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Abstract: The present study focuses on the inhibitory effect of volatile metabolites released by
Bacillus velezensis CT32 on Verticillium dahliae and Fusarium oxysporum, the causal agents of strawberry
vascular wilt. The CT32 strain was isolated from maize straw compost tea and identified as B. velezensis
based on 16S rRNA gene sequence analysis. Bioassays conducted in sealed plates revealed that the volatile
organic compounds (VOCs) produced by the strain CT32 possessed broad-spectrum antifungal activity
against eight phytopathogenic fungi. The volatile profile of strain CT32 was obtained by headspace
solid-phase microextraction (HS-SPME) coupled with gas chromatography-mass spectrometry (GC-MS).
A total of 30 volatile compounds were identified, six of which have not previously been detected
in bacteria or fungi: (Z)-5-undecene, decyl formate, 2,4-dimethyl-6-tert-butylphenol, dodecanenitrile,
2-methylpentadecane and 2,2’,5,5’-tetramethyl-1,1’-biphenyl. Pure compounds were tested in vitro for
their inhibitory effect on the mycelial growth of V. dahliae and F. oxysporum. Decanal, benzothiazole,
3-undecanone, 2-undecanone, 2-undecanol, undecanal and 2,4-dimethyl-6-tert-butylphenol showed
high antifungal activity, with benzothiazole and 2,4-dimethyl-6-tert-butylphenol being the most potent
compounds. These results indicate that the VOCs produced by B. velezensis CT32 have the potential to be
used as a biofumigant for management of vascular wilt pathogens.
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1. Introduction

Vascular wilt diseases, caused by Verticillium dahliae and Fusarium oxysporum, are devastating
diseases of strawberry (Fragaria × ananassa Duch.) that severely affect the production of this crop.
Due to the fact that the persistent resting structures produced by the pathogens are able to survive
in the absence of hosts for long periods of time, vascular wilt diseases are particularly difficult to
control [1,2]. Due to the lack of resistant strawberry cultivars, soil fumigation with methyl bromide is
an effective way to manage vascular wilt diseases, but this fumigant has been withdrawn from routine
use under the Montreal Protocol [3]. Non-chemical soil disinfections, such as steam sterilization and
solarization, show potential in reducing soil inoculum levels, but these approaches may negatively
impact soil microbial communities and associated functions [4]. Crop rotation is generally ineffective
for Verticillium and Fusarium wilt of strawberry because of the wide host range of the pathogenic
fungi. Therefore, the need to develop eco-friendly and highly efficient biocontrol agents (BCAs)
for sustainable strawberry production is extremely urgent.
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Over the past few decades, impressive progress has been made in the development, registration
and commercialization of BCAs based on microbial antagonists. Members of the Bacillus genus are good
candidates as BCAs because they form endospores that can be readily formulated into biopesticide
products [5,6]. Moreover, they produce a vast array of bioactive molecules with strong inhibitory
potential against plant pathogens, such as bacteriocins, lipopeptides, siderophores, polyketides and
volatile compounds [7,8]. Among these metabolites, non-volatile substances have received considerable
research attention, whereas volatile compounds are less frequently studied. Volatile organic compounds
(VOCs) are low-molecular-weight (<300 Da) organic compounds that are characterized by a low boiling
point, high vapor pressure and lipophilic character [9]. Several studies have demonstrated that the
VOCs emitted by microbes may benefit plants by promoting growth, activating defence responses,
and suppressing or eliminating potential pathogens [10–15]. Moreover, as naturally occurring chemicals,
VOCs emitted by microorganisms are biodegradable. Therefore, microbial VOCs can be exploited as a
sustainable strategy for use in crop enhancement and protection.

Muscodor albus, a biofumigant fungus, is the first commercially available BCA acting through its
volatile emissions. In-package biofumigation with M. albus was shown to provide an effective control
of fungal decay in grapes and extend their shelf life [16]. In addition, previous publications have
shown the potential application of M. albus to protect building materials from biological damage and
manage plant-parasitic nematodes of plants [17,18]. The successful application of M. albus inspired
researchers to further explore the benefits of employing VOCs produced by antagonistic bacteria to
control plant diseases.

