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ABSTRACT 

 Oxylipins, such as green leaf volatiles (GLVs) and jasmonic acid (JA), were lipid-derived 

secondary metabolites that are synthesized through the lipoxygenase (LOX) pathway. Oxylipins play 

a defensive role against herbivore damage, pathogen infection, and so on. LOXs are key enzymes 

that catalyze an oxygenation of linolenic acid or acyl groups of monogalactosyldiacylglycerol 

(MGDG), abundant in thylakoid membrane, to form their hydroperoxides. Subsequent cleavage by 

hydroperoxide lyase (HPL) yields GLVs, or epoxidation/cycliznation by allene oxide synthase 

(AOS)/allene oxide cyclase (AOC) forms 12-oxo-phytodienoic acid (OPDA) as a precursor of JA. 

Biosynthetic pathway and physiological function of oxylipins have been extensively studied so far, 

but the mechanisms to regulate their formation are largely unknown. For example, substantial 

amount of Arabidopsis LOX2 localizes in chloroplast stroma in intact cell concomitantly with its 

substrates in thylakoid membrane. Since HPL and AOS localize on chloroplast envelope, plant 

should have a potential to form GLVs and OPDA continuously. However, plants hardly form 

oxylipins before suffering stresses. Cell/tissue disruption intimately associated with herbivore 

-burst is evident 

within a few seconds minutes after damage. Subcellular compartment is largely disrupted at the 

place of damage, and there should be no time to initiate expression of the genes for oxylipin 

formation. Accordingly, it is suggested that LOX undergoes a system to regulate its enzyme activity 

at the protein level. In this study, I posed a hypothesis that plant LOXs stays at their inactivated 

forms in intact tissue to suppress formation of oxylipins and are activated after damage to promptly 

initiate oxylipin-burst. 

 In Chapter 1, I identified a specific LOX isoform involved in GLV-burst of Arabidopsis 

leaves. Plants generally have several LOX isozymes and each of them seems to have specific roles, 

e.g. GLVs formation, JA formation. So far, a LOX involved in GLVs and/or JA formation has been 

identified in tobacco, tomato, potato and maize. In Arabidopsis, it is already reported that LOX2 is 

involved in local formation of JA after tissue disruption. However, the LOX involved in GLVs 

formation has not been studied largely because the ecotype, Col-0, widely used by plant biologists 

has a natural mutation in HPL. I prepared a complete set of knockout mutant of each LOX gene in 

Ws-1, which has intact HPL gene and therefore can form GLVs. Volatiles formed after freeze-thaw 

treatment of leaves was analyzed with GC-MS. Accordingly, I identified LOX2 as an essential LOX 

to form GLVs and five carbon volatiles in Arabidopsis. 

 In Chapter 2, I studied the mechanism to control LOX2 activity. At first, I prepared a 

recombinant protein with E. coli expression system. I found that the activity of recombinant LOX2 is 

quite unstable that hindered further characterization. Next, I evaluated ex vivo LOX2 activity. 

LC-MS/MS analysis of the extract prepared from disrupted leaves of Col-0 revealed formation of 

MGDG-hydroperoxides (MGDG-OOHs) as products of LOX2. With considering an analogy with 

the mechanism to regulate LOX activity in animal tissues, Ca2+ was a candidate that regulates 

activity of Arabidopsis LOX2. Addition of a Ca2+ chelating reagent, BAPTA, suppressed formation 
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of MGDG-OOHs. Formation of GLVs in Ws-1 was also suppressed in the presence of BAPTA, and 

the amount of GLVs suppressed was mostly same with amount of MGDG-OOHs found in Col-0, 

which indicated that MGDG-OOHs were largely converted into GLVs. This is the first report that 

MGDG-OOHs formed by LOX2 is directly involved in GLV-burst in Arabidopsis. GLVs formation 

was recovered with supplementation of free Ca2+ in a dose dependent manner in the presence of 

BAPTA. BAPTA showed little effect on HPL activity. These results suggest that LOX2 is activated 

by Ca2+ to facilitate GLV-burst in Arabidopsis. A modeling study on Arabidopsis LOX2 based on the 

structure of coral LOX that is regulated by Ca2+ led identification of amino acid residues, which may 

bind Ca2+, in Arabidopsis LOX2. I examined the effect of Ca2+ on the other plant species, such as 

tobacco, tomato, clover, soybean, rice and maize. Unexpectedly, addition of BAPTA hardly 

suppressed GLV-burst with these plants. 
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CHAPTER ONE 

Identification of a lipoxygenase involved in 

biosynthesis of green leaf volatiles in Arabidopsis thaliana
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Introduction 

 Oxylipins are metabolites formed from lipids through at least one step of oxygenation 

reaction catalyzed by lipoxygenases, cyclooxygenases, or -dioxygenases, and exert a wide variety 

of bioactivities in plant and animal tissues [1,2]. Green leaf volatiles (GLVs) and jasmonates (JAs) 

are oxylipins most widely distributed among the plant kingdom. In most cases, the amount of GLVs 

and JAs are kept low in intact and healthy plant tissues, but their formation is activated upon biotic 

and abiotic stress stimulus, such as herbivore feeding, pathogen attack, and mechanical wounding 

[3 5]. GLVs are six carbon aliphatic aldehydes, alcohols, and esters, and have the direct defense 

effect against microbial pathogens that attempt to invade through wounds on plant tissues as well as 

the indirect defense function through recruiting predators of herbivores infesting on the plants [3,4] 

(Fig. 1A). JAs are phytohormones harboring the cyclopenta(e)none moiety in their structures, and 

involved in stress responses through inducing expression of defense genes and subsequent 

accumulation of defense metabolites. JAs are also involved in development of plant organs, such as 

tendril coiling and anther dehiscence [5]. 

 Because GLVs and JAs take distinct functions, the biosynthetic pathways for GLVs and 

JAs are thought to be under a distinct control. However, most oxylipin biosynthetic pathways share 

the initial reaction step, i.e., the oxygenation of fatty acids or acyl groups in lipids by a lipoxygenase 

(LOX) to form their corresponding hydroperoxides. For example, linolenic acid is oxygenated by 

13-LOX to form linolenic acid 13S-hydroperoxide (13-HPOT). When 13-HPOT would be cleaved 

by 13-hydroperoxide lyase (13-HPL), (Z)-3-hexenal (2) would be formed with 

12-oxo-(Z)-9-dodecenoic acid. On the other hand, when allene oxide synthase (AOS) would act on 

13-HPOT, a precursor of JAs, i.e., allene oxide, would be formed, and subsequently converted into 

12-oxophytodienoic acid (OPDA) (Fig. 2). There might be two ways to accomplish distinct 

regulation of each pathway. One way is the distinct spatiotemporal expression of the enzymes next to 

LOXs, i.e., HPL and AOS [6]. The other way is preparing a distinct set of LOX-HPL and LOX-AOS. 

It has been reported that tobacco NaLOX2, tomato TomloxC, potato StLOX2 (LOX-H1), and maize 

ZmLOX10 specialize in the GLV pathway [7 10], while rice OsHI-LOX, tobacco NaLOX3, tomato 

TomloxD and maize ZmLOX8 specialize in JA pathway [10 13]. It is also reported that one LOX 

species accounts to both the pathways. For example, rice OsLOX1 (OsLOX-L1) is involved in both 

the GLV and JA pathways [14]. TomloxC mutant also fails to induce JA accumulation after infection 

of X. campestris [8]. Arabidopsis has six LOXs (LOX1 to 6) and four of them (LOX2, LOX3, LOX4, 

and LOX6) are 13-LOXs that can provide the 13-hydroperoxides for GLV- and JA-biosynthesis, and 

all the four LOXs are reported to contribute to JA synthesis in vivo but in a distinct event [15]. LOX2 

is involved in formation of a large amount of JA in wounded leaves [16], while LOX3 and LOX4 are 

required in JA synthesis essential for male fertility [17]. LOX6 produces JA in the vasculature of 

leaves [18] as well as in roots [19]. On the contrary, LOX involved in GLV synthesis in Arabidopsis 

has not been identified. The other two LOXs (LOX1 and LOX5) are 9-LOXs that can provide the 

9-hydroperoxides. Oxylipins derived from 9-LOX are reported to regulate lateral root development 
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and defense responses through a specific signaling cascade, i.e., hypersensitive response, systemic 

acquired resistance [20,21]. 

 The temporal profiles of formation of GLVs and JAs are also distinctive. GLV formation is 

rapidly accelerated after disrupting plant tissues [22 24]. In Arabidopsis leaves, induction of 2

formation and emission was evident within a few seconds after mechanical wounding. Such an event, 

-  After reaching the 

maximal levels at 30 to 45 seconds after wounding, the amount of 2 decreased rapidly to the original 

level [22]. JA formation is also accelerated rapidly after mechanical wounding on Arabidopsis leaves, 

and the accumulation of JAs was evident at 30 sec after wounding; however, the accumulation of 

JAs continues until 90 min after wounding [25]. AtLOX6 largely accounts to JA accumulation after 

mechanical wounding at early timing (<60 sec) [15], and AtLOX2 accounts to it after 90 sec to 90 

min [25]. Even though it is evident that disruption of cells caused by mechanical wounding is a 

trigger to induce rapid formation of GLVs and JAs, we still do not know how the quick oxylipin 

formation is regulated. In order to get insight into the mechanism supporting the GLV-burst, it is 

important to identify the step that is activated after wounding. 

 Isothiocyanates are formed rapidly after tissue disruption. In this case, the precursor 

(glucosinolates) and the enzyme (myrosinase) that hydrolyzes S-glycoside bonding are 

compartmentalized from each other at the cellular level. Tissue disruption resulted in mixing the 

precursor and enzyme to form hydrolyzed products [26]. It has been suggested that a lipase is 

involved in GLVs pathway to form free linolenic acid from membrane lipids. Therefore, it was often 

proposed that GLV-burst was supported by activation of the lipid hydrolysis after tissue disruption; 

however, the lipase(s) involved in GLVs formation has not been identified so far. On the other hand, 

we previously found that at least part of GLVs was formed without liberation of free fatty acids [27]. 

In the novel pathway, galactolipids, most abundant lipids in chloroplast membrane, are oxygenated 

directly by LOX to form galactolipid hydroperoxides. Galactolipid hydroperoxides are subsequently 

cleaved by HPL to form GLVs and esterified 12 carbon counterparts (Fig. 2) [27]. In this case, LOX 

and/or its reaction should take a key role in controlling GLV-burst after tissue disruption. 

