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Antagonistic bacterial strains isolated from cabbage rhizosphere release
antimicrobial volatile organic compounds against Pythium aphanidermatum
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ABSTRACT. In a previous study, we isolated four antagonistic bacterial strains viz., Pseudomonas aeruginosa B1-SQU,
Pseudomonas indica B2-SQU, Serratia marcescens B3-SQU and Pseudomonas brenneri B4-SQU from the rhizosphere
of cabbage which suppressed damping-off in cabbage caused by Pythium aphanidermatum. In this study, potential of
these bacterial isolates to produce antimicrobial volatile organic compounds (VOCs) against P. aphanidermatum was
tested. The results of the two-sealed-base-plates assay revealed that all four bacterial strains produced VOCs against
P aphanidermatum with the maximum inhibition with P brenneri B4-SQU followed by S. marcescens B3-SQU, P.
aeruginosa B1-SQU and P. indica B2-SQU. Solid-phase microextraction coupled with gas chromatography-mass spec-
trometry was used to profile the VOCs of bacteria. A total of 20 VOCs were detected in P. aeruginosa B1-SQU and
the major compounds identified were Carbon dioxide, 1-Butanol, 3-methyl- and Disulfide, dimethyl. The main volatile
compounds detected in P indica B2-SQU were 1-Butanol, 3-methyl-, Disulfide, dimethyl and 1,2-Propanediamine.
Disulfide, dimethyl and 1,2-Propanediamine were the predominant compounds identified in S. marcescens B3-SQU
among others. The major compounds detected in P. brenneri B4-SQU were 1-Butanol, 3-methyl-, 1,2-Propanediamine
and Disulfide, dimethyl. Dimethyl disulfide, a well-known antimicrobial compound, was detected in the volatile profiles
of all four antagonistic bacterial isolates. These results suggest that VOCs of antagonistic bacteria may be involved in
the suppression of P. aphanidermatum and these antagonistic bacterial strains may be used as biofumigants for con-
trolling damping-off of cucumber.
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Introduction

lant disease management using microbial bio-
control agents (MBCAs) is becoming a popular

practice among farmers because of its low cost,
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environmentally-friendly nature, high efficacy against
multiple phytopathogens, relatively ease of application
and minimum labor requirements (Bonaterra et al,
2022; Lahlali et al., 2022; Palmieri et al., 2022). In “aug-
mentative biological control’, highly efficient antagonis-
tic microorganisms against plant pathogens are selected,
multiplied on artificial media in large scale and applied
to crop plants/soil to control plant diseases (Eilenberg
et al., 2001; van Lenteren et al., 2018; Kohl et al., 2019).
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A large number of endophytic and rhizospheric bacte-
ria that are effective against important soilborne fungal
pathogens have been reported (Al-Hussini et al., 2019;
Al-Shibli et al. 2019; Al-Daghari et al., 2020a,b; Al-Gha-
fri et al.,, 2020; Al-Rashdi et al., 2022; Al-Rahbi et al.,
2023). Over 100 MBCAs have been registered for plant
disease management (van Lenteren et al., 2018). Sever-
al commercial biocontrol products such as Polyversum
(based on Pythium oligandrum strain M1; Bioprepa-
raty, spol. s.r.o., Czech Republic), Mycostop (based on
Streptomyces griseoviridis strain K61; Verdera, Finland),
Xedavir (based on Trichoderma asperellum TV1; Xeda
Italia Srl, Italy), Companion and Kodiak (based on Bacil-
lus subtilis GBO3; Growth Products, USA), AtEze (based
on Pseudomonas chlororaphis strain 63-28; EcoSoil Sys-
tems, San Diego, CA, USA), Bio-Ject, Spot Less (based
on Pseudomonas aureofaciens strain TX-1; EcoSoil sys-
tem, Canyon Lake, TX, USA), RootShield® and Plant-
Shield® (based on Trichoderma harzianum T22; Bio
works, Victor, NY, USA) are available worldwide (Lahla-
li et al, 2022). The biocontrol agents act on the plant
pathogens by: (i) directly suppressing the pathogens
through antibiosis, competition for space and nutrients
and parasitism; (ii) interfering with the pathogenesis
mechanisms of pathogens; and (iii) induction of defense
mechanisms in host plants (Bardin et al., 2015). The
emission of volatile organic compounds (VOCs) is con-
sidered to be one of the important mechanisms of action
of MBCAs (Zhao et al., 2022). The VOCs are low-mo-
lecular weight compounds (<300 Da) with high vapor
pressure and low polarity (Vespermann et al., 2007).
VOCs of antagonistic microorganisms are known to
cause fungal cell membrane damage by hydrolyzing the
cell wall that results in the leakage of cellular contents
and finally cell death (Giorgio et al., 2015; Hutchings et
al., 2017; Choinska et al., 2020; Tyagi et al., 2020; Zhang
et al., 2020). The production of VOCs by antagonistic
microorganisms depends on several factors, including
types of culture media, growing conditions, and their
population density (Choinska et al., 2020). Furthermore,
VOCs emitted by some bacterial strains influence the
growth of other rhizosphere bacterial strains. For exam-
ple, a study performed by Garbeva et al. (2014) revealed
that the VOC:s released by Serratia plymuthica and Col-
limonas pratensis stimulated the growth of Pseudomo-
nas fluorescens Pf0-1. In addition, these VOCs triggered
the production of antibacterial secondary metabolites
and expression of genes involved in the motility in P
fluorescens Pf0-1. In the course of isolation of beneficial
bacterial strains from the rhizosphere of cabbage (Bras-
sica oleracea var. capitata L.), we observed that the bac-
terial strains Pseudomonas aeruginosa B1-SQU, Pseu-
domonas indica B2-SQU, Serratia marcescens B3-SQU
and Pseudomonas brenneri B4-SQU could suppress the
growth of Pythium aphanidermatum (Edson) Fitzpat-
rick, the causative agent of damping-off in cucumber
(Dhuha et al. Unpublished). The objectives of this study
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were to assess the potential of these bacterial strains to
release antimicrobial VOCs against P aphaniderma-

