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Postharvest anthracnose-inhibiting and preservative effects of
volatile organic compounds produced by endophytic Bacillus
from tea plants on mangoes and bananas

WU Shujing, LU Wenwen, YE Ruiping, LUO Yuzhen, MENG Yuxiang, XIE Xiaoying,
JIANG Mingguo’, ZHOU Yan®

Guangxi Key Laboratory for Polysaccharide Materials and Modifications, School of Marine Sciences and

Biotechnology, Guangxi Minzu University, Nanning, Guangxi, China

Abstract: [Objective] To screen the microbial strains producing volatile organic compounds
(VOCs) with both broad-spectrum antagonistic activity and postharvest fruit preservation potential.
[Methods] Endophytic bacterial strains were isolated and purified by the dilution plating method
from the roots and branches of wild tea plants in Guangxi, China. Candidate strains were initially
selected based on the number of functional traits via six types of functional media: cellulase,
amylase, siderophore, organic phosphorus, inorganic phosphorus, and nitrogen-fixing media. The
antagonistic activity of the strains against seven common plant pathogenic fungi was determined by
the dual-culture assay, and thus the broad-spectrum antagonistic strains were screened out. Strains
with superior overall performance were further selected to evaluate their antagonistic activity
against the postharvest anthracnose pathogens—Colletotrichum fructicola and Colletotrichum
musae—of mangoes and bananas. An in vitro banana preservation assay was conducted with the
chemical preservative prochloraz as a positive control. [Results] Functional screening on selective
media yielded 98 strains that simultaneously possessed four or more plant growth-promoting or
stress-tolerance traits, including nitrogen fixation, phosphate solubilization, and siderophore
production. In dual-culture assays against seven common plant pathogenic fungi, 18 broad-
spectrum antagonistic strains significantly inhibiting at least five pathogens were screened out,
among which four strains exhibited stable and strong antagonistic activity against all the seven
pathogens. On this basis, two key indicators, number of functional traits and broad-spectrum
inhibition rate, were comprehensively evaluated, and five strains with the best overall performance
were finally selected for subsequent specific antagonism assays against the pathogens causing
mango and banana anthracnose and for validation of their postharvest fruit preservation effects. In
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dual-culture assays, the inhibition rates of the tested strains against the two anthracnose pathogens
ranged from 43.36% to 83.50%. In plate-on-plate assays, the VOCs produced by these strains
exhibited inhibition rates of 56.80%-99.25% against C. fructicola and 54.50%-99.85% against C.
musae, with several strains showing nearly 100.00% inhibitory activity against both pathogens. /n
vitro fruit preservation tests demonstrated that VOCs produced by the antagonistic strains delayed
the postharvest decay of mangoes and bananas to varying degrees. Strain T-1-6 showed the most
pronounced effect, extending the onset of visible banana decay to 21 days (the final decay grade
was grade 0), and its preservation effect was comparable to that of the chemical preservative
prochloraz, achieving approximately 50% control efficacy against surface molds on mangoes.
Analysis of 16S rRNA gene and gyrB sequences revealed that all the five dominant antagonistic
strains belonged to the genus Bacillus, including B. amyloliquefaciens, B. thuringiensis, B. cereus,
and B. subtilis. [Conclusion] The VOCs-producing endophytic Bacillus strains from tea plants
possess multiple functional traits and broad-spectrum antagonistic activity. This study provides
promising candidate strains and a theoretical basis for the green disease control and biopreservation
of postharvest tropical fruits such as mangoes and bananas.

Keywords: endophytic bacteria of tea plants; Bacillus; volatile organic compounds (VOCs);
anthracnose; fruit preservation
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The proportion of strains
with seven functions
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with five functions

The proportion of strains
with four functions
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The proportion of strains
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The proportion of strains
with two functions

The proportion of strains
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Figure 2 Number of strains exhibiting different functional traits.

