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Abstract
Volatile organic compounds (VOCs) are commonly released during plant-pathogen interactions due to pathogenicity or plant defence responses. Basal stem rot (BSR) disease caused by Ganoderma boninense fungus remains a serious threat to oil palm cultivation. This study aimed to investigate the feasibility of detecting VOCs released from oil palm wood tissue infected by G. boninense using headspace solid-phase microextraction (HS-SPME) method combined with gas-chromatography mass-spectrometry (GC-MS). Several factors affecting the HS-SPME extraction efficacy were investigated; 0.25 g of sample homogenised in liquid nitrogen was shown to be the most useful preparation procedure, while fibre divinylbenzene/carboxen/polydimethylsiloxane (DVB/Car/PDMS) was shown as the optimum extraction phase. The optimised method was capable of sampling VOCs with high reproducibility with a balanced VOCs profile of various chemical classes. The most abundant VOCs detected were the aliphatic compounds with eight-carbon atoms, 1-octen-3-ol (69.43%) and 3-octanone (10.34%). This preliminarily study reveals that the detected VOCs could also be used as biomarker candidates for basal stem rot disease detection. However, further study is required. 
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Abstrak
Sebatian-sebatian organik meruap (VOCs) biasanya dibebaskan semasa interaksi tumbuhan-patogen kesan kepatogenan atau tindak balas pertahanan tumbuhan. Penyakit reput pangkal batang (BSR) yang disebabkan oleh kulat Ganoderma boninense masih lagi menjadi ancaman serius terhadap penanaman sawit. Kajian ini dijalankan bertujuan menyelidik kebolehlaksanaan pengesanan VOC yang terbebas dari tisu kayu kelapa sawit yang dijangkiti oleh G. boninense menggunakan kaedah mikroekstraksi fasa pepejal-ruang tutupan (HS-SPME) yang digabung bersama kromatografi gas-spektrometri jisim (GC-MS). Beberapa faktor yang mempengaruhi keberkesanan pengambilan HS-SPME telah dikaji; 0.25 g sampel yang dihomogenkan dalam nitrogen cair terbukti sebagai prosedur penyediaan yang paling sesuai, sementara gentian divinilbenzena/karboksena/polidimetilsikloheksana (DVB/Car/PDMS) dibuktikan sebagai fasa pengekstrakan yang optimum. Kaedah yang optimum ini mampu mengekstrak VOCs dengan kebolehulangan yang tinggi dengan profil VOCs yang seimbang dari pelbagai kelas kimia. VOCs yang paling banyak dikesan adalah sebatian-sebatian alifatik dengan atom-atom lapan-karbon, 1-okten-3-ol (69.43%) dan 3-oktanon (10.34%). Kajian awal ini mendedahkan bahawa VOCs yang dikesan juga berpotensi digunakan sebagai penanda biologi bagi pengesanan penyakit reput pangkal batang. Walau bagaimanapun, kajian lanjutan adalah diperlukan.

Kata kunci:  reput pangkal batang, Ganoderma, sawit, 1-okten-3-ol, 3-oktanon
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Introduction
Oil palm (Elaeis guineensis Jacq.) is one of the major economic crops feeding the world. In 2018, the main palm oil producing countries, Indonesia and Malaysia, contributed 85% of the palm oil supply worldwide, accounted for 34% of the global vegetable oils consumption [1]. Oil palm as a monoculture plantation crop is exposed to serious threats by pests and diseases. In Southeast Asia, the basal stem rot (BSR) disease due to Ganoderma boninense is a major disease of oil palm plantation. BSR infection starts with the penetration of mycelia into oil palm roots and slowly spread to the stem bole [2]. The BSR infection can only be recognised at a very late stage with severe foliar chlorosis and breakage at older fronds, presence of decayed tissues at palm base and production of fruiting bodies [3]. BSR disease has caused severe economic losses due to reduction in oil yield, number of stands, and replanting cycle of new palms [4]. Therefore, rapid and accurate detection of Ganoderma fungus at the early stage of infections is desired to assist more efficient management practices for the reduction of disease spread.

Volatile organic compounds (VOCs) have gained attention for their application in both plant disease detection and discrimination. VOCs analysis for recognition of infected plant materials has been achieved on several economically important crops species such as apple and pear plants [5], grapevine plants [6], strawberries [7] and also potato tubers [8-10]. VOCs are carbon compounds with low molecular weight and high vapour pressure, making them easily evaporate at room temperature [11]. 

