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A B S T R A C T

Streptomyces species have been recognized in agriculture both as biological control agents and as plant growth- 
promoting bacteria. In the present study, we aimed to investigate volatile organic compounds (VOCs) produced 
in wheat seed culture (WSC) of S. philanthi RM-1-138 (RM-1-138 VOCs) and its major component L-linalool 
against Sclerotium rolfsii and their effects on seed germination in chili pepper. Our in vitro sealed plate bioassay 
demonstrated that 30 g per air space of WSC of RM-1-138 and L-linalool at 20 μL per air space effectively killed 
S. rolfsii mycelia and sclerotia. In vitro bioprotection assays using chili pepper as a model revealed that RM-1-138 
VOCs (30 g per air space) and L-linalool (40 μL per air space) achieved 100 % survival of chili pepper seedlings 
infected by S. rolfsii, a significantly higher survival rate compared to the pot bioassay experiments, which ach-
ieved only 60 % and 55 % survival, respectively. However, our seed germination experiments found that RM-1- 
138 VOCs and L-linalool were detrimental to chili pepper seed germination and growth. Specifically, seeds with 
radicles approximately 1 mm in size exposed to these VOCs exhibited a strong negative impact on stem length, 
root length, and fresh weight compared to the control. Microscopy images confirmed that both VOCs were highly 
toxic to cotyledon production, causing hypocotyls and radicles to turn dark brown and subsequently rot. While 
RM-1-138 VOCs and L-linalool demonstrate significant potential for controlling S. rolfsii growth, further studies 
are needed to explore strategies, such as combining these VOCs with plant growth-promoting bacteria or 
chemical elicitors, to mitigate their toxicity and enhance seed germination and root development in chili 
peppers.

1. Introduction

Sclerotium rolfsii Sacc. (Teleomorph: Athelia rolfsii) is one of the most 
devastating soil-borne phytopathogens, causing root and stem rot dis-
eases in economically important crops such as chili pepper (Capsicum 
annuum L.), sugar beet (Beta vulgaris L.), tomato (Solanum lycopersicum), 
peanut (Arachis hypogaea L.), snap bean (Phaseolus vulgaris L.), pumpkin 
(Cucurbita pepo L.), and cannabis (Cannabis sativa L.) [1–7]. These dis-
eases are prevalent globally, with S. rolfsii capable of infecting over 500 
species across 100 plant families worldwide [8]. S. rolfsii, a soil-borne 
fungus that predominantly causes root and stem rot in chili pepper, is 

a major concern [9]. Thriving at temperatures between 25 and 40 ◦C, it 
produces large quantities of sclerotia that can persist in the soil for years, 
making it a significant pathogen worldwide [10]. Recently, root and 
stem rot caused by S. rolfsii has become a significant threat to pepper 
production [11].

Controlling S. rolfsii is challenging due to its ability to attack plants 
from the soil, its wide host range, and its capacity to survive in the soil 
for extended periods. While chemical control methods sometimes yield 
good results, improper use of fungicides poses health and environmental 
risks, affects food safety, and can lead to fungal resistance [12–14]. 
Developing efficient and environmentally friendly antagonistic 
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microbes offers a promising alternative method for disease control.
Biological control using microorganisms has emerged as a promising 

alternative to disease management [15–19]. Streptomycetes are 
increasingly being recognized in agriculture both as biological control 
agents [20–22] and as plant growth-promoting bacteria (PGPB) [21,
23–25]. They exhibit significant antagonistic potential against a wide 
range of fungal pathogens [22,26]. Several species of Streptomyces have 
been employed to manage soilborne diseases. For instance, S. diastaticus 
subsp. ardesiacus controls Fusarium wilt and bacterial wilt in tomato 
plants caused by Fusarium oxysporum and Ralstonia solanacearum [22]. 
S. carpaticus EGY-S7 combats Fusarium wilt in tomatoes caused by 
F. oxysporum f. sp. lycopersici [27], while S. cellulosae addresses stem, 
root, and pod rot in peanuts caused by S. rolfsii [28]. Streptomyces sp. 
RP1A-12 manages stem rot in peanuts due to S. rolfsii [29], and Strep-
tomyces sp. H4 controls Fusarium wilt in bananas caused by F. oxysporum 
f. sp. cubense. Additionally, S. araujoniae S-03 targets Rhododendron root 
rot caused by Phytophthora cinnamomi [30], while S. mycarofaciens 
SS-2-243 and S. philanthi RL-1-178 address Sclerotium root and stem rot 
and Ralstonia wilt in chili peppers caused by S. rolfsii and 
R. solanacearum [31]. Streptomyces bacteria can effectively suppress 
various plant fungal and bacterial diseases through multiple mecha-
nisms. These mechanisms include the production of both volatile and 
non-volatile antibiotics [30,32–34], the secretion of cell wall-degrading 
enzymes [30], hyperparasitism of pathogenic organisms [35], the pro-
motion of plant growth [21,23–25,33], and the induction of systemic 
resistance in the host plant [36].

PGPB provides an eco-friendly alternative to reduce chemical usage 
while enhancing the productivity of economically important crops. The 
release of VOCs by PGPB has become a promising biotechnological 
approach to increase biomass accumulation in model plants [37]. 
Beneficial Streptomyces enhance plant growth by promoting the devel-
opment of robust root systems and improving the ability of host plants to 
acquire nutrients and water from the soil [38]. For example, VOCs from 

Streptomyces increase shoot fresh weight, shoot length, root fresh weight, 
root length, hypocotyl diameter, and chlorophyll content in Phaseolus 
vulgaris seedlings [39]. VOCs from Streptomyces sp. TOR3209 increase 
the fresh weight of tobacco seedlings [40]. VOCs from several Strepto-
myces isolates significantly enhanced plant shoots and root biomass in 
Arabidopsis thaliana seedlings [41]. Additionally, VOCs from Strepto-
myces PM5 have been shown to promote growth and modulate meta-
bolism in tomato plants [23]. However, the effects of VOCs from strain 
RM-1-138 on being as plant growth promoting bacteria have not yet 
been investigated.

Previous studies on S. philanthi RM-1-138 have demonstrated their 
ability to produce non-volatile substances that inhibit the growth of 
S. rolfsii and R. solanacearum, which cause Sclerotium root and stem rot 
and Ralstonia wilt in chili peppers, respectively [31]. Additionally, VOCs 
from S. philanthi RM-1-138 grown in WSC have been shown to inhibit the 
growth of Rhizoctonia solani and Colletotrichum gloeosporioides, respon-
sible for rice sheath blight and anthracnose, respectively [42,43]. A total 
of 36 VOCs have been identified in the volatiles of strain RM-1-138, 
including alcohols, alkenes, aromatic hydrocarbons, sulfides, ketones, 
esters, and alkanes, with L-linalool being the most abundant [42].