Bacterial VOCs have been demonstrated to inhibit the growth and differentiation of numerous
phytopathogenic fungi, suggesting that the complex mixtures of bacterial emissions represent a
source of novel antifungal natural substances. For example, dimethyl disulfide (DMDS), a volatile
sulphur compound frequently emitted by bacteria, has been shown to possess broad-range antifungal
activities [19,20]. DMDS-containing products are used as novel soil fumigants. Recently, Zhang et
al. [21] reported the inhibitory activity of 2,6-di-tert-butyl-4-methylphenol and 2,4-di-tert-butylphenol
produced by B. siamensis G-3 against Botrytis cinerea and Rhizopus stolonifer both in vitro and in vivo.
Given the diversity of microbes, only a small fraction of these volatile metabolites have been detected
and studied, and more novel compounds with interesting bioactivities are yet to be discovered. A large
number of phytopathogenic fungi have been used to investigate the antifungal potential of bacterial
volatiles. However, the response of strawberry vascular wilt-causing agents to these volatile signals has
largely been ignored in previous studies, despite the heavy losses they cause in strawberry production.

The objectives of this study were three-fold: (i) to investigate the response of two fungal vascular
wilt pathogens to bacterial volatiles, (ii) to determine the chemical composition of bacterial VOCs,
and (iii) to identify the bioactive compounds responsible for the antifungal effects. To achieve these aims,
we isolated 73 strains of bacteria from maize straw compost tea and assessed their volatile-mediated
effects on the mycelial growth of V. dahliae and F. oxysporum. From the above isolates, we selected
B. velezensis CT32, which exhibited the highest antagonistic activity through the production of
antifungal VOCs. Moreover, the VOCs produced by strain CT32 were qualitatively analysed by
headspace solid-phase microextraction/gas chromatography-mass spectrometry (HS-SPME-GC-MS)
and tested for their antifungal activity in vitro against V. dahliae and F. oxysporum.

2. Materials and Methods

2.1. Phytopathogenic Fungi and Culture Conditions

V. dahliae (ACCC 36196) and F. oxysporum f. sp. cucumerinum (ACCC 30220) were obtained from
the Agricultural Culture Collection of China (ACCC), Beijing, China. Glomerella cingulata (CFCC 83279)
and Thanatephorus cucumeris (CFCC 83233) were obtained from the China Forestry Culture Collection
Center (CFCC). F. oxysporum f. sp. fragariae (FOF), F. oxysporum f. sp. niveum, Botryosphaeria dothidea
and Botrytis cinerea were provided by the Research Center of Modern Agriculture, Shanxi Academy of
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Agricultural Sciences. The plant pathogens were grown on potato dextrose agar (PDA) plates in the
dark at 28 ◦C, except B. cinerea, which was incubated at 25 ◦C.

2.2. Isolation of Bacteria from Maize Straw Compost Tea

Maize straw compost tea samples for the isolation of antagonistic bacteria were prepared as
described previously [22]. Briefly, 10 mL of the compost tea was added to 90 mL of sterile distilled
water in a 250 mL Erlenmeyer flask and shaken at 180 rpm and 30 ◦C for 30 min on a rotary shaker.
Serial 10-fold dilutions of the suspension were prepared in sterile distilled water, and aliquots (200 µL)
of each dilution were spread-plated onto nutrient agar (NA). After 48 h of incubation at 30 ◦C, bacterial
colonies with dissimilar morphologies were selected and further purified by streaking on NA plates.
All isolates were routinely maintained on slants of NA at 4 ◦C until further use.

2.3. Screening for Bacteria Producing Antifungal Volatiles

Seventy-three bacterial isolates were tested for their volatile-mediated effect on the mycelial
growth of V. dahliae and FOF using the sealed plate method. A Petri dish containing NA was inoculated
by spreading 200 µL of cell suspension (1 × 107 cfu ml−1) of bacterial strain and incubated at 28 ◦C
for 24 h. A 5 mm diameter mycelial plug was taken from an actively growing culture of the tested
pathogen and placed in the centre of a second Petri dish containing PDA. The lids of the two plates
were removed. Subsequently, the plate inoculated with the mycelial plug was inverted and placed
over the bacterial plate. The two plates were sealed with 3 turns of Parafilm. Sealed plates with only
mycelial plugs growing in them served as controls. All plates were incubated at 28 ◦C until control
plates were fully covered with mycelia of the tested pathogen. Three plates for each bacterial strain and
control were used. The inhibition rate was calculated using the formula presented by Gao et al. [23]:

Inhibition rate (%) = (DCK − DTR)/(DCK − 5 mm) × 100

where DCK is the colony diameter of the target pathogen in the control and DTR is the colony diameter
of the target pathogen in the treatment.

