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@ EARA A ST 4. 4 B PGPR AR A H ARLLA T R IEIRECF 394 27.01%, RIFFRABHEZFY
4 1.1x10* CFU/g, 23 {&F $#k4= 2 #k PGPR B AE40 4, 8 ¥k PGPR 20/ ZE4L B AR R K
WRFFEAAE 5T T 3.5¢10° CFU/g. & LX4. Ba-S. LX7 #= VC110 #) 549 # BE 40 A (8 BE 404
DA RE RO FI AR EREZSGTHEMEA, LEKRDERERFBERBBRARA T &, R RFHA
8 1.6245F2 1.41 42, AAHAS 2 FEHAEE ST AL, 55 LEHA 39 (Ba-S. VCI10.
114 #2 TLZZ). 40 (LX4. LX7. VC110 #= 112)4= 43 (Ba-S. VC110. 114 #= 112)% 27.18%. 60.05%
Fo 54.80%, B B 32 &L oG 2 Ao FAEAN N EAT, o 54K A6 PGPR 49 4T B8 A 67.50%F= 73.53%.

[436]1 TAF A R F) PGPR Mt F 4 E Bt F XA R 4 e94F 2 Z PGPR HAF, 4%
M &9 PGPR B BE 7T VA R % 32 5 44093 R B A% 49 F
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Abstract: [Objective] The effect of plant growth-promoting rhizobacteria (PGPR) on bacterial
wilt is unstable, which poses a challenge to the application of beneficial microorganisms. Thus,
developing a stable and efficient PGPR flora against bacterial wilt is the key to the biocontrol.
[Methods] The 8 anti-Ralstonia solanacearum (Rs) strains of PGPR (112, 114, Ba-S, TLZZ,
LX4, LX7, Ps-S, and VC110) that had been screened out by our research group and Rs were
studied. Based on the composition of tobacco root exudates, the microbial restriction
microsystem, microplate, green fluorescent protein labeling, quantitative PCR, rod model
design, and other methods were employed to explore the mechanism of PGPR against Rs in
tobacco rhizosphere. In addition, experiment on the disease-resistant and growth-promoting
effects was carried out in the field. [Results] LX4, Ba-S, and LX7 can make full use of amino
acids and carbohydrates in tobacco root exudates as carbon sources to inhibit the growth of Rs.
LX7 and 112 suppressed Rs with all acid carbon sources, and the highest antibacterial rates
were 40.12% (LX7+lactic acid) and 35.15% (112+citric acid), respectively. The basal niche
breadth (Bsw) of Ps-S, 112, and VC110 was 41.9%, 41.0%, and 38.1% higher than that of Rs
(Bsw=2.56), respectively. The basal niche overlap index (NOI) of Ba-S was 4.88%—-61.76%
significantly higher than that of any other PGPR strains, and this strain obviously competed
with Rs for nutrients. The average disease index was 27.01% and the average count of Rs in
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tobacco rhizosphere was 1.1x10* CFU/g in the treatments with the combinations of four PGPR
strains, which were significantly lower than those in the treatments with one PGPR strain and
two strains. The tobacco plants treated with 8 strains of PGPR were free from the wilt, with the
average Rs count of 3.5x10* CFU/g. The utilization efficiency of different carbon sources by
combination 32 (consisting of LX4, Ba-S, LX7 and VC110) was significantly higher than that
by Rs and particularly the utilization efficiency of alcohols and carbohydrate by the
combination was 1.62 and 1.41 folds that by Rs. The field effect of combination 32 against Rs
was significantly stronger than that of other treatments. Especially, the Rs-controlling rate was
27.18%, 60.05%, and 54.80% higher than that of combinations 39 (Ba-S, VC110, 114, and
TLZZ), 40 (LX4, LX7, VC110, and 112), and 43 (Ba-S, VC110, 114, and 112), respectively.
The yield and output value in the treatment with combination 32 were the highest among all
treatments, which were 67.50% and 73.53% higher than those of the control treatment,
separately. [Conclusion] Via the nutrient competition or antagonistic characteristics, different
PGPR strains can be fully utilized to develop PGPR flora against R. solanacearum. The diverse
PGPR floras have significantly stronger ability to resist the invasion of pathogenic bacteria.

