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AFGHBBRERRARNRE, [7F] REHPARBLEHNS, RAGEAERRESBHA,
AT 16S rRNA A B 53| #HATEA ML T, KA -FHAERARAHEERFOFTHEAKR, i
i) FE P AN RN AR A R A R CEBE. RAT. BR. SaEAR. SRR, [4R]
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FEL AR AL T B8 09 42 5 F0AT B B (Brevibacillus) 9 B #& T101. 4 #& X 3F 304 B /& (Paenibacillus)
A EMR(T431. T270. T327 #= T234a), A 3|14 5% E Ri& K H & (Paraburkholderia)®) & #& R116b 52 &
EAGEREAGER. [££] KARRA LB ZHREERAGBEREETHLS ZHILLEY
BRCABE. MAT. BIA. FHBAR. FuHlRCB)N BB AR, ABRBERROEEG R B
BEGRAFER R GHERLET 2RO MED TR,

KB : A BRERE, HRERR, BRA

BN = ] R R SO RI(NYQN2025010); 7M1 TR T4 (2023E0410947) 5 7 23 4 il 41 2% AT 3 & 10 Bt 4 1 H (2022-
440000-43010104-9463); | <74 B AR 4:(2024A1515011067)

This work was supported by the Guangdong Special Support Program (NYQN2025010), the Guangzhou Science and Technology Plan
(2023E04J0947), the Guangdong Seed Industry Revitalization Project (2022-440000-43010104-9463), and the Natural Science
Foundation of Guangdong Province (2024A1515011067).

“These authors contributed equally to this work.

*Corresponding author. E-mail: zhuhh gdim@163.com

Received: 2025-09-09; Accepted: 2025-12-02; Published online: 2025-12-16



1748 LIANG Xiuxian et al. | Acta Microbiologica Sinica, 2026, 66(4)

Screening and functional evaluation of antagonistic bacterial
resources against litchi downy blight
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Abstract: Litchi (Litchi chinensis Sonn.) is one of the important tropical and subtropical fruits in
China. However, litchi downy blight caused by the infection of Peronophythora litchii
(Peronophythora litchii Chen ex Ko et al.) a severe disease damaging litchi during production,
storage, and transportation, seriously threatening the healthy development of China’s litchi
industry. [Objective] We screened effective antagonistic bacteria against P. litchii and evaluated
their plant growth-promoting potential, aiming to enrich the resources of antagonistic bacteria
against P. litchii. [Methods] Soil samples from the litchi rhizosphere were collected, and the
bacteria in the samples were isolated through a high-throughput isolation and culture method. The
strains were identified by means of 16S rRNA gene sequence analysis. The antagonistic strains
against P. litchii were screened via the plate confrontation method, and the plant growth-promoting
functions [phosphorus solubilization, potassium solubilization, nitrogen fixation, siderophore
secretion, and indole-3-acetic acid (IAA) production] of the antagonistic strains were further
evaluated through functional plates. [Results] A total of 327 bacterial strains were isolated in this
study, among which 92 (28.13%) strains were identified as antagonists (with mycelial growth
inhibition rates>40%) against P. litchii. These antagonistic strains belonged to 4 phyla, 6 classes, 12
orders, 20 families, and 42 genera, with Bacillota and Pseudomonadota being the dominant phyla,
and Bacillus and Paenibacillus as the dominant genera. Functional evaluation of the 92
antagonistic strains revealed that 55 (59.8%) strains exhibited more than one plant growth-
promoting function, while 30 (32.6%) strains possessed three or more such functions. Through
comprehensive evaluation of antagonistic activity and plant growth-promoting functions, one
Brevibacillus strain T101, four Paenibacillus strains (T431, T270, T327, and T234a), and one
Paraburkholderia strain R116b were identified as the most promising strains for biocontrol
applications. [Conclusion] Multiple antagonistic strains against P. litchi, with functions of
phosphorus solubilization, potassium solubilization, nitrogen fixation, siderophore secretion, and
IAA production, are screened out, which provides efficient strain resources for the green control of
litchi downy blight.

