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1ER R E L H

mEMA, BR, RE, FRH ER eEL BERT

1 PGB R b be, (Rt S A e [ EE S, BRIV A ARl 5 AT il A B 5
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B E: AR ERL G KW SR E (Verticillium dahliae)5| 2ty —Fr €L LEAARE, B F
Hom AR FE. [8 6] KA A AR E (Pseudomonas sp.) NWSUAF303 3+ 4% 18 3% & 7
QB AR A EAE AAE], AR LA R T AN 6 RAAF TR, [F k] @iL 16S rRNA &
B 2 SRt AT B A ) FAF AR M AT L A AT #EAT o K52 R P AAb i ik BT 4o X B0 AR ) %
AREGITE 1 45 A TR E B A8 4% EE B AR 85 A (headspace solid-phase microextraction coupled with gas
chromatography-mass spectrometry HS-SPME-GC-MS) 4% R 4~ 47 iZ B #k &~ ik 49 48 & A ML &4
(volatile organic compounds, VOCs); i# i & & X P & Z AM ML T Z RO LR, AT
RT-qPCR 7= B 7& 4 | A7 2 1A% 76 3% Z 9% 09 16 A ALl . (45 R ] NWSUAF303 & Rl % 2 4 I R
77 #E AR I (Pseudomonas alvandae), B-H B R B fEA WBsFo ikl Rk TS A 4T, 28
MEGAIEFE L RS 6 AR R AR A W HFAEA, WA VOCs 2 7 A4 m R A B BA &)
IHI R, H P A EF (Sclerotinia sclerotiorum) #9374 %>95.00%, X i 464 & (V. dahliae) 592
89 3H F X 89.27%. Z A ARG VOCs 7T 2% TR KW E & /LA VAPRI. Vdpf #= VAGAL4 9
FIA(P<0.05). %% i 2,3-T =B (2,3-butanedione). 2-B%(2-nonanol)F= 6- F K -2- B B3 (6-methyl-2-
heptanol) 3 #F X 4£#7 E VOCs, H ¥ 2,3-T Bt KB E a9 47 FI4E A AHakRiE., 2RAKXB R
TZ AT R R B 6 R L 5440%, HEHRARG . MHIAFT AN, NWSUAF303 & 41T #
7% 7K # BR (salicylic acid, SA)#= X #] B (jasmonic acid, JA) 1z 5 i@ %, B & EEA% L B fr48 < K
GhPAL. Gh4CL #= GhCHI % #) & ik, 2 # & 51T A4k 4 8% (peroxidase, POD). % By A AL 55
(polyphenol oxidase, PPO)#= A2 & 1k 4% 3% 14 B (superoxide dismutase, SOD) % 4% 1. 15 #7869 7% 2, A

TINIUH . B K AR £ 4:(32330004, 32170130)

This work was supported by the National Natural Science Foundation of China (32330004, 32170130).
*Corresponding author. E-mail: panjf@nwauf.edu.cn

Received: 2025-02-20; Accepted: 2025-04-10; Published online: 2025-06-03



3960 YANG Aowei et al. | Acta Microbiologica Sinica, 2025, 65(9)

ity dimee . (48 AFRIRE T P alvandae NWSUAF303 i it = 4 #7239 5 VOCs
Fait & SA/JA 1% 5B B4 B 5 A Bath B B IR AR LR M A G R EA e & £ %, &ALy
BAAA TG, AR EEZROGECHGERETHRRAFTR,

KB AR ER;, KMAKE,;, BRERE R, FRLUEAICESY; BEHLR,; Bk

Biocontrol efficacy and mechanism of endophytic Pseudomonas
sp. NWSUAF303 against cotton Verticillium wilt

YANG Aowei', LIAO Jun', SHI Yuan', YIN Yanling’, WANG Yao', SHEN Xihui', PAN Junfeng'"

1 Shaanxi Key Laboratory of Agricultural and Environmental Microbiology, State Key Laboratory for Crop Stress
Resistance and High-efficiency Production, College of Life Sciences, Northwest A&F University, Yangling,
Shaanxi, China

