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Abstract: Gray mold is a common disease in the production process of a variety of cash crops,
and in the storage and transportation of fruits and vegetables. Streptomyces spp. can produce
many secondary metabolites with strong inhibition effects on Botrytis cinerea. [Objective] The
present study focused on screening Streptomyces sp. with more efficient functions and provides
excellent strains for the research and development of biocontrol agents for gray mold.
[Methods] Tube dish method was applied for the selecting culture media and for determining
bioactivities of culture broth of strain K2. The antifungal activity of volatile substances against B.
cinerea was determined by double dish confrontation. 16S rRNA gene sequence analysis was
used for identification of strain K2. High performance liquid chromatography and liquid
chromatography-mass spectrometry methods were applied for qualitatively verification of the
active components in the culture broth. Volatile components were determined using headspace
solid phase micro-extraction gas chromatography-mass spectrometry. [Results] The secondary
metabolites produced by strain K2 in culture medium A had strong inhibitory effects on a variety
of plant pathogenic fungi such as Valsa mali, Physalospora piricola, Sclerotinia sclerotiorum,
Botryosphaeria dothidea and Alternaria alternata. The inhibition rate of volatile substances
produced by K2 on B. cinerea reached 100%, and the inhibition effect was correlated with the
amount of volatile substances in the culture broth. K2 was identified as Streptomyces lydicus
through the 16S rRNA gene sequence (maximum identity of 99%), glutamicin, fengamycin and
natamycin were detected in the culture broth with high performance liquid chromatography. A
total of 30 volatile substances including olefins, alcohols, esters and alkenes were detected using
headspace solid phase micro-extraction gas chromatography and mass spectroscopy, in which
2-methylisoborneol, 1-undecene, p-menth-8-ene and 3-methylene were the major biochemicals.
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Two substances with fungicidal activity, benzothiazole and B-pinene, were detected as well.
[Conclusion] The strain K2 was identified as Streptomyces lydicus and its culture broth had a
broad spectrum of bioactivities against different plant pathogens, and its volatile substances also
had good inhibitory effects on B. cinerea. As a result, K2 can be used as a high-quality biocontrol
agent to develop bio-fungicides for controlling gray mold on some fruit and vegetable crops.

Keywords: antifungal activity; biological control; Botrytis cinerea; Streptomyces lydicus; volatile

substances
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Fh i bk #iaghE 20 g, ERR6 g, B
Bky 6 g, EALEN 10 g, ZE1%/K 1000 mL;

WARKEFRIE A B G 20 g, FAM 30g,
W20 g, BRlREL 4 g, WRIRES 3 g, Z&IR/K
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Table 1 Liquid chromatography conditions

Condition Glutinectin Fengamycin Natamycin
Mobile phase 1.4 g/L trichloroacetic acid Methanol Methanol
Velocity (mL/min) 1.0 0.3 0.6
Temperature (°C) 40.0 35.0 30.0
Wavelength (nm) 254.0 279.0 304.0
Injection volume (uL) 20.0 20.0 20.0
Analyze time (min) 20.0 20.0 20.0

®2 FMBR. NEBRRINBHERRIEF

Table 2 Mobile phase gradient elution program of fengamycin and natamycin

Time (min) Velocity (mL/min) Mobile phase A (%) Mobile phase B (%)
0.0 0.3 20.0 80.0
1.0 0.3 20.0 40.0
2.0 0.3 20.0 20.0
2.6 0.3 20.0 80.0
5.0 0.3 20.0 80.0

*®3 AREERNEHEAHRIEF

Table 3 Mobile phase gradient elution program of glutinectin

t/min Velocity (mL/min) Mobile phase A (%) Mobile phase B (%)
0.0 0.3 90.0 10.0
2.0 0.3 90.0 10.0
6.0 0.3 10.0 90.0
8.0 0.3 10.0 90.0
8.5 0.3 90.0 10.0
10.0 0.3 90.0 10.0

P4 actamicro@im.ac.cn, 7 010-64807516
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Table 4 MRM parameters

Substance Ionic mode Precursor ion (m/z) Product ion (m/z) Declustering potential (V) Collision energy (V)
Glutinectin ES+ 465.0 455.8 152.9 27.3

