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Key Message 

Endogenous JA production is not necessary for wound-induced expression of 

JA-biosynthetic lipase genes such as DAD1 in Arabidopsis. However, the JA-Ile receptor 

COI1 is often required for their JA-independent induction. 

 

Abstract 

Wounding is a serious event in plants that may result from insect feeding and increase the risk 

of pathogen infection. Wounded plants produce high amounts of jasmonic acid (JA), which 

triggers the expression of insect and pathogen resistance genes. We focused on the 

transcriptional regulation of DEFECTIVE IN ANTHER DEHISCENCE1 and six of its 

homologs including DONGLE (DGL) in Arabidopsis, which encode lipases involved in JA 

biosynthesis. Plants constitutively expressing DAD1 accumulated a higher amount of JA than 

control plants after wounding, indicating that the expression of these lipase genes contributes 

to determining JA levels. We found that the expression of DAD1, DGL, and other 

DAD1-LIKE LIPASE (DALL) genes is induced upon wounding. Some DALLs were also 

expressed in unwounded leaves. Further experiments using JA biosynthetic and JA response 

mutants revealed that the wound induction of these genes is regulated by several distinct 

pathways. DAD1 and most of its homologs other than DALL4 were fully induced without 

relying on endogenous JA-Ile production and were only partly affected by JA deficiency, 

indicating that positive feedback by JA is not necessary for induction of these genes. However, 

DAD1 and DGL required CORONATINE INSENSITIVE1 (COI1) for their expression, 

suggesting that a molecule other than JA might act as a regulator of COI1. Wound induction 

of DALL1, DALL2, and DALL3 did not require COI1. This differential regulation of DAD1 

and its homologs might explain their functions at different time points after wounding. 

 

Keywords  Arabidopsis thaliana • Jasmonic acid • Phospholipase A1 • Transcriptional 

regulation • Wounding 
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Introduction 

 

Plants are continually exposed to threats coming from the external environment, including 

wind, sand, hail, and rain, as well as pest and pathogen attacks, which often lead to 

mechanical wounding. As sessile organisms that cannot escape from such stresses, they need 

to activate defense mechanisms in order to survive. A crucial role in plant defense systems is 

played by phytohormones, diverse low-molecular-weight signal molecules that link stress 

perception at the damaged site to activation of gene expression and other cellular responses at 

undamaged sites. The stress response requires immediate production of these phytohormones, 

which can be accomplished either by release of preformed but immobilized molecules from 

defined compartments or by rapid de novo synthesis. With respect to wounding, special 

attention is paid to jasmonic acid (JA), a widely distributed oxylipin, which increases 

drastically in amount during acute defense responses. For instance, within 60 s after 

wounding, JA levels increase from basal, barely detectable levels (below 33 pmol/g fresh 

weight) to approximately 250 pmol/g fresh weight. JA levels reach a peak of more than 10 

nmol/g fresh weight after 60 to 90 min and remain significantly higher than basal levels for at 

least 24 h (Glauser et al. 2009). It is thus postulated that the entire enzymatic machinery 

involved in the quick formation of JA has to be immediately ready for response to stress 

stimuli. 

JA is synthesized sequentially in two cellular compartments, the chloroplast and the 

peroxisome, which contain all the enzymes in the involved octadecanoid pathway (Vick and 

Zimmerman 1984; Schaller and Stintzi 2009; Wasternack and Hause 2013). The first step in 

JA synthesis is catalyzed by a lipase that hydrolyzes glycerolipids in chloroplast membranes 

to release free trienoic fatty acids, 9,12,15-octadecatrienoic acid (18:3) (α-linolenic acid) and 

7,10,13-hexadecatrienoic acid (16:3) (Ishiguro et al. 2001; Ellinger et al. 2010; Kallenbach et 

al. 2010). Still in the chloroplast, the released fatty acids are transformed by a series of 

enzymatic reactions involving lipoxygenase (LOX), allene oxide synthase (AOS), and allene 

oxide cyclase (AOC). The resulting 12-oxo-phytodienoic acid (OPDA; a C18 compound) and 
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dinor-12-oxo-phytodienoic acid (dnOPDA; a C16 compound) are then transferred to the 

peroxisome, where they can be converted to JA by OPDA reductase 3 (OPR3) and three 

cycles of β-oxidation. Finally, JASMONATE RESISTANT1 protein converts JA into a 

biologically active ligand, (3R,7S)-jasmonoyl-L-isoleucine (JA-Ile) (Staswick and Tiryaki 

2004; Wasternack and Xie 2010). Alternatively, OPDA and dnOPDA may serve as a source 

of electrophilic mediators with signaling properties different from JA (Stintzi et al. 2001; Taki 

et al. 2005; Bottcher and Pollmann 2009). 

Regarding JA responses, a central role has been assigned to CORONATINE 

INSENSITIVE1 (COI1), which is a F-box protein that serves as a receptor for JA-Ile and is a 

component of an E3 ubiquitin ligase complex, SCFCOI1 (Chini et al. 2007; Thines et al. 2007; 

Yan et al. 2009). The activated form of SCFCOI1 upon JA-Ile binding promotes the 

degradation of transcriptional repressors, jasmonate ZIM-domain (JAZ) proteins, which bind 

and inhibit a class of transcription factors including MYC2, a master regulator of 

JA-mediated plant responses (Boter et al. 2004; Dombrecht et al. 2007; Kazan and Manners 

2013). A loss of function mutant of MYC2, which was initially designated 

jasmonate-insensitive1 (jin1), shows a defect in JA-induced and wound-induced 

transcriptional activation of many genes including vegetative storage protein (VSP) and 

thionin (Boter et al. 2004; Lorenzo et al. 2004; Dombrecht et al. 2007). 

The Arabidopsis DEFECTIVE IN ANTHER DEHISCENCE1 (DAD1; At2g44810) was 

the first identified chloroplastic lipase involved in supplying α-linolenic acid for the JA 

biosynthetic pathway (Ishiguro et al. 2001; Richmond and Smith 2011). DAD1 has been 

classified as a phospholipase A1 (PLA1), which preferentially catalyzes the hydrolysis of 

phospholipids at the sn-1 position. DAD1 also shows weak enzymatic activity for galactolipid 

and triacylglycerol substrates (Ishiguro et al. 2001). Mutations in DAD1 reduce the JA level 

in flower buds, which causes a delay in their development, failure in anther dehiscence 

simultaneous with flower opening, and lack of maturation of pollen grains (Ishiguro et al. 