 LOX involved in GLV formation in Arabidopsis has not been identified largely because 

the ecotype Col-0 widely used by plant biologists has a natural mutation of HPL, and hardly forms 

GLVs [28]. In this study, I prepared a complete set of mutants deficient in each LOX gene in 

Arabidopsis with Ws-1 or Ler background to identify the LOX essential to formation of GLVs. 

Detailed analysis of GLVs and related compounds with each mutant line prompted us to assume the 

mechanism supporting the GLV-burst. 
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Fig. 1. Chemical structures of volatile compounds mentioned in this Chapter. A, GLVs. B, Five 

carbon (C5) volatiles. 

Fig. 2. The biosynthetic pathway of GLVs in Arabidopsis.





11 

Materials and Methods

Plant materials
Arabidopsis thaliana mutants lox1 (FLAG_156H09), lox3 (FLAG_071B05), lox4

(CSHL_GT7719), lox5 (FLAG_579D04), lox6 (SALK_047440) were obtained from Versailles 

Arabidopsis Stock Center (http://publiclines.versailles.inra.fr/) [29]. lox1, 3, 5 are in Ws-1 

background, and lox4 is Ler background. lox2-1 and lox6 mutant in Col-0 background were crossed 

with Ws-1 and homozygous mutant in Ws-1 backgrounds were generated. Original lox2-1 mutant 

(Col-0) was given from Dr. Edward E. Farmer (Université de Lausanne, Switzerland). For 

experiments presented in Figs. 1 8, and 16A, Arabidopsis thaliana wild-type (Col-0, Ws-1, and Ler) 

and lox mutants were grown at 25°C with 50% humidity, under 14 h of light/day (fluorescent lights 

at 50 2 s 1) for 23 36 days. For other experiments, plants were grown at 22°C, 50 150 
2 s 1, under 10 h of light/day (fluorescent lights at 50 2 s 1) for 42 49 days.

Genotyping PCR and semi-quantitative RT-PCR 
Genotyping PCR was carried out with genomic DNA extracted from Arabidopsis leaves 

(Fig. 3A). Arabidopsis leaves (100 mg) 

Tris-HCl pH 8.0, 0.7 M NaCl, 50 mM EDTA). After incubation at 65°C 

chloroform: isoamyl alcohol solution (24:1, v/v) was added, and then, incubated for 5 min. After 

of isopropanol, then, centrifuged at 14,000 rpm for 10 min at 25°C. The precipitate was suspended 

with distilled H2O and used as genomic DNA [30]. KOD FX Neo (TOYOBO, Osaka, Japan) was 

used for PCR. For genotyping of lox2-1 mutant, I followed protocol described by Glauser (2009) 

[25]. Agarose gel (AtLOX1 6) and polyacrylamide gel (AtHPL) electrophoresis were used.

Semi-quantitative RT-PCR was carried out with first strand cDNA prepared from total 

RNA extracted from Arabidopsis leaves (Fig. 3B). Total RNA was extracted with RNeasy mini kit 

(QIAGEN) and DNase I (TAKARA BIO), and cDNA was obtained from total RNA with SuperScript 

III (Thermo Fisher Scientific). KOD FX Neo was used for PCR. Primer list is shown in Table. 1.
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Freeze-thaw and time course assay with GC-MS
Above-ground part of Arabidopsis were cut out with razor blade and immediately 

snap-frozen with liquid nitrogen. In order to determine the GLVs levels in intact tissues, cold solvent 

(at 80°C) was directly mixed with the frozen plant tissue powder in a closed vial. For freeze-thaw 

or time course assay, frozen plant tissue powder was thawed at 25°C in a closed vial, and incubated 

further for a given time before extraction with the solvent. The enzyme reaction was terminated by 

adding 2 mL of methyl tert- 1 of n-nonan-1-yl acetate 

(Tokyo Chemical Industry Co., Tokyo, Japan) as an internal standard (IS). After incubation for 10 

min at 60°C, the MTBE mixtu

of the extract was subjected to GC-MS (QP-5050, Shimadzu, Kyoto, Japan) equipped with a 

DB-WAX column (30 m length × ickness, Agilent 

Technologies). Injection was carried out using a splitless mode with a splitless sleeve (Shimadzu, 

Kyoto, Japan). The sampling time was 1 min, and vaporization chamber temperature was 240°C. 

The initial oven temperature was 40°C, held for 5 min, ramped at 3.5°C min 1 to 100°C. The carrier 

gas (He) was delivered at 44.8 cm s 1. The MS was operated in the electron ionization mode with 

ionization energy of 70 eV, and the temperatures of the ion source and interface were 200°C and 

240°C, respectively, with a continuous scan from m/z 40 to 350. In order to identify each compounds, 

retention indices and MS profiles of corresponding authentic specimens were used. In order to 

construct calibration curves for quantification, n-hexanal (1) (Wako Pure Chemicals, Osaka, Japan), 

2 (Nihon Zeon, Tokyo, Japan), (E)-2-hexenal (3) (Wako Pure Chemicals, Osaka, Japan), 

(Z)-3-hexen-1-ol (5) (Wako Pure Chemicals, Osaka, Japan), 1-penten-3-ol (8) (Alfa Aesar, Ward Hill, 

MA), (Z)-2-penten-1-ol (9) (Alfa Aesar, Ward Hill, MA), and n-pentan-1-ol (10) (Sigma-Aldrich, St. 

Louis, MO) were dissolved in MTBE containing n-nonan-1-yl acetate, and then subjected to GC-MS 

(Fig. 8). Unfortunately, there was a contamination of o-xylene at the same retention time with that of 

2 (Fig. 5A). In order to quantify the amount of 2 precisely, selected-ion monitoring chromatogram 

(SIM) with representative fragment ion, which is 69 m/z (Da) (Fig. 5B), was used to construct the 

calibration curve to quantify.



13 

HPL activity analysis by using HPLC
The above-ground part (1 g FW) of Arabidopsis plant were homogenized with 

homogenization buffer (2 mL of 50 mM Na phosphate pH 6.3 containing 50 mM 

diethylenetriaminepentaacetic acid) with a mortar and pestle to give crude enzyme solution. The 

crude enzyme (100 µL) was mixed - -linolenic 

acids (Sigma-Aldrich) with soybean lipoxygenase in ethanol in 1 mL of reaction mixture (Figs. 10, 

11, 12A, and 12B) [31]. In some experiments (Fig. 12C), 13-HPOT and 

O-(13S-hydroperoxy-(9Z,11E,15Z)-9,11,15-octadecatrienoyl)-O-(11S-hydroperoxy-(7Z,9E,13Z)-7,9,

13-hexadecatrienoyl) monogalactosyl diglyceride (MGDG-13-HPOT/11-HPHT) in ethanol were 

used as a substrate. MGDG-13-HPOT/11-HPHT was obtained from conversion of 

O-(9Z,12Z,15Z)-9,11,15-octadecatrienoyl-O-(7Z,10Z,13Z)-7,9,13-hexadecatrienoyl) monogalactosyl 

diglyceride (MGDG-C18:3/C16:3) to hydroperoxides by using soybean lipoxygenase. 

MGDG-C18:3/C16:3 was purified from spinach leaves [27]. MGDG-13-HPOT/11-HPHT and 

13- , respectively) were used to give same amount 

of corresponding hydroperoxides for HPL. After 3 min incubation at 25°C, 1 mL of 0.1% (w/v) 

2,4-dinitrophenylhydrazine in ethanol containing 0 n-heptanal 

(Wako Pure Chemicals, Osaka, Japan) as an internal standard were mixed. After incubation for 1 h 

in the dark, the hydrazone derivatives were extracted with 2 mL of n-hexane. After drying up the 

n-hexane extract, the residue was dissolved  of acetonitrile. Compound 2 formed during the 

reaction was quantified with HPLC (Prominence, Shimadzu) equipped with a Mightysil RP-18GP 

(2.0 × 150, 5 : formic acid 

(65:35:0.1, v/v/v) at the flow rate of 0.2 mL min 1 at 40°C with following absorbance with a 

photodiode array detector (SPD-M10A, Shimadzu). In order to identify 2, the retention time and the 

spectrum of corresponding authentic standard were used. The calibration curve was constructed with 

authentic 2 suspended in 1 mL of the homogenate buffer (Fig. 12). In order to evaluate HPL activity 

in each crude enzyme (Fig. 11A), the amount of 2 formed in the presence of substrate was subtracted 

from that formed in the absent of substrate.
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SPME analysis
After cutting the hypocotyl close to the hypocotyl-root junction, the above-ground parts of 

Arabidopsis plants were placed on the cap of vial (Micro tube 2 mL, 72.693, SARSTEDT, Tokyo, 

Japan) with a portion of tap water, and then placed into a glass jar (187 mL, 67 mm diameter, 75 mm 

height) (Fig. 13D). In wounding treatment, about 20% area of apical part of all odd number leaves 

were wounded by pinching with forceps The leaves were numbered from youngest to oldest (Figs. 

13A, 13B, and 13C). A SPME fiber m DVB/Carboxen/PDMS, Supelco) was exposed to the 

headspace immediately after placing the plants in the jar, then, the volatiles were collected for 30 

min at 25°C (Fig. 13D). After collection, the fiber was inserted into the insertion port of a GC-MS. 

GC-MS analysis of the volatiles were carried out with direct insertion of the fiber into the injection 

port of GC-MS equipped with SPME Sleeve (Shimadzu, Kyoto, Japan). The conditions were as 

shown above but rate of temperature increase from 40 to 95°C was reduced to 3.25°C min 1 to get 

better separation. The fiber was held in the injection port (set at 240°C) for 10 min to fully remove 

any compounds from the matrix. In order to identify each compounds, MS profiles of corresponding 

authentic specimens were used. In order to construct calibration curves for quantification, 2 (Nihon 

Zeon, Tokyo, Japan), 3 (Wako Pure Chemicals, Osaka, Japan), 5 (Wako Pure Chemicals, Osaka, 

Japan), n-hexan-1-ol (4) (Tokyo Chemical Industry Co., Tokyo, Japan), (Z)-3-hexen-1-yl acetate (7) 

(Wako Pure Chemicals, Osaka, Japan), (E)-2-hexen-1-ol (6) (Wako Pure Chemicals, Osaka, Japan), 

8 (Alfa Aesar, Ward Hill, MA), and 9 (Alfa Aesar, Ward Hill, MA) were suspended in 3.5% (w/v) 

Tween 20. Two sheets of filter paper (grade 391, 55 mm diameter, MUNKTELL) infiltrated with 150 

-suspension were placed inside of the jar to give almost similar surface area with 

plant leaves (Fig. 16). The quantification of 2 was done with representative fragment ion of m/z = 69 

(as described above).