Detection of BSR disease in oil palm has been previously reported through the use of an electronic nose; but the VOCs identity has not yet been examined [12]. The determination of VOCs is claimed to be crucial in the development of electronic sensor systems, as shown in the studies of soft rot diseases [13, 14]. Therefore, the profiling of VOCs from oil palm infected with G. boninense is necessary to produce more effective electronic noses for BSR disease detection so that the disease spread can be reduced and suitable control management can be carried out. Sampling of VOCs is challenging as the VOCs profiles are highly dependent on the extraction method chosen, particularly when high temperature application is involved, pyrolysis and thermal rearrangement of VOCs may take place [15]. Because of that, solid phase microextraction (SPME) has been the most favourable method in the analysis of VOCs due to its simple preparation technique, particularly the ability to pre-concentrate analytes in the absence of solvent, and rapid detection. SPME is generally employed together with headspace analysis of VOCs because it is the most useful method to obtain a true volatile species at a given time. Thus, headspace-SPME (HS-SPME) are often demonstrated as the method of choice for VOCs detection from fungi and plants [6-8, 15-18]. However, optimisation of HS-SPME is required to ensure its extraction efficiency, which includes the sample preparation method, the sample weight and the type of SPME fibre.

The present work demonstrates VOCs released from in vitro infection of Ganoderma on oil palm wood tissues that were extracted through HS-SPME and profiled by gas chromatography-mass spectrometry (GC-MS). The main objective was to conduct preliminary assessment on the sampling method to obtain VOCs profile from the oil palm-Ganoderma infected wood tissues.

Materials and Methods
Preparation of oil palm-Ganoderma infected samples
Ganoderma boninense strain PER71 was obtained from the internal culture collection of Malaysian Palm Oil Board (MPOB). G. boninense (PER71) was grown on a sterilised cellophane membrane on top of potato dextrose agar (PDA) of pH 5.5 in 145 mm petri plate and incubated at 28±2 ºC for 7 days. Oil palm wood shavings were collected from areas in MPOB Kluang Research Station, Johor plantation with no Ganoderma incidence and autoclaved at 121 ºC, 103.4 kPa for 15 min. In vitro infection of oil palm wood was attained by placing the sterilised oil palm wood shavings on PDA with 7-day-old G. boninense and further incubated at 28±2 ºC for one week (Figure 1). For headspace analysis of VOCs, after 14 days of incubation, samples of oil palm-Ganoderma infected were collected and subjected to two types of sample preparation methods. The first sample preparation method was without any mechanical force, while the other preparation method was with mechanical force application where oil palm-Ganoderma infected sample was crushed into fine powder in the presence of liquid nitrogen. Each sample type was distributed into 0.25 g, 0.50 g and 1.00 g in 20 ml headspace vials. Headspace vials were sealed with PTFE/silicone-coated septa and aluminium crimp cap. Blank headspace vials were set up as controls. All samples were stored at -80 ºC until required.  

Extraction of fungal VOCs
An SPME manual holder and four types of fibres i.e. 100 µm polydimethylsiloxane (PDMS), 85 μm carboxen/polydimethylsiloxane (CAR/PDMS), 65 μm polydimethylsiloxane/divinylbenzene (PDMS/DVB) and 50/30 μm divinylbenzene/carboxen/polydimethyl siloxane (DVB/Car/PDMS) were purchased from Supelco (Bellefonte, PA, USA). All the SPME fibres were conditioned according to manufacturer’s specification before VOCs sampling. SPME fibres were directly thermally desorbed in a GC inlet heated to 250 ºC for 30 min to eliminate contaminants. For analysis of headspace VOCs, in vitro oil palm-Ganoderma infected sample was preincubated for 30 min at 40 ºC before being exposed to SPME fibres (Figure 2). After 15 min of exposure, the SPME fibre was immediately desorbed into GC heated injection port, heated to 250 ºC in splitless mode. HS-SPME analyses were repeated four times. 

GC-MS analysis
GC analysis was performed on an Agilent Technologies (CA, USA) GC 7890A, equipped with an inert MS Triple-Axis detector model 5975C. VOCs were separated on a fused-silica bonded-phase capillary column ZebronTM ZB-5HT Inferno, 30 m in length by 0.25 mm in internal diameter, with 0.25 µm of film thickness (5% phenyl 95% dimethylpolysiloxane). Helium was used as the carrier gas and the flow rate was 1 mL/min. The following three-step heating oven programme was applied: (1) 45 ºC for 1 minute; (2) 10 ºC min-1 temperature increased to 260 ºC; (3) 260 ºC for 30 minutes. The transfer line temperature was 280 ºC. A mass range from 20–400 m/z was scanned in full scan mode at 70 eV ionisation energy. The chromatograms were analysed using Agilent Enhanced MSD ChemStation (Version E.02.00.493) and tentative identification of VOCs was performed by comparing their mass spectra and retention indices with the NIST data library.

Statistical analysis
Raw data generated from GC-MS analyses were extracted and imported into Microsoft Excel to create a data matrix. The differences between VOCs concentrations were examined using analysis of variance (ANOVA) at significant level of p <0.05 (IBM SPSS Statistics version 20.0).
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Figure 1. 	Preparation of artificial infection of oil palm wood tissues by Ganoderma boninense. Pure culture of G. boninense after 7 days of incubation at 28±2 ºC (a), sterilised oil palm wood on top of fully grown G. boninense (b), and oil palm wood colonised by G. boninense after 14 days (c)  



[image: ]Oven
20 ml headspace vial
Oil palm-Ganoderma infected tissues
SPME fibre 
Aluminium crimp cap
SPME fibre holder

Figure 2. 	Schematic diagram of experimental setup for headspace VOCs extraction from oil palm-Ganoderma infected tissues using SPME in an oven at 40 ºC.