2 State Key Laboratory Incubation Base for Conservation and Utilization of Bio-resources in Tarim Basin, College of

Life Sciences and Technology, Tarim University, Alar, Xinjiang, China

Abstract: Cotton Verticillium wilt, caused by the soil-borne fungal pathogen Verticillium dahliae,
is a devastating disease that severely impacts global cotton production. [Objective] To investigate
the biocontrol potential and mechanism of endophytic Pseudomonas sp. NWSUAF303 against
cotton Verticillium wilt and provide novel microbial resources for managing soil-borne diseases in
cotton. [Methods] The strain was identified by phylogenetic analysis based on 16S rRNA gene
sequences and phenotypic characterization. Its antifungal spectrum was evaluated via dual-culture
and volatile organic compounds (VOCs) inhibition assays. VOCs were detected by headspace solid-
phase microextraction coupled with gas chromatography-mass spectrometry (HS-SPME-GC-MS).
Pot experiments were carried out to assess the disease control efficacy of the strain. RT-qPCR and
enzymatic activity assays were employed to elucidate the resistance mechanism of the strain
against cotton Verticillium wilt. [Results] Strain NWSUAF303 was identified as Pseudomonas
alvandae, exhibiting plant growth-promoting properties including nitrogen fixation, phosphate
solubilization, and indole-3-acetic acid (IAA) production. Its non-volatile metabolites inhibited six
phytopathogenic fungi, whereas VOCs demonstrated broader antifungal spectrum against seven
pathogens, showing the inhibition rates >95% against Sclerotinia sclerotiorum and of 89.27%
against V. dahliae 592. The VOCs of this strain downregulated the expression of virulence genes
(VdPR1, Vdpf, and VdGAL4) in V. dahliae (P<0.05). Three key antifungal VOCs were identified,
including 2, 3-butanedione, 2-nonanol, and 6-methyl-2-heptanol, with the inhibitory effect of
2,3-butanedione on V. dahliae being first reported. Pot experiments revealed the control efficacy of
54.40% against Verticillium wilt, which was comparable to that of carbendazim. Strain
NWSUAF303 activated the salicylic acid/jasmonic acid (SA/JA) signaling pathway, upregulating
the expression of defense-related genes GhPAL, Gh4CL, and GhCHI (P<0.01), while enhancing the
activities of peroxidase (POD), polyphenol oxidase (PPO), and superoxide dismutase (SOD).
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[Conclusion] P. alvandae NWSUAF303 combats Verticillium wilt through dual mechanisms:
producing novel antifungal VOCs and activating systemic resistance via SA/JA signaling and
defense enzyme coordination. With broad-spectrum antifungal activity and plant growth-promoting
properties, this strain represents a promising biocontrol agent for sustainable management of cotton

Verticillium wilt.
Keywords: cotton Verticillium wilt;

Verticillium dahliae;

Pseudomonas; volatile organic

compounds; defense-related genes; activities of defense enzymes

MR REENATAEY, hYi20 iz
Bt T2 35% MRIREFYE,  [R]IHFE B il AR
ot BA A2 AN, AT 2Bk 80 24
EZAME, Hrh2y 30 D EZHHAE DL 35
PERIY, BRI Fhs B B AR B i o A A 7
I E R, o = AR AR
Mg, 2021 4F, EEEE X H E AR A i
JIG A A0 R o 45 s R G Y 32.49% M ARAE
T 2 S RIS B (Verticillium dahliae)t |
) — o B S LT M AR, R A A A e
AR ALEE RG0, WHG| ketREgy, F3
MhREEEE . s, HEMYET D FESZ B
Y, KA R il - AR, X 25
[ HBEAS 7 3 AR Rk 15 451,

