2026, 66(1): 322-334 G =i
CSTR: 32112.14.j.,AMS.20250524 Acta Microbiologica Sinica
DOI: 10.13343/j.cnki.wsxb.20250524 http://journals.im.ac.cn/actamicrocn

Research Article Bt &

2N SFATE H-46 181315 5 R G 1 18 53 55 bk
AR

R GG BT KIS R, Emm

1 PYIRAMBIE R e anRlasgbe, BRI i
2 APt S e A e S, BRI A
3 PHILAMBHE R E MR be, BRPY i

SRR, XUBER, £R/NE, SRR, £ WRE0, BURNIN . /N AT R H-46 Bk S R G SRS AR OR L], AR E R
2026, 66(1): 322-334.

LIANG Yifei, LIU Xinying, XU Xiaoxue, ZHANG Namin, WANG Nana, HUANG Lili. Induction of systemic resistance by Bacillus
subtilis H-46 enhances disease control in kiwifruit[J]. Acta Microbiologica Sinica, 2026, 66(1): 322-334.

B E: [869] TAHRERRA BRI IR E A (Pseudomonas syringae pv. actinidiae, Psa) 5| A &9 #k
Mz Ak 4a H M R % JA (kiwifruit bacterial canker, KBC) €, %, 4 3%, B BRI ML = b T 3 48 & R 49 B 53,
REGEE . RBRGHEME S FR ., [FiE] v Lol BB A RIS A R, @it ik f i
B R R RN 42 ) F oA B (Bacillus pumilus) H-46 49 £ T 80R . KA 5 BB BGK KT Z B AR 69
3RFEMAS (L TREY. BOREFRSHEENR), FFETIWEEEARF B s BORIPAEH
THEEIZEMRSY. HABEREEAFELE . WAAEEE MM TR #7148 % L E RT-qPCR » 47
S AT HF MR HF & % ¥ (induced systemic resistance, ISR) 49 VE A #LEZ ., bobh, 83T 5%
Jo B T A Fe T I R B AE R A R R A Psa ¢ 2R . (4R 23 R E H-46 A
KBC B/ RAF 0630 R, »H AR 2T A 86.54%, H EZEME Sy — b o TRt (A)@E L 3E
7 T8 AE R X AR AT 5 7 64 7 06 BOR T 34 88.16%. AE A AL AIL A Ak A T4 Ho0, 5 MR T
R, 2 ERIAAR DALY B ALEE (superoxide dismutase, SOD). 1T A b4 B2 (peroxidase, POD)F= i A b
£, (catalase, CAT) 7% M, FF 7% K #) B2 (jasmonicacid, JA)5 T ¥ (ethylene, ET)1z 5 18 ¥4 X 4 A I
(AcMYC2. AcAOC. AcERF2. AcEIN3)#) £ A5 344 & S dutE (ISR), @t — 7 38 3% BRAE HL AL
M, A% Psa £t BP9 2 A5 E B Y2 37.8%, EIAF K 96.6%. [£] 42 ¥ Fe4T B H-46 )
o F R (A)B AL AF 47 B i 2 80F JA/ET 4R 49 ISR M %, 2 FRA MMM KBC 84k, 4
TR IR T A B IEF I8 4k &R B RAE T 2w Jh ahfo 52 BRAR IR

EIF: AWE;, S 0FRITE; FFALOHE; Rk

TERHIUH - S E S R T RI(2022YFD1400200)

This work was supported by the National Key Research and Development Program of China (2022YFD1400200).
*Corresponding authors. E-mail: WANG Nana, wangnaxiaoyu@nwsuaf.edu.cn; HUANG Lili, huanglili@nwsuaf.edu.cn
Received: 2025-07-09; Accepted: 2025-08-13; Published online: 2025-09-15



PARIE 5 | R WIEIR, 2026, 66(1) -

Induction of systemic resistance by Bacillus subtilis H-46
enhances disease control in Kiwifruit
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Abstract: [Objective] Kiwifruit bacterial canker (KBC), caused by Pseudomonas syringae pv.
actinidiae (Psa), has become the primary bottleneck restricting the sustainable development of the
kiwifruit industry in China, highlighting an urgent need for eco-friendly and residue-free biocontrol
strategies. [Methods] The kiwifruit variety ‘Hongyang’ was used to systematically evaluate the
biocontrol efficacy of Bacillus pumilus H-46 through leaf disc and shoot inoculation assays. The
active components were fractionated into three groups (small-molecule metabolites, proteins, and
polysaccharides) via sequential extraction, with the major bioactive fraction identified through
antimicrobial activity and disease control assessments. An integrated approach combining
histochemical staining, antioxidant enzyme activity assays, and RT-qPCR of defense-related genes
was employed to elucidate the mechanism of induced systemic resistance (ISR). Furthermore,
pathogen migration and colonization assays were conducted to evaluate the inhibitory effects of the
active components against Psa. [Results] B. pumilus H-46 showed excellent control effect against
KBC, with the disease control efficacy of 86.54% in leaf disc assays. Its main active components
(small-molecule metabolites, fraction A) achieved the control efficacy of 88.16% against KBC
through non-antimicrobial mechanisms. The mechanisms included triggering early H,0,
accumulation and callose deposition, significantly increasing superoxide dismutase (SOD),
peroxidase (POD), and catalase (CAT) activities, and activating the expression of key genes
(AcMYC2, AcAOC, AcERF2, and AcEIN3) in jasmonicacid (JA) and ethylene (ET) signaling
pathways to activate ISR. Consequently, the disease resistance of kiwifruit was enhanced, resulting
in a reduction of 37.8% in Psa migration distance in leaf veins and a decrease of 96.6% in
colonization ability. [Conclusion] Our findings demonstrate that the small-molecule metabolites
(fraction A) of B. pumilus H-46 activates JA/ET-mediated ISR via non-antimicrobial mechanisms,
offering a sustainable solution for the control against KBC and establishing a prototype for next-
generation plant immunity activators in crop protection.

