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Abstract: [Objective] To evaluate the biocontrol and growth-promoting effects and reveal the
antifungal mechanisms of the pepper endophyte Bacillus velezensis XY40-1, thus providing elite
bacterial strains and technical support for the development of biocontrol agents for pepper
Phytophthora blight. [Methods] Plate confrontation, in vivo inoculation assay, and microscopic
observation were employed to determine the biocontrol and growth-promoting effects of B.
velezensis XY40-1 on pepper. Genomics and metabolomics methods were adopted to determine
the antifungal metabolites of the strain and the synthesis pathways of substances involved in
antifungal effects, on the basis of which the antifungal mechanisms were explored. [Results]
Strain XY40-1 exhibited strong inhibitory effects on six pathogenic fungi: Phytophthora capsici,
Sclerotium rolfsii, Colletotrichum scovillei, Alternaria alternate, Fusarium oxysporum, and F.
solani, that infected pepper, and it demonstrated broad-spectrum resistance. The strain suspension at
10" CFU/mL showcased the control effect of 66.13%. Moreover, it possessed the abilities to
solubilize phosphorus and potassium and fix nitrogen, thus promoting the growth of pepper
seedlings. XY40-1 carried a large number of genes involved in the synthesis of ketone and
terpenoid antibiotics, which enabled it to produce extracellular metabolites such as nogalamycin,
megalomicin, rifaximin, avermectin ala, avermectin, and ansamitocin P-3 to inhibit pathogenic
fungi. The synthesis and degradation of ketone bodies, as well as the biosynthetic pathways of
terpenoid skeletons and antibiotics, contributed to the antagonistic function of XY40-1. The core
metabolic pathway was the biosynthesis of secondary metabolites. [Conclusion] B. velezensis
XY40-1, an endophyte of pepper, possesses excellent biocontrol and growth-promoting effects
on pepper, being a multifunctional and high-quality strain for the biocontrol of pepper diseases.
Keywords: biocontrol bacteria; pepper Phytophthora blight; endophyte; whole genome;
secondary metabolites; comparative genomics
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SPSS 29 FfFH s R R T BRI A Ab B
SEYHER) 2S5, Duncan £ 8 HE BT BRI T
25V AR, SR Origin 2024 YE1T7EK .

22 T BB 5 A 93 TR LA I A o O
(B 1), H A xh BRORBURE 9 g D T A A i 5
85.78%, AW Rhf s MBI . 148

I« PEBESE AR A 259 D TR 1 0 R AR
FAYHH 81.70% . 80.72%. 77.41%. 76.22%F
74.10% (& 1) XY40-1 XF 2 Fh B0 B 3
HHEYBIRET

2 BER500

2.1 XY40-1 3FEREH R & B9 0 H) 2 R
MO IRF I IR 25 SRR B, AR XY40-1 X

Pathogenic bacteria XY40-1  Other Bacillus spp.

Other Bacillus spp.

Bl 1 B XY40-1 X BRI = 7% R E & R HI R

Pathogenic bacteria XY40-1

Figure 1 Inhibition of strain XY40-1 on pathogenic fungi of pepper disease. A: Phytophthora capsici. B:
Sclerotium rolfsii. C: Colletotrichum gloeosporioides. D: Alternaria alternate. E: Fusarium oxysporum. F:
Fusarium solani.

FT 1 B XY40-1 X EYFEEE I FH R

Table 1 Inhibition rate of XY40-1 on plant pathogens

93 SR LA Xt HR V5 ELAR AP VR EAR Mm%
Pathogenic fungi Colony diameter of CK (cm)  Colony diameter of XY40-1 (cm) Fungistatic rate (%)
BRAUE 25 T 8.30+0.00 1.18+0.17bc 85.78+2.05
Phytophthora capsici

PR 25995 T 8.30+0.00 1.60+0.12d 80.72+1.45
Sclerotium rolfsii

PRI I3 T 8.20+0.10 1.50+0.06¢d 81.70+0.73
Colletotrichum

gloeosporioides

PR BE I 1A 8.10+0.10 1.83+0.12abc 77.41+1.48
Alternaria alternata

BRBSURE 22995 T 8.30+0.00 2.15+0.17a 74.10+2.05
Fusarium oxysporum

BHOPBURR JE 995 7 8.20+0.10 1.95+0.58ab 76.22+4.08

Fusarium solani
The data in the table are mean+SD. Different lowercase letters in the same column represent the significant differences
between treatments (P<0.05). The same as below.
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2.2 AELIRE XY40-1 Hif Mg SEN
IR

