2026, 66(1): 231-245 G =i
CSTR: 32112.14.j.,AMS.20250483 Acta Microbiologica Sinica
DOI: 10.13343/j.cnki.wsxb.20250483 http://journals.im.ac.cn/actamicrocn

Research Article Bt &

¥ EHE TOR3209 X EZFE L MBI EHIXT TN

Fih 2= HY A B 1 A FNASUR

Rathak 2, AR, WRES D@ KEF—, e T
WMWY, HE”

L dbRs: Adnbrssbe, Wb g
2 LA RMBL B BHE I OT ST, TAEA RIS S0l ax (R R HE s, Wb AR
3 bl ReE Aesabe, Wb fRE

EXHEE, 5K BRI, ThEE, SRAS—, T, Bk, SZANEN, WA, HERE I TOR3209 K HAR KA HLAL & Wit T Al 2290 i) A B
VEFRIRCR[T]. 274, 2026, 66(1): 231-245.

ZHAO Linlin, ZHANG Xiumin, HE Yuxi, MA Jia, ZHANG Mengyi, WANG Xu, JIA Nan, PENG Jieli, HU Dong. Biocontrol
evaluation of Streptomyces TOR3209 and its volatile organic compounds against tomato Fusarium wilt[J]. Acta Microbiologica Sinica,
2026, 66(1): 231-245.

B E: [869]) RREF B TOR3209 A K A4F L M A Huib-E 4 (volatile organic compounds, VOCs)
st & AeAE E RIS RR, MBI AR EFREELR, AFRGEETRIRG ARG R
HaF, [F %] % ERBRE.0x10". 1.0x10°. 1.0x10°. 1.0x107 CFU/mL)#) & # TOR3209
B ERLEEREZR, & BB RKWRBEIC(Fusarium equiseti), W EHEmEFE, EHMARZE P
TR H P TOR3209 49 VOCs 5 & 7o 363 fc ik ¥, 1R45 2 VOCs *F F. equiseti /25 & 0 49 %70, *F
HAKRBFNE BT RMFE N, ik VOCs FF0 LA RXAR, F#ITEELL
% PCR (RT-qPCR)¥4E . [4R]1 RE)RJEZ 49 Bk TOR3209 B & &rf Hands Zm¥ Lprisz R,
H 4 1.0x10" CFU/mL & & & & 22 49 5 06 BUR RAF(P<0.01); R F 2 Z 3 /K B #& TOR3209 49 -F
4k PR 3t & e A R b A AR St R AAAR I £ F R E, 30 A PR E AL B 4G B b AR R4
(P<0.01); @it4%FK LA, A7 K I CXEI7. LRR-RLK. F-box. TIPI-1 Aquaporin vA % Peroxidase % .
FA A E LB, RAEZESHEAPEK VOCs 5 HF L ARTRARAMXAR G ERLE,
B A5 R 45 B oT 5. (45481 E 4k TOR3209 49 VOCs i 1T 35 5 & 76 i A0 & L B LR &,

PEBITH [ KE A THRI(2021YFD1900904) s [E 28 5 SR B} 2 3k 42(32270020) s {17 b4 A BRRE 272 5 B 452 61 B % TR
(2022KJCXZX-ZHS-3)

This work was supported by the National Key Research and Development Program of China (2021YFD1900904), the National
Natural Science Foundation of China (32270020), and the Special Project of Scientific and Technological Innovation of Hebei
Academy of Agriculture and Forestry Sciences (2022KJCXZX-ZHS-3).

#*These authors contributed equally to this work.

*Corresponding authors. E-mail: HU Dong, donghul983@163.com; PENG lJieli, 13653110506@163.com

Received: 2025-06-20; Accepted: 2025-07-31; Published online: 2025-08-25



232 ZHAO Linlin et al. | Acta Microbiologica Sinica, 2026, 66(1)

A K56 F. equiseti 12 4 F M B inrb 2 m, A EAEE RO EME R AL LT EAEM.
XHiF: FAh; 45 H TOR3209; #E7H; £Misb

