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Isolation and characterization of Bacillus subtilis S1 capable of
inducing resistance against powdery mildew and promoting
cucumber growth from cucumber rhizosphere

ZHANG Mengting, WANG Erxing, ZHANG Yating, LIU Jingyi, XU Lurong, CHEN Yunpeng*

Department of Resources and Environment, School of Agriculture and Biology, Shanghai Jiao Tong University;
Shanghai Yangtze River Delta Eco-environmental Change and Management Observation and Research Station,
Ministry of Education; Shanghai Urban Forest Ecosystem Research Station, National Forestry and Grassland
Administration, Shanghai 200240, China

Abstract: [Background] As one of the major fungal diseases in cucumber production, powdery
mildew occurs widely in the world, resulting in declined cucumber quality and yield and
causing serious economic losses. [Objective] To isolate and identify the original strains for
biocontrol against cucumber powdery mildew and to verify their biocontrol and plant
growth-promoting effects. [Methods] Multiple methods including plate screening, 16S rRNA
gene sequencing, phylogenetic analysis, whole genome sequencing, secondary metabolite
analysis, and morphological characterization were employed to isolate, identify, and characterize
the strains. [Results] An antagonistic bacterium S1 was obtained from the rhizosphere soil of
cucumber with Bipolaris maydis as the indicator strain, and its growth-promoting effect on
cucumber seedlings and control effect on powdery mildew were examined by pot experiments.
The blast result of 16S rRNA gene sequences showed that this strain had a nucleotide identity of
100% compared with Bacillus subtilis KZH-E3. The whole genome sequencing combined with
the phylogenetic analysis eventually identified the strain as B. subtilis. The pot experiments in a
greenhouse proved that S1 had a significant biocontrol effect on cucumber powdery mildew.
[Conclusion] B. subtilis S1 has obvious disease-preventing and growth-promoting effects on
cucumber seedlings, having important research significance.

Keywords: cucumber; cucumber powdery mildew; isolation and characterization; Bacillus
subtilis S1; 16S rRNA gene
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Figure 1 The lawn of 5-day-cultured Bipolaris
maydis with fermentation broth treatment. A: CK. B:

Strain S1. C: Strain S2. D: Strain S3. E: Strain S4. F:
Strain S5.
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FRR S4 [(7.65+0.04) em]AbFRZH 5 CK 4HAH HL A i
295 5(P<0.05). Btk S5 4FRL[(8.87+0.02) cm)]
5 CK M i & R/NERA 135 (P>0.05). &
FEPUARRIRI P B TS R 22 AR (| 2), Tk ST
KR B. maydis B 22 A= K il /F ok, 3
TR R AR e .
2.1.2 16S rRNA EFENFER

SR BN S1-S5 By Ih i 18 i — 445
SRS, HAK/NAR 1.5 kb, SHHIMAT .
X E AR AT, iRy 514238 GenBank
B AT SRR Hex, 25 SR R B T B ST
) 16S rRNA JE[H J3 41] 55 4k 5L 2 T B i A 4
L, FRUE R 99.5%-100%, K, w15
FAR S1 7E4r2% B §EVH 8 Bacillus subtilis,
#itk S2 I REJ& T Bacillus amyloliquefaciens,
Hikk S3 AlfEJE T Klebsiella oxytoca, Hikk S4
MEEE S5 Alfigsr%lJE T Bacillus cereus #
Klebsiella oxytoca.
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Figure 2  Antibacterial rate of five candidate
antagonistic strains against the pathogenic fungus
Bipolaris maydis. The different uppercase and
lowercase letters above the columns in the figure
indicate statistically extremely significant or
significant differences between the two groups.
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3 EPRS1ET 16S rRNA EEFIIMEMAGZLERN iS5 THIFS NS EK 16S IRNA JEH7E
GenBank $#i FE R E S5 5 A RGIRECH 1000, 53305 F TR L AR 58 (LI B R R
PR L T B B B

Figure 3 Phylogenetic tree of strain S1 based on 16S rRNA gene sequences. The numbers in parentheses
represent the accession numbers of the 16S rRNA gene of each strain in the GenBank database. The bootstrap

value was set to 1 000, and the number on the branching point indicates the degree of genetic variation
(evolutionary distance). The ruler exhibits the distance unit of the phylogenetic tree.