We hypothesize that the VOCs produced by S. philanthi RM-1-138 
will act as effective biocontrol agents against S. rolfsii, reducing its 
growth and pathogenicity. Additionally, these VOCs, including key 
components such as L-linalool, may influence chili pepper seed germi-
nation, either promoting or inhibiting seedling growth depending on 
concentration and exposure.

The study aims to provide updated information on the efficacy of 
VOCs produced by S. philanthi RM-1-138 and L-linalool, against S. rolfsii, 
as well as their impact on chili pepper seed germination. Specifically, the 
objectives are to: (i) evaluate the ability of these VOCs and L-linalool to 
inhibit the growth of S. rolfsii both in vitro and on chili pepper plants, as 
the antifungal effects of RM-1-138 VOCs on various plant pathogens are 
known, but their activity against S. rolfsii has not yet been explored; (ii) 

Fig. 1. Experimental setup for both in vitro and in vivo assays to evaluate the antifungal effects of emitted or synthetic L-linalool from S. philanthi RM-1-138 against 
root and stem rot caused by S. rolfsii and their effects on seed germination in chili pepper.
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assess the effects of these VOCs and L-linalool on chili pepper seed 
germination and seedling growth, recognizing that while Streptomyces 
species are often considered plant growth-promoting bacteria, it is 
crucial to determine whether the VOCs from RM-1-138 and L-linalool 
have beneficial or detrimental effects on chili pepper development.

2. Materials and methods

2.1. Sources of materials

2.1.1. Microorganisms and growth conditions
The strain RM-1-138 used in this research was previously isolated 

from the rhizosphere soil of chili pepper plants in southern Thailand 
[31]. It was cultivated on glucose yeast-malt extract agar (GYM; 
Himedia®, India) at 30 ◦C for 10 days. Spores were harvested from 
ten-day-old GYM cultures, suspended in 10 mL of water, and quantified 
using a hemocytometer. The inoculum was then prepared by diluting the 
spores in sterilized distilled water to achieve a concentration of 107 

spores mL− 1.
Sclerotium rolfsii was obtained from the Mycorrhiza and Myco-

technology Laboratory, Department of Microbiology, Faculty of Science, 
Khon Kaen University, Thailand. The fungal strain was cultivated on 
potato dextrose agar (PDA; Himedia®, India) and maintained at 30 ◦C 
for 3 days to obtain mycelium for use. Additionally, it was incubated for 
10 days to induce sclerotia production before being utilized in this study.

2.1.2. Pure commercial chemical volatile
Pure technical-grade L-linalool (Sigma-Aldrich, ≥95 % Kosher, FG) 

was used to investigate its antifungal effects. L-linalool is known for its 
antifungal activity. It is also a major component of strain RM-1-138, as 
identified through headspace solid-phase microextraction (HS-SPME) 
combined with gas chromatography-mass spectrometry (GC-MS) [42].

2.1.3. Chili pepper
The chili pepper cultivar ’Super Hot 2 F1’ (EAST-WEST SEED Co., 

Ltd.) was chosen for this study. The preparation of chili pepper seeds for 
experimental investigation followed the method described by Marzouk 
et al. [44]. Chili pepper seeds were disinfected with 2 % sodium hypo-
chlorite for 10 min and then rinsed five times with sterile distilled water. 
The disinfected seeds were incubated on sterile, moist filter paper at 
30 ◦C with a 16-h photoperiod for 5 days to promote germination. The 
seedlings underwent a second round of disinfection, involving a 3-min 
soak in 1 % sodium hypochlorite, followed by a 5-s rinse in 70 % 
ethanol, and then washed five times with sterile distilled water. The 
disinfected seedlings were aseptically divided into small fragments (0.1 
cm in length) consisting of cotyledons, stems, and roots for use in the 
experiment.

2.2. Preparation of VOCs from S. philanthi RM-1-138

A spore suspension of strain RM-1-138 (107 spores mL− 1) was inoc-
ulated onto autoclaved wheat seeds in 250 ml conical flasks at a rate of 5 
mL per 100 g of wheat seeds. The inoculated flasks were then incubated 
at 30 ◦C for 14 days before being used in this study [42]. Following this 
incubation period, the RM-1-138 VOC activity of the strain’s WSC was 
investigated.

2.3. Growth inhibition of S. rolfsii by RM-1-138 VOCs and L-linalool

2.3.1. Effect of RM-1-138 VOCs and L-linalool on mycelial growth of 
S. rolfsii

We investigated the effects of RM-1-138 VOCs and L-linalool on the 
mycelial growth of S. rolfsii using the sealed plate technique (Fig. 1), as 
described by Calvo et al. [45]. Each experiment involved placing three 
small Petri dishes (50 × 15 mm, D × H) inside larger Petri dishes (140 ×
20 mm, D × H). The smaller dishes were filled with 5 mL of PDA 

inoculated with a 0.5 cm diameter fungal plug taken from the periphery 
of an actively growing S. rolfsii culture. The larger Petri dishes contained 
varying concentrations (0–50 g per airspace) of wheat seed culture of 
strain RM-1-138 or L-linalool concentrations (0–100 μL per airspace). 
Control treatments included equivalent amounts of autoclaved wheat 
seeds or sterilized distilled water. After sealing with parafilm to facilitate 
gas exchange while preventing direct contact, we monitored mycelial 
growth until it reached the edge of the control plate. The hyphal 
diameter was measured, and we calculated the percentage of hyphal 
growth inhibition using the formula: Percentage inhibition (%) = [(Dc 
× Dt)/Dc] × 100, where Dc represents the hyphal growth of the fungus 
on the control plate and Dt represents the mycelial growth on the test 
plate. Each treatment was conducted in triplicate and replicated twice.

2.3.2. Effect of RM-1-138 VOCs and L-linalool on sclerotia germination of 
S. rolfsii

We investigated the impact of RM-1-138 VOCs and L-linalool on 
sclerotia germination of S. rolfsii using the sealed plate technique, as 
described by Calvo et al. [45], following procedures similar to those in 
section 2.3.1. However, we utilized sclerotia production in S. rolfsii. 
Each experiment involved placing three small Petri dishes (50 × 15 mm, 
D × H) inside larger Petri dishes (140 × 20 mm, D × H). The smaller 
dishes were filled with 5 mL of PDA inoculated with sclerotia of S. rolfsii 
(10 sclerotia per plate). The larger Petri dishes contained varying con-
centrations (0–50 g per airspace) of WSC of strain RM-1-138 or 
L-linalool concentrations (0–100 μL per airspace). Control treatments 
included equivalent amounts of autoclaved wheat seeds or sterilized 
distilled water. After sealing with parafilm to allow gas exchange while 
preventing direct contact, we assessed sclerotia germination after 5 days 
of incubation. Toxicity of sclerotia germination was quantified as the 
percentage of sclerotia germinated. Each treatment was performed in 
triplicate, with each replicate consisting of 10 sclerotia, and the entire 
experiment was repeated twice.