AR B XY40-1 T W0 ORI I o Dt TAT
R RSN 2E S B (K 2A. % 2), 24 XY40-1
A E A 10* CFU/mL S, X 350bU 25 7 il 4
HEN 78.01%; B XY40-1 WK E I THE
ST R B T R I R R AR R, Y
XY40-1 W AIHE 9 10° CFU/mML B, R
A3k 100%. 1537 16 h o WLELH T K I
2R R A FEIHRE XY40-1 BT &1

10" CFU/mL 10* CFU/mL

B2 Bk XY40-1 X ERHLE 5 7% JR & £ K RY 520

10 CFU/mL

AIHRIVER, HRBORE S, Xk
(A 10 ) AR B SiR . BVROMRESA 10" CFU/mL
IF, HXT A1 A A R 68.57%, MUKEE
FEEE 10° CFU/mL B, B 0] 35 94.08%.

B LB, KR 10d J5, XTRE
HIEFERWEERFLTMER, HEHs
—H, LAWY, MAIER, T4 XY40-1
TR AL S (TR 22 I A AR LA (K] 2B),
UL XY40-1 3828 52 i BRARE 25 1A 1Y AR KTk
FIHITRERCR .

XY40-1

Figure 2 Effects of strain XY40-1 on growth of pepper Phytophthora capsici. A: Effects of different
concentrations of fermentation broth of strain XY40-1 on Pepper capsici. B: Effect of strain XY40-1 on

hyphae growth of Phytophthora capsici.

T2 ARERE XY40-1 B3R HE 5 5% R 3 RN HI SR

Table 2 Inhibitory effect of different concentrations of fermentation broth of XY40-1 on Phytophthora capsici
R WK HiE RS 7 A A R

Bacterial concentration (CFU/mL) Colony diameter (cm) Fungistatic rate (%) Spore germination inhibition ratio (%)
CK 7.73+0.10a -

10* 1.70+0.10b 78.01+1.29¢ 68.57+4.39d

10° 1.07+0.18¢ 86.16+2.33b 75.44%1.76¢d

10° 0.68+0.21¢ 91.20+2.72¢ 77.73+2.38bc

107 0.24+0.10d 96.90+1.29d 84.90+2.52b

108 0.19+0.04d 97.54+0.52d 92.93+1.50a

10° 0.00+0.00e 100.00+0.00e 94.08+1.48a

— indicates that no inhibitory effect was observed.
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2.3 BEkk XY40-1 B TRAE (L4

MELE RN, HPk XY40-1 A IS E
17.69 mg/L, fEICHIBEEM: R 17.38 mg/L, G
PEHR 3.17 mg/L, [HEFHEMN 96.17 nmol/(mL-h),
XY40-1 HABGF Bl . A 0 A0 [ S0 A0 1k
2.4 Bk XY40-1 B E R & £ F A FnK it
HES

Wil PCR 4 #44RMS R XY40-1 [ 16S
RNA B, HFIKERH 1 556 bp
(GenBank %354 PP897142). RLEKH W4
RERE 3), XY40-1 5 01 3EM 2 M HE 7E R
— D IEG R R, £ XY40-1 JEF K
$or ZF AT 1A

WE 4A FTR, B XY40-1 BEH 418 41
e . AL IR IE JG ARG IR e R L A . TR
MRILIRZH 4K 3 955 067 bp, G+C i Lt 46.6%:;
S 7560 DMEEL, 3780 NRASIES, MK
M3 511 809 bp, ALK 88.8%; A
114 4~ RNA K[, fufh 87 /1~ (RNA FEHEF

