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AbstractArticle Info

Importance of the work: Characterization of Streptomyces sp. GMR22 volatile organic 
compounds (VOCs) will improve their application as antifungal compounds against  
plant pathogenic fungi.
Objectives: To identify the VOCs of Streptomyces sp. GMR22 and to assess their 
bioactive ability against plant pathogenic fungi. 
Materials & Methods: The VOCs were analyzed using solid phase microextraction-gas 
chromatography mass spectrometry (SPME-GCMS). Molecular docking was carried out 
to predict and select the VOCs as antifungal candidates. The inhibitory effects of selected 
compounds were tested against Fusarium oxysporum and Ganoderma boninense. Their 
hyphal morphology was observed using scanning electron microscopy (SEM). 
Results: Based on the SPME-GCMS chromatogram results, Streptomyces sp. GMR22 
produced 43 VOCs, with one of them (longifolene) having a required binding energy 
of -7.08 kcal/mol on beta-tubulin, as well as the lowest half maximal inhibitory 
concentration) of 9.62 ± 0.5 µL/mL and 7.50 ± 0.9 µL/mL for F. oxysporum and 
G. boninense, respectively. Furthermore, the compound suppressed the growth of
F. oxysporum and G. boninense on agar surfaces by 62.5% and 55%, respectively.
The SEM examination revealed that the hyphae of both fungi appeared wrinkled.
Main finding: Longifolene was considered the most likely VOC of Streptomyces sp.
GMR22 as an effective antifungal compound. Therefore, VOCs, especially longifolene,
may be highly beneficial in agriculture.
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Introduction

	 Streptomyces sp. GMR22 is an actinobacterium derived 
from the rhizosphere of eucalypt stands in Wanagama Forest, 
Gunung Kidul, Yogyakarta, Indonesia (Nurjasmi et al., 2009). 
Alimuddin et al. (2011) reported that the strain had potent 
antifungal activity against Candida albicans, Saccharomyces 
cerevisiae, Aspergillus flavus and Fusarium oxysporum. 
Furthermore, it has an half minimal inhibitory concentration 
(IC50) of 62.5 µg/mL against Candida albicans (Herdini  
et al., 2017). Streptomyces sp. GMR22 can also produce several 
secondary metabolites, such as volatile organic compounds 
(VOCs).
	 VOCs are characterized by their small molecular weight (< 
300 g/mol), low boiling points and high volatility (Vespermann 
et al., 2007; Effmert et al., 2012) with the latter facilitating 
their spread through soil pores; consequently, they have a more 
prolonged interaction distance than metabolites in dissolved 
form (Westhoff et al., 2017). Chang et al. (2015) showed that 
they have inhibitory effects on the biosynthesis of DNA, amino 
acids, and proteins as well as impaired subcellular changes in 
membrane integrity.
	 Several studies reported that VOCs produced by 
Streptomyces sp. have antifungal activity (Wang et al.,  
2013; Wonglom et al., 2019; Lyu et al., 2020; Ayed et al., 
2021; Gong et al., 2022). Sterptomyces alboflavus TD-1  
produced 2-methylisorbeneol, which inhibits the growth of 
A. flavus, A. ochraceus, A. niger and Penicillium citrinum 
(Wang et al., 2013). Streptomyces angustmyceticus NR8-2,  
S. yanglinensis 3-10 and Streptomyces sp. strain S97, S. setonii 
WY228 were reported to have antifungal activities against 
Colletotrichum sp. and Curvularia lunata, Aspergillus sp., 
Botrytis cinerea and Ceratocystis fimbriata, respectively 
(Wonglom et al., 2019; Lyu et al., 2020; Ayed et al., 2021; 
Gong et al., 2022).
	 Among the various VOCs produced by Streptomyces 
sp. GMR22, the variants with antifungal activity have not 
been identified; hence, an alternative approach is needed to 
determine the compounds having such effects. Molecular 
docking is an in silico-based method that has been used for 
computational simulation ( Ferreira et al., 2015; Ferreira and 
Schapira, 2017). In addition, it can be used to predict binding 
between drug compounds/ligands and receptors/proteins 
(Cob-Calan et al., 2019; Ferreira et al., 2015). The method 
is widely used in the discovery and development of new 
drugs with greater, significant activity (Ferreira et al., 2015).  