E3 MO EMAETEAEAE SRR

Figure 3  Functional characteristics of representative strains on different selective media. A: Organic phosphorus

solubilization; B: Inorganic phosphorus solubilization; C: Siderophore production; D: Amylase production; E:

Nitrogen fixation; F: Cellulase production.
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#=1 EOEREAREINGEEFRE LR RE
Table 1

Functional activity of representative strains on different selective media (D/d)

Assay item T-1-4 T-1-5 T-1-6

T-1-11 T-2-2 T-2-3 T-3-8 T-3-9

Organic phosphorus solubilization

1.90+0.13 1.34+0.02 3.76+0.07 3.42+0.17 1.75+0.23 3.13+0.10 2.81+0.04 3.11+0.05

Inorganic phosphorus solubilization 1.36+£0.03 2.11£0.12 2.30+0.11 2.42+0.06 1.65+0.23 1.55+0.04 1.72+£0.21 2.59+0.17

Siderophore production
Amylase production

Cellulase production

1.87£0.04 2.10+0.16 3.26+0.03 2.86+0.14 1.32+0.05 2.44+0.15 2.71+£0.01 2.31+0.09
2.41+0.12 2.62+0.07 4.22+0.13 4.53+0.02 3.75+0.12 2.96+0.26 3.84+0.16 4.47+0.16
1.65+0.23 1.23+0.15 3.16+£0.21 2.87+0.32 1.43+0.03 2.64+0.07 2.35+0.13 2.92+0.24

The number of strains
=88523
=
I
I
]
s
G
I

E4 S ERREEFENEREE
Figure 4 Number of antagonistic strains against

different plant pathogenic fungi.
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22 EHMMTR. BEEXRERELRRE
Bl B S AR XU S5

AT A 0 32 0 A Bk 42 H D ae RE b 4%
DL TR TP BB E 8 MRIEDTAN TR, R FHF- AR XTIy
T R SR P AR A e s D TR A 0 ol
FH 98 SRR 43 ) A R A o I TR RN A5 0 JEL TR
SERHT, 8 BREAR N 2 Ff e S0 05 I L 1 1 3%
P A R BE A FE PO PR, B R AR A 7
43.36%—83.50% Z [A] (FL I R T-1-6 X 2R A 7
JEL PR A B R e i, ik 83.50%) . #1540 B Bk X SR
A R TR T B I TR A P 45 2R L3k 3

Proportion of strains antagonizing
seven pathogenic fungi

Proportion of strains antagonizing
six pathogenic fungi

Proportion of strains antagonizing
five pathogenic fungi

Proportion of strains antagonizing
four pathogenic fungi

Els5 mEHxmREERNEIES

Proportionofstrainsantagonizing
zero to one pathogenic fungus

Proportion of strains antagonizing
two pathogenic fungi

Proportion of strains antagonizing
three pathogenic fungi

Figure 5 Antagonistic spectrum of the strains against plant pathogenic fungi.
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El6 BEHRT-1-6X11EMH R EE A AR
Figure 6 Antagonistic effects of strain T-1-6 against plant pathogenic fungi. A: Bipolaris sorokiniana; B:
Neoscytalidium dimidiatum; C: Choanephora cucurbitarum; D: Cryphonectria parasitica; E: Fusarium

oxysporum; F: Fusarium chlamydosporum; G: Botryosphaeria dothidea.

&2 T-1-637HE REYRREENHIESER
Table 2 Inhibitory effects of strain T-1-6 against

seven plant pathogenic fungi

Pathogenic fungi Inhibition
rate (%)
INFEFRRE U Bipolaris sorokiniana 61.33+0.77d
BRSO LB Neoscytalidium dimidiatum  56.17+0.14c _
JR5E%F Choanephora cucurbitarum 53.43+0.58¢ -
MELRER B Cryphonectria parasitica 57.67+0.38d E7 T-1-633 R4 mEEAIHNHI{E R
RIVGAR Fusarium oxysporum 53.30£0.71¢ Figure 7 Inhibitory effect of strain T-1-6 against
FHEGRALE Fusarium chlamydosporum 87.50+0.06a Colletotrichum fructicola. A: CK; B: T-1-6.
)% PEJES TR Botryosphaeria dothidea 76.67+0.55b

The data in the table are mean+SD; Different lowercase letters J1o B 7. B 8B N T-1-6 X A= e IH
indicate significant differences (P<0.05) as tested by one-way B e E—L;_EIP CEX oy %l LA , I_ﬁ 25 P S TR 4

ANOVA method o (CROMIEL, PR To1-6 T S A B
ZREU B — RPN oot i i 47 e . BRI 2R K S

AL 55.00%, FSPVAR L AT ORI VL g v LY R, DT M P R
RAZBR SRR M ELYG R, RS T e S A A BRI RE . AT
HRAFEBL | 2R SRR SR LA BRI R AR E A (B T b

£3 EHMRE RN EREEOIESR

Table 3 Inhibitory effects of strains against Colletotrichum fructicola and Colletotrichum musae (%)

Target pathogen T-1-3 T-1-5 T-1-6 T-1-11 T-2-1 T-2-3 T-3-8 T-3-9

S B 50.82+0.35¢ 57.21+1.35¢ 83.50+0.77b 70.69+0.26¢ 43.36+0.45f 75.74+1.36¢c 74.22+0.67c 71.34+0.89¢
Colletotrichum fructicola

TR RIH A 56.74+1.22¢ 53.44+2.21¢ 80.21+0.45a 73.24+0.31¢ 50.92+0.92¢ 80.63+0.31b 79.26+0.42b 74.58+0.55¢
Colletotrichum musae

The data in the table are mean+SD; Different lowercase letters indicate significant differences (P<0.05) as tested by one-way
ANOVA method.
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Figure 8
Colletotrichum musae. A: CK; B: T-1-6.