FEXIMRAE 2, HECR A BIG I
Tk E A O Bria A EBiG . AR
LT EAMUA T« HORA R, 255 X3
B s gl M Z R, B IA R HIA BT A
SV A AT RR SR B B O AR A . AR IR
2R FHARAE A 7 o s S B R A T B AR, DA
[0 (i s es E o  7= B  A  rs)¥ = O
EO Vr 2t Yy s B RE XA A B N LA
BivGEH, G451 50 # & (Pseudomonas) . ZF
AT T4 & (Bacillus) 1 5% %5 7 J& (Streptomyces)
AU BB TR R LA A A MR S S L T A
AL A YR RE T, EUH A 2R Ok
TR E e, AR 40 R e AR ) A 4R
il 78

TEIX LA h, — Rk s ——
Y RMEY) (volatile organic compounds, VOCs)%

B Ok B 2 1Y e . R 2 A AR A Y
VOCs Ui s B W B A IHIEN, BXF
NZERIREETE Ry AU i, DUSERT 2R fF 1
(Bacillus velezensis) ;=) VOCs X JK 7 25 761 I
(Botrytis cinerea), % K F| F B (Penicillium
italicum) . 15 K 75 B (Penicillium digitatum) Fl1 3"
W %% (Penicillium expansum)?§ 3¢ B H AR 5% A9 4T
FRTETEN, BAh, vOCs TR A K A HAb Ty
A R RWAEN, f4E15SHEY R Pt
(inducing plant systemic resistance, ISR) FI{(E i A
WA R B, R VOCs BRIy S —
FIARA AT S A=Y B TR SR
ABIFFE LA AEAR BB 73 15 S 18— Bk X
R HA B HE YU AT PR NWSUAF303
RBESERS G, A HT AR ARV B SO T, A
7 A A R A 0 T R T e S TR B HE R T o
FERFFE XS A AL 2R I BIIA AR, LU A
AEBTZR I AL YIBT IR S HER 0 SR

1 M5 rZE

1.1 FERFIALER

FLY) RNA $2 000 & . 407 2 [N 41 DNA
fRPUAF &, KRR AL AIRAE; *
Hespila &, b XS E AR B AR
F); 2,3-7 Zd(2,3-butanedione) . 6-H Kk-2- Pz
(6-methyl-2-heptanol), b ifgRaTH T A ALRH7 1Ay
HIRAH]; 2-FlE(2-nonanol), | iEFIE A= Py}
FARAF; ALY (peroxidase, POD), £
1%y 48 AL i (polyphenol oxidase, PPO) . #AE AL YL
fL i (superoxide dismutase, SOD)f 5 &, b
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WRHKEPHLARA T CAS s, 7
SIS AR ARABR A H]

fEREE A, Dig—ERHE AR AR 18
WL RPN, i moR L = WA A RA ]
EEK R, BUS(ET TESARA R SErf2e
Y65 & PCR {¥, Roche /4 7); PCR Y, # A4
VR () B A RA K& KO,
Sartorius 2% H) o
1.2 EFE

CAS #1532 2 (mg/L): #% K7 S (CAS)
60.50, T7Skedk = HILRALEE 72.90, NKER
1k 2.70, K ®EER &8N 29530, + K #EE
iR A 4 1213.50, FAfLEE 125.00, Bk — 47
37.50, S ftAEN 62.50, Bl 1500.00, pH6.7-6.9,

Pikovskaya (PVK) 1% 3% %t (g/L): # %5 W
10.00, @i 2 # 0.50, F#H:E# 0.50, S LN
0.30, S fL# 030, ffR%EE 0.30, & R W 2k
0.03, HilR%: 0.03, DN#EAR 0.20, FKIRES 1.00,
Bk 15.00, pH 7.0-7.5,

Ashby LA F# 3 (g/L): BERR &40 0.20,
SAkEN 0.20, BREREE 0.20, BREZ4S 5.00, Wik
B10.10, FZEBE 10.00, BUEK 15.00, pH 7.4,

ADF #5523 (g/L): BEIR A 4N 6.00, Wi
AR 4.00, 1-F I BE-1-RR 0.70, A
B 2.00, FFEERR 2.00, &K & HER I8k 0.20,
B R B 0.20, F 45 B B2 2.0 mL/L, 35 K
15.00, pH 7.2,

K8 5 5 (/L) BEBE 30.00, AF R 44
2.00, BERRE 4P 1.00, LKAHEREE 0.50, 4
fE# 0.50, L/AKERERIEEK 0.10,

PDA % 5% 3 (g/L): £ 55 200.00, 7 % b
20.00, BniHEH 15.00.