Hilmi et al:   	A FEASIBILITY STUDY ON VOLATILE ORGANIC COMPOUNDS PROFILING OF OIL PALM-Ganoderma INFECTED WOOD FOR BASAL STEM ROT DETECTION



4		
Results and Discussion
Optimisation of HS-SPME sampling protocol
The performance of a given SPME application was highly dependent on the selected extraction phase which determined the selectivity and the reliability of the method. However, analysis of VOCs using SPME in biological studies should also examine sample stability and integrity to obtain a consistent profile because of their dynamic nature due to enzymatic and non-enzymatic reactions. Therefore, preliminary studies were conducted to analyse the experimental conditions that may influence the VOCs profiles generated.

Sample preparation method
The first factor investigated was the method of sample preparation, either with or without the application of mechanical force with the use of liquid nitrogen. Results showed that higher and well-balanced GC profile with wider range of chemical classes were obtained when biological tissues were disrupted at ultra-low temperature. In addition, the chromatograms of all replicates demonstrated consistent sequence of VOCs, which were hexanal, benzaldehyde, 3-octanone, 2-pentylfuran, octanal, (E)-2-octenal, 1-octanol, nonanal, naphthalene, dodecane, tetradecane and α-cardinene, eluted from the column (Figure 3). Constant chromatogram profiles indicated the sample was stable, and therefore, was used for further analyses.

This study reveals oil palm-Ganoderma infected samples crushed in the presence of liquid nitrogen were more stable and produced wider range of GC profile with various chemical classes compared to samples that were not given any pre-treatment. Similar observations were reported in the development of HS-SPME-GCMS protocol for herbivore-induced volatiles in Myrcia splendens [19]. This is due to the use of liquid nitrogen that has allowed tissue disruption to take place at very low temperature, minimising the loss of highly volatile compounds, and thus, providing higher exposure of biological cells that gives higher volatile emission. More importantly, processing samples at ultra-low temperature also limited the activities of the enzymes by quenching, subsequently reducing changes in compound composition due to internal and external environmental effects. 

Sample weight 
Sixteen commonly reported VOCs from fungi, i.e. hexanal, benzaldehyde, 1-octen-3-ol, 2-pentylfuran, (E)-2-octenal, 1-octanol, undecane, nonanal, naphthalene, dodecane, tridecane, butyl butanoate, tetradecane, 2,4-di-tert-butylphenol, α-cardinene and β-cardinene were chosen to perform HS-SPME optimisation using different sample weight [15, 17, 19-27]. VOCs were selected based on the highest total average peak area of the gas chromatogram with minimal variation between samples. The effect of sample weight is presented in Figure 4, where results were the average response of quadruplicate of extractions and normalised to the response obtained for 0.25 g. 

The concentration or amount of sample injected into GC was generally increased to obtain better signal, thereby increasing the signal strength. However, in headspace analysis, increasing sample weight did not necessarily resulted in increased peak areas as greater sample weight caused reduction in the actual headspace volume [28, 29].

The oil palm-Ganoderma infected tissues released various compounds with different chemical and physical properties which explained the different responses observed across the headspace volumes tested (Figure 4). This work demonstrates the small sample weight that implied higher headspace volume in 20 mL headspace vial, making 0.25 g the most appropriate weight since the signal intensities observed was sufficient to achieve the satisfactory peak areas for the diverse chemical natures of the selected compounds. Thus, 0.25 g was chosen as the sample weight for subsequent experiments.  
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Figure 3. 	Consistent total ion current chromatograms across HS-SPME extraction replicates using 100 µm PDMS extraction phase from 0.25 g of oil palm-Ganoderma infected tissues homogenised to fine powder using liquid nitrogen
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Figure 4.  	Effect of sample weight for selected compounds (HX = hexanal; BA = benzaldehyde; 1-OC-3 = 1-octen-3-ol; 2-FP = 2-pentylfuran; E-2-OC = (E)-2-octenal; 1-OCO = 1-octanol; UD = undecane; NN = nonanal; NAPH = naphthalene; DD = dodecane; TD = tridecane; BB = butyl butanoate; TE = tetradecane; 2,4-DB = 2,4-di-tert-butylphenol; α-C = α-cardinene and β-C = β-cardinene) obtained by HS-SPME-GCMS analysis of oil palm-Ganoderma infected tissues using 100 µm PDMS extraction phase. Response shown as normalised to response obtained for 0.25 g. Error bars represent standard deviation for four replicate ran of each weight. 
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Selection of SPME fibre extraction phase 
Figure 5 summarises the average normalised areas of the total selected compounds obtained from different SPME fibre extraction phases. Higher absorption was generally observed in combined extraction phases in comparison to PDMS. ANOVA test showed significant differences between the SPME fibre extraction phases tested. No significant difference was observed between the responses obtained between CAR/PDMS and PDMS/DVB (p >0.05). The average normalised areas of total selected compounds of CAR/PDMS and PDMS/DVB were almost six times higher than PDMS, while extraction using DVB/Car/PDMS had shown nearly seven times higher than PDMS. Therefore, the composite DVB/Car/PDMS extraction phase exhibited superior extraction efficiency compared to other fibre extraction phases tested (Figure 5).