Phylogenetic analysis 
Phylogenetic analyses were carried out using the Maximum Likelihood method and the 

Neighbor-joining method based on the LG model + G + I (8 categories) in MEGA6 (Fig. 19). Amino 

acid sequences were aligned using MAFFT v7.220 [31]. Genbank accession numbers of each LOX 

proteins used for phylogenetic analysis were described in Table. 2.

Statistics
All values are presented as means ± SEM. Statistical analyses were performed with 

BellCurve in Microsoft Excel (Social Survey Research Information Co., Tokyo, Japan). Statistical 

methods used are described in the captions of figures. 
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Fig. 3. Genotyping and semi-quantitative RT-PCR. A, Genotyping of AtLOXs in each mutant 

lines. Each lox mutants except lox2-1 are T-DNA insertion mutant. B, Expression of AtLOXs in leaf 

in Ws-1 and lox2-1 mutant. Ws-1 and lox2-1 mutant have a same expression profile in AtLOXs. 

Primer set for genotyping and semi-quantitative RT-PCR are found in Table. 1. 

Fig. 4. Schematic map of AtHPL and AtLOXs. Filled arrows indicate primers used for genotyping, 

and open arrows indicate primers used for RT-PCR. 



16 

Table. 1. Primers for genotyping and RT-PCR. A and C, Primer set for genotyping and RT-PCR 

(Figs. 3A and 3B). B and D, Sequences of primer for genotyping and RT-PCR. 
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Fig. 5 The quantification of 2 with selected-ion monitoring chromatogram (SIM) by using 

representative fragmented ions. The peak of retention time of 2 was overlapped with the peak of 

o-xylene. In order to quantify precisely, the representative fragmented ion of 2 (m/z of 69) was used. 

A, The chromatogram of 3 min freeze-thaw treated lox2-1 (black: Total ion chromatogram (TIC), 

pink: 100 times expanded m/z of 69, blue: 3 times expanded m/z of 91 (representative fragmented 

ion of o-xylem). (a) indicates the MS profile of the peak indicated with the dashed line in A. (b) 

indicates the MS profile of o-xylem. B, The chromatogram of 60 min freeze-thaw treated lox2-1

(black: TIC, pink: 50 times expanded m/z of 69, blue: 10 times expanded m/z of 91). (c) indicates the 

MS profile of the peak indicated with the dashed line in B. (d) indicates the MS profile of 2. 
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Results 

Volatiles formed in Arabidopsis after freeze-thaw treatment 
In order to determine the GLV and C5 volatile levels in intact leaf tissues, cold solvent 

(chilled at 80°C) was directly mixed with the frozen leaf powder prepared from leaves snap-frozen 

with liquid N2 with suppressing any enzyme reactions during the extraction process. The other 

portion of the frozen leaf powder was thawed at 25°C in a closed vial, and incubated further for 3 

min to facilitate enzyme reactions before extraction with the solvent. With the wild type ecotypes, 

Ws-1 and Ler, low but substantial amounts of GLVs and C5 volatiles were detected even in the 

intact leaves, and 2 was most abundant among the volatiles quantified here (Figs. 6 and 7). The 

freeze-thaw treatment followed by 3 min-incubation at 25°C extensively facilitated formation of 2,3, 

and 5 in both Ws-1 and Ler, but the amounts of 1, and C5 volatiles, such as 8, 9, or 10, showed little 

changes (Fig. 7). Because I used completely disrupted tissues, 7 acetate that could be detected in 

partially wounded leaves, especially in the headspace (Fig. 15) [23], was hardly detected. In Col-0, 

the amounts of 2 and 3 were much less than those found in Ws-1 and Ler, because Col-0 lacked HPL 

activity [28]. The amount of 1 in intact Col-0 leaves was equivalent to those in intact Ws-1 and Ler, 

but the freeze-thaw treatment significantly increased its amount only in Col-0. The levels of C5 

volatiles in Col-0 were not different from those in the other two ecotypes, but the amounts 8 slightly 

increased after freeze-thaw treatment.

The amounts of GLVs and C5 volatiles detected in intact leaves of lox1 (Ws-1), lox3 

(Ws-1), lox4 (Ler), lox5 (Ws-1), and lox6 (Ws-1) mutants were largely similar to the corresponding 

wild type ecotypes. The effect of freeze-thaw treatment on the amounts of GLVs and C5 volatiles 

were also similar to the corresponding wild type ecotypes, and those of GLVs increased rapidly but 

those of C5 volatiles showed little changes. The amounts of GLVs and C5 volatiles detected either in 

intact or in freeze-thaw treated lox2-1 (Ws-1) leaves were significantly lower than those in the other 

Arabidopsis genotypes and ecotypes (Figs. 6 and 7). Compound 10 was an exception, and its amount 

was largely constant irrespective of the genotypes, ecotypes, and freeze-thaw treatment.
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Fig. 6. Effect of freeze-thaw treatment on GLVs and C5 volatiles in Arabidopsis. Arabidopsis 

tissue powder was freeze-thaw treated and subsequently incubated for 3 min, and volatile 

compounds were collected by extraction with MTBE. Representative chromatograms were shown 

(black: freeze-thaw treated Ws-1, pink: freeze-thaw treated lox6, blue: freeze-thaw treated Col-0, 

brown: freeze-thaw treated lox2-1, and green: intact Ws-1). 
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Fig. 7. Formation of GLVs and C5 volatiles in Arabidopsis requires the activity of LOX2. A, 

The amount of GLVs in intact and freeze-thaw treated Arabidopsis. B, The amount of C5 volatile 

compounds in intact and freeze-thaw treated Arabidopsis. Mean values ± SEM (error bars) are 

shown (n = 3, technical replicates). Different letters show significant difference (two-way ANOVA, 

Tukey, P < 0.05). In the amount of 9, there is significant difference in genotype (among mutants and 

wild types) and treatment (intact vs freeze-thaw), respectively (two-way ANOVA, Tukey, P < 0.01), 

but there is no significant difference in interaction effect between genotype. In the amount of 

n-pentanl-1-ol, there is significant difference in genotype (two-way ANOVA, Tukey, P < 0.01), but 

no significant difference in treatment. Different letters in 9 and 10 show significant differences 

among genotype. ND, not detected. 
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Fig. 8. Calibration curves used for the quantification of GLVs and C5 volatiles. These 

calibration curves were used to quantify the amount after solvent extraction (Figs. 7 and 17). 
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HPL activity in lox2-1 mutant
 LOX2 is most accountable to biosynthesis of JA after mechanical wounding of 

Arabidopsis leaves [16]. HPL is under regulation of JA signaling [6]. Therefore, it was anticipated 

that low amounts of GLVs in lox2-1 mutant was caused by low HPL activity in this mutant. In order 

to determine HPL activity in lox2-1 mutant, I examined the HPL activity by using HPLC (Figs. 9 

and 10). The most abundant product of HPL, 2, was quantified as a hydrazone derivative after 

adding substrate (13-HPOT and MGDG-13-HPOT/11-HPHT). I found that the lox2-1 mutant 

showed substantial HPL activity even larger than that in Ws-1 wild type ecotype (Fig. 11). Therefore, 

the low ability to form GLVs in lox2-1 mutant was not caused by a change in HPL activity but 

largely caused by impairment of LOX2 activity. There is significant difference between the amounts 

of 2 formed from 13-HPOT with Ws-1 and lox2-1. 

Fig. 9. Detection of GLVs from Arabidopsis upon adding 13-HPOT by using HPLC. After 

mixing Arabidopsis homogenate with 13-HPOT, the products were converted into hydrazine 

derivatives, and hydrazone derivatives of GLVs were analyzed by using HPLC with following 

absorption at 360 nm. Representative chromatogram of Ws-1 with 13-HPOT, and spectrum of 2 at 

retention time of 8.2 min were shown. (a); the spectrum obtained from Ws-1 with 13-HPOT, (b); the 

spectrum obtained from authentic standard. 11, n-heptanal (IS). 
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Fig. 10. Representative chromatograms of 2 in Arabidopsis Col-0, Ws-1 and lox2-1 mutant. a, 

Ws-1 Control, b, Ws-1 with 13-HPOT, c, lox2-1 Control, d, lox2-1 with 13-HPOT, e, Col-0 Control, 

f, Col-0 with 13-HPOT). 
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Fig. 11. HPL activity in Arabidopsis lox2-1 mutant. A, HPL activity in crude extract prepared 

from Col-0, Ws-1, and lox2-1 leaves. HPL activity was evaluated as the formation of the amount of 2

in the presence of 13-HPOT. Mean values ± SEM (error bars) are shown (n = 4, technical replicates). 

Asterisks show significant difference (one-way ANOVA, Tukey, P < 0.01). B, The amount of 2 in 

crude extract from Arabidopsis with MGDG-13-HPOT/11-HPHT and 13-HPOT. Supplementation of 

25 nmol of MGDG-13-HPOT/11-HPHT or 50 nmol of 13-HPOT was 25 nmol of 

MDGD-13-HPOT/11-HPHT or 50 nmol of 13-HPOT was mixed into 1 mL reaction mixture. Mean 

values ± SEM (error bars) are shown (n = 4, technical replicates). Asterisks show significant 

difference (two-way ANOVA, Tukey, P < 0.05). ND, not detected. 