LB 15 5% % (g/L): A AL 10.00, & ik
10.00, EEEEHY 5.00, ZHIEHY 15.00,

1.3 NWSUAF303 Ef4E

H5—80 CCURAR HH L H B B b K1) 2 422 o 21 [

LB 555 b, 7830 °CH 3t 48 h )i, #k
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PR o R D B AR 5 572 v 30 °CL 200 r/min
Rig% 24 ho fHHANEZEH 4] DNA $#EBGR 7] &4
B NWSUAF303 [# Pk 5 K 2, fif B 4 5 16S
rRNA J: i@ 549 27F (5-AGAGTTTGATCCT
GGCTCAG-3") fil 1492R (5'-GGTTACCTTGTTA
CGACTT-3")P 1B kk 16S rRNA JEHF%1], PCR
FWARZ (10 uL): 2xApexHF HS DNA B4
R S uL, bE. FIF514(10 umol/L)4% 0.5 pL,
DNA #i#z 0.5 uL, ddH,0 3.5 pL., PCR S 5%
f: 95°C 10 min; 95°C30s, 56 °C30s, 72°C
90's, 30 MEF; 72 °C 10 min; 16 °C 60 min.
P32 PCR F=9ik A4 T AW TRE (i) I
A B2 FYHEAT I, K A5 20 i EodE 5
NCBI $08 e e A1 A7 exd, T 2k Rl A
RS, R MEGA 11 % 4 b Ay 45 4
(neighbor-joining, NJ) % 14 i Rtk R4 &k & #,
FRATE BRI RRAE & T A (o7 B R Al
1.4 NWSUAF303 FEFkI@4E & Hem)
NWSUAF303 Btk 7= g 2k Rl 2 - % A
—80 °CUKAE T U AR A 21 B4 LB 75
b, 7E 30 CCHEFRAR R R 48 h, PRI v B E]
W AR LB H 323, 30 °C. 200 r/min 555 12 h
Je . WHL 10 uL PRI s e 2] CAS il 1 7 3
I, 30°CH:FR 3d e, WESH VK LS ek
EWOCRE, s @R 3 ), NWSUAF303 &
PRIEWERE /I . WHL 10 pl TR VRS 0 2] Fid
U 4 2k ¥ Pikovskaya (PVK) [# & 85 7% 3¢ |,
30 °CHEFE 3 d Jm, WA IE JR D2 5 = A2 i
JeHE, s EE 3 kM, NWSUAF303 1 bk [#
RAESTSE : WH 10 WL P RS 422 21 T 1 1
Ashby BRI FHE |, 30°CH;IR 3 dJn, WEHE
RS RS DGR . LR EE 3 KL
NWSUAF303 H ¥k 7= 1- & 3 3R N b & i
(1-aminocyclopropanecarboxylic acid, ACC) Jiii &
FERE S 5E . WRH 10 WL B VR A2 b 21 i 1 A
ADF }i##3k [, 30 °CHi: 3d Jm, WMEHEE &
76 ADF B389k BAE K, st EE 3 kI,
NWSUAF303 [ ¥ 7= 15| B £, iR (indole-3-acetic
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acid, IAA)fE /)5 . R Salkowski H (a7,
¥ NWSUAF303 G HR4ZF1 27 100 mg/L AR
(AR LB Ji g2 %L, 30 °C. 200 r/min iEZER;
IR 3dJE, WEE LR, IASFHAFYY Salkowski Lt
EIRARBRR 150 mL, AEF7K 250 mL, 0.5 mol/L
NIKA =AM 7.5 mL), EEOERY 30 min J5
FARRBEAM, SREE 3R,
1.5 NWSUAF303 & # XJ 7% & B &H /1Y
Hn