Biocontrol evaluation of Streptomyces TOR3209 and its volatile
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Abstract: [Objective] To explore the control effects of Streptomyces TOR3209 and its volatile
organic compounds (VOCs) on tomato Fusarium wilt and mine the differentially expressed genes
related to disease resistance, thus providing effective strategies for the development of
environmentally friendly biofungicides. [Methods] Strain TOR3209 suspensions of different
concentrations (1.0x10', 1.0x10°, 1.0x10°, and 1.0x10’ CFU/mL) were co-cultured with tomato
seedlings, and Fusarium equiseti was inoculated on the seedlings. The disease severity was graded.
The co-culture experiment of VOCs from strain TOR3209 with tomato seedlings was conducted in
a micro-greenhouse to evaluate the effect of VOCs on tomato seedlings infected by F. equiseti.
Transcriptomic analysis was conducted on tomato seedlings with significant disease resistance to
mine the differentially expressed genes induced by VOCs, which were then verified by RT-qPCR.
[Results] The suspensions of strain TOR3209 at different concentrations all had control effects on
tomato Fusarium wilt. Among them, the 1.0x10” CFU/mL suspension had the best control effect
(P<0.01). The biocontrol effects of different quantities of small dishes cultured with strain
TOR3209 on tomato Fusarium wilt were significantly different from that of the control group. The
group of 30 small dishes showed the best control effect (P<0.01). The transcriptomic analysis
showed that the expression levels of disease-resistance genes encoding CXE!7, LRR-RLK, F-box,
TIPI-1 Aquaporin, and Peroxidase were upregulated. Fluorescence quantitative analysis indicated
that co-culture of VOCs from the strain with tomato seedlings upregulated the expression levels of
disease-resistance genes, indicating that the transcriptomic sequencing results were reliable.
[Conclusion] The VOCs of strain TOR3209 effectively prevent and control tomato Fusarium wilt
caused by F. equiseti infection by inducing the upregulated expression of disease-resistance genes
in tomato seedlings. The findings lay a theoretical foundation for the research and development of
biofungicides for the prevention and control of Fusarium wilt.
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A, RABRERSEOIE ST I 45 A5 5 TOR3209
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THERE T TOR3209 Y TR A M H VOCs 7E 7 il
AR 0 A B RO, R R IR 2 T
— LR, DU TR PR TOR3209 1445 [ 1A
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1.1 #hgt

BRBEMMETCNE N EHER, mAR
FEAR AR A BRA B AIE

A (Streptomyces) TOR3209, = T
HRERor B3 B — R 2 DIBE 85 AL 1A
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1.3.1 $#EE TOR3209 FE G RFEREEE
REYH &

Btk TOR3209 RIIZk T [ — 545974 I
BT 30 °CHi AR FE 3 do el 10 mmol/L fY
SALEER T, FHEERDEREIEUA R TOR3209, 54
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15 RGH R, FRAT A ) v B %) BB (1.0x 10"
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1.3.2 $EZEE TOR3209 % & anth ZE= K I B
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FR ANV TS TR DK S LR G, R PR
HYE YR 30 min, Bl S IR shiEAKIEVE 1 h, BT
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FErR RS RR, BYARUER MRS, IR T TR B R
(10 #/150 mL) 1 h J5, FHk R FH#®. &
AAEFE 10 BRI, IR ER 3 K. AR
72 h J5 4 B8 Yang PR A 09 7 vk A B R G 1S
B, BDRER AR T i Rl — B 2 A0 R i B il
FIERE, WSt 6 P 0 TRt IEHR; 1%
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KR /NEIL(E AR 35 mm) |, BT 30 °CIE3%
FarhasE 3 d A IR IR 1.3.1 75,
1.4.2 $EE TOR3209 {9 VOCs X1 &t
ERAIB AR IR

BIEEAER 1.3.2797, 201 2 d 55 10 B
T F R E A, A ORIR A [ 5L
R 97 Rk TOR3209 f/NFEIIL(10, 20, 30,
40 1), XHRAR R AN, L8557 10 d
Je R BRI A e . i E R 3 K.
72 h 5 A F O A T e B B IR AR, 1A
TER A MM AH(2).
1.5 $ & TOR3209 B VOCs Xt & Fh
HEEFRIEBIZ M

$ S5k TOR3209 /NEMLAERR SR HYWE 72 h

&1 ATRI-qPCRAVIZFEERF 5|45
Table 1

Candidate gene primer sequences for RT-qPCR

{18 TG a8 I % HR A it 43 SR A AF B e e s
BEJG AL 2 mL .08, B TIRA PRI
W, X RRZH S5 A PRZ 4535 3 A sk
¥ TAE IR AR v A= R ey A7 BR A R 58
B, MFERFEAN T . RNA $2H—RNA i i
DU )37 S PRy B — SC PR A — LI
1.6 SERTZEHEE PCR (RT-qPCR)IEIE
mmMEXESFRIEER

TEFE 5 B kR TOR3209 () VOCs FL55 5% )5,
L5 BRZ A L 22 5 B 3 H R R A = Y 6 3k
PR A Ay i 3 ik PR E A7 9 ok 1 e B .
NCBI-BLAST-Primer BLAST %3514, LA actin
TERWNS I, NSIEHE S5 EERE 59
B A TAY TR B A R ARG R, Bk
W 1o RIS AR 1) RNA FE AR EAEAR,
cDNA J#% 5 5 RT-gPCR 2 F & R Ib w24
A AR B A BR 2 w AR & i AR A T, i
A 3R SR 2 A RS Rk
1.7 BESH