tum and to profile the VOCs of each bacterial strains.

Materials and Methods

Microbial Strains

Pseudomonas aeruginosa B1-SQU (GenBank accession
number ON738574, Pseudomonas indica B2-SQU (acc.
no ON738576), Serratia marcescens B3-SQU (acc.no
OP837487) and Pseudomonas brenneri B4-SQU (acc.
no ON738575) isolated from the rhizosphere of cabbage
plants (un-published) were used in this study. These bac-
terial strains were grown on nutrient agar (NA) medium
(Oxoid Ltd., UK) at 30°C. A virulent strain of Pythium
aphanidermatum Salal (acc.no ON113866), originally
isolated from a damping-off infected cucumber seed-
ling, was provided by the Department of Plant Sciences,
Sultan Qaboos University. The culture was maintained
on potato dextrose agar (PDA) medium (Oxoid Ltd.,
UK) and stored at 4°C.

Antimicrobial Assay

The two-sealed-base-plates assay was used to test the
production of antimicrobial VOCs by the bacterial
strains (Al-Rashdi et al., 2022). Briefly, a mycelial disc
of P aphanidermatum (6-mm diameter) was taken
from an actively growing PDA culture by using a ster-
ile cork borer and placed aseptically at the center of a
1/5% strength PDA plate. The cell suspension of each test
bacterial strain (100 pl) prepared from an overnight cul-
ture (10® cfu/ml) was applied on another NA plate and
spread uniformly with a sterile glass spreader. The lids
of both culture plates were removed and the base-plate
with P aphanidermatum was over laid with NA base-
plate inoculated with the bacterium, aligned perfectly
and sealed with two layers of parafilm. The sealed base-
plates were incubated at 27°C until P. aphanidermatum
mycelial growth covered the entire plate in the control.
An un-inoculated NA base-plate paired with a PDA
base-plate inoculated with P aphanidermatum in the
same manner served as control. At the end of incuba-
tion, the growth of P aphanidermatum mycelium was
measured using a ruler and % inhibition was calculated.
The assay was conducted in triplicate.

Analysis of Volatile Compounds

Each bacterium was grown in 25 ml of nutrient broth
(Oxoid Ltd., UK) in solid-phase micro extraction glass
vials under aseptic conditions in an incubator shaker
at 30°C and 170 rpm for 72h. The volatile compounds
emitted by each bacterial strain were collected using
headspace-solid phase microextraction (HS-SPME)
technique. The SPME syringe containing fiber Carbox-
en/ Polydimethylsiloxane (SUPELCO, USA) was insert-



ed into the head space of vial and left for 45 min to trap
the volatile compounds. The fiber containing the vola-
tiles was injected into a gas chromatography-mass spec-
trometry (GC-MS) system. The analysis of volatile com-
pounds was performed on a Shimadzu GC-2010 Plus,
fitted with a Rtx-5MS capillary column (30 m x 0.25 mm;
0.25 um; maximum temperature 350°C) and attached to
a GCMS-QP2010 ULTRA MS. The carrier gas Helium
(99.999% purity) was used at a constant flow of 1.0 ml/
min. The mass spectrum libraries Wiley 9 edition and
NIST (National Institute of Standards and Technology)
2011 v.2.3 were used for identification of compounds.

