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TEMERAERFREREA RIFHIGE 58T RR, ARGERAKRTEAER;, a4 ER
ZH-356 ] RAEGERARB F), LERTIN R L ALK, *FFRAE R BEH — 2 sk,
FRmB LA GG SRR EN, BEAMGEARATTEAAARRSG,. A3t Ed
ZH-356 692 K BB 5 At R I, HABESH —FEREEKR, KA 9435898 bp, G+C &
2T h 70.82%, ETFAMEF] 8432 NmAAE . 69 AN (RNA A FH F= 18 A~ rRNA XK H . #HArix
BERI T, HER ZH356 R TEML T RARANFHEFTERAF L. 22ARAHHTT
n, #EE ZH356 FAEH D2 ANARERMS S M RAR ., B3HFAFINLI, AR
A g R A it 42, NRPS/TIPKS A B 42 ZH 356 GM000343-ZH 356 GMO000422 #) & i B &
LA, EMETRLZEER ZH356 PAFELRAAMRBREAZTHEM R AN S RAREK, m
ZH 356 _GMO000409 7T #t iz R eirz s Ao s A B . [4#] 45§ ZH-356 4 £ AWK
NAEEIE, ATZARFNSOEAG AR Y AARE LA R ER, LR RE L
B 49 7E WM T T 6 @ ZH 356_GMO000343-ZH 356 GM000422 A B 3 # 7t A . AFFR A 8
ZH-356 9 = WAt i ) Fedk i d Ja R B A 69U AR5 e T el

XKW BEE, L, B, ARANA; HRANSF; KRAKG Y

Biocontrol effects of Streptomyces sp. ZH-356 on plant diseases

LIU Andong"*, NING Wangqing'**, ZHU Xufei', ZHANG Bolin', QU Xiaona', ZHANG Jinlong',
XU Chengnan', LI Guangwei', ZHANG Xiangqian', WANG Yanfeng', CHENG Juanli'**",
LIN Jinshui**"

1 Shaanxi Key Laboratory of Research and Ultilization of Resource Plants on the Loess Plateau, College of Life Sciences,
Yan’an University, Yan’an, Shaanxi, China

2 Yan’an Colony Biological Technology Co., Ltd., Yan’an, Shaanxi, China

3 State Key Laboratory for Crop Stress Resistance and High-efficiency Production, Northwest A&F University,
Yangling, Shaanxi, China

Abstract: [Objective] To evaluate the colonization ability and biocontrol effects of Streptomyces
sp. ZH-356 with antagonistic effects on plant pathogenic fungi and reveal the biocontrol
mechanism of Streptomyces sp. ZH-356 by omics analysis. [Methods] The colonization of
Streptomyces sp. ZH-356 in plants was detected by the GFP fluorescent labeling method. The
biocontrol effects and potential of Streptomyces sp. ZH-356 on plant fungal diseases were
evaluated based on the biocontrol effects of the inoculant in different dosage forms (seed coating
agent, wettable powder, gum inoculant, and bone glue inoculant). The whole genome information
of Streptomyces sp. ZH-356 was analyzed by third-generation sequencing, and its gene functions
were annotated. The comparative transcriptome analysis was performed to screen the differentially
expressed genes during the antagonizing process of Streptomyces sp. ZH-356 against plant
pathogenic fungi, and thus the genes involved in the synthesis of antagonistic substances were
predicted. [Results] Streptomyces sp. ZH-356 stably colonized the roots and stems of tomato and
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wheat plants. Different dosage forms of inoculants prepared based on Streptomyces sp. ZH-356
demonstrated strong control effects on tomato early blight and apple valsa canker. Among them, the
seed coating agent prepared with Streptomyces sp. ZH-356 did not affect the germination rate of
tomato seeds after treatment while protecting tomato seedlings from the infection of Alternaria
solani. The wettable powder prepared with Streptomyces sp. ZH-356 showed both prevention and
treatment effects on tomato early blight, with the prevention effect stronger than the treatment
effect. The liquid inoculants prepared from Streptomyces sp. ZH-356 had control effects on apple
Valsa canker, regardless of whether the diseased bark was scraped or not, while the control effect
was better when the diseased bark was scraped and better than that of thiophanate-methyl. The
whole genome sequencing results showed that Streptomyces sp. ZH-356 contained only one linear
chromosome with a size of 9 435 898 bp and the average G+C content of 70.82%. A total of 8 432
coding genes, 69 tRNA genes, and 18 rRNA genes were predicted. Species annotation results
showed that Streptomyces sp. ZH-356 did not belong to any Streptomyces species whose genome
has been sequenced. Genome-wide analysis showed that there were 32 biosynthetic gene clusters
(BGCs) for secondary metabolites in ZH-356. Transcriptomic analysis showed that the expression
of the NRPS/T1PKS gene cluster ZH 356 GMO000343-ZH 356 GMO000422 was significantly up-regulated
in the process of antagonizing plant pathogenic fungi, suggesting that it may be a BGC mediating
the biosynthesis of active substances against plant pathogenic fungi in Streptomyces sp. ZH-356.
Moreover, ZH 356 GMO000409 may be the core biosynthetic gene of the active substances.
[Conclusion] Streptomyces sp. ZH-356 can colonize plants, and the biocontrol agents prepared
based on this strain demonstrate good control effects on plant fungal diseases. The active
substances for the antagonistic effects may be synthesized by the gene cluster ZH 356 GM000343 -
ZH 356 _GMO000422. The above work lays a foundation for the industrial application of strain
ZH-356 and the research on the mechanism of antagonizing plant pathogenic fungi.