Fibre coating selection was the most important factor in any development of SPME method. Assorted kinds of SPME fibres were introduced commercially with different extraction phase polarity and thickness to favour the adsorption of analytes for various classes and molecular weights during extraction. Unlike absorbents, in the solid coating, analytes were extracted via adsorption where analytes moved into the pores of the absorbent and got physically trapped or chemically bonded with the surface of the absorbent. Being a porous material, it is important to note on the degree of pore distribution and pore size since their ability to retain an analyte was dependent on the pore size diameter [30]. For instance, carboxen was generally developed for the adsorption of analytes with a molecular weight of less than 90 m/z due to its micropores with an opening diameter of 2 to 20 Å, making it less efficient for adsorption and desorption of large molecular weight analytes. In comparison, DVB was designed for the entrapment of larger analytes with high degree of mesopores (20 to 500 Å) and therefore, did not suitable for low molecular weight analytes extraction. Thus, the combination of both adsorbents’ properties coating in DVB/Car/PDMS has enabled excellent fibre coating for wide range molecular weight analytes during a single extraction [31]. 

Figure 5 presents the average normalised areas of total selected compounds of CAR/PDMS and PDMS/DVB that is almost six times higher than PDMS. In contrast, composite coating DVB/Car/PDMS exhibited superior extraction efficiency compared to other fibre coating extraction phase. This difference might be due to monoterpenes being compounds with molecular weights closed to the upper limit of the carboxen adsorbent, and thus were extracted by the fibre containing carboxen and/or DVB coating. Compounds such as 2-pentylfuran, naphthalene, α-terpinol, N,N-dibutylformamide, chloroxylenol, and dibutylhydroxytoluene were only detected if DVB-containing fibre was used. In DVB/Car/PDMS fibre, the layers were assembled with carboxen layer located on the inside and DVB layer on the outside of the coating, which means that molecules of both high and low molecular weight might be successfully adsorbed as DVB layer was efficient for large molecules but less efficient in the entrapment of smaller molecules [31]. The small molecules could then migrate to the inner part of the coating and be fully adsorbed by the carboxen layer [30]. Similar studies on fibre extraction phase selection in the development of SPME methods have demonstrated DVB/Car/PDMS as the most efficient extraction fibre [19, 32]. Based on these results, DVB/Car/PDMS was selected as the most efficient fibre extraction phase to extract VOCs from the oil palm-Ganoderma infected tissues.

Tentative VOCs profile   
The optimised HS-SPME-GCMS condition was employed for the analysis of VOCs released from in vitro oil palm-Ganoderma infected tissues. The composition of VOCs released was expressed in percentage of the total ion count (TIC) and presented in Table 1. A total of 39 compounds were found in the headspace of oil palm-Ganoderma infected tissues. They belong to alcohols, alkanes, volatile acids, ketones, aldehydes, esters, sesquiterpenes and polycyclic aromatic hydrocarbon groups. Figure 6 shows the molecular structures of the compounds. 
Qualitatively, the largest absorption of VOCs was with DVB/Car/PDMS fibre: chromatograms demonstrated that VOCs with low molecular mass were eluted first with short retention times, followed by long chain alcohols, aldehydes and ketones, then long chain hydrocarbons and acids, then terpenes and sesquiterpenes, and finally organic esters at long retention times (Table 1). 

Some of the VOCs found in the oil palm-Ganoderma infected tissues were the aliphatic C8-complex that were found ubiquitous in truffle species and fungi, i.e. 1-octen-3-ol, 3-octanone and 1-octanol. They had been described as the key contributors to mushroom flavour and fungal aroma giving the scent or the odour ranging from sweet, fruity, musty, lavender, detergent and soap to orange like [23]. The most abundant VOC detected, 1-octen-3-ol (sometimes referred to as “mushroom alcohol”), was reported to emit by decomposers and wood-rotting fungi, and the alcohol biosynthesis from 10-hydroperoxide isomer of linoleic acid was well discussed in several literature [15, 23, 33-35]. The detection of volatile compound 1-octen-3-ol in this study is expected considering G. boninense is a basidiomycete and a white rot fungi.