Fig. 12. The calibration curve of 2 used for the quantification. The peak area integrated with 

following absorption at 360 nm was used for quantification. 
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Volatiles formed from partially wounded Arabidopsis leaves
I evaluated the requirement of LOX2 in GLVs and C5 volatile formation through 

analyzing emission of them from partially wounded leaves. Because involvement of LOX6 in JA 

formation in systemic leaves of wounded plant was indicated [15], lox6 mutant was also used for the 

analysis. Apical part (about 20% of total leaf area) of odd numbered leaves were wounded by 

pinching with forceps, and the volatiles emitted into headspace were collected with a SPME fiber for 

30 min (Fig. 13). From intact leaves, the amounts of GLVs and C5 volatiles were under detection 

limit with exception of 4. In partially wounded Ws-1 leaves, the amounts of GLVs and C5 volatiles 

significantly increased (Fig. 14). We previously found that in partially wounded Arabidopsis leaves 2

formed in the disrupted tissues diffused into the neighboring intact tissues where 2 was reduced by a 

NADPH-dependent reductase to yield 5, and subsequently acetylated to form 7 [23]. Therefore, from 

wild type Ws-1 leaves, the amount of 5 was highest among GLVs, followed by 2 and 7 (Fig. 15). 8

and 9 were also detected but 10 was under the detection limit. This was almost the case with lox6

mutant and the volatile profiles in intact and freeze-thaw disrupted leaves showed no significant 

difference from those found with Ws-1. Emission of GLVs after partial wounding was hardly 

observed with Col-0 even though the amount of 4 and C5 volatiles significantly increased to the 

level found with Ws-1 ecotype. On the other hand, lox2-1 mutant emitted undetectable GLVs even 

after partial wounding.
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Fig. 13. Leaves after mechanical wounding. A, About 20% of apical part of Arabidopsis leaf was 

wounded by pinching with forceps. (a); leaf before wounding, (b); after wounding. B, Numbering of 

leaf (from the oldest to the youngest). C, After cutting at the hypocotyl close to junction between 

hypocotyl and root, the above-ground part of Arabidopsis was placed on the cap of vial (Micro tube 

2 mL, 72.693, SARSTEDT, Tokyo, Japan) filled with tap water, then odd numbered leaves were 

wounded. D, The above-ground parts of Arabidopsis plants with cap were immediately placed into a 

glass jar (187 mL, 67 mm diameter, 75 mm height). A SPME fiber was exposed to the headspace 

immediately after placing the plants in the jar, and collection time was 30 min under the light. 
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Fig. 14. Headspace volatiles formed from partially wounded Arabidopsis leaves. Representative 

chromatograms were shown (black: Ws-1 wounded, pink: lox6 wounded, blue: Col-0 wounded, 

brown: lox2-1 wounded, and green: Ws-1 intact). 
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Fig. 15. LOX2 is involved in the emission of GLVs and C5 volatiles from Arabidopsis leaves 

upon mechanical wounding. A, the amount of GLVs formed from intact and wounded leaves of 

each Arabidopsis line. B, the amount of C5 volatile compounds formed from intact and wounded 

leaves of each Arabidopsis line. Mean values ± SEM (error bars) are shown (n = 3, biological 

replicates). Different letters show significant difference (two-way ANOVA, Tukey, P < 0.05). ND, 

not detected. Note that 1 was detected in all lines, but it was not appropriate to quantification 

because it highly contaminated from atmosphere. 
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Fig. 16. Calibration curves used for the quantification of GLVs and C5 volatiles. A, Two sheets 

-suspension were placed inside of the jar to give 

almost similar surface area with plant leaves. B, Calibration curves for GLVs. C, Calibration curves 

for C5 volatile compounds. 
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Time course of volatile formation after freeze-thaw treatment
The results shown above indicated that LOX2 was essential to the formation of both GLVs 

and C5 volatiles. The amounts of GLVs in intact leaf tissues were low, but freeze-thaw tissue- 

disrup

volatiles were detected in intact tissues, and freeze-thaw tissue-disruption caused little changes in 

their amounts. This suggested that the biosynthetic pathways to form GLVs and C5 volatile 

compounds, both of which were facilitated by LOX2 activity, were differently regulated. In order to 

know how differently the two pathways were controlled, I carried out the time course analysis on 

GLVs and C5 volatiles after freeze-thaw tissue-disruption (Fig. 17).

In intact leaf tissues of Ws-1, substantial levels of 2, 3, and 1 were detected. Upon tissue 

disruption, 2 was rapidly formed and its level met a peak at 3 min after disruption, and thereafter, the 

amount gradually decreased. Compound 3 and 5 were gradually formed and their highest levels were 

observed at 30 to 60 min after tissue disruption, and thereafter, their levels were almost constant. 

Compound 1 was also rapidly formed by 3 to 5 min after tissue disruption and its amount was kept 

largely constant thereafter. The amounts of GLVs in intact tissues of lox2-1 mutant were quite low, 

and showed little changes after freeze-thaw tissue-disruption (Fig. 18A). At 30 min after freeze-thaw 

treatment, detectable increase in 2 was found.

A slight increase in the amounts of C5 volatiles was detected after tissue disruption of 

Ws-1 leaves. After meeting small peaks at 3 min with 8 and 9 and at 10 to 30 min with 10, their 

amounts were almost constant. lox2-1 mutant had undetectable levels of 8 and 9 in intact tissues, but 

their amounts slowly increased after freeze-thaw treatment. Compound 10 showed quite different 

kinetics from the other two C5 volatiles. Its level in intact lox2-1 leaves was similar with that in 

Ws-1, and slightly increased after tissue disruption to meet a peak at 10 min with the amount higher 

than that in Ws-1; thereafter, its level gradually decreased to that found in Ws-1 leaves (Fig. 18B). 
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Fig. 17. Volatiles formed after freeze-thaw treatment on Arabidopsis leaves. Freeze-thaw 

treatment was carried out in closed glass vial and subsequently incubated at 25°C for a given time. 

Representative chromatograms of freeze-thaw treated Ws-1 were shown (black: 120 min, pink: 60 

min, sky blue: 30 min, brown: 10 min, green: 5 min, blue: 3 min, yellow: 1 min, and gray: intact). 12, 

n-nonan-1-yl acetate (IS). 
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Fig. 18. Time course of formation of GLVs and C5 volatile compounds in Arabidopsis leaves 

after freeze-thaw treatment. A, the amount of GLVs in intact and freeze-thaw treated lines. B, the 

amount of C5 volatile compounds in intact and freeze-thaw treated lines. Closed circle indicates 

Ws-1 and open circle indicates lox2-1. Mean values ± SEM (error bars) are shown (n = 3, technical 

replicates). C, The amount of GLVs. D, The amount of C5 volatiles. In 9, there is significant 

difference in genotype (Ws-1 and lox2-1) and in interaction effect between genotype and treatment 

(time after freeze-thaw, 0 min to 120 min) (two-way ANOVA, Tukey, P < 0.01), but no significant 

difference in treatment. 
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Discussion

 Lipoxygenases (LOXs) are the enzymes that catalyze oxygenation of polyunsaturated fatty 

acids to form corresponding fatty acid hydroperoxides. Acyl groups in glycerolipids are also 

oxygenated to form corresponding lipid hydroperoxides by some of LOXs [32]. The hydroperoxides 

are in most cases further metabolized to yield a wide range of bioactive compounds called oxylipins. 

LOXs are found in animals, plants, fungi, and even in some of prokaryotes, and these organisms 

have abilities to form bioactive oxylipins [2]. Most plants have several to dozens of LOX isoforms, 

probably because plants should employ distinct oxylipin-biosynthetic pathway to form respective 

bioactive compound that exerts its function in a defined tissues and/or at a defined timing [1]. GLVs 

and JAs are the bioactive oxylipins extensively studied so far in plants [5]. With potatoes, N. 

attenuata, tomatoes, rice, and maize, a specific LOX that is specifically involved in either the GLV 

pathway or the JA pathway has been reported even though a partial overlap of one LOX isoform in 

the two pathways was also evident especially in tomatoes and rice [7 10,12,14]. Arabidopsis has six 

LOX genes, AtLOX1 6, and this study indicates that LOX2 is essential to formation of GLVs as well 

as C5 volatiles. None of the other LOXs is involved in the formation of oxylipin volatiles. AtLOX2 

is the major JA-producing LOX in Arabidopsis leaves [25], thus, apparently, one LOX isoform in 

Arabidopsis, AtLOX2, is essential to both GLV formation and JA formation. 

 It has been proposed that GLV-specific and JA-specific LOXs could be clustered into two 

clades in the phylogenetic tree based on their amino acid sequences. However, the clustering is not 

so clear, and, for example, OsHI-LOX locates in the GLVs associated LOX cluster even though 

OsHI-LOX is JA-associated (Fig. 19). The situation with OsLOX1 (LOX-L1) is more complicated. 

OsLOX1 (LOX-L1) is in the 9-LOX clade, but it has both of 9-LOX and 13-LOX activity, moreover, 

it is involved in both the GLV and JA pathways [14]. In the phylogenetic tree, AtLOX2 locates in the 

GLV-associated LOX cluster where GLV-associated LOXs, such as TomloxC, StLOX2 (LOX-H1), 

NaLOX2 and ZmLOX10, locate among the other uncharacterized LOXs. As shown here, AtLOX2 is 

a LOX associated with both GLV and JA. The other three 13-LOXs found Arabidopsis, AtLOX3, 

AtLOX4, and AtLOX6, are JA-associated LOX [15]. Accordingly, clustering LOXs based on their 

specific involvement in GLV or JA biosynthetic pathway is inappropriate at least with Arabidopsis. It 

is assumed that the function of each LOX isoform was acquired after diverging each isoform. 

Further accumulation of the knowledge on the function of each LOX isoform in the other plant 

species is essential to elucidate how plants allocated the function of LOX during evolution. 

 Mechanical wounding on plant leaves resulted in disruption of cells, which causes the 

GLV-burst as found in this study with freeze-thaw treated, completely disrupted leaf tissues. I 

confirmed that LOX2 was essential to support the GLV-burst through serving hydroperoxides of 

galactolipids and linolenic acid to HPL in the disrupted tissues. This happened within 3 min after 

tissue disruption as noted with the time course of 2 formation. A portion of 2 thus formed was 

subsequently converted into 3 through isomerization or into 5 through reduction. At the same time, 

another portion of hydroperoxides of galactolipids formed by LOX2 action was converted to yield 
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arabidopsides by AOS [25,27,33] -

mechanical wounding [34]. Because spatial compartmentalization was almost completely abolished 

in disrupted tissues, the fates of hydroperoxides formed by LOX2 should be uncontrollable and 

might be dependent on the relative activities of enzymes that converted the hydroperoxides. In fact, 

HPL and AOS somewhat competed for the same substrates in disrupted Arabidopsis leaf tissues [27]. 

Therefore, it is assumed that tissue-disruption quickly accelerates LOX2 action to form 

hydroperoxides of galactolipids and fatty acids, and the hydroperoxides are converted into 2 and its 

counterparts, i.e., free and esterified forms of traumatin and its derivatives, or into arabidopsides and 

OPDA largely dependent on the availability of HPL and AOS in the disrupted tissues. 