Keywords: Streptomyces; colonization; inoculant; genome sequencing; transcriptome sequencing;
secondary metabolites
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A OB SRR L L B T KA
K, VENRZIREMNE R Z —, #ERF FHAHC

U R BT R A R, MR . BT,
E il B A PR IR B A W TR LA 40%
KIBTHRE T, XEYFEHZMIER.
% B0 S A AR v PR R S0 B R
AREYHEL P B N B N 2 WP 50 ok T 4
ARSI X e A R PR 2 B O TR AR
KB, HEENHARRMWA, B B AR
G+C &l PP REEHEEHNAE, A

Bk R LR . W 2 R AR T A R 55
4 R AR [, R R A B AT AT
I BE 2 TR R AU S N e i i . 28, DL
G AL RO . A . R/NFIZRE, B A
WA= 1T, ey AU OV e A IR 2
AR BN A A A — R A N AR B T R
B BRI R AR ST o Rath SR ] 42 Bk R
Mot KB, MIIIE 2 B i — bk BE R

http://journals.im.ac.cn/actamicrocn



1222

LIU Andong et al. | Acta Microbiologica Sinica, 2025, 65(3)

HB2AG fAE R B B ansB, RAWEE
B BELEDT R I 0 2P bk B 1 I 5 1 200 2
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PN R, A B R R B TEAR AR N Y S
RE 71 LA VTAl AR A e 5 A W By v S
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HERF I ZH-356 JEAS TR A AP A 2%
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P27 S AL L AR D HL2E 5 A0
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MBI AR, BB R A= SR, AR
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g it — W 5T 4 A 1E ZH-356 B9 A B AL,
AW 5% 0 i # AT GFP 3 A Y ZH-356/
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X2 BRI FERE P A8 DN 1) 2 B L EA T o0 BT 5 X
AN [T AEL ) L TR T T 2R A [ 700 28 19 R 591 (b 7
AKF] . RTER R K R R A R D), O
XA B AR I E TR A, e FLAE B RIOR . A
LAY b, XHBEEE B ZH-356 HE AT 4 3L K 4 )
F¥, 4B o T AT B A I AR A
IR s A5G 5kl 7 000, KRRtk ZH-356 16
i B A 5 i L A o R v s R I R R Y
WA =W A I R FE , O 25 7E R
ZH-356 W40 S S PUAT s i L TR Y OGBS I
IR PR ZH-356 F5HUAFH P98 I F0 1A A AL A
5% I HAE A A W B 3 453 T & R 24
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1 AR5

1.1 Ek

b3 T Wk B T ZH-356 RS2 % 4 B 19
2, ORECT H E AR SR Y O PO, DR
5 CCTCC No.M2020690, i B ik A 1 AT 14
ET12567/pUZ8002/plI8660Ep® iy b 5T Akl k2%
O g, 5 A I R SRR
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YR AR B T ok OB i T Z e it
1.2 EHRE

R — S R (/L) AR METERY 20.00,
NaCl 0.50, KNO; 1.00, K,HPO4-3H,0 0.50,
MgSO4+7H,0 0.50, FeSO4:7H,0 0.01, Bif§ k5
15.00, AZEKEL, pH 7.2,

JiE 2 MR K SR By 3R R (TSB) (g/L):
tryptone soya broth 30, IFfEH 15, BEEKES,
pH 7.2,

LB 338 dE(g/L): MR 10, BERHEHRY)
5, NaCl 10, Bg#s 15, XGEKESZ, pH 7.2,

LR R A BRI R 55 #R L (PDA) (g/lL): 5
FYRE 200, HAGHE 20, BEAEM 15, XZEKEZS,
pH A%k,

2X PRI IR AR I IR RS R BR (2% Y T) (g/L):
FEAR 16, BEHEHEEY) 10, NaCls, WHEKE
7w, pH 7.2,

M1 B33k (g/L): RAWERE 1.00, BERRRE
¥ 5.00, N = 10.00, KNO; 5.00, &3¢
1.25, HIEKY 15.00, RGEKEZR, pH 7.2,

YME ¥ 3558 (g/L): LRI 4, nliEdE
TEWS 4, EZPHE 10, CoClyr6H,0 5, Bk 20,
WZEIKESS, pH 7.2,