Similar findings on the detection of hexanal is shown in the study of VOCs emitted from wood-rotting fungi Serpula lacrymans on the shavings of Pinus sylvestris (pine) timber [15]. The aromatic compound benzaldehyde was released in the study of volatile constituents of wood-rotting basidiomycetes Piptoporus betulinus, while in Fomitopsis pinicola and Trametes suaveolens, another aromatic compound, 2-pentylfuran, was also detected [20]. A preliminary head-space gas chromatographic analysis of volatile flavour compounds released from Ganoderma sinense (a medicinal mushroom) emitted octanoic acid and 2,4-di-tert-butylphenol in the mushroom broth while in the mycelium, only the latter compound was found [25, 26]. Among the VOCs detected in this study was the two-ring polycyclic aromatic hydrocarbon naphthalene which is known as effective insect repellent. Endophytic fungus, Muscodor vitigenus is also claimed to produce naphthalene almost exclusively [36]. Naphthalene derivatives, α-cadinene and δ-cadinene, are released in the in vitro oil palm-Ganoderma infected tissues. The same volatile compounds are released when Myrcia splendens is attacked by gall-inducing insects, as a signal of plant-insect interaction [19]. Therefore, the same VOCs released in this study could be due to the metabolic changes that take place in oil palm (host plant) when it is under attack by G. boninense (plant pathogen). 
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Figure 5. 	Effect of SPME fibre extraction phases (PDMS = polydimethylsiloxane; CAR/PDMS carboxen/polydimethylsiloxane; PDMS/DVB = polydimethylsiloxane/divinylbenzene and DVB/Car/PDMS = divinylbenzene/carboxen/polydimethylsiloxane) on extraction efficiency of headspace VOCs released from oil palm-Ganoderma infected tissues. Average areas of compounds obtained were normalised to response obtained for PDMS. Error bars represent standard deviation of four replicate ran for each SPME fibre. 


Table 1.  Overview  of  tentative VOCS  emitted by  oil  palm-Ganoderma  infected  tissues using the optimised HS-SPME-GCMS protocol
	#
	RT*
	Compound Name

	Molecular Formula
	CAS
	m/z
	Percentage of Total Ion Current‡

	[bookmark: _Hlk34137584]1
	3.72
	Toluene
	C7H8
	108-88-3
	92
	0.580

	2
	4.12
	Hexanal
	C6H12O
	66-25-1
	100
	7.162

	3
	5.17
	m-Xylene
	C8H10
	108-38-3
	106
	0.321

	4
	5.30
	p-Xylene
	C8H10
	106-42-3
	106
	0.362

	5
	5.84
	Methyl (Z)-N-hydroxybenzene-carboximidate
	C8H9NO2
	1000222-86-6
	151
	1.006

	6
	6.68
	Benzaldehyde
	C7H6O
	100-52-7
	106
	0.181

	7
	6.97
	1-Octen-3-ol
	C8H16O
	3391-86-4
	128
	69.43

	8
	7.08
	3-Octanone
	C8H16O
	106-68-3
	128
	10.34

	9
	7.16
	2-Pentylfuran
	C9H14O
	3777-69-3
	138
	0.270


Table 1 (cont’d).  Overview  of  tentative VOCS  emitted by  oil  palm-Ganoderma  infected  tissues using the optimised HS-SPME-GCMS protocol
	#
	RT*
	Compound Name

