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Biocontrol effect of Streptomyces hebeiensis J1.9001 on tomato
Fusarium wilt and whole genome sequence analysis
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Pharmacy, Hunan University of Chinese Medicine, Changsha, Hunan, China
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3 Hunan Province Key Laboratory of Plant Functional Genomics and Developmental Regulation, College of Biology,
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4 Changsha Concord Herbs Cultivation Technology Co., Ltd., Changsha, Hunan, China

Abstract: [Objective] To isolate the Streptomyces hebeiensis strain JL9001 with significant
biocontrol potential against tomato Fusarium wilt from Pseudostellaria heterophylla toots,
elucidate the complete genome sequence and functional annotation of the strain, and extract genetic
data pertaining to its secondary metabolites, thus offering a valuable microbial resource and a
theoretical foundation for the biological management of tomato Fusarium wilt. [Methods] The
colony morphology on various media was examined via the plate streaking technique. The
antagonistic properties of strain JL9001 against Fusarium oxysporum were evaluated through the
plate confrontation assay. The activities of metabolites (crude fermentation extract) against F.
oxysporum were assessed via the microdilution method. The effectiveness of strain JL9001 in
managing tomato Fusarium wilt was evaluated through root drenching with the fermentation broth.
Whole genome sequencing of strain JL9001 was conducted, and the sequencing data were analyzed
by appropriate software for species identification, gene prediction, functional annotation, and
prediction of secondary metabolite biosynthesis gene clusters. [Results] Strain JL9001
demonstrated optimal spore production on the SIM medium. Antagonistic assays indicated that it
inhibited the mycelial growth of F. oxysporum by 40.18%. Furthermore, the crude fermentation
extract at a concentration of 1 000 pg/mL completely inhibited F. oxysporum. Pot trials revealed
that irrigation with the fermentation broth of JL9001 resulted in a 51.61% reduction in tomato
Fusarium wilt on day 13. The genome of strain JL9001 comprised 7 700 822 base pairs with the
G+C content of 71.46%, encompassing 6 589 genes. Analysis predicted the presence of 27
biosynthetic gene clusters for secondary metabolites including terpenoids, polyketides, and
siderophores, which may possess antimicrobial properties. [Conclusion] This study elucidates,
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through antagonistic and pot experiments, that strain JL9001 effectively mitigates the incidence of
tomato Fusarium wilt. The analysis of the genomic composition and functional gene information of

strain JL9001 provides a basis for exploring the antimicrobial mechanisms of natural products,
examining secondary metabolite biosynthetic gene clusters, and assessing the potential of

Streptomyces-derived secondary metabolites.

Keywords: tomato Fusarium wilt; Fusarium oxysporum f. sp. lycopersici; Streptomyces;

biocontrol; whole genome sequencing
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A B
9y Streptomyces hebeiensis strain NBRC101006 (NR112601.1)
SIM
96| L Streptomyces hebeiensis TL9001 (PX410854.1)
84 .
Streptomyces hebeiensis strain TQR87 (KX721648.1)
Gl
100 Streptomyces sannanensis strain TR1-45 (PP837016.1)
Streptomyces sp. strain KA4 (PQ349326.2)
R2A
85! ™ Streptomyces thermodiastaticus strain H48-16 (LT631778.1)
83L Streptomyces thermodiastaticus strain Mums24 (KP339303.1)
SC
™ Geodermatophilus saharensis strain CF5/5T (HE654551.1)
35U Succharothrix saharensis strain SA152 (NR108320.1)
ISP2 |

Actinopolyspora saharensis strain H32 (HQ918198.2)

Bl EHRILII R EEEHMESRAGLEN. A: JLOO0 I MRTESF 2§ 55 F7 5L b 1E S 1 Y B V& B 25 5
B: Streptomyces hebeiensis JL9001 /) R %5 & B WM (365 LT 5 95 A TRAKRFE GenBank 54 22 i 19 5 5)
Ty SR BVECF RN HEME, ORGSR TR SR TR