2CMY iR (g/L): nIIETETER 10, B
J#: 2, NaCl1, (NH4),S042, K;HPO, 1, CaCO;2,
TEHLER VWK (FeSO,+ TH,0 0.1, MgCly+6H,0 0.1,
ZnSO4+7H,0 0.1) 1 mL, EARHK 15, WK E
2, pH7.2,

ISP2 KiFe fh(g/L): ZZF4EHY) 10, Webkfg
By 4, BEFE 4, BUEM 15, BEEKESR,
pH 7.2,

PhobBEFE R B ISP2 1% 55 4L 115 °C K
30 min, HAAREFEIEYY 121 °CK A 20 min,

1.3 FERFIFIESR
JEREE IR . BEREEEHCY), OXOID Adl; K

AWEe . B, dbmt R ER AR A
FERME . RO, L& s RHEE e
BT BB, HFIMNCEH R A BRA
gL, AETAY TR BRMARAHR; H
{{ERm W] EE Ve o TE

I EREMAHEE, I RETRHA R
NFE], M N 30 pg/mL; A R (T
F£8 50 ug/mL, ZSWERRER{# W BE A 25 pg/mL,
R Barhr TR () A B A
1.4 $%E5 ZH-356 {£EYIH I EFE
1.4.1 $EEE ZH-356/plJ8660Ep AU

KIGF W BE R W R W RES B S %
o 55 R R AE T ) BT KBk I ZH-356 7F
YME $5573E R4k, F28°CHifc4-6dJa, H
TR E R, TR R W
B S JC R IR A o 8 A T B R 25
W2z Be 5 R 3R 5L R, 3 000 t/min B O
10 min W 4E 7 F, FH 50% JC B H A7 T
-20 °C# M o ¥ K ET12567/pUZ8002/
plI8660Ep 7 LB i IAIEF A, 37°C. 180 r/min
PRI, LL 1% W Hu G4z 200 LB Wi
W FE R, 37 °C . 180 r/min R % 15 5% &
ODgoo 1H N 0.4-0.6, 6 000 r/min 55.[> 5 min Y5
BRI .l FH B B LB VR A B 57 R BT A
6 000 r/min #.0> 5 min 2 L3, EE 2K, MA
100 pL WK LB 3537 L dp i s . it
HE R B ZH-356 T4 B8 1:10 Hefslim A 1 mL
2xYT &, 50 °C/K % 5 #4910 min,
6 000 r/min &[> 5 min, ZEERAFD L, EE
il o B BRI R AT T ET12567/pUZ8002/
plJ8660Ep F M AFE FEH T, IR GIHRM T
Joht bRy 2CMY 8555 3 b, 28 °CfE| B SR
16-20 h, %% 75 2 (50 pg/mL) Fl %% WE i fR
(25 pg/mL)E 55 2CMY Az, 28 CCHRZEREFE 2 d
ARG T RGBT AR
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B 2 (50 pg/mL) FZEWEBR R (25 pg/mL) ) 2CMY
PTEE SR AL ERIZAL UG 3%, 19885 W ZH-
356/plI8660Ep.,
1.4.2 & & E ZH-356/plJ8660Ep HJ GFP
FIBKMFNFETUE M E

GFP 2GR AR 7 ik 2 2% X e Fi 250 1y
W5 . KB RE T ZH-356/plI8660Ep i FHI i F 1%
FRIkAE AN 2 1SP2 [EA RS SR 5L, 28 °CHEFR 7 d,
W 55 3 R I 2 R (P 2O B e
WEEIE 627N H), TL3201-LED)#F4T GFP %656
R EE K 420-485 nm) R RGN, R A
UG 1 F 0 S 4 B B ZH-356, ZH-356/plJ8660Ep
XA R LA A PUYE . 7E PDA S5 5E
O OB A B TR A9 TR DF TR TR A A A SR AL
s S, ZE DU FRAY 2.5 em Zb 4N 15 uL
85 4] ZH-356/plJ8660ED T i, AT N 55
B ZH-356 FRAE AT IR, 25 °CHEFR 5-7 d Ja WL
BRSPS R
143 $E & ZH-356/plJ8660Ep 7f & 4714
A E A