 It must be noticed that LOX2 catalyzes its reaction even in intact leaf tissues because 

substantial amounts of C6-aldehydes and C5 volatiles were found in intact tissues. LOX2 is the sole 

enzyme supplying the hydroperoxide intermediates to the volatile formation other than 1 and 10. The 

amount of 10 formed by any of the mutant lines was not different from the wild type ecotypes; 

therefore, the volatile formation was independent on LOX-mediated oxygenation of lipids and fatty 

acids. It is suggested that LOX2 exerted its catalytic activity in two totally different situations; one in 

intact cells and the other in disrupted cells. Because it is unlikely that the amount of LOX2 protein 

increases in disrupted tissues through induction of LOX2 gene expression, there must be a 

mechanism that suppresses or activates the LOX2 reaction in the intact or disrupted tissues. 

 Remarkably, upon disorganization of cell architecture caused by tissue disruption, LOX2 is 

quickly and extensively activated to form GLVs with the aid of HPL and esterified/free OPDA with 

the aid of AOS. Because the amounts of C5 volatiles that were formed through radical reaction on 

the hydroperoxides formed by LOX2 showed only a little increase after tissue disruption, the 

hydroperoxides formed should be instantly served to HPL and AOS with avoiding spontaneous 

homolytic degradation or side reaction mediated by LOX2 [8] (Fig. 20). The GLV-burst is largely 

supported by enhanced reaction of LOX2 that takes place within 3 min, while in intact cells LOX2 

activity should be extensively low. Because LOX2 is one of major stromal enzymes accounting to 

0.75% of total stromal proteins found in plastids of Arabidopsis [35] and galactolipids abundant in 

thylakoid membranes are the substrates of LOX2, there must be a system to suppress its activity in 

intact cells, which is rapidly released when the cells would be disrupted. 

 Human LOXs have attracted a lot of interests because the enzyme activities are linked with 

various diseases [36], and it is known that some of human LOX enzymes are activated by various 

factors, including Ca2+, accompanying protein such as 5-LOX activating protein, or lipid compounds 

[37]. By now, little is known about the mechanism that regulates the activity of plant LOX enzymes. 

The finding shown here indicated that activity of Arabidopsis LOX2 is largely suppressed in intact 

plastids, but upon disruption of the plastids, the suppression was instantly released to support 

GLV-burst. The mechanism to control activity of Arabidopsis LOX2 was investigated in the next 

Chapter. 
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Fig. 19. Phylogenetic analysis of LOXs from different plant species. A phylogenetic analysis was 

carried out in MEGA6 using Neighbor-joining method (A) and Maximum Likelihood method (B) 

based on each LG model + G + I (8 categories). The scale bars represent 0.1 and 0.2 amino acid 

substitutions per site, respectively. Taxon labels are depicted in pink for the 13-LOX clade, in gray 

for 9-LOX clade. GLV-specific LOX is denoted in green, JA-specific LOX is denoted in blue, and 

both GLV-, JA-specific LOX is denoted in magenta. OsLOX1 forms both 9- and 13-hydroperoxide 

[14]. 
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Table. 2. Genbank accession numbers of each LOX proteins used for phylogenetic analysis. 

Fig. 20. The biosynthetic pathway of C5 volatiles. It is proposed that C5 volatiles are formed from 

13- -scission [8]. LOX reactions generate an alkoxyl radical, which would 

undergo non-enzymatic cleavage to generate C5 alcohols. 
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CHAPTER TWO 

Involvement of Ca2+-dependent activation of lipoxygenase  

in green leaf volatile-burst in Arabidopsis thaliana
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Introduction 

A real-time repulsion of actively infesting herbivores and prevention of invasion of 

pathogens into plant tissues through open wounds made by herbivores or mechanical damage require 

immediate formation of green leaf volatiles (GLVs) at the site of damage. Prompt formation of GLVs 

is also critical in facilitating indirect defense through relaying timely information about herbivores 

actively infesting plant tissues to their natural enemies (parasites and carnivores) [4]. Because it is 

unlikely that damaged plant tissues can adequately fortify a biosynthetic pathway by upregulating 

transcription within seconds, the activation of enzymes as opposed to an increase in enzyme amounts 

for GLVs formation should be involved. However, the mechanism of GLV-burst has not been 

completely addressed yet [4,38 40]. 

The synthesis of leukotrienes, which are a family of oxylipins in animal cells, is tightly 

regulated by 5-lipoxygenase (5-LOX) activity, as one of the activities responsible for key regulatory 

steps [41]. In resting cells, 5-LOX is a soluble enzyme, but external stimuli activate signaling events 

that translocate 5-LOX onto nuclear membranes, where its substrate, arachidonic acid, is available. 

For the translocation process, association of 5-LOX with Ca2+ is essential [41,42]. 5-LOX enzyme 

consists of an N- -barrel domain and a C-terminal catalytic domain. The N-terminal 

-barrel domain is also termed as a C2-like domain or a PLAT (polycystin-1, lipoxygenase and alpha 

toxin) domain. Asn43, Asp44, and Glu46 situated in loop 2 of the 5-LOX PLAT domain are believed 

to be the Ca2+ binding ligands [43]. After binding Ca2+, the hydrophobicity of 5-LOX increases, this 

facilitates translocation of 5-LOX onto the nuclear membrane [41 43]. Plant LOXs also consist of 

an N-terminal PLAT and C-terminal catalytic domains. Association of Ca2+ with the N-terminal 

PLAT domain has been reported to cause translocation onto membranes with several plant LOXs, 

such as soybean seed LOX-1 [44] or maize LOX1 [45]. The analogies between animal and plant 

LOXs lead me to assume that Ca2+ plays a role in GLV-burst through the activation of LOX after 

injury or stress to plant tissues. 

Ca2+ homeostasis in plant cells is tightly regulated. The most abundant Ca2+ store in plant 

cells is vacuoles, and Ca2+ concentrations in vacuoles range from 0.2 5 mM [46]. Conversely, 

chloroplast stroma has <150 nM of free Ca2+, similar to that in cytosol [47]. It is suggested that 

several biotic/abiotic stimuli cause the influx of Ca2+ into stroma. For example, a shift from light to 

dark conditions stimulates stomatal Ca2+ influx [48]. Wounding also triggers Ca2+ influx into cytosol 

[49]. Such stimuli also activate the production of GLVs [4,22,38,39,50], which further prompted us 

to investigate the relationship between Ca2+ and plant LOX activity and its effect on GLV-burst. 

In Arabidopsis, AtLOX2 is almost exclusively involved in GLV-burst (described in 

Chapter 1, Fig. 7). AtLOX2 is localized in chloroplast stroma and accounts for 0.75% of the total 

stromal proteins in resting cells [35]. Monogalactosyldiacylglycerol (MGDG), which is abundant in 

the thylakoid membrane, is the substrate for AtLOX2 required for the formation of GLVs [27]. 

Consequently, there must be mechanisms for suppressing spontaneous reactions between MGDGs in 

thylakoid membranes and AtLOX2 in chloroplast stroma of unstimulated plant cells, and to activate 
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AtLOX2 within seconds after the perception of appropriate stimuli. In the present study, I confirmed 

the key role of AtLOX2 in GLV-burst and examined the effects of Ca2+-specific chelating agents on 

AtLOX2 activity and GLV-burst in Arabidopsis leaves. 
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Materials and Methods

Plant materials
Arabidopsis thaliana lox2-1 mutants (provided by Prof. Dr. Edward E. Farmer, University 

of Lausanne, Switzerland) were backcrossed twice with Ws-1 (described in Chapter 1, materials and 

methods). Arabidopsis were grown at 22°C under 10 h of light (50 150 µmol m 2 s 1) a day for 42

56 days. Solanum lycopersicum cv. M82 (provided by Prof. Dr. Harry J. Klee, University of Florida, 

USA), Nicotiana attenuate (provided by Prof. Dr. Ian T. Baldwin, Max Planck Institute, Germany), 

Oryza sativa ssp. japonica cv. Nipponbare (provided by Prof. Dr. Toshihiro Kumamaru, Kusyu 

University, Japan), Glycine max cv. Fukuyutaka and Trifolium repens (commercially obtained from 

Nakayama Daikichi Shoten, Kumamoto, Japan, and KANEKO SEEDS, Gunma, Japan, respectively) 

were grown at 25°C under 14 h of light (50 2 s 1) a day. Expanded leaves (41 48 

days-old tomato and tobacco, 24 31 days-old clover and rice, 14 28 days-old soybean and maize) 

were cut off with razor blade and immediately used for experiments after weighing.  



46 

Analysis of MGDG-OOHs
 Arabidopsis leaves (Col-0, 100 mg fresh weight) were disrupted with 2 mL of 50 mM 

MES-KOH, pH 6.3 for 1 min with a mortar and pestle. After the addition of 5 µL of 1 mM 

formononetin in methanol as an internal standard, 7.5 mL of chloroform (CHCl3)/methanol (1:2, v/v) 

containing 0.1% butylated hydroxytoluene was added and the solution was mixed vigorously. After 

the addition of 2.5 mL of CHCl3 and 1% (w/v) KCl to the mixture, the aqueous and organic phases 

were separated by centrifugation at 300 × g for 5 min at 25°C. The aqueous phase was re-extracted 

with 2 mL CHCl3, and the combined organic phase was washed with 2 mL of 1% (w/v) KCl. The 

hydroperoxides (OOHs) 

n-hexane to the extract, followed by incubation for 15 min at 25°C. The solvent was dried under a 

vacuum, and the residue was dissolved in 100 µL of acetonitrile. A portion (4 µL) of the extract was 

subjected to a high performance liquid chromatography-photodiode array detector-MS/MS system 

[51] after filtration through a DISMIC-03JP (0.5 µm, ADVANTEC Toyo Roshi Kaisha, Ltd., Tokyo, 

Japan) filter. Lipid-OOHs were separated on a Mightysil RP-18 column (150 × 2 mm inner diameter, 

Kanto Chemical, Tokyo, Japan) with a binary gradient consisting of water/formic acid (100:0.1, v/v, 

solvent A) and acetonitrile/formic acid (100:0.1, v/v, solvent B). For 

O-[13-hydroxy-(9Z,11E,15Z)-9,11,15-octadecatrienoyl]-O-[11-hydroxy-(7Z,9E,13Z)-7,9,13-hexadec

atrienoyl]-MGDG (MGDG-13-HOT/11-HHT) and 

O-[13-hydroxy-(9Z,11E,15Z)-9,11,15-octadecatrienoyl]-O-[(7Z,10Z,13Z)-7,10,13-hexadecatrienoyl]

-MGDG (MGDG-13-HOT/C16:3), the run consisted of a linear increase from 20% B to 95% B over 

60 min (flow rate, 0.2 mL min 1). For 

bis-O-[13-hydroxy-(9Z,11E,15Z)-9,11,15-octadecatrienoyl]-MGDG (MGDG-bis-13-HOT), the run 

consisted of a linear increase from 50% B to 60% B over 60 min, held for 10 min and increased to 

95% B over 30 min (flow rate, 0.2 mL min 1). 