To determine the efficacy of RM-1-138 VOCs and L-linalool in sup-
pressing or eradicating the tested phytopathogen, mycelial plugs or 
sclerotia from PDA agar plates showing complete growth inhibition 
(100 %) were transferred to fresh PDA agar plates and incubated at 30 ◦C 
for three days. Absence of growth indicated eradication of the pathogen 
by RM-1-138 VOCs or L-linalool.

2.4. Biological control potential of RM-1-138 VOCs and L-linalool 
against S. rolfsii in chili pepper both in vitro and in vivo assays

2.4.1. In vitro experiment assay
For in vitro bioprotection assays, two types of S. rolfsii inoculum were 

investigated: mycelial S. rolfsii and sclerotia S. rolfsii (Fig. 1).
For this experiment with mycelial inoculation of S. rolfsii, two- 

compartment Petri dishes (140 × 20 mm, D × H) were used to physi-
cally separate the seedlings and VOCs while allowing gas exchange be-
tween compartments, following a modified method based on Marzouk 
et al. [44]. In one compartment of the Petri dishes, 20 mL of 0.9 % agar 
plus 1 % glucose was poured. Ten disinfected, uniform 5-day-old 
germinated seedlings, prepared as previously described, were then 
placed on the agar medium and allowed to grow for 7 days. Then, two 
2-mm diameter fungal plugs from the periphery of an actively growing 
culture of S. rolfsii were placed around the chili seedlings (1 cm away) on 
the Petri dish plates. In the other compartment of the Petri dish, 
S. philanthi inoculum ranging from 0 to 50 g per airspace or L-linalool 
concentrations ranging from 0 to 100 μL per airspace were added. The 
dishes were sealed with parafilm to facilitate gas exchange while pre-
venting direct contact. Control treatments included equal amounts of 
autoclaved wheat seeds or sterilized distilled water. Each setup was then 
incubated at 30 ◦C under a 12-h light/12-h dark photoperiod, as 
described by Tahir et al. [46]. After 5 days of inoculation, the number of 
surviving seedlings was counted. The experiments included three rep-
licates per treatment, with each replicate consisting of 10 chili seedlings.
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For this experiment involving inoculation with sclerotia S. rolfsii, the 
design was similar to the inoculation with mycelial S. rolfsii. However, 
two sclerotia of S. rolfsii were deposited on the Petri dish plates around 
the chili seedlings (1 cm away). The incubation and observation of 
surviving seedlings were conducted as described earlier. The experi-
ments included three replicates per treatment, with each replicate 
consisting of 10 chili seedlings.

2.4.2. In pot experiment assay

2.4.2.1. Preparation of S. rolfsii inoculum. A 5 mm diameter mycelial 
plug was taken from a 3-day-old S. rolfsii colony grown on a PDA me-
dium. It was then inoculated into flasks containing autoclaved wheat 
seeds at a rate of 1 an agar mycelial plug per 100 g of wheat seeds. The 
flasks were then incubated at 30 ◦C for an additional 7 days to cultivate 
the inoculum with wheat seeds.

2.4.2.2. Effect of RM-1-138 VOCs and L-linalool on Sclerotium root and 
stem rot in chili pepper seedlings. The effectiveness of VOCs from different 
inoculum sizes of RM-1-138 and L-linalool in controlling root and stem 
rot during the growth stage was assessed in tissue culture jars. We fol-
lowed a method based on Tahir et al. [46] with modifications. In sum-
mary, WSC of strain RM-1-138, ranging from 0 to 50 g per airspace, or 
L-linalool concentrations ranging from 0 to 100 μL per air space, were 
placed in the treatment tissue culture jars (10 × 20 cm, D × H). After 10 
days of growth, chili pepper seedlings were selected and transplanted 
into plastic pots (6 × 3 cm, D × H) containing autoclaved soil (a mixture 
of sand, clay, and organic matter). They were allowed to grow for an 
additional 10 days at a density of 4 chili seedlings per pot. Wheat seeds 
harboring S. rolfsii were inoculated in the center of each pot, positioned 
2 cm away from the base of each pepper seedling (modified method from 
Qiu et al. [47]). These pots were then enclosed inside glass jars and 
sealed with parafilm to prevent the escape of strain RM-1-138 VOCs or 
L-linalool. Additionally, ten small holes (2 mm) were made at the bot-
tom of each pot to expose the seedlings to the VOCs. Control treatments 
included equal amounts of autoclaved millet grain or sterilized distilled 
water. The jars containing the pots were placed under greenhouse 
conditions, and the number of surviving chili peppers was counted after 
5 days of inoculation. Each treatment was replicated three times, with 5 
pots per replicate (each pot containing 4 chili seedlings).

2.5. Determination of the effect of RM-1-138 VOCs and L-linalool on chili 
pepper seed germination and plant growth

To evaluate the effects of RM-1-138 VOCs and L-linalool, on chili 
pepper seed germination and plant growth, two distinct experimental 
systems were designed (Fig. 1).

2.5.1. Effect on chili seed germination
The effects of strain RM-1-138 VOCs and L-linalool on chili seed 

germination and growth parameters were investigated using two- 
compartment Petri dishes (140 × 20 mm, D × H), following the sealed 
plate technique described by Calvo et al. [45]. In one compartment of 
the Petri dish, 20 mL of 0.9 % agar was deposited [44]. Fifteen dis-
infected chili pepper seeds, prepared as previously described, were then 
placed on an agar medium. Next, S. philanthi inoculum, ranging from 
0 to 50 g culture per air space, or L-linalool, at concentrations ranging 
from 0 to 100 μL per air space, was added to the other compartment of 
the Petri dish. The dishes were sealed with parafilm to allow gas ex-
change while preventing direct contact. Control treatments included 
equal amounts of autoclaved wheat seeds or sterilized distilled water. 
Each setup was incubated at 30 ◦C under a 12-h light/12-h dark 
photoperiod as described by Tahir et al. [46]. After 7 days, the per-
centage of germinated seeds, root and shoot lengths, and fresh weight 
were measured. The experiments included three replicates per treat-
ment, with each replicate consisting of 15 chili seeds.