Keywords: plant growth-promoting rhizobacteria (PGPR); Ralstonia solanacearum; niche overlap

index; microflora construction; biocontrol
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1.1 PGPR Etk

T H AT LX4 (R 2R AT IR
Bacillus subtilis, CGMCC No. 8265). Ba-S (fi# ¢
3 ZEAFF A , Bacillus amyloliquefaciens , CGMCC
No. 8262). LX7 (ffVEM F A, Bacillus
amyloliquefaciens, CGMCC No. 8267), VC110 (H
B FER ZEAT I, Bacillus methylotrophicus ,
CGMCC No. 16521), 114 (fdj 52 0 FF 14,
Bacillus simplex, CGMCC No. 16517), 112 (W
MR B 7 A 1, Arthrobacter nicotinovorans
CGMCC No. 16516), TLZZ (BB AT,
Bacillus mojavensis, CGMCC No. 8268)Fll Ps-S
(PENCABIPMITR , Pseudomonas fluorescens, CGMCC
No.8263)% 8 #k PGPR HFR(E 1), XM A #
Rs (GenBank %55 : CP002819) FLAT 455 A i
., BB EARSH 5,00, 5.06.1.93.0.56. 0.85,
5.16. 2.56, 1.03 em"™, HIHITCAEGIEM .
1.2 #HiEFRES IR

R R AR RA R SR A (D)™ AR
5, ® MM 10, NaCl 5, FH2£7K 1000 mL, pH 7.0,
T 5 3% PGPR Fitk.

HRES IR FR A PR B JR B (TZC, /L)
HEHEMR 10, BEAKMRESER 1, BEkR 15,

Ralstonia solanacearum LX4

-

114
1 REFHBERIFEZ A PGPR Bk RIEN Rs BUEFS

Figure 1

Hil 5 mL., 7&K 1000 mL, 355 121 °CK
B 20 min JETEREE] 50 CIRFRANINEZRE R B,
ZYREE R 100 pg/mL, 55455 5 pg/mL, F@AE—K
FEDUAEME 50 pg/mL, FFEAK 25 pgml, HEHER
0.5 pg/mL, FFEH 2 5 ng/mL FLL R 100 ug/mL,
TR s SRR IR Rasltonia solanacearum.

OS ToHl#: H5 3% 3 (g/L) : NayHPO, 7.00,
KH,PO, 6.80, MgSO,4-7H,0 1.19, (NH,4),SO, 1.00,
CaCl,-7H,0 8.80x107%, FeSO,-7H,0 2.00x107,
Na-EDTA 2.50x10°, MnSO,6H,0 1.54x107,
CuS0,-5H,0 3.90x10*, Na,B,0,-10H,0 1.80x10°*,
FHF B AR PR BRI RS

TSA uf TSB 5553 (g/L): BEE K 15.0,
KER 5.0, 588 5.0, 355 15.0, pH {H 7.3+0.2,
T4 5 5% .

FH (] By 7 g i i e it T 9 w3, pH 5.45,
FHLF 48.6 glkg, A 2.29 gk, fi A 158 mg/kg,
MR 48.9 mg/kg, HAUH 543 mg/kg, KRITE
B HE AR AN 63.7%.

1.3 ZRBRNEBFRIC(green fluorescent
protein, gfp)fRic A& 5 /REKE S5 ZE gfp-R.
solanacearum =

Tt H 238 S AT AE RS R QTR (F
FEDIEAT T gfp bric!™, fRKHIEE G T
W BRI efp ARICIE 0T IR A

Ba-S LX7 VC110

The colonial morphology and antagonistic effect the selected PGPR strains to Ralstonia

solanacearum. R. solanacearum is the pathogen of tobacco bacterial wilt. LX4, Ba-S, LX7, VC110, 114, 112,

TLZZ, and Ps-S means the PGPR strains.

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



XIHIEESE | AR, 2023, 63(3)

1103

R BRCIE RF AR R RV A 5 B AR R A

PEATXS EE, gfp ARIC AR O7 /R IR v 4 0 gfp-R.

solanacearum (gfp-Rs).

AR R IR 2OEE 7t PCR OV HTY,
SUEsIYBEFHIER 514 Flic-F: 5-GAACGCCA
ACGGTGCGAACT-3', 1 5|#) Flic-R: 5'-GGC
GGCCTTCAGGGAGGTC-3', FrEk/INHA 400 bp.
RV EIAZ | DO PCRANSUWAR | Tl
AR il | ik . BRI EUA 2 e Li 1
HIT T
1.4 PGPR E#SEEHEZFRIEEME
SUREEEN

W2 PRV B 1 PRI B 35 BRI RL 57 R IR
B R T 2 mL OB, ¥ 8tk
PGPR (112, 114, Ba-S. TLZZ. LX4., LX7.
Ps-S. VC110) KBt o5 /R [GIE Rs #Fh T 2048
W, A 30 °C. 170 r/min FFEIK M IESE 48 h
Jei FHAE B3R 7K (0.85%)WEE 3 3k, 2B N AR,
JA#E ODgoo 4 0.5 75

AT A 5 Fh 328 HOKH AR 2R 43 i ) v B
(g 48 FRRIAN (K 1), 7E 96 FLEFLAR 25
A VUMK S A O i Gk AL M 15 57 E(0S TEHIL
RGN A WY b FEY A 121 iE).
BR SR () PGPR 80U J5L 18 AR RN T8 R 5%,
48 Fhib e ik 10 mmol/L. 43 5l €

Al A2 J7S 1, R ms s b iR R Ykt fn &
PEREFRIE, AW, B 30 °CHE I F= 46 55
o M T IOHLER R SR St s, AR R B
W UR A 2e i TR AR AL . PGPR  BRAK A1 5 bl 7R 1%
% 24 h J5 HEEARAGINE ODeoo 1 -

Fefh A 25457 55 J (basal niche breadth, By,) X
FRAESAL RN, S BRI B I A5 (438 PR A
TSt 5 U A R R AR TS S R U A AT
B2, WAL RS IG N o a3 i WA
(1o

By=-Y PInP (1)
i=1

Kb, PRI RE SRR R A0 2E 1 SRR B9
A IZAO RS BR FA LUAE ;s MR TR 4R
Bq, FIBUE L FEA [0, InS].