Figure 1  Colony morphologies and phylogenetic tree of Streptomyces hebeiensis JL9001. A: Colony
morphologies on the front and back surfaces of JL9001 on five selective media; B: Phylogenetic tree analysis of
Streptomyces hebeiensis JL9001 (The sequence numbers in parentheses represent the strain’s accession number
in the GenBank database; The numbers at branch points indicate bootstrap values, reflecting the reliability of
phylogenetic tree branches).
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Figure 2  Antagonistic activity of strain JL9001 against Fusarium oxysporum. A: Changes in colony diameter of
Fusarium oxysporum during 96 — 144 h under confrontation and separate cultivation conditions (Different
lowercase letters in the bar chart indicate significant differences at P<0.05 level); B: Inhibition rate of Fusarium
oxysporum growth by JL9001 (Different lowercase letters in the bar chart indicate significant differences at P<
0.05 level); C: Fusarium oxysporum after 144 hours of sole cultivation; D: Fusarium oxysporum after 144 hours
of co-culture with JL9001; E: Inhibitory effect of crude extract from JL9001 on Fusarium oxysporum.

FHIEH

7 24 FLIEPHEEE 2 B, kR JL9001
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500 pg/mL BV /D e fu e ftl e, A4
Yy RO A s, EARERIME —E 1
PURATETE ;. W R 2 250 pg/mL BRI Y)Y
Tk . R (A 2E),
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A B
CK JL9001 NC CK JL90()1 NC
4L —e—JL9001 =
§ 70 -
L G0
RS .§ 50 L
2 =2
82l T 40
A 230}
g
1t S 20t
10 +
[ @
01234 6 78 910111213 012345678910111213
t/d t/d

3 ERILI001 K BRI E AL ERAIBTIATR . A BRRILO00 1 A IR X 7 i Al 203 B VA 8CH: E L]
(CK: ZS XA JL9001: 232520 ; NC: BAVEXTARZ); B: WIARILOO01 A IR Xt # il it 22 Bl i AR
IR s C: TERRILO001 A I WAL BES 2 A ZE i I T8 KSR s D: TRIARILO00 1 & R IR AL B X 25 Tt
ZHRBITRIE .

Figure 3  Control effect of fermentation liquid from strain JL9001 on tomato Fusarium wilt. A: Front view of
the control effect of fermentation liquid from strain JL9001 on tomato Fusarium wilt (CK: Blank control group;
JL9001: Treatment group; NC: Negative control group); B: Top view of the control effect of fermentation liquid
from strain JL9001 on tomato Fusarium wilt; C: Effect of fermentation liquid treatment from strain JL9001 on
the disease index of tomato Fusarium wilt; D: Effect of fermentation liquid treatment from strain JL9001 on the
control efficacy of tomato Fusarium wilt.

A JL9001 A WA RU AR 1 5 A 220 1) A
WG DL IR E, AR Atih 220
I I RCR IR B 2 5 KN 75.00% 2 i P I 2]
5513 K1Y 51.61% (8 3D), (HEFIESCRA R M
FAEROKN- o ZEIETR W T JL9001 A AR
A LUA O 25 A 22 10 kA, SRR
AL 229 11 FH (R S R B AL T S6A