Keywords: biocontrol; Bacillus pumilus; induced systemic resistance; disease resistance
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Rl Actin AR5 HHXEERT-qPCR5 155
Table 1

RT3 WAEYFER .

1.6 /MO FRIEDA)IFSHFFHEHERESE
BT

1.6.1 S|4Mgit

DL 4L RS JT JA/ET A i A% 0 3 R (MYC2,
AOC. ERF2. EIN3)H#REL, O BRMEpk R 2
HEAS A PR L K] AcMYC2. AcAOC. AcERF2 Fil
AcEIN3, F NCBI Primer-BLAST #¢31 RT-qPCR
FERG1IYIEE 1),

1.6.2 #mAIEN RT-qPCR

M A R 1401 9, SR F P E HAE Y
RNA #2& BOR ) & (At mt Al 2R YR A RS
Al) #E 4T RNA #2880, JFff ] s f% sl R &
(ThermoFisher Scientific 23 ))& . ¢cDNA 1E K
RT-qPCR 4 . JZ hj & & 2 # ChamQ SYBR®
qPCR Master Mix 15 B 45 (g 5 i MERE A= Y RHE B
WA BRNF, VA Actin fEANSEF(E 1), R
F 27O A S B A e ik i, ISR HEA T
3WAYFER,

1.7 IaFRIEIA) RS R ITR M
T
1.7.1  Ei&HI%

PR Psa M228-GFP FLEE 7% T LB+50 pg/mL
Kana AR 7256, 28 °C. 220 r/min YR %5555
XKW (16-18 hy, SR Y4 T 1R 40 il
(8 000 r/min, 2 min), J{H B IFFE 1xPBS LA
geopih, TR EM ODeo=0.1,

Primer sequences for RT-qPCR of Actin and defense-related genes

2R NALEIR7] B 1514

Gene name F-primer (5'—3") R-primer (5'—3")

Actin GCAGGAATCCATGAGACTACC GTCTGCGATACCAGGGAACAT
AcERF2 TGCTTGGGCACTGATTACTG ACCAATTCCTGCCAAAGCAC
AcEIN3 CACTTTGCAAGAGCTTCAGG ATGTTGTTGGGTTTCTGCTCC
AcMYC2 GCCATTTCTTACATCAACCAGC AAAATCGACCCCCCATCTTC
AcA0C TACAGCACGTGTTTTCGCTTTTC CTTGAAGGGAAACACGATCTTG
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M228-GFP IR TR IA A HERE Rt A
BT 16 CCORIBIG FRAR R TC A IEAR, 78 PR F )
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TV . IRIHET 3 AEYFES, WK
21 Kutter 2P T, BA&455% L) CFU/cm
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DL RIS BT 3 WA E A .
1.8 HESIT o

IR B 3 3 GraphPad Prism 9.5.1 k{4 3k
FIVER . t-test 5 BT LA KRR 2R 7 22 43 #T (two-
way ANOVA),

2 HEREM
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mim B RFHA
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FAER AHFAE
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3 %F Psa M228 1 ELHZ A i O ¥ A 55, o
/NG F AR (A) B30 T AR 4.467 mm
(F2A. 2B), #BIHAE PR AT REAKES T 1%
GERFEBUOLE . HE— 2D B RO E S5 R R, Y
A 3 B HE W MR B (P<0.001): 5 FH
PR R (g BETE A 11.49%)AH L, 45 AL B, C
43 SR8 BE T AR 2 1.36% . 5.59% Al 6.24%
(P<0.000 1) (K1 2C. 2D), HH45r A P55
FE T HABLL Sy, FIIk 88.16%, X —&h FLiFsL
JE/NZEHURT B H-46 & 545 B 1E 0 2805
R H N AR (A), 3l
WREBURIEN 51584 B i RS BupL 7
FEAR T2
2.3 N FRIEA)IFESEENMT AR
HARG S M A%

1% % (reactive oxygen species, ROS)% & (JT
HJE Ho00) R IR TR R G (ISR)Y
KRG, A asi RE, &
H-46 /)N 73 5 AU (A) Ak 2 80 Bk A Bk i R v
H,0, TR ZFGFIR TR g 238 5 (1] 3A). &
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Figure 1

Control effect of Bacillus pumilus H-46 on kiwifruit branches (A) and kiwifruit leaves (B). H,O: Add

H,O fermentation only; H,O+Psa M228: First add H,O fermentation for 24 h, and then add Psa M228
fermentation; H-46+Psa M228: First add H-46 fermentation for 24 h, and then add Psa M228 fermentation. Error
bars indicate standard deviation. Data were analyzed with ¢-test: *: P<0.05; ****: P<0.000 1.