SE BN E 25 AR EDI B g . OB LT
AR T AL AR TR A FRA v A 2 AR 41 3
) FI/INZZ TR Ry SE S A L AT B S o B
W ZH-356 F1 ZH-356/plI8660Ep 4% fl & TSB
W AR R IR, 28 °C . 180 t/min R %555 3 d
PREIFRFIR, DL 1% 0 LU BHERD 28 5 AT Bk Y
ISP2 WIS IR, 28 °CHEFE 7 d. PhHLE
S AR B PR, 25 °CHEFR 7-10d
KA, 20 d AR, K 50 d Ao i3 i B
o PRI 56 B /N2 R R R Tk
25 °CHiFE 5-Td EHEM TR, 14d LB
FHERME, KEOIELWNEHEH. Bz
FBRAMRAR ZE s b S5 i 58, R A
S RE AR AR 25 28 B A A AR RN 253l 1 45 11, K
FE1H ZH-356 Fll ZH-356/plI8660Ep T ik LA HEAR 12
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GGV A AR ZEATE T AR, B s
MRZEZE AL RARAE R H 100 mL &, 25 °C
Bigs 21 d, LA IR A FR K A B4R A %o BEV2H
SRAEMMRARZE, B TR K sk 5 48, i
RIS 2E B, BTG B N Rk (K
420-485 nm) LI 4 25 74 ZH-356/plI8660Ep T4 H
FERE RN P 1 2 AR 0L
1.5 EFHEE ZH-356 BYE IHI & &
SRR
1.5.1 ETH#EE ZH-356 HEFIH&

BFERE R ZH-356 AR il 5 ik &%
THPIRIAFSE . PREUEERR B ZH-356 BB TE 4Rl
% TSB RRE SR 34, 28 °C,. 180 r/min k3% %
7% 3d, BRIFFHRG LA 1% 0 LBl b1 s
B SA RN M1 AR R 39, 28 °C |
180 r/min #R¥FHHTF 15 d EHE A N BE A, R
hEEREPA ZH-356 KB B 200 mL 4% 5 KA
VW . 640 mL 4% 2R CIR BSR4 i R4
KA, FEAA 160 mL 888 5 ZH-356 K B
W, WA 1 L AR ZH-356 FPFRACH,

R TH ZH-356 nIRERFI AT 5 ks %
RUIFEFONGRFFT . FREUCT e R AR R 4(SDS)
60 g. &R W A 2 4k & 41 (CMCC-Na) 60 g.
KH,PO4 20 g Flfik#: 1 860 g, FE/rT LIRSS,
121 °C2KT# 20 min; KFEJ5 70 °CHET, I A%E
T ZH-356 KW 2 L, FE0iHkls), 25°C
HET R AR

HERE DA ZH-356 VAR, A48 B K B 5 A
B B A 25

(1) % %% B ZH-356 fi 7K & 7 il & .
0.8 mL Jo/K LR 0.8 g KRR, A1
KGRI A 320 g FTRIARRE . 40 mL H
A 960 mL ZH-356 A Wi, 7o 4340 £ 7 R
A EIRAEFER

(2) BERE T ZH-356 i e b A il £ . BURSR
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HKE 333.3 g, H1333.3 mL H,0 i2ifid#%, 70 °C
KIBHFERAL, BCERE N 30°C, MAH M
166.7 mL, CaCO;3.33 g, Bk 518550 .
TE 3 N A BE RS ZH-356 & B2 500 mL,
BEFRRST, WA R RER, EEMEFESH.
1.5.2 B HE ZH-356 T E KT 2
S

YSUFT il -8 L 100 7 80 728 95 P T 2 o 22
PDA i35, 25 °C. 180 r/min ¥&3% 5555
10-15 d B LRI, 15980 F 50 R0
R BER . 43 BIAE 50 mL F 4 1) 35 7 FIBE 75
ZH-356 FpF AT FRIA 30 JRE AL AR LT i
PP AL AR TR A R ), R e Fh T
AT, BUH BT S . fECR S
F# 4% 500 mL/kg HIA &t 5 7 it -8
REERMFERS), 2. 2 5llHE 8 ZH-356
Ffr AL AR A HHE | A 5] 356 5 Ak LR G Ak X
HE L (%) P T~ P A R o 3 i 792 05 TR K IRV
(EFE b, AR 3 M EYF RS,
AEERFERD 10 PR A AL ERA A FP T
ZOR MR . BRen . B, TEAKE
1.5.3 S HE ZH-356 AR FI 2B
SN

PAEE SR 50 d 09 78 i (B Al e B 7 7 12k [
LAE NSRRI TR RS, BissE 5 )y
RS RGBSR, 1.5.2 TR MR
PR, RS 7R 2 min ffi A7 WA B 22
R o TG B O S e 0 R i R TR R
B, BFUENE 3 000 r/min Z.0 5 min, £ i,
F 20% H R PR UTTE AT, 15 203 A R
(Rl O (i U W G5 DA D UL E ]
1, 25 2 B 0 YR Rl 495 P o
b, FREOE R TR T O R 2 S R AT
29K, DAGRIETR i e v ) R iR e o [T —
B )R] AE S 495 00 B on ik R G 4 B