2001). This phenotype is indistinguishable from those of other JA biosynthesis and JA 

response mutants including aos, opr3, and coi1, suggesting that DAD1 plays a critical role in 
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JA production in flower buds (Feys et al. 1994; Sanders et al. 2000; Stintzi and Browse 2000; 

Park et al. 2002; von Malek et al. 2002). However, a considerable amount of JA accumulates 

in wounded leaves of the dad1 mutant, indicating that DAD1 is not the sole lipase involved in 

JA biosynthesis (Hyun et al. 2008; Ellinger et al. 2010). 

There are six genes closely homologous to DAD1 in the Arabidopsis genome. Ryu 

(2004) classified Arabidopsis PLA1 into four families and assigned DAD1 and its homologs to 

the group I of the PC-hydrolyzing PLA1. Although the names of the genes determined in the 

literature are systematic, they are long and unsuitable for describing the mutations of the 

genes, because they contain a subscript, a hyphen, a Roman number, and a Greek character. 

Hence, to fit Arabidopsis gene nomenclature 

(http://www.arabidopsis.org/portals/nomenclature/guidelines.jsp), in which gene symbols 

consisting of alphabetical three or four characters are recommended, we renamed them 

DAD1-LIKE LIPASE1 (DALL1) to DALL5, except for DAD1 and DONGLE (DGL), which are 

established names (Ishiguro et al. 2001; Hyun et al. 2008) (Table 1). 

DAD1 and its homologs have a putative N-terminal chloroplast-targeting transit peptide 

and a conserved lipase-3 domain with the catalytic triad Ser-Asp-His (Ishiguro et al. 2001). 

The work of Seo et al. (2009) corroborated chloroplast localization and sn-1-specific 

acylhydrolase activity of the six DAD1-like lipases, suggesting redundant function of these 

proteins. However, the authors also mentioned the possibility of diverse functions because the 

lipases showed different substrate specificity and different organ-specific gene expression. 

Moreover, Padham et al. (2007) showed that DALL5 (At2g31690) had triacylglycerol lipase 

activity instead of PLA activity, and was localized in plastoglobuli, which are 

triacylglycerol-accumulating lipid bodies localized in chloroplasts. They proposed that 

DALL5 plays a critical role in maintaining the structural integrity of chloroplasts by 

supplying free fatty acids released from plastoglobular triacylglycerols during leaf 

senescence. 

The identity and number of the lipases involved in substrate delivery for wound-induced 

JA biosynthesis remain controversial. DGL and DAD1 are reportedly essential and sufficient 
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for jasmonate biosynthesis in Arabidopsis leaves (Hyun et al. 2008). It was proposed that 

DGL plays an essential role in maintaining basal JA content under normal conditions and is 

responsible for the early phase of JA production upon wounding, whereas DAD1 is important 

for the late phase of JA production (Hyun et al. 2008). However, another study revealed that 

neither enzyme is essential for JA production (Ellinger et al. 2010). The authors showed 

extrachloroplastic localization of DGL and argued against a requirement for DGL in JA 

production. Although they recognized the contribution of DAD1 to JA formation in the late 

wound response, they showed that DALL4 (PLA1-Iγ1) significantly contributes to JA 

production within the first hour of the wound response. Moreover, DALL1 (PLA1-Iβ2), 

DALL2 (PLA1-Iγ3), and DALL3 (PLA1-Iγ2) were suggested to function during either basal 

conditions or wound induction (Ellinger et al. 2010). 

According to publicly available microarray data, wound induction of DAD1, DGL, and 

DALL genes is not significant, though some of these genes are activated in response to several 

biotic and abiotic stresses (Ellinger and Kubigsteltig 2010). However, our experiments 

revealed that the expression of all DAD1-like lipase genes increased upon wounding. For 

such JA biosynthetic genes, the existence of a gene regulatory mechanism distinct from the 

well-characterized wound-response pathway involving JA-Ile and COI1 is expected. In this 

paper, we examined mRNA levels of DAD1, DGL, and DALL genes in JA biosynthetic and 

JA response mutants and found that they are regulated by several distinct pathways. 
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Materials and Methods 

 

Plant materials and growth conditions 

 

All experiments were carried out using the Col-0 accession of Arabidopsis (Arabidopsis 

thaliana (L.) Heynh.). Seeds of T-DNA insertion mutant aos (SALK_017756), jar1 

(SALK_011530), jin1/myc2 (jin1-9, SALK_017005), and jaw-D (jaw-1D, CS6948) were 

obtained from the Arabidopsis Biological Resource Center (ABRC, www.arabidopsis.org). 

Double mutant acx1 acx5 was obtained by crossing two SALK T-DNA insertion lines, acx1 

(SALK_041464) and acx5 (SALK_009998), both purchased from ABRC. The mutants opr3 

(opr3-11) and coi1 (coi1-51) were respectively isolated from a fast neutron-mutagenized 

population (Lehle Seeds, www.arabidopsis.com) and an ethyl methanesulfonate-mutagenized 

population. 

Seeds were surface-sterilized using sodium hypochlorite solution (0.4% available 

chlorine; 0.05% Triton X-100), rinsed five times with sterile water and plated on Gamborg’s 

B5 medium (Wako, www.wako-chem.co.jp) supplemented with 1% sucrose and 0.7% agar 

and adjusted to pH 5.7 with KOH. The seeds were incubated for the first 2–4 days in darkness 

at 4˚C, then transferred to continuous light at 22˚C to allow germination and seedling growth 

for 21 days until analysis of gene expression. Plants used for JA measurement were 

transplanted to vermiculite when they were 14 days old, and were grown for additional 14 

days at 22˚C under continuous illumination. 

 

Constitutive expression of genes 

 

A GFP-fusion protein of MYC2 (MYC2-GFP) was expressed under a cauliflower mosaic 

virus (CaMV) 35S promoter (MYC2-CX). A cDNA library from Arabidopsis ecotype Col-0 

was used as the template for amplification of the MYC2 open reading frame with two primers, 

MYC2-attB1-F and MYC2-attB2-R (Online Resource 1). The fragment was cloned into 
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pDONR221 by a BP reaction, and then multisite Gateway cloning technology (Life 

Technologies, www.lifetechnologies.com) was used to place this fragment into 

pdpGreenBar-T along with CaMV35S-pDONRP4P1R and cGFP-NOS-pDONRP2P3R by an 

LR reaction. T3 plants homozygous for the transgene were used for RNA measurement. For 

constitutive expression of DAD1 (DAD1-CX), a previously constructed binary plasmid 

containing 35S::DAD1 was used (Ishiguro et al. 2001). The transgenes were introduced to 

Arabidopsis (Col-0 accession) by a standard transformation method using Agrobacterium. 