222 HEKFERIFLEER
W AR ST XS B B RR RN ZE AT
b ' 103925 f4 24 h P40 MG S5 B0, 2210 AR K i 2k

(& 5), 25 R BIAE D 24 h P H ERAR B B 1A
FEAE AR . fEHAN S 02 h, AiEA K
S, AT REH ] . AN AT R 103925 1E
2-4 h NN B AE B, R0 0%
K, MRS R FFREI I 78 18-24 h AEK
4 FHEFHOFE SI BEMSIESFBTEMKE  BUEA K, H7E 24 h R B8 1] 2 AYER
(transmission electron microscope, TEM), 30 000x] EHARIEET- R Rk S17E 1-16 h 194 K
Figure 4 Morphology of the bacterial strain Bacillus R . 1618 h A KA JIREE R . 18 h

subtilis S1 (transmission electron microscope (TEM),
magnification 30 000x). JERREEE I, [RIFELORTE 24 h N R BES G 0T AN
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Figure 5 Growth curve of the isolated bacterial
strain S1.

T, PIRRIFATE 24 h 9 ODgo [HHRTE 1.5 /2
Fro AT, FEHMEEFRAMT, XPifh4
LR TR A M A G T B 25 5
223 MAFHIIHIRER

B Rk S1 AR 103925 KB XT B. maydis #1
FHIRMEIZERME 1. B 6 Fin, 752 hBf,
HER S1 xR H T BR —ER
VR, XAMIEIEAFREZES] 6 h BF. fE CK
Hrp, AR E S T HIAR S1 1103925, B
Pk S1 S5 xR 103925 ML, HA B AE 24 h
LB PRLIH TR A A VR

F= 1 E S1 0103925 KB AT ERENEF

AR & AN &
Table 1 Inhibition rates of the pathogenic spore

germination by the fermentation broth of strains S1
and 103925

Time (h) Strain 103925 Strain S1

2 13.25%+3.0% 26.17%=£2.12%**
4 36.03%+13.59% 36.38%+6.37%

6 34.45%+8.59% 42.16%+9.27%*

*: P<0.05; **: P<0.01.
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Figure 6 Inhibition of the antagonistic bacterial
fermentation broth on the germination of conidia of
Bacillus maydis (magnification 400%x). A and B
respectively represent the germination of the
conidia of maize pathogen B. maydis at 2 h after
treatment with the fermentation broth of strains S1
and B. pumilus 103925, and C shows the
germination status of fungal conidia in the control
group at the corresponding time point. Similarly, D,
E, F, and G, H, I in this figure respectively indicate
the germination status of the conidia of B. maydis at
4 h and 6 h after treatment.

2.3 E#E S1 XEINB#HHBY 2 3% b 30
EER

TR RAR IR S5 RN 2 Fon, LUK Sl
B R (M JE 29 10° CFU/mL )W it B 1A # TR -
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Table 2  Effect of strain S1 against powdery mildew
on seedling cucumbers

Relative control
efficacy (%)

Seedling group Disease index

Sterile water treatment 31.9346.60%*

S1 treatment 11.7845.32 63.11

5 P<0.01;—: LAICEA /K b B3R B I ORI 1) K 993 195 10 (4
XFBRCH 0)

**: P<0.01; — The incidence of cucumber powdery mildew

treated with sterile water (relative control efficacy is 0).