	Molecular Formula
	CAS
	m/z
	Percentage of Total Ion Current‡

	10
	7.33
	Octanal
	C8H16O
	124-13-0
	128
	0.554

	11
	7.65
	4-Methyldecane
	C11H24
	2847-72-5
	156
	0.148

	12
	7.83
	1,3-Hexadiene, 3-ethyl-2-methyl
	C9H16
	61142-36-7
	124
	0.770

	13
	8.21
	(E)-2-Octenal
	C8H14O
	2548-87-0
	126
	2.100

	14
	8.30
	Eicosane
	C20H42
	112-95-8
	282
	0.047

	15
	8.35
	2-Octen-1-ol
	C8H16O
	22104-78-5
	128
	1.457

	16
	8.39
	1-Octanol
	C8H18O
	111-87-5
	130
	2.520

	17
	8.76
	4-Octanyl butyrate
	C12H24O2
	20286-46-8
	200
	0.231

	18
	8.86
	Undecane
	C11H24
	1120-21-4
	156
	0.042

	19
	8.93
	Nonanal
	C9H18O
	124-19-6
	142
	0.293

	20
	9.77
	(E)-2-Nonenal
	C9H16O
	18829-56-6
	140
	0.033

	21
	9.85
	Octanoic acid
	C8H16O
	124-07-2
	144
	0.136

	22
	10.20
	1-(2-Butoxyethoxy)ethanol
	C8H18O
	54446-78-5
	162
	0.063

	23
	10.24
	Naphthalene
	C10H8
	91-20-3
	128
	0.038

	24
	10.30
	α-Terpineol
	C10H18
	98-55-5
	154
	0.100

	25
	10.36
	Dodecane
	C12H26
	112-40-3
	170
	0.113

	26
	11.20
	1,3-Ditert-butylbenzene
	C14H22
	1014-60-4
	190
	0.151

	27
	11.25
	UNK§ m/z 314
	-
	-
	314
	0.064

	28
	11.52
	7-Hexylicosane
	C26H54
	55333-99-8
	366
	0.047

	29
	11.71
	2-Undecanone
	C11H22
	112-12-9
	170
	0.070

	30
	11.86
	N,N-dibutylformamide
	C9H19NO
	761-65-9
	157
	0.050

	31
	12.85
	Butyl butanoate
	C8H16O2
	109-21-7
	144
	0.460

	32
	12.95
	Chloroxylenol
	C8H9ClO
	88-04-0
	156
	0.046

	33
	13.12
	Tetradecane
	C14H30
	629-59-4
	198
	0.039

	34
	14.55
	2,4-Di-tert-butylphenol
	C14H22O
	96-76-4
	206
	0.079

	35
	14.63
	Dibutylhydroxytoluene
	C15H24O
	128-37-0
	220
	0.013

	36
	14.73
	α-Cardinene
	C15H24
	483-75-0
	204
	0.239

	37
	14.81
	δ-Cardinene
	C15H24
	483-76-1
	204
	0.032

	38
	15.62
	UNK§ m/z 286
	-
	-
	286
	0.395

	39
	15.63
	Propanoic acid, 2-methyl-, 1-(1,1-dimethylethyl)-2-methyl-1,3-propanediyl ester
	C16H30O4
	74381-40-1
	286
	0.020


*RT, retention time; ‡The percentages were calculated using the peak area for each VOC relative to the total average normalised areas of the total ion current recorded; §UNK, unknown.
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	[image: ChemSpider 2D Image | Octanal | C8H16O]
	[image: ChemSpider 2D Image | 4-Methyldecane | C11H24]
	[image: ChemSpider 2D Image | (3E)-3-Ethyl-2-methyl-1,3-hexadiene | C9H16]
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	[image: ChemSpider 2D Image | 4-Octanyl butyrate | C12H24O2]
	[image: ChemSpider 2D Image | Undecane | C11H24]
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	[image: ChemSpider 2D Image | 1,3-Di-tert-butylbenzene | C14H22]
	[image: ChemSpider 2D Image | 7-Hexylicosane | C26H54]
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	[image: ChemSpider 2D Image | n-Butyl butanoate | C8H16O2]
	[image: ChemSpider 2D Image | Chloroxylenol | C8H9ClO]
	[image: ChemSpider 2D Image | Tetradecane | C14H30]
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	[image: ChemSpider 2D Image | IN00485 | C14H22O]
	[image: ChemSpider 2D Image | Butylated hydroxytoluene | C15H24O]
	[image: ChemSpider 2D Image | 1.xi.,6.xi.,7.xi.-cadina-4,9-diene | C15H24]
	[image: ChemSpider 2D Image | d-Cadinene | C15H24]

	2,4-Di-tert-butylphenol
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	[image: ChemSpider 2D Image | 2,4,4-Trimethyl-1,3-pentanediyl bis(2-methylpropanoate) | C16H30O4]







Propanoic acid, 2-methyl-,
1-(1,1-dimethylethyl)-2-methyl-1,3-propanediyl ester



Figure 6.  Molecular structures of tentative VOCs emitted
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Conclusion
The results showed the initial feasibility application of HS-SPME extraction method for VOCs profiling of in vitro oil palm-Ganoderma infected tissues. The HS-SPME-GCMS protocol developed here is capable of detecting a diverse volatile chemical profile with high reproducibility. Future research should focus on the VOC profiles of G. boninense culture and oil palm wood to complement the current study for the VOCs to be developed as biomarker candidates for BSR disease detection. Coupled with the available electronic tools such as handheld electronic noses or any portable air monitoring systems, it could raise the possibility for the on-site detection of BSR disease.
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Height	[CELLREF]
Hexanal	[CELLREF]
Benzaldehyde	[CELLREF]
3-Octanone	[CELLREF]
2-Pentylfuran	[CELLREF]
Octanal	[CELLREF]
(E)-2-Octenal	[CELLREF]
1-Octanol	[CELLREF]
Nonanal	[CELLREF]
Naphthalene	[CELLREF]
Dodecane	[CELLREF]
Tetradecane	
[CELLREF]
α-Cardinene	
1.671	1.8420000000000001	1.887	2.1320000000000001	2.7970000000000002	3.6989999999999998	4.0019999999999998	4.1159999999999997	4.5049999999999999	4.5270000000000001	5.0670000000000002	5.19	5.3070000000000004	5.6619999999999999	6.0679999999999996	6.5709999999999997	6.702	6.84	7.085	7.1580000000000004	7.2290000000000001	7.3330000000000002	7.5149999999999997	7.6559999999999997	7.734	7.7789999999999999	7.8259999999999996	8.016	8.2070000000000007	8.3000000000000007	8.35	8.3849999999999998	8.6850000000000005	8.7590000000000003	8.8569999999999993	8.9260000000000002	9	9.6069999999999993	9.6630000000000003	9.7739999999999991	9.85	9.9209999999999994	10.029999999999999	10.063000000000001	10.204000000000001	10.241	10.301	10.361000000000001	10.446999999999999	10.584	10.715	10.773999999999999	11.047000000000001	11.202	11.244999999999999	11.521000000000001	11.705	11.779	11.816000000000001	11.855	11.925000000000001	12.07	12.131	12.398	12.476000000000001	12.587999999999999	12.670999999999999	12.851000000000001	12.955	13.116	13.72	13.819000000000001	14.08	14.234	14.365	14.554	14.625	14.726000000000001	14.817	14.898999999999999	15.138999999999999	15.617000000000001	16.254999999999999	16.364000000000001	16.504999999999999	18.553000000000001	9829934	9418663	9223129	1957823	1761867	931552	2706302	6613415	1743515	1746628	392952	817088	743085	1736814	150853	1559885	626311	865085	76180418	1669430	5429109	2047533	1018406	493032	1577462	1140263	4113111	6285054	15220065	555490	12637918	19708659	270957	1049752	351196	1662309	823500	273469	2528999	242106	786785	201218	305969	539811	650618	360683	1201519	509075	324817	211595	459883	163666	253191	505989	292960	197022	344727	350395	192194	480433	209039	168823	1766050	293699	371066	3606987	151436	5808334	314838	196130	196128	193991	4190603	199437	1192502	414707	192196	1374753	146666	138628	118187	4743493	125348	361644	109218	128942	Retention time (RT)