To determine the viability of chili pepper seeds after exposure to RM- 
1-138 VOCs or L-linalool, seeds (100 % inhibition) were transferred to a 
fresh 0.9 % agar medium plate and incubated continuously at 30 ◦C for 
20 days. Complete inhibition of germination indicated seed death if no 
growth was observed.

2.5.2. Effect on chili pepper plant growth
To confirm the effect of RM-1-138 VOCs and L-linalool on chili 

pepper plant growth parameters, we investigated the growth stage of 
germinated chili pepper seeds. The bioassay utilized a modified method 
based on Marzouk et al. [44], employing two-compartment Petri dishes 
(140 × 20 mm, D × H) and the sealed plate technique described by Calvo 
et al. [41]. In one compartment of the Petri dish, 20 mL of 0.9 % agar 
was deposited [45]. Five disinfected chili pepper seeds, each with a 
radicle approximately 1 mm in size (5 days old) and prepared as pre-
viously described, were then placed on the agar medium. Next, the 
S. philanthi inoculum, ranging from 0 to 50 g culture per airspace, or 
L-linalool, at concentrations ranging from 0 to 100 μL per airspace, was 
added to the other compartment of the Petri dish. The dishes were sealed 

Table 1 
Effect of volatile organic compounds (VOCs) from S. philanthi RM-1-138 (RM-1-138 VOCs) and L-linalool on mycelial growth of S. rolfsii (3 days) and sclerotia pro-
duction (10 days) at 30 ◦C.

Treatment Concentration Mycelial growth (cm) Inhibition (%) No. of sclerotia/plates Viability a

In control In RM-1-138 VOCs or L-linalool

Wheat seed culture of RM-1-138 (g per air space) 0 g 5.0 ± 0.0 – – 137.42a ± 32.05 –
10 g 5.0 ± 0.0 4.13a ± 0.21 17.4c ± 1.56 67.57b ± 12.05 A
20 g 5.0 ± 0.0 3.30a ± 0.05 34.0b ± 2.34 11.75c ± 1.70 A
30 g 5.0 ± 0.0 0.0b ± 0.0 100a ± 0.0 0.0d ± 1.60 D
40 g 5.0 ± 0.0 0.0b ± 0.0 100a ± 0.0 0.0d ± 0.0 D
50 g 5.0 ± 0.0 0.0b ± 0.0 100a ± 0.0 0.0d ± 0.0 D

L-linalool (μL per air space) 0 μL 5.0 ± 0.0 – – 127.33a ± 23.01 –
20 μL 5.0 ± 0.0 0.0 ± 0.0 100 ± 0.0 0.0b ± 0.0 D
40 μL 5.0 ± 0.0 0.0 ± 0.0 100 ± 0.0 0.0b ± 0.0 D
60 μL 5.0 ± 0.0 0.0 ± 0.0 100 ± 0.0 0.0b ± 0.0 D
80 μL 5.0 ± 0.0 0.0 ± 0.0 100 ± 0.0 0.0b ± 0.0 D
100 μL 5.0 ± 0.0 0.0 ± 0.0 100 ± 0.0 0.0b ± 0.0 D

Note: The presented data represent the mean of three replicates ± standard deviation (SD). Values within the same row that share the same letter are not significantly 
different, as determined by ANOVA followed by Tukey’s HSD test at a significance level of p > 0.05.

a The viability of mycelial growth of S. rolfsii was determined 5 days after exposure to VOCs from S. philanthi RM-1-138 or L-linalool, followed by their transfer to a 
fresh PDA medium plate. The treatment with only 100 % VOC inhibited mycelial growth of S. rolfsii completely. A = alive, D = dead.
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with parafilm to allow gas exchange while preventing direct contact. 
Control treatments included equal amounts of autoclaved wheat seeds or 
sterilized distilled water. Each setup was incubated at 30 ◦C under a 12-h 
light/12-h dark photoperiod as described by Tahir et al. [46]. After 7 
days, the root and shoot lengths, and fresh weight were measured. The 
experiments included three replicates per treatment, with each replicate 
consisting of five germinated seedlings, and the entire experiment was 
replicated twice.

The morphological effects of RM-1-138 VOCs and L-linalool on chili 
pepper growth were observed using a Leica microscope at the Office of 
Scientific Instrument and Testing, Prince of Songkla University.

2.6. Statistical analysis

The data were analyzed using a one-way analysis of variance 
(ANOVA), followed by Tukey’s Honestly Significant Difference (HSD) 
test to determine statistically significant differences between treated 
samples and the untreated control, with a significance threshold set at p 
< 0.05.

3. Results

3.1. Effect of VOCs from S. philanthi RM-1-138 and L-linalool on 
mycelial growth and sclerotia germination of S. rolfsii

The effects of RM-1-138 VOCs and L-linalool on the mycelial growth 
of S. rolfsii and sclerotia production are detailed in Table 1. Increasing 
the inoculum of WSC of RM-1-138 significantly (p < 0.05) affected 
mycelial growth and sclerotia production of S. rolfsii. In the control, 
S. rolfsii grew to 5.0 cm and produced 137.42 sclerotia per plate, 
showing significantly higher growth and sclerotia production compared 
to the treatments with VOCs in WSC of RM-1-138. However, exposure to 
RM-1-138 VOCs in WSC at concentrations of 10–50 g per air space 
reduced S. rolfsii growth from 5.0 cm to 0.0 cm, with inhibition rates 
ranging from 17.4 % to 100 %. Sclerotia production was also signifi-
cantly reduced from 137.42 to 0.0 sclerotia per plate. Notably, at 30 g 
per air space, growth was completely (100 %) inhibited. However, the 

inhibition at 40 and 50 g per air space was not significantly different (p 
> 0.05) from the control. To further assess the fungicidal effects of RM- 
1-138 VOCs, mycelium showing complete (100 %) inhibition on PDA 
agar plates was transferred to fresh PDA plates after reaching 0.5 cm of 
growth. These experiments confirmed that RM-1-138 VOCs at 30–50 g 
per air space effectively killed S. rolfsii.

The effects of L-linalool VOCs on the mycelial growth of S. rolfsii and 
sclerotia production are presented in Table 1. In the control, S. rolfsii 
grew to 5.0 cm and produced 127.33 sclerotia per plate, showing 
significantly higher growth and sclerotia production compared to 
treatments with L-linalool VOCs. Treatment with L-linalool at concen-
trations ranging from 20 to 100 μL per air space resulted in complete 
(100 %) inhibition of S. rolfsii growth, with no significant (p > 0.05) 
difference observed between the concentrations. Furthermore, all tested 
concentrations of L-linalool were able to kill S. rolfsii, indicating its 
fungicidal effect. Based on these results, we conclude that L-linalool in 
RM-1-138 VOCs is likely the main factor responsible for inhibiting the 
growth of S. rolfsii.