Statistical Analysis

A completely randomized design was used for the in vi-
tro anti-oomycete effect of VOCs experiment. Analysis
of the data was by one-way ANOVA using SAS v8 pro-
gram (SAS Institute, NC, USA). Duncan’s multiple range
test (DMRT; P < 0.05) was used for comparison of means.

Results and Discussion

Itis evident from the results that all four rhizosphere bac-
terial strains evaluated in this study produced VOCs that
suppressed P aphanidermatum mycelial growth in the
in vitro assay. P. brenneri B4-SQU showed the maximum
inhibition (29.3%) followed by S. marcescens B3-SQU
(24.4%), P. aeruginosa B1-SQU (23.2%) and P, indica B2-
SQU (18.3%) (Table 1). The inhibition of mycelial growth
of P aphanidermatum upon exposure to VOCs of P
brenneri B4-SQU is shown in Figure 1. The production of
VOC:s is one of the modes of action of many antagonistic
fungi (Wheatley et al., 1997; Zhang et al., 2014; Choins-
ka et al., 2020; Intana et al., 2021; Khruengsai et al., 2021;
Rajani et al., 2021; Ruangwong et al., 2021; Kong et al,,
2022) and antagonistic bacteria (Chaurasia et al., 2005;
Chaves-Lopez et al., 2015; Gotor-Vila et al., 2017; Lim et
al., 2017; Chen et al., 2020; Delgado et al., 2021; Al-Rash-
di et al., 2022) to suppress phytopathogenic fungi. VOCs
of bacteria are known to cause several abnormalities in
the fungal structures including cytoplasmic cavitation
and vacuolation, coagulation of cytoplasmic contents
and degradation of fungal hyphal membrane (Toral et
al., 2021). Chaurasia et al. (2005) while studying the an-
timicrobial effect of diffusible and volatile compounds
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produced by Bacillus subtilis on phytopathogenic fun-
gi Alternaria alternata, Cladosporium oxysporum, Fu-
sarium oxysporum and Paecilomyces lilacinus reported
that the inhibitory effect caused by volatile compounds
was greater than that by diffusible compounds. Das et
al. (2022) reported the loss of plasma membrane integ-
rity and oxidative stress in Sclerotinia sclerotiorum, Rhi-
zoctonia solani, Juxtiphoma eupyrena, and Neurospora
crassa when exposed to volatiles of Serratia plymuthica.
Al-Toubi et al. (2022) demonstrated that VOCs released
by Hypomyces perniciosus and Cladobotryum myco-
philum suppressed the growth of Agaricus bisporus.
In this study, HS-SPME-GC-MS was used to profile the
volatile compounds from the bacterial strains. A total
of 20 VOCs were detected in P aeruginosa B1-SQU.
Among them, carbon dioxide had the highest peak area
(26.04%), followed by 1-Butanol, 3-methyl- (syn: Isopen-
tanol/ Isoamyl alcohol) (18.18%) and Disulfide, dimethyl
(Dimethyl disulfide) (10.23%) (Table 2; Figure 2). In P
indica B2-SQU, 1-Butanol, 3-methyl- showed the high-
est peak area (36.94%), followed by Disulfide, dimethyl
(25.35%) and 1,2-Propanediamine (9.72%) (Table 3; Fig.
3). Disulfide, dimethyl (28.96%) and 1,2-Propanedi-
amine (syn: Propylenediamine/ 1,2-Diaminopropane/
1,2-Propylenediamine) (19.72%) were the predominant
compounds identified in S. marcescens B3-SQU among
others (Table 4; Figure 4). The major compounds detect-
ed in Pseudomonas brenneri B4-SQU were 1-Butanol,
3-methyl- (34.70%), 1,2-Propanediamine (19.49%) and
Disulfide, dimethyl (8.13%) (Table 5; Figure 5). Dimethyl
disulfide (DMDS), a sulphur-containing compound was
identified as one of the major components in common
in the VOC:s of all four antagonistic bacteria tested. Sev-
eral reports describe the inhibitory activity of DMDS
against plant pathogenic fungi (Groenhagen et al., 2013;
Tyagi et al.,, 2020; Lin et al, 2021). Many antagonistic
bacterial strains including Pseudomonas aeruginosa PC5
(Al-Rashdi et al., 2022) and Burkholderia gladioli BBB-
01 (Lin et al., 2021) have been demonstrated to produce
DMDS. Inhibition of the oomycete pathogen Phytoph-
thora infestans by DMDS produced by Pseudomonas sp.
has been reported (De Vrieze et al., 2015; Guevara-Av-
endano et al.,, 2019). DMDS is known to damage the cell
membrane of Sclerotinia minor and interfere with its
growth and pathogenicity (Tyagi et al., 2020). In addition,