JUFAE DR B . KINAe R B (V. dahliae)
592 . B ARLE B (Phytophthora capsici) . 2R 4
B 0 B (Fusarium oxysporum) . % % B i
e & 4 kL &
RN ]
(Neurospora dictyophora). ¥4 %% W& (Sclerotinia
sclerotiorum) . KINFEHLE (V. dahliae) 36928, K
T %6 K% B (V. dahliae) 36211 Y- A4E T 5286 %
-80 °CVKAH o

B R Y AN TR S R AT LA e e
BB B VR DAT BN 8 mm MEYE, K
BEEERS BB LR PDA BRIk fE A2 PN
B D 2.5 em A4 FEFP 10 L NWSUAF303
W, DI R B P 1) ko R AL, 26 °Cifr ' 3
FE 15 d B, IR DRI R R,
sy E A 3 ke,

FHAT LA 2637 o 35 35 10 BB V% AT HAR
o 8 mm (WTEYE, K4 YL RS BB &L PDA B
FeFErp g, B 100 pL NWSUAF303 1 i 15095
%) LB SEA E, B LB SEHUFT PDA SEHxt 41,
FHAEF OB 2 AR B, AR IR Y
JoXFRELE, BEARICE 26 °CHigR 15 d i,
WORE I REME R, L EE 3w,
FPRIE A ()R .

ro—r
R (%)= %

(Botryosphaeria dothidea) .

(Fusarium pseudograminearum) .

x 100 (1)

b o XA R YEAR, r oSSR PR
e, r AEME R

1.6 NWSUAF303 E#KIE & M FR3T K
R ES IEENE

FHFT FLASFE BT S 55 55 1) FLA T % AT B AR
8 mm PR, K OFE RS 2 Y PDA $5
Fiedtr . B 50 uL NWSUAF303 4150145 A
2 LB ‘A L, K LB SFHLAI PDA -4 X1,
F & BORE 2 A A B, DA J5 5 Y
KXFRLL, BPAUCE 26 °CEiFR 15d 5, WL
WA 2R R P S AR . RNA $2 B
F Er H2 BOPE JFL R 19 4 RNA, i 5 st &
B RNA #5584/ cDNA, K RT-qPCR &l K
N 56 4 T 75 77 6 IR 1 223820, RT-qPCR s i {4¢
Z(10 pL): 2xPerfectStart® Green qPCR SuperMix
5uL, L. F¥#51 4% 10 pmol/L) 4 0.5 uL,
cDNA i 2 uL, ddH,O 2 pL., RT-qPCR JZ )i}
%Ak 95°C 150s; 95°C 10s, 53°C30s, 454
HEFR; 95°C 10s, 65°C60s, 97°C 1s, 37°C
30s. IHI W 1,

Fz1 KW ESZSHEERT-qPCRS|Y)
Table 1

Verticillium dahliae

Virulence gene RT-qPCR primers of

Primers name Primer sequences (5'—3")

VdCYPI-F AAGAGGATCATTGCGGATCG
VdCYPI-R CGATGAGAGACAGCGATCAA
VdBrel-F GAAGCTAGAGGAAGCATCGG
VdBrel-R TTTCAGGGTCGAGTTCTCCT
VDAG-09554-F  GATTCGAGTTGTTCGGATGTC
VDAG-09554-R ~ GTCTGGAGAGTGATGCAGTT
VDAG-04573-F  CAGTATCAACCCCGTCCG
VDAG-04573-R~ TGTTGACAGCGGAGTAAGG
VdPRI-F TCAGTTACGGAGACCCAGAA
VdPRI-R GGCGAGTGAGCGTAGAAAA
Vdpf-F AGGTCGAGAAAAAGCGTACC
Vdpf-R CATCGAGCAGACCTGATAGC
VdGAL4-F CCTACTGTCTCAACACTGGC
VdGAL4-R ATGTCCATATCAGCCCAGGA
p-tubulin-F TCACCAGCCGTGGCAAGGTTG
p-tubulin-R AGCAAAGGGCGGTCTGGACGTTG

http://journals.im.ac.cn/actamicrocn
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1.7 NWSUAF303 E#/ELZMEBILE
1IN E