ZH-356 RITRPER I 20 ARG KR BRI, F7
MR AR ZH-356 PR YRR T2 ) T
ST 2 WK o T onh e TR A R B A
ZH-356 AR I B PR 3 d, AREH G
JE MR, 43 ABERE T ZH-356 1] FR R 35 XF
T A0 R () T AR ST AR . SRR 4R 8 A
AFRLH - al: St F PR 3R R R
WD a2: SeHERh R R EA TR RTR AR
s a3: TR bl et PRk
F I T PR A R R T b2 JE PR N
TP 5 TR I e FH AT R PR SR 2R 5 b3 it AT
PR R R L B s CKL: 422 Bl 3 i - 28 0 1A
CK2: JoAbEEXTRRZ , Kb PR 5 i L
B, AR IAR AR FREERT IR 14 d.

GEi 5 Ak PR B im0 e 1 8 AL 5.
WA )R] T AW EDR . KR
R TR A BRSO A LA i 3R T AR
BAM R E B9 09 T, 1%%: 5%
PIF, 39 6%-10%, 5% 11%-20%, 7 %%
21%-50%, 9 Z: 50% LA I, 4k B pE LI
7 50 AR R AF .
> (GO < A PR )
Pl SR x B AR

(1
1.5.4 $EE&E ZH-356 /&R B KB
M ZE

TE HU B VY 45 A 42 T 28 FE X i R R VA R
(36°35'29"N, 109°17'59"E) LI i1 3% 5 el v & Jg&
P SRR F R o 1) S SRR AT A Sy S X G i
PR R .

2022 43 15 H, fEREE T BEHLE UL %
PSR AT, BIBR AL R B2 5, 43 il T
PREERE I ZH-356 IEOK BT . H LG 1A R M9
AL FRAE Ry 28 A IRAE 3 AN AR ERAL, f A
3N EELE, BAER 15 BRI, 2023 4F

158 = 100x
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4 J1 15 B, Ae el FEATL 18 B 18 37 SR A
T, h 6 ANAbFAE - HIBR KR AL Y K I 43
SRR TR ) L H R TR R R RS Ak HE
DL K AT B S A AR e B 475 100 U R S T
F UK AR P R AR RN TS AR B, A Ak B
HS AW EE, BAOEE 20 R, 7ERIK
SIS R 1-2 A3 TR HF R A, Gt Rt
R PSSR I s & R R TR AN A =N (2) s
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(B 1A, 1B), FiZEY) A i n] g3 /b 5 4
tauE(E 1G. 1H), i@k ZH-356 F1 H,0 Ab
BT HE AT 09 Z5 At AR U0 7 R ZE 80 R 4R DL
(LR ATOE(E 1C-1F, 11-1L). [RIREHL, Zmikk
ZH-356/pII8660Ep 4t P 21 d J& B /N2 ML 1) Fr il
ZEY) R RO B AU T X B SR 1) B ) 4%
(K 2A, 2B, 2G. 2H), i kk ZH-356
M HO Ab B FRZH 1y /N 22 iR U1 e FZE 40 | oh
PR W i a5 6 (8 2C-2F , 21-2L), |-
R4k 5L 3 I 55 55 B ZH-356/plI8660Ep AE 1E 7 ifi
N /Y AR AR R N AR E E B, HOIZ A bR
ZH-356/plI8660Ep Tt F fili H B il [7] T~ 7 AR &
FEFH

=
ZH-356 .
T e, T
ey
i
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E
H,0 Rl P

Bright field

Bl $EEHZH-356/plI8660Ep7E EANIEIK A K EFE
Colonization of Streptomyces sp. ZH-356/plJ8660Ep in tomato. Streptomyces sp. ZH-356/plJ8660Ep,

Figure 1

Blue light

2.2 ERE ZH-356 B 7 X E Y E E R
EHENIM AR N E

2.2.1 $EEHE ZH-356 T EKRFZFHHH
Sy}

T AR - 398 rb P AT i R TR R TR
FEFP AL B (Y 3 LT8R T (B B ZH-356 Fb
FEARFIAEE ; S A ; Johb AR
). 21 d J5 B A BRAL e i K B an & 3A B
7N, BEREP ZH-356 Fh—F LA AL B ) e in i K
P AT AL AL A A e A B . BT
TERBEAN T R A I IE 0L T (Bl 3B), &4k
AWM RIFRTTH R 25, WHEERE
ZH-356 B A% Feomi B B i & TG 1 TR 52

