Bl 5 i35 iR B F

2023 =12 A5 39 #4556 1 Forestry and Environmental Science 1

AN BRERENEDREERERST T’

Rogt B fFY KRZED O BERK
wirat T wY e B
(L TR A AR5 GR350 5/ T AR LRI IE0E, 17K T M 510520
2. FER B AR SE DAL TR K 5266005 3. TR #REBE, 1O 2 730070)

HE AMBEE Pseudomonas silvicola B #k T1-3-2 3t KR EB LA R BG GGk, ABELAT
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Abstract Pseudomonas silvicola T1-3-2 has stronger antagonistic effects on Chinese fir anthracnose. It is
necessary to explore its inhibition spectrum, antifungal activity, and stability to implement the utilization and

improve its biocontrol theory. In this study, its inhibition spectrum, the stability, and the main components of
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the antifungal substance were analyzed by the plate confrontation method, mycelium growth rate method, and
UPLC/LTQ-Orbitrapa MS and GC-MS. The results showed that T1-3-2 had stronger antifungal activity against 9
pathogenic fungi, especially with an inhibition rate of more than 65% against anthracnose of Cunninghamia lan-
ceolata and other trees. The crude extracts had a significant inhibitory on the spore germination and mycelial
growth of C. gloeosporioides. They were substantially stable after the different treatments with pH, ultraviolet
light, and temperature below 70 C in the antifungal tests. The crude extract of strain T1-3-2 contains 14 com-
pounds, including 4 kinds of phenazine and its derivatives ( phenoxazine, 1, 6-dihydroxyphenazine, 10-ace-
tyl-3, 7-dihydroxyphenazine, pyocyanin) of main antifungal substances reported in Pseudomonas. Volatile ga-
ses (VOCs) contain 13 compounds such as benzene, olefins, ketones, and so on. The strain T1-3-2 has
broad-spectrum antifungal properties, and its crude extract had substantial stability and stronger antifungal activity,

it shows that the strain and its metabolites have good application prospects in the prevention and control of forest

anthracnose.
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¥~ AR Cunninghamia lanceolata J& 3% 1E 4 11 LA
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AR AR, b, RIEE R Colletotri-
chum spp. Z2 i It L TR 5 | S 19 42 K I JE 93 78 A%
B DX K A AR B R W kR TR R
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RSB & Pseudomonas spp. F HAN B i P
W AE N =W B iR 7 ( Biological control agents,
BCAs) HITE G HEPHG RS w2, Hm e 2,
4-Z & Wk BE ] R = Wy (2, 4-DAPG )., W B
(PHZ) FHATAEY), HMLME A ZE (PRN) FIEE
B2 (HCN) S54RI M 7 ) 76 30 o o A rh ke 31 &
TR IE IS Y AR T R A S0 A2
BRIAZR B Al A Sy 20 58 Ao BG4 W Ak 245 5% 5
B, 2208, TEMRANFERIG T LIEE
\EEH, 232K,

HIBE 58 & AR MRAR SRR TR P. silvicola TA Bk
T1-3-2 XHAZ ARSI B HA Bk A
SCiE—P 5E 3 T AN I, X H AR A 0 TR ) R
o3 MHFGEVESEAT T 408, WSS SR A i A

B35 1 BT A AR IR AL | I AT 28 AR W A< 24 1) 47
BOE T BB LA

1 MREFE
1.1 X

PSP . AR P. silvicola T1-3-
2, RIFTT RAMAEYHEM GG PO, Wk s
5 GDMCC 61843, H 16S rRNA %:[X ¥ %] Gen-
Bank 3¢5 OM 920535,

B I B W . A2 R IRIEME # Colletotrichum
spp. W MR T3-2-1 H1 T34-1, JC I 35 7% S 14
C. gloeosporioides T ¥k wbhs-yb-2-1 | wbhs-yk-1-1 |
TR IRIEIR I Colletotrichum spp. T #k B3-2 Fl BO-
2 . KFEBRIEGE Colletotrichum sp. H¥k MM-YB-
1. 0S4 AR IR BB Phellinus noxius Bk L1-0-2 .
KA E IR Fusarium sp.  H Ak SM-LK-1, #H
JARBBRMIEE SRR E S s R