SIRTARER NI (AL A Y HL0,
Ik E 31.59 pmol/g, HEXF R4 5 50.86%
(P<0.000 1); [a]W} H-46 /N> FACHEIHI(A) b3
Bkt B i IS 9615 5 5 LU AT Ik 0.674%,
T2 T A% 0.065 3% (P<0.000 1) (& 3B).
XEEZERFR], NG AR (A) AT LA B A
M AR A S, E IR o 0B B 4 38
P L 55 S TR AT 8 B B, Ho 00 M N3 A
i fish % T W B ARV B PO IR R, R Gk
5827 X} Psa WTLIE
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Figure 2  Antibacterial activity and control effect of three crude extracts of Bacillus pumilus H-46. A: Plate
confrontation assay between Psa M228 and three crude extracts from B. pumilus H-46; B: Statistical analysis of
inhibition zone diameters; C: Evaluation of disease control efficacy using leaf disc assay; D: Quantitative
comparison of disease suppression rates among different crude extracts. Error bars indicate standard deviation.
Data were analyzed with two-way ANOVA: ****: P<(.000 1; ***: P<0.001; **: P<0.01; *: P<0.05.

Pio IR A RUE SN T (A) AT L
3 T VA4 T A AL T PR S T R R e hE
AR/ FAG P (AR 5 S PUYEDLIER A T
IR
2.5 N FRIEIA)FTERREBET AR
fEHE X E R A

A f A P S 10 R e P M (ISR) 8 6 4K

T FIR JA)FI 275 (ET)E 538 B 0 0% . A
RT-gPCR 45451, H-46 /N TARCEH#HI(A) L B]
3 BT HRBERE JA/ET {553 B O B R il 22
iK(1& 5). ET {553 i o 5% Sk i P 1 AcERF2
Fl ACEIN3 3Rk 43 5 HE &5 2.50 £ A1 2.17 %
(P<0.05); JA 155l B O FE P AeMYC2 o H
FHA B AcAOC (31K Tt B & 1 ey
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Figure 3 Detection of hydrogen peroxide accumulation and callose deposition in kiwifruit leaves treated with
small-molecule metabolites (A). A: Observation of hydrogen peroxide accumulation (by DAB staining) and
callose deposition (by aniline blue staining) in kiwifruit leaves treated with small-molecule metabolites (A),
(Bar=200 um); B: Quantitative analysis of hydrogen peroxide and callose deposition in kiwifruit leaves treated
with small-molecule metabolites (A). Error bars indicate standard deviation. Data were analyzed with #-test:
FoxEsk: P<0.000 1.

A

es)
[\
(9,
1
@]

80 r
*k ok sk kk

ok

1

|
H

[—
(%]
T

—_
S
T

SOD avtivity (U/g)
S
[w]
CAT activity (U/g)
POD activity (U/g)
.
S
T

H,0  H-46 (A) H,0

(]
(e}
T
V]
(==}

H-46 (A)

H,0  H-46 (A)

E4 NaFREDA)FSTEIRM R S EEE

Figure 4 Results of antioxidant enzyme activity measurements in kiwifruit leaves treated with small-molecule
metabolites (A). A: SOD activity; B: CAT activity; C: POD activity. Error bars indicate standard deviation. Data
were analyzed with #-test: ****: P<(0.000 1.
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Figure 5 Results of antioxidant enzyme activity measurements in kiwifruit leaves treated with small-molecule
metabolites (A). A: Relative expression levels of ethylene pathway genes AcERF2 and AcEIN3; B: Relative

expression levels of jasmonic acid pathway genes AcMYC2 and AcAOC. Error bars indicate standard deviation.

Data were analyzed with z-test: *: P<0.05; **: P<0.01.
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Figure 6 Pathogen migration distance and colonization level in leaf veins under treatment with small-molecule

metabolites (A). A: Observation of pathogen migration dynamics in leaf veins (Arrows indicate pathogen

diffusion sites) under B. pumilus H-46 small-molecule metabolites (A) treatment; B: Colonization quantification

in leaf veins under B. pumilus H-46 small-molecule metabolites (A) treatment. Error bars indicate standard
deviation. Data were analyzed with #-test: *: P<0.05; ****: P<(0.000 1. 5x diluted: 20 pL of original culture was
diluted 5-fold in 80 pL sterile PBS (final volume: 100 pL); 25x diluted: 20 pL of the 5x diluted solution was
further diluted 5-fold (1:5) for plating; 125x diluted: 20 pL of the 25x diluted solution was further diluted 5-fold

(1:5) for plating.
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