F, RTER R —E BiTRRCR . Wbk ST
TR IR Tl B - T I it Ak P TN 0 T B0 1 4 %
11,78, HLIGRK AL BRI A R B 85U,
HLH 2 ANOVA Mg R s —H 22 Sl w3 .
PPE ST X8I PR AR XS BRI 63.11%,
FEWIF B RE TR ST XN PR R AT S Y
BB AR
24 2ERFESHER

M2 SR, bk S1 AN h—4K
JEh 4 083 451 bp MR, G+C &N

B. subtilis S1

7 HEIZFATE S1 EEHEE

43.83%, AP IC N IEPE BURE . SR G AL LA
B 4020 4, JPALEAK A 3 600 498 bp.
FER A EE FFHEAKEE N 4005 bp, HRAS
HEASFENZLAY 0.1% RNA DN (88 s 4= A DBk
HAEZm TS RNA 1) DNA J3741) 206 4>, HH rRNA
KA ILE A 30 4, HERBEEN 3 1
tRNA KA HA 86 4, FEHNFKWEHN
33 4~; HAth ncRNA ZRIEgmf LA 90 4>, 2
R RGBT N 46 1>, CRISPR J¥41) 78 3L K 40
FIVE R A B S s2 SN DNA IR A, 7E
S1 4 FER 2 Hr Uil & 4 4~ CRISPR J¥51 . L 4h,
WRB ST LR AP 6 MBIER | 2 ASHTHE
. ARSI, 4 D A 12 AMRAER
W6 B R . 2R 1 20 P L S BT 4
WoRAFEZIK 292 4~ BBEREN 1 1394, &
W 292 4~ HET, S1 43ERAM 53R
ERA LS B2 58 & GenBank BUHE 2, &%
5 CP092824, Bl 7 ME Pk S1 14 5L K 4H &l
L, H PN ) A0 51 A R 4 21 B (B Mb)

B G+C content
B G+C skew+
B G+C skew—
M ORF

3.0Mp (4083451 bp) 1-0Mb - REE

Figure 7 Circle diagram of the Bacillus subtilis S1 genome. ORF: Open reading frame.

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



BESE & | HIRFRMELEHE BacillussubtilisS1 I BL ESREF 2151

G+C i . G+C it ORF fUFEIF L S HE
I 3 &>} ORF (-), 4 3 Bl ORF (+). il BRIG
AT LUBSSE N A 50, 2558 s ML 21 45
FFIFS SRR, Wk S1 FIRG R 2R AT i
Tl BB MR B. subtilis 168 4> 55 K 40 15 1) AH Bl
e ey, A R AR S e R R T EL Al TR PR 17T AR
(A 8).

ANI 73 Hr4 R R W, Witk S1 5 B. subtilis
168 TH Bk ) 4 3L R 2 e 81 — B2 R 98.91%,
155 HAth 8 bk 25 60T 11 Ja8 TR A 19 25 18 4 47—
HYEHR 67.19%-76.99%, KT 95% (3% 3).
I, AT DA E PR ST 7E 4328 b UK Al BE 2R S AT
W, ERE 4 K Bacillus subtilis ST Tk
2.5 REKEIERTH

A BIFIE e B ZF AT R 6T 8 T A7 A B
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AT R4 fif 2 L RE PR A5 0 o T AT B T AR
75 AT 351 R A 5 L D e PR, DAY 5 At
(A 2 R 22 i AR K, sl o i A K A
B WK VR TR AN i R g 2 A O R ML
FEREESIE MR EY A, B kA
B 4 T P 3E  S A TR A W . S PR I
sl HA A BRSSP EN Y, el R e AR
A RAIA A . B BRAEM & ke it
T AR I A 4 1

L antiSMASH AEW{5 B2 04T, 4558 8
INHRR STTE A B K B A A 12 ARGt
WY, RITERE ST AT B8R 0 A A A L
T Hor, 5 6 FMRBACIHIIA DI RE(ER 4).
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Figure 8 Comparative genomic circle diagram of Bacillus subtilis S1 and representative strains of other
species in the same genus.
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Table 3 Comparison of genomic identity between the strain S1 and the representative strains of Bacillus
genus