 

Gene expression analysis 

 

All experiments were conducted with 21-day-old plants growing on plates. In wounding 

experiments, two leaves per plant were harvested as untreated controls and immediately 

frozen with liquid nitrogen, then two other leaves from the same plant were wounded by 

squeezing them one or two times perpendicularly to the midvein with tweezers. Wounded 

leaves were harvested 80 min after treatment and frozen with liquid nitrogen. Each untreated 

or wounded sample comprised 20 leaves from 10 plants, and two sets of the samples were 

prepared for duplicated RNA measurements. For JA treatment, an aqueous 100 µM solution 

of methyl jasmonate (MeJA) was prepared and supplemented with Tween 20 (0.05% final 

concentration) in order to facilitate the penetration of the chemical into cells of treated leaves. 

Both the mock solution (0.05% Tween 20) and MeJA solution were applied by spraying the 

plants until wet. Leaves were harvested 80 min after treatment and immediately frozen with 

liquid nitrogen. Each sample comprised 20 leaves harvested from 5 sprayed plants, and two 

sets of the samples were prepared. 

Total RNA was extracted from the above frozen plant leaves with an RNeasy Plant Mini 

Kit (Qiagen, www.qiagen.com) following the manufacturer’s protocol. Residual DNA was 

removed by DNase digestion after RNA purification. Total RNA (1 µg) was 

reverse-transcribed using SuperScript III reverse transcriptase (Life Technologies) and 

oligo(dT) primers. Real-time quantitative PCR analysis was performed using an Applied 
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Biosystems 7500 Real-Time PCR system (Life Technologies). Thunderbird SYBR qPCR mix 

(Toyobo, www.toyobo-global.com) was used for amplification. The primers used for PCR are 

listed in Online Resource 1. ACTIN2 (ACT2) transcripts derived from gene At3g18780, which 

is constantly expressed in rosette leaves regardless of wounding, were used as an internal 

standard for normalization. 

 

Measurement of JA 

 

In experiments examining the effects of constitutive expression of DAD1, we used T2 

generation of DAD1-CX plants, which were germinated on a hygromycin-containing medium, 

transferred onto vermiculite, and grown for 28 days. We chose 12 individual plants and 

wounded three to four rosette leaves (per plant) of them as described above. After 90 min, we 

harvested all wounded leaves of six plants individually and made six samples. This means 

that each sample consisted of three or four leaves harvested from a plant. The samples were 

frozen immediately in liquid nitrogen. Then at 180 min after wounding, we harvested 

wounded leaves from the rest of six plants. For time zero, we harvested unwounded leaves 

from six plants. Untransformed Col-0 plants were used as a control. Samples were 

freeze-dried and used for JA measurement as described previously (Sasaki-Sekimoto et al. 

2013).  

For the evaluation of JA biosynthetic mutants, JA was measured as described previously 

(Tabata et al. 2010) with the following modifications. About 25 rosette leaves of 2 to 5 plants 

grown for 24 days on vermiculite were wounded and harvested 90 min after wounding. 

Harvested leaves (approximately 100 mg) were powdered in liquid nitrogen and extracted 

with 4 ml 70% (v/v) aqueous methanol. As internal standard, 200 ng (+/–)-jasmonic 

acid-9,10-[2H] (Tokyo Chemical Industry, http://www.tcichemicals.com) was added. The 

extract was fractionated on a Sep-Pak C18 cartridge (Waters, www.waters.com). The JA 

fraction was concentrated in vacuo and dried under a flow of nitrogen gas. The remnant was 

dissolved in 60 µl 20% methanol/80% benzene, mixed with 30 µl of 
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trimethylsilyldiazomethane (10% hexane solution, Tokyo Chemical Industry), and methylated 

by incubation for 30 min at room temperature. The sample was dried under nitrogen gas and 

dissolved in 15 µl hexane. A 1 µl aliquot of this sample was injected into a model 6890N gas 

chromatograph (Agilent Technologies, www.home.agilent.com) equipped with a JMS-K9 

mass spectrometer (JEOL, www.jeol.com). During gas chromatography, the sample was 

separated using a DB-1 capillary column (30 m × 0.25 mm ID × 0.25 µm film) (GL Sciences, 

www.glsciences.com) under the following parameters: injection temperature, 275°C; oven 

temperature, 50°C 1 min, 50–250°C (15°C/min), and 250°C 5 min. 
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Results 

 

Increased DAD1 expression raises JA production in wounded leaves 

 

The expression of DAD1 is reportedly induced by mechanical wounding, and dad1 leaves 

accumulate less JA than wild type in the late phase of the wound response (Ishiguro et al. 

2001; Hyun et al. 2008; Ellinger et al. 2010). To examine whether the expression of DAD1 

affects JA production in leaves, we made transgenic Arabidopsis plants that constitutively 

express DAD1 under a CaMV 35S promoter (DAD1-CX) and measured the levels of JA 

accumulating in untreated and wounded leaves. Before wounding, small amounts of JA were 

detected in leaves of both DAD1-CX and untransformed control plants, and the levels did not 

significantly differ. At 90 and 180 min after wounding, both types of plants accumulated large 

amounts of JA, and the level in DAD1-CX leaves was two-fold higher than that of control 

plants (Fig. 1). Note that the difference between DAD1-CX and control plants was not so 

significant by a statistical test (Welch t-test), due to large variances of JA levels in DAD1-CX 

plants. A similar effect was reported previously, in which a large amount of JA was 

accumulated after wounding in dgl-D plants that overexpressed the DGL gene (Ellinger et al. 

2010). These results indicated that the increased expression of DAD1 and DAD1-like lipase 

genes was not sufficient to induce JA biosynthesis in unwounded leaves, but enabled 

production of a higher amount of JA in wounded organs. 

 

Expression of DAD1 and DAD1-like lipase genes in wounded and JA-treated leaves 

 

Since the expression of DAD1 and DAD1-like lipase genes affects the levels of JA 

accumulation in wounded leaves, it is important to know which gene is more highly expressed 

in these organs. We performed reverse-transcription quantitative PCR to measure the mRNA 

levels of DAD1 and DAD1-like lipase genes in wild-type Arabidopsis rosette leaves under 

untreated and wounded conditions (Fig. 2A and Online Resource 2A). In this assay, a known 
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concentration of plasmid DNA containing each gene examined was used as a quantification 

standard to estimate the absolute amount of mRNA in sample leaves. Therefore, the 

expression level of a gene could be directly compared to the levels of others. In untreated 

leaves, relatively high expression was observed for DALL2, DALL3, and DALL4, while 

expression of other genes including DAD1 was generally undetectable. In the leaves 80 min 

after wounding, the expression of DAD1 increased dramatically and DALL2, DALL3 and 

DALL4 were also substantially induced. The level of DALL3 mRNA was highest among the 

tested genes, whereas those of DAD1, DALL2, and DALL4 were similar. DALL1 and DGL 

were also significantly induced by wounding, though their levels were one-tenth or less than 

that of DAD1. Faint expression of DALL5 was detected in wounded leaves. In summary, we 

found that DAD1 and all DAD1-like lipase genes were induced by wounding, and that DALL2, 

DALL3, and DALL4 were highly expressed under both untreated and wounded conditions, 

whereas expression of DAD1 reached a similar level only in response to wounding. Although 

the expression of both DAD1 and DGL are reportedly similarly induced after wounding 

(Hyun et al. 2008), our results detected 100 times higher levels of DAD1 mRNA in wounded 

leaves than DGL mRNA, which is consistent with another report (Ellinger et al. 2010). 

