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SUMMARY 

 

Oxylipins are oxygenated natural products derived from fatty acids and widespread in 

aerobic organisms such as plant, animal and fungi. The important function of these 

compounds in plant is the regulation of many defense responses and developmental 

processes. However, although the role of JA in defense responses and signalling, and cross-

talk between JA and other signal molecules such as salicylic acid (SA), ethylene (ET) and 

abscisic acid (ABA) have been extensively investigated in plant, other oxylipins including 

cis-3-hexenal presented in most plants and 1-octen-3-ol known as fungal oxylipin discovered 

in some plants have not been fully investigated at molecular level.  

Thus, in this study, we focused on identification of transcriptional responses in 

Arabidopsis after treatment of cis-3-hexenal and 1-octen-3-ol to understand defense response 

and signal transduction by them. 

As the results, transcriptional responses by vapor treatments of oxylipin, 3-hexenal and 

1-octen-3-ol, in Arabidopsis were identified through microarray analysis, and total numbers 

of 414 and 547 genes were up- or down- regulated more than 2 folds in the treatments of 

each 3-hexenal and 1-octen-3-ol, respectively. About 30% of those genes 124/414 genes in 3-

hexenal treatment and 167/547 genes in 1-octen-3-ol, were related to biotic/abiotic responses. 

In the clustering of expression patterns, genes related to biotic/abiotic responses revealed two 

representative patterns, up-regulation consistently during 24 hr or progressive increase until 

12 hr time point in each treatment of 3-hexenal and 1-octen-3-ol. Furthermore, the genes 

related to biotic/abiotic responses were mapped into biotic stress pathway regarding to R and 

PR genes, hormone (auxins, ABA, ethylene and JA) signaling, cell wall, proteolysis, redox 

state, peroxidases, glutathione-S-transferase, signaling, MAPK, transcription factors (ERF 
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and WRKY), heat shock proteins and secondary metabolism. The number of genes mapped 

into biotic stress pathway was 85 of 414 genes (about 20%) and 117 of 547 genes. 

Interestingly, almost of genes up- or down- regulated more than two folds in each 3-hexenal 

and 1-octen-3-ol treatment were overlapped, and rate of overlapping genes was more than 85% 

in up-regulated genes, and more than 60% in down-regulated genes. 

Based on these results, it was assumed that when plant recognizes 3-hexenal or 1-octen-

3-ol, various biotic stress genes including R and PR genes, hormone signaling, redox state, 

cell wall, proteolysis, signaling, and transcription factors related genes might be up-regulated 

during 12 hr to increase defense system in the cell. 
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INTRODUCTION 

 

Oxylipins are an important class of biologically active compounds derived from the 

catabolism of fatty acids, which regulate many defense responses and developmental 

processes in plant [Creelman and Mulpuri, 2002; Eckardt, 2008]. These compounds are not 

pre-formed but rather are synthesized de novo in response to mechanical injury, herbivore 

and pathogen attack, and other environmental and developmental inputs [Howe and 

Schilmiller, 2002]. Representative compounds of oxylipins are jasmonic acid (JA), 3-hexenal, 

α- & γ-ketol, colneleric acid, etherolenic acid, 1-octen-3-ol, etc [Blee, 1998; Feussner and 

Wasternack, 2002; Grechkin, 1998]. 

The biosynthesis of most plant oxylipins is initiated through releasing fatty acid from 

membrane lipids by lipase, and then oxidative reaction is followed by lipoxygenase (LOX) 

or dioxygenase (DOX) to generate hydroperoxy fatty acid [Feussner et al., 2001]. 

Hydroperoxy products are metabolized to an array of oxylipins by several enzymes, 

including allene oxide synthase (AOS), hydroperoxide lyase (HPL), divinyl ether synthase 

(DES), epoxy alcohol synthase (EAS), peroxygenase, alkyl hydroperoxide reductase, and 

LOX itself [Howe and Schilmiller, 2002]. General biosynthetic pathway of oxylipins in plant 

and enzyme in each step are described in Figure 1. 

Most of oxylipin compounds in plant are synthesized through the four major metabolic 

pathway, namely AOS, HPL, DES and EAS, and representative active compounds produced 

via these pathway are JA, C6 or C9 aldehydes, divinyl ether and epoxy alcohol, respectively 

[Gardner, 1991; Hamberg, 1988, 1999; Matsui, 1998]. In addition to those, one more branch 

pathway is known to present in several plant, producing octenol such as 1-octen-3-ol. 

However, the biosynthetic pathway has not been studied well in plant, althrough several 
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investigations have been performed in mushroom and fungi, suggesting pathway that 10-

DOX catalyses oxygenation of linoleic acid into a hydroperoxyoctadecadienoic acid, and 

then subsequent enzymatic cleavage by 10-HPL produce 1-octen-3-ol [Borjesson et al., 1990; 

Mau et al., 1992; Tuma et al., 1989]. 

 

 

Figure 1. General biosynthetic pathway of oxylipin in plant and enzyme in each step. 