27 4~ rRNA J[H ., XY40-1 FEFH—4
4 504 bp MEIFH, i EAKRERY 0.11%. 1EAh,
XY40-1 FERAPILFAE 4 DEFDBH 4 4
CRISPERSs,

TERE—20 7 28 0 —RINRESR B P, XY40-1
TERER 48 45 KEGG g2, 3t 2 143 4~
KEGG “# LA AL (K] 4B). Hor, 1
LERYAEHE %A ABC #1251 (ABC transporters,
122 A3, H R WA 43 (two-component
system, 113 D). SHREAHCH 5 KM
1 g K ik DR a3 o) Sy ik ok Ak & A
(carbohydrate metabolism) 99 />, W2 EZL4: )
4 il(terpenoid backbone biosynthesis) 14 4~ 5%
E AW W (streptomycin biosynthesis) 9 4~ | Hi {4
& 15 B f# (synthesis and degradation of ketone
bodies) 8 > FITH & & Fl 3k il I &R A= W) 5 Ik
(penicillin and cephalosporin biosynthesis) 2 /~([ff
1, HdhE E AR S E AR YR B s oL
%5 . NMDCX0001732).

3 BEFE XY40-1 FIEXFEFEET 16S rRNA EEFFIMENRFELEH

Figure 3 Phylogenic tree based on 16S rRNA gene sequences of strain XY40-1 and related Bacillus species.
The tree was constructed with MEGA 6.0 software. The number at each node indicates the bootstrap support
and the bar indicates expected number of substitutions per site. The red font refers to the study object strain

XY40-1.
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XTERE XY40-1 BAN F A7 s
FOIMT R, XY40-1 B IRORT b3 R P A
1271 RACHY, 979 FCI ) B35 2 5%, Hoh,
R > EIF RO 395 B, TR K<
VRO 584 i, JE Ak NG ZH $hd e
(human metabolome database, HMDB)X} i} 3 2=
SO TR, 1RE] 115 P S hiE . 1R
e R A 0 R S A AL A5 A BT 1 A 4
FEIL TR AR 0] 3 g 2 e 2R (50 Fir)

RIS T (46 i) A= WH8(18 FiHFIEE (1
Pl 4 R BER 2, Bl iR E R MED
B8 d 0, 4% . NMDCX0001732), T
KEGG Y) Rl % 22 5 R 38 AR o) #4718
B, A5 18 AR A TR B (] 4C), IFE
3] 42 M 5 ARG . 8 R SR A
KA 2 i 55 A T R A AR DG Y 22 AR, B
t, BIEGE > EIEROMRSEM 15 F, TR
W< LI wOMiy 27 Fho 2 0mkd 7 Fb
XY40-1 MIAM(CEE )& it % B hTE A
Yy, B XY40-1 7240 F 2B YA 205
J5i 53 72 U N % R (nogalamycin) . A HLATAL
EWRIKFRE Cl (megalomicin C1), EEIZE{k
AW 2K ) ) AR B (rifaximin) | B 4E B X
(avermectin Bla). Fff% % S (rifamycin S). 74
P 7 & (avermectin Ala) fl % 22 H &= P-3
(ansamitocin P-3) (fff 3¢ 3, #¥a 2 #2532 B Rk
YRR EE L, S5 . NMDCX0001732), 3L
[ ) A % A AR AU ) AR ) S
o 22 AR KEGG & 4 M 25 151 (B 4E) R
XY40-1 A% .0 AU 32 2 0 T Ak 2 5k R A
(cyanoamino acid metabolism) . 7£4= U4 R ALt
(arachidonic acid metabolism) . D-%23 3k iR 18 i
(D-amino acid metabolism) . HI\W‘ﬁiﬁi(porphyrin
metabolism) ., ' iR & i (folate biosynthesis) 5 Fil
AN, XY40-1 RIS AAAE Z R R IR BT AE R
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H5HYERKRNAS@E, TSR EMiiE
7, HARMWRMIH EESCR .
25 HEREEAZSHN