The assessment of compounds with antifungal activity should 
target a particular protein that can serve as a receptor and has an 
essential function for cell growth. The current study aimed to 
identify the VOCs produced by Streptomyces sp. GMR22 and 
their ability to inhibit the growth of the phytopathogenic fungi, 
F. oxysporum and G. boninense.

Materials and Methods

Microorganisms and cultural maintenance

	 Streptomyces sp. GMR22  was obtained from the 
Microbiology Laboratory collection, Faculty of Agriculture, 
Universitas Gadjah Mada, Yogyakarta, Indonesia and was 
used to produce VOCs. The pathogenic fungi (F. oxysporum 
and G. boninense) were collected from the Laboratory of 
Plant Pests and Diseases, Faculty of Agriculture, Universitas 
Gadjah Mada, Yogyakarta, Indonesia. Fusarium oxysporum 
and G. boninense originated from palm oil and tomato plants, 
respectively. Then, Streptomyces sp. GMR22 was cultured 
and maintained in the International Streptomyces Project 
2 (ISP2) (Difco) medium at 28–29°C for 7 d (Wu et al., 
2015). The spores were stored in a 20% glycerol solution at 
-20°C to prepare the stock culture. Fusarium oxysporum and  
G. boninense were cultured and maintained in potato dextrose 
agar (PDA; HiMedia Laboratories Pvt. Ltd.; Mumbai, India) 
at 28°C.

Effect of volatile organic compounds on F. oxysporum and  
G. boninense growth

	 The inhibitory ability assay against the two pathogenic 
fungi was carried out using the double-dish sets (DDSs) 
method (Lyu et al., 2020). One part of the Petri dish, containing 
PDA medium, was inoculated with 10 mm mycelia and then 
incubated at 28 °C for 1 d. The other part containing ISP2 
medium was inoculated with Streptomyces sp. GMR22 using 
the streak-plate method (Cordovez et al., 2015) and incubated 
at 29 °C for three days. Then, two dishes were arranged  
face-to-face, sealed with Parafilm and incubated at 28 °C  
for 5 d. Fungal growth inhibition was examined by measuring 
the diameter of the fungus growing on the agar surface.  
For the control treatment, the pathogen was grown alone,  
and each treatment was carried out in four replications. 
Student’s t-test was performed to determine statistically 
significant differences compared to controls (p < 0.05, n = 4).



901E.D. Islamiati et al. / Agr. Nat. Resour. 56 (2022) 899–908

	 The inhibitory ability of the actinobacterium against both 
fungi was calculated using Equation 1:

	 (1)

	 where DC is the diameter of the control fungal mycelia  
and DT is the diameter of the fungal mycelia exposed to the 
VOCs produced by Streptomyces sp. GMR22 (Boukaew  
et al., 2013).

Ultrastructure analysis of F. oxysporum and G. boninense

The mycelial abnormalities of F. oxysporum  and  
G. boninense as indications of the effect of the VOCs
of Streptomyces sp. GMR22 were detected using scanning
electron microscopy (SEM). The preparation of the mycelia
was done according to the methods described by Boukaew
et al (2013). The samples were affixed to SEM stubs, coated
with gold and examined using SEM (JSM-6510LA; Jeol
Ltd.; Tokyo, Japan). Subsequently, the specimen was dried,
coated with pure gold, and then ready to examine using SEM.