The broad-spectrum antifungal effect of the VOCs produced by the selected antagonistic bacterium,
designated as CT32, against 8 plant pathogenic fungi was determined using the same method described above.

2.4. Analysis of Bacterial VOCs by HS-SPME-GC-MS

2.4.1. Sample Preparation

Three millilitres of melted NA culture medium was added into 20 mL headspace vials. The vials
containing NA were sterilized at 121 ◦C for 20 min. Then, 90 µL of cell suspension of the strain CT32
(1 × 107 cfu ml−1) was inoculated on the surface of the culture medium in sample vials. The vials were
capped with polytetrafluoroethylene (PTFE)/silicone septa and incubated for 4 d at 28 ◦C in the dark.
Three samples were prepared, and uninoculated vials containing only NA medium served as controls.

2.4.2. HS-SPME Procedure

An SPME fibre with 50/30 µm divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS)
coating (Supelco, Bellefonte, PA, USA) was conditioned following the manufacturer’s instructions.
The vials were positioned inside a water bath to equilibrate for 27 min at 74 ◦C, and then extraction
was carried out by exposing the SPME fibre to the headspace of the vial for 53 min. The trapped
compounds were desorbed for 4 min within the GC injector at 250 ◦C.

2.4.3. GC-MS Analysis

GC-MS analysis was performed on an Agilent 7890A GC coupled to a 5975C mass selective
detector (MSD) (Agilent, Santa Clara, CA, USA). Chromatographic separation was carried out on
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an HP-5MS capillary column (30 m × 0.25 mm ID, 0.25 µm film thickness). Helium flow rate was
1 mL min−1. Injector temperature was maintained at 250 ◦C, and the splitless mode was chosen for
injection. The oven programme was: initial 40 ◦C with a 2 min hold, ramped to 110 ◦C at 4 ◦C min−1,
ramped to 130 ◦C at 2 ◦C min−1 (held for 2 min), ramped to 150 ◦C at 2 ◦C min−1 (held for 2 min),
ramped to 200 ◦C at 3 ◦C min−1, ramped to 300 ◦C at 30 ◦C min−1 (held for 5 min). The total
run time was 68.5 min. MSD settings: electron impact mode at 70 eV, full scan acquisition mode,
scan range 33–500 m/z. Ion source temperature was 230 ◦C. Quadrupole temperature was 150 ◦C.
The retention index (RI) of each volatile compound was calculated using n-alkanes (C7-C40) as reference
compounds, as described by Bianchi et al. [24]. Identification of bacterial VOCs was accomplished
by comparing the obtained mass spectra with those stored in the National Institute of Standards and
Technology (NIST) Mass Spectral Library (version 11) as well as by comparing the determined RIs
with those reported in the literature. The relative amounts (RA) of the detected volatile compounds
were calculated by dividing the area data of each component by the summed total peak area of all
components. The analysis of NA medium was performed under the same conditions.

2.5. Effect of Synthetic VOCs on Mycelial Growth of V. dahliae and FOF

Pure standards of 26 commercially available VOCs produced by strain CT32 and identified by
GC-MS analysis were purchased from Sigma-Aldrich LLC (Saint Louis, USA), Aladdin Reagent Inc.
(Shanghai, China), and Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). These VOC standards were
tested to determine their effect against the mycelial growth of V. dahliae and FOF. A sterile filter paper
disc containing 100 µL of each pure compound was placed inside a Petri dish. For solid standards,
100 mg of each solid alcohol was dissolved with 100 µL methanol, 100 mg of each solid ketone was
dissolved with 100 µL acetone. The remaining solid standards were added directly to the filter paper.
The lid of the Petri dish was replaced by the PDA plate previously inoculated with a 5 mm diameter
mycelial plug of the target pathogen in the centre. The two plates were quickly sealed with Parafilm
and incubated at 28 ◦C in the dark. The inhibition rate was calculated according to the formula
previously described in Section 2.3. In the control plates, pure VOCs were substituted by an equivalent
amount of sterile distilled water. The experiment was performed in triplicate.