A 75 A i B DX I B R ) e 347 e ) 1 Al T
(# 2), PR R AR B R A= 5 S 4
#(niche overlap index, NOI), Hi T8 757 WAZ0(2)

BBy
NOI=—=

DYARNE
k=1 k=1

X, Puy P35 90k i FHFD § R4 k BEIR
{37 L A oy P e A B AR S T8 ELA9 5
s A BTIRAIE

2)

el CTTTelelele
medium+tetra O O O O O O O
—zr)lium violet |{@Q OO OO0
celell O leeeee

0000000
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OOONGI®@O 00000

OO0 0.0.0.0/0/0/0
OO0 000,000

0000/ 100
O 0000000

Different strains

0/0/0.0/0/0/0

2 WMFLRARGNE PGPR B ERESMUMERIEH

Figure 2 Determination of basal niche and niche overlap index of PGPR strains by microplate system.
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Table 1

Main carbon sources in tobacco root exudates

Carbon types

Carbon sources

Alcohols

Amino acids

Carbohydrate

Acids

Others

Inositol
D-mannitol
Sorbitol
Alanine
Glycine
Histidine
Lysine
Phenylalanine
Proline

Serine
Threonine
Tryptophan
Valine
Glucose
Sucrose
Arabinose
Rhamnose
D-mannose
Fructose
Galactose
Xylose
Ribose

Acetic acid
Citric acid
Lactic acid
Maleic acid
Malic acid
Tartaric acid
Oxalic acid
Benzoic acid
Phenylpropionic acid
Cinnamic acid
Myristic acid
Fumaric acid
Palmitic acid
Succinic acid
3-hydroxybutyric acid
Stearic acid
p-hydroxybenzoic acid
Vitamin H
Nicotine
Eugenol
Glycerin
Neophytadiene
Scopolamine
Solanone
4-tert-phenol
Pectin

<l actamicro@im.ac.cn, & 010-64807516

1.5 WrEEREE PGPR EHEEZEER
S EEERRATR

K PR B AT (K] 3), FRA#EA
[l Fp ol B RS 2 X RO A AR A
ZREEACE N RERMAE P s B AR — 3, 9D
A AR A [R] B AR B e T R 2 M L A
FEH BRI G AR 2,

i PR MR ST R AR B PGPR HEVE
5EMEREPIROL . R T8 R BUE
e BT TR G, B R A
=11 WA, BHELXEN 12 WER
Hongland 7 F2 9 , 4 21 55U E 26 R BE 5740 |
JCHRGREE A 2 500 Ix, 16 h/8 h /s M. A
[i] PGPR BEVET IR 2 A HM ZR B MRS
tr, bk PGPR WAk#EEME S 2 mL, 2 d )5,
WEMEENAREEMBNREM RS,
O PGPR HE7K SRR 50%, FRTE 25 °CI
ZEHIF 30 d (QREEORERN 80%), Ak 5 Al
I R DL
1.6 PGPR E&EEMBHE Rs 3R ERk
R AEE

30K NA Bi3 3t i 1b) PGPR R BRI
TZC B35 FiG ALY Rs BRRE 3] TSA [k
Rigedk FRIZk, 30 °CiEkEi9E 24 h, $RHU TSA
AR A PR PR RR RS, DA 1:10 FR 3% 2 TSB
WA REFR 3,30 °C . 170 t/min 3555 24 h, 2 ODgoo
M 1.0 &4,

H T TSA 1 TSB i Ff A B Ak, TRARTE
TSA 1 TSB #5555k 3555 — Bl AHARAN R A<
BN ARRIEEY, B 1/10 TSB i3kt FIEFm
LT 4 500 r/min FEELC S min, WK,
FHICTRE A= FEER 7K (0.95% NaCl)eikmiis, HARALT%
Jy: HAEFRERKEEEREIA, 4500 t/min .0 5 min
WA T, B 3 IR VB TR LARR L5k f8 i 15 5%
5, FJE AR KT ODg0o=0.5-
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®<_ The bacteria are randomly formed into a stick as a full combination

The stick is divided into 2 combinations
Cg 4 combinations

©,
— i—lHM—lmu@luu

8 combinations

; |

|

Random combination

<
<

Broken-rod model design

& 3 WEERELS T PGPR % 4EE

Figure 3 Broken-rod model design of PGPR community assembles.