Keywords: Litchi chinensis Sonn.; Peronophythora litchii; litchi downy blight; antagonistic strains
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75 K (Litchi chinensis Sonn )WE R R 44 fe
RO 5 0 B RH KCR l, EAE R A R 1
WA Bh S A PR 24 vh B AR CEEE U, B
Wi T R FFERIG K, B B KKk
FRAF AR BRALAH DSBS o SR, X — & e fa 3l
SHGHBURE H IR, 2T
FEARJE, Hrp LIGh AR . SIS . KB
S ECHE WP,

74 B FE P (litchi downy blight)Sg: FH i J5 B
I8 7% K 76 P& & (Peronophythora litchii) {7 4t 5|
1, JEan BCTERBT . SRS W 1z i o 7 v e
PR R, HE I SR PR T R S
WP REMN R M. EESEZARAR, 1%
R TE DA T ARy T S 208 ™ H ik 80%, i ME K
SR BRI, Uk A A e LR R R I
W Z o ah BURE RS N R s, AT AR SR
TN 16 N H . — B RS E, )R
P A 8 R G A, DAL B % B E 2
PR 24 h, (1AL Gk B A 0 2 AR R
K, BAT, 25l AR A A R
EE I A S S BOR R b2y g g, B
235 R AR 2y 5% B bR AR AT I IR A H 55 58
BRI Pi

F ISP A ) AT RE IR A B G
BB A AF . s demyfiss, cihe
IREH B % Gk 27 DG A RO, £ & IR
QA KRSy i F 7 NS Dl PN s . e
o 0 EL I A T €, 7 42 R AR R DR R 7 A
AT RFEE R SR DI FT oK o T W R 7 B e
e B IR ) — RE R, HZ R T B i R4
K, 125 RN 73 RS RS PR  hA
BRI, T i 0 45 P 32 2 D3 AR R
(Bacillus sp) i ¥, HAAEZEHIFT FE(B. subtilis)
BS-2 Fl TL2. fi# V€ ¥ 5% 2F 4 ¥F T8 (Bacillus
amyloliquefaciens) PP19 Fl L124 . Ji/N2EFFT P
(B. pumilus) P126 N A ZF AT I8 (B. licheniformis)
HS10 %5 0] 75 Ay 7 A f 2 85 1 2B Bl A P,
1 TB2 il BS-2 BN HIF ATk 60% LA . i

Ab ., LR/ B (Exiguobacterium acetylicum)
SIN7. Z K528 28 M T & (Paenibacillus polymyxa)
CP7 N & KT (Photobacerium sp.) 1029 254 B
2 T X 75 B R B AT I R, B,
i AR AT WF TR — 13 7 B B - S3E A v 0 i
WPURUE AT R B 4, MR s
TR E YIRS AR AR A R

TEWMAEY IR R IR T, o3 B 3
Prid e e L S S R B BT, B
FEAL L 43 B 15 97 AL T 15 57 41 2% (culturomics)
FARN 53 B T B A58 )y 1 A R TR AR
sl PRV E B IR B A Y, &L R4S
PATRTK J , MRUEE S S R A T O e A ) 2 4
A R EAR A YR T SRS
SENH)Z, (B R RIR . i 7
FEAAT WL ST, 5 R EOLSH IR RAY
TSI O R AR TR R 0 B A PR, AT R 1
INBESE TARRE . BFFERM], 1257k T REALRE >
B HAEPIARER 0.1%-10% FITCEY, MELLE R0
WCEARTIRERARR Y, JEAERe, i R 2
ARBGE A AP e it 7B . 1207208
BT RS R SO, A5G 96 fLi e E
B, X RCEY AT O R, TR
16S rRNA AP EOR PTG HESE 2, &R
FHT AT A BRI AR ICRE ) 5 4 KPP,

A FE R i 1 B R A A B X — 13 7
R B L A i O AR AT g, Tl
XS IR B % 0 T e X 70 A R i B AT B L
YRR AR BT AR, A DR AR R G 5 4L
R A A PERE R R R BT S A2 A2
RERY L RAGSAE R, DU 2 A3 i x|
AR R AR BERL O IR R SCHE