 

The best characterized oxylipin in plant defense response is JA which is biosynthesized 

through AOS pathway and accumulated in response to various stresses, hervibore and 

pathogen attack [Block et al., 2005]. The role of JA in stress signaling has been investigated 

extensively and their results have been supporting that its important role is key regulators in 

plant defense response against biotic/abiotic stress such as hervibore and pathogen attack, 

wounding and water deficiency [Farmer and Ryan, 1990; Hermsmeier et al., 2001; Reymond 

et al., 2000]. Furthermore, cross-talk between JA and other signal molecules possessing an 
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important function in plant defense response such as salicylic acid (SA), ethylene (ET) and 

abscisic acid (ABA) have been studied, suggesting antagonistic and synergistic interactions 

between these signals might contribute towards the specificity of the final defense response 

[Anderson et al., 2004; Sasaki et al., 2001; Schenk et al., 2000]. 

Comparing to JA, defense mechanism and signal transduction in plant by other 

oxylipins, including cis-3-hexenal presented in most plants and 1-octen-3-ol known as fungal 

oxylipin discovered in some plants, have not been fully investigated at molecular level. 

Cis-3-hexenal, one of the representative green leaf volatiles (GLVs) consisted of C6, are 

formed through the HPL pathway of oxylipin metabolism [Matsui, 2006]. Generally these 

compounds are released by damaged leaf tissue and biotic/abiotic stresses. Particularly, cis-

3-hexenal is produced in most plants at small amount level, and there are some evidences 

that this compound has an important role in defense signaling, suggesting contributions to 

direct defense by inhibition of pathogen growth and/or to indirect defense by attraction of 

predatory insects [Engelberth et al., 2004; Kishimoto et al., 2005; Matsui et al., 2012; 

Vancanneyt et al., 2001]. However, detailed information for defense mechanism and 

signaling within and between plants by this compound have not been investigated yet, 

although it is demonstrated that aerial treatment of 2-hexenal to Arabidopsis induce the 

transcription of defense-related genes such as lox, chs and dfr [Bate and Rothstein, 1998].  

In the case of 1-octen-3-ol, it is known as fungal aroma, especially most important flavor 

in mushrooms. This compound consists of eight-carbon and is used as a spoilage indicator in 

stored cereals [Borjesson et al., 1990; Mau et al., 1992; Tuma et al., 1989]. Moreover, this 

compound is known as self-inhibitor and has anti-fungal activity against Penicillium 

expansum and penicillium paneum [Chitarra et al., 2005; Okull et al., 2003]. In plant, 

emission of this compound after infection of fungi have been reported, however, researches 

regarding to production and defense mechanism in plant have not been performed because it 
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is not major oxylipin [Yue et al., 2001]. Recently, induction of some defense genes by 

treatment of 1-octen-3-ol in Arabidopsis was reported, suggesting that Arabidopsis can 

recognize this molecule released from fungal pathogen [Kishimoto et al., 2007]. This report 

led us to study gene expression change in Arabidopsis after treatment of 1-octen-3-ol. 

Microarray analysis has been used for genome-wide expression analysis of genes and 

should be a powerful tool to discover all defense related genes in Arabidopsis [Mahalingam 

et al., 2003; Maleck et al., 2000; Schena et al., 1995; Tao et al., 2003]. This technology has 

also been served to identify oxylipin-responsive genes in Arabidopsis, and regulations of 

large number of genes have been observed [Mahalingam et al., 2003; Mandaokar et al., 2003; 

Oztur et al., 2002; Reymond et al., 2000, 2004; Sasaki et al., 2001; Schenk et al., 2000]. 

Addition to that, defense and hormonal responses against biotic/abiotic stress have been 

analyzed using the microarrays. 

Thus, in this study, to understand defense response and signal transduction by oxylipin 

we focused on identification of transcriptional responses in Arabidopsis after treatment of 

cis-3-hexenal and 1-octen-3-ol, which are major oxylipin in plant and fungi, respectively, 

and determined the change of gene expressions in the tissue at each time points, 1, 6, 12 and 

24 hr by microarray analysis. 
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MATERIALS AND METHODS 

 

Plant material and grown condition 

Arabidopsis (Columbia ecotypes) wild type plants were grown on 1/2 Murashige and 

Skoog (MS) medium in square Petri dishes (70 x 70 x 100 mm), supplemented with 3% 

sucrose and solidified with 0.8% phytoagar. Seeds were washed once with 70% ethanol 

containing 0.003% of Triton X-100 and 2 - 3 times with 70% ethanol, and then dried on filter 

paper in clean bench. Eight seeds were plated on each Petri dishes. Seeds were incubated for 

2 to 3 days at 4
o
C in the dark and thereafter transferred to controlled environment at 23 - 

25
o
C under 16 hr light and 8 hr dark. 

 

Treatment of oxylipins 

Treatment of oxylipins into plants was conducted at 14 days after germination of 

Arabidopsis seeds. 

For chemical treatments to plants, solutions containing 10% 3-hexenal and 10% 1-octen-

3-ol (Sigma-Aldrich, Germany) emulsified in deionized sterile water were prepared, 

respectively. Then, 10 ul of solutions were applied to each Petri dishes by dropping on paper 

disc (8 mm) placed in center. Control plants were constructed with 10 ul of deionized sterile 

water. Treated plants were placed on controlled environment at 23 - 25
o
C under light, and 

harvested at 1, 6, 12, and 24 hr after treatment. Control and treatment plants of Arabidopsis 

harvested at each time course were shown in Figure 2. The harvested samples were 

immediately frozen in liquid nitrogen and stored at -80
 o
C. 
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Figure 2. Control and treatment plants of Arabidopsis harvested at each time course.  