okl PGPR MR FEVR 45 5 Rs X F—fiK
TR R R, 78 96 FLANMIET FEH (Costar) il
AR WP B i OS Bie 5, B—hk
TR E Sy 10 mmol/L, 2RI il i it B B TR
IR TE ODgoo fHM 0.05. 96 L4015 38
(Costar) & T 30 °C. 170 r/min ¥55%, 48 h J5 7
FRASCEASIN P& . ODeoo . o

DA B — B R 41 T A0 T AR K i i A Kk
RFAEAN T IZFPRIIR B A FHACR o R AE
RHEALN w=(InXt—InXe)(t—1), A .
X, t 3R RBER AR 3 . 0 h Fil 48 h i
YA 2 (ODsoo)  IHTEI(h) o 2 A 2B A 1 FH L
OGS . AR . WS, MR
HRRIEAE] PGPR BEE LA Rs HOA R
1.7 7[5 PGPR ##i% 40 & HIE)FHEIE

FH &) By P B E 3R 36 T 2021 4E7E 570 45 25 7
MBI A5 A7 1 A (26.03°N,  106.45°E) T
J& o RAREHLX AT, X RRE MR g s
M B IR B 4 AT RF4L & (PGPR HBE
A 32, 39, 40 F1 43)Ab BRI R H a3 R 5HIE,
FLr i KA T R, 25/ ORI A, A
120 ¥k, 4 WEE . FAHFRAR T e Xt Jm i ik

FIHERY, SRIGHR4E0k 10 mL SEATHERY, BIEEm),
PRk 20 mL HATVEAR . B8RS 90 d, ¥ GB/T
23222 bRUETE A RR A Y, SRR AL
REIAK 3),

B E AR =
{(Xﬁﬁﬁ%ﬁ‘%*‘éﬁ—&iiﬂ%ﬁ'rﬁ?‘éﬁ)
of B T R 2

HANE RS KPR GB 2635—1992 SEit-H it
FEZFER,
1.8 HIENIE

% Microsoft Excel 2016 . SPSS Base
Ver.13.0 BT8R G40 HT

2 BER540

2.1 A[E PGPR EHRER—WEFHTT
FERINE R

LX4, Ba-S, LX7. VC110., 112 A} TLZZ
TEMHRIAR R A3 W) B — i A R A5 T, 38
REXT R B AR A HIVER, 114 F1 Ps-S
TE L1 BBE B A Ay Pk — B Y5t Ao X6F 75 ity B1 TG 410 i £
AR 3). TLZZ TENUEEAE A B —Ric I 251 T 4%
HAt PGPR BMRAN TR H K, iK% 35.67%, LX7

(3)

}XIOO%

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



LIU Yanxia et al. | Acta Microbiologica Sinica, 2023, 63(3)

1106

HE

itHY PGPR %

>

HRE
Table 2 PGPR community assembles by broken-rod model design

Community
assemblage

1)
|

*=2 FIRE

Level

Community composition

LX4

LX7 VCI110 114 112 TLZZ Ps-S

Ba-S

10

11

12
13
14
15
16
17
18
19
20
21

22
23

24
25

26

27

28

29
30

31

32
33

34
35
36
37
38
39
40

41

42

43

44
45

46

47

48

1, 0 indicate whether the bacteria are present in the community or not, respectively.

<l actamicro@im.ac.cn, 010-64807516



XIS | W ER, 2023, 63(3) 1107

#* 3 7[E PGPR EMRE R —FREFH T EHENINEZR(%)
Table 3 The bacteriostatic effect of the different PGPR strains against Ralstonia solanacearum under the
single carbon source condition (%)