The most important inducer of wound-responded gene activation in higher plants is JA. 

To examine whether the wound-induced expression of DAD1 and DAD1-like lipase genes is 

also caused by JA, we analyzed the expression of these genes in leaves treated with 

exogenous MeJA (Fig. 2B and Online Resource 2B). For better penetration of MeJA into the 

tissue, the sprayed solution of MeJA (100 µM) contained a surfactant, Tween 20, at a final 

concentration of 0.05%, so we used Tween 20 sprayed leaves as a control. The highest level 

of gene expression was observed for DALL3; however, there was no significant change in 

amount of mRNA in response to MeJA treatment. The level of DALL4 mRNA was slightly 

increased by MeJA treatment, whereas the DALL2 level was not altered. DAD1 was 30-fold 

activated by JA but the mRNA level was still 30-fold less than that due to wound induction. 

Slight JA activation was also detected in DALL5, but the expression of DALL5 was low. No 

detectable expression was observed for DALL1. Only DGL reached a level comparable to that 
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observed following wound induction. Therefore, with some exceptions, DAD1 and 

DAD1-like lipase genes responded to exogenous JA application, but with lower levels of 

expression than after wound induction. 

 

Requirements for endogenous JA biosynthetic ability and JA reception vary for 

wound-induced expression of DAD1 and DAD1-like lipase genes 

 

To further examine the relationship between expression of DAD1, DALLs, and DGL and 

JA-dependent wound signaling, mRNA levels of these genes were analyzed in JA-deficient 

aos and opr3 mutants and in an acx1 acx5 (acx1/5) double mutant. AOS and OPR3 are unique 

genes catalyzing each essential step in JA biosynthesis, and thus mutants of these genes 

generally lack JA (Stintzi et al. 2001; Park et al. 2002). ACX1 and ACX5 encode 

acyl-coenzyme A oxidase, an enzyme in β-oxidation, which is an indispensable step in JA 

production, and the double mutant acx1 acx5 is impaired in the biosynthesis of JA 

(Schilmiller et al. 2007). We confirmed that a knockout allele of aos (SALK_017756) and the 

double mutant in combination with knockout alleles of both acx1 (SALK_041464) and acx5 

(SALK_009998) produced very low amounts of JA after wounding (Online Resource 3). 

However, another allele of opr3 (opr3-11), which has three amino acid substitutions in the 

vicinity of its C-terminus (Online Resource 4), accumulated a lower but considerable level of 

JA after wounding (Online Resource 3), suggesting that it is a relatively weak allele. We also 

used an allele of coi1 named coi1-51, which has a Glu substitution of the 97th Gly residue 

(Online Resource 4). 

In the following experiments, expression levels are indicated for each gene relative to 

the level of wound-induced expression in wild-type plants, so that the effects of the mutations 

can be compared easily. The effects of JA biosynthetic mutants aos, opr3, and acx1/5, and a 

JA perception mutant coi1 are summarized in Fig. 3. A well-known example of a 

JA-dependent wound-inducible gene is VSP1, and its expression 80 min after wounding was 

markedly reduced in all JA biosynthetic mutants. VSP1 expression was also strongly affected 
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in coi1 mutants, suggesting that this allele of coi1 efficiently blocks JA signaling. Although 

these results have not been confirmed statistically due to small sample size (n = 2), they are 

likely to be sure because the mean values of VSP1 expression in the mutants were much lower 

than that in wild type. The wound-induced expression of DAD1 was lower in all three 

JA-biosynthetic mutants, but still higher than under untreated conditions. However, induction 

was nearly abolished in coi1 mutants. This suggested that wound induction of DAD1 

expression is regulated by both JA-dependent and JA-independent mechanisms, but both are 

dependent on coi1. The slightly higher expression of DAD1 in opr3 than in aos or acx1/5 

presumably reflected the remaining JA biosynthetic activity in the opr3 mutant. The basal 

expression of DALL2, DALL3, and DALL4 genes in untreated leaves was not greatly affected 

by these mutations. Upon wounding, the mRNA level of DALL4 decreased in JA-biosynthetic 

mutants and reached the level of untreated leaves in coi1, suggesting that wound induction of 

DALL4 is partially dependent on JA biosynthesis and highly dependent on coi1, similarly to 

the case of DAD1. A similar trend was also observed in DGL expression, though the absolute 

expression level was low. Intriguingly, wound-induced expression of LOX2 and AOS was also 

partly inhibited by JA-biosynthetic mutants and almost abolished by coi1, suggesting that a 

common regulatory mechanism might exist for wound induction among JA biosynthetic 

genes. In contrast, no significant reduction in transcriptional activity for DALL2 and DALL3 

genes was detected in any of the mutants after wounding, suggesting that the wound induction 

of these genes is dependent neither on endogenous JA production nor on coi1. 

Wound-induced DALL1 expression was also not affected by these mutations. Detectable 

amount of DALL1 was unexpectedly observed in untreated leaves in this experiment. The data 

for DALL5 were omitted due to its very low expression. 

 

Involvement of JA-Ile production and MYC2 activity in wound-induced DAD1, DALL4, and 

DGL expression 
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According to the established scheme of JA signaling, the active form of JA is JA-Ile, and the 

receptor protein COI1, which preferentially binds JA-Ile, releases the transcription factor 

MYC2 from the JAZ repressor (Wasternack and Hause 2013). Then, MYC2 activates the 

transcription of a set of JA-responsive genes. We examined whether the COI1-dependent 

expression of DAD1, DALL4, and DGL is regulated by this system. For this purpose, we used 

jar1, which is unable to produce JA-Ile, and jin1/myc2, which lacks a master regulator of 

JA-induced transcription. Both mutants used here have a T-DNA insertion in the middle of 

corresponding genes, suggesting that they are putative null alleles. This was confirmed by the 

observation that wound-induced expression of VSP1 was abolished in both jar1 and jin1/myc2 

mutants. The experimental data are summarized in Fig. 4. Plants constitutively expressing 

MYC2-GFP under regulation of a CaMV 35S promoter (MYC2-CX) were also used. This 

MYC2-GFP is reportedly functional (Zheng et al. 2012). As expected, wound-induced 

expression of VSP1 was enhanced in MYC2-CX plants. MYC2-CX never affected the basal 

expression of VSP1 in untreated leaves, which seems consistent with the existence of JAZ 

repressors in untreated leaves. A similar JAR1 and MYC2 dependence was observed for 

DALL4 expression upon wounding, though it overlaid basal transcription detected in 

untreated leaves. It seems interesting that the basal expression of DALL4 was affected by the 

activities of JAR1 and MYC2. In contrast, neither the expression of DAD1 nor DGL was 

considerably affected by the jar1 or jin1/myc2 mutations, or by constitutive MYC2 expression. 