HER 85 9% ££. PDA. LB 1 KMB ¥ 5% %,
TYB HiFr s

FH X 7. DNA Marker, Taq DNA X & [if
(2 x San Tag PCR Mix) . BilEHE . TAE 2% ol 4
HAETAY TR (i) RHARAE, CFW 2%
Y3 ( Calcofluor White Stain; CFW) I H 7Y
W EAER A (B HESARAH,

TR VB B I B0 B o P
W )% (LTQ ORBITRAP VELOS PRO), [ Ther-
mo Fisher Scientific; 5 %% A1 {4 % 1L ( UltiMate
3000 UHPLC), %[ Thermo Fisher Scientific; <
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AH €% 0 3% 156 A (8890-5977B GCMS ), 3% [H
Agilent; #RZGIEFEH, FIEMAEIARA A
PCR {8 fEfE IR 6 2R 45, db ot 78 RAG B &k
AN NTAMH, THRMEPHE AR
Al OB, RFERARSE (L) ®H
AHRAF,

1.2 RKWHZE

1.2.1 #WFEEIHEHGMNZE L)L T32-1 N8R
W, SRR IR L I E T1-3-2 7€ PDA |, LB,
KMB 1 TYB %5 3% 5 0 0 B 85028, 0 1 45 3 10 7
Rigedt, ROk 8 352 3L, 0 1 AROGF URF 325 0
FE T1-3-2 BUAMER 1%, TR) AR FH S 80 gk il 5
T1-3-2VOCs BRI, THEMER,

1.2.2 MEHHEXRERLTHMNET W T132
£ PDA LH:SR 13 d, LBRERE A T & i
Yy, WEESEAPIR, RAFBIZEEY %1 :5 (&
ERRL) $RECTI-32 PR R AR =4, 4y
SRR B B 150, 300, 600, 1 000 4%, B
H6.7x107g-mL™" 3.3x107g-mL™", 1.7 x
107 g-mL™", 1.0x107% g - mL ™" #RLIAY R
WAL B T3-2-1 il F & VR (1.0 x 107 spores -
mL "), PAJCR/KACERVERT IR, 0 oW gk L %
T & B 22K g, R CFW 4 (o 5%
B2 LT B A i,

FH A 22 M R R 52 AR ) 2% A Ak 3L
YR IEE, 1 mol - L' HCI % ) 5%
1 mol - L' NaOH ¥ ¥ ¥ FL 8249 pH {H 53 5l 8 &
1.0, 3.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0 A
11.0, & T4 CKFELH; HK 4 pH EH B
G pH (pH7), FH T W M2 9 09 1R Bk B 5
PE KRR Y E T kK 320 ~ 400 mn fY £ 4h
£1'30 em &b, SAHMEMRGT 12, 24 36 h 5, W&
FLEE Y X 2 AR e R RS HE TR B AL B 4 ) 7
30, 50, 70, 100 C/K¥#M#A 30 min, H &
MR R ENE ) L4 TR IR HLIEY
VEXT IR, HRAb 3 A4,

1.2.3 MRy o aH il BOHEY
(0.1 g) FTELET, MAS0% HEAKER (&
M0 , 45 ClEA 40 min J5H W, 13000 ¢ -
min "' &0 10 min, ZMALIERE (0.22 pm) dUE
JEBEATERENR, SRR, DL PDA 5 5R LR

PR A XTI,

WA OIS A, i Cy (1.8 pm, 2.1
mm x 100 mm) , LL0.1% FR/KIBERK (A) -0.1%
CNEKESW (B) Miishtd, SREEVEN, Bk
1, W#EHNO0.4 mL - min~", F:E KA 45 CT; ke
M4 pL,