Table 1. Inhibition of mycelial growth of Pythium aphanidermatum by volatile compounds released by antagonistic bacterial

strains isolated from cabbage rhizosphere

Bacterial strain

Diameter growth of

% inhibition

P. aphanidermatum (cm)

Pseudomonas aeruginosa B1-SQU
Pseudomonas indica B2-SQU
Serratia marcescens B3-SQU
Pseudomonas brenneri B4-SQU
Control

Data are means of 6 replications

6.3 ¢c 23.2
6.7b 18.3
6.2c 24.4
5.8d 29.3
82a -

Means followed by the same letter in a column are not significantly different from each other at P < 0.05 (DMRT)
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Untreated P. aphanidermatum P. aphanidermatum exposed
to VOCs of P. brenneri B4-SQU

Figure 1. Inhibition of mycelial growth of Pythium aphanidermatum upon exposure to VOCs of Pseudomonas brenneri
B4-SQU as assessed by the two-sealed-base-plates assay

plant growth promotion effect and induction of systemic  antifungal and antibacterial activities of isoamyl alcohol
resistance in plants have been reported by treatment with  have been reported (Ando et al., 2015). Rodriguez Lopez
DMDS (Meldau et al., 2013; Tyagi et al., 2020). Similarly, et al. (2019) reported prevention of hyphal formation in

Table 2. Volatile organic compounds released by Pseudomonas aeruginosa B1-SQU isolated from cabbage rhizosphere

Compound Retention time (min) Area %
Carbon dioxide 1.272 26.04
Methanethiol 1.396 4.64
Dimethylamine 1.538 6.05
Ethylene oxide 1.58 4.65
Methane, oxybis[chloro- 1.676 4.20
Hydroxyurea 1.737 4.07
1,2-Ethanediamine, N,N'-dimethyl- 1.825 0.82
L-Alanine-4-nitroanilide 1.85 1.19
Pentane, 2,4-dimethyl- 1.945 4.14
Unidentified 2.0 1.34
Unidentified 2.061 2.02
Acetamide, 2,2-dichloro- 2.095 1.56
Pentanal 2.38 3.90
1-Butanol 2.466 2.19
D-Alanine 2.63 1.30
2,2-Difluoroethanol, TMS derivative 2.733 2.08
Unidentified 2.84 0.65
Unidentified 3.235 0.66
1-Butanol, 3-methyl- 3.348 18.18
Disulfide, dimethyl 3.554 10.23
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Figure 2. Chromatogram of volatile organic compounds released by Pseudomonas aeruginosa B1-SQU isolated from

cabbage rhizosphere

Candida albicans by isoamyl alcohol. Toral et al. (2021)
reported the production of isopentanol as the princi-
pal volatile compounds by extremophilic bacteria viz.,
Peribacillus sp. N3, Pseudomonas segetis P6, Psychro-
bacillus vulpis 78 and Staphylococcus equorum subsp.
equorum EN21. However, the mechanism of action of
isoamyl alcohol on fungi has not been fully elucidated.

Conclusion

Through this study we demonstrated that cabbage rhi-
zosphere bacterial strains suppressed the growth of
P aphanidermatum up to 29% through the release of
VOCs. Disulfide, dimethyl, 1-Butanol, 3-methyl- and
1,2-Propanediamine were the major components in

Table 3. Volatile organic compounds released by Pseudomonas indica B2-SQU isolated from cabbage rhizosphere