These results indicated that the wound induction of DALL4 is at least partly dependent on 

endogenous JA-Ile production and transcriptional regulation by MYC2, whereas induction of 

DAD1 and DGL are independent of JA-Ile production and MYC2, even though they are 

dependent on COI1. A similar dispensability of JAR1 and a requirement for COI1 was 

observed in the regulation of LOX2 and AOS expression, though these genes are partly under 

the regulation of MYC2. Although this part of experiments was carried out only twice, we 

obtained reproducible results. 
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TCP transcription factors are irrelevant to the transcriptional regulation of DAD1 and 

DAD1-like lipase genes 

 

A subset of JA-biosynthetic genes, such as LOX2, is reportedly regulated by a group of 

TEOSINTE BRANCHED/CYCLOIDEA/PCF (TCP) transcription factors, which are targets 

of a class of micro RNA, miR319 (Schommer et al. 2008). The gain-of-function mutant 

jaw-D has enhanced production of miR319 (Palatnik et al. 2003), which inhibits the TCP 

transcription factors and results in the transcriptional repression of LOX2. We found that 

wound induction of LOX2 expression was clearly inhibited by the jaw-D mutation (Fig. 5). As 

reported previously, basal expression in the absence of wounding was also reduced. Because 

the above experiments indicated a similarity in transcriptional regulation of the DAD1, DGL, 

LOX2, and AOS genes, we examined the effects of jaw-D mutation on the wound induction of 

DAD1 and DAD1-like lipase genes. The expression of DALL1, DALL2, and DALL3 were 

slightly reduced in jaw-D plants, whereas DAD1, DALL4, and DGL were slightly activated. 

However, in any of these genes the differences were much less than the case of LOX2. Basal 

expression of DALL2, DALL3, and DALL4 was not affected by the mutation, either. We 

concluded that the expression of DAD1 and DAD1-like lipase genes is not under the 

regulation of TCP transcription factors. AOS, which is not a target of TCP, was used as a 

negative control (Schommer et al. 2008). 
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Discussion 

 

Expression of DAD1 and DAD1-like lipase genes and their contribution to JA biosynthesis in 

normal and wounded leaves 

 

It is generally expected that more highly expressed genes contribute more to gene function. 

Absolute quantification of the expression levels of DAD1 and DAD1-like lipase genes 

revealed that DALL2, DALL3, and DALL4 are highly expressed in unwounded leaves and 

expressed at two- to seven-fold higher levels after wounding. It seems consistent with 

previous findings that single knockout lines of dall2 (pla-Iγ3) and dall3 (pla-Iγ2) halved the 

JA levels in untreated leaves and that dall4 (pla-Iγ1) decreased the accumulation of JA in the 

early phase of the wound response (less than 1 h) (Ellinger et al. 2010). Among the other 

genes, DAD1 showed undetectable levels of expression in untreated leaves, but expression 

was dramatically induced after wounding and reached a level comparable to that of DALL2, 

DALL3, and DALL4. Again, these results agree with DAD1 being necessary to maintain an 

increased JA level several hours after wounding (Hyun et al. 2008; Ellinger et al. 2010). 

Although DALL1 and DGL were also activated after wounding, their expression was 

one-tenth or less of the highly expressed genes, suggesting they have a smaller contribution to 

JA production. DALL5 expression seems too low to contribute to JA production even after 

wounding, though it plays a distinct role during leaf senescence (Padham et al. 2007). 

 

Expression of DAD1 and DAD1-like lipase genes is upregulated upon wounding by several 

distinct mechanisms 

 

As described above, among these genes, only DALL2, DALL3, and DALL4 are highly 

expressed in leaves unless they are wounded (Fig. 6A). After wounding, the mRNA levels for 

all DALL1 to DALL4 as well as DAD1 and DGL increase. However, there are several distinct 

mechanisms for the wound induction of these genes (Fig. 6B). We found that wound 



	   19	  

induction of DALL4 was at least partially inhibited in all the tested mutants, namely the three 

JA-deficient mutants, jar1, coi1, and jin1/myc2. Furthermore, MYC2-CX enhanced 

wound-induced expression, and exogenously applied MeJA induced expression in the absence 

of wounding. These results indicated that the wound induction of DALL4 is under the 

regulation of a JA-Ile-, COI1-, and MYC2-dependent pathway (or the most typical 

JA-dependent wound-induction pathway of genes such as VSP1). In other words, DALL4 is 

regulated by positive feedback of the JA accumulated upon wounding (pathway i in Fig. 6B). 

However, wound induction of this gene was not completely blocked in JA-biosynthetic 

mutants, suggesting the possibility that molecules other than JA might play a role in 

activation of DALL4 expression. It seems interesting that aos and jin1/myc2 reduced the basal 

expression level of DALL4, while acx1/5 did not, indicating that endogenously produced 

OPDA, but not JA, in the absence of wounding might be involved in the basal expression of 

DALL4 through the function of MYC2. This possibility is supported by the observation that 

DALL4 expression in unwounded leaves was enhanced by ectopically expressed MYC2, 

which evaded inactivation by JAZ. 

Wound-induced expression of DAD1 was reduced in JA-biosynthetic mutants, but the 

expression still remained in a considerable level. And the expression of DAD1 was induced 

by exogenously applied JA in the absence of wounding, but the expression level was much 

lower than the level of wound induction. These results suggested that both JA-dependent and 

JA-independent pathways contribute to the wound induction of DAD1. However, jar1 never 

affected wound induction, indicating that JA-Ile is not necessary for induction. Nevertheless, 

coi1 almost blocked the expression. Thus, both JA-dependent and independent pathways of 

DAD1 wound induction do not require JA-Ile, but do require COI1. This means that the 

ligand or ligands of COI1 are distinct from JA-Ile in any of these cases. In the JA-dependent 

pathway, putative ligand of COI1 might be a derivative of JA, while an unknown molecule 

other than JA derivatives should be predicted for the JA-independent pathway. Unimpaired 

expression in jin1/myc2 indicated that MYC2 is not involved in the induction of DAD1. 