K HI SPSS 26.0 FAF 47 8 4im Ab B 43 AT
fifi 1 LSD ihibAT W 22 R0 #r,  P<0.05 F/R
R, P<0.01 £nRsi e E. R WPS
Excel Z:il#HRE . FIH GraphPad Prism 10 H1f1 ¢

Genes ID Genes name Primer sequences (5'—3")
Solyc02g085800 CXE17 F: TGCTTACGACGATGGGTTCC
R: AGCACTGTCACCACCAATGA
Solyc04g081080 LRR-RLK F: AATGGCTCTGTACCACGCTC
R: CGGAGAGGAAGTTGTGAGCA
Solyc07g044920 F-box F: GCTAATTAGTCGCCGCGGAA
R: ACAATGCCGTTACATGGACCT
Solyc10g083880 TIPI-1 Aquaporin F: CAGCCGGATAGCAATCGGAA
R: TGCAACACCTGAACCTGAGC
Solyc02g079490 CFAT F: GTTGCAAGTGCAGTGCATGA
R: ACCAGCGCAGGTGTATCTTC
Solyc09g018590 Peroxidase F: AAGTGGAGTCTTCCTGTGCG
R: TGTTGTTGGCTGCACTCAGA
actin actin F: GCAGCATGTACCCAGGTCTT

R: GGATCTTCGATGCGGACCTT
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oy I Yot e 35 R 8k B AT B B M AT AR
2 ZERG0

2.1 $EEE TOR3209 7 UK T Ahfd
ERHRIEIE

SRS BT 5| R U N G R 7 D
TOR3209 B 2 1 44 Xof Al i 761 1 1) 4= s AT B

BRCH . IR 2 AT, X BE 4 7 i 1 48 8
e, oM 60.005 FEFPIRE K 1.0x107 CFU/mL
W T ARTEDEA T UG 72 h I R TS FE 50k 27.78,
THAAS T BRIARER ] 53.7%. R Bk
g 1.0x10", 1.0x10°, 1.0x10° CFU/mL I} A4 1%
FE R0l 38.89., 33.33., 38.89, BIAKHL4Y
WK 35.2% . 44.5%. 35.2%.

Bl EMAEREE SR ENERIIAEER
Figure 1 The control effect of inoculating different concentrations of bacterial suspensions on tomato fusarium
wilt. A: Control (Add 10 mL of 10 mmol/L magnesium chloride solution to the root); B—E: The suspensions of
strain TOR3209 at concentrations of 1.0x10', 1.0x10°, 1.0x10° and 1.0x10’ CFU/mL were inoculated in

sequence.

75.00¢ 2.2 $EE TOR3209 A9 VOCs A] LR

L 6000} o SE AR AL
5 2 4500 b b 3 AT, AR RORIR S o R R A
Z 2 3000 I b A HIbE TOR3209 f9/NFMALRG %, 7
- HEI VOCs Wk BE S AR TR, 20 A A0 1 152
o Y5 B RIS HE B AR R, A B4 %) AR 41

0.0  1.0x10' 1.0x10° 1.0x105 1.0x107
AbEE
Treatment (CFU/mL)

FHHC A S A . X PR S R K 68.75, &
10, 20, 30, 40 /N MLk A B 1 35 i 1
F&H453 R 35.00, 35.00, 27.50, 40.00 (& 4),
T 545 0 B 36 2R 53 i R 49.1%. 49.1%.
60.0% . 41.8%.

2.3 $EE TOR3209 BY VOCs 5 M &

B2 BEMATEREEKTOR3 209K EMFIFR
o M EAR/NG TR 22 50 W25 (P<0.01),

Figure 2
the TOR3209 strain reduced the disease severity of

Inoculation of different concentrations of

—H \
tomatoes. Different lowercases on the bars indicate 7]!]% ﬁﬁ—:
extremely significant differences at P<0.01 level. 28 5 S AL R 4 A, 6 BRCZH o A 0 3]
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&3 BEH#RTOR320989VOCsA[EiK E A IRIR & T An ik e

Figure 3

The treatment of different concentrations of VOCs from strain TOR3209 enhances the disease

resistance of tomatoes. A: Control; B—E: Strains TOR3209 were co-cultured with tomatoes in small petri dishes

of 10, 20, 30, and 40, respectively.