Abundance


Height	[CELLREF]
Hexanal	[CELLREF]
Benzaldehyde	[CELLREF]
3-Octanone	[CELLREF]
2-Pentylfuran	[CELLREF]
Octanal	[CELLREF]
(E)-2-Octenal	[CELLREF]
1-Octanol	[CELLREF]
Nonanal	[CELLREF]
Naphthalene	[CELLREF]
Dodecane	[CELLREF]
Tetradecane	[CELLREF]
α-Cardinene	
1.675	1.706	1.8160000000000001	1.8540000000000001	2.1339999999999999	2.8090000000000002	3.6739999999999999	3.7120000000000002	4.0999999999999996	4.5469999999999997	5.0490000000000004	5.1790000000000003	5.3090000000000002	5.6710000000000003	6.04	6.5679999999999996	6.6710000000000003	6.8390000000000004	7.0789999999999997	7.1559999999999997	7.2279999999999998	7.327	7.5140000000000002	7.6449999999999996	7.734	7.8259999999999996	8.0139999999999993	8.2070000000000007	8.3000000000000007	8.3469999999999995	8.3829999999999991	8.7590000000000003	8.8550000000000004	8.9260000000000002	8.9969999999999999	9.6080000000000005	9.6630000000000003	9.7739999999999991	9.8360000000000003	10.061999999999999	10.204000000000001	10.241	10.302	10.359	10.448	10.577999999999999	10.714	11.045	11.2	11.281000000000001	11.521000000000001	11.702999999999999	11.78	11.858000000000001	12.132999999999999	12.396000000000001	12.478999999999999	12.587	12.849	12.954000000000001	13.116	13.486000000000001	13.816000000000001	13.923	14.081	14.362	14.553000000000001	14.726000000000001	14.811	15.616	16.361000000000001	9665849	9613034	9322987	9081423	1680413	1871481	774853	747613	7610904	1583177	331882	591269	614003	1660416	170033	1634417	545927	769487	64666357	1736107	4498625	1873378	521934	534766	747922	3140238	5785196	13219976	515490	11074478	14655478	1213045	260509	1698078	787255	180938	1506436	242256	474406	416135	274233	268934	372409	871488	352888	171952	331298	195380	1311424	207911	377154	339027	196146	190457	737829	826782	443484	1636607	2744921	212935	309101	228988	205021	634291	1585805	528097	451933	2254186	169483	2123400	221611	Retention time (RT)

Abundance


Height	[CELLREF]
Hexanal	[CELLREF]
Benzaldehyde	[CELLREF]
3-Octanone	[CELLREF]
2-Pentylfuran	[CELLREF]
Octanal	[CELLREF]
(E)-2-Octenal	[CELLREF]
1-Octanol	[CELLREF]
Nonanal	[CELLREF]
Naphthalene	[CELLREF]
Dodecane	[CELLREF]
Tetradecane	[CELLREF]
α-Cardinene	
1.587	1.621	1.6579999999999999	1.823	1.8560000000000001	2.0640000000000001	2.1280000000000001	2.653	2.7570000000000001	2.7919999999999998	3.6880000000000002	3.7229999999999999	3.9820000000000002	4.0919999999999996	4.5069999999999997	4.54	4.952	5.0519999999999996	5.173	5.3049999999999997	5.6509999999999998	6.5670000000000002	6.6820000000000004	6.8390000000000004	7.08	7.1550000000000002	7.23	7.327	7.5149999999999997	7.6520000000000001	7.734	7.8250000000000002	8.016	8.2059999999999995	8.3000000000000007	8.3490000000000002	8.3849999999999998	8.76	8.8640000000000008	8.9280000000000008	8.9990000000000006	9.5150000000000006	9.61	9.6639999999999997	9.7739999999999991	9.8659999999999997	9.92	10.065	10.207000000000001	10.242000000000001	10.303000000000001	10.362	10.448	10.568	10.715999999999999	11.004	11.048	11.202	11.250999999999999	11.523	11.638999999999999	11.7	11.78	11.86	12.134	12.401	12.48	12.589	12.852	12.959	13.118	13.487	13.722	13.818	13.927	14.083	14.234999999999999	14.365	14.555999999999999	14.625999999999999	14.728	14.814	15.617000000000001	16.256	16.364999999999998	17.715	18.09	18.556000000000001	9679317	9713493	9639069	9031700	8861602	1818439	1706062	1160571	1698754	1698242	733241	689352	2376868	7464036	1570586	1529041	161059	284907	529614	556941	1413363	1336996	528613	749556	63707131	1565594	4759984	1790858	520402	477747	834871	2224858	5858987	11572992	455726	11074227	15055492	1368144	124201	1730212	756268	107002	236176	1957839	184971	1378430	157369	422823	291214	205005	630454	946469	367525	168419	367804	122042	244400	1535460	415277	481353	128385	362055	238416	239389	1232497	160325	433508	2738263	3944809	212981	366588	247629	144986	275755	702023	4198765	188910	914402	661650	173124	2381751	196306	3266175	156921	859916	149638	134414	382857	Retention time (RT)