Taken together, it was proposed a whole regulatory pathway for DAD1 expression (pathway ii 



	   20	  

in Fig. 6B). Similar regulation was observed for DGL, LOX2, and AOS, though LOX2 was 

also regulated by TCP transcription factors and both LOX2 and AOS were partly under the 

regulation of MYC2. Recently, evidence for a JA-Ile independent function of COI1 has been 

reported. For example, OPDA putatively functions as a ligand of COI1 during wound-induced 

expression of the AtPHO1;H10 gene (Ribot et al. 2008), and during the defense response 

against the necrotrophic ascomycete Sclerotinia sclerotiorum (Stotz et al. 2011). However, it 

is not the case here. The levels of wound-induced expression of DAD1 and other pathway-ii 

genes were similar in both aos (which lacks OPDA) and acx1/5 (which produces OPDA), 

indicating that OPDA does not act as a ligand of COI1 in this pathway. Recently, it was 

shown that a phytoprostane, which is a nonenzymatically produced cyclopentanone oxylipin, 

induces a class of detoxification genes including CYP81D11 in a COI1-dependent manner 

(Stotz et al. 2013). In the wound-induced expression of DAD1 and other genes in pathway ii, 

these nonenzymatically produced compounds might be involved. 

The third pathway mediates the wound induction of DALL1, DALL2, and DALL3 in a 

COI1-independent and JA-independent manner (pathway iii in Fig. 6). Although many 

COI1-independent wound-inducible genes have been reported, and a contribution of water 

stress and other hormones such as ethylene and abscisic acid has been proposed, the 

mechanism of induction of these genes is unknown (Delessert et al. 2004; Reymond et al. 

2000). Though OPDA generated after wounding triggers expression of a distinct set of genes 

through a COI1-independent pathway (Taki et al. 2005), that is not the case here. Further 

experiments are required for unraveling this mechanism. 

We made a heatmap that summarized fold changes of expression of each gene in all 

experiments (Online Resource 5A). We also calculated Pearson’s correlation coefficients 

among the genes using the same fold-change values (Online Resource 5B). They showed that 

the expression pattern between DAD1 and DGL and that among DALL4, AOS, and VSP1 are 

significantly similar. AOS also shows similarity to DAD1, DGL, and LOX2. These results fit 

nicely to the above model. 
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In summary, expression of DAD1 and DAD1-related JA-biosynthetic lipase genes is 

induced by wounding, and, in many cases, the induction is not caused by positive feedback 

from accumulated JA. In particular, the expression of DAD1 and DGL, along with 

JA-biosynthetic genes LOX2 and AOS, is regulated by a similar COI1-dependent but JA-Ile 

independent pathway, in which an unidentified ligand of COI1 other than JA-Ile is expected. 

Together with a COI1-independent pathway for DALL1, DALL2, and DALL3, plants have 

distinct mechanisms for activating JA biosynthetic genes in immediate to late phases upon 

wounding to initiate various defense responses. 
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Figure Legends 

Fig. 1 Increased accumulation of JA in wounded Arabidopsis leaves that constitutively 

express the DAD1 gene. 

Leaves were harvested at the indicated times after wounding (0 min represents unwounded 

leaves) and JA in the leaves was extracted and measured. The JA level in the plants 

constitutively expressing the DAD1 gene (DAD1-CX) is compared to that of untransformed 

control plants (Col-0). The mean measurement value of six individual plants and SE (error 

bar) are shown at each time point. Welch t-test, p = 0.059 (90 min) and 0.002 (180 min). 

 

Fig. 2 Wounding and MeJA-induced expression of DAD1, DALL1-DALL5 (L1-L5), and DGL. 

(A) Amount of mRNA of each gene in untreated control leaves and wounded leaves harvested 

80 min after wounding. (B) Amount of mRNA of each gene in leaves treated with 0.05% 

Tween 20 (mock) or 100 µM MeJA for 80 min. All mRNA levels are expressed as values 

relative to the amount of DAD1 mRNA in wounded leaves, defined as 1. Note that y-axes are 

drawn to logarithmic scale. Paired samples indicated by dashed lines were compared and the 

differences were evaluated statistically by Welch t-test. Asterisks and x are indicated if p < 

0.05 and if 0.05 ≤ p < 0.07, respectively. The difference between DAD1 and DGL levels upon 

wounding was also significant (p < 0.001). The number of replicate measurements (n) is 

shown above each bar. Error bars denote SE. 

 

Fig. 3 Wounding-mediated expression of DAD1 and DAD1-like lipase genes in 

JA-biosynthetic mutants aos, opr3, and acx1/5 (acx) and in a JA-perception mutant coi1. 
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Relative amount of mRNA from DAD1, DALL1-DALL4, DGL, LOX2, AOS, and VSP1 genes 

in untreated control leaves and wounded leaves 80 min after wounding. The value from 

wounded wild-type plants has been normalized to 1 for each gene. For LOX2 and AOS, 

expression in JA biosynthetic mutants and in coi1 was measured separately. Sample sizes (n) 

are shown at the top of each panel. For the samples of n ≥ 3, mean (bar) and SE (error bar) are 

indicated. For the samples of n = 2, mean (bar) and two observed values (dots) are plotted. If 

the expression level in a mutant was significantly different (p < 0.05 by Welch t-test) from 

that in wild type upon wounding, an asterisk is indicated on the bar. The levels in wounded 

aos and wounded coi1 were also compared (dashed line).  

 

Fig. 4 Wound-induced expression of DAD1 and DAD1-like lipase genes in jar1, jin1/myc2 

(jin1), and MYC2-CX plants (M2CX). 

Relative amount of mRNA from DAD1, DALL4, DGL, LOX2, AOS, and VSP1 genes in 

untreated control leaves and wounded leaves 80 min after wounding. The value from 

wounded wild-type plants has been normalized to 1 for each gene. Data are means of two 

RNA samples. Observed values are indicated by dots. 

 

Fig. 5 Wounding-mediated expression of DAD1 and DAD1-like lipase genes in jaw-D 

mutant. 

Relative amount of mRNA from DAD1, DALL1-DALL4, DGL, LOX2, and AOS genes in 

untreated control leaves and wounded leaves 80 min after wounding. The value from 
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wounded wild-type plants has been normalized to 1 for each gene. Data are means of two 

RNA samples. Observed values are indicated by dots. 