Fengamycin ~ ES" 292.1 160.3 108.0 24.0

Natamycin ES’ 666.4 503.5 114.0 13.0

5 K2 EFRXEYREREINHIER
Table 5

Inhibition of fermentation broth from strain K2 on plant pathogens

Pathogens K2 antagonistic band (mm) CK-15 antagonistic band on culture media A
Culture media A Culture media B (mm)
Alternaria alternata 14.0£1.0a 12.7+0.6ab 10.3£0.6b
Botryosphaeria dothidea ~ 14.3£0.6a 13.3+0.6a 14.3+1.2a
Botrytis cinerea 13.5+1.5a 12.5+0.7a 11.0+1.7a
Exserohilum turcicum 12.0+3.5a 11.0£1.0a 9.7£1.5b
Fusarium oxysporum 5.7£0.0a 5.0+0.6a 5.0+1.0a
Physalospora piricola 15.7+4.2a 15.0+1.0a 15.6+1.5a
Phytophthora capsici 12.5+0.7a 11.3£2.1a 5.3£1.7b
Rhizoctonia cerealis 8.3+2.1a 7.6+0.6a 4.0£1.2b
Rhodotorula rubra 24.743.5a 23.340.7a 23.1£1.1a
Sclerotinia sclerotiorum 15.3+2.3a 13.3+0.6a 13.3+1.0a
Valsa mali 20.7+1.2a 14.3+2.3b 21.0+1.0a
Acidovorax citrulli 0.0 0.0 0.0
Pseudomonas syringae 0.0 0.0 0.0
Ralstonia solanacearum 0.0 0.0 0.0
Xanthomonas vesicatoria 0.0 0.0 0.0
Xanthomonas oryzae 0.0 0.0 0.0

Data were the mean of 3 replicates with standard deviation. Different lowercase letters in the same row indicate significant
differences (P<0.05), among different culture media tested with Duncan’s multiple range test.

PR K2 FEREFRIE A 72 HE IR AR 7= Py % [t
WA TE M EL G IR 3L B I, A AT
IR, B SRR CK-15 #EAT IR
PEELAL, TRIAR K2 XIS 1T A 400 1Ty W o5 1R
Pk CK-15, HAEKR K2 XFE R . 2558
SURTA . B AR R L AR R R R TR
FYAMEIVE R, R BB 207, 15.7,
153, 14.3 fl 14.0 mm, 7] WLEERE K2 AP0 i
L
22 K2 X
E M

25 °ClaERBEFR=AR 557 5 d Ja , X IR K%

4 Bt 7k B i B A B

i LT AR (B 1) BUMLR R, 7R AR
K2 W RIMEYRAER T IR R AR, MEE
H100% (3 6); TERE CK-15 M & M Ak
AT REEH T BN 11.0 mm, M EE K 86.8%.
FAZEHAN G e, kA R &
Jo T Y KA BT RS $5  PE ) 6 K
s P A RO D855 , TRAR K2 F CK-15 Zb S
IREHIE AN 65.8., 81.1 mm, I H
AL 20.1%. 1.5%. HIUEATOL, 7= A f 4% & 1
W XS R B 9 TR AR K IR 8R4 R M o
MEA L, H H 5 H R CK-15 M ELE R K2 7210
2 R A 3 %o R 2 TR AT ) A5 R B A
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23 BEHHIEE

i1 PCR P 343K 1 Bk K2 A 16S rRNA
SR B, HFSIRED 1465 bp. KHiZTFS
$242 % NCBI B¥la FE 1T BLAST 23 AT LR, 45
R(E 2)B/REE K2 5 Streptomyces lydicus 1]
FIBIPEIS S 99%. 76 MEGA 7.0 4 £ (4545
REKREW I, K2 WHES Streptomyces lydicus
Ab T[] — A i 43 32 _F (bootstrap SCFFFEHK 99%),
DRI, K TR K2 %5 R 55 16 (Strepromyces
1 FEAMYRX R EREELZE K Iydicus).
i Tl S TS 24 KRR
double-dish confrontation test. D-F: The results of 5 28R €03 BRI R B 7 W A T R A
the Li Qili’s method. A, D: Sterile water control; B, E: W 434 45 5 (&1 3)F W], 7E HPLC K25 b
Volatile substances produced by K2 on grain medium,; B2 I 2R B 22 A S I [ B

C, F: Volatile substances produced by CK-15 on i n
grain medium. PRI 43500 °A 6,736, 3.654. 4.466 min, HLX FE#E

®6 IFERMYIEX IR B R E w225 KAHNE

Table 6 Determination of inhibition of volatile substances on hyphal growth of Botrytis cinerea

Strain  Double-dish confrontation method Li Qili’s method

Colony diameter (mm) Growth inhibition of hyphae (%) Colony diameter (mm) Growth inhibition of hyphae (%)

CK 83.3+0.5a 0.0 82.3+0.5a 0.0
K2 0.0c 100 65.8+£2.5b 20.1
CK-15 11.0+4.3b 86.8 81.1+3.4a 1.5

Different lowercase letters in the same column indicate significant differences (P<0.05).