Abundance


Height	[CELLREF]
Hexanal	[CELLREF]
Benzaldehyde	[CELLREF]
3-Octanone	[CELLREF]
2-Pentylfuran	[CELLREF]
Octanal	[CELLREF]
(E)-2-Octenal	[CELLREF]
1-Octanol	[CELLREF]
Nonanal	[CELLREF]
Naphthalene	[CELLREF]
Dodecane	[CELLREF]
Tetradecane	[CELLREF]
α-Cardinene	
1.65	1.6950000000000001	1.7310000000000001	1.7849999999999999	1.85	1.883	2.1280000000000001	2.17	2.8140000000000001	3.6840000000000002	3.7170000000000001	3.742	4.1310000000000002	4.5469999999999997	5.0519999999999996	5.101	5.19	5.31	5.67	6.5730000000000004	6.68	6.8440000000000003	7.0839999999999996	7.1609999999999996	7.234	7.3369999999999997	7.5190000000000001	7.6520000000000001	7.7370000000000001	7.83	8.02	8.2089999999999996	8.3019999999999996	8.3520000000000003	8.3879999999999999	8.7620000000000005	8.8640000000000008	8.9290000000000003	9	9.61	9.6660000000000004	9.7769999999999992	9.8379999999999992	10.032999999999999	10.065	10.207000000000001	10.244999999999999	10.304	10.363	10.451000000000001	10.569000000000001	10.686	10.715999999999999	11.05	11.204000000000001	11.282	11.523	11.641	11.705	11.781000000000001	11.824999999999999	11.858000000000001	11.927	12.071	12.134	12.398999999999999	12.478999999999999	12.59	12.853	12.957000000000001	13.118	13.487	13.721	13.819000000000001	13.926	14.083	14.366	14.555999999999999	14.727	14.811999999999999	15.618	16.364000000000001	16.507999999999999	9587513	9605456	9507690	9323623	9165296	8913917	1747612	1753891	1712579	749821	744637	727328	7215211	1460215	276740	247564	603548	622712	1340491	1335709	430206	704258	61936128	1477723	4339706	1790339	966426	503545	1256528	2704153	5492664	12120227	530240	11702705	14743591	1172182	257426	1705787	662900	166463	2486633	212536	512554	246719	331066	412468	247757	796513	1047100	382251	192844	213967	163602	185898	1582025	253220	491509	135579	345220	293083	169195	350533	182851	160870	1624288	1349919	460094	1757050	3170912	299907	366631	243537	151274	245639	640242	2223090	764187	618559	2108857	163191	2539309	160948	93330	Retention time (RT)

Abundance


0.25 g	HX	BA	1-OC-3	2-PF	E-2-OC	1-OCO	UD	NN	NAPH	DD	TD	BB	TE	2,4-DB	α-C	δ-C	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	0.50 g	HX	BA	1-OC-3	2-PF	E-2-OC	1-OCO	UD	NN	NAPH	DD	TD	BB	TE	2,4-DB	α-C	δ-C	4.7645471852779213	0.79225442201128649	1.1646700048128953	0.85222271076913769	1.2320955399829319	1.1456637372118104	1.0924895037665694	1.0532647563146285	0.19298454294753992	0.97955822876648035	0.83846604696433347	6.035437169346769E-2	1.076387536298506	1.0440014464428375	1.4741114514920726	1.0651572696026237	1.00 g	HX	BA	1-OC-3	2-PF	E-2-OC	1-OCO	UD	NN	NAPH	DD	TD	BB	TE	2,4-DB	α-C	δ-C	2.2061527669150234	0.38275342051905903	5.5400873303967559	1.2379637749699226	9.0576383724169656	3.6675276319672898	0.68316972722897773	1.8800761743699601	0.18994525830131168	1.1148787750299731	0.93205662171933412	0.16102128613579866	1.1707235174147368	6.9788212650643638E-2	2.6821713006134136	0.19747891406027132	VOCs

Normalised response



PDMS	CAR/PDMS	PDMS/DVB	DVB/Car/PDMS	1	5.749201703557592	5.7653573973496393	6.6637526512241987	SPME fibres

Normalised response
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