80.00
a
. i
£ 60.00
4 9}
5 b
i o 40.00 b b :
E § .
A 20.00
0.00 CK 10 20 30 40
AbpH
Treatment

El4 BEHTOR32097 5K E HVOCsPE R & A m
BHa¥. H AR NG THREFORZER I EE(P<0.01),
Strain TOR3209 reduces the disease
severity of tomatoes with different concentrations of

Figure 4

VOCs. Different lowercases on the bars indicate
extremely significant differences at P<0.01 level.

21351 NAER, AbPHZH rpAGINE 21 317 AR .
RNA-Seq 4t £ B, S5 X4 MH, B
TOR3209 53 T 1 132 227 Rk HE A, Hp
744 AFER H, 388 NIERI TN 5), #RArE
LRNOH TR2 P, Hi, RRIEE 17
(CXEI7). & &ie R IR E LT 5N Z RS %
fift (LRR-RLK). F-box. TIPI-1 Aquaporin Vi J
WEE BB (CRAT) S 2P N R RL, HY
Y PUIR A OC . EXBI . 11B- ¥ 2 [ B Al & il

(11B-HSDS5) VA F2 ARGOS H: X 1y 3¢ 1k I 9 i 2
i

1E GO Wiae & £ thrh (1 6), 7 FIhpess
b e 4R 2 25 AR L AL 2 11 DNA 454
T SR PR UG P R SRR 6 % . Hrh, DNA 45
G SEH IR A 48 AN FEN EIE, 24 A3
T sk IR 49 SR B, 25 4
ST A aE st B2 v R e b o R
R 62 4 FPEFIEN, 28 N MBELN; 4oL
0 Hh A A0 DX R A B 2 S, e
FE 324, TIEEER 44~

A 7 AT, FE KEGG i % SR B B
b ) R A R AT T i S R ) -MAPK (5
TIE S ERE L RN, b E I 4 )
6 ASFNT A, NEZER S 10 4SF 3 A4
Bt B AT i F2 P monoterpenoid biosynthesis i
b E R 2 A BRI, RN AT IR
BEAC IS B E R 7 A BRI
HH

FERG SR For i (K] 8), 2= R =
HE T ERF. WRKY LI M bHLH 55K %, H:
1, ERF G E LRI EFRBENEZL,
UEIER 18 A4, TFIHEERA 6 1~ WRKY gk
HER 14PN ERRBERE, 134 LRER,
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No difference (23 330)
® Up-regulated (744)

E ® Down-regulated (388)

—log,, P value

L.
0 5 10
log, fold change

El5 ERFIAEREALE

Figure 5 Volcano diagrams of differentially expressed genes.

*2 HEHETOR3209HIVOCSIE SERMER S E R FILEE
Table 2 The VOC:s of strain TOR3209 induce some differentially expressed genes in tomatoes

FEH 5 Gene ID log, fold change  J:PH#iA Gene description

| JEREA Up-regulated gene
Solyc02g082910 5.640 8 Butanoate-CoA ligase AAE1-like
Solyc02g085800 5.5623 Probable carboxylesterase 17
Solyc04g081080 5.5520 Probable LRR receptor-like serine/threonine-protein kinase At4g36180
Solyc07g044920 5.1597 F-box protein CPR1-like
Solyc10g083880 5.062 7 Aquaporin TIP1-1
Solyc02g079490 5.0430 Coniferyl alcohol acyltransferase
Solyc09g018590 5.0405 Peroxidase
Solyc06g062560 4.956 4 Putative phosphatase
Solyc03g020060 4.741 1 Proteinase inhibitor type-2 TR8
Solyc02g078370 4.738 3 Anther-specific protein TA-29-like
Solyc09g066410 4.6979 Phosphate transporter
Solyc08g016160 4.483 6 Cation/H(+) antiporter 15-like
Solyc03g031450 43923 Transcription factor bHLH112-like

T E% [ Down-regulated gene
Solyc05g052680 -5.847 BAHD acyltransferase DCR
Solyc06g060970 -5.199 Expansin-like B1
Solyc062064650 -5.081 11-beta-hydroxysteroid dehydrogenase-like 5
Solyc04g005390 -4.757 Probable LRR receptor-like serine/threonine-protein kinase RPK1
Solyc12g096570 -4.605 Protein auxin-regulated gene involved in organ size
Solyc01g008430 -4.310 Uncharacterized LOC104646330
Solyc02g085910 -3.986 LOB domain-containing protein 40
Solyc10g018000 -3.983 Homeobox-leucine zipper protein HDG8-like
Solyc02g069440 -3.932 LOB domain-containing protein 4
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Figure 6 GO enrichment map of differential expressed genes.
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