1AL

1.1 ##§

1.1.1 HRRE
A0 B A S B R AR T
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2024 4 8 3 HREE AT A iRl K
AR R YR I (23°09'35.1756"N,  114°21'14.1156"E),
FEHLI B PLT . &4, 2. &S ES
Bk 1247, 036, 048, 17.43 g/kg, pH 5.89,
RARHT, EEE 3 B F— By fat R K 7 AL
(Litchi chinensis Sonn.)WAE N A W) FH 5, HER
Hi AT DL A SRR T, R R SR T AU
FEVE AN G599 1 5l RS2 AR T PR B b 3R 8-15 em
A A8, 5 BRIR Gy — e . MRS 2 mm
i 5 AR AT, WARFEAE T T 4 °Cok & iz fi
A 1S5 3 T AR R 0 53 15
1.1.2 EZERFIFLER

PCR ¥4 Jr 1 Taq B, w50k MEE £ YL
BRAD AR T 5 20 e vy 30 0 25 15 5% A
BT FH A9 56 — 58 RS — 48 PCR 519 I 41 1 16S
rRNA JE K %0 38 H 5149 27F (5'-AGAGTTTGA
TCCTGGCTCAG-3")#l 1492R (5'-GGTTACCTT
GTTACGACTT-3")34 1 T3k (Fa 1t ) A A Bk 4
ARABRA FA B

PCR 1%, FEBR CH/RBHE (P E)ARA A
M TAES, BINERSTERGRAA; 4
WREFAE, KBTI A PR A v
1.1.3 EFE

A% N (carrot agar, CA)RE IR 32 IR pl
Ikl o R2A BRFRIE . JOALWE A0 T 15 97 3L |
EERVIR R 1 SN e~ R SN 1 - ]
ML RIEFREL . M1997 3555 3551 CAS #3575
FEIW [ Hopebio A Fl. FREE IR K NI
e BRI AT ARSI E YR AR
ST, CAS KRl B At AR A PR A 5
Salkowski H {43 : 50 mL 35% f¥) HCIO4, 1 mL
0.5 mol/L FeCls, pH 7.4; BHPEZAW : 25 mmol/L
NaOH, 0.2 mmol/L Na,-EDTA, pH 12.0; A
ZZ P . 40 mmol/L Tris-HCI, pH 7.5,
1.2 ZRERETIEAESBEES SIES
MEE

7 RO ] A e 4 e B S SR A S %
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Zhang 2 EAE AR 22 41 B e o S BE TR AL
ERY, FEWBWNT . BRI
T 2 75 AR ] - S840 o 1 Bl A VR B, SRS
PEAT A0 R A v R (48 > 96 L), dE—2
T 2 A i A BT A L X B 4 TR Y DNA, - )
HIRARICHI S H) 7T99F (5'-AACMGGATTAGATA
CCCKG-3")F1 1193R (5'-ACGTCATCCCCACCT
TCC-3") #4755 —% PCR ¥"# . PCR JZ W & %
(20 uL): Green Tag Mix (p131) 10 uL, . Fiif
5197 (10 pmol/L) 4% 0.9 pL, DNA £ #y 3 uL,
ddH,0 5.2 pL. PCR J W 45 f4F: 95 °C i8¢
3min; 95°C A8t 15s, 55°CiBk 15s, 72°C
e 15 s, 3£ 35 NMEFR; 72 °C A AE{H 5 min,
SEMER—FE PCR P H9J5, % PCR P=¥5EfT 120 £%
i BEAE M55 48 PCR AR, R I ORUAN A5 28
PCR ¥ H47EUEA 7568 — 48 PCR 1%, DIGSInfLAN
MRIFRES, Fr Y 48 X #7545 (barcode) AT
P05 95 R Zhang SV RGE . PCR RV
R & (20 puL): Green Tag Mix (p131) 10 pL, I,
TS 19910 pmol/LY3$ 1.5 uL, DNA #ifz 1.5 ulL,
ddH,0 5.5 L. PCR Wi #5414 : 95 °C fiAs
3min; 95°C 8 15, 55°C Bk 155, 72°C
FEAR 15 s, 335 AMEER; 72 °C AL 5 min.
I JE 8 55 %8 PCR Rz (3t 48 )1y 96 4~
PCR “WIRA A 1 FERL, R34 48 AR
HEAT IR M LUK 2 B, VIS RIS /IR 500 bp
By Sy it fralife, il NanoDrop 5 FE ik
JE . BEAEESL IR 100 ng TSI EE, &IF
S RE s b S5 5 AR W B 2 BHEAT BR A wl
47 Mumina JM)F .