 

Fig. 6 Three proposed regulatory pathways (i, ii, and iii) for wound-induced expression of 

DAD1 and DAD1-like lipase genes. Details are described in the text.  
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Table 1. Names of DAD1-family genes 

Gene symbol AGI code PLA name 
(Ryu 2004) 

DAD1 At2g44810 AtPLA1-Iβ1 

DALL1 At4g16820 AtPLA1-Iβ2 

DALL2 At1g51440 AtPLA1-Iγ3 

DALL3 At2g30550 AtPLA1-Iγ2 

DALL4 At1g06800 AtPLA1-Iγ1 

DALL5 At2g31690 AtPLA1-Iα2 

DGL At1g05800 AtPLA1-Iα1 
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Fig. 1 Increased accumulation of JA in wounded Arabidopsis leaves that constitutively express the 

DAD1 gene. 

Leaves were harvested at the indicated times after wounding (0 min represents unwounded leaves) and 

JA in the leaves was extracted and measured. The JA level in the plants constitutively expressing the 

DAD1 gene (DAD1-CX) is compared to that of untransformed control plants (Col-0). The mean 

measurement value of six individual plants and SE (error bar) are shown at each time point. Welch 

t-test, p = 0.059 (90 min) and 0.002 (180 min). 
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Fig. 2 Wounding and MeJA-induced expression of DAD1, DALL1-DALL5 (L1-L5), and DGL. (A) 

Amount of mRNA of each gene in untreated control leaves and wounded leaves harvested 80 min 

after wounding. (B) Amount of mRNA of each gene in leaves treated with 0.05% Tween 20 (mock) or 

100 µM MeJA for 80 min. All mRNA levels are expressed as values relative to the amount of DAD1 

mRNA in wounded leaves, defined as 1. Note that y-axes are drawn to logarithmic scale. Paired 

samples indicated by dashed lines were compared and the differences were evaluated statistically by 

Welch t-test. Asterisks and x are indicated if p < 0.05 and if 0.05 ≤ p < 0.07, respectively. The 

difference between DAD1 and DGL levels upon wounding was also significant (p < 0.001). The 

number of replicate measurements (n) is shown above each bar. Error bars denote SE. 
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Fig. 3 Wounding-mediated expression of DAD1 and DAD1-like lipase genes in JA-biosynthetic 

mutants aos, opr3, and acx1/5 (acx) and in a JA-perception mutant coi1. 

Relative amount of mRNA from DAD1, DALL1-DALL4, DGL, LOX2, AOS, and VSP1 genes in 

untreated control leaves and wounded leaves 80 min after wounding. The value from wounded 

wild-type plants has been normalized to 1 for each gene. For LOX2 and AOS, expression in JA 

biosynthetic mutants and in coi1 was measured separately. Sample sizes (n) are shown at the top of 

each panel. For the samples of n ≥ 3, mean (bar) and SE (error bar) are indicated. For the samples of n 

= 2, mean (bar) and two observed values (dots) are plotted. If the expression level in a mutant was 

significantly different (p < 0.05 by Welch t-test) from that in wild type upon wounding, an asterisk is 

indicated on the bar. The levels in wounded aos and wounded coi1 were also compared (dashed line).  

!"

!#$"

%"

%#$"

&'" ()*%"
!#!""

!#$""

%#!""

%#$""

&'" )+,-" .(/%0$"
0.0

1.0

0.5

1.5

AOS

WT coi1WT acxopr3
!"

!#$"

%"

%#$"

&'" ()*%"
!#!"

!#$"

%#!"

%#$"

&'" .)1" )+,-" .(/%0$"

!#!"

!#$"

%#!"

%#$"

&'" .)1" )+,-" .(/%2$" ()*%"
!#!"

!#$"

%#!"

%#$"

&'" .)1" )+,-" .(/%2$"
!#!"

!#$"

%#!"

%#$"

3#!"

3#$"

&'" .)1" )+,-" ()*%"

!#!"

!#$"

%#!"

%#$"

3#!"

&'" .)1" )+,-" .(/%2$" ()*%"
!#!"

!#$"

%#!"

%#$"

&'" .)1" )+,-" .(/%2$" ()*%"

!#!"

!#$"

%#!"

%#$"

&'" .)1" )+,-" .(/%2$" ()*%"

!#!"

!#$"

%#!"

%#$"

&'" .)1" )+,-" .(/%2$" ()*%"

WT aos opr3 acx coi1 WT aos opr3 coi1 WT aos opr3 acx coi1

WT aos opr3 acx coi1 WT aos opr3 acx coi1 WT aos opr3 acx coi1

WT aos opr3 acx coi1

0.0

1.5

1.0

0.5

0.0

2.0

1.0

0.5

1.5

R
el

at
iv

e 
m

R
N

A 
le

ve
ls

0.0

1.5

1.0

0.5

0.0

2.5

1.0

0.5

1.5

0.0

1.5

1.0

0.5

DAD1 DALL1 DALL2

DALL3 DALL4 DGL

VSP1

0.0

1.5

1.0

0.5

WT coi1
0.0

1.0

0.5

1.5

LOX2

WT acxaos opr3

WoundedUntreated

0.0

1.5

1.0

0.5

*
*

*

*

n=4 6 2 4 2 4 2 3 2 4

2.0

n=4 6 2 4 2 4 2 4

*

n=4 6 2 4 2 4 2 3 2 4

n=4 6 2 4 2 4 2 3 2 4 n=4 6 2 4 2 4 2 3 2 4n=4 6 2 4 2 4 2 3 2 4

n=2 2 2 2 2 2 2 2 2 2n=2 2 2 3 2 2 2 2 2 2n=2 2 2 2 2 3 2 2 2 2 2 2

*
*

*

*

*

*

*

*



	   35	  

 

 

 

 
 

 

 

Fig. 4 Wound-induced expression of DAD1 and DAD1-like lipase genes in jar1, jin1/myc2 (jin1), and 

MYC2-CX plants (M2CX). 

Relative amount of mRNA from DAD1, DALL4, DGL, LOX2, AOS, and VSP1 genes in untreated 

control leaves and wounded leaves 80 min after wounding. The value from wounded wild-type plants 

has been normalized to 1 for each gene. Data are means of two RNA samples. Observed values are 

indicated by dots. 
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Fig. 5 Wounding-mediated expression of DAD1 and DAD1-like lipase genes in jaw-D mutant. 