Inhibitory effect of strain T-1-6 against

2.3 B VOCs MR, BEXRERE
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T, BRI Y O 2 e SR
B 15 3¢ B AN TR) 2 B8 A T ) 50 o %o SR A
B R T 56.80%-99.25%, X B AL A i
B BB AT 54.50%-99.85%, i #4
BRXT 2 P I TR A4 R R 24T 100.00%, Fe B
SR R R R I, 2R R R —
b i BT B A PR R I 55.00% (3 4).

FkR T-1-6 722 ) VOCs X1 5 05 I 9 JiL TR
(AR LI 9, X6 T A A I I 1 0 o 255
UL 100 S5XF AL, A BRAL 5 5 5 B 7%
B RN, FENSGAEKZR, £B VOCs
LR EENFEIINFZ—. #5rFk VOCs
X SR A I TR R 6 B I BT 1 T TR 5 SR L 3% 4,

2 AR I R B Bon, IR LR R VOCs Xt R
AR R I AR T 56.80%-99.25%, i
BEREIRIEL R (A R AR 3 A T 54.50%-99.85%,
H 25D X PR A i B 7 910 BRI 70% LA
o BRE T-1-6 VOCs %o S A Jic JeL T 4 10 il £ FH
VLI 9, XA B A (I VE R WLIE 10,
24 FEMEKRBEE

FR A DA ARG P25 | B A I A B S L
RIRZER, IR SRR T-1-6. T-1-11,
T-2-3. T-3-8, T-3-9 It 5 BRE MR 17— 20 2%
o LUHIFEN 4] DNA AR Y 3 16S rRNA K
AN gyrB £, W7 J5 76 NCBI 8048 122 h b1 7
BLAST XI5r#r, 456 [FEITIIHRGER T R
., WIS A

YR EIL(R S) IR, S HAEPIERIRE T
SR RE (Bacillus). HHr, T-1-6 N#TER 2748
¥ (Bacillus amyloliquefaciens), T-1-11 Fl1 T-3-8
N2 4 AT B (Bacillus thuringiensis), T-2-3
RIS ZEFUAT B (Bacillus cereus), T-3-9 AL ELZE
HOFTF R (Bacillus subtilis), FiRgERF, MWAH
AR B IS SRAS I L S Dt s vk E B4R b Tl
IR E B 2RI RIZERE . REL T s iR
FERE T-1-6 f4 16S rRNA FE[H P51 St ve 0 2R FT
R T R —#EAL 7 3K 1), gyrB P51 LR 4G
RR G e AT AU s, HRGA
ARAER—3Z (K 12),

R4 ERVOCSH RERBEREME R RERE A MENR

Table 4 Inhibitory effects of VOCs produced by strains against Colletotrichum fructicola and Colletotrichum
musae (%)

Target pathogen T-1-3 T-1-5 T-1-6 T-1-11 T-2-1 T-2-3 T-3-8 T-3-9

SR SR IE A 57.16+0.32¢ 56.80+0.54¢ 99.25+0.25a 85.22+0.67b 63.34+0.65d 81.52+0.62b 80.55+0.71b 85.93+1.40b
Colletotrichum fructicola

ARSI A 54.50+£0.50¢ 55.31+1.33¢ 99.85+0.11a 90.66:+0.24a 68.17+0.23d 84.58+0.39b 78.42+1.34c 87.86+0.22b

Colletotrichum musae

The data in the table are mean+SD; Different lowercase letters indicate significant differences (P<0.05) as tested by one-way

ANOVA method.

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



1850

WU Shujing et al. | Acta Microbiologica Sinica, 2026, 66(4)

— \\
9  T-1-6 VOCs3J R4 S E = RIIHI{E A
Figure 9 Inhibitory effect of VOCs produced by
strain T-1-6 against Colletotrichum fructicola. A: CK;
B: T-1-6.