>R HI 002 [f6] AR sk 2 B0 5T 386 (headspace
solid-phase microextraction coupled with gas
chromatography-mass spectrometry, HS-SPME-
GC-MS)F A i NWSUAF303 Bk 43 1% K
PEAHACEY . T FERE/ NPT 5 mL
K LB H5 3¢ 5&, i JLBE [ 5 4 b 100 pL
NWSUAF303 B, 30 °CH55% 10 d, FEFEdh %
Z il A YRR R Wl g T e, Bk
FE¥ . Toi23 [ A fi 25 B (solid phase micro-
extraction, SPME) i ¥4 1, #< B R 60 °C;
PR E] D 15 ming ACHCRFE] 4 30 min; i
A 18] A&7 4 min, < J5t BX FH (gas chromatography-
mass spectrometry, GC-MS)Z#{ii H Agilent 7890
SHEIE RS 5977B R . ARGl
F DB-Wax (34, RHA AR . L
ASMERNESR, MBI EY 3 mL/min, i@
o A 1 AR Y 1 mL/min. ) 4R LR R
FFAE 40 °CHFZL 4 min, SRJ5LL 5 °C/min A3
TEZE 245 °C, JFORFF S min. PERELT | fEHZ .
1 IEOR O R AT B3R EE 0 53 DA 250 250, 230
150 °Co HL TSR N ABER H-70 eV,
BT i B A AT R, miz T HI R
20-400, ¥ 4R 4 2.37 min, i F§ LECO
Corporation fi) Chroma TOF 4.3X # {4 Fl Nist %
I8 PR AT DA A S I . SO R o s AR A
WX . ZAEA T WU A0 R0 T AR
T PRIDEHC o AR R 25 SR g SERH O s o i, ) HG
X R IS AT A 5 R P
1.8 tRILEZEREMNHYONE

KA E (V. dahliae) 592 - F . H
FTALAR A i 55 35 09 KB ¥ B (V. dahliae) 592
W% AT EARN 8 mm BIRDE, W RPFEEEIK
P A OB R kb, ) 4060 22 R O i 4%
KRR, 26 °C. 200 r/min 535 10d i, WZHC 10 uL
KRR M BRTB O b, BCTE WO
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PEATHL, AT S 13107 CFU/mL.

kil Wik (Gossypium hirsutum L) Fp <41 075°
Tl (I T 22 Ml A BRI A E o K s A
125 48 h, B RPN P2V 5IEA 2:3 1R
A4, 78 25°C, 16 h/8 h OGRS Y%
JEEE P A . K2 10 d FEARAE K 2R —
OB, A PEAR AP 10 mL NWSUAF303 A&
B2 (ODgoo=1.0), K%y 20 d fFhfe K B — A
BTSSR B NWSUAF303, LA B JC i
VISR B R W W= Y N TR S |
(V. dahliae) 592 il ¥ 10 mL (1x10” CFU/mL),
30 d g itk R peiE ol IFRIEA X Q)1HE
I3 17 15 £ (disease index, DI), Wi E &4 FEE /N
5 ANEEGL0-4), B O (TLAEMR). 1 (<25% Byt A
FEH). 2 (25%-50% MY A FEE) . 3 (50%-75%
[ 2555 . 4 (75%-100% i F 2535022
MGt 15 BRAEY), SCgmEs 3 K.
_ ZCRIR PRI H PR | 100

DI
Gt IR B R <4

)
RT-qPCR W& AH Py i L A= W i .
FE P 36 P 41 DNA 46 B0 7] & 42 HOR 48 25 /Y
DNA, VIMAER) ubiquitin fE NS A, K
WALTE N p-tubulin KM FER , R H RT-qPCR
KA o K A e B AR 5 1] RT-qPCR
KRR KFRFR 1.6 455 51403 2.
1.9 NWSUAF303 & #k %48 12 B i 2 &
ARG ENEE AY 20
NWSUAF303 B # X A AL 577 180 35 DRI ) 52