 

RNA isolation and cDNA synthesis 

    Total RNA was isolated from Arabidopsis using RiboEx
TM 

(GeneAll, Korea) and 

Hybrid-R
TM 

kit (GeneAll, Korea) according to the manufacturer’s instructions. RNA 

concentration was measured in spectrophotometer (SHIMADZU UV-1800, Japan). For 

elimination of genomic DNA, total RNA (1 ug) was added to 2 ul 7x gDNA wipeout buffer 

(QIAGEN, Germany) and the volume was adjusted to 14 ul with deionized sterile water. The 

solution was incubated at 42
o
C for 2min then immediately transferred on ice. Then, 6.5 ul of 

reverse transcriptase master mix (Enzynomics, Korea) containing 2 ul 10x M-MLV RT 

buffer, 2 ul dNTPs Mixture (2.5 mM each), 1 ul oligo(dT)18 (10 pmole), 0.5 ul RNase 

inhibitor (40 unit/ul) and 1 ul M-MLV reverse transcriptase (200 units/ul) were added to 

reaction. The reaction was incubated at 42
o
C for 30 min before heat inactivation of reverse 

transcriptase by incubation at 90
o
C for 3min. The efficiency of cDNA synthesis was assessed 

by real-time PCR amplification of control genes encoding Actin 2. 

 

Pre-check of sample by Q-RT-PCR before microarray analysis 

The cDNA was diluted 1/5 with deionized sterile water. Polymerase chain reactions 
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were performed in a 96-well Alpha
TM 

unit with a Chromo4
TM

 Real-time Detection system 

(Bio-Rad, USA) and a 96-well block with a iQ5 Multicolor Real-time Detection system 

(Bio-Rad, USA). Q-RT-PCR reactions contained 5 ul diluted cDNA template, 2 ul of gene 

specific primer mix (containing 10 pmole of each forward and reverse primer), 10 ul 2x iQ
TM

 

SYBR Green supermix (Bio-Rad, USA), and 3 ul deionized sterile water to make a total 

volume of 20 ul. For best results, the tubes were briefly spun in a microcentrifuge at low 

speed to remove any bubbles.  

Gene information, primers’ sequences and product size for Q-RT-PCR were described 

in Table 1.  

A Chromo4
TM

 Real-time Detection system was used for Q-RT-PCR, and thermal 

cycling conditions consisted of 2 min at 94
o
C and 40 cycles of 30 sec at 94

o
C, 30 sec at 55

o
C 

and 30 sec 72
o
C. Melting curve conditions consisted of starts at 60

o
C and ends at 95

o
C with 

temperature increment of 0.2
o
C and a hold time of 2 sec.  

Data were analyzed using the Opticon Monitor
TM

 version 3.1.  

 

Table 1. Gene information, primers’ sequences and product size for Q-RT-PCR 

Gene Function Genebank ID Primer 

Size of 

PCR 

product(bp) 

ACT2  Actin AT3G18780 
5’-GGCTCCTCTTAACCCAAAGG-3’  

5’-ACCCTCGTAGATTGGCACAG-3’  
234 

THI2.1  

Pathogenesis- 

Related(PR) 

Proteins 

AT1G72260 
5’-TCTGGTCATGGCACAAGTTC-3’  

5’-TTGCAGTGCTCATTGGTAGC-3’  
204 

PDF1.2  AT5G44420 
5’-TGCTTCCATCATCACCCTTA-3’  

5’-ACACTTGTGTGCTGGGAAGA-3’  
190 

PR1  AT2G14610 
5’-CTTCCCTCGAAAGCTCAAGA-3’  

5’-CTCGCTAACCCACATGTTCA-3’  
243 

LOX1  
Oxylipin 

synthesis 

AT1G55020 
5’-CATCGATTGAACCGTTTGTG-3’  

5’-TAATGCTTGGTCAGGGAAGG-3’  
233 

HPL  AT4G15440 
5’-CAATACTTGGCTTGCGTTGC-3’ 

5’-AATAGCCTCATCTCGGGTCAAC-3’  
211 

ACC2  
Ethylene 

synthesis 
AT1G36180 

5’-TGGGAAAAGCTAGAGGTGGAAG-3’  

5’-TCGGAGCTTGAACAAGGAAC-3’  
211 
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Microarray analysis 

RNA quality check. For quality control, RNA purity and integrity were evaluated by OD 

260/280 ratio, and analyzed on Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, 

USA).  

 

cDNA synthesis and purification. cDNA synthesis was performed with the SuperScript 

double-stranded cDNA synthesis kit (Invitrogen Life Technologies, Carlsbad, USA) 

according to the Nimblegen Expression protocol. Briefly, 10 ug of total RNA was reverse-

transcribed to cDNA using a oligo dT primer. Second-strand cDNA was synthesized and 

thereafter the cDNA was quantified using the ND-1000 Spectrophotometer (NanoDrop, 

Wilmington, USA). 