Identification of volatile organic compounds using solid-phase 
microextraction and gas chromatography-mass spectrometry

	 The analysis of VOCs produced by Streptomyces sp. 
GMR22 was carried out using the solid-phase microextraction 
and gas chromatography-mass spectrometry (SPME and 
GCMS) method (Ayed et al., 2021) (GC-Agilent 7890A;  
MS-Agilent 5975C with triple axis detector, Agilent 
Technologies, Inc.; CA, USA). In total, 10 μL of spores  
(1 × 106 spores/mL) were grown on a solid medium in  
a solid phase microextraction (SPME) vial and the 
negative control was ISP2 medium without actinobacterial 
inoculation. Then, the vial was incubated for 7 d at 28 °C. 
Subsequently, Supelco SPME (Divinylbenzene/Carboxen™/
Polydimethylsiloxane) fiber was used for the extraction  
of volatile compounds, after which it was inserted into  
the injector port on the GCMS tool. An HP-5MS column  
with 30 m length, 250 μm outside diameter and 0.25 μm  
inside diameter was used in the desorption process at 260 
°C for 5 min. Helium gas was used as the mobile phase at  
a rate of 1 mL/min. The desorption process started with 
preheating at 40 °C for 5 min, then increasing to 200 °C  
at a rate of 10 °C/min without holding the temperature.  
It was increased again to 260 °C at a rate of 25 °C/min and 
maintained for 5 min. The VOC data were analyzed using 

the Chemstation E.02.02.1421 software (Agilent, Agilent 
Technologies, Inc.; CA, USA), while the detected compounds 
were determined using tentative identification by comparing 
the mass spectra of each peak with the NIST08 library  
(MS NIST, 2008).

In silico molecular docking

	 Molecular docking was used to predict the binding  
affinity between VOCs and β-tubulin (PDB ID:1JFF:  
https://www.rcsb.org/3d-view/) as the target protein  
(Cob-Calan et al., 2019). The proteins and native ligands  
were separated using the Chimera 1.10.1 software (Pettersen  
et al., 2004) to provide space for the active sites. The Autodock 
4.2 software (Morris et al., 2009) was used for the docking 
experiment. The method was categorized as valid when  
the root means square deviation (RMSD) value was < 2Å.  
The three-dimensional (3D) conformers of the VOCs were 
obtained from PubChem (Bethesda, MD, USA). 

Inhibition concentration assay of volatile organic compounds 
against F. oxysporum and G. Boninense

	 Longifolene, β-caryophyllene and dimethyl trisulfide were 
selected for antifungal activity testing against F. oxysporum 
and G. boninense. The compounds were purchased from  
the Shanghai Macklin Biochemical Co (Shanghai, China). 
The in vitro test was carried out using the method proposed  
by Lyu et al. (2020) with slight modification. The upper  
side dish contained the grown fungi, while the tested  
compounds were put on the bottom dish. The concentrations  
of compounds used were 2.5 μL/mL, 5.0 μL/mL, 12.5 μL/mL, 
25.0 μL/mL, 50.0 μL/mL and 100 μL/mL. Dimethyl sulfoxide  
was used as the negative control. Subsequently, the  
Petri dishes were individually sealed with Parafilm  
and placed in an incubator at 28°C in the dark for 6 d.  
Inhibition of the VOCs on fungal growth was observed  
by measuring the diameters of the treatment and control  
colonies. Each treatment was carried out using four  
replications. Student’s t-test was performed to determine 
statistically significant differences compared to controls  
(p < 0.05, n = 4).
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Results and Discussion