Table 2 presents the effect of RM-1-138 VOCs and L-linalool on the 
germination of S. rolfsii sclerotia. In the control treatment, S. rolfsii 
sclerotia exhibited 100 % germination on PDA medium, which was 
higher than the germination observed when exposed to RM-1-138 VOCs 
and L-linalool. Significant inhibition (p < 0.05) of sclerotia germination 
was observed when exposed to the trapped atmosphere of RM-1-138 
VOCs at concentrations ranging from 10 to 50 g per air space of wheat 
seed culture. At 20 g per air space, sclerotia germination was completely 
inhibited and killed, which was a lower concentration than the 30 g per 
air space required to inhibit mycelial growth. L-linalool at all tested 
concentrations (20–100 μL per air space) completely (100 %) inhibited 
and killed S. rolfsii.

3.2. Biological control potential of RM-1-138 VOCs and L-linalool 
against S. rolfsii in chili peppers both in vitro and in vivo assays

3.2.1. In vitro experiment assay
An in vitro sealed plate bioassay was conducted to evaluate the sur-

vival percentage of chili pepper seedlings after inoculation with S. rolfsii 
mycelia or sclerotia and exposure to VOCs from strain RM-1-138 and L- 
linalool. The results, summarized in Table 3, demonstrate significant 
inhibition (p < 0.05) of S. rolfsii in chili pepper seedlings by VOCs from 
strain RM-1-138 and L-linalool compared to the control, which showed 
0 % survival. The highest survival rate (100 %) was observed when 

Table 2 
Effect of volatile organic compounds (VOCs) from S. philanthi RM-1-138 and L- 
linalool on sclerotia germination of S. rolfsii after 5 days at 30 ◦C.

Treatment Concentration No. sclerotia germination (% 
germination)

Viability 
a

Untreated 
with RM-1- 
178 VOCs or L- 
linalool

Treated with RM- 
1-178 VOCs or L- 
linalool

Wheat seed 
culture of 
RM-1-138 
(g per air 
space)

0 g 10 ± 0 (100) – ND
10 g 10 ± 0 (100) 7.0 ± 0.20a (70) ND
20 g 10 ± 0 (100) 0b (0) D
30 g 10 ± 0 (100) 0b (0) D
40 g 10 ± 0 (100) 0b (0) D
50 g 10 ± 0 (100) 0b (0) D

L-linalool 
(μL per air 
space)

0 μL 10 ± 0 (100) – ND
20 μL 10 ± 0 (100) 0 (0) D
40 μL 10 ± 0 (100) 0 (0) D
60 μL 10 ± 0 (100) 0 (0) D
80 μL 10 ± 0 (100) 0 (0) D
100 μL 10 ± 0 (100) 0 (0) D

Note: The presented data represent the mean of three replicates ± standard 
deviation (SD) (n = 30). Values within the same row that share the same letter 
are not significantly different, as determined by ANOVA followed by Tukey’s 
HSD test at a significance level of p > 0.05.

a The viability of sclerotia of S. rolfsii was determined 5 days after exposure to 
VOCs from S. philanthi RM-1-138 or L-linalool, followed by their transfer to a 
fresh PDA medium plate. The treatment with only 100 % VOC inhibited sclerotia 
of S. rolfsii completely. D = dead, ND = not detected.

Table 3 
In vitro sealed plate bioassay presenting the survival percentage of chili pepper 
seedlings after inoculation with S. rolfsii mycelia or sclerotia and exposure to 
volatile organic compounds from S. philanthi RM-1-138 and L-linalool at 30 ◦C 
for 5 days.

Treatment Concentration Percent Survival

Inoculated with 
mycelia of S. rolfsii

Inoculated with 
sclerotia of S. rolfsii

Wheat seed culture 
of RM-1-138 (g 
per air space)

0 g 0.0d ± 0.0 0.0d ± 0.0
10 g 50.00c ± 3.87 43.33c ± 5.77
20 g 83.33b ± 5.77 86.67b ± 7.56
30 g 100a ± 0.0 100a ± 0.0
40 g 100a ± 0.0 100a ± 0.0
50 g 100a ± 0.0 100a ± 0.0

L-linalool (μL per 
air space)

0 μL 0.0c ± 0.0 0.0c ± 0.0
20 μL 86.67b ± 2.78 83.33b ± 5.32
40 μL 100a ± 0.0 100a ± 0.0
60 μL 100a ± 0.0 100a ± 0.0
80 μL 100a ± 0.0 100a ± 0.0
100 μL 100a ± 0.0 100a ± 0.0

Note: The presented data represent the mean of three replicates ± standard 
deviation (SD) (n = 30). Values within the same row that share the same letter 
are not significantly different, as determined by ANOVA followed by Tukey’s 
HSD test at a significance level of p > 0.05.
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Fig. 2. In vivo plastic pots bioassay showing the survival percentage of chili pepper seedlings after inoculation with S. rolfsii and exposure to volatile organic 
compounds from S. philanthi RM-1-138 (A) and L-linalool (B) at 30 ◦C for 5 days. (C) shows disease symptoms in the control (a), with the application of 50 g per air 
space of wheat seed culture of RM-1-138 (b), and with the application of 100 μL per air space of L-linalool (c). The data represent the mean of three replicates, with 5 
pots per replicate (each pot containing 4 chili seedlings) ± standard deviation (SD) (n = 60). Values with the same letter do not differ significantly (p > 0.05) 
according to Tukey’s multiple range test. 
Note: Chili pepper seedlings were grown for 20 days before being tested in the experiment.
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seedlings were fumigated with 30 g per airspace of WSC of strain RM-1- 
138. Similarly, L-linalool provided effective control, achieving 100 % 
survival at 40 μL per airspace after inoculation with S. rolfsii mycelia or 
sclerotia.