O-[13S-hydroperoxy-(9Z,11E,15Z)-9,11,15-octadecatrienoyl]-O-[11S-hydroperoxy-(7Z,9E,13Z)-7,9,

13-hexadecatrienoyl]-MGDG (MGDG-13-HPOT/11-HPHT) was prepared from 

MGDG-C18:3/C16:3, 

O-[(9Z,12Z,15Z)-9,12,15-octadecatrienoyl]-O-[(7Z,10Z,13Z)-7,10,13-hexadecatrienoyl]-MGDG 

(MGDG-C18:3/C16:3) purified from spinach leaves with soybean seed LOX-1 as described by 

Nakashima et al. [27]. Quantification was done by reading absorbance at 234 nm with a molecular 

coefficient ( ) of 25,000 M 1 cm 1 for 1-hydro(pero)xy-2,4-pentadien moiety. 
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Analysis of volatiles
Arabidopsis leaves (100 mg fresh weight) were disrupted with 2 mL of 50 mM MES-KOH, pH 6.3 

supplemented with/without 1 mM BAPTA (Toronto Research Chemicals, North York, Canada) or 

EGTA (Dojindo Laboratories, Kumamoto, Japan) for 3 min with a mortar and pestle. Enzyme 

reactions were terminated by the addition of 2 mL of methyl tert-butyl ether, and extraction and 

analysis of GLVs were carried out using GC-MS as described in Chapter 1, materials and methods, 

but without incubation for 10 min at 60°C. 

Hydroperoxide lyase (HPL) activity assay
 Arabidopsis lox2-1 mutant leaves (200 mg) were 

MES-KOH pH 6.3 for 3 min with a mortar and pestle. Homogenate was used as crude enzyme. A 

portion of crude enzyme (100 µL) was -KOH 

pH -HPOT, prepared fr -linolenic acid (LNA, Sigma-Aldrich, St. 

Louis, MO, USA) with soybean LOX [31], in ethanol was added. After 3 min incubation, formed 

volatile compounds was extracted and analyzed (described in Chapter 1, materials and methods). 

LNA analysis
Arabidopsis (100 mg) were homogenized with 2 mL of 50 mM MES-KOH pH 6.3 

containing 10 mM BAPTA for 3 min with a mortar and pestle. Homogenate was acidified to pH 4.0 

by adding HClO4 1 margaric acid (Tokyo Chemical Industry, Tokyo, Japan) 

was added as internal standard. CHCl3/methanol (1:2, v/v, 7.5 mL) was subsequently added and 

mixed vigorously. After addition of 2.5 mL of CHCl3 and 2.5 mL of 0.1 M KCl to the mixture, the 

aqueous and organic phases were allowed to separate. The aqueous phase was re-extracted with 2 

mL of CHCl3, and the combined organic phase was washed with 2 mL of 0.1 M KCl. The solvent 

After addition of CH2N2 (prepared by the reaction of N-methyl-N'-nitro-N-nitrosoguanidine with 

sodium hydroxide) in MTBE, solvent was incubated 25°C for 5 min. The solvent was re-dried up 

under vacuum, and n-

subjected to GC/MS described in Chapter 1. Injection was carried out with split ratio of 1:3 at 240°C. 

The oven temperature was 190°C with isocratic mode.
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3D-model construction
Arabidopsis LOX2 (P38418, UniProt), tomato LOXC (Q96573, UniProt), and tobacco 

LOX2 (Q6X5R6, UniProt) models without an estimated transit peptide (56, 42, and 63 amino acids 

in N-terminal, respectively) were constructed with SWISS-MODEL workspace [52] based on 

soybean seed LOX-1 (PDB, 3PZW). Images of the structures with coral 8R-LOX (PDB, 2FNQ) [53] 

and human 5-LOX (PDB, 3O8Y) [42] were generated using PyMOL (DeLano Scientific, Palo Alto, 

CA, USA). 

Statistics
All values are presented as means ± SEM. Statistical analyses were performed with 

BellCurve in Microsoft Excel (Social Survey Research Information Co., Tokyo, Japan). Statistical 

methods used are described in the captions of figures. 
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Results

Detection of MGDG-OOHs from Arabidopsis leaves
A previous study showed that a large proportion of GLVs were formed without the 

lipid-hydrolyzing step and that the first committed step of GLV biosynthesis in Arabidopsis was 

largely at the oxygenation of acyl groups of lipids by LOX [27]. AtLOX2 was the LOX that was 

almost exclusively responsible for GLVs formation in Arabidopsis leaves (described in Chapter 1, 

Fig. 7). Accordingly, we assumed that AtLOX2 activity played a key role in GLV-burst. First, we 

examined properties of recombinant AtLOX2 expressed with E. coli, but recombinant AtLOX2 were 

too unstable to obtain reliable results. Consequently, we evaluated ex vivo AtLOX2 activity to form 

OOHs from endogenous substrates in disrupted Arabidopsis leaves. 

Arabidopsis Col-0 is a natural variant deficient in hydroperoxide lyase (HPL) activity 

because of 10-bp deletion in the open reading frame of the HPL gene [28]. Accordingly, LOX2 

products, i.e., galactolipid-OOHs, accumulate in the disrupted leaf tissues in Col-0. When crude lipid 

extracts prepared from disrupted Arabidopsis leaf tissues were analyzed using LC-MS/MS, three 

distinct peaks with diagnostic features of MGDG-OOHs, i.e., spectra with absorption maximum at 

234 nm and [M H]  values corresponding to MGDG-O(O)Hs formed from either 

MGDG-C18:3/C16:3 or MGDG-C18:3/C18:3, were detected (Fig. 21). The major compound was 

identified as MGDG-13-HOT/11-HHT by comparing its retention time, absorption spectrum, and 

MS/MS profiles with those of an authentic standard after reduction with TPP. The other peaks were 

tentatively assigned as MGDG-13-HOT/C16:3 and MGDG-bis-13-HOT based on their absorption 

spectra and MS/MS profiles (Fig. 21). 

MGDG-OOHs were not detected in intact Arabidopsis leaves; however, increased amount 

of MGDG-OOHs was detected 1 min after complete disruption of Arabidopsis leaves (Fig. 22). The 

concentration of MGDG-OOHs reached up to 171 nmol g FW 1 (corresponding to 305 nmol g FW 1

of acyl groups with OOH), which accounted for 90.2% of the amount of (Z)-3-hexenal found in 

disrupted Arabidopsis Ws-1 leaves (Fig. 24). My attempts to detect OOHs of 

digalactosyldiacylglycerol (DGDG), sulfoquinovosyldiacylglycerol (SQDG), phosphatidylglycerol 

(PG), and phosphatidylcholine ( H]  values were unsuccessful. 
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Fig. 21. Detection of MGDG-O(O)Hs in disrupted leaf tissues of Arabidopsis (Col-0). Selected 

ion chromatograms with m/z  of MGDG-13-HOT/11-HHT 

 of MGDG-13-HOT/C16:3 (B), and with 805.5 ± 0.5 

 of MGDG-bis-13-HOT (C) are shown. For each panel, a representative 

chromatogram of a standard molecule of MGDG-13-HOT/11-HHT prepared from 

MGDG-C18:3/C16:3 with soybean seed LOX-1 (a) (only with A), extract from intact leaves (b), 

extract from leaves disrupted without BAPTA (c), and extract from leaves disrupted with BAPTA (d) 

are shown. The chemical structures (e), MS/MS profiles (f) and absorption spectra (g) of the peaks 

depicted with dotted lines are also shown. 
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Fig. 22. Amount of MGDG-O(O)Hs in Arabidopsis leaves (Col-0). Mean values ± SEM (error 

bars) of MGDG-13-H(P)OT/11-H(P)HT (A), MGDG-13-H(P)OT/C16:3 (B), and 

MGDG-bis-13-H(P)OT (C) are shown (n = 4, biological replicates). Asterisks in panels A and B 

show significant differences (Student's t-test, *; P < 0.05, **; P < 0.01). Different letters in panel C 

show significant differences (two-way ANOVA, Tukey's test, P < 0.01). 
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Effect of BAPTA or EGTA on GLV-burst
While intact Arabidopsis leaves hardly form GLVs, disruption of the leaves results in 

GLV-burst (described in Chapter 1, Fig. 18) [22]. Some animal LOXs, which involved in the 

synthesis of leukotrienes, were reported that Ca2+ is required for its activation [41,42]. In compared 

with these crystal structures with modeled Arabidopsis LOX2, I found that candidate amino acid 

residues (PLAT domain-like structure) in N-terminal (Fig. 23). In order to assess the effect of Ca2+

on GLVs formation in Arabidopsis, I used BAPTA and EGTA, Ca2+-specific chelators [54,55]. 

Addition of BAPTA to the buffer used for disruption significantly suppressed the formation of 

(Z)-3-hexenal, (E)-2-hexenal, and 1-penten-3-ol, but not that of (Z)-3-hexen-1-ol and n-pentan-1-ol 

(Fig. 24A). Disruption with EGTA also resulted in suppression of GLV-burst in almost a similar 

manner as that after addition of BAPTA, except for n-pentan-1-ol. The formation of n-pentan-1-ol 

slightly but significantly increased in the presence of EGTA (Fig. 24B). 