Effect of volatile organic compounds on F. oxysporum and G. 
boninense growth

	 The results of the DDS assays showed that the growth of 
F. oxysporum and G. boninense was inhibited (Fig. 1). There 
was no direct contact in the DDS assay between the two fungi 
and the Streptomyces sp. GMR22, indicating that inhibition 
was caused by the presence of VOCs. The measurement results 
for colony diameters showed that 5 d of exposure to the VOCs 
inhibited the growth of F. oxysporum and G. boninense by 
62.5% and 55%, respectively.
	 Several studies have reported the inhibition of VOCs on 
fungal growth. The reported VOCs were produced from microbes 
(Fernando et al., 2005; Vespermann et al., 2007; Zheng et al., 
2013; Wu et al., 2015; Lyu et al., 2020; Pérez-Corral et al., 2020; 
Gong et al., 2022; Tang et al., 2020; Ayed et al., 2021), as well 
as synthetically made (Davidse, 1973; Davidse and Flach, 1978; 
Zhang et al., 2021; Zhao et al., 2021). Two synthetic VOCs, 
(methyl 2-benzimidazole carbamate (MBC) and -(4’-thiazolyl) 
benzimidazole were reported to inhibit fungal DNA and RNA 
synthesis and mitosis, respectively, in fungal hyphae (Davidse, 
1973; Davidse and Flach, 1978). 2-(4’-thiazolyl) Benzimidazole 
was shown to bind to fungal tubulin that caused mitosis inhibition 
(Davidse and Flach, 1978). Hollomon et al. (1998) revealed that  
a VOC (phenyl carbamate) could bind to fungal β-tubulin. 
Dimethyl trisulfide was reported to inhibit the cell wall biosynthesis 
genes (Tang et al., 2020). Thus, the fungal growth inhibition might 
have been be caused by the binding of VOC into β-tubulin, DNA-

RNA synthesis inhibition or by affecting the genes involved in  
cell wall biosynthesis. 

Ultrastructure analysis of F. oxysporum and G. boninense

	 The ultrastructural observations showed that the mycelia 
of the two pathogenic fungi were substantially damaged. 
Furthermore, Fig. 2 shows that the damage to the hyphae of 
F. oxysporum and G. boninense was caused by exposure to 
VOCs. The exposed parts were shriveled and incomplete, with 
their growth morphologically stunted, whereas in the control 
treatment, the hyphae of the two fungi were intact and normal. 
In addition, the volatile compounds affected the production of 
pigments by F. oxysporum.
	 The antifungal effect on the cell wall might have been related 
to the inhibition of β-glucan synthase and chitin synthase, as 
reported by Tang et al. (2020) using dimethyl trisulfide as an 
antifungal VOC. Other studies reported that the blockage of 
β-glucan synthase caused a decrease in the incorporation of the 
glucose monomers that linked b-1,3 and b-1,6 glucans, leading 
to weakening of the cell wall, which then causes fungal cell lysis 
(Katarzyna et al., 2019; Legentil et al., 2015). Chitin synthase 
is a protein complex responsible for the elongation of the chitin 
chain, which is an essential component of the fungal cell wall 
(Tang et al., 2020). Another plausible explanation is that the 
VOCs might have inhibited the fungal growth tip through 
binding to β-tubulin (Davidse and Flach, 1978; Hollomon et al., 
1998), which is responsible for microtubule synthesis (Horio and 
Oakley, 2005; Takeshita et al., 2014).

Fig. 1	 Inhibition of pathogenic fungal growth by Streptomyces sp. 
GMR22 volatile organic compounds (VOCs): (A) Ganoderma boninense; 
(B) Fusarium oxysporum, where growth measured in absence or presence 
of VOCs, curves with different lowercase letters are significantly  
(p < 0.05) different

Fig. 2	 Colony and hyphal morphology affected by Streptomyces sp. 
GMR22 volatile organic compounds (VOCs): (A) Fusarium oxysporum 
colony after exposure to VOCs; (B) F. oxysporum hyphae after  
exposure to VOCs; (C) F. oxysporum colony before exposure to VOCs; 
(D) F. oxysporum hyphae before exposure to VOCs; (E) Ganoderma 
boninense colony after exposure to VOCs; (F) G. boninense hyphae  
after exposure to VOCs; (G) G. boninense colony before exposure to 
VOCs; (H) G. boninense hyphae before exposure to VOCs
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Identification of volatile organic compounds produced by 
Streptomyces sp. GMR22

	 The VOCs produced were diverse and included 
hydrocarbons, benzenoids, terpenoids, monoterpenoids, sulfur, 

dihydropyranone and sesquiterpenoids, as shown in Table 1. 
Furthermore, the dominant compounds were sesquiterpenoid, 
terpenoid and hydrocarbon in proportions of 58%, 11.6%, and 
6.9%, respectively. The results of GCMS analysis indicated 
that Streptomyces sp. GMR22 could produce 43 VOCs. 