2.6. Identification of Strain CT32

Strain CT32 was subjected to Gram staining. The spore formation and cell morphology of strain CT32
were observed under a transmission electron microscope as well as a light microscope. Then, 16S rRNA
gene sequencing was conducted to assess the phylogenetic relationship of the unidentified bacterium
to other related taxa. Genomic DNA was extracted using an Ezup Column Bacteria Genomic DNA
Purification Kit (Sangon Biotech, Shanghai, China). Amplification was performed using the primer
pair 27F (5′-AGTTTGATCMTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′) under the
conditions described by Zhang et al. [21]. The purified PCR product was sequenced by Sangon Biotech
Co., Ltd. The 16S rRNA gene sequences of unknown bacterium and of closely related type strains were
aligned using Clustal X (version 2.0). The phylogenetic tree was built using MEGA (version 6.0) via the
neighbor-joining method.

2.7. Statistical Analysis

Statistical analyses of inhibition rates were performed using SPSS 21.0 software. Data were calculated
and subjected to one-way ANOVA.

3. Results

3.1. Screening for Bacteria with Volatile-Mediated Antagonistic Activity

In total, 73 isolates of bacteria with distinct morphologies were isolated from maize straw compost
tea. Among these isolates, five bacterial strains produced volatiles able to significantly (p < 0.05) inhibit
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the mycelial growth of both V. dahliae and FOF (Table 1). One of these bacterial strains, designated
as CT32, was found to have the highest antagonistic activity. Upon exposure to VOCs emitted by
strain CT32, the mycelial growth of V. dahliae and FOF was reduced by 66.94% and 45.72%, respectively.
Therefore, strain CT32 was selected for further investigation.

Table 1. Inhibitory effect of volatile compounds produced by antagonistic bacteria on the mycelial
growth of V. dahliae and F. oxysporum f. sp. fragariae (FOF).

Bacterial Isolate
Colony Diameter of Control (mm) Colony Diameter of Treatment (mm) Inhibition Rate (%)

V. dahliae FOF V. dahliae FOF V. dahliae FOF

CT11 81.22 ± 0.70 87.47 ± 0.64 56.12 ± 0.89 54.18 ± 2.58 32.93 ± 1.17 d 1 40.36 ± 3.13 b
CT32 81.22 ± 0.70 87.47 ± 0.64 30.20 ± 1.57 49.77 ± 1.53 66.94 ± 2.06 a 45.72 ± 1.86 a
CT56 81.22 ± 0.70 87.47 ± 0.64 47.85 ± 0.60 68.55 ± 1.70 43.78 ± 0.79 b 22.94 ± 2.06 d
CT58 81.22 ± 0.70 87.47 ± 0.64 52.55 ± 2.19 65.37 ± 1.03 37.61 ± 2.87 c 26.80 ± 1.25 c
CT64 81.22 ± 0.70 87.47 ± 0.64 67.82 ± 1.26 79.38 ± 0.83 17.58 ± 1.65 e 9.80 ± 1.01 e

1 Data are the mean ± standard deviation. In the same column, data with different lowercase letters are significantly
different according to Duncan’s multiple range test (p < 0.05).

3.2. In Vitro Antifungal Activity of VOCs Produced by Strain CT32

The VOCs emitted by strain CT32 significantly (p < 0.05) inhibited the mycelial growth of
all tested pathogens, although with different inhibition extents (Figure 1). V. dahliae was the most
susceptible fungus to VOCs emitted by strain CT32, and its mycelial growth was inhibited by 66.67%.
In contrast, T. cucumeris showed the greatest resistance to bacterial volatiles. Additionally, the VOCs
produced by strain CT32 significantly reduced the mycelial growth of G. cingulata, B. cinerea, B. dothidea,
F. oxysporum f. sp. niveum, FOF and F. oxysporum f. sp. cucumerinum, with percentages of inhibition
ranging from 19.76% to 55.02%. The suppressive effect of the VOCs emitted by strain CT32 on the
in vitro growth of eight pathogenic fungi is presented in Figure 2.
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Figure 2. Effect of VOCs emitted by strain CT32 on the growth of 8 phytopathogenic fungi in vitro. In the
sealed plates test, fungi in the control groups were cultured on potato dextrose agar (PDA) medium.
The mycelial growth of fungi in the treatment groups was suppressed upon exposure to volatiles
emitted by strain CT32. (a) V. dahliae; (b) F. oxysporum f. sp. fragariae; (c) F. oxysporum f. sp. niveum;
(d) F. oxysporum f. sp. cucumerinum; (e) B. cinerea; (f) T. cucumeris; (g) G. cingulata; (h) B. dothidea.