Compound Retention time (min) Area %
1,2-Propanediamine 1.397 9.72
Unidentified 1.47 1.21
Acetone 1.652 ol
1,3-Pentadiene 1.695 4.17
Unidentified 1.79 3.87
2-Butanone 2.059 1.95
Trichloromethane 2.2 1.81
Butanal, 3-methyl- 2.491 3.57
Unidentified 2.569 2.14
2-Pentanone 2.824 0.52
1-Butanol, 3-methyl- 3.444 36.94
Disulfide, dimethyl 3.649 25.35
2-Heptanone 6.84 0.74
Dimethyl trisulfide 9.074 1.21
Benzene, 1-methoxy-4-methyl- 10.567 0.85
3-Decen-1-ol, acetate, (Z)- 22.899 0.72
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Figure 3. Chromatogram of volatile organic compounds released by Pseudomonas indica B2-SQU isolated from cabbage rhizosphere

the VOCs of antagonistic bacterial strains tested in this lier studies. Several factors including the type of culture
study. Antimicrobial activities of Disulfide, dimethyland media, growing condition, physiological state and popu-
1-Butanol, 3-methyl- have been well established in ear- lation of the bacterial isolates determine the quantity of

Table 4. Volatile organic compounds released by Serratia marcescens B3-SQU isolated from cabbage rhizosphere

Compound Retention time (min) Area %
1,2-Propanediamine 1.341 19.72
Isoprene 1.636 7.53
Dimethyl sulfide 1.675 2.73
Ethyl Acetate 2.11 2.05
Trichloromethane 2.145 2.64
Pentanal 2.438 1.49
1-Butanol 2.512 3.15
Unidentified 3.114 0.77
1-Butanol, 2-methyl-, (S)- 3.402 8.11
1-Butanol, 3-methyl- 3.462 2.46
Disulfide, dimethyl 3.601 28.96
Pyrrole 3.779 141
Butanoic acid, 2-methyl-, ethyl ester 5.768 0.91
Butanoic acid, 3-methyl-, ethyl ester 5.845 7.27
1-Nonene 6.796 1.31
Pentane, 1-(methylthio)- 7.519 0.83
Thiopivalic acid 8.178 3.76
2-Methyl-3-(methylthio) furan 8.501 1.25
2,6-Octadiene, 4,5-dimethyl- 21.143 2.37

2-Heptadecanone 23.504 1.19
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Figure 4. Chromatogram of volatile organic compounds released by Serratia marcescens B3-SQU isolated from cabbage rhizosphere

production and emission of VOCs by antagonistic bac- terial isolates. In addition to VOCs, other mechanisms

Table 5. Volatile compounds released by Pseudomonas brenneri B4-SQU isolated from cabbage rhizosphere

Compound Retention time (min) Area %
1,2-Propanediamine 1.311 19.49
1-Nitro-2-propanone 1.589 6.17
2-Pentanamine 1.661 2.31
Silanol, trimethyl- 1.799 8.14
Unidentified 1.881 1.10
Unidentified 1.925 0.80
Unidentified 1.95 1.31
2-Butanone 1.999 1.82
Ethyl Acetate 2.108 3.00
Acetamide, 2,2-dichloro- 2.15 0.95
Pentanal 2.432 2.13
Unidentified 2.507 1.78
Octodrine 3.21 0.30
1-Butanol, 3-methyl- 3.395 34.70
Disulfide, dimethyl 3.601 8.13
2-Pentanone, 3-methyl- 3.714 1.18
Unidentified 4.111 0.38
Unidentified 5.052 0.66
Unidentified 6.025 0.54
Anisole 7.556 3.87
Dimethyl trisulfide 9.066 0.59
Undecane, 3-ethyl- 25.926 0.54
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Figure 5. Chromatogram of volatile compounds released by Pseudomonas brenneri B4-SQU isolated from cabbage rhizosphere

such as production of cell wall lytic enzymes, sidero-
phores and other antimicrobial secondary metabolites
may also be involved in the antagonistic action of these
bacterial isolates against P aphanidermatum. Further
studies are required to test the role of these VOCs in inhi-
bition of P aphanidermatum and other soilborne patho-
gens of cucumber and elucidate their mode of action

Acknowledgments

This work was supported by a research grant (RE/AGR/
CROP/21/02) from Sultan Qaboos University.

References

Al-Daghari DSS, Al-Abri SA, Al-Mahmooli IH, Al-Sadi
AM, Velazhahan R. (2020a). Efficacy of native antago-
nisticrhizobacteriainthebiological control of Pythium
aphanidermatum-induced damping-off of cucumber
in Oman. Journal of Plant Pathology 102: 305-310.