Table 1	 Detected compounds of volatile organic compounds (VOCs) produced by Streptomyces sp. GMR22
Retention time (min) Compound Class of VOC Relative area (%)

2.1508 Methylhexanamine Monoterpenes 0.56
3.3875 2-Methyl-1-butanol Hydrocarbon 0.78
9.5595 2-Methylenebornane Terpenoids 0.17

10.1040 Dimethyl trisulfide Organic trisulfides 0.14
10.4276 2,4 Di-tert-butylphenol Benzenoids 8.23
10.6119 Eucarvone monoterpenoids 4.01
11.9022 2-Methyl-2-bornene Terpenoids 47.91
15.5292 Phenylethyl alcohol Benzenoids 0.28
15.6897 Benzyl hydrazine Benzenoids 0.26
16.0643 6-Camphenone Terpenoids 0.34
18.1038 2-Methylisoborneol Terpenoids 22.55
18.1620 2H-Pyran Dihydropyranones 0.35
18.9303 α-Campholenal Monoterpenoids 0.24
19.8638 1H-indene Benzenoids 0.91
20.0243 α-Farnesene Sesquiterpenoids 0.14
20.3335 1-Ethylidene Hydrocarbon 0.13
20.4822 Santolina triene Hydrocarbon 0.29
22.3552 β-Chamigrene Sesquiterpenoids 0.12
23.9690 Longifolene Sesquiterpenoids 1.01
23.8952 α-Cubebene Sesquiterpenoids 0.16
24.5968 Ylangene Sesquiterpenoids 0.13
24.7455 α-Copaene Sesquiterpenoids 0.24
25.2984 β-Elemene Sesquiterpenoids 0.54
25.5660 Geosmin Terpenoids 2.15
26.1190 β-Copaene Sesquiterpenoids 0.20
26.4400 β-Cubebene Sesquiterpenoids 0.15
26.7671 β-Caryophyllene Sesquiterpenoids 0.22
27.3141 Eremophilene Sesquiterpenoids 1.17
27.4509 γ-Gurjunene Sesquiterpenoids 0.34
27.5638 Ginsenol Sesquiterpenoids 0.29
27.8671 Cadina-1(6),4-diene Sesquiterpenoids 0.59
27.9563 γ-Muurolene Sesquiterpenoids 0.85
28.0752 Germacrene D Sesquiterpenoids 1.16
28.2238 α-Selinene Sesquiterpenoids 0.13
28.5033 Cyclosativene Sesquiterpenoids 0.68
28.6282 β-Maaliene Sesquiterpenoids 0.66
28.6520 α-Muurolene Sesquiterpenoids 0.37
29.0920 γ-Cadinene Sesquiterpenoids 0.83
29.3893 β-Cadinene Sesquiterpenoids 1.83
29.6390 Cubebene Sesquiterpenoids 0.12
29.7936 α-Cadinene Sesquiterpenoids 0.32
29.9660 α-Calacorene Sesquiterpenoids 0.21
32.8320 Guai-1(10)-en-11-ol Sesquiterpenoids 0.39



904 E.D. Islamiati et al. / Agr. Nat. Resour. 56 (2022) 899–908

The most abundant compounds identified in this study were 
47.91% 2-methyl-2-bornene, 22.55% 2-methylisoborneol (2-
MIB), 8.23% 2,4-di-tert-butylphenol, 4.01% eucarvone and 
2.15% geosmin. Among these, 2-MIB, 2-tert-butylphenol, 
and geosmin have been reported to have antifungal activity 
against F. moniliforme Sheldon, F. oxysporum and Mucor 
circinelloides, respectively (Wang et al., 2013; Dharni et al., 
2014; Du et al., 2015). However, no published report was 
identified of 2-methyl-2-bornene as an antifungal compound.
	 Some other VOCs identified in this study (longifolene, 
β-caryophyllene, dimethyl trisulfide and α-farnesene) have 
been reported as antifungals even though their percentages were 
much lower than those of the abundant compounds. Longifolene 
inhibited the growth of Trametes versicolor, Lenzites betulinus, 
Gloeophyllum trabeum, Trichoderma virens and Rhizopus oryzae 
(Mukai et al., 2018). The β-caryophyllene of S. yanglinensis 
could inhibit the growth of A. flavus and A. parasiticus (Passone 
and Etcheverry, 2014). The antifungal activity of dimethyl 
trisulfide against C. gloeosporioides was demonstrated by Tang 
et al. (2020). Siddiqui et al. (2017) reported that α-farnesene 
has great potential antifungal activity because it can inhibit 
the mycelial growth of various phytopathogenic fungi, such 
as Rhizoctonia solani, Pythium graminicola, Trichoderma 
harzianum and Fusarium oxysporum.