3.3. HS-SPME-GC-MS Analysis of VOCs Produced by Strain CT32

The total ion chromatogram of VOCs emitted by strain CT32 is shown in Figure 3. A total
of 30 volatile compounds derived from strain CT32, i.e., eight alkanes, six ketones, five alcohols,
four aldehydes, two phenols, one alkene, one thiazole, one ester, one nitrogen compound and one
biphenyl, were identified by GC-MS (Table S1). Alkanes, ketones, alcohols, and aldehydes were found
to be the predominant VOCs emitted by strain CT32, which constituted 76.67% of the 30 detected
compounds. The relative amounts of aldehydes, alcohols, ketones, and alkanes were calculated to
account for 50.32%, 24.31%, 11.28% and 2.75% of the total volatile components, respectively. The most
abundant volatile compound was dodecanal (48.56%), followed by 1-dodecanol (10.27%), 2-undecanol
(8.46%), 2-undecanone (3.37%) and 2-dodecanol (3.24%).
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3.4. Antifungal Activity of Synthetic VOCs against V. dahliae and FOF

As shown in Table 2, 26 out of the 30 volatile compounds were commercially available and tested
for their antifungal activities against V. dahliae and FOF in vitro. Benzothiazole significantly (p < 0.05)
inhibited the mycelial growth of the two target pathogens. Furthermore, 2,4-dimethyl-6-tert-butylphenol
proved highly suppressive against both fungi, showing an inhibition rate greater than 90%. The inhibition
rates of dodecanenitrile were 51.10% against V. dahliae and 20.04% against FOF. All four aldehydes
negatively impacted both pathogens, but the strength of their impact varied. Although dodecanal
was the most abundant compound in the headspace of strain CT32, it exhibited significant but weak
inhibitory activity. Decanal and undecanal possessed high antifungal activity against V. dahliae and FOF,
but they were produced in low amounts. In general, FOF was more tolerant to alcohols than V. dahliae.
The antifungal activity of alcohols was negatively correlated with the number of carbon atoms in the
alcohols, and thus, 2-undecanol showed the highest inhibitory activity. Among the six ketones tested for
bioactivity against V. dahliae and FOF, 2-undecanone showed the highest level of inhibition under the
experimental conditions, followed by 3-undecanone and 2-dodecanone.
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Table 2. Inhibitory effect of 26 synthetic VOCs on the mycelial growth of V. dahliae and FOF.

Compound Colony Diameter of Control (mm) Colony Diameter of Treatment (mm) Inhibition Rate (%)

V. dahliae FOF V. dahliae FOF V. dahliae FOF

Undecane 83.05 ± 0.83 87.75 ± 0.25 88.00 ± 0.00 88.00 ± 0.00 –p 1 –o
Decanal 83.05 ± 0.83 87.75 ± 0.25 21.13 ± 1.21 35.03 ± 0.96 79.33 ± 1.54 d 2 63.71 ± 1.16 c

Benzothiazole 83.05 ± 0.83 87.75 ± 0.25 5.00 ± 0.00 5.00 ± 0.00 100.00 ± 0.00 a 100.00 ± 0.00 a
3-Undecanone 83.05 ± 0.83 87.75 ± 0.25 32.75 ± 1.75 42.85 ± 0.41 64.45 ± 2.24 f 54.26 ± 0.49 e
2-Undecanone 83.05 ± 0.83 87.75 ± 0.25 25.47 ± 2.87 40.62 ± 1.62 73.78 ± 3.67 e 56.96 ± 1.95 d
2-Undecanol 83.05 ± 0.83 87.75 ± 0.25 24.42 ± 1.23 41.83 ± 1.15 75.12 ± 1.58 e 55.49 ± 1.40 de
Undecanal 83.05 ± 0.83 87.75 ± 0.25 12.05 ± 0.91 49.25 ± 1.09 90.97 ± 1.17 c 46.53 ± 1.32 f