Al-Daghari DSS, Al-Sadi AM, Janke R, Al-Mahmooli
IH, Velazhahan R. (2020b). Potential of indigenous
antagonistic rhizobacteria in the biological control of
Monosporascus root rot and vine decline disease of
muskmelon. Acta Agriculturae Scandinavica, Section
B — Soil & Plant Science 70: 371-380.

Al-Ghafri H, Velazhahan R, Shahid MS, Al-Sadi AM.
(2020). Antagonistic activity of Pseudomonas aerugi-
nosa from organic compost against Pythium aphani-

dermatum and Fusarium solani. Biocontrol Science
and Technology 30: 642-658.

52

Al-Hussini HS, Al-Rawahi AY, Al-Marhoon AA, Al-Abri
SA, Al-Mahmooli IH, Al- Sadi AM, Velazhahan R.
(2019). Biological control of damping-off of tomato
caused by Pythium aphanidermatum by using native
antagonistic rhizobacteria isolated from Omani soil.
Journal of Plant Pathology 101: 315-322.

Al-Rahbi BAA, Al-Sadi AM, Al-Harrasi MMA, Al-Saba-
hi JN, Al-Mahmooli IH, Blackburn D, Velazhahan R.
(2023). Effectiveness of endophytic and rhizosphere
bacteria from Moringa spp. in controlling Pythium
aphanidermatum damping-off of cabbage. Plants 12:
1-19 (Article 668).

Al-Rashdi A, Al-Hinai FS, Al-Harrasi MMA, Al-Saba-
hi JN, Al-Badi RS, Al-Mahmooli IH, Al-Sadi AM,
Velazhahan R. (2022). The potential of endophytic
bacteria from Prosopis cineraria for the control of
Pythium aphanidermatum-induced damping-oft in
cucumber under saline water irrigation. Journal of
Plant Pathology. 105: 39-56.

Al-Shibli H, Dobretsov S, Al-Nabhani A, Maharachchi-
kumbura S, Velazhahan R, Al-Sadi AM. (2019). As-
pergillus terreus obtained from mangrove exhibits
antagonistic activities against Pythium aphanider-
matum-induced damping-off of cucumber. Peer ] 7:
1-16.

Al-Toubi ASS, Al-Sadi AM, Al-Mahmooli IH, Al-Harra-
si MMA, Al-Sabahi JN, Velazhahan R. (2022). Vola-
tile organic compounds emitted by the mycoparasitic
fungi Hypomyces perniciosus and Cladobotryum my-
cophilum suppress the growth of Agaricus bisporus.
Czech Mycology 74: 141-152.



Ando H, Kurata A, Kishimoto N. (2015). Antimicrobial
properties and mechanism of volatile isoamyl acetate,
a main flavour component of Japanese sake (GinjoX
shu). Journal of Applied Microbiology 118: 873-880.

Bardin M, Ajouz S, Comby M, Lopez-Ferber M, Graillot
B, Siegwart M and Nicot PC. (2015). Is the efficacy of
biological control against plant diseases likely to be
more durable than that of chemical pesticides? Fron-
tiers in Plant Science 6: 1-14.

Bonaterra A., Badosa E., Daranas N., Francés J., Rosellé
G., Montesinos, E. (2022). Bacteria as biological con-
trol agents of plant diseases. Microorganisms 10:
1-17 (Article 1759).

Chaurasia B, Pandey A, Palni LMS, Trivedi P, Kumar B,
Colvin N. (2005). Diffusible and volatile compounds
produced by an antagonistic Bacillus subtilis strain
cause structural deformations in pathogenic fungi in
vitro. Microbiological Research 160: 75-81.

Chaves-Lopez C, Serio A, Gianotti A, Sacchetti G,
Ndagijimana M, Ciccarone C, Stellarini A, Corsetti A,
Paparella A. (2015). Diversity of food-borne Bacillus
volatile compounds and influence on fungal growth.
Journal of Applied Microbiology 119: 487-499.

Chen JH, Xiang W, Cao KX, Lu X, Yao SC, Hung D,
Huang RS, Li LB. (2020). Characterization of volatile
organic compounds emitted from endophytic Burk-
holderia cenocepacia ETR-B22 by SPME-GC-MS and
their inhibitory activity against various plant fungal
pathogens. Molecules 25: 1-14.

Choinska R, Piasecka-Jozwiak K, Chabtowska B, Dum-
ka J, Lukaszewicz A. (2020). Biocontrol ability and
volatile organic compounds production as a putative
mode of action of yeast strains isolated from organ-
ic grapes and rye grains. Antonie van Leeuwenhoek
113:1135-1146.