Stem

Vil el ot el
Bright field

Blue light

ZH-356 and water-treated tomato seedling root slices were observed for fluorescence under white light (A, C,
and E) and blue light (B, D, and F) using a fluorescence microscope. Streptomyces sp. ZH-356/plJ8660Ep,
ZH-356 and water-treated tomato seedling stem sections were observed for fluorescence under white light (G, I,

and K) and blue light (H, J, and L) using a fluorescence microscope. Bar=50 pum.
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ZH-356/plJ8660Ep

ZH-356

H,O

2

Bright field

E2 $EEREZH-356/plIS660EpE /N ZHE KRN AN EFE

Blue light

Bright field

Blue light

Figure 2 Colonization of Streptomyces sp. ZH-356/plJ8660Ep in wheat. Streptomyces sp. ZH-356/plJ8660Ep,

ZH-356 and water-treated wheat seedling root slices were observed for fluorescence under white light (A, C, and
E) and blue light (B, D, and F) using a fluorescence microscope. Streptomyces sp. ZH-356/plJ8660Ep, ZH-356

and water-treated wheat seedling stem slices were observed for fluorescence under white light (G, I, and K) and

blue light (H, J, and L) using a fluorescence microscope. Bar=50 pum.

M) 5 T 422 o 30k 280 1 (181 3C), R T
AR TR AR 2 R, (AR
PR ZH-356 Fi -0 A< 55 b 3 20 (1% 2 73t B 7E PR
(K 3D). WK (K 3E). & & (K 3F) M+ &
(& 3G) 77 Ihi ¥4 . 3 v JL oAb P ZH R JC A P
gi bk, RAEER T ZH-356 Fi-F 5 RERS
AR T30 0 B 32 A R T R
222 $EEE ZH-356 AR MR T 2 #B
SN

AP P ) AR B R S g ik 8 A B
H, SHLF 153, F P w1
BEFE TR ZH-356 AT 50 Wi ] PR B E) 4 3 d,
RIS SG AN, 4y 5w ZH-356 Al
P 3 700 X 2 L 5 1 T B AL BE al . b1 AN

CK1)FIVAIT Ab (a2, b2 Fl CK1). Z5HE K 4
Jii7R, ZH-356 RJ IR A 35 Ak 3 2H AR A T L B AN
TR AL B, FReon B R s B 8 ek
D 4A), FBEREE ZH-356 IR 7 HEF T 70
77 A2 3 P 5 i A 15 e AU I T AR B b B
ZH RIS WS it T 9 A ) A BRZH (8] 4B). S
Fofr 7 90 7928 5 BT Pt P P S R R A T 3R A
P, R PSR I ZH-356 AR R TIA
I S R A T it v 3 A R 35 R RN R I it T
PR T R, i B 149 R b 2 ik 2>
(18 4A), FIEEREH ZH-356 Al {IEM H HEF 7677
A BT T A T G P A IR T L T A B A
FIUAS i T 388 1 Ay 751 6 % HE 2L (1] 4B, AHAS T
a3. b3 Fl CK2 4, HAzFh 3 i 58 T 14 b
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B ~ B e s D
élZO— é 120 ’ns—l 10+ ********
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S 80} 3 80f N =
2 60} 2 60t 5 ==
= = L2 4t
g 40 S 40r =
£ 20t £ 20} £ 2
E ol - E ol = 0° :
O ZH-356 Matrix No treatment O ZH-356 Matrix No treatment ZH-356 Matrix No treatment

sk

E 16+ sk F 5. G 0.10 - FEE
~ 14+ — T
St T 24 5 0.08) T
550 - 5 3f £ 006}
=} 15} T 5]
2 6L E 2+ z 0.04
g 4 - £t £ 002} -
& oL &3 :

0! |
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E3 #EHEZH-3567 T8I EMm R R mAIBE1ER

Figure 3  Effect of Streptomyces sp. ZH-356 seed coating agent on controlling tomato early blight. A: Tomato
seeds treated with three different methods (Streptomyces sp. ZH-356 seed coating agent, matrix coating agent,
and untreated control) were sown in soil mixed with a fermentation solution of Alternaria solani. After 21 d, the
growth of the tomato seedlings in each treatment group was observed and photographed; B: Germination rates of
tomato seeds in Streptomyces sp. ZH-356 seed coating treatment group, substrate treatment group and untreated
group were determined without infection with Alternaria solani; C: Germination rates of tomato seeds in
Streptomyces sp. ZH-356 seed coating treatment group, substrate treatment group and untreated group were
determined after treatment with Alternaria solani. Plant height (D), root length (E), fresh weight (F) and dry
weight (G) of tomato seedlings in Streptomyces sp. ZH-356 seed coating treatment group, substrate treatment
group and untreated group were obtained after 21 d of treatment with Alternaria solani. All the data are
representative of a minimum of three independent experiments. Error bars represent the standard deviations. *: P<
0.05; ***: P<0.001, ****: P<0.000 1; ns: No significant difference.
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A
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El4 HEEEZH-356 7RI R R maIBr A ER
Figure 4 Control effect of Streptomyces sp. ZH-356 wettable powder on tomato early blight. Leaf spot