 

Labeling and purification. cDNA was labeled using the One-Color Labeling Kit 

(Nimblegen, Madison, USA)  according to the Nimblegen Expression protocol. One ug of 

cDNA samples were labeled with Cy3 using Cy3-random nonamer. After purification, the 

labeled cDNA was quantified using the ND-1000 Spectrophotometer (NanoDrop, 

Wilmington, USA). 

 

Hybridization and data export. Labeled cDNA samples were hybridized to Nimblegen 

Expression array for 16 - 20 hr at 42°C, according to the manufacturer's instructions 

(Nimblegen, Madison, USA). Arrays were scanned with a NimbleGen MS 200 Microarray 

scanner set at 532 nm with a resolution of 2 um to produce images in TIFF format according 

to the manufacturer's instructions. Array data export processing and analysis was performed 

using NimbleScan v2.5 
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Raw data preparation. Raw data were extracted using the software provided by the 

manufacturer NimbleScan v2.5 (Gene Expression RMA algorithm). For filter non-biological 

experimental variation (batch effects), we adjusted batch effects in data 

(http://biosun1.harvard.edu/complab/batch/). A single raw intensity value was determined for 

each gene in each array by averaging spot replicates of all about 3 probes for each of the 

39640 genes. Gene signal value was transformed by logarithm (based 2). NimbleScan v2.5 

software was used for quantification, image analysis of mRNA data. R scripts were used for 

all other analytical process. 

 

Data analysis. The genes that revealed significant changes in treatment when compare with 

mock treatment were collected from normalized data. Cutoff value of significant change was 

more than 2-fold, which is commonly used for microarray data analysis. Gene ontology 

analysis was carried out with GO analysis program in TAIR (The Arabidopsis Information 

Resource, http://www.arabidopsis.org/index.jsp). Clustering of expression patterns was 

conducted by Multi-Experimental Viewer (MEV) program, and hierarchical and K-mean 

clustering methods were used. Pathway mapping of the genes related to biotic/abiotic stress 

and calculation of number of overlapping genes between 3-hexenal and 1-octen-3-ol 

treatments were performed with MapMan program. Flow chart for data analysis after 

normalization was shown in Figure 3.  
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Figure 3. Flow chart for microarray data analysis after normalization. 
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RESULTS AND DISCUSSION 

 

Pre-check of oxylipin treatment condition 

    To check oxylipin treatment condition, we conducted preliminary experiment with 

methyl jasmonic acid (MeJA) and methyl salicylic acid (MeSA) of which vapor were treated 

in closed square Petri dishes during 24 hr after emulsification with water to final 

concentration of 10%. Then, marker genes up-regulated by those compounds were analyzed 

by Q-RT-PCR. Actin2 (ACT2) gene in Arabidopsis was used as internal control and relative 

expression was determined as ratio of signal intensity between any treatment and mock 

treatment. 

   As the results, THI2.1 and PDF1.2, and PR1 known as marker genes for MeJA and 

MeSA, respectively, were highly up-regulated in each treatment of MeJA or MeSA as our 

expectation, suggesting the oxylipin treatment condition might be proper to generate sample 

to analyze transcript profile by microarray analysis (Figure 4). 

    Therefore, emulsified oxylpin in the water to final concentration of 10% was used to 

construct samples for microarray analysis.  
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Figure 4. Relative expression levels of marker genes up-regulated by MeJA or MeSA 

treatment. THI2.1 and PDF1.2 are known as marker genes for MeJA, and PR1 for MeSA. 

Relative expression is determined as ratio of signal intensity between each treatment and the 

control mock treatment at each indicated treatment.  

 

RNA extraction & quality check for microarray analysis 

    As shown in Figure 5, when RNA extracts were checked by agarose gel electrophoresis, 

major bands existing in total RNA extract, 28S and 18S ribosomal RNA, were detected in the 

gel after staining with ethidium bromide. Furthermore, density of 28S band in each extract 

was higher than that of 18S. So, we proceeded to next step to check RNA quality by Agilent 

2100 Bioanalyzer. 

    As the results, all of RNA extracts were evaluated as high quality consisting of more 

than 2.0 of 260/280 nm and 260/230 nm ratios. The electropherograms associated with each 

RNA extract sample were shown in Figure 6. 
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Figure 5. Agarose gel electrophoresis of total RNA extracts. A: Mock treatments, B: 3-

hexenal treatments, C: 1-octen-3-ol treatments.  

 

 

Figure 6. The electropherograms associated with each RNA extract sample treatments. 

 

Analysis of transcript level for representative defense genes before microarray analysis 

    Prior to microarray analysis, expression levels of transcripts related to representative 

defense genes (THI2.1, PDF1.2 and PR1), oxylipin biosynthesis genes (LOX1 and HPL) and 

ethylene biosynthesis gene (ACC2) were analyzed to determine the effect of oxylipin on 

Arabidopsis by Q-RT-PCR. ACT2 gene in Arabidopsis was used as internal control and 
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relative expression is determined as ratio of signal intensity between any treatment and mock 

treatment.  