Das P, Effmert U, Baermann G, Quella M, Piechulla B.
(2022). Impact of bacterial volatiles on phytopatho-
genic fungi: an in vitro study on microbial competi-
tion and interaction. Journal of Experimental Botany
73: 596-614.

De Vrieze M, Pandey P, Bucheli TD, Varadarajan AR,
Ahrens CH, Weisskopf L, Bailly A. (2015). Volatile
organic compounds from native potato-associated
Pseudomonas as potential anti-oomycete agents.
Frontiers in Microbiology 6: 1-15.

Delgado N, Olivera M, Cadiz F, Bravo G, Montenegro I,
Madrid A, Fuentealba C, Pedreschi R, Salgado E, Be-
soain X. (2021). Volatile Organic Compounds (VOCs)
produced by Gluconobacter cerinus and Hansenias-
pora osmophila displaying control effect against table
grape-rot pathogens. Antibiotics 10: 1-19.

Eilenberg J, Hajek A, Lomer C. (2001). Suggestions for
unifying the terminology in biological control. Bio-
Control 46: 387-400.

Garbeva P, Hordijk C, Gerards S, de Boer W. (2014). Vol-
atile-mediated interactions between phylogenetically
different soil bacteria. Frontiersin Microbiology 5: 1-9.

Al-Daghari, Al-Sadi, Al-Harrasi, Al-Sabahi, Janke, Velazhahan

GiorgioA,DeStradisA,LoCantoreP,IacobellisNS.(2015).
Biocide effects of volatile organic compounds pro-
duced by potential biocontrol rhizobacteria on Sclero-
tinia sclerotiorum. Frontiers in Microbiology 6: 1-13.

Gotor-Vila A, Teixido N, Di Francesco A, Usall ], Ugolini
L, Torres, R, Mari, M. (2017). Antifungal effect of vol-
atile organic compounds produced by Bacillus amy-
loliquefaciens CPA-8 against fruit pathogen decays of
cherry. Food Microbiology 64: 219-225.

Groenhagen U, Baumgartner R, Bailly A, Gardiner A,
Eberl L, Schulz S, Weisskopf L. (2013). Production
of bioactive volatiles by different Burkholderia ambi-
fariastrains. Journal of Chemical Ecology 39: 892-906.

Guevara-Avendaino E, Bejarano-Bolivar AA, Kiel-
Martinez AL, Ramirez-Vazquez M, Méndez-Bravo
A, von Wobeser EA, Sénchez-Rangel D, Guerre-
ro-Analco JA, Eskalen A, Reverchon F. (2019). Avo-
cado rhizobacteria emit volatile organic compounds
with antifungal activity against Fusarium solani, Fu-
sarium sp. associated with Kuroshio shot hole borer,
and Colletotrichum gloeosporioides. Microbiological
Research 219: 74-83.

Hutchings ML, Alpha-Cobb CJ, Hiller DA, Berro J, Stro-
bel SA. (2017). Mycofumigation through production
of the volatile DNA- methylating agent N-meth-
yl-N-nitrosoisobutyramide by fungi in the genus
Muscodor. Journal of Biological Chemistry 292:
7358-7371.

Intana W, Kheawleng S, Sunpapao A. (2021). Trichoder-
ma asperellum T76-14 released volatile organic com-
pounds against postharvest fruit rot in muskmelons
(Cucumis melo) caused by Fusarium incarnatum.
Journal of Fungi 7: 1-13.

Khruengsai S, Pripdeevech P, Tanapichatsakul C, Sri-
suwannapa C, D’Souza PE, Panuwet P. (2021). Anti-
fungal properties of volatile organic compounds pro-
duced by Daldinia eschscholtzii MFLUCC 19-0493
isolated from Barleria prionitis leaves against Colle-
totrichum acutatum and its post-harvest infections
on strawberry fruits. Peer] 9: 1-23.

Kohl J, Kolnaar R, Ravensberg WJ. (2019). Mode of ac-
tion of microbial biological control agents against
plant diseases: relevance beyond efficacy. Frontiers in
Plant Science 10: 1-19.

Kong WL, NiH, Wang WY, WuXQ. (2022). Antifungal ef-
fectsofvolatile organiccompoundsproducedby Trich-
oderma koningiopsis T2 against Verticillium dahliae.
Frontiers in Microbiology 13: 1-13 (Article 1013468).