3.2.2. In pot experiment assay
The biocontrol efficacy of VOCs from strain RM-1-138 and L-linalool 

against S. rolfsii in chili pepper seedlings was assessed using a plastic 
pots bioassay. After five days, chili pepper seedlings inoculated with 
S. rolfsii without the application of RM-1-138 VOCs or L-linalool showed 
0 % survival (Fig. 2A–a). In contrast, seedlings treated with RM-1-138 
VOCs (Fig. 2A, b) and L-linalool (Fig. 2B and c) demonstrated signifi-
cantly (p < 0.05) higher survival rates compared to the control. The 
highest survival rate (60.0 %) was observed when seedlings were 
fumigated with 50 g of WSC of strain RM-1-138 (Fig. 2A). Similarly, L- 
linalool provided effective control, achieving 55 % survival at a con-
centration of 100 μL per airspace after inoculation with S. rolfsii 
(Fig. 2B). The biocontrol ability of RM-1-138 VOCs or L-linalool on 
Sclerotium root and stem rot symptoms was confirmed in the plastic pots 
bioassay, as illustrated in Fig. 2C.

3.3. Determination of the effect of RM-1-138 VOCs and L-linalool on chili 
pepper seed germination and plant growth

Chili pepper seeds were fumigated with varying concentrations of 
RM-1-138 WSC (10–50 g per airspace, Fig. 3A) and L-linalool (20–100 
μL per airspace, Fig. 3B) in an agar medium plate bioassay for seven 
days. The results on seed parameters (germination, stem length, root 
length, and fresh weight) of chili pepper seeds are summarized in 
Table 4 and Fig. 3. In the control treatment, chili pepper seeds exhibited 
100 % germination, a stem length of 20.11 mm, a root length of 42.67 
mm, and a fresh weight of 22.22 mg per seedling. Fumigation with WSC 
of strain RM-1-138 significantly affected (p < 0.05) chili pepper seed 
parameters (Fig. 3A). At 10 g per airspace of WSC of RM-1-138, seed 
germination reduced to 17.78 %, and stem length decreased to 3.22 mm 
compared to the control (Table 4). Increasing the concentration of WSC 
of strain RM-1-138 to 20 g per airspace completely inhibited (100 %) 
chili pepper seed germination (Fig. 3A–c-f). The viability of chili pepper 
seeds was assessed 20 days after exposure to RM-1-138 VOCs. Trans-
ferring the seeds to a fresh agar medium plate revealed that RM-1-138 
VOCs at concentrations up to 20 g per airspace could kill the chili 

Fig. 3. Effect of volatile organic compounds (VOCs) produced in different wheat seed cultures (0–50 g per air space) by (A) S. philanthi RM-1-138 on chili pepper seed 
germination (a–f) and chili seed death (g–j), and (B) L-linalool (0–100 μL per air space) on chili pepper seed germination (a–f) and chili seed death (g–k) after 
incubation at 30 ◦C. 
Note: Seed germination was determined after 7 days. Seed death was determined 20 days after exposure to VOCs from S. philanthi RM-1-138 or L-linalool, followed by 
their transfer to a fresh 0.9 % agar medium plate.
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pepper seeds, as shown in Fig. 3A–g-j. Table 4 and Fig. 3B present the 
effect of L-linalool on chili pepper seed parameters. The results were 
similar to those observed with RM-1-138 VOCs. At the lowest concen-
tration of 20 μL per airspace of L-linalool, chili pepper seeds were killed 
(Fig. 3B–g-k).

The impact of RM-1-138 VOCs (Fig. 4A) and L-linalool (Fig. 4B), on 
the growth of chili pepper seeds with approximately 1 mm radicles 
before treatment was investigated. The results, summarized in Table 5
and Fig. 4, indicate a significant effect (p < 0.05) on chili pepper growth 
development when treated with RM-1-138 VOCs or L-linalool compared 
to the control treatment. In the RM-1-138 VOCs treatment at a con-
centration of 10 g per air space, the chili pepper seedlings exhibited 
reduced growth metrics: a stem length of 4.1 mm, a root length of 5.00 
mm, and a fresh weight of 4.82 mg per seedling. These values were 
significantly (p < 0.05) lower than those observed in the control group, 
which had a stem length of 16.80 mm, a root length of 32.00 mm, and a 
fresh weight of 15.08 mg per seedling (Table 5 and Fig. 4A–a). Notably, 
when the concentration of RM-1-138 reached at least 20 g per air space, 

it inhibited chili pepper growth development and caused seed rot 
(Fig. 4A, b-f). Table 5 and Fig. 4B details the effects of L-linalool on chili 
pepper growth. Similar to RM-1-138 VOCs, L-linalool at the lowest 
tested concentration of at least 20 μL per air space resulted in no 
development of the chili pepper seeds, which subsequently rotted 
(Fig. 4B–h-l).

Microscopy images showing the morphological effects on chili pep-
per growth in untreated samples (Fig. 5A–a, b) and those treated with 
RM-1-138 VOCs (Fig. 5B, c, d) and L-linalool (Fig. 5C–e, f) are presented 
in Fig. 5. In the control treatment, normal growth was observed with 
green cotyledons, green hypocotyls, and white radicles (Fig. 5A–a, b). 
After treatment with RM-1-138 VOCs (Fig. 5B, c) and L-linalool 
(Fig. 5C–e), chili pepper seeds failed to develop cotyledons. Addition-
ally, the hypocotyls and radicles darkened, turned brown, and eventu-
ally rotted (Fig. 5B–d; Fig. 5C–f). These findings indicate that RM-1-138 
VOCs and L-linalool are highly toxic to chili pepper seed germination 
and plant growth.

Table 4 
Effect of volatile organic compounds from S. philanthi RM-1-138 and L-linalool on seed germination, stem length, root length and fresh weight of chili pepper seeds 
after incubated 30 ◦C in for 7 days.

Treatment Concentration Parameters Viabilitya

Percentage of seed 
germination

Stem length 
(mm)

Root length 
(mm)

Fresh weight (mg 
seedling− 1)

Wheat seed culture of RM-1-138 (g per air 
space)

0 g 100a ± 0.0 20.11a ± 1.60 42.67a ± 4.06 22.22a ± 2.87 ND
10 g 17.78b ± 1.38 3.22b ± 0.60 0.0b ± 0.0 0.0b ± 0.0 ND
20 g 0.0c ± 0.0 0.0c ± 0.0 0.0b ± 0.0 0.0b ± 0.0 D
30 g 0.0c ± 0.0 0.0c ± 0.0 0.0b ± 0.0 0.0b ± 0.0 D
40 g 0.0c ± 0.0 0.0c ± 0.0 0.0b ± 0.0 0.0b ± 0.0 D
50 g 0.0c ± 0.0 0.0c ± 0.0 0.0b ± 0.0 0.0b ± 0.0 D