RSk, i 4y M4 Orbitrap-MS, Hi %%
BFUR (H-ESD), IE#F# (ESIY), HE
Fil: m/z 50900, P (&4 350 C, BHE
HLE 35 V, B 35 PN, A BI AR 10 B
B, WEEHIE 4 kV, 2R H sh A8
f#i (data dependent scan) , YEH( [—2Z% 3= F /T — 5%
FESEATREE IS SR e (CID) A HE, UET
BEFTEAM (dynode) Fil

R1 RIBBERBER

Tab. 1 Gradient elution procedure of mobile phase

—_— AR LA/ %
{13l min Ratio of mobile phase
Time
A B
0. 00 95 5
1. 00 95 5
30. 00 5 95
32.00 5 95
32.10 95 5
35.00 95 5

1.2.4 VOCs &4 ¥ T1-3-2 # A PDA -
M, 30 THEREFRS d, R B AE BT 2 0 Bt
VOCs, GC-MS ¥l VOCs 414>, L PDA Hx
VOCs F 4T iE

MRS F. A% H Agilent HP-SMS; {4
B, WHRIRE 40 T, #4451 min; 8 T -
min "' FHEZ 200 T, 4451 min, 20 C - min ' J}
IR % 280 C1#4% 10 min, g5, EI70 eV, &
FIE 230 C, PUMFT 150 T, 35 ~800 amu 4§
o AR B K MRS B K1 5 NISTO8. LIB 3%
FEXTEG, A B AHOC TR, 45 A 0 E AR — kA5 5
B IR E Ay S
1.3 Sitom

K1 SPSS HL[H % J5 22 43l Fll Duncan £ [t
By B AT B R B 3T o
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2 GZR5HW
2.1 M-I2MEREEFE

XHIRFA B A5 R R . FEAS [R5 R 5 R Pk T1-
32 XFAIEHE R T3-2-1 AP TG PEMKYK R . PDA >
LB > KMB > TYB ([l la); 7 PDA };¥% 3t I,
T1-32 X T3-2-1 Ay 40 i R0 e 4, i =
74.60% (P& 1b), HIt, LI PDA K53E3EA4E A TI-
32 WA FR 5L
2.2 T1-32 BYMEIL

SEARATIRFAER A R R . T1-3-2 % 9 BRARA 5
HREARSRAIIHRIER] (8 2a), 013255 65%
DLk HAxh 7 BRAIHA I T3-2-1, T3-4-1, MM-
YB-1. wbhs-yb-2-1, wbhs-yk-1-1, B3-2 F1 B0-2 Fy41)
ilHIK 75% LA E (&1 2b) , BEBZRRR H AR AR
SER AT HISOR .2

AR IR 25 R W T1-3-2 B9 VOCs Xf
PIETR A T3-2-1 F1 MM-YB-1 0 /E F s, 411
2335 70% LA b, % B B AR i RCR A B
IR 10% ~40% (Bl 2b) , FHO IR i 5 Al
SEMAENFHREE Bk T1-3-2 X2 A RIR B T3-
2-1 FEPUAE AR, BRI, DIAZ AR SJE R 1 T3-2-1
WoEi AN LR RN RS 40

H AT WL, B bR T1-3-2 K H VOCs %t £ ¥k
JRE R A R R AR RO, IS,
2.3 T1-32 RN AKRERE T3-2-1 £K
Epp-A|

P R A R R . MR YTE— @R ET
AIAREM I AR RIS F AR 1 d &, B, MHEEY)
WREAE 1.7 x10 £ 6.7x107° g - mL™' Z Al A[ A XL
Wl AT &, FEAEYIM R3] 6.7 x 107
g - mL ARSI AW R, PR AT A
W% (F£2), WEUEEREICINER 0 E AL, W

KT 1.0x107° g - mL ™' S5XFIRH LR E2ER,
WML LI, XA PR IERE L, W

22 JUT oA IE R, 4t e B RS RN P 22 2 i 43 A 45
% (K 3a, b); SXMAMIL, £6.7x107°
g - mL IR AL B IS, A2 K i JE G R AT
WEE, AHel Ko R Z G FEmRIE (K 3c,
d), XERHEWEHEYZ W 74N ILT B
O3, AT BRI TR AT W & R T 42 B IE R
458 N8