Next, I disrupted Arabidopsis leaves with a buffer containing BAPTA or EGTA 

supplemented with varying concentrations of Ca2+. The concentrations of free Ca2+ ([Ca2+]free) in the 

presence of BAPTA or EGTA were estimated using the dissociation constants of BAPTA or EGTA 

against Ca2+ [54] at pH 6.3 with MaxChelator (http://maxchelator.stanford.edu). The contribution of 

free Ca2+ derived from vacuoles (0.2 5 mM) of Arabidopsis cells, which are the most critical store of 

free Ca2+ [56], was taken into consideration during calculations. In the absence of BAPTA, 338 nmol 

g FW 1 of (Z)-3-hexenal was formed, while the addition of BAPTA significantly suppressed its 

formation (Fig. 25A). A significant suppression was observed even after the addition of CaCl2 to the 

buffer containing BAPTA to 0.5 mM, where the concentration of [Ca2+]free was estimated to be 

0.526 0.834 µM. The suppression was insignificant when [Ca2+]free reached a concentration of 1.50

3.30 µM, and the amount of (Z)-3-hexenal formed at the concentration of 1.44 1.54 mM of [Ca2+]free

was significantly higher than that found in buffer alone. Increasing the concentration of [Ca2+]free by 

adding CaCl2 to the buffer containing EGTA yielded almost a similar result even though the amount 

of [Ca2+]free that eliminated the suppression was higher (82.5 153 µM) than that observed with 

BAPTA (1.5 3.3 µM) (Fig. 25B). The highest concentration of CaCl2 (2.5 mM; corresponding to 

1.44 1.54 mM of [Ca2+]free) led to a significant improvement in (Z)-3-hexenal formation with EGTA 

as observed with BAPTA. 

When 1 mM of MgCl2 was added to the buffer supplemented with BAPTA, no significant 

difference in the amount of (Z)-3-hexenal formed was observed even though the concentration of 

[Mg2+]free was estimated to be higher than 1 mM (Fig. 26). Since BAPTA hardly chelates Mg2+ in 

physiological concentration [57], suppression of GLVs formation is caused by chelating Ca2+ to 

inhibit LOX2 activation. 



53 

Fig. 23. Model structure of the loop in the PLAT domain of AtLOX2 (A) with the reported 

structure of coral 8R-LOX (B) and human 5-LOX (C). Structure of AtLOX2 excluding predicted 

chloroplast transit peptide (56 amino acid residues in N-terminal) was modeled based on soybean 

seed LOX-1 (3PZW) with SWISS-MODEL. Amino acid residues that could have similar roles as 

observed in coral 8R-LOX (2FNQ) [53] and human 5-LOX (3O8Y) [42] is illustrated. Calcium ions 

are shown with yellow spheres in (B and C). 
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Fig. 24. Effect of addition of BAPTA (A) or EGTA (B) on the amount of volatile compounds 

formed after complete disruption of Arabidopsis leaves (Ws-1). Mean values ± SEM (error bars) 

are shown (n = 4, biological replicates). Asterisks show significant difference (Student's t-test, *; P < 

0.05, **; P < 0.01). 
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Fig. 25. Effect of CaCl2-supplementation on the suppression of (Z)-3-hexenal formation caused 

by BAPTA (A) and EGTA (B). Arabidopsis leaves (Ws-1) were disrupted in the presence of 

BAPTA (A) or EGTA (B) supplemented with 0 2.5 mM CaCl2. Estimated concentrations of free 

Ca2+ are shown below each graph. Mean values ± SE are shown (n = 4, biological replicates). 

Asterisks show significant differences in the amounts of (Z)-3-hexenal found without BAPTA or 

EGTA (one-way ANOVA, Dunnett's test, *; P < 0.05, **; P < 0.01). 
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Fig. 26. MgCl2 addition does not relieve the suppression of (Z)-3-hexenal formation caused by 

BAPTA. (Z)-3-Hexenal was extracted from completely disrupted Arabidopsis leaves (Ws-1) in the 

presence of BAPTA supplemented with/without 1 mM MgCl2. Mean values ± SEM (error bars) are 

shown (n = 4, biological replicates). Estimated [Mg2+]free is shown below the graph. No significant 

t-test, P = 0.11). 



57 

Effect of BAPTA on HPL and lipase activity
Addition of BAPTA during the complete disruption of Arabidopsis leaves significantly 

suppressed the formation of MGDG-OOHs (Fig. 22). The amount of MGDG-OOHs in the presence 

of BAPTA was 68.6 nmol g FW 1, which was almost equivalent to the amount of (Z)-3-hexenal 

found in disrupted Arabidopsis Ws-1 leaves in the presence of BAPTA (56.3 nmol g FW 1, Fig. 24A). 

It was assumed that the suppression of GLV-burst by BAPTA was mostly attributable to the effect of 

BAPTA on AtLOX2 activity. I examined the effect of BAPTA on HPL activity in lox2-1 mutant with 

13-HPOT as a substrate (described in Chapter 1, Fig. 11). Analysis was carried out by using GC-MS. 

I observed that BAPTA had a minimal effect on HPL activity (Fig. 27), which justified our 

assumption. 

 A lipase activity was also investigated. In GLVs biosynthetic pathway, it had been assumed 

that a lipase was a rate-limiting factor to release free fatty acid as a substrate for LOX. Previously, 

we found that lipase-independent pathway is accountable for at least part of GLVs formation (more 

than half of GLVs) [27]; however, it is not impossible to exclude involvement of a lipase activity in 

GLV-burst. Most animal lipases known to be activated after association with Ca2+ [58]. Therefore, 

BAPTA could affect on GLVs formation through affecting lipase activity. The amounts of free fatty 

acids in completely disrupted Arabidopsis (lox2-1/Ws-1) were analyzed with GC-MS after methyl 

esterification with diazomethane (Fig. 27). Unexpectedly, a substantial amount of free fatty acids 

were accumulated even in intact tissues. Among them, -linolenic acid (LNA) 

could be precursors for GLVs. The amount LA was less than 10 nmol g FW 1. LNA is most abundant 

free fatty acid detected in this study, and its amount was 79.0 and 57.3 nmol g FW 1 in intact leaves 

and leaf-homogenate incubated for 3 min after disruption, respectively. In the presence of BAPTA, 

the amount of LNA was significantly decreased to 9.31 nmol g FW 1.  
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Fig. 27. Effect of BAPTA on HPL activity. Arabidopsis lox2-1/Ws-1 mutant was disrupted in the 

absence or presence of BAPTA, and HPL activity with 13-HPOT was determined. Mean values ± 

SEM (error bars) are shown (n = 4, biological replicates). No significant differences were found 

t-test, P = 0.39). 

Fig. 28. A lipase activity in Arabidopsis leaves. Free fatty acids were extracted from intact or 

completely disrupted Arabidopsis (lox2-1/Ws-1), methyl-esterified with diazomethane, and analyzed 

with GC-MS. Mean values ± SEM (error bars) are shown (n = 4, biological replicates). Different 

letters show significant differences (one-way ANOVA, Tukey's test, P < 0.01). 
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Fig. 29. Calibration curves used for quantification of free fatty acids. The peak areas of total ion 

chromatogram (TIC) were used for construction of calibration curves. 
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Effect of BAPTA on GLV-burst in plants
It was suggested that Arabidopsis LOX2 is activated by Ca2+. GLVs are widely conserved 

oxylipins in almost all terrestrial plants. GLV-burst have been observed empirically in these plants. 

When I analyze GLVs formation in other plants, all plants except tobacco showed GLV-burst (Fig. 

30). Surprisingly, tobacco did not show GLV-burst. Intact tobacco leaves contained relatively high 

amount of GLVs (1.2 µmol g FW 1), and it accounts for 1.2 mM in its leaf tissues. This is an only 

exception, and with the other plants intact tissues had low GLV levels and the amounts increased 

rapidly after disruption of their tissues (Fig. 7). 

Our previous study showed that some plants also form a part of GLVs through 

lipase-independent pathway [27]. Therefore, it was expected that GLV-burst would be controlled by 

lipoxygenase activity as found with Arabidopsis leaves. When I constructed model structure of 

tomato LOXC and tobacco LOX2, which were reported to contribute GLVs formation [7,8], amino 

acid residues, which could interact with Ca2+, were found at almost similar positions as found with 

Arabidopsis LOX2 (Fig. 31). However, GLV-burst in these plants were hardly affected by addition 

of BAPTA at 1 mM. GLV-burst was suppressed only with high concentration of BAPTA (10 mM) in 

clover and soybean (Fig. 32). Unexpectedly, maize showed significant increase of GLVs formation 

in the presence of 10 mM BAPTA. 
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Fig. 30. GLV-burst in several plant species. Mean values ± SEM (error bars) are shown (n = 4, 

biological replicates). Asterisks show significant difference (Student's t-test, **; P < 0.01). 
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Fig. 31. Model structure of the loop in the PLAT domain of Arabidopsis LOX2 (A), Tomato 

LOXC (B), and tobacco LOX2 (C). They were modeled based on soybean seed LOX-1 (3PZW) 

with SWISS-MODEL. 
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Fig. 32. Effect of BAPTA on GLV-burst in several plant species. Plant leaves were disrupted in 

the absence or presence of 10 mM BAPTA. Mean values ± SEM (error bars) are shown (n = 4, 

biological replicates). Asterisks show significant difference (Student's t-test, *; P < 0.05, **; P < 

0.01). 
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Discussion

 GLV-burst, the prompt formation of GLVs following leaf tissue disruption, is observed in 

most of the terrestrial plant species [4,22,38,39]. However, the specific mechanism of GLV-burst has 

not been fully understood. In the present study, we observed that BAPTA and EGTA suppressed 

tissue disruption-triggered GLV-burst in Arabidopsis leaves. The suppression of GLV-burst was 

relieved by supplementation with Ca2+ but not with Mg2+ (Figs. 25 and 26). The results implied that 

Ca2+ was largely responsible for the GLV-burst in Arabidopsis leaves. The suppression became 

insignificant when [Ca2+]free reached a concentration of 1.50 3.30 µM with BAPTA or of 82.5 153 

µM with EGTA (Fig. 25). In both cases, the amount of [Ca2+]free required to trigger GLV-burst is 

almost similar to the amount found in chloroplast stroma of stimulated plant cells [47,59]. However, 

we are still unable to explain the differences in [Ca2+]free required to relieve the suppression by 

BAPTA or EGTA. Accurate estimation of [Ca2+]free in the homogenate should be carried out. 

Moreover, the Ca2+ binding speed of BAPTA, which is 150-fold faster than EGTA [55], should be 

taken into account. The difference in kinetics in chelating Ca2+ between BAPTA and EGTA may 

influence competition for Ca2+ between a regulatory factor in the GLV-burst and the chelating 

reagents. 