2.4 E#k JLI001 £ E[F A FEAK4HE

B PR JLO00T ff 3 [ 41 Bl IR T 1] 4 o, H:
R ) B 7700 822 bp, fUdF 1 54k
DNA (7 513 245 bp) Al 2 4> J& ki (i kL A
121 447 bp; ki B: 66 130 bp), HEJFH K
214 476 bp, 5§ B KK 2.79%. G+C & & H
71.46%, BIEFAECH 6 589, fUHE 6 504 4~
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: RNA processing and modification (1)
: Chromatin structure and dynamics (1)
: Energy production and conversion (302)
: Cell cycle control, cell division, chromosome partitioning (30)
: Amino acid transport and metabolism (379)
: Nucleotide transport and metabolism (88)
: Carbohydrate transport and metabolism (382)
: Coenzyme transport and metabolism (122)
: Lipid transport and metabolism (155)
: Translation, ribosomal structure and biogenesis (161)
| K: Transcription (473)
L: Replication, recombination and repair (242)
M: Cell wall/membrane/envelope biogenesis (173)
N: Cell motility (0)
O: Posttranslational modification, protein turnover, chaperones (127)
P: Inorganic ion transport and metabolism (233)
M Q: Secondary metabolites biosynthesis, transport and catabolism (113)
R: General function prediction only (537)
M S: Function unknown (1 089)
T: Signal transduction mechanisms (224)
B U: Intracellular trafficking, secretion, and vesicular transport (27)
B V: Defense mechanisms (89)
B W: Extracellular structures (0)
M Y: Nuclear structure (0)
M Z: Cytoskeleton (0)
B Not Cog annotated (1 641)
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El4 EHPRILIOOIEFEAFE R . A: G AlEl &l drsh i — By R 2 R/ NIRRT S 5 SR 208 FIERE 318 73] Ak
A IEsE AT RE EAVEED s S4B EE PS5 45518 WRNAFIIRNA; S56[E HGHCo it N EZGHC
skewfH); B: JThiAREK; C: FtiBREIE.,

Figure 4 Genome structure of strain JL9001. A: Circular chromosome map (The outermost circle indicates
genome size; The second and third circles represent genes on the positive and negative strands of the genome,
respectively; The fourth circle shows repetitive sequences; The fifth circle displays tRNA and rRNA; The sixth
circle indicates G+C content; The innermost circle represents the G+C skew value); B: Circular plasmid A map;

C: Circular plasmid B map.

A E A GRS . 67 4~ (RNA (43 Fp2k X 4 PDEEEE . 2 DEIEREE . 27 MEYE
Al). 18 4~ rRNA (5S. 16S. 23StRNA 5 6 1>,  FEPHE. WPk JL9001 & REH A3 s &
I3 Fp2E A, L H 9 4~ CRISPR-Cas &2 NCBI £, &5%5 >4 JBRKBE000000000 .,
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B Alanine, aspartate and glutamate metabolism I 38
Arginine and proline metabolism I 21
Cysteine and methionine metabolism = 34
Glycine, serine and threonine metabolism NN 538
Histidine metabolism [ 24
Lysine biosynthesis [ 2!
X i Phenylalanine metabolism [ 24
Phenylalanine, tyrosine and tryptophan biosynthesis [ 23
Valine, leucine and isoleucine biosynthesis [ 19
Valine, leucine and isoleucine degradation [l 30
Amino sugar and nucleotide sugar metabolism [EE——— 1 47
_ Butanoate metabolism [ 36
Citrate cycle (TCA cycle) I 38
Fructose and mannose metabolism [ 29
Galactose metabolism [ 31
Glycolysis/Gluconeogenesis I 56
Glyoxylate and dicarboxylate metabolism EEE—— 49
Pentose and glucuronate interconversions [ 24
Pentose phosphate pathway [ 33
Propanoate metabolism [ 31
yruvate metabolism [ 45
Starch and Sucrose metabolism E—— 41
Methane metabolism [E—— 40
. Nltrogﬁn metabolism [ 2!
Oxidative phosphorylation NN 63
Sulfur metabolism [ 23
2-oxocarboxylic acid metabolism . 34

Biosynthesis of amino acids [ 153
Carbon metabolism [ 146

Fatty acid metabolism [ 37

Peptidoglycan biosynthesis [ 27

Fattyacid biosynthesis [ 28
Fatfy acid degradation [ 20
Glycerophospholipid metabolism 21

Pantothenate and CoA biosynthesis [N 22
Porphyrin and chlorophyll metabolism . 40
erpenoid backbone biosynthesis [ 19
Purine metabolism

Pyrimidine metabolism I 53

77

ABC transporters [

Two-component system I 7|
rotein éxport N 22
Base excision repair [N 23
DNA replication [N 24
Homologous recombination [N 20
. Mismatch repair [ 25
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® A: RNA processing and modification [1]

¥ B: Chromatin structure and dynamics [1]

¥ C: Energy production and conversion [302]

B D: Cell cycle control, cell division, chromosome partitioning [30]
¥ E: Amino acid transport and metabolism [379]

¥ F: Nucleotide transport and metabolism [88]