2-Dodecanone 83.05 ± 0.83 87.75 ± 0.25 54.47 ± 1.50 55.35 ± 2.93 36.62 ± 1.92 h 39.15 ± 3.54 g
2-Dodecanol 83.05 ± 0.83 87.75 ± 0.25 43.75 ± 2.41 64.22 ± 1.55 50.35 ± 3.09 g 28.44 ± 1.87 h

2,4-Dimethyl-6-tert-butylphenol 83.05 ± 0.83 87.75 ± 0.25 8.45 ± 0.43 12.33 ± 0.38 95.58 ± 0.55 b 91.14 ± 0.46 b
Tetradecane 83.05 ± 0.83 87.75 ± 0.25 86.75 ± 0.87 88.00 ± 0.00 –nop –o
Dodecanal 83.05 ± 0.83 87.75 ± 0.25 61.75 ± 1.24 80.58 ± 1.28 27.29 ± 1.59 i 8.66 ± 1.55 j

1-Dodecanol 4 83.05 ± 0.83 87.75 ± 0.25 59.55 ± 1.50 71.25 ± 1.91 30.11 ± 1.93 i 19.94 ± 2.31 i
Dodecanenitrile 83.05 ± 0.83 87.75 ± 0.25 43.17 ± 2.36 71.17 ± 1.61 51.10 ± 3.03 g 20.04 ± 1.94 i
2-Tridecanone 3 83.05 ± 0.83 87.75 ± 0.25 82.52 ± 0.23 84.13 ± 1.04 0.68 ± 0.29 m 4.37 ± 1.26 kl

Pentadecane 83.05 ± 0.83 87.75 ± 0.25 86.92 ± 1.01 88.00 ± 0.00 –op –o
2-Tridecanol 4 83.05 ± 0.83 87.75 ± 0.25 67.47 ± 1.73 84.33 ± 0.38 19.97 ± 2.22 j 4.13 ± 0.46 klm

Butylated Hydroxytoluene 83.05 ± 0.83 87.75 ± 0.25 76.13 ± 0.81 85.40 ± 0.26 8.86 ± 1.04 l 2.84 ± 0.31 lmn
2-Tetradecanone 3 83.05 ± 0.83 87.75 ± 0.25 84.42 ± 0.88 88.00 ± 0.00 –mno –o
2-Tetradecanol 4 83.05 ± 0.83 87.75 ± 0.25 71.77 ± 1.67 85.95 ± 0.51 14.46 ± 2.13 k 2.18 ± 0.61 lmn

Hexadecane 83.05 ± 0.83 87.75 ± 0.25 86.37 ± 0.64 88.00 ± 0.00 –nop –o
Tetradecanal 83.05 ± 0.83 87.75 ± 0.25 75.28 ± 1.34 82.50 ± 1.32 9.95 ± 1.71 l 6.34 ± 1.60 k

2,2’,5,5’-Tetramethyl-1,1’-biphenyl 83.05 ± 0.83 87.75 ± 0.25 83.30 ± 0.72 88.00 ± 0.00 –m –o
Heptadecane 83.05 ± 0.83 87.75 ± 0.25 84.72 ± 0.80 86.68 ± 0.70 –mno 1.29 ± 0.85 no

2-Hexadecanone 3 83.05 ± 0.83 87.75 ± 0.25 84.58 ± 1.01 86.18 ± 0.28 –mno 1.89 ± 0.34 mno
Octadecane 83.05 ± 0.83 87.75 ± 0.25 84.33 ± 1.26 85.88 ± 0.81 –mn 2.26 ± 0.98 lmn

1 “–” indicates no antifungal activity. 2 Data are the mean ± standard deviation (n = 3). In the same column, data with different lowercase letters are significantly different according to
Duncan’s multiple range test (p < 0.05). 3 Compound was dissolved with acetone. 4 Compound was dissolved with methanol.
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3.5. Identification of Antagonistic Bacterium CT32

The cells of strain CT32 are Gram-positive rods, (0.5–0.7) × (1.5–4.2) µm, occurring singly and
occasionally in pairs. Endospores are ellipsoidal and lie in subterminal positions in non-swollen
sporangia (Figure 4). The 16S rRNA gene sequence of strain CT32 (GenBank accession number
MT509863) comprised 1381 nucleotides. A BLAST search of GenBank revealed that the unidentified
bacterium was a member of the genus Bacillus. A neighbor-joining tree depicting the phylogenetic
affinity of the unidentified strain CT32 is shown in Figure 5. Tree analysis showed that strain CT32
was most closely related to B. velezensis CBMB205T. Pairwise comparison revealed approximately
99% sequence similarity between bacterial strain CT32 and the CBMB205T and FZB42T type strains of
B. velezensis. Thus, strain CT32 was identified as B. velezensis.
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4. Discussion