As the results, patterns of expression for each gene in each 3-hexenal and 1-octen-3-ol 

treatment were changed similarly each other and variously depending on gene, suggesting 

that transcripts in Arabidopsis were influenced by treatment of 3-hexenal and 1-octen-3-ol 

(Figure 7). In the defense-related genes, expression pattern of THI2.1 gene was highly up-

regulated at 1 hr time point, and thereafter decreased continuously in each 3-hexenal and 1-

octen-3-ol treatment. In contrast to that, expressions of PDF1.2 and PR1 genes were highly 

up-regulated at 12 hr time point in each treatment. HPL gene related to oxylipin biosynthesis 

showed similar expression pattern with PDF1.2 and PR1. However, the other one, LOX1, 

revealed different expression pattern, showing down-regulation. In the case of ACC2 

associated with the ethylene biosynthesis, the expression was highly down-regulated at the 

initial time point, then return to normal condition. 

This result supposed that the samples might be available for microarray analysis. 

Therefore, we used total RNA of those samples for first strand cDNA synthesis, and then 

proceeded to a series of microarray chip analysis.  
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Figure 7. Expression levels of transcripts related to representative defense genes, oxylipin 

biosynthesis genes and ethylene biosynthesis gene. Representative defense genes: THI2.1, 

PDF1.2 and PR1, oxylipin biosynthesis genes: LOX1 and HPL, ethylene biosynthesis gene: 

ACC2. Relative expression is determined as ratio of signal intensity between each treatment 

and the control mock treatment at each indicated time. 
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Plot of expression level in microarray analysis 

Scatter plot analysis was firstly conducted with normalized data of microarray chip 

analysis, and the results revealed that expression levels of the highest number of genes were 

changed more than 2 folds in each 3-hexenal and 1-octen-3-ol treatment at 12 hr after 

treatment and followed by 1 hr treatment (Figure 8).  

The number of genes changed more than 2 folds at each treatment time was counted and 

shown in Figure 9. The number of genes distributed at 12 hr time point was composed that 

299 and 15 genes were up- and down- regulated by 3-hexenal, and 406 and 35 genes were 

up- and down- regulated by 1-octen-3-ol, respectively. And the next was at 1 hr time point, 

comprising that 79 and 8 genes were up- and down- regulated by 3-hexenal, and 128 and 10 

genes were up- and down- regulated by 1-octen-3-ol, respectively. 

These results supposed that more than 6 hr later after treatment of each 3-hexenal and 1-

octen-3-ol might affect to transcriptional change of the highest number of genes, and 

transcription levels of some genes might be changed within 1 hr after treatments. 

  

 

Figure 8. Overview of scatter plot graphs of transcripts expression levels after microarray 

chip analysis with cDNA probes obtained from any treatment and mock treatment.
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Figure 9. The number of genes changed more than 2 folds at each treatment time.  

 

Construction of dataset 

For more detail analysis, we constructed dataset using genes changed more than 2 folds 

in transcription level at any time point. The total number of genes were 414 and 547 genes 

up- or down- regulated more than 2 folds by 3-hexenal and 1-octen-3-ol treatment, 

respectively(Table2). Thus, these genes were used as dataset for further analysis including 

gene ontology, clustering by expression pattern, mapping into biotic/abiotic stress and 

finding overlapping genes regulated by each of 3-hexenal and 1-octen-3-ol.  

 

Table 2. Total number of genes changed more than 2 folds in transcription level at any time 

point by 3-hexenal or 1-octen-3-ol. 

Treated compound No. of up- or down- regulated gene (|FC|>=2) 

3-hexenal 414 

1-octen-3-ol 547 
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Analysis of transcriptional change after treatment of 3-hexenal 

Gene ontology (GO) analysis. To identify gene function, total number of 414 genes 

regulated up or down by 3-hexenal were classified into functional categories according to 

GO analysis program in TAIR (The Arabidopsis Information Resource, 

http://www.arabidopsis.org/index.jsp). Although GO terms were separated to 3 independent 

sets such as cellular components, molecular function and biological process, our analysis 

was focused on biological process due to that objectives of this study was to understand 

defense mechanism influenced by oxylipin in plant. When dataset was classified into 

categories in part of biological process, the highest number of genes was distributed in 

cellular processes with 20% and followed by metabolic processes with 19% (Figure 10). 

Total percent of genes classified into categories related to defense mechanism including 

response to stress and response to biotic/abiotic stimulus was 14%. In terms of number of 

genes, 102 genes were concerned with response to stress and 87 with response to 

biotic/abiotic stimulus. Thus, without excluding multifunctional gene, about 30% of dataset 

(124/414) was related to response of biotic/abiotic stress. These results supposed that high 

number of genes among changed transcripts more than 2 folds were concerned with defense 

mechanism. 

 

http://www.arabidopsis.org/index.jsp
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Figure 10. GO analysis of total number of 414 genes regulated up or down by 3-hexenal. 