*2 MARYMKRERE 13-2-1 AFHEIHIHER
Tab. 2 Inhibition effect of crude extract on spore

germination of strain T3-2-1

MRAE Pk, (g-mL™h)

2/ %

Dilution ratio Concentration Inhibition rate
150 6.7x107° 98.00+2.20 a
300 3.3x107° 35.04 £5.67 b
600 1.7 %107 17.58 +3.27 ¢
1 000 1.0x107* 3.61£2.80d
CK 0

H: Fh AR/ NS FRRR 2R EHE (P<0.05),
Note: The different lowercase letter means significant difference (P <
0.05).

2.4 T1-32 HARRWHIFREENE

XFT1-32 MR Y A e PEEA T 9, 25 %
Wi, AR pH, $EAMNERAST LSRR BEAR T 70 C b3
BF, MMM AR E . 2R pH AL BRI R]
B S AN G R GT JE, MR X T3-2-1 44 =
80% ~90% , SXMMERARE (K 4a, b), &
70 C K VLR IR B AN FR S A S X T3-2-1 #4fR
F180% ~90% , {HZ: 100 CIREEAFRfS, HAME
VAW R, M2 76% (Kl 4ce),
2.5 T1-3-2 # 2 # UPLC/LTQ-Orbitrapa MS
ST

E B TR T 5@ % T1-3-2 HLAAY 4 ik
BRI (RT) MRS B AT 00T, &
KPATLFE R MAETE N 2, 4-2 C 3 2 1
3, 4-"%-alpha-ZEHE-4'- [2- (1-MEgEEdE) 2%
B EHE, R OBER-4-O-FE . W,
1, 6-"FFWyE . 10-L W3, 7- R F Wk,
SRR . MRRST I RO 450 A LR AE Y G 1R
P14 F (K5, £3), HpmdE 1, 6- 5
FWyE | 10-L W33, 7T- RN | SR K 4
TR 25 Ak A 0 Sk B B I 5 b AT © 2 B 1 &2
AW
2.6 T1-32 VOCs GC-MC 4>#7

VOCs %4 GC-MC 7r#r, &3-SRk R LLXT,
#%18 CPS (countsper second) >10°, Y& {FEE K
T 90% trife, HERR PDA 5 T1-3-2 + PDA Jffdtss
Wi, 3RAR 13 ME R R, KIS YRR
PRI R 2 FORZE 5 PG RS 2 A2, 1 F
I3 FRALGY (K6, %4),
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a) b)  00p
9 F
PO 80 F a
CK P
s EF b
% 5 eof c
E £
= 'E 50 F
= 40k d
b 301
Treatment 20 F
10 F
0
PDA LB KMB TYB

I KR ARR/NG PR Z: B (P<0.05),

Note: The different lowercase letter means significant difference (P <0.05).

1 T1-832 EARREFEMNKRERE 13-2-1 WNEIRRENFE

Fig. 1 The antifungal effect and inhibition rate of strain T1-3-2 on T3-2-1 in different culture

a) T3-2-1 T3-4-1  wbhs-yb-2-1 wbhs-yk-1-1 B3-2 B0-2 MM-YB-1 L1-0-2  SM-LK-1

SEARORT IR

Plate confrontation

SRR 7R

Plate culture

[Piate confrontation
b) 100 V. APlate culture
oor & b
80+ a [ < _E‘_j _C_‘_j e € 3 ¢ e
Bl e—— —
< % 70 b %% =
# 5 60
E: 5o b b
= E 40} I c 7
L d
30 e e Yo
L %%
20 = 7
10 g
0 =3
N > > > > ™ > W >
A SRR A R AN N
S K A A % ~N s'
s F N o
& &

i B ARB/NG FHRR2ZEFBE (P<0.05),

Note; The different lowercase letter means significant difference (P <0.05).