R2 RIEFAWEREANSERERT-qPCRS|4)
Table 2 RT-gPCR primers for reference genes of
cotton and Verticillium dahliae

Primer name Primer sequences (5'—3")

Ubiquitin-F GAGTCTTCGGACACCATTG
Ubiquitin-R CTTGACCTTCTTCTTCTTGTGC
p-tubulin-F TCACCAGCCGTGGCAAGGTTG
f-tubulin-R AGCAAAGGGCGGTCTGGACGTTG
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FEPI AL BRIR] 1.8 75, FE4ZRh I 48 e A1k
6 h JE AR AE R AL, S Y R A A AR
i FHAG P 2 20 RNA $2 B 0] 0 3 B 46 19
RNA, i il B e 31500 0K RNA S 8% 1 cDNA
JHT RT-qPCRP**, RT-qPCR AR K ARF[A] 1.6 155
IR 3,

NWSUAF303 [ X A5 £ 57 480 1l 3 41 114 52
el : AEAAIALERR] 1.8 75, TEAFERN KN AE AR
FAEF G 6 h K 12 h WML R AR, itk
WA IS IR, R A AR Ak Ao 4k
Y (peroxidase, POD) . £ ;%A 1Ll (polyphenol
oxidase, PPO) Fll 8 & 1k W I 1k i (superoxide
dismutase, SOD)FHPE,

110 Rit5HHh

{# | GraphPad Prism 9 #A{F #4745 07,
JIr A S 5 24 R A AE BEXT B9 Student’s ¢ K 5,
P<0.05 N2 G

®3  MIEREEXERERT-qPCRS 4]
Table 3 RT-qPCR primers for cotton defense-related

genes

Primers name Primer sequences (5'—3")

GhPAL-F AAATGGTGGTGTTGGTGTGC
GhPAL-R TCACCACCGAGTTTCACCAA
Gh4CL-F CCGTTGAGCTTGAATCCCCT
Gh4CL-R GTGGAGAGGGAGGTGGTTTG
GhCHI-F ACAACTACGGGCAATGTGGA
GhCHI-R TGCCTGATCACAAAACGCAG
GhPRI-F AGGCCGACTACGATTACAGC
GhPRI-R ACCAAGATGGACAGAGTCGC
GhCAT-F TGATGATTTGGGTGTTCCACA
GhCAT-R CAGCAAGCATTTGACCCCAC
GhACO-F GAGAATCTGGGGTTGGAGCC
GhACO-R TCCACCAGCATCAGTGTGAG
GhEDSI-F ATCCCCGCTTGTTGGTGATT
GhEDSI-R GCCCCACGGTAGACAAAGAA
GhAOS-F TCGTCTACGAAGCGTTACGG
GhAOS-R CAGACAGCATCTCCCCTTGT
Ubiquitin-F GAGTCTTCGGACACCATTG
Ubiquitin-R CTTGACCTTCTTCTTCTTGTGC

2 HER50HT
2.1 NWSUAF303 EfEENREREE
NI Hh

Wi HWHERSE L E WA, NWSUAF303
¥ TE k2 & I 5 Pseudomonas alvandae
HB002" (NR_181810.1), & 45 % o jfg &
(Pseudomonas bijieensis) 1.22-9" (NR_181354.1)
& N3 (F 1A), H NWSUAF303 It 5
P. alvandae HB002 B[R MER R, 4% 99.80%,
I ¥ NWSUAF303 & th #1 22 % & N
Pseudomonas alvandae .