¥ G: Carbohydrate transport and metabolism [402]

¥ H: Coenzyme transport and metabolism [132]

B I: Lipid transport and metabolism [155]

M J: Translation, ribosomal structure and biogenesis [163]

B K: Transcription [473]

B L: Replication, recombination and repair [242]

B M: Cell wall/membrane/envelope biogenesis [182]

B N: Cell motility [0]

® O: Posttranslational modification, protein turnover, chaperones [129]
® P: Inorganic ion transport and metabolism [242]

® Q: Secondary metabolites biosynthesis, transport and catabolism [134]
® R: General function prediction only [537]

m S: Function unknown [1 089]

m T: Signal transduction mechanisms [229]

m U: Intracellular trafficking, secretion, and vesicular transport [29 ]
m V: Defense mechanisms [89]

= W: Extracellular structures [0]

® Y: Nuclear structure [0]

W Z: Cytoskeleton [0]

E5 FHRIJLI00EFAHIREINASERE. A: JLO001IIGOIIAEIER 41Tl B: JL9001 FKEGGH:F

DGR C: JL9001 HeggNOGIIfiEER 254011

Figure 5 Functional annotation of strain JL9001 in general databases. A: Statistical classification diagram of
GO functional annotations for JL9001; B: Statistical classification diagram of KEGG annotations for JL9001; C:
Statistical classification diagram of eggNOG functional annotations for JL9001.

P4 actamicro@im.ac.cn, 7 010-64807516



R F | UEEER, 2026, 66(3)

1271

eggNOG ¥4 2 £ 4T BLAST Xt , kB
4 948 NI HA eggNOG HBIIfE(E 5C), H
H, SHUTE WY BTA U O 1 55 AL A AR AR (4
AK & B i (non-ribosomal peptide synthetase), HE
BSR4 K
7 A s PUAE R A0 B RLE N 4L (antibiotic
biosynthesis monooxygenase) A3 B T 44 5% T B 1
PESRE ;. REF KB (polyketide cyclase
dehydrase)FEAT RCH ] 0 T 248 JE0 FBE RN 240 R RE 5 B 5
DL N2 5 B0 A 7 ) 45 A8 i 0 WY 5 R T
(methyltransferase), X 46 5L L [F] 24 JL90O1 17
Tl AA A PR At 1 H Y 35 A4 LAl
252 ETHEYBIEBEINGEIRE

BT CAZy B8 PEXT B bk JL9001 K&K 21
FrUEme, AR 1 s, U 343 Nk
HKAE VTG VERG(CAZymes) A FE A, 7EIX LI
Hh, B K A B (glycoside hydrolase, GH) AL &
&%, N 139 A H ok 2 W B
(glycosyltransferase, GT), 66 1~; /KL G WG
fitf (carbohydrate esterase, CE), 54 >; ik KA &
Wy 2% & 20 {F (carbohydrate-binding module, CBM,
53 N); W Bh 1E PE B (auxiliary activity, AA),
21 ZHEZRE (polysaccharide lyase, PL)Zwf5
SR A, 10 Ao X R BT I K

=1 EHRILI001 TRk 1k & 4ER g it 3R
Table 1

enzymes in strain JL9001

Statistical summary of carbohydrate

Type Number Percentage (%)
GH 139 38.73
GT 66 19.81
CE 54 16.21
CBM 53 15.91
AA 21 6.30
PL 10 3.00

GH: WEHKA#EE; GT: WEITHALHE; CE: Bk Sk
fit}; CBM: fAKIMLEWAEGHM; AA: HBIEG: PL. £
R

GH: Glycoside hydrolase; GT: Glycosyltransferase; CE:
Carbohydrate esterase; CBM: Carbohydrate-binding module;
AA: Auxiliary enzyme; PL: Polysaccharide lyase.