Carbon source LX4 Ba-S LX7 VC110 114 112 TLZZ Ps-S
Alcohols
Inositol 11.65 29.51 31.44 22.86 23.67 19.16 35.67 4.73
D-mannitol 28.24 23.07 32.03 30.95 17.33 14.92 11.74 4.94
Sorbitol 7.65 28.53 32.29 25.17 0 25.74 12.01 0
Amino acids
Alanine 32.65 28.59 28.53 34.27 2.51 29.11 0 3.47
Glycine 24.07 40.60 30.18 28.53 14.08 15.90 13.32 0
Histidine 27.94 31.44 28.06 32.76 25.81 20.63 0 12.54
Lysine 19.68 33.01 32.45 26.37 33.17 26.74 2.29 13.49
Phenylalanine 24.85 32.91 25.17 26.24 10.57 27.34 31.81 2.29
Proline 27.52 29.45 26.92 30.41 19.38 27.70 0 10.39
Serine 31.01 28.12 21.27 34.62 9.84 26.61 33.47 0
Threonine 30.63 30.24 24.85 34.37 5.04 30.57 0 0
Tryptophan 32.86 32.71 27.46 30.74 1.85 27.82 12.62 0
Valine 31.39 31.23 21.41 32.71 7.55 32.08 0 0
Carbohydrate
Glucose 22.66 30.46 21.34 30.02 14.92 18.48 38.65 0
Sucrose 27.94 23.87 38.73 30.35 14.75 22.11 28.06 0
Arabinose 31.81 31.81 27.58 36.97 6.86 32.86 0 6.26
Rhamnose 22.80 27.64 31.23 33.17 24.79 19.23 0 2.83
D-mannose 22.38 26.06 28.18 32.50 18.63 19.16 0 0
Fructose 28.99 15.9 22.11 30.52 17.09 24.59 21.55 5.35
Galactose 27.22 28.76 29.74 31.01 0 27.52 7.35 4.94
Xylose 28.47 33.37 27.52 26.74 15.66 30.90 16.86 5.56
Ribose 28.06 30.90 27.46 30.29 0 30.74 0 7.06
Acids
Acetic acid 0 32.13 9.37 0 0 0.06 0 0
Citric acid 34.76 33.97 37.69 36.42 31.81 35.15 16.06 29.90
Lactic acid 37.29 41.12 40.12 16.78 0 32.03 0 30.41
Maleic acid 30.63 36.60 31.23 32.29 68.93 22.93 12.19 0
Malic acid 26.68 23.67 28.65 31.65 26.86 25.49 13.83 0
Tartaric acid 31.23 33.52 33.72 32.08 24.46 28.12 29.79 15.08
Oxalic acid 31.44 39.83 36.00 33.82 0 27.82 35.95 8.99
Benzoic acid 29.28 25.17 26.24 32.96 0 28.53 0 1.74
Phenylpropionic acid 29.17 30.24 22.73 35.10 16.46 26.68 0 0.85
Cinnamic acid 23.07 30.63 21.06 35.77 0 26.37 23.47 0
Myristic acid 22.73 33.77 32.13 28.71 3.37 28.99 0 0.28
Fumaric acid 24.46 0 29.79 33.27 11.83 26.92 24.26 11.92
Palmitic acid 20.12 29.22 28.82 31.71 6.36 29.96 11.74 0.74
Succinic acid 33.12 29.96 26.92 34.47 11.39 29.90 2.83 3.47
3-hydroxybutyric acid 28.47 39.91 39.87 26.12 0 30.35 33.92 18.94
Stearic acid 29.90 33.12 18.48 36.05 19.61 25.55 0 0
p-hydroxybenzoic acid 31.12 27.10 19.97 34.47 0 24.46 0 6.06
Others
Vitamin H 28.41 27.52 24.26 35.24 20.12 26.74 0 3.15
Nicotine 24.85 27.28 19.97 33.07 19.01 29.28 0 0
Eugenol 28.53 29.57 22.73 36.19 26.49 24.53 0 0
Glycerin 29.90 34.81 24.79 33.22 0 30.29 10.30 3.26
Neophytadien 22.04 36.56 30.29 30.57 0 27.70 0 0.51
Scopolamine 28.06 32.50 19.75 31.17 17.64 26.55 0 0.28
Solanone 28.76 28.82 23.67 30.24 16.62 25.74 18.56 0
4-tert-phenol 24.33 28.47 23.07 34.27 10.30 29.11 0 0
Pectin 23.67 30.90 17.09 35.39 21.48 27.70 0 5.66
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T L AU BEAE Ry B — R IR 25 1 T R RO e
A% 32.29%., LX4, Ba-S, LX7. VCI110, 114
112 TR 2 BRI T, XAl
A MR E R, DL R & T R 4 i A A R
(32.86%) . H & [#2(40.6%) . #ZH2(32.45%). %
R (34.62%) . TR TR (33.17%) FILH 2 (32.08%)
R IR AT, R A T A I B R IR
fE. LX4, Ba-S. LX7. VCI110 F1 112 ¥£H—fi%
AR, YRS REAMSRIER, Dk
2 AR A N FEBTHAABE(31.81%) . A HE(33.37%)
FEWE (38.73%) « B[ A1 B (36.97%) 11 Bl 17 111
(32.86%) 55 A T I B A R e . LXT #1112
TEFR—RIEH IR , B Al A T
FH L DA E 45 B AR 20 00 78 L TR (40.12%) FH Y 2 R
(35.15%) 54 T iR Bl S % . LX4  Ba-S \LX7 .
VC110 Fl 112 2 HABRIE A ] LU Ak
AR
2.2 PGPR WRiFEMESMNEERESSE
HEESNESEREN