0 ARG PR A A O 1) A 2 e A B
NWSUAF303 HRRERS A Bk R . IAA. ACC
T H A A . S TRe(& 1B, 10),
LA NWSUAF303 [tk EA W8 7E i 4 A 4 A
KAYfE
2.2 NWSUAF303 Erkp0igHE 14

Hi &l 2A A%, NWSUAF303 bk i3k
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Figure 1 Phylogenetic tree of strain NWSUAF303 and its growth-promoting potential. A: Strain NWSUAF303
based 16S rRNA gene phylogenetic tree (Bootstrap values based on 1 000 replications are listed as percentages at
the branching points. The accession number for each strain is given in parentheses. The scale bar represents 0.001
substitutions per nucleotide position); B: CAS, PVK, Ashby, and ADF media were used to assess strain
NWSUAF303’s ability to produce siderophores, solubilize organic phosphorus, fix nitrogen, and produce ACC
deaminase; C: The Salkowski colorimetric method was used to detect IAA production by strain NWSUAF303.

Escherichia coli DH50 was used as a negative control.
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Figure 2 Broad-spectrum inhibition of phytopathogenic fungi by non-volatile compounds secreted by strain
NWSUAF303. A: Inhibition effects of non-volatile compounds secreted by strain NWSUAF303 on 9 plant
pathogenic fungi; B, C: Effects of non-volatile compounds secreted by strain NWSUAF303 on colony radius (B)
and inhibition rates (C) of 9 plant pathogenic fungi. Where Pc, Fo, Bd, Fp, Nd, and Ss denote P. capsici,
F. oxysporum, B. dothidea, F. pseudograminearum, N. dictyophora, and S. sclerotiorum, respectively; Error bars
represent standard errors; Asterisks indicate significant differences analyzed by Student’s #-tests (*P<0.05,
**P<0.01, ***P<0.001, ****P<0.000 1); ns indicates no significant differences analyzed by Student’s #-tests.

The same below.
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Figure 3  Broad-spectrum inhibition of phytopathogenic fungi by volatile organic compounds secreted by strain
NWSUAF303. A: Inhibition effects of volatile organic compounds secreted by strain NWSUAF303 on 9 plant
pathogenic fungi; B, C: Effects of volatile organic compounds secreted by strain NWSUAF303 on colony radius
(B) and inhibition rates (C) of 9 plant pathogenic fungi.

P4 actamicro@im.ac.cn, 78 010-64807516



MYAE A5 | fUEYIEEIR, 2025, 65(09)

3969

15¢ = Mock @ Treated
1 ns ns ns ns * * *
g q W H | )
é 1.0 { { [ & ':I.[ { ][. ] -:l.[
s
s
(]
2
Eo0s5f H
[}
c‘ ’{-‘
0.0 ==+ . ' ' . : '

NS
SR ST Y

O
NI
O A\

Q

El4 NWSUAF303E#HIT K EE HEEE
e :op=Al)

Figure 4  Effect of strain NWSUAF303 on the

expression of virulence genes of Verticillium dahliae.
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Figure 5 GC-MS spectrum of volatile organic compounds secreted by strain NWSUAF303 and their
antimicrobial activity evaluation. A: GC-MS spectrum of volatile organic compounds from strain NWSUAF303
and the control group (1, 2, and 3 represent the peaks of 2,3-butanedione, 6-methyl-2-heptanol, and 2-nonanol,
respectively in the figure); B: The antimicrobial effects of varying concentrations of 2,3-butanedione, 2-nonanol,
and 6-methyl-2-heptanol were evaluated; C—E: Antimicrobial rates of different concentrations of 2,3-butanedione,
2-nonanol, and 6-methyl-2-heptanol. Error bars represent standard errors; Different lowercase letters indicate

significant differences determined by one-way ANOVA analysis (P<0.05).
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Figure 6 Indoor control efficacy of strain NWSUAF303 against cotton Verticillium wilt and its mechanisms of
action. A: Effects of various treatments on the incidence rate of cotton Verticillium wilt; B: Cotton disease index
under different treatments; C: Strain NWSUAF303 treatment effects on the biomass of Verticillium dahliae strain
592 in cotton stems; D, E: Strain NWSUAF303 effects on cotton defense-related gene expression; F: Strain
NWSUAF303 impacts on POD activity in cotton; G: Strain NWSUAF303 influences on SOD activity in cotton;
H: Strain NWSUAF303 effects on PPO activity in cotton.
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