pL/L Y 2,3-T
A AT LA SE A A A KA JT D 6020 B AT A
JK % % o Ling %™ & 8L UL 3 M 2 400 4F 78 (B.
velezensis ) L1 77 14 2, 3-7T i BE 9% B 35 4110 i) K 55
B 22 AR A, T A A AT 2R S A R 2 1 1 R AR
K OBEE— P 5 F RS Y 8 F R 5 i
Al it v ER 7 R R AR A )Tz W A X 22 A
MW B B . Boukaew £ % B 96 K B
(T. asperellum) Res 7™ = 8 LB 6 4K L B AT B
AR 2 M G S RN AR ihE
(Aspergillus flavus) F % 4= M % (Aspergillus
parasiticus) FERE R F LI ERFE . XuFE " LN
4 B O A ER T (Arcopilus aureus)Y ZXR TH Bk 7= 4
P 2R 2, T R 6% A R ol e 2 i JT TR (F. fujikuroid) A%
ST B 2, 3-T i R & BEFEAS Rk BE T (1 % K
25 AR TR 22 (BRI O, R 2, 3-TT R MR 2
X A G A1 ECy, 4 51 A 14,97 pLL/L 1 48. 21
pL/Lo i —2 %t 2,3-T 20 B oK 2 B 3k A7 4 2 Bl
RO He, K 2,3-T ZHTE ECy 2 X EC ¥ E T 1
FE B85 5% 4 410 1 7 2 K 85 0 K A= 2R & BE A R 8 AR
2XEC e £ T 58 4 400 il 4 49 K 25 0% & 2B (HAE
EC. e B2 T H & 50 2y 86. 67 00, X ) % JK 55 i
BEY MG RN 74% . FRBIRE R R 2,3-
TR SR CmE A BN T ORCR RS A I B A
KRBT o WLAM, IE W GC-MS AR 5 M 4 5 —#F i
A7 HE I VOCs 1Y 1853 2 2%, FEm i 4 FH i 8 R
WA T B — 06 M A . A ST IR A VOCs
A Y S AR AR IS P BRI 3X 28 VOCs Hhi %
AT A R 2 5 P R AR R E S S — PR
Oy — 5 I AR TR R & R AR VOCs
BBt B AR, (H R 55 B RE 98 7 A W I R R
Sohirnones A" Fll Sorbicillin"*" 2¢ H. A4 41 & 75 4 19
WA =¥ . GUIL2 1 Bk B 45 7= A HL AT 300 B 3
PERY AR5 A VAR = W (45 23— 2D % .

4 % it

S T X BE A S €0 By 55 K R 1 AR B TR R 4R
BERF SR TR SRR A9 DL GUTL2 T8 Bk Oy F
GG R ST T HOXE R A 76 0 B AR A R
AP (VOCS) 1 21 B S FEXF K 7 %8 16 T 22 I8 25 A
SERI R RZ R, LA K VOCs 45 %5 I 59 10 B 36 355 5 o
FEEERIT .

1) GUIL2 B #k 8% %8 & b #7158 4t K %5 (Tricho-
derma citrinoviride) , H. 7= H 59 VOCs X JK # % 761 1
2z KB 3R R R AT Gk
89.63% , H X 4 45 JK %5 5 BE 97 Jre (1 410 il 2 K
53.56% .

2)i i SEM Al TEM WS & 88, GUIL2 7= A 1
VOCs fE 8 T BUK i %5 76 78 22 8 M R 9% I8 B, OF
f7 200 6 4% e S ASEM L 5 5 A T R L Ui VOCs 1]
0240 P 4403, DA T A S B A A AR Y A

3) GC-MS 4 # % & i GUIL2 7= 4 19 F#
VOCs, Hirr 2,3-T 0 FI2E 2 B AE 100 pl /1 ik
I K A A A B0 R o 100% . 2, 3- T EAE
EC5(14. 97 pLL/1) #e B R % 4 25 K 85 05 1 By 240
100% , %K Z B AE 2 X EC5,(95. 38 pL /L) #e & K Bi 5%
W IEF] 100 %0 , 22 BHIX 2 F Ak A5 4 X5 i 4 6 0 4 25
IR A 2 BRSO .
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