1231
B
501 .
e koK sk ok RERF |
S 40 | | [
= 1
8 301
R=
[}
2 20t
9 T
a 1"
1 || 1 1 1

|
g al bl CKI a2 b2 a3 b3 CK2

symptoms (A) and disease index (B) of tomato seedlings treated with apply wettable powder first and then

inoculate Alternaria solani (al), inoculate Alternaria solani first and then apply wettable powder (a2), apply

wettable powder (a3), apply wettable powder matrix first and then inoculate Alternaria solani (b1), inoculation of

Alternaria solani followed by application of wettable powder matrix (b2), apply wettable powder matrix (b3),

inoculation of Alternaria solani (CK1) and untreated control (CK2). All the data are representative of a minimum

of three independent experiments. Error bars represent the standard deviations. *: P<0.05; ****: P<(0.000 1.

PRZA Y R e AT, B IZO T A 2
PR T A PR T T R R (8] 4). 25 F Tk,
FWT R BE RS T ZH-356 ] G rT R4 700 2 b
WA R SI67 R0 . S8, BT
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T A SRR 7 i B2 T )y 4 FH B R 97 VR A%
LT
2.2.3 $EEE ZH-356 &IAEFIHE RS
2022-2023 4, HELE 2 AEAERETE A IE AT 4
FE DX WAL T VA AT ) L R S SR ] T R R
ZH-356 WARTE R A FH BT . 2022 47, XFSER
RIS A A K J5 o IR IR B 25 1 ZH-356
KB TR R B E AL 3, e
Jit FH i 25 TR ZH-356 JE/K B 1) J A2 SRR T s
02 T R 2 I T it P HR A TR 52 R 59 R TG Ak 3L
H(E SA) . SRIAEALEE 7 A~ H 5, 3 A bB4] pr

TR @ 21 22 56 )% T I W 22 53 (1 5B). 25 1
BTk, AR ZH-356 i a0 I 7K 77 X S R
BT 2 9 1) B 3R 2SR B B A T R R R
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2023 4, B E S ARLE T R A Ak BB e
Je A TR R T R L R SRR B S 7 AN G A
B, DL RCHEANEI B 9 AW Bz (17 150 430 O
PRB R . F R AT R 00 R JC A B A 6
AL B, 45 FAE 6 frR, FIBR &b i
TR IRHE R B ZH-356 15 BRI 391 I A S SR g 4
a5 R A8 0 AT IR TR PP R T OB 5 A i A
FRA(F 6A). MHELZTT, ANEIBRE & b i
O3B E PR R R T ZH-356 IR E ] . AL
PR AR R TC AR B, 25 AN [R] Ach B 2 ] 178 3 2R
WIEERE KR IR EZR, HEf#nEE
K, AbEE 3 AN H R R FIAE] 100% (K 6B),
B2 5 P LR B R AL BRAL 26, IR IREER
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S 10 = Thiophanate-methyl
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&5 $EFEEZH-356FKEFIXTERNE
Figure 5
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Callus width (cm)
)
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Field control effect of Streptomyces sp. ZH-356 glue inoculant against apple valsa canker. A

Recurrence rate of apple valsa canker at different time after treatment with ZH-356 biological agent; B: Width of
callus at apple valsa canker spot after 7 months of treatment with ZH-356 biological agent. Treatment of
thiophanate-methyl and no treatment were used as controls. All the data are representative of a minimum of three
independent experiments. Error bars represent the standard deviations. ***: P<0.001; ****: P<0.000 1; ns: No

significant difference.

P ZH-356 B JE T 70 O 1 45 B0 2 T oAb 2
H(E 6C), BEMTEATIRR &b je BT
SRR ZH-356 B TR AN BE AT R4 il 39 2R
MR %, (BRERIRH R TE TR 8. 28 b

ZH-356 1l F8C A4 TS TR 700 0T 17 SRR J e 44 ELAT
—E PR RCR, (HE R A AW B R 1 B R
ROR TGS

2.3 $EEE ZH-356 EFEBNFEE SR

Pk, Joie g A W BR R e AL R B, BE T HETS T ZH-356 114 5 D5 20 28 32 DN s AR 2 2
ZH-356
A B C 80 ™ Thiophanate-methyl
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Figure 6 Field control effect of Streptomyces sp. ZH-356 bone glue agent against apple valsa canker. A:
Recurrence rate of apple valsa canker at different time after treatment with ZH-356 biological agent after scraping
off the bark at the disease area; B: Recurrence rate of apple valsa canker at different time after treatment with
ZH-356 biological agent after without scraping the bark at the disease area; C: Disease index of apple valsa