N[ PGPR R Bk it A= A5 5 B A T B 4R
BOULE 4, Ps-S. 112 Fl VC110 HHLmH A 2507 98
EBw) X B, TRFEESR, 50l Rs
(Bw=2.56)15 41.9%. 41.0%#H1 38.1%. TLZZ Ay
B, I #EHMKT Ps-S. 112, VCI110 Al 114, 5 LX4
LREES, BEHT Ba-S 1 LX7, LX4, Ba-S
1 LX7 WHEH By G # 2R Ba-S [ Bsw 7k
8 #& PGPR TR MR /N, {X L Rs 5 4.78%. 4 PGPR
PRVR 5 7l T SR il A S & FR EU(NOD) 5 Bsw
BRAIEA—F, Ba-S 1Y NOI & 3 55 T HoAh PGPR
Hitk, % LX4. LX7. VC110, 114, 112, TLZZ
Al Ps-S 435155 4.88%.61.76%.33.71%.14.50% .
14.15%. 13.99%7%1 8.50%. LX4 £ Ps-S [ NOI
TREZER, WREST 114, 112, TLZZ M
LX7. 114, 112 #1 TLZZ #) NOI LR & %R,
WRFHT LX7, LX7 ) NOI {4 Ba-S #
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61.82%. 8 & PGPR 5 Al L5 NOI 43¢
W 0.47. 049, 0.30, 0.37. 0.43, 0.43 1 0.45,
#BATF 0.10-0.50 Z ], 15iH] 8 ¥k PGPR 5
A B —E FEEE 1 35
2.3 A[E PGPR HEEHAE THES R
WR=ESES

ERFEMASE LM T, 16 4~¥— PGPR
PRAL I (HRELH A 4-19) B0 15 8 50 1
60.52% , HFRE A B 248 1.30x10° CFU/g
(% 4), Hrth Ba-S AbFFEHFAS 7 HIWTETEEL
B I, (R 18 76 B = Ps-S A FR(FEHELL 5 18)
M 57.28%, [W] By AL B v Al oA A0 B e IR, oA
7.94x10* CFU/g, 1V %t BBALBR (R REAL S 1-3)
() 1.10%; 1 2 ¥k PGPR ZH A B RELH & b (8
B G 20-31), MRTETRECEHR 45.09%, WER
HAEEGR T 2.03x10° CFU/g, WRE4lA
20, 21, 22, 24, 25, 28, 29 F1 30 Z [0 1E
RO REES, DEMTHAMERLH,; H
4 tk PGPR 41 B IR FLL G i (R FLL & 32-43),
FRIE RO R 27.01%, WERERE L ECR
7 1.10x10* CFU/g, W#4LA 32, 39, 40 I
43 Z PRI IREOC R E 25, HEEINTIHL

zB,, =NOI

SW

cooooooooo-
O—=NWPhAUIaAD0OO
Niche overlap index (NOI)

4 7N[E PGPR EHREE S EEMERIEN
Figure 4 The basal niche breadth and niche overlap
index of the selected PGPR strains. Different lowercase
letters on the top of each bar indicate significant
difference at the 0.05 level, the same as below.
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Table 4 Biocontrol of different PGPR community combinations on tobacco bacterial wilt

Community Disease  Rs population | Community Disease Rs population | Community Disease  Rs population
assemblage index (%) (1g(CFU/g)) assemblage  index (%) (Ig(CFU/g)) assemblage index (%) (1g(CFU/g))
1 100a 6.8a 17 71.8b 6.5a 33 44.3¢ 4.8¢

2 100a 6.9a 18 78.9b 6.6a 34 30.9f 4.1c

3 100a 6.9a 19 76.7b 6.6a 35 22.1g 3.5d

4 60.2¢ 5.8b 20 32.4f 4.4c 36 28.6g 3.3d

5 61.5¢ 5.7b 21 35.2f 4.2¢ 37 35.7f 4.3c

6 48.6¢ 5.1b 22 50.2d 5.1bc 38 33.3f 4.1c

7 45.2¢ 4.9bc 23 60.8¢c 6.0a 39 16.7h 2.0e

8 56.7d 5.8b 24 38.4f 4.8¢c 40 18.4h 2.7e

9 53.2d 5.6b 25 36.7f 4.7c 41 30.8fg 3.7d

10 51.3d 5.5b 26 48.3¢ 5.1b 42 39.4ef 4.1c

11 50.9d 5.4b 27 66.9¢ 5.8b 43 13.2h 2.8¢e

12 65.2¢ 6.3a 28 40.1ef 4.6¢ 44 0.01 2.3e

13 63.8¢c 6.2a 29 38.5f 4.4c 45 0.01 2.1e

14 55.6d 5.6b 30 38.4f 4.3c 46 0.01 2.5¢

15 57.8d 5.5b 31 55.2d 5.5b 47 0.01 2.8¢

16 70.9b 6.4a 32 10.6g 2.2e 48 0.01 2.7e

Different lowercase letters within the same column indicate significant difference at the 0.05 level, the same as below.