D 485 2 0 A= W A5 82 43 B R X 7k 3%
AT RS SR 2R W B Wi RE Culturome
(http://bailab. genetics.ac.cn/culturome) #1455 ) R
JAA AT . RGHEATREARGE B MRS . BT
FIAIE . 51U . 3ET unoise3 Bk LMty
#8477 51 A8 4K (amplicon sequence variant,
ASV)# . BT RDP YIZEE M FNERRE T

X P 5 5K 0 BT I A5 21 A TR RS B ik
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B2, BE—A ASV B 1-3 NFLEEFIAE 12
TSB VA 047 I B alifk o I FF A S o 2
Hugn i DNA, FI @ 519 27F (5'-AGAGTT
TGATCCTGGCTCAG-3") il 1492R (5'-GGTTACC
TTGTTACGACTT-3")# 17 16S rRNA & K[ 471 |
PCR JX J 1 & (25 uL): Green Tag Mix (p131)
125 uL, b FUHES1% (10 pmol/L) 45 1 uL,
DNA ##x 2 uL, ddH,O 8.5 pL. PCR 2 i 5%
. 95 °C HWiZEE 3 ming 95 °C ZEME 155, 56°C
BK 15s, 72°C 41 90s, F 35 MEH; 72 °C
ZEAH 5 min, PCR ;=4 2835 I M 68 I v pkcAG ]
J& 3k B R A ME R A W BB R S F i AT
Sanger Ml /3. 7455 27F FI 1492R (1) 19 it )7
5, H DNAMAN % {4 #4715 51 BF 4, 348
16S rRNA K2 K 751, )5l EzBioCloud
(https://www.ezbiocloud.net/)5HE el SI%F 43 B 40 T
MIHEAT LA SR, WI2D e RRR I 2505 B
1.3 D EREKNZEERENFEEN
Ufipvi3
1.3.1 HRBERESEKEL

R A T iR ik, KB S AT
R HRAE R M FRESP A B, 25 °CHEFR
3d. FHAEKIHMEEG, TERTEDSUIEE
YA FH I RS R, R
A5 A A 7 A B e A TR
132 HEHUEMHENE

SR FH T AR IRy 355 75 U700 7 7 S AR 1+ 38
3 B A TR X 7% BORR E R RS PUIE . LRk
e FHATFLAS A 15 55 10 7 B RR PE R AR
WS IGATIE A28 8 mm FUTEDE, s Tt
MIEAEE N B3R AR oG, P FR Al T Ak
T TSA B A e FE DU A R, 7RI BT
B 2.5 om ZbRIZR, DL 275 A R 2 A 1 E AP
KXFIR, BT ERRAE 25 °C R 53R 7 d )R, 1%
PR A IR R I S R A K AR . 4k
KAMHABI RN A (DR .

A 22 A KA R =0 PR 22 4 KB P ik
PHEH P 22 A )0 BRAH B 224 K< 100% (1)
14 SUHRERERZRNEKRVIIE
FIfR

K FH TR TR $ Bk Yo w8 35035 e v ke A 4
PP AT AL A B . PRIBOR B 15 1 1 B TR A
TSB 5553, 28 °C. 200 r/min 3555 24 h 15Fh
T $% 5% $Fh & IR 7 1) TSB #5
Fedtr, T 28°C. 200 r/min ¥R KBE 7d. K
% 8 000 r/min B5.0> 10 min WE FigW, HiE
WAEEIR T IMA SRR OBRRA A, §
H 5-10 min fF LW R, WELZORS
BR)2W, ERE L AR 3 W, BAYEE R
e+, FRE, —20 °CLRAT .