Analysis of molecular docking on β-tubulin target protein

	 The taxol binding site on β-tubulin was validated by re-docking 
using taxol as the native ligand with the co-crystallized (PDB 
ID: 1JFF). An RMSD value less than 2 Å was used to determine 
the best docking position between β -tubulin and taxol. The 
value of RMSD obtained was 1.71 Å (Fig. 3A) which is smaller 
than 2 Å, indicating that re-docking was qualified. Two types 
of bonds were detected in the β-tubulin -taxol docking complex 
(Fig. 3B). These bonds were Van der Waals interaction, 
conventional hydrogen bonds, π-sulfur bonds, π-sigma bonds, 
π-lone pair bonds, π-stacked and π-alkyl bonds. Van der 
Waals interactions were observed at 10 amino acid positions  
(Pro-274, Pro-360, Ser-236, Ser-277, Phe-272, Leu-275,  
Leu-371, Gln-281, Gln-282 and Asp-226), as shown in Fig. 3. 
Hydrogen bonds were observed at Thr-276 and Gly-370.
	 The analysis of docking between the ligand and β-tubulin 
showed a high-affinity value, when the negative dock value 
was increased (Du et al., 2016). The docking results showed 
that longifolene has the lowest binding energy for β-tubulin 
(-7.08 kcal/mol), as shown in Table 2, which was lower than 
that of taxol. Three types of strong bonds were detected 

in the β-tubulin-longifolene docking complex (Fig. 4A).  
These bonds were Van der Waals interactions, alkyl bonds and 
π-alkyl bonds. Van der Waals interactions were observed at five 
amino acid positions (Ser-236, His-229, Asp-26, Glu-27 and 
Arg-320), as shown in Fig. 4. Longifolene had similar binding 
site interaction bonds with taxol at Ser-236 and Asp-226. 
β-Caryophyllene and dimethyl trisulfide have higher binding 
energies than longifolene and so were chosen for β-tubulin 
ligand docking analyses to compare their binding affinity.  
The results showed that β-caryophyllene–β-tubulin had similar 
binding sites and interaction bonds with taxol at Leu-227  
(Fig. 4B) and with dimethyl trisulfide at Ser-236 (Fig. 4C).
	 The interaction of the ligand with a protein through 
hydrogen bond interactions or Van der Waal interactions 
contributed to stable ligand-protein complexes (Ferreira and 
Schapira, 2017), which might lead to stronger antimicrobial 
activity. Consequently longifolene, β-caryophyllen and 
dimethyl trisulfide may have antifungal activities.