2 T132 WHEEEREMINE SRR EH =

Fig. 2 The antifungal effect and inhibition rate of strain T1-3-2 on pathogenic fungi

/EE a, b: Xd'ﬁﬁ, c, d: ALI‘IE, 19]—‘}{:10 pm,
Note: a, b: control, c, d: Treatment, bar =10 pm.

3 HRYIMNRERE T3-2-1 MFHENIMHRR
Fig. 3 Effect of crude extract on spore germination of strain T3-2-1
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) b) c)
A 120; 120 1207
110} 110 110t
< 100} 100 100}
s B .
5 i peaiflas 00 a ¢ g 1 O 0, 4 a
EZ 80 80 gop T ° ’\l‘)
ﬁg 70t 70 70t
10f 10 10+
356780011k 2 0 12 24 36 0= 30 50 70 100
pH 5 [8]/h Time R/ °C Temperature

. IR AFRNE FHRRZREE (P<0.05),

Note; The different lowercase letter means significant difference (P <0.05).

B4 AR[EpH, #LFBENBRYNEETEES

Fig. 4 The difference of antibacterial activity of crude extracts with different pH, ultraviolet, and temperature

AR 1%
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Fig. 5 Total ion current diagram of crude extract in positive ion mode

14 16 18
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5} 6] /min Time
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*x3 T1-32 fHIZMIK S

Tab.3 Components of crude extracts from T1-3-2

24 26 28

32 34

[ RE/ . .
o e T FET L/ <;giﬁ) R Hik/ % AR ER A
(m/z) Relative /min
NO. Compound Formula (m/z)
Apex Delta content RT
‘E b —
1 HZ'S*% C¢H O, 127. 038 36 -4.796 99 20.49 2.29
Phloroglucinol
NIV
2 AT ) C,H,O, 169. 048 71 -4.933 14 29. 88 4.73
Phloroacetophenone
2, A-T LT RR A
’ B C,,H,,0 -
3 2. 4-Diacetylphloroglucinol 10H ;005 211. 059 14 4.533 94 3.76 4.93
3, 4-"/H-alpha-7K3k-4"- [2-
MR =) i
4 (1-MkMEbeIL) k] 4 Hofil C,;H,;C1,NO, 225.090 09 -4. 096 61 1. 16 5.93

3, 4-Dichloro-alpha-phenyl-4’- [2-
(1-pyrrolidinyl) ethoxy] chalcone
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L mmw PERE it e
NO Com d F : (m/z) elative min
. poun ormula (m/z)
Apex content RT
Delta
MRz 2. -4 -O-F B gAY
H,.O K
> Acetylpheny-1-4' -O-glucoside from root bark 18 33110107 3. 883 33 1.46 6. 44
Al /:‘ﬁ \
6 O_Z'iifjﬁ“o;ﬂd C,H,NO, 15206995  -4.364 49 1.36 6.63
|]/\
7 Pherf))lfzine C,HgN, 0, 181. 075 21 -4.470 1 0.50 6.63
SRR
8 1 é-’dglydrﬁ;glﬁrlfzine C,sH, NO, 213. 065 09 -3.548 23 6. 69 8. 17
7- (JRER) -3H-M3 -3
C,-H,.NO -
9 7- (pontoxy) -3F-phonoxazin3-ketore sHNO;  284.126 98 3.999 45 0.09 10. 89
_ R Rt - 1A
10 X O_fcetly?i% 73-:iil71y drj;y;h’ejnuime C H,NO, 258.07504  -4.019 26 0.32 11. 64
% It
1 igfy‘fi C,H,ON,O 211.08589  -3.308 01 4.10 13.5
12 *Elzjdiii% C,sH,,ClOq 365.078 4 -0. 658 33 27. 88 15.79
13 fuifffg CsH,0,  257.079 83 3.913 23 0. 56 20. 06
oS i
14 4—I‘-‘Iy¥dlr;(yﬁcil§{?)ne C,H,,0, 225.090 09 -4.096 61 1.75 21.56
59(x 107)
1-Undecene
4 -
(5] 5
23
<
f=|
=
£O
<
9\( 5
_H_
| 1-Undecene
2
| N Y b
NN N | PDA
0 — 7T - 1 - T - T r T T~ T T~ T T T T T T T
4 6 8 10 12 14 16 18 20 22 24