PR XY40-1 5 HAh 9 MREFFRAT L4
FRAE LB 4 R R (R 3), XY40-1 By3ERA S
A, D1 ST ZE AT TR I R AL /AL, BN T
SQRY M HAhZEMIAF I . Z B A5 tran&El SA
FiE7, 10 BRZFHUFT B A A% O JE R AL 35 Lz
SRR AR, X B AZ O JE R 4 AR 5T
H 2.4 R XY40-1 1RG4 W (E 3)rT %1,
XY40-1 5T#E Pk FZB42 RGO R i, HItit—
AR R DUSERT 2EAOFF R B XA FZB42
SQR9. DSM7" Hl UCMB5036, X} HAZ .05
PEATIRIJE M, 25 SR 5B FiR . XY40-1 5
FZB42 45 DU 2 f AT TR 6 A 1A% O 2L R B
3644 1, ZEES SIEMA MG IR, &
XY40-1 H: R ZH A% OB R 99%, HA Y 14>
S XY40-1 FTfsA 5 IAh, XY40-174F 3 466 4
oIS FZB42 A, XEM XY40-1 £
RO IR R DI RS FZB42 2Kl 5 RN
ST ZF AU I I L Ze M o BT 25 SR & 5C iR,
XY40-1 5 FZB42 .SQR9 .DSM7" #il UCMB5036
(R o3 J R B A AE 2 R X B e R, fH
W AFTE Sy TR IR LR HeHES e 5] . AL . A
GRFATEHMINS . Had antiSMASH Fiilll
XY40-1 BRRGACH W6 BUEE R 7% (biosynthetic
gene clusters, BGCs), Z5H /R (GER 4), XY40-1
TA 13 DA A SRR R, RN R
filil & 25 (polyketide synthases, PKS), H:H 45 6 4~
52k R AL S 100% , 43 5l A K
macrolactin H. bacillaene. fengycin. difficidin
LK butirosin A/B. HXF XY40-1 5 HAb 4 #k 1
S ZF AT TR A A B R R i B
AP RN, S MREEHER L RFE R I 0 B %
RAEXTR, X 5L HrEs R4 (B 5D).
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B Protein export

Ribosome

ABC transporters

i Two-component system
Alanine, aspartate and g_llutarrll.ate metabolism

I >0 ; . .
I (22 Environmental information
e |13 processing

m | 32

ENFEET H B BN EEEE § TeEs

A: RNA processing and modification (0)
B: Chromatin structure and dynamics (1)
C: Energy production and conversion (180)
D: Cell cycle control, cell division, chromosome partitioning (34)
E: Amino acid transport and metabolism (281)
F: Nucleotide transport and metabolism (76)
G: Carbohydrate transport and metabolism (214)
H: Coenzyme transport and metabolism (99)
I: Lipid transport and metabolism (104)
I: Translation, ribosomal structure and biogenesis (157)
K: Transcription (231)
L: Replication, recombination and repair (122)
M: Cell wall/membrane/envelope biogenesis (175)
N: Cell motility (46)
O: Posttranslational modification, protein turnover, chaperones (96)
P: Inorganic ion transport and metabolism (168)
Q: Secondary metabolites biosynthesis, transport and catabolism (66)
R: General function prediction only (271)
S: Function unknown (474)
T: Signal transduction mechanisms (109)
U: Intracellular trafficking, secretion, and vesicular transport (25)
V: Defense mechanisms (56)
W: Extracellular structures (0)
Y: Nuclear structure (0)
Z: Cytoskeleton (0)
Not Cog annotated (795)
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o) AN
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Category D-amino acid metabolism
Arachidonic acid metabolism — Folate biosynthesis
Cyanoamino acid metabolism — Porphyrin metabolism
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4 K XY40-1 R FARKPFHEF S
Figure 4 Diagram of whole genome analysis. A: Circular genome map of strain XY40-1. The circular
distribution from outside to inside indicates genome size, positive chain gene, negative chain gene, repeat
sequence, tRNA (blue) and rRNA (purple), G+C content and GC-skew. B: KEGG function classification of
consensus sequence. C: Metabolome KEGG annotation classification statistical chart. D: Volcano diagram of
different groups. E: KEGG enrichment network diagram of differential metabolites.
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F3 EHK XY40-1 5HAh AT & AYE F BHFE LA

Table 3 Comparison of genomic characteristics of strain XY40-1 with other Bacillus species