Vascular wilts are devastating plant diseases that cause major economic losses in strawberry
production globally. The present work aims to address this issue by isolating potential bacterial
antagonists that can be integrated into disease management strategies. In this study, 73 strains of
bacteria were isolated from maize straw compost tea and screened for their ability to produce VOCs
with antifungal activity against V. dahliae and FOF. One of the most effective isolates, designated as
CT32, was identified as B. velezensis. Members of the species B. velezensis are well known for their
ability to promote plant growth and to synthesize of a diverse array of secondary metabolites, such as
bacillomycin D, plantazolicin and amylocyclicin, that can inhibit the growth of plant pathogens [25–28].
Our results provide evidence that VOC production can play an essential role in the biocontrol activity
of B. velezensis CT32 against vascular wilt pathogens.

A broad-spectrum antifungal effect was exhibited by VOCs emitted by strain CT32, even though
the inhibition rate was low for some pathogenic fungi. The experimental data revealed that the extent
of inhibition varied greatly depending on the fungal species. This is consistent with the results obtained
by Che et al. [29], who reported that the volatiles from Lysinibacillus sp. FJAT-4748 did not affect the
growth of all pathogenic fungi to the same extent. The observed differences in fungal susceptibilities to
bacterial VOCs may be explained by differences in the action site or in the ability of fungal pathogens to
detoxify the volatiles [30]. In addition, considering that different isolates of each pathogen type vary in
terms of their physiological properties and pathogenicity, the inhibitory effect on one pathogen isolate
observed in our study may not represent the responses of all isolates of the species to bacterial volatiles.
Notably, the VOCs produced by strain CT32 were particularly active in inhibiting the mycelial growth
of V. dahliae and F. oxysporum. Similarly, previous studies have reported the in vitro growth inhibition
of tomato vascular wilt pathogens by VOCs released from Bacillus spp.; however, they did not identify
the bioactive compounds responsible for the inhibition [31,32].

To identify the volatile compounds composing the natural emissions of strain CT32,
HS-SPME-GC-MS was employed. In comparison with other sampling techniques, HS-SPME allows the
volatile metabolites in the headspace of the bacterial cultures to be preconcentrated prior to analysis
by GC-MS [33]. In fact, HS-SPME-GC-MS has been used for profiling VOCs from various microbial
samples without contaminating the culture or causing damage to living cells [34–36]. The results of
this study show that the volatile blend produced by strain CT32 comprised 30 individual compounds.
To the best of our knowledge, six of the 30 identified volatiles have not previously been reported to
be produced by bacteria or fungi: (Z)-5-undecene, decyl formate, 2,4-dimethyl-6-tert-butylphenol,
dodecanenitrile, 2-methylpentadecane and 2,2’,5,5’-tetramethyl-1,1’-biphenyl. The predominant classes
of compounds detected in the headspace of strain CT32 were alkanes, ketones, alcohols, and aldehydes.
However, Dhouib et al. [31] reported that terpenes, alcohols, and alkanes were the major classes of
compounds released from the endophytic B. velezensis strain C2. This discrepancy may be explained
by the different methods applied to collect and detect VOCs. It needs to be recognized that bacterial
VOC profiles are greatly influenced by the sample preparation method as well as the extraction and
chromatographic procedures, such as the choice of culture media, duration of incubation, choice of
capillary column and selection of SPME fibres, all of which can lead to inconsistent results and hinder
the comparison between different studies.