E10 T-1-6 VOCsx} & 7 fH & B HAE
Inhibitory effect of VOCs produced by
strain T-1-6 against Colletotrichum musae. A: CK; B:
T-1-6.
2.5 JKRREINEE

LEE W R RERRE RIS PO A5 R, IR b
IR 5 RAEREHCOC A 15 DT R AR T R B A K SR R i
W, RO F AR R IR EERE Sy, JF LA

®S IDMEND TEDFEELER

Figure 10

Al 27 A3 i 5 DK i Bz Ay B o B a0 A7 388 SR X B
LA H, T A RS BUR B VOCs b B2
DK 2 Jie Sof R 2] A 2 R R 7 4 0 T i A v 1 5
P — PR A R, R EARIAE . SRS
Ji 2 e AR TR AR | e ARk . SR AR
JEEVH 2% 45 7 18I

TEZ AT, B W [ B, X E
AR FE AR PR AR B BB
B R BRI AR IS, T 2 EFERR VOCs
ABRAL R AR I R A W IS, R R R AR X
G0%, SRR R Z B A DR EFRCRAEE — B2 5
KSR, KR Ak 4 SR B R T A
JE§ e S ) I T R, S PR AR
A1 VOCs X HELE R S5 8 KA RURAE

Hrb, Hitk T-1-6 MIRERHCR B RN . TE
PR ERYE T, T-1-6 VOCs 4b 3 28 5 1 ik BE
B BEIE R IR, X R R I A
B2y 0 50% (18] 13), DREFRCR 2510 T3 1
M, EFRERERL P, T-1-6 VOCs 4bH ] K
T AU RS (R K 2 21 d, &R SR S
JESE R 0, FLOREERUIR 5 DK G R AH > (] 14);
LEGAYHTHED , BBk VOCs o ff U3 55 0k i
PEFIZSAL, A mT B 410 il D o 2 & 45 Ll
SEHUK SRS R, A K IR A T HAT
1A R R AR T )

Table 5 The molecular biology identification results of five strains

Strains number Results Sequence similarity (%) Gene
T-1-6 TRTER 105 Bacillus amyloliquefaciens 99.83 16S rRNA
99.21 gyrB
T-1-11 W BT Bacillus thuringiensis 99.94 16S rRNA
99.73 gyrB
T-2-3 WEAE ZETWAT IS Bacillus cereus 99.93 16S rRNA
99.88 gyrB
T-3-8 s G BEIFT I Bacillus thuringiensis 99.89 16S rRNA
99.81 grB
T-3-9 Wi ¥ ZF AT Bacillus subtilis 99.91 16S rRNA
99.83 gyrB
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Bacillus thuringiensis PB23 (PX761274.1)

Baczllus thuringiensis PB11 (PX724069.1)
Bacillus cereus FSLH8-0488 (KU198624.1)
Bacillus cereus FSLLH8-0482 (KU198623.1)
Bacillus anthracis BA21 (MZ144244.1)

Bacillus anthracis BA16 (MZ144239.1)

Bacillus amyloliquefaciens 6B (JQ904625.1)
T-1-6

4DBacillus licheniformis L1 (MZ675664.1)
Bacillus licheniformis 25FFCL136 (PX736988.1)

Escherichia coli SEM-1 (PX889906.1)
—
0.020

11 BEHT-1-65TF16S rRNAEEFFIN RS % B
Figure 11 Phylogenetic tree of strain T-1-6 based on 16S rRNA gene sequence.

99 Bacillus amyloliquefaciens 6B (JQ904625.1)
T-1-6
99
Bacillus licheniformis L1 (MZ675664.1)

Bacillus anthracis BA21 (MZ144244.1)
99 Bacillus thuringiensis PB23 (PX761274.1)

Bacillus cereus FSL H8-0488 (KU198624.1)

Escherichia coli SEM-1 (PX889906.1)
0.050

E12 EHRT-1-6ETgyrBEREFIIH ARG L FH
Figure 12 Phylogenetic tree of strain T-1-6 based on gyrB gene sequence.

Grade 0 Grade 0 Grade 0 Grade 3 Grade 5

9d 12d

Grade 0 Grade 1 Grade 1 Grade 5 Grade 9
13 EHKT-1-6 VOCsIH =R K G REEZR

Figure 13  Postharvest preservation effect of VOCs produced by strain T-1-6 on mango fruits. The figure shows
the result of one representative experiment.
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Figure 14 Postharvest preservation effect of VOCs produced by strain T-1-6 on banana fruits. The figure shows

the result of one representative experiment.
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