 

Expression profiling by clustering. To analyze gene expression patterns, we performed 

hierarchical and K-means clustering analyzes using 414 genes regulated up or down by 3-

hexenal (Figure 11). It showed that a number of genes were differentially regulated by 3-

hexenal treatment. The highest number of genes was belonged to Cluster 8, comprising 121 

genes, and followed by Cluster 10 with 112 genes. These two clusters were representative 

clusters containing high number of genes, more than 100 genes. Expression pattern of 

Cluster 8 was typical cluster of up-regulated genes consistently during treatment. Cluster 10 

showed a progressive increase in expression level until 12 hr time point. Gene belonging to 

Cluster 1, 2, 7 and 9, containing 3, 1, 83 and 31 genes, respectively, showed up-regulation at 

12 hr time points. In contrast to those, 18 genes in Cluster 5 showed a progressive decrease 

in expression level. Cluster 3, 4 and 6, containing 1, 14 and 30 genes, respectively, exhibited 

down-regulation at 12 hr time points. In conclusion, representative clusters, containing high 
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number of genes, showed up-regulation consistently during treatment or increasingly until 12 

hr time points. 

 

 

Figure 11. Hierarchical and K-means clustering of 414 genes regulated up or down by 3-

hexenal.  

 

Analysis of stress related genes in representative clusters. To identify genes related to 

biotic/abiotic stress, GO analysis of representative clusters, Cluster 8 and 10, were carried 

out. As the results shown in Figure 12, 11 and 9% of genes in Cluster 8 were related to 

response to stress and response to abiotic or biotic stimulus, respectively. In number, 47 

genes were concerned with response to stress and 39 genes with response to abiotic or biotic 

stimulus. Cluster 10, around 5% of this cluster gene, 17 and 15 genes, were concerned with 

response to stress and response to abiotic or biotic stimulus, respectively. Additionally, we 

analyzed other clusters to identify genes related to biotic/abiotic stress, however, a few genes 
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were identified to concern with that (Data not shown). Those results meant that expression 

pattern of most genes regarding biotic/abiotic stress exhibited up-regulation consistently 

during treatment or progressive increase until 12 hr time point.    

 

 

Figure 12. GO analysis of representative clusters, Cluster 8 and 10 shown in Figure 11. 

 

Mapping into biotic stress pathway. Through the GO and cluster analyzes, we were able to 

suppose that large number of genes might be related to biotic stress. Thus, we performed 

pathway mapping of the genes in dataset into biotic stress pathway to identify related genes 

in this pathway and its detailed expression patterns. For pathway mapping, expression levels 

at 12 hr time point in dataset were used, because the highest number of genes was changed in 

this point in expression level. As the results, 85 of 414 genes (about 20%) were mapped into 

biotic stress pathway including R and PR genes, hormone (auxins, ABA, ethylene and JA) 

signaling, cell wall, proteolysis, redox state, peroxidases, glutathione-S-transferase, signaling, 

MAPK, transcription factors (ERF and WRKY), heat shock proteins and secondary 
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metabolites pathways (Figure 13). Detailed expression patterns of those genes were 

described in Appendix. The highest number of genes (19 genes) were mapped into 

proteolysis pathway and followed by signaling pathway (15 genes). Especially, ABA and 

ethylene signaling genes, ERF gene, and WRKY genes were also included in our dataset, 

which were known as cross-talking genes with JA signaling in plant. These results suggested 

that signal transduction of 3-hexenal might be similar with one of JA.  

 

 

Figure 13. Pathway mapping of the genes regulated more than 2 folds by 3-hexenal 

treatment into biotic stress pathway, and its expression pattern at 12 hr time point. 
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Analysis of transcriptional change after treatment of 1-octen-3-ol 

Gene ontology (GO) analysis. As the same manner as 3-hexenal dataset, total number of 

547 genes regulated by 1-octen-3-ol were classified into functional categories using GO 

analysis program in TAIR. When dataset was classified into categories in part of biological 

process, the highest number of genes was distributed in cellular processes with 20% and 

followed by metabolic processes with 19% (Figure 14). Total percent of genes classified into 

categories related to defense mechanism including response to stress and response to 

biotic/abiotic stimulus was 15%. In terms of number of gene, 122 genes were concerned with 

response to stress and 140 with response to biotic/abiotic stimulus. Thus, without excluding 

multifunctional gene, about 30% of dataset (167/547) was related to response of 

biotic/abiotic stress. These results were very similar with 3-hexenal dataset and supposed 

that high number of genes among changed transcripts more than 2 folds were concerned with 

defense mechanism. 

 

 

Figure 14. GO analysis of total number of 547 genes regulated up or down by 1-octen-3-ol. 
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Expression profiling by clustering. When we performed hierarchical and K-means 

clustering analyzes using 547 genes regulated by 1-octen-3-ol (Figure 15), similarly with 3-

hexenal treatment, a number of genes were differentially regulated. The highest number of 

genes belonging to Cluster 9, comprising 274 genes, was representative clusters of up-

regulated genes consistently during treatment. The next was Cluster 10, containing 129 genes, 

showed a progressive increase in expression level until 12 hr time point. These two clusters 

were representative clusters containing high number of genes, more than 100 genes. Cluster 

2 containing 14 genes exhibited similar expression pattern with Cluster 9, showing up-

regulation consistently during treatment. Gene belonging to Cluster 1, 6 and 8, containing 3, 

34 and 27 genes, respectively, showed up-regulation at 12 hr time points. In contrast to those, 

Cluster 3 and 5, comprising 1 and 11 genes, showed a progressive decrease in expression 

level. Cluster 4 and 7, containing 33 and 21 genes, respectively, exhibited down-regulation at 

12 hr time points. Consequentially representative clusters, containing high number of genes, 

showed similar expression pattern with 3-hexenal treatment, up-regulation consistently 

during treatment or increasingly until 12 hr time points.  
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Figure 15. Hierarchical and K-means clustering of 547 genes regulated up or down by 1-

octen-3-ol. 