L AT 2 L A A T A 0 R I e i R A
. FIH TCDB. PHI-base fll CARD X} 4= 3L A
2H G B Y 2 1 BT A AT R G R, R )
1391 Mg E A L 1 876 M RS E I AEH
KEH U AP RSN o XSy RE AL
RISLEEIT, JL9001 Fa kA 1R BRI A BE
BEWHAEY EAER T VA RAFR A 24k
2.6 EIHK JLI0O1 R KA =4 & A&
(&I FE T 53+

FH antiSMASH v5.0.0 X #k JLO00T 13k
PRI 20 7 970 3R A7 G AR 7 0 A 0 I A
(biosynthetic gene clusters, BGCs) Tl %45 5 an
2 s, RARR] 27 A TRAE IR R R A
X S D A7 U i 22 T A 7 ) R A
e ARSI FERE I 2SS ) . AEEHHAR Z KA i
fiff (non-ribosomal peptide synthetases, NRPS) 2
(3 ). I & R R 5 W (type 1T polyketide
synthase, T3PKS)ZE(3 1), Hiir, ZAKEH T
WG S EEIEEAMC, BEs
combamide A, coelichelin, endophenazine A
alkylresorcinol %54k #)5 HUAH G 1Y) 2 PR 72 (&
6A), FHHEEFH JL9001 1T j= A= Z Fh HA B
AL EYI(F 6B), B T ae Bl A L T 4 5
5 S S A0 N A D RE A L I R A, Ho
coelichelin J&—Fp 552 lg FREh Mgk 4 ik, HA
RUBRBAR I 2R Ay, T 52 i vl i AR
FE A Ak, T G 5 O X BT A 1 R
PEPS - Alkylresorcinol &85 57 b 7o A4 (1) — 28 By 25
BT, FEA WS OO T T 2 2R R G T A
BN RS R T IR, HAE A
P 28 5 PR ESMAT G, RERE M ATl
IR P 240 L JEE i B A, 3 A M 4
A EAR R, BEAR 1L 12, 19 A
22 RIS ATAT R R B B AL, 4o
A RE G BB A0 A P ) o X i T M E 1Y
H:W)a RN TR R W PR JL9001 BA & UHi b
GG .
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2 EHRILIOOUR LA = E & RE E i

Table 2 Biosynthetic gene clusters for secondary metabolites in strain JL9001

Number Type Most similar known cluster Reaction product type Similarity (%)
1 Thiopeptide, - - -
LAP
2 T3PKS, Merochlorin A/Merochlorin B/Deschloro-merochlorin A/ Terpene+Polyketide: type 7
NAPAA Deschloro-merochlorin B/Isochloro-merochlorin B/ 11
Dichloro-merochlorin B/Merochlorin D/Merochlorin C
Terpene Carotenoid Terpene 63
4 Lanthipeptide- Sch-47554/Sch-47555 Polyketide 3
class-111
NRPS Coelichelin NRP 100
6 T1PKS, NRPS Combamide NRP-+Polyketide 55
NRPS-like Kirromycin NRP+Polyketide: modular 3
type [+Polyketide: trans-AT
type [
8 Ectoine Ectoine Other 100
9 NRPS Rimosamide NRP 21
10 Butyrolactone ~ Methylenomycin A Other 9
11 Siderophore Desferrioxamin B Other 100
12 Lanthipeptide- - - -
class-I
13 Terpene Geosmin Terpene 100
14 Terpene Ebelactone Polyketide 8
15 Phenazine Endophenazine A/Endophenazine B Other: phenazine 44
16 Other, NRPS, Mycinamicin II Polyketide 14
oligosaccharide
17 Siderophore Ficellomycin NRP 3
18 T2PKS, Granaticin Polyketide: type 11 35
NRPS-like
butyrolactone
19 RiPP-like - - -
20 Terpene Conglobatin NRP 15
21 Terpene Hopene Terpene 69
22 RiPP-like - - -
23 Lanthipeptide- SapB RiPP: lanthipeptide 100
class-111
24 T3PKS Alkylresorcinol Polyketide 100
25 Arylpolyene Chloramphenicol NRP 11
26 T3PKS (1- Violapyrone B Polyketide 28
34 513)
27 T3PKS (87 Violapyrone B Polyketide 28

427-121 447)

- REBESEMTCRHIENFERZMEL /0 NERYEFE S,

—: No significant similarity to any known gene cluster; /: Homologues or isomers.
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A
Query sequence