FH DMSO K42 W% fif S ¥ B 100 mg/mL
IR, FH 0.22 um JEMEILTE, K75 KRR A0
N K R s el 121 R i B A 1LV U 1 ) /| 7N
100 pL A4, DUMATCEKVE XTI, 25 °CHE
72 5d, WEANERCR
1.5 SMHEREEREEENF &K
BRESH

T S DU AR A R 41 DNA 2R FH 20 B 4 R
21 DNA 2 BULH] & (Magen 24 FDIEITHEEL, &
16S rRNA JEH P BB IER 5, i Fised 4
Yy B 25 RH A RS 7] 58 S R AL . R SC
J%E g 73EF1 Tllumina HiSeq 2500 ¥ . FHLEGEA
FH SPAdes (v3.13.0) 848 47 3 K 41 )7 51 D%
2% 53T antisMASH 6.0 F] FERA S 00 5
RUHE P AR ) L AL A0 BEA T 4087, 0000 ] RE
1 YR A 7= W A W 6 B3 A 7% (biosynthetic
gene clusters, BCGs), #Pili Bk A9 IR G A 7= 4
A .

1.6 ZFFEESFEMERIREINENE

75 B PE AR DU R 19 42 A D) BB I S AR AR
Wang PRI TR T K TG AR A A R AR Pk
PATE I S e CHL B N A B R L . A LA
B R . ARG IR 1 (B B2 L EG 8
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FEHE . M1997 55 F2 KRN CAS #1557 3 A4 1Y
JA, BT 30 CCHE SRR NI 8 d, A A A [
HH R 375 P P 2 BH TR R LA A | [ A T e
71, 75 WP B R SRR DA AR Al L T R
JIRRAE o TRIR A 7 R AR A R T UL o R A R
1 A B (o g Bk R WY, PR AR e = ik
AE 1 .

¥R 77 W] g -3- 20 2 (indole-3-acetic acid,
TAA) Y AE B % Salkowski Hfa k2l HAK
VL s B TR RR 9 AP 3 12 000 r/min 50
5min, B 50 pL E3HWT 96 fLARHT, [FIEHIMA
50 pL Salkowski ik, FLAR T2 R0k e
30 min Ji, JHEFSRGN ODsso (IWOEAE, LAUMA
50 uL 50 mg/L 1) TAA Frifie S AE Ry BHAE X R

PR PR T 0 1 5 SR CAS Al vk
PEATPH ) B . BR100 pL BRR FISWRT
96 fLAR, A 100 uL CAS ¥l IR 51957,
FE L h JE, BEAR G E ODeso TR IEAEIC H
As, 7 HC 100 pL W JC K5 CAS 2SR FLE
G, WIE ODgyo MMIEAEIC A A, B A R
HARERIEAXQHE, R NT 10%,
DDA A R 288 A 530 Ay 42 o

BRARAR B =(4,-A4)/4,x100% ()

2 BERE4M

2.1 ZHIRELTIESAIEFAERNSE
EE

TEXT 7 SRR ] T I i AT v L e 3 7R
TS50 A BRAR BEAR R 222 451 96 fLAR h 294
30% MOFLAR ML, PR L e 222 %k oA m R
Wz, 1555 2 s, A48 4> 96 fLAR Y 4 T
HEATYE R, 0 BT IAS A A TR A S A b K PR
BEA I i S, BEIRAN A Y ASV 75138
W, TR, RWIBCE N BGES EE,
TEMVE N A R0 2 A0 B B A5 21 (E 1A).
AT Lot WM ARZSE PCR 3 #E . — AR
DI N LT Culturome v1.0 AW E B 24000, 4k
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YTE R 827 > ASVs. il G LT ASV
XN I & SERE . ASV G A AP RE
ZARAG T B 460 1~ ASVs 5B 781 TK
L, RERAER) ASVs FE R T2 AT 1]
(Bacillota) . 1B ](Pseudomonadota) . Jit%k
Il (Actinomycetota) #1 Il ¥ & | ] (Bacteroidota)
(% 1B).