Strains No. S1 CHB19 7D3 HBCD-sjtu  CP6 Bac84 ARO3 168 GA-A07 Nz4
S1 * 70.67 76.95 67.27 72.74 72.71 70.86 98.91 67.19 76.99
CHBI19 * 70.16 67.50 70.27 70.14 89.25 70.62 67.62 70.28
7D3 * 66.47 72.41 72.32 70.44 77.01 66.50 94.08
HBCD-sjtu * 66.42 66.57 67.57 67.33 91.70 66.59
CP6 * 94.68 70.27 72.71 66.47 72.61
Bacg4 * 70.24 72.93 66.55 72.81
ARO03 * 70.76 67.35 70.34
168 * 67.26 77.03
GA-A07 * 66.64
Nz4 *

S1: Strain S1; CHBI19: Bacillus altitudinis CHB19; 7D3: Bacillus amyloliquefaciens 7D3; HBCD-sjtu: Bacillus cereus
HBCD-sjtu; CP6: Bacillus licheniformis CP6; Bac84: Bacillus paralicheniformis Bac84; AR03: Bacillus pumilus AR03; 168:
Bacillus subtilis 168; GA-A07: Bacillus thuringiensis GA-A07; NZ4: Bacillus velezensis NZ4. *: Not applicable.

® 4 EH S HIEE MY R D B E 3R

Table 4 Gene clusters encoding antibacterial active substances in the genome of Bacillus subtilis S1

Gene cluster Start End Length (bp) Product

rlel 276 680 381947 105 268 ZWUBiL B Bacillaene

rlc2 457 890 534 816 76 927 FJHE Fengycin

rles 1 646 387 1 692 396 46 010 A Bacillibactin

rlc7 2218 021 2239 632 21612 FHEFF R K A Subtilosin A
rlc8 2246 387 2287 805 41 419 AT EI R Bacilysin
rlcl0 2984 791 3050 182 65392 FITEEZ Surfactin

HARAL3E . L rlcl 44 i bacillaene, & T VAT AR KA S Byl g 1 LD %

— M2 IEYAE R, BRI E NS
B, N IR B — 2 A IR SCR N JEH AR ric2
i A R E, Ho—FPi BRI AE R,

FLHF%E rlcs mfis & i bacillibactin, X &—Fh JL
R RIE R R . 7R R AW F LG WA e 4=
Bl Ve I 2 — il o [ i A1 70 A 8 ik 3R LA
P A B PR R A R s R SR TR S S
JE FBIBR e v 5 A BR A kg 100, LRI rle7
it 5 Al subtilosin A, T & —FAIRE R, BHiE
A 22 ol D T LA AR A A B T U T
[Rl#% r1c8 4ifS 4 Ay bacilysin & —FHi Y
BT, EREUE T 4 v €0 A BRI A AR, X H

rlcl0 ity A RGPS, YRR A T
T PEPO, s o N B S PRI B A B T
B. subtilis S1 & #4HifE A A EE R & XL,
2.6 E#E S1 LBEARERFIEFHRN
FHE

BRIRE ST sy L AR 15 (1 2 R 4h i A
I A A A A (1B 9) o ZEAIR AR AL B 565 10
PR ST ALIRAT 4 i KRt B B AL T CK 41,
I HXFh2ZEBEAE 22 2 ORI R . e FH I bk
S1 AJ i 24 v B ML W bk L MR B MR R,
X 3 AMERRY B E RS T CK 41, "TREM TrEks
MK ZE, WARMRKZESIFANRE.
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Figure 9 Growth promoting effect of strain S1 on cucumber seedlings planted in vermiculite. The significant
differences in seedling height, root length, plant fresh weight, and root fresh weight between the control group
and the strain S1 treatment group on the 15th, 30th, and 45th days after strain S1 fertilization are shown in A, B
and C, respectively. D, E and F exhibit the differences in cucumber whole plants between the control group and
the strain S1 treatment group on the 15th, 30th, and 45th day after strain S1 treatment, respectively. The single
and double asterisks on the bar chart in the figure indicate significant differences (P<0.05) or extremely
significant differences (P<0.01) in the same biomass between strain S1 and CK groups, respectively.
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Figure 10 Growth promoting effect of the Bacillus
subtilis S1 on cucumber seedlings planted in
vegetable soils. A: Day 15. B: Day 30. C: Day 45.
*: P<0.05; **: P<0.01.
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