 

Analysis of stress related genes in representative clusters. To identify gene related to 

biotic/abiotic stress, GO analysis of representative clusters, Cluster 9 and 10, were carried 

out. As the results, in case of Cluster 9, 9 and 7% of genes were distributed into categories, 

response to stress and response to abiotic or biotic stimulus, respectively (Figure 16). In 

terms of number, 82 genes were concerned with response to stress and 62 genes with 

response to abiotic or biotic stimulus. In case of Cluster 10, 6 and 7%, containing 27 and 28 

genes, respectively, were concerned with response to stress and response to abiotic or biotic 

stimulus, respectively. In contrast to those, a few genes were identified to concern with that 

in other clusters (Data not shown). Those results were very similar with 3-hexenal treatment, 

and suggested that expression pattern of most genes regarding to biotic/abiotic stress 
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exhibited up-regulation consistently during treatment or progressive increase until 12 hr time 

point by each treatments of 3-hexenal and 1-octen-3-ol. 

 

 

 

Figure 16. GO analysis of representative clusters, Cluster 9 and 10 shown in Figure 15. 

 

Mapping into biotic stress pathway. The results in the GO and cluster analyzes were 

consistent with those of 3-hexenal dataset. Thus, we performed pathway mapping of the 

genes in dataset into biotic stress pathway to identify related genes in this pathway and its 

detailed expression patterns. In the same way with 3-hexenal dataset analysis, expression 

levels at 12 hr time point in dataset were used, and 117 of 547 genes (about 20%) were 

mapped into biotic stress pathway such as R and PR genes, hormone (auxins, ABA, ethylene 

and JA) signaling, cell wall, proteolysis, redox state, peroxidases, glutathione-S-transferase, 

signaling, MAPK, transcription factors (ERF and WRKY), heat shock proteins and 

secondary metabolites pathways (Figure 17). Detailed expression patterns of those genes 
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were described in Appendix. The highest number of genes (26 genes) were mapped into 

proteolysis pathway and followed by signaling pathway (19 genes). The results were also 

almost the same with 3-hexenal treatment. Furthermore, ABA and ethylene signaling genes, 

ERF gene, and WRKY genes which were known as cross-talking genes with JA signaling in 

plant were also included in our dataset. These results suggested that signal transduction of 1-

octen-3-ol as well as 3-hexenal might be similar with those of JA. 

 

 

Figure 17. Pathway mapping of the genes regulated more than 2 folds by 1-octen-3-ol 

treatment into biotic stress pathway, and its expression patterns at 12 hr time point. 
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Analysis of overlapping gene regulated by each treatment of 3-hexenal and 1-octen-3-ol 

Through previous analysis, we were able to suppose that large number of genes 

regulated by each 3-hexenal and 1-octen-3-ol treatment might be overlapped. So, in order to 

confirm our expectation, we carried out overlapping genes finding using MapMan program. 

When we carried out this analysis, we used two time point dataset, 1 hr and 12 hr, because 

transcriptional changes were occurred frequently in these time points.  

The results were shown in Figure 18 with Venn diagrams. In this analysis, it was 

revealed that almost of genes regulated by each 3-hexenal and 1-octen-3-ol treatment were 

overlapped in both 1 hr and 12 hr time points. The rate of overlapping genes was more than 

85% in up-regulated genes, and more than 60% in down-regulated genes. The results 

implicated that signal transduction or defense response in plant by even different oxylipins 

might be going through similar pathway. 

 

 

Figure 18. The numbers of overlapping and nonoverlapping up- or down- regulated genes at 

1 hr and 12 hr time points after treatment of each 3-hexenal and 1-octen-3-ol.  
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CONCLUSION 

 

In this study, transcriptional responses by vapor treatments of oxylipin, 3-hexenal and 

1-octen-3-ol, in Arabidopsis were identified through microarray analysis, suggesting that 

Arabidopsis recognizes 3-hexenal and 1-octen-3-ol as signal molecules. In the treatments of 

each 3-hexenal and 1-octen-3-ol to Arabidopsis, total numbers of 414 and 547 genes were 

up- or down- regulated more than 2 folds, respectively, and those genes were used as datasets 

for further analysis.   

When the datasets were classified into functional categories in part of biological process, 

high number of genes were distributed in the categories related to defense mechanism 

including response to stress and response to biotic/abiotic stimulus. In each 3-hexenal and 1-

octen-3-ol treatment, about 30% of dataset, 124/414 and 167/547, respectively, were related 

to biotic/abiotic responses. These results supposed that high number of genes among 

changed transcripts more than 2 folds were concerned with defense mechanism. 