X 7 5% % 21 27 S 5 (1) 435 SR IR L ) i
TR PR TG AL S alifb 2, AR E] 327 tRIA,
KPR S 118 4922 H 38 Bl 92 J&
(K 2), Hrh, ZHEFFE I(Bacillota) iP5 E 540,
A 135 Bk, HIKCHIEEAMIET (Pseudomonadota),
A 127 ¥k, FRNILEHET 1 (Actinomycetota), A
57 ¥k, $UFFE ] (Bacteroidota) Fl i ZF B U R ]
(Gemmatimonadota) ¢’V , 43 %k 7 ¥R A 1 B
(K 2A), TERKE b, T TERN Paenibacillaceae)
SEEMRZ, 65k, N 19.9%, HIKA
2 fi A W Bl (Bacillaceae). 1A 3¢ K W B
(Burkholderiaceae) M3 Bk B £} (Micrococcaceae),
& HE R 18.3%, 9.2% H17.6% (& 2B), TE@4)
FKF- L, RN R (Paenibacillus),
et 48 ¥k, HEE 14.7%, HIROHBCHAE R
J& (Pseudomonas) F1 2F {0 T B J& (Bacillus), %
SRR 6.7% F1 5.5%.

LM R, Sy B 327 tRANTE T A
TOBTER YA 90 ¥R, 5K 27.5%, XELVETERT
Wy Fp oy AR AE 5178 49 14 H 20 B 39 Jgrh . H
e, R ZEAEAT B R (Paenibacillus) T #E 1) 5 H B
B, A 25 8k, HWCHRHE K E & (Cohnella), A
10 ¥k, PR 5K 5 & (Arthrobacter) FEIA i
B IR G J& (Paraburkholderia), 43546 6 #&F
4 BR(1A 3).

2.2 FHGERERHERIETRER LT

K FH T RROGTIRE 325 X0F 43 15 4 327 AR A T kAT
YU AR B IS, DA 224 K] %2>
40% A iEEbnfE, LTS 92 MRESHUAMR, X
SEREBTR AT A AE 4 11 6 44 12 H 20 Bl 42 J@
(B 4. FEIDKF L, ZREAT R (Bacillota) M
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Figure 1 Sequencing analysis results of 4 608 wells (48 plates) from bacterial cultures in litchi rhizosphere soil.

A: Dilution boxplot illustrating the relationship between sequence diversity and total abundance of isolates;

B: The species tree diagram shows the distribution of cultivated bacteria across species.
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Bacteroidota, 7 Gemmatimonadota, 1

Actinomycetota, 57 “

Pseudomonadota, 127
B

Rhodanobacteraceae, 5
Sphingomonadaceae, 6
Microbacteriaceae, 6

Chitinophagaceﬂ,,,, )

Mycobacteriaceae, 6
Nocardiaceae, 8 4
Streptomycetaceae, 8

/4

Nitrobacteraceae, 10

Comamonadaceae, 10 -

Pseudomonadaceae, 22

Micrococcaceae, 25 /

Rhodobacteraceae, 3
Reyranellaceae, 4
Boseaceae, 4
Chromobacteriaceae, 4

. Bacillota, 135

Moraxellaceae, 2
Caulobacteraceae, 2

Stﬂ;hylococcaceae,Z
| Rhizobiaceae, 2

||/ Yersiniaceae, 2

e—

Planococcaceae, 8 /j?f
Phyllobacteriaceae, 9 /

-

Burkholderiaceae, 35

E2 327HHRARE LIRS BHEEEIKFA)FMBIKEB) R 7 L2 HIER
Figure 2 The taxonomic distribution of 327 bacteria isolated from the rhizosphere soil at the phylum level (A)

and family level (B).

A B ] (Pseudomonadota) WAL HETT, A
34 BN 33 Kk, HIKEZ E T J(Actinomycetota),
A 23 Bk, FUTEI 1(Bacteroidota)ti’V, 1A 2 B
(Bl 4A). TEJBKF- L, ZFEFFTF 3 (Bacillus) F12E
AFT I (Paenibacillus) N E , 5304 11 Bk
8 Bk, HUKIEAA o8 R I & (Burkholderia)
A 7 HR(E 4B).