canker at different time after treatment with ZH-356 biological agent after the bark of the disease area was not

scraped. Treatment of thiophanate-methyl and no treatment were used as controls. All the data are representative of
a minimum of three independent experiments. Error bars represent the standard deviations. *: P<0.05; **: P<0.01.
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3 — 4 HK E R 9 435 898 bp MLk ik gh
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durmitorensis) 1 VL e & e & (B F 5 N
NMDCX0001773)., ffi [ TYGS 7E4k T HXF 5L A
LA T HE X B ARUTE AT, ARG A B,
F£F GBDP (genome blast distance phylogeny)i: 15
SRR ZH-356 SN[EHIFIE] Y DNA-DNA 2458
{E (DNA-DNA hybridization, dDDH), %% %:4n/& 7
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NMDCX0001773), MIEHAZH P, B8 &
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f, A RIAE XA 2 AN AR R — ). 27
TR, HERE ZH-356 S — > Z RPN Y
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242 RBREFIERERRTNS 5747
F ] antiSMASH 72 J¥ (version 4.0.2) % 4% &
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15 A FERE F 25 SRS BB R &4
FEBMREMEGY . A A JFH R 5[k

Tree scale: 0.01 0.002 1 0.0405 Streptomyces rectiviolaceus JCM 9092 (GCA_039533825)
,Mr{ 0.0405 Streptomyces durmitorensis MS405T (GCA_023498005)
0.0306 0.0416 7H 356.assembly (NMDC60203801)
| 0.0535 Streptomyces longisporoflavus JCM 4396 (GCA_014649775)
0.007 0.009 8 0.056 60 T Streptomyces huasconensis HST28 (GCA_004010275)
6055 —‘M{ - pr— Streptomyces anatolicus BGOH (GCA_019400875)
T - Streptomyces alboniger ATCC 12461 (GCF_008704395)
0.0064 0.0101 0.069 3 Streptomyces alfalfae XY25 (GCA_004127445)
00718 Streptomyces kanamyceticus ATCC 12853 (GCF_008704495)
0.001 6 0.026 1 . ANl Streptomyces alboflavus NRRL B-2373 (GCF_000716675)
L 0.0613 Streptomyces aureoverticillatus ICM 4347 (GCA_014649395)
0.005 1 0.037 8 T 00541 Streptomyces antnestii San01 (GCA_004005495)
L 00549 Streptomyces longhuiensis BH-MK-02 (GCA_020616555)
0.029 4 | 0.0684 0K Streptomyces tauricus JICM 4837 (GCA_014650955)
| 0.058 7 ——————Streptomyces ederensis ICM 4958 (GCA_014656275)
0.007 8

0.1043

&7 $#%EFRZH-356R%K%5ER

Streptomyces umbrinus JCM 4521 (GCA_014650195)
Streptomyces poriferorum P01-B04T (GCA_019399235)

Figure 7 Species evolutionary tree of Streptomyces sp. ZH-356. Numbers in parentheses are GenBank or

National Microbiology Data Center accession numbers; Values above the branches are species diversity.
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w2l TS, BEE, Bk, ERK
S AR A R CE SRS NMDCX0001773)
AL AT T 9T & IRBE BE T ZH-356 165 [K—
SRAREE SR IR M1 R SRS p e AR
Z, A HRFAFEAMES, ERZBR6eR
AW A L R 7% TT RE S ZH_356_GMO005052 -
ZH 356 _GMO005063.
2.5 $EEE ZH-356 B REMFE DT
2.5.1 RNA RZBREXNFRED

Fie BR 15,1 1 #4552 56 41 (A) A% B8 4 (con)
(K1 8), WHKA 3 MMIAEA, 36 MES
FERERGI, Jf R fastp ZPFUEATRE i o R 45
Hil, 2 AHREM ) raw Q30 Fil clean Q30 JiF (5 43
P et 93%, R WIRE AU n] U] T 5 22
1) S 55 B840 5340
2,52 #KiE KEGG e EE DT

K B Y E AR A RA R A £
R AR, XA [] 2 PR 4E (gene-set) ) 3 [A]
#17 KEGG PATHWAY & %5341, DL P<0.05
B, O 2 3 R 4 b f R 4E ) KEGG 38 % .
XTI, SCER 22 RN E EE R L
B 38 %A 35 XU ZH 43 R 45 (two-component system) |
TN IR 152 X3 (pyruvate metabolism), 72 fig fil CoA

con A

B8 AEIIEtFmE

Figure 8 Sample diagrams with different treatments.

con: Streptomyces sp. ZH-356 no treatment served as
control; A: Streptomyces sp. ZH-356 was antagonized

with Valsa mali.
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