52 Streptomyces galilaeiis

53 2 Streptomyces diastatochromogenes
| Streptomyces amakusaensis
99 Streptomyces ahygroscopiciis
Streptomyces alanosinicus
99 Streptomyces blastmyceticus

[
991 Streptomyces abikoensis
[ Streptomyces janthinus

9L Swreptomyces caelestis
Streptomyces mycarofaciens

71 Streptomyces noursei

499[ Streptomyces albulus

|
99 Strain K2

Streptomyces lydicus

0.005 0
2 BEMEEMENET K2 ERAMEXESER 16S rRNA EEFIINRFLEH
Figure 2 Phylogenic tree constructed with the neighbor-joining method based on 16S rRNA gene sequences of
strain K2 and the related Streptomyces species. The tree was constructed with MEGA 7.0 software. The number
at each node indicates the bootstrap support and the bar indicates expected number of substitutions per site.
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E
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300 | '
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£ 3 O
= 100 | . "
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3 K2 H#kiEF & HPLC 7347
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Figure 3 HPLC analysis of culture broth from strain K2. A, B and C are the chromatographic diagrams of the
standards of glutamicin, fongamycin and natamycin, respectively. D, E and F are the chromatograms of
glutamicin, fongamycin and natamycin in the culture broth of strain K2 under the same detection conditions.
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Figure 4 LC-MS analysis of culture broth from strain K2. A and B are chromatograms of the standards of
glutamicin and the culture broth of strain K2 under the same detection conditions, respectively; C and D are
chromatographic diagrams of the standards of fongamycin and the culture broth of strain K2 under the same
detection conditions, respectively; E and F are chromatographic diagrams of the standards of natamycin and
the culture broth of strain K2 under the same detection conditions, respectively.
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R7T B K EZRIEFE S 10d ZERNELMESY

Table 7 Volatile substances produced by strain K2 cultured on grain medium for 10 d

Compounds Peak area percentage (%)
2-pentanone 0.10
Silanediol, dimethyl- 0.23
2-pentanol 0.19
2-octynoic acid 0.10
B-pinene 0.18
1,3-cyclopentadiene, 1,3-bis(1-methylethyl)- 3.13
2,4-cycloheptadien-1-one, 2,6,6-trimethyl- 1.38
p-menth-8-ene, 3-methylene- 15.82
Benzene, 1-methoxy-4-methyl- 0.83
1-pentene, 5-(2,2-dimethylcyclopropyl)-2-methyl-4-methylene- 0.20
1,4-undecadiene, (E)- 0.12
1-undecene 8.23
Benzene, 1,2-dimethoxy- 0.18
Benzene, 1,4-dimethoxy- 1.05
Benzene, 1,3-dimethoxy- 0.10
2-methylisoborneol 62.89
Pentanoic acid, 1,3,3-trimethylbicyc lo[2.2.1]hept-2-yl ester 0.27
Oxirane, hexadecyl- 0.10
1,7,7-trimethylbicyclo[2.2.1]hept-5-en-2-ol 0.17
Benzothiazole 0.19
1,4-methano-1H-cyclohepta[d]pyridazine, 4,4a,5,6,7,8,9,9a-octahydro-10,10-dimethyl- 1.18
1,4-methano-1H-cyclohepta[d]pyridazine, 4,4a,5,6,7,8,9,9a-octahydro-10,10-dimethyl- 0.72
Spiro[4.5]decane, 6-methylene- 0.17
1,2,4-trimethoxybenzene 0.24
trans-1,10-dimethyl-trans-9-decalinol 1.20
Bicyclo[5.3.0]decane, 2-methylene-5-(1-methylvinyl)-8-methyl- 0.16
Thunbergol 0.11
Germacrene D 0.43
gamma.-elemene 0.10
3,7-cyclodecadiene-1-methanol,a,a,4,8-tetramethyl-, [S-(E,E)]- 0.23
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