XoF G B 1Y) 92 1R 7 A R T AE DU MR A T
FEUIGPE LS, & I 22 A A A 3 e v 4 Ay it
£h 55 ZF 0 FF 8 (Brevibacillus halotolerans) T101,
i5 74.83%, MUK 4 BRI ZFAUATEE B A0 T
g3 5 kv BLA B 28 ZF 984T T (Paenibacillus

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

kribbensis) T431 ., 15«35 2F fAT & (Paenibacillus
tEREARE: = N7 S (A S S |
(Paenibacillus farraposensis) T327 F1 5 B A7 Fr2s
ZEHUFT B8 (Paenibacillus kribbensis) T234a (€] 5),
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Figure 3 Distribution of 90 potential novel species strains at the genus level.
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Figure 4 The taxonomic distribution of antagonistic bacteria isolated from the rhizosphere soil of litchi at the
phylum level (A) and genus level (B).
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T3PKS). Jx =X Bt 5 7 7% B - 28 B 5 [ (¢rans-  (RiPP  recognition element-containing protein,
acyltransferase polyketide synthase, transAT-PKS),  RRE-containing). [#/iZ fi§ (phosphonate), ¥f N[5
I RIS A Bif(type 1 polyketide synthase, TIPKS), H /55 (cyclic-lactone-autoinducer) . ZEAERZEAREA
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Brevibacillus Paenibacillus

CK halotolerans T101

E5 AtkEEMHEnEN AR ENEEE S

kribbensis T431

1757
P. contaminans P. farraposensis P. kribbensis
T270 T327 T234a
——

Figure 5 Analysis of the antagonistic activity of five highly active antagonistic bacteria against Peronophythora

litchi. A: Bacterial suspension; B: Cell-free fermentation supernatant; C: Cell-free fermentation supernatant

heated at 100 °C; D: Crude extract of active substances obtained by ethyl acetate extraction.
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PEREPUE AT T 77 1AA, P2EkEAk . BA
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Table 1

The number, distribution, and coverage of biosynthetic gene clusters across five antagonistic bacteria

against Peronophythora litchii

Strains

Biosynthetic gene clusters

B. halotolerans
T101

NRPS 5; T3PKS 1; transAT-PKS, NRPS 1; NRPS, transAT-PKS 1; NRPS, TI1PKS, terpene 1; 24.38
transAT-PKS, T3PKS, PKS-like 1; RRE-containing 2; transAT-PKS 1; Phosphonate 1;
Cyclic-lactone-autoinducer 2; NRPS, NRPS-like 1; Nl-siderophore 1; Azole-containing-RiPP 1;

Coverage (%)

RiPP-like 1; NRPS, NRP-metallophore 1; NRPS-like, terpene-precursor 1

P. kribbensis

RRE-containing 2; Terpene-precursor 2; Terpene 2; Cyclic-lactone-autoinducer 2; NRPS 3; 9.54

T431 NI-siderophore 1; NRPS-like 1; NRP-metallophore, NRPS 1; Lassopeptide 1; Proteusin 1;

Phosphonate 1

P. contaminans

T270 Proteusin 1; RRE-containing 1; Ectoine 1

Terpene-precursor, RRE-containing 1; Terpene-precursor 4; Terpene 2; Azole-containing-RiPP 2;  2.71

P. farraposensis  Terpene-precursor 2; Terpene, RiPP-like 1; NRPS-like 1; Phosphonate 1; Ranthipeptide 1; 11.65

T327
1; NI-siderophore 1

P. kribbensis

T234a
RRE-containing 1; transAT-PKS, NRPS 1

Proteusin 1; Lassopeptide 1; NRPS 5; Cyclic-lactone-autoinducer 4; RRE-containing 1; Terpene

Terpene-precursor 2; Terpene 2; Cyclic-lactone-autoinducer 2; NRPS 5; Nl-siderophore 1; 11.23
NRPS-like 1; NRP-metallophore, NRPS 1; Lassopeptide 1; Proteusin 1; Phosphonate 1;

marcescens) T307b [A]Bf HAA 5 F{EETNRE. 1L
Ah, AT ER] T — L RRAE = O A AL
Bl TR BRI B AR, XSSP
A R R B (Burkholderia)—LeEk, 4
B AR v IR B G (Burkholderia cenocepacia)
R047a. V5 4 11 3¢ 2 /R 18 [C 3 (Burkholderia
contaminans) T076a Fl 2 % 11 7 2 /K 12 [
(Burkholderia stabilis) T092 (&l 7).