Lahlali R, Ezrari S, Radouane N, Kenfaoui J, Esmaeel Q,
El Hamss H, Belabess Z, Barka EA. (2022). Biological
control of plant pathogens: A global perspective. Mi-
croorganisms 10: 1-33.

Lim SM, Yoon MY, Choi GJ, Choi YH, Jang KS, Shin TS,
Park HW, Yu NH, Kim YH, Kim JC. (2017). Diffusible
and volatile antifungal compounds produced by an
antagonistic Bacillus velezensis g341 against various
phytopathogenic fungi. Plant Pathology Journal 33:
488-498.

53



Antagonistic bacterial strains isolated from cabbage rhizosphere release antimicrobial volatile organic compounds against Pythium aphanidermatum

Lin YT, Lee CC, Leu WM, Wu JJ, Huang YC, Meng M.
(2021). Fungicidal activity of volatile organic com-
pounds emitted by Burkholderia gladioli strain BBB-
01. Molecules 26: 1-14.

Meldau DG, Meldau S, Hoang LH, Underberg S, Wun-
sche H, Baldwin IT. (2013). Dimethyl disulfide pro-
duced by the naturally associated bacterium Bacillus
sp B55 promotes Nicotiana attenuata growth by en-
hancing sulfur nutrition. Plant Cell 25: 2731-2747.

Palmieri D, Ianiri G, Del Grosso C, Barone G, De Curtis
F, Castoria R, Lima G. (2022). Advances and perspec-
tives in the use of biocontrol agents against fungal
plant diseases. Horticulturae 8: 1-34.

Rajani P, Rajasekaran C, Vasanthakumari MM, Olsson
SB, Ravikanth G, Shaanker RU. (2021). Inhibition of
plant pathogenic fungi by endophytic Trichoderma
spp. through mycoparasitism and volatile organic
compounds. Microbiological Research 242: 1-12.

Rodriguez Lépez ADL, Lee MR, Wang NB, Dunn KK,
Sanchez H, Raman N, Andes DR, Lynn DM, Palecek
SP. (2019). Small-molecule morphogenesis modula-
tors enhance the ability of 14-helical B-peptides to
prevent Candida albicans biofilm formation. Anti-
microbial Agents and Chemotherapy 63: 1-14.

Ruangwong OU, Wonglom P, Suwannarach N, Kumla
J, Thaochan N, Chomnunti P, Pitija K, Sunpapao A.
(2021). Volatile organic compound from Trichoder-
ma asperelloides TSUL: Impact on plant pathogenic
fungi. Journal of Fungi 7: 1-13.

Toral L, Rodriguez M, Martinez-Checa F, Montafo A,
Cortés-Delgado A, Smolinska A, Llamas I, Sampe-
dro I. (2021). Identification of volatile organic com-
pounds in extremophilic bacteria and their effective
use in biocontrol of postharvest fungal phytopatho-
gens. Frontiers in Microbiology 12: 1-13.

54

Tyagi S, Lee KJ, Shukla P, Chae JC. (2020). Dimethyl disul-
fide exerts antifungal activity against Sclerotinia mi-
nor by damaging its membrane and induces systemic
resistance in host plants. Scientific Reports 10: 1-12.

van Lenteren JC, Bolckmans K, Kohl ], Ravensberg W7,
Urbaneja A. (2018). Biological control using inverte-
brates and microorganisms: plenty of new opportuni-
ties. BioControl 63: 39-59.

Vespermann A, Kai M, Piechulla B. (2007). Rhizobacte-
rial volatiles affect the growth of fungi and Arabidop-
sis thaliana. Applied and Environmental Microbiolo-
gy 73: 5639-5641.

Wheatley RE. (2002). The consequences of volatile or-
ganic compound mediated bacterial and fungal inter-
actions. Antonie Van Leeuwenhoek 81: 357-364.

Zhang F, Yang X, Ran W, Shen Q. (2014). Fusarium ox-
ysporum induces the production of proteins and vol-
atile organic compounds by Trichoderma harzianum
T-E5. FEMS Microbiology Letters 359: 116-123.

Zhang X, Li B, Zhang Z, Chen Y, Tian S. (2020). Antag-
onistic yeasts: A promising alternative to chemical
fungicides for controlling postharvest decay of fruit.
Journal of Fungi 6: 1-15.

Zhao X, Zhou J, Tian R, Liu Y. (2022). Microbial volatile
organic compounds: Antifungal mechanisms, appli-
cations, and challenges. Frontiers in Microbiology 13:
1-13.