In Arabidopsis leaves, direct oxygenation of galactolipids by AtLOX2 is the key first 

committed step in GLV-burst formation (described in Chapter 1, Fig. 2) [27]. In the present study, we 

observed the rapid formation of MGDG-OOHs following disruption of Arabidopsis leaf tissues (Fig. 

21). In addition, the amounts of MGDG-OOHs formed in Col-0 (HPL-deficient ecotype) largely 

accounted for the (Z)-3-hexenal that was formed when the ecotype that had active HPL (such as 

Ws-1) was used (Figs. 22 and 24). This supports our view that the estimation of the amount of 

MGDG-OOHs rapidly formed after tissue-disruption is useful in estimating the AtLOX2 activity ex 

vivo that is responsible for GLV-burst. This is the first report directly demonstrating the involvement 

of MGDG-OOH formation in GLV-burst in Arabidopsis. DGDG-OOHs and OOHs of the other 

major polar lipids, such as SQDG, PC, or PG were not detected. Especially, the amount of 

DGDG-bis-C18:3 reaches 43% of MGDG-C18:3/C16:3 or 129% of MGDG-bis-C18:3 [60,61]. Such 

evidence indicates that AtLOX2 prefers MGDGs as substrates for the formation of corresponding 

MGDG-OOHs in disrupted leaf tissues where GLV-burst forms. 

It has been believed that lipase is a key step of release of free fatty acids from lipids to 

initiate GLVs formation. When I examined a lipase activity on lox2-1 mutant, tissue-disruption did 

not affect on release of LNA (Fig. 28). LA formation was significantly increased after disruption, but 

its amount is too small (<10 nmol g FW 1). It indicates that almost all GLVs were formed through 

lipase-independent pathway, because LNA and LA were not accumulated in disrupted lox2-1 mutant 

Arabidopsis. This result supports the evidence that MGDG-OOH formation contributes GLV-burst in 

Arabidopsis. Since BAPTA also suppressed the formation of LNA, the activity of lipase was 

suppressed by BAPTA. LNA formation was also suppressed in lox2-1 mutant in the presence of 

BAPTA, it suggests that LOXs other than LOX2 may consume LNA. 
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The addition of BAPTA during disruption of Arabidopsis leaves significantly suppressed 

the formation of MGDG-OOHs (Fig. 22). The degree of suppression of MGDG-OOHs formation 

was highly correlated with that of (Z)-3-hexenal (Fig. 24). Therefore, it was concluded that the 

suppression of AtLOX2 activity on MGDG by the addition of BAPTA was the primary cause of 

suppression of GLV-burst in Arabidopsis. Considering these results, we propose that AtLOX2 stays 

inactive in the chloroplast stroma of intact Arabidopsis leaf cells and that AtLOX2 is activated by 

Ca2+ derived from other compartments, most probably from vacuoles, apoplasts, or from thylakoid 

lumen [47], upon the disruption of leaf tissues. The basal concentration of [Ca2+]free in chloroplast 

stroma in unstressed leaves ranges from 0.1 0.2 µM [48,56], which is substantially lower than that 

required to completely relieve the suppression of GLV-burst caused by BAPTA or EGTA. 

Stimulation of Arabidopsis cells with several environmental stimuli, such as H2O2, salt stress, 

osmotic stress, cold shock, or elicitor, led to a rapid increase in the concentration of [Ca2+]free (0.39

0.92 µM) in stroma [59]. Even though the concentration of [Ca2+]free reported with stimulated 

Arabidopsis cells is still a little lower than the level observed to be critical for relieving the 

suppression of GLV-burst caused by BAPTA or EGTA, such tight regulation of [Ca2+]free in stroma 

might be one of the factors exploited by the inducible defense system present in chloroplast stroma. 

It is likely that such tight regulation would be disordered vigorously by tissue disruption, which 

would cause increase in the concentration of [Ca2+]free in the bulk solution surrounding AtLOX2, and 

subsequently activate AtLOX2 to initiate its activity on MGDG. 

Some LOXs in both animal and plant tissues are translocated to biological membranes 

upon cell stimulation in a Ca2+-dependent manner [62]. In stimulated human cells, Ca2+-dependent 

translocation of 5-LOX to nuclear membranes takes place, which triggers the formation of bioactive 

lipid mediators including leukotrienes [43]. Coral (Gersemia fruticosa) 11R-LOX also requires Ca2+

to be translocated to membranes with appropriate compositions of phospholipid species [63]. Crystal 

structure analyses of 8R-LOX [53], 11R-LOX [64], and 15-LOX-2 [65] revealed that association 

with Ca2+ -barrel in 

PLAT domains, which expose hydrophobic amino acid residues, such as Trp or Phe (Fig. 23). This 

might also be the case with some plant LOXs. Soybean seed LOX-1 undergoes a Ca2+-regulated 

membrane binding that is under the control of its PLAT domain [44,66]. Association of maize 

LOX-1 with cell membranes is also facilitated by the addition of Ca2+, and N-terminal PLAT domain 

is critical for the association [45]. Modeling the structure of AtLOX2 based on soybean seed LOX-1 

structure enabled us to illustrate Glu and Asp residues that were located in the loops similar to those 

observed in coral 8R-LOX and human 5-LOX (Fig. 23). Based on the above factors, it is suggested 

that AtLOX2 is present in its latent, soluble form in chloroplast stroma in unstimulated cells but the 

increase in the concentration of [Ca2+]free in the bulk solution surrounding AtLOX2 facilitates 

binding of Ca2+ with acidic amino acid residues residing in or near the loops in PLAT domain, which 

subsequently alters the configuration of the loop to provide hydrophobicity enough to associate with 

the membrane. This sequence of events triggers GLV-burst in Arabidopsis leaves. In order to confirm 

this, detailed in vitro investigations with purified AtLOX2 are underway.  
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In the plant species, such as tomato, tobacco, clover, soybean, rice, or maize, all plants 

except tobacco showed clear GLV-burst as found with Arabidopsis (Fig. 30). Tobacco leaves 

contained substantial level of (Z)-3-hexenal in intact tissues and complete disruption of leaves 

caused essentially no effect on the amounts. It is reported that tobacco forms GLVs depending on 

circadian-imposed physiological constraints [67], which suggests that tobacco might have a 

mechanism to regulate LOX activity even in intact cells. A study revealed that high concentration of 

(Z)-3-hexenal is toxic for Arabidopsis (>40 µM as vapor) [23,68], therefore, tobacco leaf tissues 

should have a countermeasure to avoid the toxicity. A specific deposition of the chemical into a 

specific structure, such as trichomes, might be one of the ways to avoid autointoxication. Even 

though maize also contained high amount of (Z)-3-hexenal in intact tissues (956 µM), this high 

amount might be caused by unexpected wounding during sample preparation because maize leaf is 

long and hard to handle. In the structure model of tomato LOXC and tobacco LOX2, Asp and Glu 

rich region was found at the similar positions found with Arabidopsis LOX2 (Fig. 31). However, 

GLV-burst in tomato and tobacco leaves were not affected in the presence of 1 mM BAPTA and 10 

mM BAPTA was needed to significant suppression of GLV-burst in tomato and clover. Further 

experiment using purified LOX with Ca2+ in vitro is required. 

Human 5-LOX is well characterized as a post-translationally modified enzyme. Other than 

Ca2+-activation, substantial roles of 5-LOX activating protein (FLAP) and phosphorylation in 

regulation of its activity were well studied [69,70]. Any homologs of FLAP in plants are not found 

with protein BLAST search in NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi). It has been reported 

that phosphorylation of 5-LOX modulates activity [70 72], but the mechanism of 

phosphorylation-dependent activation is still unknown. Several Ser and Tyr are characterized as the 

phosphorylation site in 5-LOX [70], and Arabidopsis LOX2 model also suggests Ser and Tyr in 

similar region (Fig. 33); however, further studies are essential to get insight about the effect of 

phosphorylation of plant LOXs on their activity. Even though I show that Ca2+ is critical for 

GLV-burst in Arabidopsis LOX2, there must be the other mechanisms to regulate GLV-burst as the 

effect of BAPTA on GLV-burst in other plant species somewhat varies. Mechanisms to regulate LOX 

activity, such as FLAP-like protein or phosphorylation, must be taken into account.  
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Fig. 33. Phosphorylation site of model structure of Arabidopsis LOX2 (A) with the reported 

structure of human 5-LOX (B). Amino acid residues that could be phosphorylated as observed in 

human 5-LOX are illustrated. Ser and Tyr were shown with red spheres and pink spheres, 

respectively. 
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SUMMARY 

In this thesis, I addressed the mechanism of plant LOX activation that involved in 

GLV-burst in Arabidopsis. Arabidopsis LOX2 was identified as an essential LOX to form GLVs and 

five carbon volatile compounds by using a complete set of knockout mutant of each LOX gene in 

Chapter 1. A LOX involved in GLVs and/or JA formation has been identified in several plant species, 

and it has distinct role to form GLVs or JA. However, it was already known that Arabidopsis LOX2 

is also essential to generate the relatively high levels of JA after wounding. Taken together with my 

findings, Arabidopsis LOX2 is an unique enzyme, which exerts bifunctional involvement to form the 

two types of oxylipins. 

In Chapter 2, I clarified that Ca2+ is the factor to activate Arabidopsis LOX2 to initiate 

oxidization of MGDG to form corresponding OOHs, which directly contributes GLV-burst. 

3D-modeling revealed that the structure of Arabidopsis LOX2 has amino acid residues, which could 

contribute to Ca2+ binding and membrane association at the similar positions with those observed in 

animal LOXs that are reported as Ca2+-dependent enzymes. Tomato LOXC and Tobacco LOX2 are 

also involved in GLVs formation, with similar amino acid residues in their 3D-model. However, 

GLV formation in tomato and tobacco were not affected by BAPTA. It is possible that FLAP-like 

protein or phosphorylation, which activates animal LOXs, regulates LOX activity in these plants. 

LOX is the key enzyme to defense against various enemies through facilitating oxylipin-burst. 

MGDG is substrate of LOX and also major component of thylakoid membrane (about 50% of 

thylakoid membrane lipid), which is essential to develop plant itself. Therefore, oxylipin burst 

should not occur in intact tissues while it should be promptly activated upon damage on the tissues 

caused by enemies. The tight regulation is indispensible to support inducible defense against biotic 

attack.  
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