L-linalool (μL per air space) 0 μL 100a ± 0.0 18.22a ± 2.65 38.11a ± 5.54 18.89a ± 2.40 ND
20 μL 0.0b ± 0.0 0.0b ± 0.0 0.0b ± 0.0 0.0b ± 0.0 D
40 μL 0.0b ± 0.0 0.0b ± 0.0 0.0b ± 0.0 0.0b ± 0.0 D
60 μL 0.0b ± 0.0 0.0b ± 0.0 0.0b ± 0.0 0.0b ± 0.0 D
80 μL 0.0b ± 0.0 0.0b ± 0.0 0.0b ± 0.0 0.0b ± 0.0 D
100 μL 0.0b ± 0.0 0.0b ± 0.0 0.0b ± 0.0 0.0b ± 0.0 D

Note: The presented data represent the mean of three replicates ± standard deviation (SD) (n = 45). Values within the same row that share the same letter are not 
significantly different, as determined by ANOVA followed by Tukey’s HSD test at a significance level of p > 0.05.

a The viability of chili pepper seeds was determined 15 days after exposure to VOCs from S. philanthi RM-1-138 or L-linalool, followed by their transfer to a fresh 0.8 
% agar medium plate. The treatment with only 100 % VOC inhibited chili pepper seed germination completely. D = dead, ND = not detected.

Fig. 4. Effect of volatile organic compounds (VOCs) produced in different wheat seed cultures (0–50 g per air space) by (A) S. philanthi RM-1-138 (a–f), and (B) L- 
linalool (0–100 μL per air space) (g–l) on chili pepper growth in 0.9 % agar medium after 7 days of incubation at 30◦C 
Note: Chili seeds, which had radicles appearing and growing to about 1 mm in size, were used in the experiment.
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4. Discussion

Different VOCs from Streptomyces species have been profiled for their 
antifungal properties [32,34,48,49]. Specifically, S. philanthi RM-1-138, 

when cultivated in wheat seeds, has been reported to produce VOCs with 
strong antifungal effects against R. solani [42] and C. gloeosporioides 
[43]. The VOCs produced by S. philanthi RM-1-138, including L-linalool 
as the most abundant compound [42], have shown to protect chili 
pepper seedlings in both in vitro and pot experiments. However, they 
also appear to be toxic to seed germination and plant growth. This 
suggests that while these VOCs have potential protective effects, their 
use may need to be carefully managed due to their negative impact on 
plant development.

The antifungal effect of these VOCs seems to be indirect, as no direct 
contact between the bacteria and the pathogen is required. Our results 
indicate that the VOCs from RM-1-138, including L-linalool, inhibited 
the hyphal growth and sclerotia formation of S. rolfsii in a sealed plate 
assay. The inhibition was persistent, as growth did not resume even 
when the pathogen was transferred to fresh PDA agar plates. These 
findings suggest that the VOCs produced by RM-1-138 could be a po-
tential method for controlling S. rolfsii. The fungicidal activity of these 
VOCs is attributed to mechanisms such as cell wall disruption, alteration 
of membrane permeability, distortion of hyphae through vacuolization, 
and downregulation of ergosterol production genes, which collectively 
induce changes in fungal growth and pathogenicity [42,50–52]. This 
observation suggests that the VOCs from strain RM-1-138 exert a 
bacteriostatic effect, preventing the pathogen from recovering and 
resuming growth after initial inhibition. This evidence underscores the 
potent antifungal activity of the VOCs produced by strain RM-1-138, 
highlighting their potential as a biocontrol agent against S. rolfsii. The 
irreversible inhibition of both hyphal growth and sclerotia formation 
emphasizes the efficacy of these compounds in managing fungal path-
ogens and suggests promising applications for sustainable agricultural 
practices.

Similar findings have been reported by other researchers. Ayed et al. 

Table 5 
Effect of volatile organic compounds from Streptomyces philanthi RM-1-138 and 
L-linalool on chili pepper growth after incubated 30 ◦C in for 7 days.

Treatment Concentration Stem 
length 
(mm)

Root 
length 
(mm)

Fresh weight 
(mg 
seedling− 1)

Wheat seed culture 
of RM-1-138 (g 
per air space)

0 g 16.80a ±

0.84
32.00a ±

2.00
15.08a ± 3.79

10 g 4.1b ±

0.55
5.00b ±

0.00
4.82b ± 2.95

20 g RSc RSc RSc

30 g RSc RSc RSc

40 g RSc RSc RSc

50 g RSc RSc RSc

L-linalool (μL per 
air space)

0 μL 16.60a ±

1.67
29.60a ±

3.83
19.08a ± 1.12

20 μL RSb RSb RSb

40 μL RSb RSb RSb

60 μL RSb RSb RSb

80 μL RSb RSb RSb

100 μL RSb RSb RSb

Note: The presented data represent the mean of three replicates ± standard 
deviation (SD) (n = 15). Values within the same row that share the same letter 
are not significantly different, as determined by ANOVA followed by Tukey’s 
HSD test at a significance level of p > 0.05.
Chili seeds, which had radicles appearing and growing to about 1 mm in size, 
were used in the experiment.
RS = Rotten Seeding.

Fig. 5. Microscopy image showing the morphological effect on chili pepper after treatment with volatile organic compounds (VOCs) produced in wheat seed cultures 
by S. philanthi RM-1-138 and L-linalool after 7 days of incubation at 30 ◦C. (A) Untreated with RM-1-138 VOCs or L-linalool (a, b), (B) treated with RM-1-138 VOCs 
(c, d), and (C) treated with L-linalool (e, f).
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[53] demonstrated that the VOCs of S. lydicus significantly inhibited 
various plant pathogens, including S. rolfsii, Phoma medicaginis, Fusarium 
solani, F. oxysporum, and R. solani. Wu et al. [54] found that the VOCs 
produced by S. albulus NJZJSA2 inhibited the mycelial growth of Scle-
rotinia sclerotiorum and F. oxysporum, and completely inhibited the 
germination of S. sclerotiorum sclerotia and F. oxysporum conidia. Li et al. 
[55] reported that the VOCs produced in wheat seed culture by 
S. globisporus JK-1 suppressed the mycelial growth of various plant 
pathogens, especially B. cinerea and S. sclerotiorum. Additionally, Gong 
et al. [56] identified that 2-ethyl-5-methylpyrazine and dimethyl di-
sulfide produced by S. setonii WY228 significantly inhibited the mycelial 
growth and spore germination of Ceratocystis fimbriata. These studies 
collectively highlight the broad-spectrum antifungal properties of VOCs 
produced by various Streptomyces species, reinforcing the potential of 
these compounds in developing effective and eco-friendly biocontrol 
strategies against a wide range of plant pathogens.