Strain GenBank Genome size G+C content Protein coding rRNA tRNA Isolation
number (Mb) (%) sequences source
Bacillus XY40-1 NC_CP158669 3.96 46.6 3780 27 87 Pepper leaves
velezensis  FzZB42 NC _CP009725.2 3.92 46.5 3 680 29 88 Beet
SQR9 NZ_CP006890.1 4.12 46.0 3904 21 72 Cucumber
rhizosphere
UCMB5036 NC _020410.1 391 46.5 3687 29 88 Cotton
DSM7" NC 014551.1  3.98 46.0 3870 30 93 Laboratory
Bacillus 168 NC 000964.3 4.22 43.5 4237 30 85 Laboratory
subtilis W23 (subspecies) NC_014479.1  4.03 44.0 3 896 24 77 Laboratory
Bacillus ATCC 14580  NZ_CP034569.1 4.24 46.0 4183 24 81 Laboratory
licheniformis
Bacillus DSM 11031 NZ CP026362.1 4.29 44.0 4205 30 87 Soil
vallismortis
Paenibacillus ATCC 842 NZ_CP024795.1 5.92 45.0 5245 42 91 Soil
polymyxa
A 16 000 , B
— Pan genome size
— Core genome size
. 12000 |
2 DSM7"
£ I SQR9
= 8000}
4
i
(5]
g 4000 |
Q
0L
-4 000 : —
0 1 2 3 4 5 6 7 8 9 10
G Gene number XY40-1

200 000 400 000 600 000 800 000 1000000 1200000 1400000 1600000 1800000 2000000 2200000 2400000 2600000 2800000 3000000 3200000 3400000 3600000 3 800 000

Y PRPAPYORR TV (TP

DSM7"

=l
200 000 400 000 600000 | 800 000 1000 000 I200,¢0 1 400 000 1600 000 1800000 2000000 2200000 2400000 264]]0*) 2800000 3000000 3200000 3400000 3600000 3800000 JOODNJ’Q\

7
200 000 \ 400 000 WOOW,‘ BO0 000 1,000 000 IZQdéOD 1 400 000 1600 000 1800000 2000000 2200000 2400 000 26&600 2800000 3000000 3200000 3400000 3600000 3 800000 /

N | A T

| /
200 000 I‘HI)UMU 600000 | R‘HII)GO 1000 000 |2¢ﬁoou 1400 000 1600 000 1 800000 2000000 2200000 2400000  J6M0000 2800000 3000000 3200000 3400000 3600 000 JHMM()J’,‘
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XY40-1 | ‘ ‘ ‘ | ‘ |
Andalusicin A/B Surfactin Unlgnown | Bacillaene Unknown Dilfﬁcidin | Balcilysin
o N 4i1+u— ' o
2] : § 4 I |
Unknown Butirosin A/B- Macrolactin H | Fengycm knOWH Bacillibactin
SQR9 Unknown I‘
11
—i—-—iﬂ—-—-ﬂl—wm 0
| 1
Dumulmycm Unknown -‘ Unknown
|
UCMBS5036 |
Surfactin ‘ : Bac1ll1at=;5ne Unkr_:'own Dlgﬁmdm ( Unk]rllown
] o —D—EH%H %H: % o
12
Butirosin A/B Macrolactin H Fengycin Unknown Bacillibactin Bacilysin

5 THFk XY40-1. FZB42. SQRY. DSM7' #1 UCMB5036 A bb45 £ F 4H 55 47

Figure 5 Comparative genomic analysis among strains XY40-1, FZB42, SQR9, DSM7', and UCMB5036. A:
Core-pan-genome plot of strains XRD006, FZB42, SQR9Y, DSM7", UCMBS5036 and other Bacillus species
(168, W23, ATCC 14580, DSM 11031 and ATCC 842). B: Venn diagram of core genes, unique genes and
accessory genes of strains XY40-1, FZB42, SQR9, DSM7' and UCMB5036. C: Collinearity analysis. The
boxes with the same color are represented the syntenic regions, rearrangements are shown by colored lines. D:
Comparison of the locations and products of the secondary metabolite gene clusters of XY40-1, FZB42, SQR9Y,
DSM7" and UCMB5036.