T B REAL R, DRI 4 R RELL A1 R R 22
ERRIGHIE, H 8 & PGPR ZH AU HIRELH G, JAK
PR S 9s , IRBR T MR A0 T2 3.54x10° CFU/g,
HA P AL o 25625 RO B R 20 ARPRT AL
R A A, EEEWEHEAS 32, 39, 40
43 P2 UE 7 H B 38 0E A5
2.4 7[5 PGPR HE2H & 1 Rs X AN [E kiR
HFAYERESR

DA 90 R RELEAS [l B I 45 F T i AR R
R AL A Py X R I8 A R O, 4 B TR
T ZH 5 F1F Al TR 1 RE A1) R B AR R A i P b i)
T, AR AR VR 5t B A P 22 (3% 5). T
BELLG 32 RS FH AN % 2 i T LA A 3
SEE MM 1.62 45, BRE 39 FIE AL X 2]
MRCETCREZE S, WHEALG 32, 40 F1 43 XFEE

KR AR B Rs B3N 62.48% .
38.21%#1 22.30%; WHHELALA 32, 39 Fl 43 X}
FIRIIR A AR R E L R EST
PR 40; AFALA 32 MBS A AR B E & T
HAAL R, AR 1.41 7%, WEELLE 39,
40 IR HERFIASCE TR E 225, FiF
HE 43 NEEHE, TOVRERFAES 32 1Y
57.91%; WAFALA 39 MR F A F R E T
HAbAL PR, BERELHG 32 FOT AL X RS A AL
R H 25, WAL G 40 f1 43 Z [ 0% 2
55 DRFALG 32 WA SRR A RO B
FHABALFE, FRELALS 40 FIF Al 0 Hofd 2%
PEA R TO R % 25, WAL S 39 F143 Z[H]
TR FEES, WG 32 SHHABRRIT AT
BOREH TN 118 15
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Table 5 The maximum growth rate of the different community combinations and Rs in the different carbon source

Carbon source

Strain assemblage 32 Strain assemblage 39  Strain assemblage 40  Strain assemblage 43  gfp-Rs

Alcohols 1.654+0.002¢ 1.035+0.003d
Amino acids 1.284+0.003¢ 1.306+0.003b
Carbohydrate 1.701+0.002b 1.286+0.003c
Acids 1.953+0.002a 2.2234+0.003a
Others 1.477+0.002d 0.832+0.005¢

1.407+£0.004a
1.119+40.004¢
1.369+0.002b
1.341+0.005¢
1.248+0.003d

1.245+0.003¢
1.253+0.003b
0.985+0.002d
1.324+0.004a
0.778+0.004¢

1.018+0.005¢
1.194+0.005d
1.212+0.003¢c
1.965+0.005a
1.251£0.004b

Different lowercase letters within the same column indicate significant difference at the 0.05 level, the same as below.

2.5 7[E PGPR E# 4 & RIHEIRFIZIIE

WA R LY PGPR B4 A RE %
FEARE AR & 4 (3R 6), Hib PGPR H#E 32
HAEBTIAROR B 25 T HAA R, 5 5 LR
39.40 Fl1 43 125 27.18%.60.05%7#11 54.80% , PGPR
FRE 39 A BIRRCRLF T I HE 40 F1 43 403,
A3 BT 40 1 43 75 25.85%F1 21.72% ; PGPR

% 6 7T PGPR EEHAA LA BN ERIE

WIE 32 414 107 it Fl ™ EL2E I A A 3 i
A3 B HE T B AR PR ES 67.50%7F1 73.53%., PGPR
e 40 M 3 A A R EES, 5§
A PGPR XM Z MIfA7E i % 22 % . HAR
PGPR A B b 0 A7 78 0 43 A0k, H & g Bif
[ #ER 7-20 d, HGA0SRKE N A E, dE RS
P A

Table 6 Effect of the different PGPR community combinations on tobacco bacterial wilt control

Treatments Yield (kg/hm?) Output value (RMB yuan/hm?) Control efficiency (%)
CK 1211.55d 35 535d -

Strain assemblage 32 2 029.35a 61 665a 61.3a

Strain assemblage 39 1 777.95b 54 120b 48.2b

Strain assemblage 40 1 585.35¢ 47 550c 38.3c

Strain assemblage 43 1558.20c 46 740c 39.6¢

Different lowercase letters within the same column indicate significant difference at the 0.05 level. —: No such value.

3 Wik

KREWPILUES PGPR | ZAFET ZFEY
PRI, 2R EE ZF AT B (Bacillus sp.)
FUE 5B B & (Pseudomonas sp.), HH 2GR
M (Pseudomonas fluorescens)TEVEZ ALY HIAR
IR o5 T 24X 3, ATk 60%-93%%; 1LAh,
IS5 B HT I & (Flavobacteria sp.). [ERA &
(Azotobacter sp.) . [ R MR & (Azospirillum sp.) .
T i & (Enterobacter sp.)?", Guo My HFE
RIR 3 FhEE DA LB AR B 2 TR Ve IR E
BN R RN SR AT I, ALA O AR B A
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68.4%-99.5%, i HPIAERHRLE 63.4%78.5%:
AT 8 Bk PPGR 7ERT AT vh & BLER HA
BRSO AE RO, MR EAR R 0.56-
5.16 cm, HLX4, LX7 HABKBIEATE T
FF K Z B0 I B 1 B — s HrE T, AR
ProE S BORAE 30 d JRfsR4ERETE 10° CFU/g
ML