Fig. 3	 Active binding sites of taxol to β-tubulin protein: (A) co-
crystalized native taxol (pink) and taxol as posed by the AutoDockTools 
1.5.6 program (white); (B) 2-dimensional visualization of taxol and 
β-tubulin interaction, RMSD = root mean square error
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Table 2	 Binding energy between β-tubulin and taxol and volatile organic compounds as test of ligands
Compound Molecular weight (g/mol) No. of H bonds Binding energy (kcal/mol)
Taxol 853.92 1 -6.44
Longifolene 204.35 - -7.08
β-Caryophyllene 204.35 - -6.79
Cubebene 204.35 - -6.48
β-Cubebene 204.35 - -6.48
Germacrene D 204.35 - -6.43
γ-Muurolene 204.35 - -6.32
β-Cadinene 204.35 - -6.21
α-Cubebene 204.35 - -6.11
Eremophilene 204.35 - -6.06
β-Copaene 204.35 - -6.00
Ginsenol 222.37 - -5.97
α-Copaene 204.35 - -5.95
Cyclosativene 204.35 - -5.95
Ylangene 204.35 - -5.93
α-Muurolene 204.35 - -5.92
Cadina-1(6),4-diene 204.35 - -5.91
γ-Cadinene 204.35 - -5.91
1-Ethylidene 142.20 - -5.90
γ-Gurjunene 204.35 - -5.90
β-Maaliene 204.35 - -5.88
α-Selinene 204.35 - -5.83
β-Chamigrene 204.35 - -5.72
α-Calacorene 200.32 - -5.71
β-Elemene 204.35 - -5.69
α-Cadinene 204.35 - -5.63
1-Ethylideneoctahydro 164.29 - -5.50
α-Farnesene 204.36 - -5.49
Geosmin 182.30 2 -5.05
6-Camphenone 150.21 - -4.92
Eucarvone 150.22 - -4.84
2-Methylisoborneol 168.28 1 -4.58
α-Campholenal 152.23 - -4.54
2.4-Di-tert-butylphenol 150.22 2 -4.49
2-Methyl-2-bornene 150.26 - -4.35
2-Methylenebornane 150.26 - -4.31
Santolina triene 136.23 - -4.00
Phenylethyl Alcohol 122.16 1 -3.67
Methylhexaneamine 115.22 - -3.58
2-Methyl-1-butanol 88.15 - -2.99
2H-Pyran 82.10 - -2.56
Benzylhydrazine 122.17 - -2.56
Guai-1(10)-en-11-ol 122.17 - -2.55
Dimethyl trisulfide 126.26 - -2.50
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Table 3	 Maximal half inhibitory concentration (IC50) for two tested fungi 
Compound IC50 (µL/mL) on mycelial growth

Fusarium oxysporum Ganoderma boninense
Longifolene 9.62±0.5 7.50±0.9
β-Caryophyllene 32.04±0.2 55.20±0.01
Dimethyl trisulfide 80.00±0.02 75.50±4.4
Dimethyl sulfoxide ni* ni*

ni = no inhibition at 100 µL/mL
Values are mean ± SD, n = 4 in each group

Fig. 4	 Two-dimensional visualization of ligands and β-tubulin protein interaction: (A) longifolene; (B) β-caryophyllene; (C) dimethyl trisulfide

Inhibition concentration assay of volatile organic compounds 
against F. oxysporum and G. boninense

	 Longifolene, β-caryophyllene and dimethyl trisulfide were 
selected for antifungal activity testing against F. oxysporum 
and G. boninense. Longifolene and β-caryophyllene were  
used since their binding energies were lower than taxol; 
therefore, both compounds were predicted to be able to  
compete with taxol in binding to the β-tubulin. Dimethyl 
trisulfide was used as a control because it had a higher 
binding energy than taxol (Table 2). The results showed that 
longifolene had the strongest ability to inhibit F. oxysporum 
and G. boninense, with mean IC50 values of 9.62 ± 0.5 µL/
mL and 7.50 ± 0.9 µL/mL, respectively (Table 3). It can be  
inferred from these results that longifolene might be the most 
effective VOC of Streptomyces sp. GMR22 as an antifungal 
compound.

longifolene has been reported to have the termiticidal and  
anti-tick properties (Hassan et al., 2020; Zhang et al., 2021) 
and is commercially available as a termiticide. However, 
commercial fungicides containing longifolene as an active 
ingredient are not yet available. Since, Streptomyces sp. 
GMR22 can also produce longifolene, this actinobacterium 
could be considered for use as a fungal biocontrol in agriculture.  
The ability of Streptomyces sp. GMR22 to overproduce 
longifolene should be investigated so that this strain could be 
applied as an effective fungal biocontrol agent.
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