To investigate the precise contribution of 26 commercially available compounds identified in
the headspace of strain CT32 to the previously observed volatile-mediated inhibition of mycelial
growth, we assessed their antifungal activity against V. dahliae and FOF. The majority of the
tested compounds showed low to moderate fungistatic effects, while benzothiazole exhibited
100% inhibition against the two tested pathogens. Benzothiazole is widely found in the volatiles
produced by Paenibacillus polymyxa, Bacillus spp., Ensifer adhaerens, Stenotrophomonas maltophilia,
Sporosarcina ginsengisoli and Arthrobacter nitroguajacolicus [37,38]. This sulphur-containing heterocyclic
compound has been shown to display a wide range of pharmacological and biological properties,
such as antifungal, anticancer, antidiabetic and antimicrobial activities [39]. A previous study based on
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transcriptomic and proteomic analyses has suggested that benzothiazole has antimicrobial activity
against Phytophthora capsici by suppressing detoxification and stress responses as well as by inducing
apoptosis [40]. In the present study, 2,4-dimethyl-6-tert-butylphenol showed excellent growth inhibition
towards all of the fungi tested in vitro (reaching > 90% inhibition), and thus this phenolic antioxidant
can be considered a potential inhibitor of phytopathogenic fungi. Dodecanenitrile is an important
fragrance ingredient widely used in consumer products such as detergents and cosmetics, but its
effect on fungal growth has so far not been reported. In the present study, this nitrogen-containing
compound greatly hindered the mycelial growth of V. dahliae and FOF.

According to the mVOC 2.0 database, almost 70% of the recorded VOCs produced by Bacillus spp.
are fatty acid derivatives, for example, alkenes, alcohols, ketones, and aldehydes, which make them
the most important group of volatile metabolites [41]. Alcohols have long been known to display
broad antimicrobial activity and are utilized as preservatives or disinfectants [42]. All five alcohols
assayed in this study showed antifungal activity against both pathogens. In addition, we found that
the antifungal activity of alcohols was negatively correlated with the number of carbon atoms in the
alcohols, and thus, 2-undecanol showed the highest level of inhibition. As proposed by Yuan et al. [43],
the antifungal activities of ketones towards F. oxysporum f. sp. cubense decreased in the following
order: 2-undecanone > 2-dodecanone > 2-tridecanone. In this work, when individual compounds
were tested on V. dahliae and FOF, this order was also observed. In addition, 3-undecanone was proven
to be effective against the two target pathogens. The antimicrobial properties of aldehydes have been
demonstrated in previous studies, for example, the in vitro inhibition of Sclerotinia sclerotiorum by
decanal and nonanal [44] and the in vitro inhibition of P. infestans by undecanal and tridecanal [45].
Similarly, decanal and undecanal showed high antifungal activity against the mycelial growth of
V. dahliae and FOF, but they were produced in low amounts. In contrast, dodecanal was the most
abundant compound in the headspace of strain CT32, but it had a weak effect on the mycelial growth
of the two target pathogens. The results presented here indicate that the inhibition of V. dahliae and
FOF observed with the natural emissions of strain CT32 is probably not caused by one or a few of
these compounds but is most likely the result of synergistic or additive actions of various components
of the complex mixture.

However, our study was performed in vitro, which differs from that under natural conditions as most
of the volatiles evaporate easily under greenhouse and field conditions. Nevertheless, field applications
of bacterial VOCs have been reported recently, and some showed promising results. For example, drench
application of 2-butanone emitted from Bacillus spp. on cucumber seedlings consistently triggered
a higher resistance against bacterial pathogens, decreased the Myzus persicae population, as well as
increased the number of ladybird beetles, even under open-field conditions [46]. Further studies are
needed to develop appropriate application techniques and formulations for the effective usage of
bacterial VOCs.

5. Conclusions

The data obtained confirmed the antifungal activity of B. velezensis CT32 towards eight plant
pathogens and indicated the pivotal role of VOC production in antagonist–pathogen interactions.
GC-MS analysis of the bacterial volatile profile suggested the contribution of ketones, alcohols,
aldehydes, phenols, nitrogen compound and thiazole to the antifungal property of strain CT32
emissions, which was verified by in vitro assays where individual chemical compounds were tested
against the mycelial growth of V. dahliae and FOF. Among these compounds, benzothiazole and
2,4-dimethyl-6-tert-butylphenol showed the strongest antifungal activity. These findings will hopefully
provide lead compounds for the development of new antifungal agents. Although further studies are
required to evaluate the efficacy of the volatile-producing strain CT32 for the protection of strawberry
plants, it shows potential to be used as a biofumigant for the control of vascular wilt diseases.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/12/1674/s1,
Table S1: Volatile compounds identified in the headspace of strain CT32 by HS-SPME-GC-MS.
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