The findings demonstrated a strong inhibitory effect of these VOCs 
on the growth of S. rolfsii in vitro, which warranted further investigation 
into their potential application for protecting chili pepper seedlings in 
both in vitro and in pot experiments models. The VOCs produced by strain 
RM-1-138 and L-linalool provided complete protection to chili pepper 
seedlings from S. rolfsii infection. This suggests that these compounds 
may inhibit the pathogen’s ability to establish an infection or affect its 
growth processes. Possible mechanisms could include direct antifungal 
activity, such as the inhibition of mycelial growth or sclerotia formation, 
as observed in previous assays. Additionally, these VOCs may trigger 
plant defense responses, increasing the seedlings’ resistance to S. rolfsii 
infection. However, further studies are needed to explore these potential 
mechanisms in more detail. In pot bioassays, VOCs from strain RM-1- 
138 (60 % survival) and L-linalool (55 % survival) reduced Sclerotium 
root and stem rot compared to the control, although the protection was 
lower than in the in vitro assay (100 % survival). This difference may be 
due to the natural evaporation of the substances in the pot experiments, 
unlike the sealed plate bioassay, which is a closed system where VOCs 
remain concentrated.

Although VOCs produced by strain RM-1-138 have been explored for 
their potential to control plant pathogens [42,43], their plant 
growth-promoting benefits on chili pepper have not been previously 
studied. In other plants, VOCs have shown promising PGPB effects. For 
instance, Marzouk et al. [44] reported that VOCs from B. subtilis TRC7 
increased hypocotyl length, radicle length, fresh weight, and vigor in 
tomato seedlings. Similarly, VOCs from Streptomyces enhanced shoot 
and root growth in Phaseolus vulgaris seedlings [39], increased fresh 
weight in tobacco seedlings [40], and promoted biomass in Arabidopsis 
thaliana seedlings [41]. Furthermore, VOCs from Streptomyces PM5 
improved growth and metabolism in tomato plants [23]. In contrast to 
these beneficial effects, our study found that VOCs produced by strain 
RM-1-138 and L-linalool were detrimental to chili pepper seed germi-
nation and growth. Our results showed that VOCs from RM-1-138 and 
L-linalool killed the chili pepper seeds. Specifically, chili pepper seeds 
with radicles approximately 1 mm in size exposed to these VOCs 
exhibited a strong negative impact on stem length, root length, and fresh 
weight compared to the control. Microscopy images showed that both 
VOCs inhibited cotyledon development, and the hypocotyls and radicles 
darkened and rotted. These observations suggest that while the VOCs 
affect S. rolfsii, they also impact seedling growth, highlighting the need 
to assess their effects on plant development. These findings align with 
previous studies showing that the culture broth of strain RM-1-138 
strongly inhibited chili pepper seed germination and seedling growth 
under laboratory conditions [31]. Our results show that both the culture 
broth [31] and VOCs produced by strain RM-1-138 have phytotoxic 
effects on chili pepper. This differs from the plant growth-promoting 
effects seen in other studies, suggesting that VOC activity may vary 
depending on the plant species and concentration used.

To address the issue of phytotoxicity, further research should focus 
on finding a concentration of VOCs that is effective in controlling 

pathogens but has less impact on plant growth. One possible approach 
could be to use lower concentrations of VOCs or combine them with 
other plant growth-promoting bacteria or chemical elicitors to reduce 
toxicity while maintaining their antibacterial effects. It would also be 
useful to explore different application methods, such as targeted or 
controlled release, to minimize plant exposure to higher concentrations 
of VOCs. These strategies could help ensure that the biocontrol benefits 
are achieved without compromising plant health. More studies are 
needed to better understand the mechanisms behind the observed 
toxicity and to assess whether these VOCs can be safely used in different 
crops or conditions.

5. Conclusion

Our study suggests that VOCs from RM-1-138 and L-linalool have 
potential for managing root and stem rot in chili peppers caused by 
S. rolfsii. These compounds inhibited S. rolfsii mycelial growth and 
sclerotia formation, and bioprotection assays demonstrated complete 
seedling survival under in vitro conditions. However, their effectiveness 
was lower in pot experiments, likely due to differences in VOC retention. 
Additionally, our findings indicate that RM-1-138 VOCs and L-linalool 
negatively affect chili pepper seed germination and growth, inhibiting 
cotyledon development and impairing stem and root formation. While 
these VOCs show significant potential for controlling S. rolfsii, further 
studies are needed to explore strategies—such as combining them with 
plant growth-promoting bacteria or chemical elicitors—to mitigate 
toxicity and enhance seed germination and root development in chili 
peppers.
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M.Á. Salas-Marina, C. Rios-Velasco, Streptomyces strains inhibit the growth of 
Fusarium kuroshium and Fusarium solani and promote the growth of Arabidopsis 
thaliana, Biocontrol Sci. Technol. 34 (2024) 469–498, https://doi.org/10.1080/ 
09583157.2024.2351825.

[34] M. Xing, T. Sun, T. Liu, Z. Jiang, P. Xi, Effectiveness of volatiles emitted by 
Streptomyces abikoensis TJGA-19 for managing litchi downy blight disease, 
Microorganisms 12 (2024) 184, https://doi.org/10.3390/ 
microorganisms12010184.

[35] J. Köhl, R. Kolnaar, W.J. Ravensberg, Mode of action of microbial biological 
control agents against plant diseases: relevance beyond efficacy, Front. Plant Sci. 
10 (2019) 845, https://doi.org/10.3389/fpls.2019.00845.

[36] M.S. Ngalimat, E.M. Hata, D. Zulperi, S.I. Ismail, M.R. Ismail, N.A.I. Mohd 
Zainudin, N.B. Saidi, M.T. Yusof, Induction of systemic resistance in rice plants 
against Burkholderia glumae infection by bioformulation of Streptomyces spp. under 
greenhouse conditions, Biol. Control 184 (2023) 105286, https://doi.org/ 
10.1016/j.biocontrol.2023.105286.

[37] O.A.C. Almeida, N.O. de Araujo, A.T.N. Mulato, G.F. Persinoti, M.L. Sforça, M. 
J. Calderan-Rodrigues, J.V. de Castro Oliveira, Bacterial volatile organic 
compounds (VOCs) promote growth and induce metabolic changes in rice, Front. 
Plant Sci. 13 (2023) 1056082, https://doi.org/10.3389/fpls.2022.1056082.

[38] E.H. Verbon, L.M. Liberman, Beneficial microbes affect endogenous mechanisms 
controlling root development, Trends Plant Sci. 21 (2016) 218–229, https://doi. 
org/10.1016/j.tplants.2016.01.013.
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