H R A BEAH B AR 2R 53 W) vh 32 22 )
KB TEAPLR . BRI . M | 2R . 2K,
MR AL AT 20 bl S TR) AR 5 o 43 2 40 )
TN g AN AR ], BRI ot Dt o A B 2
(S AN ]P0 R SORE S PR BT 45 SR R B
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IKFEFIPY AR R I TN 2R . 2R . K
A TR ARG 2 R T e 1 78 I & A Y S fa ik ) 7R
05 %, T 22 2R 3 B P s B AR K
MABSE P LB LX4, Ba-S, LX7. VC110 F
V12 FERTA Z LR . SR S50 5 Al TR A 4
HIVER, e M ERER 30%0 -, BLHL
= PGPR W] L7543 1 F K AR 22 430640 v 1) 4
FEIR | WU B A TR A TR . 3T AR R
P A A LR 0 A T IR 25 8 T A it A
PomlY, Xt R R A A S R BOE R
B R IE R 22— AR ST A B LXT 112
FEPTA BRASHIE T ¥R E A A T RAER , LX7
FEFLIR A T e R MR R IR 40.12%, BEH LX7
112 BA Y ¥ R v 7

Az A7 T JE RIVRCA= 2 T R R 1 9 D B
A AR AGUE YD E & KRR Rk
YR & AR T 2R AR Z R
SO P3Y, e s [ A4S 18] ) XCER 8 B R AT AR S i
P FERR R AT R Y SR R 2R T
1) A AN 56 B TN SR PR A AR 1 B IR A L I
B B AN R AR B e B 00T A AT T B AR
S0 LN A TR R T 5 0 A SRR 22 [ ) B U
G 7, SRR AR BIARBT, mTak
AR H P A S0 AR U A
T A A 40 5 It I s ) T ) R e e 5 9 i R
AR PSR A FUAEL . AR IR S E P i NOT B
5955 JRURR 9 5 4 BB T B , BEARIRCIGHS 4398 I
B REF AR IEDY T PR, FEPLE SN
Jir D A A e R BIORR 5, A B AT ) A B AR
15, A2 7 DR D R 1 R R PR 3 4 e D S 2 S
TR A BT . FEARESE T, Ba-S. LX4
Ml Ps-S 5 Rs WAESESMEEE S THAM
PGPR, 73l LA E SIS BRI LXT &
61.8% . 54.3%F1 49.2%, FE{HASN EEIEHFE
B PGPR 5 A5 Rs FETERCR 0 F 3545

Ps-S  FRCOR NI A1) T ) A2 2S00 S BE vy, {HH:
TS5 Rs MAESNESIEBE S, FILERH
IXESHLME Rs ARE T _EA BT RE, FRICHHER
D TR AR Bl 5 ) R 2803 31K

0 A 0 2L A 5 B AR T 3 RN e
1L FR R AR BRI, A YRR A
ZIRAFAEE A AR, TR B AR 25 )
2B UHEBS A A SRR R R 2
R Sl AR EL 5 4 )R B B A R A 1 A
AT AV Z MRS R ) Re B AR 7 Al
TAE YRR BT I EAEOCR W TR e v
i DIREHY N LA WU, FE T 1 52 4 95 10 B
VB 56 22 LA B J5L B AR I HE BT RE 1 P00, Ay g
N A BRI 5075 18 3 A7 TH, — =3 né
BP0 L B VR R P A B B B (] o £ A
FEVR IR AT T B AR 0 s R AE A TR R
G FEBUE P RE S BUHALA f Rk, WO 4
PR A it ) i BB B A M IS N PR B R A PR 2 )
BB, = A RO B T e N 5 R 2
T ol A= 0 1) A B RO, T AR g R R
4 32 (1 LX4. Ba-S. LX7 1 VC110 f4 i) Fl
BEE 404 39 (f1 Ba-S. VC110, 114 f1 TLZZ #4
B, 5 2 A R L At A S T R AR S TS
BB S HEMWEEZ N ERIONEE S LR,
T3 — 5 T 43 B R 1T LA RS BT R, He
LX7 7€ X8 AR bR FE 68 15, 7 AR UL &
(hydrogen cyanide, HCN), ##HlRIEE, ZH
BEPRAR A A BT AR o R I S A DR 1 22 ek ek
e TARPRG I £ A TRV A7 250, PGPR
T E TR ) A R A R DG, IR
15 PGPR V% Z 1 1T REA7 £ 2 PGPR HLAE DX
e E A AR B e AR A E & E R,
PGPR F#fiE S A1 A = R85 i Bk A,
IEAk, PGPR M ZFE Mt AT R il A= 1 1) 2R 71
Pk, AP Y, X AR
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