F4 XY40-1 FRRRERG=MEREEZF T LFE
Table 4 antiSMASH annotation functional classification chart of XY40-1

BN S A oy R A LA E I 1y FAMLE
Cluster ID Type Start End Putative production Similarity (%)
Cluster 1 Lanthipeptide-class-iii 193 714 216 329 Andalusicin A/B 100
Cluster 2 Thiopeptide, LAP 288 450 318 183 Unknown -
Cluster 3 NRPS 329 692 394 554 Surfactin 91
Cluster 4 PKS-like 936 194 977 438 Butirosin A/B 7
Cluster 5 Terpene 1063 057 1 080 356 Unknow -
Cluster 6 TransAT-PKS 1423 622 1511 453 Macrolactin H 100
Cluster 7 TransAT-PKS, T3PKS, NRPS 1730 988 1831 722 Bacillaene 100
Cluster 8 NRPS, TransAT-PKS, betalactone 1901 548 2039 207 Fengycin 100
Cluster 9 Terpene 2 063 335 2085218 Unknown -
Cluster 10 T3PKS 2 148 685 2 189 785 Unknown -
Cluster 11 TransAT-PKS 2318 550 2 412 345 Difficidin 100
Cluster 12 NRPS, RiPP-like 3038 393 3090 183 Bacillibactin 100
Cluster 13 Other 3613244 3 654 662 Bacilysin 100
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2.6 XEREBYERL R AR BE N IEIE

IR AR /R, MR TR A BURGE 7E
5 4 RIS AN., BEIGZEHINE . 14 d J5x
M2 BB e B (i B HL 2235 8, [
IFAEREI i v . 2R R EUR; Mkt

-

a

Phytopltiiors’
spore fluid

Phytophthera'spore
fluid + XY40-1

Sterile water

FE XY40-1 T R Ab FHZH A BRI R B /L |
PR, ARROEN RIF(E 6A), HE S
RIS, it FHEE A 10" CFU/mL (1 XY40-1 B ik
X IRUE I B B TR R T 3K 66.13%, R AR
IS5 25 RN U AR G o

XY40-1 2 T 10 cm

Car

= =]
0 < 0

CK  XY40-1 CK  XY40-1
Bl 6 XY40-1 ERMERIER LR R IBER
Figure 6 Biocontrol and growth-promoting effects of XY40-1 bacterial liquid on pepper Phytophthora
blight. A: The control effect of XY40-1 bacterial liquid on pepper Phytophthora blight. B: Growth-promoting
effect of XY40-1 bacterial liquid on pepper after 14 d. C: Effects of XY40-1 bacterial liquid on the growth
characteristics of peppers.
&S5 XY40-1 EiRFBEIRBRERIR
Table 5 The antagonistic effect of fermentation
broth of strain XY40-1 on pepper Phytophthora blight
W VAR DIREEIE

Concentration Disease indice Suppression rate

0

CK  XY40-1

S

CK  XY40-1

Big% 14 d Jo, XY40-1 B A BEAYFE AR )
A KPR BAL T XTI (E 6B), HEARK
Phimr . OB, IR TR (E 6C), Hik
oL MR HOR G R Y 5 O B 2% R W

(CFU/mL) (%) (P<0.05), XY40-1 XFBABAE R HA B A4
0 (CK) 54.3343.86a - N

10° 40.77+5.78b 24.97 R

10° 37.33£5.09bc  31.29 2.7 XY40-1 BB ENRELRREX S
10° 23.43£0.81ef  56.87 PRI RN

107 18.40+1.01f 66.13 I 7A P21, b P XY 40-1 B3 BE i 24412
10° 28.20+0.82de  48.10 . . 3

o S PEREARUR S B 2 K, SR

RO, eSS, A XY40-1 ERG B

— indicates that no inhibitory effect was observed.

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



4896

ZHOU Chi et al. | Acta Microbiologica Snica, 2024, 64(12)

© 04 ‘s 1V v . . *—“’lt. . &= . .
. . %] . . 8
0.0 0 0.0 « 0 0

CK XY40-1 CK XY40-1

CK  XY40-1

CK  XY40-1 CK  XY40-1

BE7 XY40-1 ERXMBRHR L mRE A SHERIE MR
Figure 7 Effects of XY40-1 bacteria liquid on pepper fruit quality and photosynthetic characteristics. A:
Pepper fruit quality. B: Photosynthetic characteristics. Different letters indicate statistical significance

(P<0.05).
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