Relative amount of mRNA from DAD1, DALL1-DALL4, DGL, LOX2, and AOS genes in untreated 

control leaves and wounded leaves 80 min after wounding. The value from wounded wild-type plants 

has been normalized to 1 for each gene. Data are means of two RNA samples. Observed values are 

indicated by dots. 
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Fig. 6 Three proposed regulatory pathways (i, ii, and iii) for wound-induced expression of DAD1 and 

DAD1-like lipase genes. Details are described in the text. 
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Online Resource 1  Primers used in this study. 
 Plasmid construction 
 MYC2-attB1-F 5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTCGATGACTGATTACCGGCTAC-3' 

 MYC2-attB2-R 5'-GGGGACCACTTTGTACAAGAAAGCTGGGTAACCGATTTTTGAAATCAAAC-3' 

 

 Quantitative RT-PCR 

 DAD1 Fwd 5'-TAAGGAGCTTCGGCTGAGTAGCCGT-3' 

 Rev 5'-GAGAACTCTCCGAGCTGTTTCTCTG-3' 

 DALL1  Fwd 5'-TGGCCTCAGATGAAAGCAGCCGTCG-3' 

 Rev 5'-CCAGTTGTTTAACCCGTGTAGCTCC-3' 

 DALL2  Fwd 5'-GGTGAGTACCATGTGCCGCCTTGTT-3' 

 Rev 5'-GATGATGAGCGATATCCTCCGGTCC-3' 

 DALL3  Fwd 5'-CAAATTCCACCGTTTTGGCGTCAAG 3' 

 Rev 5'-AGACGGAGCTGAGAGAGATGGTGGT-3' 

 DALL4  Fwd 5'-TTTCCTCAAACCGGTATCCGGAAAC-3' 

 Rev 5'-TGCTCTCGCGCCGAGAATTTGGAGA-3' 

 DALL5  Fwd 5'-CGGAGAACTAACTCGAGATCAGTCG-3' 

 Rev 5'-GATCCACGGCATTGGACCAATACAT-3' 

 DGL  Fwd 5'-TCGAATCCGGGTTCTTAGGTTTATAC-3' 

 Rev 5'-CATACTATGTCCCGCAAGTGTTATGC-3' 

 AOS  Fwd 5'-ACTACGGTTTACCAATCGTAGGAC-3' 

 Rev 5'-TCTGTACACCGTGGAGTTGTATTT-3' 

 LOX2  Fwd 5'-CGAGCTTATTAGCGCCAAGACT-3' 

 Rev 5'-AGGCATCTCAAACTCGCACTC-3' 

 VSP1  Fwd 5'-TCATGGAACTCCTCGAATCG-3' 

 Rev 5'-ACCAAATCAGCCCATTGGTC-3' 

 ACT2  Fwd 5'-CTGTTGACTACGAGCAGGAGATGGA-3' 

 Rev 5'-GACTTCTGGGCATCTGAATCTCTCA-3' 
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Online Resource 2  Wounding and MeJA-induced expression of DAD1, DALL1-DALL5 
(L1-L5), and DGL. 
The data in Figure 2 are presented on non-logarithmic y-axis. (A) Amount of mRNA of each 
gene in untreated control leaves and wounded leaves harvested 80 min after wounding. (B) 
Amount of mRNA of each gene in leaves treated with 0.05% Tween 20 (mock) or 100 µM 
MeJA for 80 min. All mRNA levels are expressed as values relative to the amount of DAD1 
mRNA in wounded leaves, defined as 1. Error bars denote SE. 	
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Online Resource 3  Ability for wound-induced JA biosynthesis of the mutants used in this 
study. 
Wounded leaves were harvested from 2-5 plants at 90 min after wounding and JA accumulated 
in the leaves were extracted and measured. The mutants aos (SALK_017756), opr3 (opr3-11), 
and double mutants acx1/5 (SALK_041464 × SALK_009998) were compared to wild-type 
Col-0 plants. nd, not detected.	
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Online Resource 4  Schematic diagram of OPR3 and COI1 genes showing the mutation 
positions of novel opr3 and coi1 alleles used in this study. 
(A) opr3-11 generated by fast neutron irradiation. (B) coi1-51 generated by ethyl 
methanesulfonate treatment. Untranslated regions, coding regions, and introns are represented 
by grey boxes, black boxes, and solid lines, respectively. Nucleotide and amino acid 
sequences around the mutation site are shown. Substituted nucleotide and amino acid 
residues are indicated by red. Numbers represent the positions of amino acid residues counted 
from the N-terminal methionine residue. 

Wild type TGG GGA GGT!
          W   G   G!
coi1-51   TGG GAA GGT!
(G97E)    W   E   G!

Wild type GTT TCA TAT GGC AGA!
          V   S   Y   G   R!
opr3-11   GTT TAT GGC AGA AGA!
          V   Y   G   R   R	

A	

B	

97	96	 98	

340	 341	 342	 343	 344	



DAD1 DGL LOX2 AOS DALL4 VSP1 DALL2 DALL3 DALL1

aos

opr3

acx1/5 nd

coi1

jar1

jin1

M2CX

jaw-D nd

>1.4

1.0-1.4

0.6-1.0

0.2-0.6

<0.2

A	

B	

Online Resource 5  Correlation of expression of DAD1 and its related genes in JA-related 
mutants. 
(A) Heatmap matrix representing expression levels of DAD1, DAD1-like lipases, and JA-
related genes upon wounding in various JA-related mutants. Expression levels relative to that 
in wild type were color coded. nd, no data. (B) Pearson’s correlation coefficient table for 
DAD1 and its related genes showing their expression similarity. Relative expression levels 
indicated in (A) were used for calculation. P-values of t-test for correlation significances are 
also shown. Values are colored if p < 0.05 (red) and if 0.05 ≤ p < 0.07 (blue). Note that the 
correlation coefficient between DAD1 and DALL1 was negative. 

DAD1 DALL1 DALL2 DALL3 DALL4 DGL LOX2 AOS VSP1
DAD1 1.

DALL1 -0.8536 1.
0.0070

DALL2 -0.5305 0.2841 1.
0.1762 0.4953

DALL3 -0.5659 0.5942 0.3611 1.
0.1437 0.1203 0.3794

DALL4 0.5596 -0.3819 0.0478 -0.0784 1.
0.1493 0.3506 0.9105 0.8535

DGL 0.8413 -0.5389 -0.4284 -0.4469 0.6437 1.
0.0088 0.1681 0.2896 0.2669 0.0850

LOX2 0.5697 -0.4860 -0.2932 -0.2179 0.3959 0.3413 1.
0.1404 0.2221 0.4810 0.6042 0.3317 0.4081

AOS 0.6969 -0.5582 -0.0363 -0.2273 0.8067 0.6856 0.7871 1.
0.0547 0.1505 0.9321 0.5883 0.0155 0.0605 0.0204

VSP1 0.2242 -0.1769 0.1342 0.1893 0.7116 0.0953 0.6872 0.7005 1.
0.5935 0.6752 0.7514 0.6534 0.0478 0.8224 0.0597 0.0530

Top, Pearson's correlation coefficient
Bottom, t-test p-value (n=8)