% BZIF[E] /min Retention time

. 1-Undecene: 1-T—MbrifEd s I @R, F5PiM. T1-3-2 VOCs & Fiiai%E . PDA: PDA VOCs & Tifi (i &,
Note: 1-Undecene: 1-undecene standard ion chromatogram; antagonistic bacteria; VOCs ion current chromatogram of strain T1-
3-2; PDA: PDA VOC; ion current chromatogram.

E6 T1-3-2 VOCs HJ GC-MS BB Fik ik
Fig. 6 GC-MS total ion chromatogram of VOC, of strain T1-3-2
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*4 T1-32 VOCs A%
Tab. 4 VOCs components of strain T1-3-2 strain

I FH Peak area ( x107)

G PREAI ]/ R K RERHE MIRUEZ/ % S50 bR pryege IR 5P/ PDA
NO.  min RT Volatiles BRI Similarity Antagonistic 2z 0 R Lt{ Ratio
. PDA
bacteria SE SE
1 5.47 e 870 97 1.37 0. 86 1.29 0.54 1. 06
Paraxylene
2 5. 86 1T 892 95 2.36 2.02 0. 69 0.33 3.42
1-Nonene
1, 4- 50K
3 8.3 | 4-Dichlorobenzene 1017 97 3.88 0. 51 3.34 0.71 1.16
EN
4 8.54 Not identified 1 030 90 0. 47 0.25 1.67 1.09 0.28
5 9.84 Lt 1 096 99 63. 84 8.47 0.16 0.01 399. 00
1-Undecene
1
6  10.00 I 1105 % Tr Tr  0.42  0.18 -
Perillene
PR3 25 A
7 11. 64 LT A 31 1193 95 2.85 0.58 2.32 0.55 1.23
Azulene
(Z) -B° 1+
8 13.18 (Z) -Cyclododecene 1279 0.61 0.12 0.28 0.09 2.18
9 13.43 l_f:lﬁg 1294 99 0.93 0.21 Tr Tr -
1-Tridecene
10 13.48 24— 1296 97 1. 89 0.45 Tr Tr -
2-Undecanone
EN
11 15. 06 Not identified 1391 - 1.53 0.43 Tr Tr -
12 16.77 2—";‘:%@@ 1 499 98 1.61 0. 37 0.52 0.08 3.10
2-Tridecanone
13 18. 06 AR 1586 - 0.90 0.25 0.16 0.05 5.63

Not identified

. Tr AR,
Note: Tr - trace level.

3 s

3.1 MR 2R H A R A BT T Y TR R
R, BEREPIIG Z YR E, H A 2 Mt
=7 WA R AR, 2
THEYARGHIB R RENIEY AN T T
Mp AR R & AR 7, A BB PR IR A FH [ it P B ks 3
RUFBIAC, A B @oas, 5 A T 0T 2 ) 4 25
Stemphylium lycopersici ( Enjoji ) Yamamoto'"/ |

WREEWRED EEHEE Penicillium expansum'® Fl

A SR 8500 B P digitarum™™" Y57 B AT 5238 10 ) 45
Mo AT K BRI T1-3-2 X 9 B UL
ARA IR I 3L TR X e RO ¢ S T LA R 1Y)
MR, X2 AR BRI B T3-2-1 (440 il 858 fe
L, XERMW T1-3-2 7EPG AR DI G B A K4
(R P 7T o 2T R RLAR R A A SR T A
AR, BRI (IRF 70 C) . RIMDERST
pH SFRIAUR, IR =Y — 2 ST K
R, XS AR BAIR BB I KA ¥ 4

FILBA S50 B 2 240 T 00 B o X I 38 T R
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IR O X, R A R 2R A A
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