3 WREER

ARSI 5 IO FH R 3 43 R 7R AR T D —
i B 7 R AR FB1 A 48 v 4 B AR AT 327 RRAN TR,
W TEERYR 2R, AR,
HUESE 90 MRIETERT A, T T 394
&, H2EEE T EFHA FE (Paenibacillus)
HRLE R H & (Cohnella) . %5y BRI B LSS
P B AR S, A T ENE T il i B b R
FEARAE KA A ) K SRk A= 0 9 U5y T ) e R
B IR 5B ) R S A W 4 BR
AT 8 RS SR, AR PAE 55%
HIZE ASV WIS T4iEs 358, 19 45% A
AR, PEos T T W 2R R AT B SRR
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T 2 XF 327 BRAES ERR B BT B TE M R T R
Gelkifive, HARIE T 92 X AL R R HA TS
PUETEERR, PAMERE IR 28.1%, X —45 0%
B, JETRE IR0 il o T H R bR T R 4R
1o AT B FR EAR B 3 B RCRAN, X TR PLRE R B
SrEWEA WERIER, R Z R R
R Pl - 498 rp 28 A T B B AR B A P B IR
X 92 BRISEHUR PRI 7250 A it AT 500, R IIX
HRETETATR2E, RATEHENRGE A
BLFEM:, R HAEAREEE N . A7 e St
PR I 7 A T T T R BT R A, ST R
AU B il 77 BE 2 T B R IR A . AR A
RGVHAG T 92 BRASPLA MR AR08 T1 . 45
RN, 59.8% (55 ¥H)MFSPL Rk 2/ D HA&—Fh
fRAEThRE, Hob 30 #RIAIAS HLA 3 FlLEAYE A
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Arthrobacter bambusae T004b
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Bacillus rhizoplanae T125¢
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Paenibacillus kribbensis T234b
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Rhizobium endophyticum R228
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Rhodanobacter rhizosphaerae R389
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Figure 6  Evaluation of plate growth-promoting activity of selected antagonistic bacteria against
Peronophythora litchii. A: Solubilization of organic phosphorus; B: Solubilization of inorganic phosphorus; C:
Nitrogen fixation; D: Potassium solubilization; E: Siderophore production; F: IAA production; G: Antagonism

against Peronophythora litchii.

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



1760

LIANG Xiuxian et al. | Acta Microbiologica Sinica, 2026, 66(4)

&7

Paraburkholderia Lysinibacillus Burkholderia Burkholderia Serratia
steynii R116b xylanilyticus R021b contaminans T076a stabilis T092 marcescens T307b

C == b —
A

Paraburkholderia Paraburkholderia Crenobacter Priestia Burkholderia
steynii R116b paradisi R275a cavernae RO81 megaterium R047b contaminans TO76b

Paraburkholderia Burkholderia Burkholderia Burkholderia Serratia
steynii R116b cenocepacia R047a contaminans TO76a stabilis T092 marcescens T307b

Paraburkholderia Neobacillus Staphylococcus Pseudarthrobacter Serratia
steynii R116b drentensis T311a warneri R198 psychrotolerans T310  marcescens T307b

D
Neobacillus Arthrobacter Arthrobacter Staphylococcus Serratia
drentensis T311a albidus T018a bambusae R133b warneri R198 marcescens T307b
E
BoEEEHNERESRENERINTERIEEINRENELSR

Figure 7 Determination of plant growth-promoting effects on plate for some highly active antagonistic strains

against Peronophythora litchii. A: Siderophore production; B: Organic phosphate solubilization; C: Potassium

solubilization; D: Nitrogen fixation (Ashby’s medium); E: Nitrogen fixation (nitrogen-free medium).
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