In the clustering of expression patterns with the datasets, genes related to biotic/abiotic 

responses revealed two representative patterns, up-regulation consistently during treatment 

or progressive increase until 12 hr time point by each treatment of 3-hexenal and 1-octen-3-

ol. 

The genes related to biotic/abiotic responses were mapped into biotic stress pathway 

including R and PR genes, hormone (auxins, ABA, ethylene and JA) signaling, cell wall, 

proteolysis, redox state, peroxidases, glutathione-S-transferase, signaling, MAPK, 

transcription factors (ERF and WRKY), heat shock proteins and secondary metabolites 

pathways. The number of genes mapped into biotic stress pathway was 85 of 414 genes 

(about 20%) and 117 of 547 genes (about 20%). These results suggested that signal 
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transduction of 3-hexenal and 1-octen-3-ol might be similar with those of JA, because 

particular genes including ABA and ethylene signaling genes, ERF gene, and WRKY genes, 

which were known as cross-talking genes with JA signaling in plant, were regulated at 

transcription level by each treatment of 3-hexenal and 1-octen-3-ol.  

Furthermore, when we performed overlapping genes finding using two time point 

dataset, 1 hr and 12 hr, in each 3-hexenal and 1-octen-3-ol treatment, it was revealed that 

almost of genes regulated by each 3-hexenal and 1-octen-3-ol treatment were overlapped in 

both time points. The rate of overlapping genes was more than 85% in up-regulated genes, 

and more than 60% in down-regulated genes, suggesting that signal transduction or defense 

response in plant by even different oxylipins might be similar. 

Taken together, it was assumed that when plant recognizes 3-hexenal or 1-octen-3-ol, 

various biotic stress genes, including R and PR genes, hormone signaling, redox state, cell 

wall, proteolysis, signaling, and transcription factors related genes, might be up-regulated 

during 12 hr to increase defense system in the cell (Figure 19).  

 

 

Figure 19. Proposed defense response in plant by 3-hexenal and 1-octen-3-ol. 
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The results in this study might be useful to have an insight into defense response in the 

plant cell occurred by oxylipin compounds, especially 3-hexenal and 1-octen-3-ol. However, 

further investigations are needed to clarify the physiological function and signaling of up-

regulated biotic stress related genes in detail. 
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요약문 

 

옥시리핀 화합물은 지방산으로부터 만들어지는 산화물로서 식물, 동물, fungi

에 널리 분포되어 있다. 이런 옥시리핀 화합물은 식물에서 식물의 방어반응과 분

화를 조절하는 중요한 역할을 하고 있다. 

옥시리핀 화합물 중 주로 jasmonic acid에 대한 연구가 활발히 이루어져 있

는데 식물 방어 기작 연구는 물론 더 나아가 다른 식물 방어 경로인 ABA, ET, 

SA pathway와의 cross talking까지도 연구가 되어 있다. 

따라서 본 연구에서는 이외에 다른 옥시리핀 화합물에 대해 좀 더 자세히 

알아보고자 옥시리핀 화합물 중 식물에서 보편적으로 생성된다고 알려진 3-

hexenal과 식물에서 거의 드물게 생성된다고 알려진 1-octen-3-ol을 대상으

로 진행하였다. 이 두 옥시리핀 화합물에 대해서는 아직 gene profiling이 이루

어져 있지 않아 Microarray 분석을 통해 두 옥시리핀 화합물 처리에 따라 변화

하는 방어 반응에 관련하는 유전자의 발현 변화를 알아 보았다. 

Microarray 분석결과, 3-hexenal 또는 1-octen-3-ol 처리시 유전자의 

발현이 2배이상 변화된 유전자는 3-hexenal 처리구는 414개, 1-octen-3-ol 

처리구는 547개의 유전자가 발현 변화한 것을 확인하였다. 각 처리구의 전체 발

현 변화된 유전자에서 biotic/abiotic 반응에 관련하는 유전자는 약 30%나 차지

하는 것을 확인하였고 이 유전자의 발현패턴은 24시간 동안 지속적으로 발현을 

유지하거나 12시간 이내에 지속적으로 발현을 증가하는 패턴을 띠는 것을 확인

하였다. 또한 biotic/abiotic 반응에 관련하는 유전자는 R gene, PR gene, 
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hormone signaling, cell wall, proteolysis, transcription factor, signaling, 

redox state, peroxidases, glutathione-S-transferase, signaling, MAPK, 

transcription factor, heat shock protein, secondary metabolism 등과 관련된 

유전자들이 발현한다는 것을 확인하였다. 두 처리구인 3-hexenal이나 1-

octen-3-ol 처리시 발현 변화된 biotic/abiotic 반응에 관련하는 유전자를 

overlapping 해본 결과 다수의 biotic/abiotic 반응유전자가 공통적으로 발현 변

화한다는 것을 확인하였다. 

따라서 본 연구에서 내린 결론은 아마도 3-hexenal과 1-octen-3-ol이 

식물에 영향을 미치게 되면 이 두 화합물이 signal molecular로 작용하여 다양

한 biotic stress 반응에 관여하는 유전자의 발현을 12시간 이내에 증가시켜 식

물의 defense 반응을 일으킬 것으로 예상된다. 
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