DEIDAICOEI KPR D I i I <K K KKK KD <>
BGC0001556: combamide (55% of genes show similarity), NRP+Polyketide

PG} — ]
Query sequence
P DMK D> ODIND S
BGC0000325: coelichelin (100% of genes show similarity), NR
(g emm— 2

Query sequence

BGC0001080: endophenazine A/endophenazine B (44% of genes show similarity), Other: Phenazine

Query sequence

BGC0000282: alkylresorcinol (100% of genes show similarity) Polyketide

B
NH2 NH, QH
O OH
Coelichelin
/} % (CH,),CH;
Combamide A Endophenazme A Alkylresorcmol

El6 F|HantiSMASH v5.0.058 4 FUM EHRILIO01EY BB P BCGs AL &4 A TN ) Y TR FRILI00 13 (K]
B CGs; B: BCGs*I kA Yk 24

Figure 6 Prediction of partial BCGs and their corresponding compounds of strain JL9001 using antiSMASH
v5.0.0 software. A: Partial BCGs identified in the genome of strain JL9001; B: Corresponding compounds or
homologues of the BCGs.
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Py e AR A . HIRYSEIBE S SR I, BRI

JE B 1 A A 22 114 — el s A8k 2 B R 5

IR s, HRE JL9001 H 96 h F T HA il
IR K, & 144 h BRI R GK 40.18%:;
HRBEHERYILE 1 000 ug/mL ¥ T ] 52240
oo IR R ARG, ELIZA AR 2 B AR M

D AEIPIETE FWT M TIUHERN A R 1 $
BR NJU-54 ACRE 254 2R A Bl R TR 14 4
B, VTR AR BRA A SR U R . A

TR LI, 5 AR E A BT IR AR L,
25 JL9001 K B AL FRAY 5 AL MR AE BRI 2R 13 K
B A ZEI (A 2458 51.61%, 5531 JL9001
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R EAT RAFRIBAEROR . X 5PehiHaa e
T A R AR B VR I G 45 A — 2, il
Abdelghany % iiF oY & PEE T SB2-23 X4
SRATE AT HIZ 48.24%., HEWIBT A AUA %
G T A2 AR 20 38 K A A I 5 e AU, [
i e R SR TAEYIYURRE S, MR
JE AT A B SR

PARE JLO001 4L PR 21 7 51) 1 o 45 SR S 7w
TR PR Y FE R 2B 8 R 7 700 822 bp, GHC
N 71.46%, SEERANEL 6 589 4. KR
Bt oo, X W R FE GO, KEGG.
eggNOG 5538 F 8 B rh 3R 15 T R JE R RE,
HLF 22 3 PR sl AR 13 1 -5 0 TR 40 I A A O
[@iF, 7F TCDB. PHI-base 254 FICHE B rh o i
BRI L BN, HARRI N a8 A 1391 N
IR TE £ HAEFIDCE A 1876 4>, (HAFHERM
JE, W SHA R A R 5T 7R G O Y FE A
S A B B A R BRI 5 15 T2 8T A 25 HAERY
KA AL FERE) ) SRz Ak, R bk &k B
T Z41 CRISPR 341 . FIMER A . &R 5 45
Fa, X HE/R T JL9001 B A% ] figid ik CRISPR #&
GrofE Ll AR e PR, A B R AR B I T
P Bt A0 55 3 D) 85y (%) 7K T 35 DR 2 RS PR T AR A5 B 4G
UHIRE | TR 251 S PR 1 e

FIH antiSMASH #EATHI, EA35] 27 A~k
RACE A G RN E, I T EE IR K
P AE . X SE LRI Z4F , AL TR S 4
AR Z K . RS UL SRR %, i
L3k S A ) R ARG 7 i LA B TR A T
PECH Hodr, BRERARAE R 25 40 B (AR AR B
PR A B 7 I i SRR R -, 38 ek B 4 B U5 M T
PR R AR K . BARERBN iRk
RENS R AUEE A AR BT R, T B Y R
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& i (polyketide synthases, PKSs) ki) — 2 51 45
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